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Preface

The Second International Conference on Innovations in Mechanical Engineering
(ICIME 2019) by the Department of Mechanical Engineering, Guru Nanak
Institutions, Telangana, India, was conducted on January 4 and 5, 2019. It includes
original research and the latest advances in the field, focusing on aerospace,
automobile, thermal engineering, renewable energy sources, bio-mechanics, fluid
mechanics, MEMS, mechatronics, robotics, CAD/CAM, CAE, CFD, design and
optimization, tribology, materials engineering and metallurgy, mimics, surface
engineering, nanotechnology, polymer science, manufacturing, production and
production management, industrial engineering, and rapid prototyping. The con-
ference has grown exponentially over the years and has become a platform for
scientists, researchers, academicians, and students to present their ideas and share
their research in various fields of mechanical engineering. The focus for this year’s
conference was ‘innovation,’ and we had distinguished speakers from India and
abroad who shared innovative solutions and technologies.

Over 212 papers were received, based on the comments of reviewers and the
scientific merits of the submitted manuscripts, 100 articles were accepted for
publication in the conference proceedings, of which 68 papers have been selected
for Lecture Notes in Mechanical Engineering. The papers selected were presented
by the authors during the conference. The presentations of ICIME 2019 were
divided into four main sessions, namely (1) thermal, (2) production, (3) materials,
and (4) design, and all registered authors discussed their ideas. We were happy to
note that all the authors were satisfied with the arrangements and encouraged us to
continue to conduct such conferences in the future as well.

We would like to thank all the participants, speakers, session chairs, committee
members, reviewers, international and national board members, Guru Nanak
Institutions Management, and all the people who have directly or indirectly
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contributed to the success of this conference. The editors would also like to thank
Springer Editorial Team for their support and for publishing the papers as part
of the ‘Lecture Notes in Mechanical Engineering’ series.

Bangalore, India Prof. G. S. V. L. Narasimham
Warangal, India Dr. A. Veeresh Babu
Ibrahimpatnam, India Prof. S. Sreenatha Reddy
brahimpatnam, India Prof. Rajagopal Dhanasekaran
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Analysis Over Trio-Tube with Dual
Thermal Communication Surface Heat
Exchanger [T.T.H.Xr.]

Devendra Yadav, Zenis Upadhyay, Akhilesh Kushwaha and Anuj Mishra

Abstract The thermal performance of the trio tube with a dual thermal commu-
nication surface heat exchanger (T.T.H. Xr) is analyzed experimentally under the
steady-state conditions. Water was used as a working fluid which was available at
three different inlet temperatures of cold (C), hot (H), and normal (N). The per-
formance of T.T.H. Xr was compared for the three different flow arrangements of
C–H–N, C–H–C, and N–H–C at counter-current flow. The pipes were made of alu-
minum (inner tube 12.7 mm), copper (intermediate tube 25.4 mm), and GI tube
(outer tube 38.1 mm), all pipes having a thickness of 1.5 mm. N–H–C and C–H–C
flow arrangements show better heat transfer results compared to C–H–N. The results
from experiments were also verified numerically by using the derived equations. A
case study was also performed on the results obtained from T.T.H.Xr to compare its
performance with the double-tube heat exchanger on the same parameters. It was
observed that the pipe length for T.T.H.Xr reduced by ~58.39% compared to the
double-tube heat exchanger to extract the same amount of heat transfer from the hot
fluid.
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List of Symbols

C Cold fluid
ρ Density (kg/m3)
d Diameter (m)
μ Dynamic viscosity (N-s/m2)
Q Heat transfer (W)
h Heat transfer coefficient (W/m2K)
H Hot fluid
i Inner
ṁ Mass flow rate (kg/s)
N Normal fluid
Nu Nusselt number
o Outer
U Overall heat transfer coefficient (W/m2K)
Pr Prandtl number
Re Reynolds number
Cp Specific heat (kJ/kgK)
t Temperature (°C)
k Thermal conductivity (W/mK)
v Velocity (m/s)
V Volume flow rate (m3/s)

1 Introduction

The heat exchanger is the device which facilitates the transfer of thermal energy from
the fluid available at a higher temperature to the fluid at a lower temperature. It could
be found in each and every fieldwhether it is residential or industrial resources. There
are many heat exchangers which are already in use for the different applications, and
all perform in a similar manner. The important and useful implementations that come
under the context of “heat exchanger” are the production of thermal power, waste
heat recovery, air conditioning, refrigeration, and the food preserving purpose [1]
by evaporation, pasteurization, etc. The trio-tube heat exchanger (TTH Xr) is insu-
lated at the outer tube, thus, having only two thermal communicating surfaces for the
analysis [2]. If it was contemplated to be uninsulated, there would be three communi-
cating surfaces with different performances and having a surrounding air at ambient
temperature as the fourth fluid. The double concentric-tube heat exchanger was the
prior arrangement that did not have a complicated overall heat transfer coefficient
but did not have that much of effectiveness [3], so later on introducing an interme-
diate tube to the former arrangement and eventually showed a better performance.
Pătrăşcioiu & Rădulescu [4] analyzed some model by utilizing the elaborated set
of equations for different inlet temperatures and mass flow rate condition. The heat
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exchangers are mainly categorized on the basis of the fluid flow direction and on the
basis of their thermal contact. Heat exchangers could be multiphase; generally, they
are stationary and known as “recuperators”. On the performance evaluation of differ-
ent heat exchangers (direct and indirect contact), many researchers have participated
in and got the results accordingly. Unal et al. [2] found that the T.T.H.Xr has a better
efficiency over the double-tube heat exchanger. An active simulation and modeling
of an ordered counter-flow heat exchanger over startup and frequency response was
carried out by Lakshmanan and Potter [5]. The triple concentric-tube heat exchanger
design and analysis with fins were studied by Rajasekar and Palanisamy [6]; in his
study, milk was considered for the helical triple tube heat exchanger. It was observed
that the ultrahigh temperature in sterilization process fluid being gets its temperature
and raised from 90 to 150 °C and hence the minerals and proteins get accumulated
on the surface of the heat exchanger, which causes the fouling in the helical triple
tube heat exchanger. Due to this fouling, the conduction resistance increases and
hence it prevents the heat transfer [7]. For the prognostication of the effectiveness of
heat exchanger, the fluid temperature of a microchannel operating with laminar flow
conditions can be predicted by some derived equations, with which, the heat transfer
between fluids could be determined. The study elaborates that the effectiveness of
heat exchanger for the fluids available at a different temperature always increases
but the superficial heating always decreases for the specified NTU [8].

Further, the researchers have to know that for triple concentric-tube heat exchanger
parameters which affect the performance must be relative in sizes, mass flow rate
and material of tube [9]. The swirl generator has been used in the double concentric-
tube heat exchangers for the heat transfer enhancement which was carried out by
positioning the holes in differentways and later itwas constituted that the heat transfer
was enhanced by 130% [10]. Counterfeit was done numerically byGarcia-Valladares
[11]. The numerical investigation of the performance of triple-tube heat exchanger
was given byQuadir [12]. The overall calculation procedure for the transient behavior
of the tubular heat exchanger was accomplished by Patankar [13]. The evaluation of
transient turbulent heat transfer in an annulus was carried out by Kawamura [14].

In this experimental study, countercurrent flow and indirect contact type triple
concentric heat exchanger is considered with the pipes of different materials. The
outermost pipe was of GI, pipe in the middle was of copper having high thermal
conductivity, and the last pipe was of aluminum (innermost). Fluids with three dif-
ferent temperatures of C-cold, H-hot, and N-normal were available for the thermal
energy interaction. The comparative analyses between the different flow arrange-
ments of C–H–N, N–H–C, and C–H–C were carried out. The case which found
more effectiveness was N–H–C and C–H–C. Moreover, experiments that have been
conducted here on trio-tube heat exchanger, have an objective to reduce surface area
andmaterial cost. For trio-tube heat exchanger, the lengthwas reduced by 58.39% for
extracting the same amount of heat transfer as from the double-pipe heat exchanger.
So, the arrangement of the triple concentric-tube conquers over the double-tube heat
exchanger.

J-type of thermocouples are used in order to analyze the temperature-dependent
voltage and the voltage so produced elucidates the temperature at a point and the
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transient retaliation is presented so that the flow rate that pertains to the internal fluid
could determine the variation in temperature. The mass flow rate of the fluids was
measured with the help of rotameters fitted at both the ends of an arrangement and
pumps are used to move the fluid in the required direction.

2 Experimental Details

To appraise the performance of the dual thermal communication in the trio-tube
heat exchanger, an experimental setup was invented. With the help of the setup,
numerical results were acquired. In the setup, three different types of tubes were
used, aluminum, copper, and galvanized iron. The inner diameter of GI shell was
38.1 mm, further, the copper pipe had 25.4 mm and Al pipe had 12.7 mm inner
diameter; thickness was the same for each pipe, i.e., 15 mm; effective length of the
pipe was 2.2 m. The outermost tube of galvanized iron was swathed by insulation
to resist the thermal contact with the surrounding. To realize the temperature of the
water in various points, J-type thermocoupleswere placed in different positions along
the effective length. For obtaining high temperature, an immersion heater of capacity
2000 W was immersed in the water tank. In the setup, three centrifugal pumps were
employed for pumping of water at a different mass flow rate. The controlling valve
was located on the entry and exit of the tube for controlling the mass flow rate of
fluids. This setup can be operated in different arrangement of flows, i.e. CHC, CHN,
and NHC. The complete experimental setup has been shown in Fig. 1.

Fig. 1 Experimental setup of trio-tube heat exchanger
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3 Methodology

In order to characterize the pipe arrangement in the trio-tube heat exchanger, a solid
model was designed on SOLIDWORKS 2013. This experimental setup was made
on the basis of this model. Figure 2 shows only half part of the setup, and the rest of
the parts will be arranged accordingly.

The theoretical analysis of the triple concentric-tube heat exchanger was carried
out by Hossain et al. [15]. For insulated trio-tube heat exchanger, the heat transfer
takes place among two thermal communicating surfaces as shown in Fig. 3, which
then satisfies performance evaluation of the experimental setup. In this study, per-
formance of T.T.H.Xr evaluated by the LMTD method and all parameters are given
step by step (Eqs. 1–15); those are used in the triple concentric-tube heat exchanger.

For steady-state condition, the energy lost by the hot fluid (fluid 2) is the sum of
energy gained by the other two fluids (fluid 1 and 3)

Q̇2 = Q̇1 + Q̇3 (1)

All the fluid properties were calculated at the average bulk mean temperature of
the flowing liquid. The velocity was determined from the mass flow rate:

Re = ρvd

μ
(2)

Fig. 2 3D model of the
trio-tube arrangement

Fig. 3 The flow direction of
the fluids in C–H–C
configuration of the trio-tube
heat exchanger
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The Reynolds number may be different for all the fluids and Nusselt number (Nu)
depend on the Re and Pr number. If the flow is laminar (Re < 2300), then the Nusselt
number is

Nu = 0.51 × Re0.5 × Pr1/3 ×
(
Pr

Prs

)0.25

(3)

If the flowing fluid is similar, then the value of (Pr/Prs)0.25 is considered as “1”.
If Reynolds number is in the range of 2300–4000, i.e., transition region, then the

Nusselt number will be

Nu = 2.718 × Re0.597 × 1/3
Pr ×

(
d

1.193

)2/3

(4)

The convective heat transfer coefficient of the heat exchanger can be obtained
from Eq. (5).

For the inner cold fluid,

h1 = Nu1k1
din

(5)

For the hot fluid flowing through the intermediate region of the heat exchanger,

h2 = Nu2k2
(di2 − do1)

(6)

For the outer cold fluid,

h3 = Nu3K3

(di3 − do2)
(7)

For T.T.H.Xr, two equations for the overall heat transfer coefficient will be
obtained. One equation from the inner (fluid 1) and intermediate (hot fluid 2) pipe,
and another equation from the intermediate (hot fluid 2) and the outer pipe (fluid 3).

1

Uo1
= do1

di1hc1
+ do1 ln(do1/di1)

2kcentre
+ 1

hH
(8)

1

Ui2
= di2

d02hc2
+

di2 ln
(
d02
di2

)
2Kcentre

+ 1

hH
(9)

There will be three equations in T.T.H.Xr for different fluids in a different region,

Q̇1 = ṁ1 × Cp1 × (t1e − t1i ) (10)



Analysis Over Trio-Tube with Dual Thermal Communication … 7

Q̇3 = ṁ3 × CP3 × (t3e − t3i ) (11)

The heat transfer rate for hot fluid will be

Q̇2 = ṁ2 × Cp2 × (t2i − t2e) (12)

The length of the triple tube concentric-tube heat exchanger can be obtained by
Eq. (13)

ṁ × CpH × (tHi − tHe) = Uo1Ao1lmtd1 +Ui2Ai2lmtd2 (13)

where Ao1 = πdo1 and Ai2 = πdi2.
The final equations for logarithmic mean temperature difference (LMTD) are

given as

lmtd1 = (t2i − t1e) − (t2e − t1i )

ln(t2i − t1e/t2e − t1i )
(14)

lmtd2 = (t2i − t3e) − (t2e − t3i )

ln(t2i − t3e/t2e − t3i )
(15)

4 Result and Discussion

In this experimental analysis over the trio-tube heat exchanger, the temperature vari-
ation of the fluid along the flow direction was analyzed. The study has been carried
over the various parameters (flow arrangement, volume flow rate, and inlet temper-
ature of the fluid). Three arrangements of all three fluids have been taken for the
analysis. The first arrangement was C–H–C, which means that the cold water flows
through the innermost and outermost annulus, and hot water through the inner annu-
lus. Another arrangement was the N–H–C, which means that the normal water flows
through innermost tube, hot water through the inner annulus, and the cold water
through the outermost annulus. The third arrangement was the C–H–N, in which
the cold water is flowing through the innermost tube, hot water through the inner
annulus, and normal water through the outer annulus. Hot water is always taken in
the inner annulus in all arrangements. The outer pipe was insulated; therefore there
was no energy interaction with the environment. Each fluid stream flows in a counter
flow manner with respect to the adjacent fluid. Therefore, the result can be obtained
for the maximum heat transfer for all three arrangements. It is difficult to discuss
every result from the experiment, therefore, a few results from each flow arrangement
have been taken for discussion.

In case of the C–H–C arrangement, if the mass flow rate of the fluid is different
for different fluids, i.e.,MH = 0.041 kg/s,Mc1 = 0.065 kg/s and Mc2 = 0.020 kg/s,
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Fig. 4 Temperature variation along the length of tube: CHC

and the inlet temperature is TH = 52 °C and TC1 = TC2 = 20 °C, then the exit
temperatures are TH = 36 °C and Tc1 = 26 °C and Tc2 = 29 °C, respectively, as
shown in Fig. 4.

From the observation, it was found that, for different volume flow rates,
the outlet temperature is different for both cold fluids due to the difference in mass
flow rate and heat transfer area. When the volume low rate is same for all fluids, i.e.,
Vc1 = VH = Vc2 = 30 l/min, the hot water temperature at the inlet is 60 °C, and cold
water temperature is the same for both, i.e., 20 °C, the hot water temperature slightly
decreases and cold water temperature is increased. At the exit, the temperature of
hot water and cold water was 42 °C, 34 °C, and 35 °C, respectively. If the volume
flow rate of the hot water is more than that of the cold water, i.e., Vh = 30 l/min.
and Vc1 = Vc2 = 20 l/min., and the temperature is 60 °C and 20 °C, then the exit
temperatures were 36 °C, 38 °C, and 37 °C, respectively.

In the case of the N–H–C arrangement, when the mass flow rate of all fluids is
different, i.e.,MH = 0.011 kg/s,Mc = 0.00575 kg/s, andMN = 0.021 kg/s, the inlet
temperature of the fluids are TH = 51 °C, TN = 23 °C, and TC = 10 °C, respectively.
In this case, the temperature of the hot fluid slightly decreases to 35 °C and normal
and cold water temperatures are increased to 40 °C and 25 °C respectively due to the
heat exchange by the hot fluid. The difference between the hot water and cold water
temperature was more as compared to that of the hot and normal water. In this case,
the exit temperature of hot water is lower than the normal water temperature due to
too much heat transfer between cold and the hot fluid as shown in Fig. 5.

If the volume flow rate of the hot fluid is reduced compared to the normal and cold
fluids, i.e., VH = 20 l/min. and VN = Vc = 30 l/min., then the hot fluid temperature
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Fig. 5 Temperature variation along the length of tube: NHC

drops from 52 °C to 39 °C, the normal water temperature increases from 28 °C to
31 °C, and the temperature of the cold water increases from 10 °C to the 28 °C,
respectively. Due to the reduction in the volume flow rate of the hot water, the
increment in the temperature of the normal and cold water was less compared to
the case where the volume flow rate was the same for both the fluids. If the volume
flow rate of all fluids is the same, i.e., VH = Vc1 = Vc2 = 35 l/min. and the inlet
temperature of the fluids is Tni = 28 °C, Thi = 55 °C, and Tci = 10 °C, respectively,
the temperature of the hot fluid is slightly reduced to 30 °C. The normal and cold
water temperature increased to 34 °C and 20 °C respectively due to the heat exchange
by the hot fluid. On the basis of the experimental detail, temperature of the cold water
increases as compared to the normal water due to the higher temperature difference
between the hot water and cold water compared to that of the hot and normal water.
In this condition, the exit temperature of the hot water was lower than the normal
water temperature due to the very large amount of heat transfer between cold by the
hot fluid.

In the case of the C–H–N arrangement, it was similar to all the above processes.
When the volume flow rates for all the fluid wax are the same, i.e., VC = VH = VN

= 30 l/min and the inlet temperature of the hot fluid, normal fluid, and cold fluid
were 52 °C, 28 °C, and 10 °C respectively, the hot water temperature dropped to
33 °C, the normal water temperature increased to 32 °C, and cold water to 17 °C,
respectively. If the mass flow rate for all fluids is different, i.e.,MC = 0.017 kg/s,MH

= 0.028 kg/s, andMN = 0.057 kg/s and the inlet temperature of cold, hot, and normal
water temperature is 17 °C, 48 °C, and 26 °C, respectively, the exit temperature of
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the cold water was 28 °C, hot water exit temperature dropped to 38 °C, and normal
water temperature increased to 31 °C as shown in Fig. 6. In this case, it was analyzed
that the cold temperature was far from the hot water and normal water temperatures.
From this study, it was found that the heat transfer from the hot to cold water is less
compared to that of the N–H–C or C–H–C flow arrangement.

In this study, fluid flow with the laminar condition was taken due to the small
flow rate of the fluid, except some increase mass flow rate case of hot fluid. The
Nusselt number depends upon the Reynolds number of the fluid flow. The overall
heat transfer depends on the effective length of the heat exchanger. The results from
all three flow arrangements which were discussed earlier were taken to calculate the
effectiveness. Details of experimental results have been given in Tables 1, 2 and 3;

Fig. 6 Temperature variation along the length of tube: CHN

Table 1 Experimental results for trio-tube HXr: NHC flow arrangement

Parameters Normal (N) Hot (H) Cold (C)

ṁ(kg/s) 0.021 0.011 0.00575

v(m/s) 0.067 0.021 0.045

Re 685.36 362.02 439.48

Nu 24.99 14.59 22.6

U U01 = 488.02 U02 = 611.99

LMTD LMTD (i − m) 15.7°C LMTD (m − o) 15 °C

Effectiveness 0.8745
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Table 2 Experimental results for trio-tube HXr: CHC flow arrangement

Parameters Cold (C) Hot (H) Cold (C)

ṁ(kg/s) 0.065 0.041 0.02052

v(m/s) 0.5146 0.132 0.04062

Re 6503.1 2429.06 386.53

Nu 52.77 17.21 19.18

U U01 = 1354.4 U02= 862.06

LMTD LMTD (i − m) =
20.59 °C

LMTD (m − o) = 19.28 °C

Effectiveness 0.3212

Table 3 Experimental results for trio-tube HXr: CHN flow arrangement

Parameters Cold (C) Hot (H) Normal (N)

ṁ(kg/s) 0.017 0.028 0.057

v(m/s) 0.134 0.09 0.1128

Re 1589.194 1512.07 1218.85

Nu 39.87 30.64 32.88

U U01 = 860.58 U02 = 1072.04

LMTD LMTD (i − m) = 20.49 °C LMTD (m − o) = 14 °C

Effectiveness 0.2936

for calculation of the LMTD and overall heat transfer coefficient, the trio-tube was
divided into the first part from the center to themiddle annular space of the hot stream
and the second from the middle annular space to the outer annular. Therefore, the
two LMTD and overall heat transfer coefficient.

The performance of T.T.H.Xr was compared with the theoretical performance
from the double-pipe heat exchanger as shown in Fig. 7.

For the double-pipe heat exchanger, theoretical analysis was performed by con-
sidering the normal and cold fluid average temperature as the cold fluid inlet tem-
perature, and mass flow rate as the sum of both the fluids. In order to determine the
reduced length of the heat exchanger in T.T.H.Xr, a comparison was made on the
basis of calculating the same amount of heat transfer from both the heat exchangers.
The outcomes from the analytical study on double-pipe heat exchanger are shown in
Table 4.
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Fig. 7 Performance comparison between trio-tube and double-pipe heat exchanger

Table 4 Experimental results
for double-pipe heat
exchanger

Arrangement NHC CHC CHN

LMTD (°C) 13.18 18.82 11.49

Effectiveness 0.7762 0.1706 0.1445

% save length in T.T.H.Xr
(%)

58.39 58.39 58.32

5 Conclusion

An experimental study on the trio-tube heat exchanger was conducted with water as
the working fluid available at three different temperatures. The following conclusion
can be made from this study:

• Based on the arrangement of the fluid flow,NHCgives themaximumeffectiveness,
followed by CHC and CHN arrangements (Tables 1, 2 and 3). The CHN with the
least performance was compared to the other two arrangements.

• With the increased mass flow rate, the amount of heat transfer increases.
• The experimental results manifest good agreement with the theoretical results on
the same parameters with a 5% error.

• For the same amount of heat transfer rate, the length required in the trio-tube heat
exchanger reduced by ≈58% in comparison to the double-pipe heat exchanger.

• The reduced length was independent of the fluid flow arrangement.
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An Experimental Study of Performance
and Emission Characteristics of a Diesel
Engine Fueled with Palm Kernel Methyl
Ester with Ethanol Additive:
A Fuzzy-Based Optimization Approach

Siddhartha Das, Bijoy Kumar Deb and G. R. K. Sastry

Abstract Researches on alternate fuels have been gaining the attention of
researchers worldwide due to the energy crisis. The fossil fuel sources which are
used as the most important resource of energy at present are not enough to meet
the increasing energy demand. The whole world is now searching for renewable
energy sources. Biodiesel reduces the emission of harmful gases to the environ-
ment. Biodiesel was produced from the palm kernel oil using transesterification
process. In the present experiment, the engine was fueled with diesel and blends
containing 5, 10, and 15% of palm kernel methyl ester. The developed Multi-Input
Multi-Output (MIMO) fuzzy model predictions show the correlation coefficients in
the range 0.908–0.998 for B15 as it has given a better performance and emission
than other blends.

Keywords Palm kernel methyl ester · Performance · Emission · Optimization ·
MIMO fuzzy model

1 Introduction

Energy is one of themain important inputs for the development of all quarters includ-
ing agricultural and industrial services and transport sectors. Energy has been at the
pivotal point of national and global economic growth for several decades [1]. The

S. Das
Department of Automobile Engineering, Tripura Institute of Technology, Agartala, Tripura, India
e-mail: sidas_007@rediffmail.com

B. K. Deb (B)
Department of Mechanical Engineering, Tripura Institute of Technology, Agartala, Tripura, India
e-mail: bijoykrdb@gmail.com

G. R. K. Sastry
Department of Mechanical Engineering, National Institute of Technology, Tadepalligudem,
Andra Pradesh, India
e-mail: grksastry@nitandra.ac.in

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_2

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_2&domain=pdf
mailto:sidas_007@rediffmail.com
mailto:bijoykrdb@gmail.com
mailto:grksastry@nitandra.ac.in
https://doi.org/10.1007/978-981-15-1124-0_2


16 S. Das et al.

demand for energy is rising exponentially, predominantly the demand for fossil fuel-
based energy. Petroleum-derived fuels, actually, surpass the demand for any other
fuels or energy resources. Theworld consumption for oilwill increase from85million
barrels/day in 2006 to 107 million barrels/day in 2030 [2–4]. Under these develop-
ment conjectures, around half of the world’s collective property would be depleted
by 2030. Also, as per many studies, world oil production would hit the highest point
sometime between 2007 and 2030. Therefore, future energy accessibility is a serious
universal concern. One more, chief global concern is ecological degradation or cli-
mate change such as global warming. Global warming is related to greenhouse gases
which are mostly emitted from the burning of petroleum fuels. In order to manage
the discharge of greenhouse gases, Kyoto Protocol targets to reduce the greenhouse
gas emission by a collective average of 5% below 1990 level of respective countries
[5]. The Intergovernmental Panel on Climate Change (IPCC) concludes in the Cli-
mate Change 2007 that, on account of aberrant weather, change below the global
surface temperatures are probably going to increase by 1.1–6.4 °C somewhere in the
range of 1990–2100. Canakcia et al. [6] have looked at the significance of Counter-
feit Neural Systems [ANNs] for the execution and fumes emanation estimations of a
diesel motor fuelled with biodiesels from various feedstocks and oil diesel energizes.
The execution and fumes emanations from a diesel motor, utilizing biodiesel mixes
with No. 2 diesel fuel up to 20%, have been projected utilizing the ANN display.
The real and anticipated values of SFC, CO, CO2, HC, O2, and NOx were tallied.
Sahoo et al. [7] have examined the biodiesel production from polanga seed oil by
transesterification process and were tested for their use as an alternate fuel of diesel
in a single-cylinder diesel engine. The engine performance parameters such as fuel
consumption, thermal efficiency, exhaust gas temperature and exhaust emissions fuel
utilization, warm effectiveness, fumes gas temperature, and fumes discharges [CO,
CO2, NOx, and O2] were observed. From release viewpoint, the unblemished POME
was recorded to be the best fuel as it showed lesser smoke release when compared
with HSD. Kumar et al. [8] have tested rice bran biodiesel in single cylinder, direct
injection diesel engine to evaluate performance and emission results and compared
with diesel fuel. The power created from the engine with biodiesel as fuel was 4%
lower when contrasted with diesel, on account of lower heating value of biodiesel.
BSFC and BSEC were likewise higher because of the same reason. Lin et al. [9]
employed the pre-oxidation process to produce biodiesel. The experimental results
have shown increase in specific fuel consumption, brake thermal efficiency, equiva-
lence ratio, and exhaust gas temperature. The results indicate decrease in CO2, CO,
and NOx emissions. Finally they concluded that pre-oxidation process effectively
improves the fuel properties and reduces the emissions. The performance and emis-
sion characteristics are found out by Lapuerta et al. [10] on single cylinder and used
nonedible oil. The loss of torque and power ran somewhere in the range of 5–10%,
and especially at full load, the loss of intensity was nearer to 5% at low speed and
10% at high speed. Yuan et al. [11] have investigated on the combustion and emis-
sions of engines utilizing diesel fuel and biodiesel [B10, B20, and B100] fuel. The
outcomes outline that the burning occurs ahead of time and the ignition delay period
is abbreviated. Rao et al. [12] have investigated the performance and emissions of
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different blends [B10, B20, and B40] of PME and JME and compared with diesel
fuel. A slight drop in thermal efficiency must be endorsed to the poor combustion
characteristics of biodiesel due to high viscosity. Nabi et al. [13] have studied the
parametric optimization of cottonseed biodiesel production and performance test of
a diesel engine with neat diesel fuel and cottonseed biodiesel mixtures. The Soybean,
Palm, Sunflower, Linseed B20, B40, B50, B75, B100 were tested with castor oil and
its blend with diesel have been investigated [14] on a single-cylinder, 4-stroke Diesel
Engine at 1500 rpm for variable loads. The emission of 25% blend of castor oil is
better than that of all other blends and it is well comparable with diesel. The study
was performed by Siva et al. [15] observed that with the increase in engine speed up to
850 rpm, the BTE increases. The conventional testing of the diesel engine for differ-
ent fuel blends under all possible conditions of varying load and injection timings is
very difficult [16]. Consequently the engine task can be displayed utilizing fake neu-
ral system (ANN) and fuzzy as a substitute technique. Fuzzy and ANN procedures
are utilized to tackle the engineering issues that bargain with exceptionally nonlin-
ear practical approximations. They vary from regular displaying approaches in their
capacity to find out about the framework that can be demonstrated without earlier
learning of the procedure connections. Recently, engine performance characteristics
are predicted using ANN which is getting popular day by day [17–24]. Moreover,
the anticipation of engine efficiency using fuzzy is also gaining popularity. The uti-
lization of fuzzy model in engine asks about the area that has developed generously
in the previous couple of decades. The fuzzy logic controller is produced to control
the speed of IC engine [25]. In the literature, there is no mention of study to predict
the engine performance, emission, and combustion parameters using MIMO fuzzy
technique. The objectives of this study are two fold: (1) to investigate the efficiency
and emission analysis of direct injection diesel engine fueled with diesel–biodiesel
blends at various loads as 2 kg, 4 kg, and 6 kg and also compare this results with those
operating on base diesel, (2) to build up a fuzzy model equipped for anticipating the
relations between engine input and output by utilizing fuzzy interface framework for
different biodiesels mixed at various loads.

2 Experimental Details

2.1 Fuel Properties

The properties of methyl ester prepared were calculated using individual regular
techniques. It was found that the properties of the methyl ester suit Indian standards
(IS 15607: 2005) for biodiesels. The properties of PKOME, diesel, and ethanol are
outlined in Table 1.
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Table 1 Properties of fuels Property Diesel PKOME Ethanol

Density at 15 °C
(kg/m3)

840 876.6 790

Cetane number 50 62 8

Kinematic Viscosity (mm2/s) 2.67 3.248 1.2

Flash point (°C) 47.5 189 40

Calorific value (MJ/kg) 44 38.53 27

Table 2 Specifications of the
diesel engine

Particulars Specification

Make and model Kirloskar, AV1

Method of cooling Water cooled

Number of cylinders One

Number of strokes Four

Rated power output 3.7 kW (5HP)

Speed 1500 rpm

Fuel injection Direct injection

Bore, Stroke 80 mm, 110 mm

Compression ratio 17.5:1

Fuel injection timing 23° BTDC

Loading device Eddy current dynamometer

2.2 Experimental Work

For the present work, the tests were conducted on a single-cylinder, four strokes,
naturally aspirated, air-cooled diesel engine coupled with electrical dynamometer
test rig. The technical specifications of the test engine are given in Table 2.

Before starting the experiments, all the equipments were calibrated according to
the manufacturers’ guidelines. The engine was started by hand cranking and was
allowed to warm up at no-load condition.

The engine was fueled with methyl ester, traditional diesel and blends containing
0, 5, 10, and 15% of palm kernel methyl ester. For every fuel change, the fuel lines
were cleaned, and the engine was left to operate undisturbed for at least 30 min to
stabilize the new conditions.

2.3 Properties of Additive

Ethanol is selected as the additive to prepare the biodiesel–diesel blends because
ethanol fuels contain an oxygen component that affects the emission of engines as
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discussed in the literature review; much research in the past showed that ethanol in
the fuel could significantly reduce smoke and particulate matter (PM) emission from
diesel engine and vehicle tests. According to previous studies on the effect of ethanol
on diesel emissions [26], the result of smoke and PM reduction is unanimous, but
studies of NOx and HC emission have no clear conclusion; they depend on engine
configurations and operating conditions. The properties of ethanol like density and
viscosity match well with that of biodiesel. Ethanol has been chosen as a cold flow
improver since it has a very low solidifying temperature of the order of (−) 114 °C
and is highly soluble in biodiesel. The properties of ethanol are shown in Table 1.

3 Fuzzy Modeling

3.1 Fuzzy Logic Control

Professor. Zadeh created fuzzy logic to do away with indecision and vagueness in the
decision-making process for real-world applications. The chief profits of fuzzy logic
system are quicker and easier in terms of system plan, development, lower cost, and
ease of continuation. Fuzzy logic does not necessitate a mathematical model. The
three basics of fuzzy logic system are fuzzification, inference, and defuzzification.
Here, Multi-Input Multi-Output (MIMO) fuzzy models are developed, taught, and
authenticated to predict the BSFC, BTE, CO, HC, CO2, and NOx with experimental
data sets.

3.2 Fuzzification

The fuzzy control model is developed using the Fuzzy Logic Toolbox inMATLAB®
V18. The MIMO fuzzy is a model developed for predicting the engine performance
and emission characteristics as shown in Fig. 1. Two inputs are taken as load in
kg and blends while BSFC, BTE, CO, HC, CO2, and NOx are considered as the

Fig. 1 MIMO fuzzy model
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outputs. Load is expressed as three fuzzy sets as low, medium, and high and blends
are expressed as four fuzzy sets. The output variables are expressed in seven fuzzy
sets.

3.3 Defuzzification

Defuzzification is the process to convert fuzzy membership functions back to a crisp
form and here the centroid weighted–average method is used for defuzzification.

4 Results and Discussion

4.1 Performance Parameters

4.1.1 Brake Specific Fuel Consumption (BSFC)

The Brake Specific Fuel Consumption acquired at various loads is shown in Fig. 2. In
common, BSFC diminishes with enhancement in load and goes upwith themounting
proportion of biodiesel in the fuel blends for all fuels. The chief motive for this could
be that percent increase in fuel required to operate the engine is less than the percent
increase in brake power due to comparatively less fraction of the heat losses at higher
loads.

Fig. 2 Change of BSFC
with load
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Fig. 3 Variation of BTE
with load

4.1.2 Brake Thermal Efficiency (BTE)

The change of brake thermal efficiency with load for tested fuels is shown in Fig. 3.
Based on the experiments, it is observed that the BTE of diesel varies from 10.7%
at low load to 20.9% at full load and for B15 it varies from 11.2 to 21.8%.

The brake thermal efficiency of B5 and B10 are found to be similar to diesel.
Hence, B15 shows better results for the BTE at 6 kg load.

4.2 Emission Parameters

4.2.1 Carbon Monoxide (CO)

The deviation of CO with load for tested fuels is shown in Fig. 4. Based on the
experiments, it is observed that CO for diesel is 0.06% vol. at 2 kg load and 0.03%
vol. at 4 kg and also for 6 kg load whereas for B15, it is observed that CO is 0.05%
vol. at 2 kg load and 0.03% vol. for 6 kg load. Better results for CO less emission
are observed for B5 that is 0.04% vol. at 2 kg load and 0.03% vol. at 6 kg load.

4.2.2 Hydrocarbons (HC)

The change of hydrocarbons with load for tested fuels is shown in Fig. 5. Based on
the experiments, it is observed that HC for diesel is 24 ppm at 2 kg load and 28 ppm
at 4 kg and 38 ppm for 6 kg load whereas for B15, it is observed that HC is 19 ppm at
2 kg load and 33 ppm for 6 kg load. Better results for HC less emission are observed
for B5 that is 12 ppm at 2 kg load and 17 ppm at 6 kg load.
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Fig. 4 Change of CO with
load

Fig. 5 Variation of
hydrocarbons with load

4.2.3 Carbon Dioxide (CO2)

The change of CO2 with load for tested fuels is depicted in Fig. 6. Based on the
experiments, it is observed that CO2 for diesel is 2.4% vol. at 2 kg load, 3.4% vol. at
4 kg, and 4.4% vol. for 6 kg load whereas for B15, it is observed that CO2 is 2.6%
vol. at 2 kg load and 4.5% vol. for 6 kg load. Better results for CO2 less emission are
observed for B5 that is 1.9% vol. at 2 kg load and 4.5% vol. at 6 kg load.

4.2.4 Oxides of Nitrogen (NOx)

The deviation of hydrocarbons with load for tested fuels is shown in Fig. 7. Based on
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Fig. 6 Change of CO2 with
load

Fig. 7 Change of NOx with
load

the experiments, it is observed that NOx for diesel is 370 ppm at 2 kg load, 795 ppm at
4 kg, and 1237 ppm for 6 kg load whereas for B5, it is observed that NOx is 347 ppm
at 2 kg load and 1230 ppm for 6 kg load. Better results for NOx less emission are
observed for B15 that is 384 ppm at 2 kg load and 1126 ppm at 6 kg load.

4.3 Fuzzy Results

Graphical representations of the predicted outputs are shown in Fig. 8 for BSFCwith
input variables load and blends. Graphical representations of the predicted output are
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Fig. 8 Fuzzy results (BSFC)

shown in Fig. 9 for BTE with input variables load and blends. Graphical representa-
tions of the predicted output are shown in Fig. 10 for CO with input variables load
and blends. Graphical representations of the predicted output are shown in Fig. 11
for HC with input variables load and blends. Graphical representations of predicted
output are shown in Fig. 12 for CO2 with input variables load and blends. Graphical
representations of predicted output are shown in Fig. 13 for NOxwith input variables
load and blends.

5 Conclusion

The MIMO fuzzy model predictions show the correlation coefficients in the range
0.908–0.998 for B15 as it has given better performance and emission than other
blends used in this paper.

The comparison of anticipated values obtained from the developed fuzzy model
with experimental values showed the enhanced reliability of the fuzzy approach over
theoretical and empirical methods. This method had established itself to be proficient
in modeling the engine characteristics by using only a few numbers of experimental
test results, thus saving both time and assets.
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Fig. 9 Fuzzy results (BTE)

Fig. 10 Fuzzy results (CO)
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Fig. 11 Fuzzy results (HC)

Fig. 12 Fuzzy results (CO2)
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Fig. 13 Fuzzy results (NOx)
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Abstract An experimental study has been conducted on the effect of alumina
nanoparticles in aDICI (Direct InjectionCompression Ignition) engine using cymbo-
pogon flexuosus (lemongrass oil) as fuel. Lemongrass oil (LGO) is extracted from the
steam distillationmethod. This fuelmay also bemore suitable for diesel engines as an
alternate fuel without any transesterification process and engine modification. In this
study, three fuels (LGO25, LGO25+ALU50 ppm and LGO25+ALU100 ppm) were
tested in a single-cylinder, four-stroke and naturally aspirated diesel engine. From
the experimental analysis, it was found that BSFC decreased with an increase in BTE
using alumina nanoparticles. The cylinder pressure and heat release rate are higher
by 1.66% at LGO25+ALU 50 ppm and 3.7% at LGO25+ALU 100 ppm than LGO25.
In the case of emission study, CO, HC and smoke emissions decreased by 16.67%
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1 Introduction

The world energy demand is rapidly increasing due to the growing trend in mod-
ernization and industrialization. Most of the developing countries import crude oil
to meet their increasing energy demand. Most of the country’s income is spent to
purchase petroleum-based products only. Complying with stringent emission norms
imposed by the countries poses another challenge to the transportation industry.
Therefore, it is important to use alternative fuels that can be produced from natural
resources available locally within the country.

Singh et al. [1] have analysed emissions and performance characteristics of a
heavy-duty diesel engine fuelled with biodiesel derived from Jatropha curcas oil.
The test results indicated the reduction in particulate matter, CO and HC emissions.
But NOx emission increased by 26% than diesel. Ali et al. [2] have conducted a
detailed analysis of palm oil biodiesel in a diesel engine on engine performance.
Engine tests demonstrated that engine brake power decreased with an increase in
biodiesel blends up to 30%. The BSFC increased by 3% with no statistically sig-
nificant difference in the brake thermal efficiency compared to standard diesel. B30
fuel blend is recommended as an optimized fuel blend to diesel for smooth engine
operation.

Many techniques have been used to control the emission gases from the engine
such as exhaust gas recirculation, emulsification and nanoadditives. Basha et al.
[3] have used carbon nanotubes (CNT) blended Jatropha methyl ester emulsion on
engine performance. BTE increased with a significant reduction in cylinder pressure
and HRR using CNT-blended fuel. Velraj et al. [4] have investigated the influence of
alumina nanoparticles; ethanol and isopropanol blend with biodiesel derived from
soybean in a diesel engine. The results showed that cylinder pressure and brake-
specific energy consumption increased using alumina-blended biodiesel. A consid-
erable reduction of emission gases like CO, CO2 and UHC were observed by using
nanoblended biodiesel.

Sathiyamoorthi et al. [5] have analyzed a combined effect of nano (Cerium oxide)
emulsion and EGRusing lemongrass oil–DEE diesel blend in a single-cylinder diesel
engine. BSFC increased by 10.8% with DEE and EGR mode for nanoemulsified
LGO25. HRR increased by 2.7–6.95% for nanoblended fuel. CO, HC, NOx, and
smoke emissions decreased using the combined effect of nanoemulsified blend with
EGRandDEE. In this experimental study, LGO25 (25% lemongrass oil+ 75%diesel
on volumetric percentage) is used as biofuel and blended with alumina nanoparticles
(50 and 100 ppm concentrations). The diesel engine characteristics were analysed
using the obtained results with the effect of alumina nanoparticles.
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Table 1 Properties of diesel and LGO25 with alumina nanoparticles

Properties Gross
calorific
value
(MJ/kg)

Kinematic
viscosity
(Cst) at 40 °C

Density
(kg m3)

Flash
Point °C

Cetane
Index

Diesel 43.35 3.25 840 55 40–55

LG025 41.69 3.48 870 53 45

LG025+ALU50 ppm 41.31 3.72 910 55 45

LG025+ALU100 ppm 41.27 4.10 930 57 45

2 Test Fuel: Cymbopogon Flexuosus

Cymbopogon flexuosus (lemongrass oil) is part of an aromatic with fast-growing
grass family. Its main element is citral of 65–85%. The main components of lemon-
grass oil are gerai, neral, limonene, terpineol, nerol, myrcene and geranyl acetate. It
is found in many parts of Sikkim, Tamil Nadu, Kerala, Maharashtra and Arunachal
Pradesh. The steam distillation method was used to extract citral from the fresh
leaves. It is available with more than 140 species all over the world and is called
Cochin grass or Malabar grass in India. The important properties of fuel blend were
measured from the fuel test laboratory as per ASTM. Table 1 shows the properties
of the test fuel with alumina nanoparticles which are compared with standard diesel
fuels [5–7].

3 Synthesis and Characterization of Alumina
Nanoparticles

The blended fuels are tested in a reputed test lab and properties are furnished in
Table 1, which shows energy content and viscosity of the blends compared with
diesel. It is seen that the viscosity increased with the addition of nanoparticles and
density as well. The cetane index is not much affected by the blended fuel. Alumina
nanoparticles are synthesized by sol–gen method and its Scanning Electron Micro-
scope (SEM) image are shown in Fig. 1. SEMmorphology is used to determine grain
size characterization. The SEM image shows that the alumina nanoparticles have a
definite crystalline nature with lower agglomeration as well as aggregate formation.
Moreover, the average grain size of the alumina nanoparticles is 24 nm. Figure 2
shows the EDAX (X-ray diffraction) for alumina nanoparticles.

Nanoparticles are generally synthesized by four techniques, such as sol–gel, attri-
tion, vapour deposition and combustion. The following steps were used to prepare
alumina nanoparticles using the sol–gel technique [8, 9].
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Fig. 1 SEM image of Al2O3

Fig. 2 EDAX of Al2O3

a. Aluminium nitrate solution of 0.5 M was dissolved in deionized water (H2O)
at 22 °C and this mixture was well stirred using magnetic stirrer for thorough
mixing.

b. Urea of 0.05 M was dissolved with aluminium nitrate solution and this mixture
was kept for 30 min till the solution reached a pH value of 2.

c. The prepared base solution (Urea+ aluminium nitrate solution) was titrated with
amixture of 0.1M sodium hydroxide and 25ml of H2O until the solution reached
a pH value of 6.
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d. A cloudy gel formation (pH = 8) was due to the excess addition of sodium
hydroxide to the base solution, and then this mixture was dried and calcined at
150 °C for 12 h.

e. The dried sample was subjected to 300 °C and 2 h in a furnace, and then the
alumina nanoparticles were collected.

The alumina nanoparticles are also used in biomaterials, nanocomposites, trans-
parent conductive coatings, wear-resistance additives and material surface coatings,
etc. Thenanoparticles are highly effective catalystswhich improve combustion speed,
combustion heat and combustion stability.

3.1 Test Fuels Preparation

In this research work, lemongrass oil was procured from the local agriculture oil
supplier. The three types of test fuels are prepared. Table 2 shows the volumetric
percentage of fuel blends used in this test. The dispersion of alumina nanoparticles
with LGO25 fuel blend is prepared by an ultrasonicator (Fig. 3) for 30–45 min to
get homogeneous mixture. All the prepared fuels were subjected to the stability test
which is kept in a 100 ml graduated scale glass test tube at static (normal) conditions
and were found to be stable for 15 h. Figure 4 shows the sample prepared after the
addition of nanoparticles with the LGO25 fuel blend with stable conditions.

Table 2 Volumetric
percentage of blended fuel

Abbreviation Percentage of fuel

LG025 75% Diesel+25% Lemongrass oil
(LGO)

LG025+ALU50ppm 75% Diesel+25% LGO+50 ppm
alumina nanoparticles

LG025+ALU100ppm 75% Diesel+25% LGO+100 ppm
alumina nanoparticles

Fig. 3 Ultrasonicator
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Fig. 4 LGO25+Al2O3 with
50 ppm and 100 ppm

4 Experimental Setup and Procedure

The experimental investigation was conducted with a naturally aspirated single-
cylinder diesel engine with a compression ratio of 17.5:1. Figure 5 illustrates a
detailed experimental setup with the digital data acquisition system (DDAS). The

Fig. 5 Schematic diagram of the experimental setup
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Table 3 Test engine
specifications

Model Kirloskar TAF1

Type Single cylinder, 4-stroke, Direct
Injection

Power 4.4 kW

Bore 87.5 mm

Stroke 110 mm

Cubic capacity 0.553 L

Compression ratio 17.5:1

Rated speed 1500 rpm

Cooling type Air cooling

No. of holes 3

Nozzle hole diameter 0.25 mm

Fuel injection timing 23° bTDC

detailed specifications of the research engine are summarized in Table 3. The
crankshaft position was measured by a crank angle encoder. The intake air was
measured using an orifice metre, a manometer and an air-damping tank. An AVL
Digas 444 exhaust gas analysed was used to measure the emission gases from the
engine. An AVL 437 smoke meter was used to measure smoke opacity. The tem-
perature of inlet air and exhaust gas was measured by using K-type thermocouples.
The different loads to the engine were applied using an electrical loading device.
The fuel consumption was calculated by measuring 10 cc of fuel consumption with
a stopwatch from the burette [10].

All the experimental tests were done thrice and the results were finally calculated
by taking the average values. Before taking the readings, the engine was warmed
up for 20 min. All the base diesel and fuel tests were conducted at steady-state
conditions only. The standard injection pressure and timing are set as 200 bar and
23bTDC respectively throughout the experiments. Piezoelectric pressure transducer
is used to measure the cylinder pressures at all the engine loads. Finally, all the
measured readings were stored in a personal computer which was used to plot the
combustion characteristics such as HRR and cylinder pressure [11–13].

5 Results and Discussion

5.1 Performance Analysis

5.1.1 Brake Specific Fuel Consumption (BSFC)

Figure 6 depicts the variation of BSFCwith brake power using alumina nanoparticles
in LGO25 fuel blend. BSFC is decreased by 2.97% and 5.17% for LGO25 with
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Fig. 6 Brake power versus
BSFC with alumina
nanoparticles
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50 ppm and 100 ppm alumina nanoparticles respectively than LGO25. The ability
of alumina nanoparticles is to oxidize the carbon deposits inside the combustion
chamber which leads to the reduction of fuel consumption [4].

5.1.2 Brake Thermal Efficiency (BTE)

BTE with brake power of all the test fuels is presented in Fig. 7 using nanoparti-
cles. BTE is increased by 1.31% and 1.93% for LGO25 with 50 ppm and 100 ppm
nanoparticles respectively than LGO25. It is due to the oxygen buffer property of
alumina nanoparticles which results in a complete combustion process. On the other
hand, more amount of fuel can react with air because of higher surface area to volume
ratio of alumina nanoparticles [14].

Fig. 7 Brake power versus
BTE with alumina
nanoparticles
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Fig. 8 Brake power versus
EGT with alumina
nanoparticles
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5.1.3 Exhaust Gas Temperature (EGT)

Figure 8 depicts the variation of EGT with brake power for alumina-blended LGO25
fuel blends. EGT is increased by 2.67% and 4.91% for LGO25 with 50 ppm and
100 ppm nanoparticles respectively than LGO25. The reason for higher EGT using
alumina nanoparticles is the higher heat transfer coefficient associated with the prod-
ucts of the combustion process. Furthermore, the increase in exhaust gas temperature
is due to the higher quantity of fuel burnt at peak engine loads which results in higher
heat release rate [15].

5.2 Combustion Analysis

5.2.1 Cylinder Pressure

The cylinder pressure variation is presented in Fig. 9 with different crank angles.
The cylinder pressure increased by 1.66% and 3.7% for LGO25 with 50 ppm and
100 ppm nanoparticles respectively than LGO25. The higher cylinder pressure is
mainly due to the better mixing which leads to the rapid combustion process and
inherent oxygen availability in the LGO25 blend. From the figure, it is noted that
ignition delay decreases with an increase in the engine load. The reason for higher
cylinder pressure is the higher surface area of alumina nanoparticles, resulting in
better mixing at higher engine loads [14].
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Fig. 9 Cylinder pressure versus crank angle with alumina nanoparticles blended LGO25

5.2.2 Heat Release Rate (HRR)

The variation of HRR is presented in Fig. 10 with various crank angles. The heat
release rate increases with the addition of alumina nanoparticles than LGO25 and
diesel. The alumina nanoparticles contribute to the increase in the combustion
rate which produces complete combustion. This is because of its higher carbon
combustion activation of alumina.

The heat release rates increased by 8.97% and 20.78% for LGO25 with 50 ppm
and 100 ppm alumina nanoparticles respectively than LGO25. The maximum HRR
is observed as 92.15 kJ/m3deg and 105.78 kJ/m3deg for LGO25 with 50 ppm and
100 ppm, respectively.

Fig. 10 Heat release rate
versus crank angle with
alumina nanoparticles
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Fig. 11 Brake power versus
CO emission with alumina
nanoparticles
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5.3 Emission Analysis

5.3.1 CO Emission

The variation of CO emission with brake power using nanoparticles is presented in
Fig. 11. It is noted that CO emission decreases for all the fuel blends than diesel.
One of the reasons for the reduction of CO emission is the availability of oxygen
elements in the fuel blend. CO emission is decreased by 16.67% and 25.79% for
LGO25 with 50 ppm and 100 ppm alumina nanoparticles respectively than LGO25.
The nanoparticles help to increase fuel atomization rate which results in complete
combustion, therefore CO emission decreases. Moreover, the conversion rate of CO
to CO2 alumina nanoparticles in the fuel blends influences the lower CO emission
and its potent redox-active property [4].

5.3.2 HC Emission

From Fig. 12, it is observed that HC emission decreased for all the blends of LGO25
with alumina nanoparticles than LGO25 and diesel. HC emission is decreased by
5.95% and 12.83% for LGO25 with 50 ppm and 100 ppm respectively than LGO25.
The lowerHCemission is due to the influenceof nanoparticleswhichhelps to increase
surface area exposure to the fuel droplets, and therefore improved the combustion
process results in lower HC emission than LGO25 [14].

5.3.3 Nitrogen Oxides (NOx) Emission

Figure 13 displays the variation of NOx emission using alumina nanoparticles
blended LGO25. NOx emission increased by 4.95% and 8.27% for LGO25 with
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Fig. 12 BP versus HC
emission with alumina
nanoparticles
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Fig. 13 Brake power versus
NOx emission with alumina
nanoparticles
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50 ppm and 100 ppm alumina nanoparticles respectively than LGO25. The param-
eters which influence the NOx emission are combustion temperature, availability of
oxygen in the fuel blend and duration of combustion. Higher NOx emission is formed
due to the higher diffusion-controlled combustion period using alumina-blended
LGO25 fuel. On the other hand, higher heat release rate using alumina-blended
LGO25 is observed with higher NOx emission at higher engine loads [15].

5.3.4 Smoke Emission

Figure 14portrays the smoke emissionvariationwithBP for alumina-blendedLGO25
fuel. The smoke emission is decreased by 18.94%and 24.7% for LGO25with 50 ppm
and 100 ppm concentrations respectively than LGO25. The lower smoke emission
is attributed to the better improvement in the diffusion–combustion phase and the
availability of oxygen molecules in the alumina nanoparticles doped fuel.
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Fig. 14 Smoke opacity
emission from engine
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Figure 14 shows the emission pattern of Smoke Opacity in percentage is a func-
tion of brake power and other factors for the lower smoke emissions which are the
reduced ignition delay, rapid evaporation and improved ignition quality of alumina
nanoadditive [15].

6 Conclusion

The effect of alumina nanoparticles on engine performance and emission character-
istics are investigated using single-cylinder diesel engine. The following conclusions
were derived from the comprehensive experimental investigation.

• The addition of alumina nanoparticles resulted in higher cylinder pressure and
heat release rate with a significant improvement in engine performance.

• Thus, LGO25+ALU50 ppm blend is considered as an optimized fuel blend in
terms of fuel stability, high price of nanoparticles and performance parameters.

• Being an oxygenated fuel, lemongrass oil has a high oxidation rate which results
in the decrease of the engine out emissions.

• Overall, the addition of alumina nanoparticles resulted in a reduction of CO,
HC and smoke emission which is due to enough oxygen needed to improve the
combustion of the fuel blend.
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Study and Analysis of Blended Fuel
on Single-Cylinder Naturally Aspirated
Diesel Engine with Biofuels Coupled
with EGR

B. Venkatesh and G. Prasanthi

Abstract India is the upcoming industrial revolution, wherein its economy and its
fuel consumption have been rising drastically over the past two decades. Petroleum
resources are depreciating rapidly in the world biofuels and its blends are the alter-
native sources for stabilizing demand and supply. Biofuels are eco-friendly and sub-
stitute for conventional fuels. When compared to fossil fuels except for nitrogen
oxide (NOx) remains emission particles are reduced. For effective reducing, NOx,
anExhaustGasRecirculation system (EGR) is used as exuberance for a diesel engine.
The present investigation carried on Coconut oil blend (CBD20) and Cottonseed oil
blend (COBD20) biofuels was prepared by the transesterification process with Al2O3

as catalyst on a diesel engine with different EGR percentage ratios (10, 15, and 20%).
In this analysis emission, performance parameters and exhaust gas temperature are
measured and compared with two biofuels. In this study compared with neat diesel,
EGR shows a better improvement on NOx level and performance levels are greasy.

Keywords Al2O3 · Coconut oil blend · Cottonseed oil blend · Emissions ·
Exhaust gas recirculation · Performance parameters

1 Introduction

In our daily needs, transportation plays a vital role. Majority of the engines on
and off road are diesel engines. Industrial and public usage engine emissions are
startling the society [1]. Emissions affect the organs of the human body (asthma, eyes
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irritation, etc.,) and cause damages to the eco-friendly animals also [2]. Biofuels are
the conveniences for controlling emissions without any changes in engines [3]. But in
maximum biofuels, NOx slightly increases. Exhaust gas recirculation is the solution
for controlling NOx. Sakhare [4] found that the in Cotton oil (B20), BSFC increases
and emissions of NOx decrease in parallel to conventional fuel, due to inadequate
oxygen level and mixing of hot gases to rich mixture formation. Conversely, HC and
CO slightly increase if EGR rate increases.

Attal [5] studied under oil at B20 and 10% EGR shows optimized engine per-
formance shows bonne BSFC and brake thermal efficiency decreases matched with
diesel. Emission like NOx reduced and others (HC and smoke) slightly increased.

Rajesh [6] have conducted an experiment on n-octanol for DI diesel engine and
found additional solvents formixingwith conventional fuel. Due to lower cetane igni-
tion delay slightly longer. The decrease in BSFC and BTE increases with increasing
of blended ratio, but in EGR both parameters are grieved. At Oct30 blend with
an increase of EGR up 30% shows NOx and Smoke opacity reduced. Hc and Co
emissions gradually raised with increase in the EGR ratio.

Suresh Babu Rao [7] dopped various proportions 30, 60 and 90 ppm of Ce2O3

with Calophyllum inophyllum methyl ester (CI20) with EGR 10 and 20% admitted
shows better performance at EGR 10% BTE reduced at maximum loads with the
increase of BSFC and emission are controlled.

Bedar [8] has conducted a test by using Simarouba glauca blends B20 and B40
which show improvement in BTE and CO; UBHC and smoke opacity are reduced.
At 10–15% EGR, BTE increased and 20% slightly decrease. With the increase of
EGR ratio NOx lesser and remaining increases simultaneously.

2 Material and Method

Preparation of biodiesel using transesterification with Al2O3:

Oils are categories into two types: edible and nonedible oils [1]. Collect 500 g sample
oil heated in a reactor at 95.7 °C. 8.5% molar ratio (methanol to sample oil) and
catalysts of 0.3% to the oil used. Slowly add 0.1 gCaO–MgO (12.5wt%) (8:2)/Al2O3

to the mixture maintaining reaction temperature 95 °C during transesterification
process. Figure 1 shows the SEM and TEM of Al2O3 (Fig. 2).

3 Experimental Setup

Naturally aspirated single-cylinder diesel engine with exhaust gas recirculation setup
as shown in Fig. 3. CI engine specifications are given Table 1 and exhaust emissions
ranges and accuracy are listed in Table 2.
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Fig. 1 Images of Al2O3 SEM and TEM [9]

Fig. 2 Schematic sketch of biodiesel preparation [10]
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Fig. 3 Schematic of the test engine

Table 1 Specification of the
experimental setup

Make, model TMEC-10

Stroke 2

Cylinder 1

Rated power 5.12 kW

Rated speed 1500 rpm

Number of spark plug 1

Bore dia (D) 87.5 mm

Stroke (L) 110 mm

Compression ratio 17.5:1

No. of injectors 1

Injection timing 23°BTDC

Injection pressure 200 bar

Table 2 Range and accuracy
details of exhaust gas analyzer

Pollutant Range Accuracy

CO 0–15.0 vol. % 0.01 vol. %

HC 0–30,000 ppm vol. ±1 ppm vol.

NOx 0–5000 ppm vol. ±1 ppm vol.

Smoke metre 0–100% ±1%
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4 Result and Discussions

The EGR is the viable technique and generally used to diminish NOx for CI engines
fuel powered by diesel and biodiesels. In this method, the division of CO2 gas is
presented in the burning chamber so as to build the explicit warmth limit of the gas
blend which thus decreases the burning temperature. The usage of EGR is the least
expensive and most straightforward technique for diesel engines for a compelling
decrease of NOx. Exhaust gas distribution rate can be balanced with the assistance
of a control valve fitted in the admission complex. Hot EGR strategy is utilized in
the present work for NOx decrease. The stream rate of EGR is assessed by assessing
the CO2 fixation in the admission and exhaust ventilation manifold system [7].

The EGR equation:

EGR (%) = % of CO2 I ntake

% of CO2 Exhaust
× 100

4.1 Brake Specific Fuel Consumption

For comparing both Figs. 4 and 5—Coconut and Cottonseed oil fuels—the EGR
percentage increases the brake specific fuel consumption reduces due to three factors
initially reduces the pumping work, loss of heat reduced in cylinder wall secondly
and finally higher in dissociation degree reduction the temperature is gray gases. At
initial loads, nano coconut oil shows better performance and the load increases nano
cottonseed showed better improvement at 15% EGR.

Fig. 4 Load versus BSFC
(cotton oil)
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Fig. 5 Load versus BSFC
(coconut oil)

4.2 Brake Thermal Efficiency

Figures 6 and 7 show the load versus brake thermal efficiency. When the EGR ratio
increases the unburned hydrocarbons are recharged and the fresh charge enters the
manifold. The dilute gases become a homogenous mixture with intake fuel and rise
the temperature of the mixture; it will increase the burning rate and better improve-
ment in combustion and reduction in emissions. But when the dilution rate increases,
the oxygen content reduces which leads to reduction in the combustion rate because
at higher loads the CO2 high in exhaust gases it leads to incomplete combustion. It
was noted that at 15% EGR shows a better improvement when compared to 20%
ration but lower than the conventional fuel due to lower calorific value.

Fig. 6 Load versus BTHE
(cotton oil)
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Fig. 7 Load versus BTHE
(coconut oil)

4.3 Emissions

In biofuels, oxygen percentage is more and the combustion rate also increases while
the experimentation noticed that the combustion temperature and NOx increases.
Dilution of oxygen with exhaust gases is one of the solutions for controlling NOx.
Figures 8 and 9 show the percentage of EGR increase with a decrement of NOx
monition. At 20% EGR, NOx will drop in an impressive way.

Oxygen status is more generally in biofuel it effuses less amount of hydrocarbons.
Figures 10 and 11 show that the slightly increasedwhen the EGR rate increases. If the
percentage of dilution of fresh charge increases, it leads to nonhomogeous mixture

Fig. 8 Load versus NOx
(cotton oil)
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Fig. 9 Load versus NOx
(coconut oil)

Fig. 10 Load versus
hydrocarbon (cotton oil)

and incomplete combustion may occur inside the combustion chamber. Incomplete
combustion causes rise of unburnt hydrocarbon.

Generally, by using biofuels in diesel engines, the combustion rate is high where
maximum amount of carbon and hydrogen molecules are converted to energy gets
higher thermal efficiency and it prevents the smoke particles formation in diesel
engine when compared to diesel. Due to the dilute mixture rate, the lack of oxygen
inside the combustion the burning rate will reduced which primes to incomplete
combustion and the combustion rate also falls down at Figs. 12 and 13 show the
increase in smoke at EGR 15% more stable and show better emission rate.
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Fig. 11 Load versus
hydrocarbon (coconut oil)

Fig. 12 Load versus smoke
(cotton oil)

5 Conclusion

The negotiation drawn from the present investigation on single-cylinder CI engine
with Cottonseed oil and Coconut oil with an EGR rate of 0, 10, 15, and 20%
summarizes the following:

1. Al2O3 can be used as a catalyst; it improves the properties of diesel and reduces
the moisture content in biofuel when compared to KOH catalyst.

2. When compared to diesel without modification, HC and smoke are diminished
and with high combustion rate, NOx increased. It may be concluded that the
combination of biodiesel B20 by volume can replace the diesel, which will help
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Fig. 13 Load versus smoke
(coconut oil)

control the exceptions of NOx drop in performance. Operating parameters have
been changed to improve engine performance.

3. At 15% EGR, BSFC and BTHE are improved and at 20% EGR showed lesser
performance compared to diesel.

4. NOx was reduced at 20% EGR rate and HC smoke slightly increased.
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Thermal Analysis of Drilled and Slotted
Brake Rotors

Jatin Parajiya, Kaustubh Babrekar, Saurabh Bairagi and Arvind Chel

Abstract Brakes are a very vital part of an automobile and with performance, safety
and operational life being the most important characteristic, it becomes necessary to
have a smooth braking operation throughout its life. The study is focused towards
designing, analysing and comparing the result obtained using software Solidworks
and ANSYS. Depending upon the usage and purpose, we compare namely two types
of brake rotors, drilled and slotted, and suggest where it can be put into use for max-
imum output by studying its thermal analysis (heat generated) without any structural
failures in both the rotors.

Keywords Disc brake rotors · FEA · ANSYS · Heat transfer

1 Introduction

The heat generated during braking should be conveyed properly to ensure the safe
operation of the brakes. The coefficient of friction tends to reduce as the brake pads
and liners temperatures increase andbrake fade starts to occur [1].Higher temperature
of the contact surfaces may result in complete loss of braking performance, thereby
increasing the stopping distance and loss of vehicle control. Therefore, it becomes a
crucial task to design a proper brake rotor with high heat dissipation capacity [2].
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2 Literature Review

This literature is based on the examination of brake rotors under the similar brak-
ing condition and comparing the temperature distribution. The material selected for
rotors is grey cast iron. The operating range of brake rotors is up to 450 °C. For better
heat dissipation, more surface area is required so that brake fade would not occur
and maximum cooling efficiency is achieved [3]. Material is opted considering many
factors like mass of the vehicle, kinetic velocity, heat flux and cost associated with
manufacturing [4, 5].

3 Types of Brake Rotors

3.1 Solid and Ventilated Rotor

The surface of the rotor is a plane without any cavities. Plane rotors are strong and
hence have less deformation as compared to the other types of discs but do not
support quick heat dissipation (Fig. 1). A vented rotor is two solid rotors separated
by a certain space so as to allow more passage for airflow, as shown in Figs. 2 and
5. Vented rotors allow air to flow much more efficiently than the non-vented rotors
due to the centrifugal action created during the rotation of the rotors.

Fig. 1 Solid rotor

Fig. 2 Solid ventilated rotor
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Fig. 3 Drilled rotor

Fig. 4 Slotted rotor

3.2 Cross Drilled Rotor

Holes are made on the surface of disc, as shown in Fig. 3. Holes that are provided
on the surface help in removing the gases, steam, etc. developed during braking to
escape through it.

3.3 Slotted Rotor

Slotted rotors come with slots engraved on the surface of the plane disc which
allow the dust and gases generated during braking to escape easily through the slots
provided as shown in Fig. 4. Thus, they are mostly used for race applications [6].

3.4 Geometric Cross Section of Rotors

Vented rotors generally have straight vanes propagate from the centre to the outside of
the rotor as seen in Fig. 5. Some cars come equipped with rotors that have directional
vanes [7]. If the slots on the rotor are in the same direction as the cooling vanes on
the inside, then the slots must bend backwards [8].
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Fig. 5 Type of vanes

4 Design of Brake Rotor

The brake rotors seen in Fig. 6 and Fig. 7 were modelled using SOLIDWORKS. The
outer and inner diameters of the brake rotor were assumed to be 280 and 150 mm,
respectively. The dimension of the hub is taken accordingly. The brake pad dimen-
sions are taken as, outer radius 121 mm, inner radius 106 mm and length 85 mm
[9].

Fig. 6 Slotted rotor

Fig. 7 Cross-drilled rotor
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5 Heat Flux Calculations

(See Table 1)

Total force generated during braking = M × a (1)

According to Newton’s first equation of motion: v = u + at,

∴ 0 = 33.33 + a(2.5); ∴ a = −13.332
m

s2

Using Newton’s second equation of motion:

s = (u × t) + at2

2
; ∴ s = 41.6625m (2)

F = M × a = 1400 × 13.332 = 18665N

∴ Torque required for stopping the vehicle:

Tr = F

4
× Rt ; ∴ 18665

4
× 0.2286 = 1066.70Nm (3)

We know that

Kinetic EnergyK.E. = 1/2m × u2, (4)

Table 1 Input parameters Input parameters Values

Inner disc radius (R1), mm 75

Outer disc radius (R2), mm 140

Disc thickness (Th), mm 18

Vehicle mass (M), kg 1400

Initial speed (u), m/s 33.33

Deceleration (a), m
s2

13.332

Stopping time (t), seconds 2.5

Effective rotor radius Rrotor, mm 113.5

Torque (Tr), N-m 2133.40

Surface of the pad (Ac), mm2 1998

Surface area of disc swept by pad (Ad ), mm2 3405

Maximum temperature (Tmax), °C 350

Maximum pressure (Pmax), MPa 4
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∴ 1/2 × 1400 × 33.332 = 777622.23 J = K.E.

Also normal force for pad and rotor:

FN =
(
Pmax

2

)
× Ac (5)

Assumed μ = 0.5, tangential force on inner surface:

FTI = μ · FN = (0.5) × (0.5) ×
(
4 × 106

2000 × 106

)
= 2KN

Tangential force for outer face, FTO is equal to FTI because of the same normal
force and the same material [10].

Total normal forces on disc brake:

FT = FTI + FTO = 4000N (6)

Braking torque, TB = FT × R, where

TB = (4000) × (120 × 10−3) = 480Nm

Heat generated is Q = m · Cp · �T
Developed temperature difference �T = 100 ◦C

Q = m × 460 × 100
Ms: Mass of slotted rotor = 1.203 kg
Mcd: Mass of cross-drilled rotor = 1.125 kg
Qs: 1.125 × 460 × 100 = 51,750 W
Qcd 1.203 × 460 × 100 = 55,338 W

∴ Area of generation of heat = 2π(R2
2 − R2

1)

= 2π(0.1402 − 0.0752) = 0.08776m2 (7)

For calculating heat flux (q), we know that

Heat flux (q) =
Heat generated

Area

Second

∴ q =
Qdisc
0.08776

20
KW/m2 (8)

Using Eq. (8), we can calculate the heat flux for the rotors.
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∴ qcross−drilled =
51750
0.08776

20
= 29.484KW/m2

∴ qslotted =
55338
0.08776

20
= 31.528KW/m2

The value of the heat flux obtained after calculation for the drilled rotor is 29.484
KW/m2 and that of slotted rotor is 31.528 KW/m2.

6 Structural Analysis of Rotors

Static analysis of the brake rotor is performed and the results obtained are discussed
below.

The analysis shown in Fig. 8 depicts that the equivalent stress is minimum at the
hub and the value is slightly more at the surface of the disc. Figure 9 shows the total
deformation which gradually decreases from the outer radius of the disc to the hub
[11]. Equivalent strain and total deformation for drilled rotors are seen in Fig. 10 and
Fig. 11 respectively.

Fig. 8 Equivalent stress in
drilled rotor

Fig. 9 Total deformation in
drilled rotor
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Fig. 10 Equivalent strain in
drilled rotor

Fig. 11 Total deformation in
slotted rotor

7 Steady-State Thermal Analysis of Brake Rotors

7.1 Steady-State Thermal Analysis of Cross-Drilled Rotor

In Fig. 12, the total heat flux is minimum at the hub and outer radius of the rotor and
is merely more at the surface. Figure 13 shows the different regions of temperature
across cross-drilled rotor [12] and the maximum temperature obtained is 474.73 °C.

Fig. 12 Total heat flux in
drilled rotor
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Fig. 13 Temperature
distribution in rotor

7.2 Steady-State Thermal Analysis of Slotted Rotor

The total heat flux is least at the outer radius of the rotor [13] which is shown in
Fig. 14. Figure 15 shows the different regions of temperature across cross-drilled
rotor and the maximum temperature obtained is 492.61 °C.

Fig. 14 Total heat flux in
slotted rotor

Fig. 15 Temperature
distribution in rotor
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8 Conclusion

From the analysis reports and the results obtained, it is found that cross-drilled
and slotted rotors are structurally safe as the total maximum stress is within the
ultimate stress limits for the material used which is grey cast iron. According to
the solutions obtained from ANSYS, it shows that the temperature range over the
drilled and slotted rotor is almost the same and is the least at the centre of the rotor.
The maximum temperatures produced on the rotors are 474.73 and 492.61 °C in
cross-drilled and slotted rotors, respectively. The value is greater for the slotted disc
because of the greater amount of frictional heat produced due to the presence of
slots (more surface area under contact). The main aspect of this study was to find the
temperature distribution over the disc and it is highly recommended to use slotted
rotor for race applications and drilled rotor for commercial use.
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Non-premixed Combustion Analysis
on Micro-Gas Turbine Combustor Using
LPG and Natural Gas

Ch. Indira Priyadarsini, A. Akhil and V. Srilaxmi Shilpa

Abstract Gas turbine effectiveness is mainly having an effect on design of com-
bustor; in this work, studies have been made on different parameters of a typical
micro-gas turbine (MGT) that changes the flow inside the burning area. A com-
bustion room is created by utilizing SOLIDWORKS modeling tool and exported
to workbench design modeler where computational fluid dynamics analysis is per-
formed by ANSYS fluent. We considered a probability density function (PDF) of
LPG fuel with non-premixed combustion mode and activated in radiation model of
P-1. Design criterions of chamber height and number of holes on flame tube are
varied to get the optimum performance and also considered as two dead zones in
between the combustion and dilution zone. The optimized design chamber resulted
in a turbine inlet temperature (TIT) of 1301 °K with a velocity of 620 m/s and also
is provided with low NOx emission below 54 ppm.

Keywords Micro-gas turbine · Radiation P-1 · CFD fluent · Non-premixed

1 Introduction

Energy is a crutial property in order to run anymachine, one of the highest forms is an
electrical mode which is easily transferred over a long stretch and can be generated
almost anywhere by using proper technology. Solar PV cells or lense, windmills,
turbines, both steam and gas, nuclear and hydro are some ofmechanisms that produce
energy. Out of all, gas turbine has its ownmerits over other types; therefore, it focuses
on this aspect; it gives electrical power from the burning of inflammable fuels such
as petroleum products, hydrogen gases, and air mixture; when the mixture burns, the
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volume of the gas will increase which results in the expansion of gas volume, in turn,
it rotates a turbine rotor in the form of mechanical energy and it may be converted
to electrical energy.

Axial flow machines are used for power demand of above 500 kW, but MGT is
utilized for small-scale power generation that ranging from 20 to 500 kW, having
advantages of being more compact, durable, and flexible compared to other modes
with the capability of handling the small flow amounts with higher efficiency. It
runs at towering speeds and is suitable when combined with heat and power systems
giving the overall high efficiency. In combustion chamber, two major incidents take
place, fuel will mix thoroughly at the inlet to a considerable amount with air; in order
to get a laminar flow, the burning fuel mixes with air just before combustion process
started in some combustors; however, fuel and air should be mixed before burning.
It relay on at what time fraction fuel will mixes with air in the combustor, due to the
high temperature in combustion chamber the gaseous blend move on to increase the
temperature this will increase volume which will drive the fluid further. The plan of
a burning chamber is dependent on temperature homogeneity, and CO discharge is
a basic issue in the advancement of MGT. Albeit, some normal plan and exploratory
investigations on various smaller scale combustor arrangements were done before;
there is requirement for further structure and advancement to enhance major issues,
for example, low outlet temperature and CO discharges.

Paolo Laranci developed a new annular RQL combustion chamber of an 80kQwl
Elliott TA80R MGT by utilizing CFD techniques for combustion of natural gas and
studied modified designs to control the failure of cylinder at short running hours
caused by overheating [1]. Ibrahim I Enagi varied length of combustion areas by
manipulating the dimensions and number of holes between each row and also ana-
lyzed experimentally the same design results which showed that CO emissions below
100 ppm at an exhaust temperature around 1123 °K when burnt with LPG as fuel
[2]. The addition of H2 does not improve the combustion efficiency when the gas
turbine is tested with natural hydrogen gas mixtures [3]. When compared with LES
and URANS approaches for modeling of turbulence, it is noted that LES-based
approaches provide better accuracy than the URANS [4] and hence we carried LES
approach in this current work. Under low-velocity conditions, there is a possibility
of combustion instability because of the phase delay of heat release, and dynamic
pressure in low-velocity conditions [5]. Natural gas, when compared to other solid,
liquid or gaseous fuels, offers a cleaner and more environmentally friendly com-
bustion. Nevertheless, it also produces unwanted pollutant species such as nitrogen
oxides (NOx) and carbon monoxide (CO) when fired in combustors of industrial gas
turbines under high temperature and pressure. These emissions, NOx and CO, are
harmful to humans and nature and need to be kept below the regulatory limits [6].
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2 Design of Combustion Chamber

2.1 Design of the Combustor Using Modeling Tool

The combustion chamber is constituted of two elements which are an air jacket
and a flame tube that has fixed 100 mm height at conical exit; in order to meet
the specifications of the turbocharger, inlet and outlet diameters of the chamber are
decided about 50.8 mm which is shown in Fig. 1; for better combustion, the length,
number of hole rows in flame tube, and diameters of holes are varied, along with
changing the dead zone condition between combustion and dilution phase. Flame
tube diameter is fixed to 50 mm condition while chamber length is varied from 300
to 800 mm; three zones of combustion were identified on the flame tubes that are
premix zones, primary combustion zone, and the dilution zone. Studies were made
for different arrangements of hole diameters on flame tube: one is 6, 8, and 10 mm
and the other is 8, 10, and 12 mm, where the number of holes in each row is fixed to
8 to get proper stability in simulations.

Fig. 1 Combustion chamber model with boundary names



68 Ch. Indira Priyadarsini et al.

2.2 Simulations Using CFD Technique

Combustion chamber design was optimized using ANSYS 18.0 CFD commercial
tools in which geometry was imported to the design modeler from SOLIDWORKS
in a step format. The fine-structured mesh is created that is fixed in all cases, and then
three-dimensional analyses were conducted. A non-premixed combustionmodel was
tested for two fuels of LPG (butane/propane) and natural gas; composition ofworking
fluids is shown in Tables 1 and 2 , air inlet boundaries are taken from the literature
of Ibrahim [2] and the boundary conditions used for the simulations are shown in
Table 3.

To get steady and stable combustion, a broad knowledge is required of the tur-
bulent models through CFD simulation; moreover, the accuracy of this analysis is
highly dependent on the turbulence and combustion modes. The non-premixed com-
bustion was applied to predict diffusion flames as it employed assumptions of a good
chemical reaction; probability density function (PDF) of LPG and natural gas fuels
were assumed separately. Radiation heat transfer inside the chamber was applied by
radiation P1 model which has stainless-steel wall boundary with emissivity of 0.5 as
it has a positive effect on combustion through additional heat to burn the remaining
unburned carbon. The PDF table was calculated with fuel and oxide temperatures as
315 and 530 °K, typical PDF table with 700 mm chamber height configuration and
four rows 6, 8, 10 mm hole diameter with LPG as fuel is shown in Fig. 2.

Further NOx display is enacted with thermal and prompt NOx pathways with as
species and in disturbance collaboration mode held the default choice of beta from
PDF type drop-down rundown and we accepting 20 as PDF focuses to acquire pro-
gressively exact NOx expectation, and chose transported from drop-down rundown
as the temperature difference and took fuel carbon number as 1 and identicalness
proportion as 0.76 for brief NOx. The accompanying rundown demonstrates the
arrangement techniques considered to take care of the issue:

Table 1 Fuel composition of
LPG in molar fraction

Species Mole fraction

C3H8 0.295

C4H10 0.7

C5H12 0.005

Table 2 Fuel composition of
LPG in molar fraction

Species Mole fraction

CH4 0.965

N2 0.013

C2H6 0.017

C3H8 0.001

C4H10 0.001
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Table 3 Parameters set out
in boundary conditions

Parameters Values

Fuel inlet temperature 300 K

Pressure 2 bar

Mass flow rate (LPG) [20–70% excess
air]

0.0053–0.0075 kg/s

Mass flow rate (Natural) [20–70%
excess air]

0.0056–0.0078 kg/s

Air inlet temperature 530 K

Pressure 1.4 bar

Mass flow rate 0.15 kg/s

Outlet pressure 1.4 bar

Backflow temperature 600 K

Inner walls materials Steel

Emissivity 0.5

Outer wall material Steel

Thickness 6 mm

Fig. 2 Convergence plot of nonadiabatic temperature for LPG on 700 mm 4r 6810 mm condition

Pressure–Velocity Coupling Scheme—SIMPLE
Gradient—Least Squares Cell Based
Pressure—PRESTO
Momentum—First-Order Upwind

The problem is initiated from the fuel inlet position and the problem is iterated
till it converges.
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3 Results and Discussions

3.1 Effect of Radiation Model

Internal heat transfer inside the flame is mainly carried out by the forced convection
by flame propagation and by natural convection causing the heat to travel vertically
up to the top of the chamber. However, all air and fuel species, as well as the internal
surface of the flame tube, are also heated by the radiation emitted from the flame.
Radiation always has a positive effect on combustion by adding the heat to further
burn the unburned CO species. Figure 3 shows the effect of radiation model on
700 mm chamber length configuration with four rows of 6, 8, and 10 mm flame tube
holes diameter on LPG and Table 4 shows the turbine inlet conditions.

From the abovementioned table of results, it is clearly saying thatwithout radiation
model the results are not in acceptable limit; the emissions are high and they are
reduced to more than half with radiation model with slight acceptable reduction in
turbine inlet temperature for LPG, whereas for natural gas it does not show much
effect in temperature and velocity but a little reduction inNOx emission levels, hence,
all models are simulated with activated radiation P-1 model to get the proper results
and it is easy to optimize the chamber geometry.

3.2 Effect of Dead Zone Condition

The distance between two zones is called a dead zone, which plays a considerable
role in flame stability and combustion quality. It was established earlier that four rows
and 6, 8, and 10 mm has given stable combustion. Figure 4 shows the two models of
the dead zone combinations, on which simulations were performed and results are
compared to obtain the best optimal geometry.

Figure 5 shows the temperature contours of 700 mm four rows 6, 8, and 10 mm
on LPG with two dead zone combinations.

From Fig. 5, we can clearly state that by extending the dead zone which allows
most of the species to complete the reaction before it is introduced by the dilution
air which will result in significant drop in CO emissions.

Also, the flame bleed in the first case is carried throughout the air jacket chamber
till the end of the combustion chamber which will result in damaging the turbine
blades. Hence, the second case of dead zone combination is further simulated to find
the best optimal combustion chamber.
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(a) Temperature contour with radiation (b) Temperature contour without radiation

(c) Mole fraction of CO with radiation (d) Mole fraction of CO without radiation 

(e) Mole fraction of CO2 with radiation (f) mole fraction of CO2 without radiation

Fig. 3 Effect of temperature, CO, and CO2 species with and without radiation model

3.3 Effect of Number of Rows on Flame Tube

The number of rows is increased to find the optimized flame tube which is fixed with
50 mm diameter and with 6, 8, and 10 mm hole diameter for premixed, combustion,
and dilution zones. The variables which are changed to optimize the flame tuber
are chamber length and number of rows in each zone. Figures 6 and 7 show the
temperature contours of 600 mm chamber height for natural gas and LPG as fuels.

From the abovementioned results, it was noticed that increase in the number of
rows increases the flame which is bleeding out to the air chamber in all cases with
noticeable difference between the LPG and natural gas. From Fig. 6b, c, and d for
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Table 4 Difference of
turbine inlet conditions with
and without radiation model

LPG Temperature
(K)

Velocity
(m/s)

NOx (PPM)

With
radiation

1301.56 620.47 53.44

Without
radiation

1273.54 581.321 131.30

Natural gas

With
radiation

1325.4 619.5 31.47

Without
radiation

1354 621 46.6

Fig. 4 Two combinations of dead zone condition

Fig. 5 Temperature contours of 700 mm 4R 6810 mm with two dead zone conditions on LPG
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(a) 1 R 6,8,10 (b) 2 R 6,8,10 

(c) 3 R 6,8,10 (d) 4 R 6,8,10

Fig. 6 Temperature contours of 600 mm chamber height with natural gas as fuel

(a) 1 R 6, 8,10mm (b) 2 R 6, 8,10mm

(c) 3 R 6, 8,10mm (d) 4 R 6, 8,10mm 

Fig. 7 Temperature contours of 600 mm chamber height with LPG as fuel
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Table 5 Turbine inlet
conditions for 600 mm
chamber height geometry for
natural gas

Natural Gas TIT (K) Velocity (m/s) NOx (PPM)

1R6810 1616.8 746.18 12.72

2R6810 1662.5 786.1 26.7

3R6810 1658.13 783.07 33.72

4R 6810 1630 771.3 35.546

Table 6 Turbine inlet
conditions for 600 mm
chamber height geometry for
LPG

LPG TIT(K) Velocity (m/s) NOx (PPM)

1R6810 1687 768.54 83.51

2R6810 1620.4 728.07 60.15

3R6810 1668.5 742.8 52.7

4R 6810 1644.7 709.4 47.8

natural gas, it is noticed that the flame is bleeding out of the flame tube chamber into
the air jacket chamber which is allowing to react with the hot air in the air jacket
which is leading to increasing the temperature of the mixed air along the corners of
the chamber which can be seen clearly in Fig. 6c and d.

Whereas when considering the LPG as fuel, it is clearly visible that the flame
is bleeding out to the air jacket in all conditions, which is allowing to increase the
temperature of the air along with the NOx and CO emissions. Tables 5 and 6 show
the temperature, velocity, and NOx emission levels entering the turbine for both the
fuels.

From the above two tables, we can conclude that due to increase in the number of
rows, the NOx emission levels are increasing in case of natural gas as fuel, whereas
in case of LPG as fuel, the condition is vice versa, the emission levels are decreasing.
However, the emissions at 4R 6810 condition is clearly stating that the NOx emission
levels are less in natural gas when compared to LPG.

3.4 Effect of Flame Tube Holes Diameter

Further, the simulations were carried out by increasing the flame tube holes diameter
from 6, 8, and 10 mm to 8, 10, and 12 mm to investigate the flame stability in
the combustion chamber. This effect is investigated on 300 and 600 mm chamber
length geometries and they are compared between both the flame tube hole diameter
criteria. From the simulations, we came to know that for 300 mm chamber length
geometry condition, the flame generation for natural gas is not proper and it is not
stable, whereas for LPG fuel, the flame is stable and the results are discussed by
using Fig. 8.

It is concluded by looking at Fig. 8 that by increasing the cross-flow surface area
between the flame tube and air chamber is leading to bleed the flame on to the air
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(a) 1R 6, 8,10mm (b) 1R 8, 10,12mm

(c) 2R 6, 8,10mm (d) 2R 8, 10,12mm

(e) 3R 6, 8,10mm (f) 3R 8, 10,12mm

Fig. 8 Temperature contours of 300 mm chamber height geometry with 6, 8, and 10 mm and 8,
10, and 12 mm on LPG fuel

jacket. From two-row and three-row condition, we can also conclude that the flame is
bleeding toward the richer oxygen medium if the path has low cross-flow resistance
which is in between the two different combustion zones. Table 7 contains the turbine
inlet conditions for 300 mm chamber height geometry on LPG fuel.

Table 7 Turbine inlet
conditions for LPG on
300 mm chamber height
geometry

300 mm LPG Temperature
(K)

Velocity
(m/s)

NOx (PPM)

1R 6810 1628 749 29.88

2R 6810 1482 694 22.24

3R 6810 1534 670 30.7

1R 81012 1527 708 21.89

2R 81012 1458 692 33.59

3R 81012 1294 625 24.55
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Table 8 Turbine inlet NOx
emission levels for various
design geometries on LPG

300 mm NOx (PPM)

1R 6810 29.88

2R 6810 22.24

3R 6810 30.7

4R 6810 23.83

600 mm NOx (PPM)

1R 6810 83.51

2R 6810 70.82

3R 6810 60.15

4R 6810 53.06

700 mm NOx (PPM)

1R 6810 82.9

2R 6810 62.6

4R 6810 53.44

From the above table, it is clearly stated that increasing the cross-flow surface
area of the holes between the air jacket and flame tube leads to decrease the turbine
inlet temperature and velocity.

Hence the combustion chamber geometry is further optimized by using the flame
tube hole diameter as 6, 8, and 10 mm as the fixed parameter.

To further optimize the chamber, we need to decide the number of rows affecting
emission levels. Table 8 shows the turbine inlet NOx emission levels on multiple
designs; it helps to understand and conclude the best possible combination of the
number of holes and its diameters on a flame tube.

From the table, we canwatch the pattern in NOx discharge levels; it is diminishing
and expanding in every one of the situations when contrasted and their past model
for 300 mm plan criteria. In any case, for whatever is left of the structures, the NOx
outflow levels are diminishing relentlessly when contrasted with the other. From the
emanation levels on 4R 6810 conditions in both 600 and 700 mm load length, we can
infer that the outflows are balanced out around 53 PPM for both 600 and 700 mm,
the recreations are completed by utilizing the state of four columns and 6, 8, and
10 mm for premixed, burning, and weakening zones on a fire tube.

4 Effect of Chamber Length

Chambers with less than four rows 6, 8, and 10 mm conditions did not show a good
performance in terms of turbine inlet conditions and therefore we now compare dif-
ferent chamber geometries, i.e., 300, 600, 700, and 800 mmwith 4R 6810 condition,
to find the best possible combustion chamber which suits for both fuels LPG and nat-
ural gas. Figure 9 shows the temperature contours of all four combustion chambers
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(a) 300mm (b) 600mm

(c) 700mm (d) 800mm

Fig. 9 Temperature contours of various chamber designs for LPG

for LPG (Table 9).
From Fig. 10, we can plainly observe that for 300 and 600 mm chamber length

geometries on LPG, the fire is seeping into the air coat with turbine gulf temperatures
1413 and 1536 K and furthermore colossal increment in NOx, and when 600 mm
is contrasted and 700 mm, the temperatures are dropped to 1301.56 K and speed to
620.47 m/s; however, when we take a gander at NOx outflow it is expanded in an
immaterial sum. Be that as it may, for 800 mm NOx emanations expanded radically
contrasted and the past chamber show. While gaseous petrol is looked at the ignition

Table 9 Turbine inlet
conditions of all combustion
chambers with 4R 6810 mm
conditions

LPG Temperature
(K)

Velocity (m/s) NOx (PPM)

300 mm 1413 655 23.83

600 mm 1536 728.07 53.06

700 mm 1301.56 620.47 53.44

800 mm 1237.98 712.72 62.65

300 mm 1413 655 23.83

Natural gas

300 mm 1478 705 8.87

600 mm 1416 687 24.5

31.47 1325.4 619.5 31.47

35.5 1562 735.4 35.5
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(a) 300mm (b) 600mm

(c)  700mm (d) 800mm 

Fig. 10 Temperature contours of various chamber designs for natural gas

is brisk and it is ruled by the natural air in 300 mm chamber and in 600 mm chamber,
the fire is seeping into air coat after the premixed zone and burning zone. In 700 mm,
however, the temperature of turbine gulf is less contrasted and the past model, and
furthermore slight increment in NOx yet it is less contrasted and LPG as fuel, the
fire created in the fire tube is appropriate and the draining is less contrasted and the
past model.

5 Conclusions

It is concluded that the suitable dimensions to burn LPG and natural gas fuels with
low emissions are 700 mm chamber height, 50 mm flame tube diameter with 4 inline
holes, and 6, 8, and 10 mm diameters in premixed combustion and dilution zone. It is
observed with a temperature of around 1020 °C and velocity of more than 600 m/s,
though size of 600 and 700 mm chamber heights did not show any considerable
difference in emissions and turbine inlet temperature conditions for natural gas as
fuel; but for LPG it gave better performance. Thus 600 mm height, 50 mm flame
tube diameter with four rows of holes and diameters of 6, 8, and 10 mm for premixed
combustion and dilution zone and extended dead zone condition between combustion
and dilution zone was chosen as optimum chamber geometry and for LPG it is ideal
to consider 700 mm.
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Life Cycle Assessment of a 100
kWp Solar PV-Based Electric Power
Generation System in India

N. Leela Prasad, P. Usha Sri and K. Vizayakumar

Abstract A solar PV-based electric power generation systemmay be used to exploit
renewable energy from the sun in order to supplement the India’s growing need for
electricity despite its inherent deficiencies, such as low conversion efficiencies, high
capital cost, large landusage and seasonal variation in solar insolation as these techno-
economic factors are expected to improve in future. This paper explores the energy
performance and environmental impact assessment of a 100 kWp solar PV-based
electric power generation system located in India with the help of embodied energy
data available in the worldwide literature and by modeling and simulating an equiva-
lent systemonSimaPro 8.2LCAsoftwarewithECOINVENT3.0 as database.As part
of this study, a detailed inventory analysis will be carried out on a multi-crystalline
silicon (mc-Si) solar PV cell/module-based roof-top electric power generation sys-
tem for the raw materials extracted, energy inputs used, energy output generated and
the number of residuals consequently released to the environment. System’s energy
performance results are usually expressed in the form of a widely used energy metric
called energy payback time (EPBT). Further, the environmental impact assessment
will cover an important category such as global warming potential (GWP). These
LCA results help the policy makers and energy planners to compare various power
generating options available in India and justify any planned investments in renew-
able energy sector so that the future demand for electricity ismet in amore sustainable
manner.
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Keywords Life cycle assessment (LCA) · Net energy analysis (NEA) · Embodied
energy · Global warming potential (GWP) · Energy payback time (EPBT) ·
Balance of system (BOS)

1 Introduction

The growing population with better life styles is pushing up the energy demand,
especially in the form of electricity, and the retirement of old generating plants based
on conventional fuels necessitates the investment in new electric power generation
options. In future, stringent environmental regulations and uncertain fuel prices may
complicate the choice of fuels and generation technologies in power sector. Gener-
ation of electricity based on conventional fossil fuels is the major source of CO2,
SOx, NOx emissions and suspended particles; it also produces large quantities of
solid waste and contributes to the water pollution. To refurbish old plants or to invest
on new ones based on alternatives, policymakers should have enough information on
the environmental implications of every fuel and generation technology. One such
alternative is photovoltaic technology which converts the sun’s rays directly into
electrical energy. India is so fortunate enough to have a rich solar energy resource
as it is in the equatorial sun belt of the earth by receiving solar power of about 5000
trillion kWh with 300 clear and sunny days around the year. The daily average of
solar energy falling over India ranges from 4 to 7 kWh/m2, with about 2300–3200
sunshine hours per annum, depending upon geographical location.

2 Methodology

The impact on environment due to various products, services and processes has
become one of the much-discussed issues in today’s world and it is imperative to
assess their detrimental effects on our environment. One such analytical tool that
can be adapted for this purpose is life cycle assessment (LCA). The definitions of
LCA and its fundamental concepts, methodology and applications are described in
the ISO 14040–14049 series of standards. Net energy analysis (NEA) of a system in
conjunction with the evaluation of its environmental impacts is commonly referred
as LCA.

The objective of any LCA study is to estimate the total environmental impacts of
a product or a process or a system by analyzing all the stages of its life cycle from
raw materials extraction, transport, production and up to recycling and disposal, in
other words “from birth to death”. The LCA methodology is a systematic approach
that consists of four steps: goal and scoping, inventory analysis, impact assessment
and interpretation of results (Fig. 1).

The results from an LCA study will help the decision makers to identify a product
or a process or a system that has minimal effect on our environment and has better
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Goal Definition
and Scoping

Inventory Analysis 

Impact Assessment

Interpretation 
• Process Selection
• Strategic Planning
• Marketing 

Fig. 1 ISO 14040:1997—stages of life cycle assessment [1]

energyperformance. Some important applications ofLCAare environmental labeling
of products, identification of improvements in a method of electric power generation
process and comparative assessment of various electric power generation options.
According toMeier [2], the LCAmethodology can also be applied to evaluate the fuel
substitution strategies aimed at reducing the greenhouse gas emissions in the power
generation sector. With the growing popularity of renewable energy systems, it is
crucial that the policy makers are provided with accurate information describing the
quality and quantity of benefits that are offered by the diversity of energy alternatives.
In order to do so, many of the research groups involved in such practices are turning
to the life cycle assessment (LCA) methodology. There are some issues which may
limit the applicability of LCA, and they are:

• Performing an LCA study can be resource-intensive and time-consuming;
• Uncertainty in the results due to uncertainty in the quality of data available;
incomplete scope (some impacts are not covered, and boundary is not broad
enough);

• Static analysis in nature (technological progress is not reflected); and
• Site-specific nature of the method.

3 LCA of Solar PV-Based Electric Power Generation
System: A Case Study

3.1 Goal and Scope of the Study

The present LCA study evaluates the complete life cycle of solar PV-based electric
power generation system for the energy requirements, useful energy output andGWP.
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However, analyzing energy balance between inputs and outputs is too complex as
the inputs are so diverse, and it is not always clear how far they should be taken
into our analysis. Also, data related to inputs vary with capacity of plant and type
of solar PV cells installed at that plant location. The task of collecting data related
to solar PV electric power generation system is even more difficult in countries like
India because of poor record keeping and scarce research outputs in this area. So, this
study uses data available in the worldwide literature and real-time data available for
a grid connected 100 kWp roof-top poly-Si PV system installed at KITS, Warangal,
Telangana State, India (latitude: 18.1 °N, longitude: 79.5 °E), for analysis with 1
kWh as functional unit. The scope of this study also covers a well-defined disposal
scenario when the system is modeled and run on a SimaPro 8.2 LCA software, due
to the convenience of data availability in ECOINVENT 3.0 database.

3.2 Inventory Analysis

Themost important phase of any LCA study is the inventory analysis, which includes
the data collection and compilation about material and energy inputs, emission and
product outputs for the complete life cycle of system under consideration. So, the
basic step in the inventory analysis is the creation of a process-flow diagram as shown
in Fig. 2, which will serve as the blue print for the inventory data to be collected.

Fig. 2 Main steps in LCA chain for solar PV electric power generation
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Net Energy Analysis (NEA). One of the performance evaluation techniques
usually applied for energy systems is the net energy analysis, which seeks to compare
the amount of energy delivered in the readily usable form by a technology to the total
energy required to discover, extract, process, deliver, or otherwise to upgrade that
energy into a socially useful form. The two types of energy inputs thatwere accounted
for are the energy used directly in each process block and the energy contained in
the materials used in that process block. The latter type of energy is the sum of
combustion and process energies which is sometimes referred to as the embodied
energy of the material. To determine the net energy output in this LCA, the total
energy used directly in all process blocks plus the embodied energy of all materials
consumed by the system were subtracted from the energy produced by the system.

Indirect Life Cycle Energy Inputs.

1. Construction and material energy inputs of 100 kWp poly-Si PV system.

The energy inputs associated with the system include embodied energies of main
components and BOS and the energy expended on installation and transportation as
detailed in Table 1.

Table 1 Construction and material energy inputs of a 100 kWp poly-Si PV system

Process/Material Description/specifications Embodied energy Energy input
(GJ)

Solar panels/modules In series 20 modules
In parallel 20 strings
Total 400 modules of 250
Wp rating each
Module Area = 648 m2

4070 MJ/m2 2637.36

Inverters 5 Inverters of 20 kW
capacity
Or 40 inverters of 2.5 kW

1930 MJ/kWp 193

Array support +
cabling

4000 feet DC wire and
9300 feet AC wire
0.009 kg copper per foot
of AC wire and 0.0575 kg
copper per foot of DC
wire

100 MJ/m2 64.8

Installation AC power required 500 kWh @
16.7 MJ/kWh

8.35

Transport Solar panels from
Mumbai to Warangal,
inverters from Pune to
Warangal and remaining
materials from
Hyderabad to Warangal

Trucks
3.58 MJ/km-ton
LCVs 4.66 MJ/km-ton

31.36

Total construction and material energy 2934.87



86 N. Leela Prasad et al.

2. PV System Operation and Maintenance.

The reliability of power conditioning equipment, that is, inverter is the primary
consideration for determining operation and maintenance energy requirements. This
study assumes a 15-year inverter lifetime with one replacement during system’s life.

3. Decommissioning and Disposal.

Input energy requirements for disposal of PVmodules as a land fill are considered
in this analysis. Decommissioning energy and emissions are estimated as 20% of
installation energy and emissions.

Lifetime Electric Output (LEO)1,2

Energy output of a 100 kWp rated poly-Si PV system (for 25 years lifetime)

= 90.3× 25× 365× 5.5× 3600

= 16, 315GJe

Direct Lifetime Renewable Energy Input (DLREI)

Renewable Energy Input = 582× 5.5× 25× 365× 3600/1000000

= 105, 153GJ

(with cell area of 582 m2 for a grid connected 100 kWp rated poly-Si PV system
and with a daily average of 5.5 kWh/m2/day solar insolation over India [9]).

Conversion Efficiency of the System/Plant.

= LEO× 100/DLREI = 15.5%

ILEI in Fig. 3 is the total indirect lifetime energy input in GJ from Table 2.

Fig. 3 NEA summary of a
grid connected 100 kWp
rated poly-Si PV system

1The average rating of a 100 kWp rated poly-Si PV system at operating conditions will be 90.3
kWp only. The average rating is taken at the lowest possible value in view of PV array loss factors
like thermal loss factor, wiring Ohmic loss, module quality loss, module mismatch loss, and DC to
AC conversion losses @ 98.2% and incidence effect.
2Average sunshine is taken as 5.5 h/day throughout the year.
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Table 2 Summary of primary energy inputs to a 100 kWp poly-Si PV system over a 25-year
lifetime

S. no. Life cycle stage Energy input (GJ) References

i. System construction and materials (Table 1) 2934.87 [3–8]

ii. System operation and maintenance 193a + 231b [2]

iii. System decommission 1.673c [2]

Total indirect life cycle energy input 3,360.54

aReplacement of inveters nearly at half-way point of the system life
bElectricity requirement for water cleaning of panels @ 50 kWh/month
cDecommissioning energy and emissions are estimated as 20% of installation energy and emissions

Table 3 Construction and
Material-related GHG
Emissions of a grid connected
100 kWp poly-Si PV System

Process/material Embodied carbon
in kg CO2

Total emissions in
kg CO2e

Materials and
manufacturing

208 kg CO2/m2 142,871

Inverters 125 kg CO2e/kWp 12,500

Array support +
cabling

6.1 kg CO2e/m2 3952.8

Installation 500 kWh @
1.52 kg
CO2e/kWh

760

Transport Trucks 0.22 kg
CO2e/km-ton
LCVs 1.96 kg
CO2e/km-ton

2824.16

Total emissions 162,908

Note Refer Table 2 for description/specifications of
process/material

3.3 Environmental Impact Assessment

PV systems generate electricity using the photoelectric effect, which itself has no
associated emissions. However, due to overdependence on fossil fuel infrastructure,
many phases of the system’s life cycle have corresponding greenhouse gas emissions.
The method used to estimate the emissions is by multiplying material mass with
material embodied emission factor.

The life cycle greenhouse gas emission factor (GWP) of Indian Electricity Mix
is 1.52 kg CO2—equivalent/kWh as per ECOINVENT database [8] for low-voltage
supply. By assuming 100% of ILEI in electric energy terms is supplied by Indian
Electricity Mix, the calculations are done and accordingly results are presented in
Table 4.
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Table 4 Life cycle GHG emissions of a grid connected 100 kWp poly-Si PV system

S. no. Life cycle stage Tons of CO2—equivalent References

1 System construction and Materials
(Table 3)

162.90 [3–8]

2 System operation and maintenance 33.5 [2]

3 System decommission 0.1523 [2]

Total life cycle emissions (TLE) 196.552

The total emissions for a grid connected 100 kWp roof-top poly-Si PV system is
196.552 tons of CO2—equivalent (referred later as CO2e) over a 25 years lifetime
from Table 4.

3.4 Results/Metrics

The metric widely used within the existing literature to summarize the results of
NEA are energy payback time (EPBT), which is the time needed for a system to
generate useful energy output equal to its life cycle energy input. Most LCA studies
on electricity generation systems also include estimates of greenhouse gas emissions.
The metric accounting for greenhouse gas emissions is usually expressed as mass of
carbon dioxide equivalents emitted per unit of electricity produced by the system in
kg—CO2e per kWh.

Total Energy Input = DLREI + ILEI

= 1, 05, 153+ 3360.54 = 1, 08, 513.54GJ

Lifetime Electric Output (LEO) = 16, 315GJe = 45, 31, 944.4 kWh

Annual Energy output (AEO) = TLE/25 = 652.6GJe

Energy Pay Back Time (EPBT)
TheEPBT is the time required to recover the indirect lifetime energy inputs in primary
energy terms in all life cycle stages of the system including embodied energies and
AC power. This term “EPBT” is generally used by energy policy makers.

Energy Payback Time = ILEI/AEO

= 3360.54/652.6 = 5.15Years (1)

GWP (Global Warming Potential) = TLE/LEO in kWh

= 196.552× 1000× 1000/4531944.4

= 43.37 grams of CO2e/kWh (2)
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3.5 Modeling and Simulation Results

Life cycle assessment of a 100 kWp, roof-top, solar PV-based electric power gen-
eration system located in India is also conducted by modeling and simulation on
SimaPro 8.2 LCA software [10] with ECOINVENT 3.0 [8] as database.

Figure 4 is the network representation of same 100 kWp roof-top, solar PV-based
electric power generation systemwith disposal scenario3 generated after it ismodeled
and run on SimaPro software by using cumulative energy demand (CED) method
and Figs. 5, 6 and 7 are the graphical representations of impact of this system on
energy resources.

Energy Payback Time = ILEI or CED/AEO = 2650/652.6 = 4.06Years

Fig. 4 Model flowchart for a 100 kWp roof-top solar PV system in SimaPro with cut-off value of
1%/CED method

3Disposal Scenario: PV Modules/100% Land Fill as Electronic Scrap, Steel and Iron/90% Recy-
cling, Energy Intensive materials like Copper and Aluminum/95% Recycling, Plastics/100%
Incineration.
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Fig. 5 Impact assessment on energy resources/characterization results

Fig. 6 Impact assessment on energy resources/weighting results

Fig. 7 Impact assessment on energy resources/single score results
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Figure 8 is the network representation of the same 100 kWp roof-top, solar PV-
based electric power generation system with disposal scenario, generated after it is
modeled and run on SimaPro software by using IPCC2013GWP100aV1.00method
and Fig. 9 is the graphical representation of GWP during various phases.4

Fig. 8 Model flowchart (up to Level 1) for a 100 kWp roof-top solar PV system in SimaPro with
cut-off value of 1%/IPCC 2013 GWP 100a V1.00 method

Fig. 9 Global warming potential/characterization results

4Obtained value from simulation
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GWP (Global Warming Potential) = TLE/ACoutput in kWh

= 156× 1000× 1000/4531944.4

= 34.42 grams of CO2e/kWh

3.6 Comparative Results and Analysis

Results of net energy analysis, modeling and simulation on SimaPro with/without
disposal scenarios are tabulated in Table 5 and possible reasons for the deviation in
EPBT and GWP values are analyzed in this section.

Based on the results tabulated in Table 5, one can conclude that EPBT appears to
be around 4–5 years and GWP appears to be around 35–40 g of CO2e for the above
SPV system at the given location. Irrespective of location, scope and scale, SPV
system appears to be capable of paying back energy nearly five to six times and GWP
appears to be very low in comparison to the conventional systems. Owing to poor
data availability, transport and disposal phases after decommissioning are not added
in NEA analysis. The above results emphasize the importance of a well-defined end
of the life disposal scenario, which can be conveniently added in SimaPro software
while modeling and its positive influence on system’s energy and environmental
performance.

Table 5 Comparative results on energy and environmental performance of the system

Case Analysis scope EPBT in years GWP in grams of
CO2e/kWh

NEA based on
embodied energy

With decommissioning
alone

5.15 43.37

Modeling and
simulation on SimaPro
8.2 LCA software with
ECOINVENT 3.0 as
database

Without disposal
scenario

4.63 42.14

Modeling and
simulation on SimaPro
8.2 LCA software with
ECOINVENT 3.0 as
database

With disposal scenario 4.06 34.42
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3.7 Improvement Analysis

This life cycle assessment study can be used to identify the opportunities in reducing
the environmental burden of the system through process design improvements or by
alternative process designs that may result in more environment-friendly systems.
Around 90% of system’s indirect lifecycle energy inputs and 88% of green house
gas emissions are during system construction and materials phase of the life cycle.
So, our focus must be on those stages for overall improvement in environmental
performance and for a reduced EPBT. Even better disposal scenarios with recycling
make the difference in the energy and environmental performance of the system.
Further improvements are expected in future as PV cell technology is set to upgrade
in terms of conversion efficiency. Use of judicious energy mix as input to the system
is also expected to improve the system’s performance.

4 Summary and Conclusions

The results of LCA analysis presented in this paper are based on Indian specific
data collected and data taken from literature and a reputed inventory database. These
results are sensitive to country-specific energymix as input to the system. Scope of the
studymay vary from one study to another study and because of site-specific character
of the methodology adopted; results of two LCA studies will never match with each
other. But the results arrived in this LCA study are handy in the comprehensive
decision-making process by policy makers and energy planners while selecting right
options among various electricity generating technologies and fuel choices available,
for a secure and sustainable future in the energy front.
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Performance, Combustion, and Emission
Characteristics of Diesel Engine Fuelled
with Waste Cooking Oil Biodiesel/Diesel
Blends with Iron Oxide Nanoparticles

L. Bharath and D. K. Ramesha

Abstract In the present research work,WCO biodiesel with iron oxide nanoparticle
samples was considered for DI diesel engine, and its impacts on engine efficiency,
combustion, and exhaust gas (emission) characteristics were studied. In this inves-
tigation the biodiesel is obtained from WCO by transesterification procedure. The
experimental tests were conducted in a CI engine using WCO biodiesel with iron
oxide nanoparticles. Engine trials were conducted for all the blends (B20WCOME
and B20WCOMEINP75) and the obtained results were compared with diesel. All
the tests regarding this work are carried out in a CI engine (diesel engine) at (1500
RPM) constant speed. The biofuel is obtained from WCO and commercially avail-
able iron oxide nanoparticles (INP) is used in the present experimental work. INP
is added to biodiesel in proportions of 50, 75, and 100 ppm using an Ultrasonica-
tor. The results obtained upon experimentation clearly show that the BTE increases
marginally (14.285%) for iron oxide nanoparticles (for 75 ppm) blended WCOME
while BSEC decreases (26%) when compared to other blends. The emission levels
of oxides of nitrogen (4.87%), carbon oxide (16%), and unburnt hydrocarbons (10%)
are marginally decreased as compared to diesel for 75 ppm concentration. From the
present experimental work, the blending of iron oxide nanoparticles in WCOME
produces most promising results in the CI engine performance with marginal drop
in the harmful exhaust gases from CI engines.
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1 Introduction

Due to remarkable progress in industrial development, transportation sector and
modernization in lifestyle have led to substantial increase in fuel demand (petroleum-
based). Some features of petroleum resources are its limited availability, utility, and
potential for depletion [1].At present, biofuel is stated as “fuel for future” due to being
recyclable and environmentally friendly and biodiesel is possessing characteristics
almost the same as diesel fuel. Biodiesel resulting from renewable resources is further
used by means of fuels in the transportation sector. The production of biofuels is
significant for declining exhaust emissions and dependency on fossil fuels [1, 2].
Biofuels are obtained by combining the methyl esters of fatty acids, by responding
diverse oils with methanol after removal of glycerol and this process is called as
transesterification process [4]. Based on existing feedstocks obtainable for biodiesel
making,WCO is under the foremost potential for extensive biodiesel making as it can
reduce the fuel prices than other alternative feedstocks. Huge volume ofWCO can be
composed from hotels, cafeterias, and hostels. Certainly, a single outlet of fast-food
center can produce 15 L of WCO per day [5]. The methodology for the usage of
biodiesels in the range of 20% as alternative fuel in CI engine is a well-known and
recognized technique. With respect to this methodology, some appropriate variation
of biofuels by means of suitable nanoparticles could be of benefit. To estimate the
impacts of iron oxide nanoparticles (INP) mixed WCO on the performance and
combustible products of CI engine, a test was carried out in a single-cylinder diesel
engine. The addition of iron oxide nanoparticles with biodiesel will result in better
performance with reduced emission characteristics [6]. CI engines generally used
in the field of automobiles. And these engines release harmful emission gases.
The emission distresses humans, animals, and plants. Chiranjeeva Rao Seela et al.
conducted a test to assess the impacts of nanoparticles by considering CeO2 in CI
engines. The investigational results designated improved BTE and better pollutant
controls ofCI engine [7].At present,many researchers are doing research by using the
metal-based and oxygenated additives aimed to enhance the CI engine performance
and emission parameters. The impact of zinc oxide nanoparticles with a variety of
biofuel engine characteristics can be analyzed. Calophyllum inophyllummethyl ester
with zinc oxide nanoparticles as performance enhancer can be used in a CI engine
in the absence of geometric changes [8].

BTE Brake thermal efficiency

HRR Heat release rate

B20 20% biodiesel and 80% diesel

NOx Oxides of nitrogen

UBHC Unburnt hydrocarbons

WCO Waste cooking oil

INP Iron oxide nanoparticle

(continued)
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(continued)

WCOME Waste cooking oil methyl ester

B20WCOME 20% WCOME + 80% diesel

B20WCOME + INP75 B20WCOME + INP75 ppm

2 Experimental Setup

In the current experimental investigation, all tests were conducted in a computer-
ized diesel engine test rig as shown in Fig. 1. Dynamometer and engine are coupled
to a regulator board, which was associated to a processor. The test rig is entirely
instrumented; OROTECH exhaust gas analyser is used to obtain the emission of
the engine. The AVL 437C instrument (smoke meter) is considered toward obtain-
ing the opaqueness (opacity) of the drain (exhaust) smokes. The complete engine
specification is recorded in Table 1.

Fig. 1 Schematic of
experimental setup
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Table 1 Description of
engine

Four-stroke single-cylinder diesel engine test rig

Make Kirloskar

Capacity 3.5 KW

Compression ratio 17.5:1

Cylinder bore 80 mm

Stroke 110 mm

Cylinder capacity 661 cc

Cooling Water cooling

Loading Eddy current dynamometer

Speed 1500 rpm

3 Methodology

3.1 Production of Biodiesel from Waste Cooking Oil (WCO)

Current experimentation work considered transesterification process to obtain
biodiesel [4]. Transesterification process consists of acid transesterification and base
transesterification. In acid transesterification WCO is heated up to 500 °C. Then
methanol is added to preheat the WCO. After this reaction, the bottom deposit
is detached for other reactions (base transesterification). The obtained mixture is
heated for 45–55 min in the presence of potassium hydroxide and methanol. When
the reaction is completed, the reactants are permitted to dispel into dual deposits. The
bottom deposit, which is having glycerol, is removed. The ester leftovers are in the
upper deposit. Figure 2 demonstrates the complete operation of the transesterification
method.

3.2 Determination of Fuel Properties

Fuel properties of diesel, WCOwith iron oxide nanoparticles, and without iron oxide
nanoparticles were determined and tested to meet the ASTM standard requirement.
Heat value of the fuel is measured by using Bomb calorimeter, Kinematic viscosity
is measured by using Capillary Tube Viscometer Test Method, flash point is marked
by using open-loop method, and measurement of density is carried out by using two
separate measurements of mass and volume. All the properties of verified biofuels
are tabulated in Table 4.
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Fig. 2 Schematic demonstration of transesterification method

3.3 Preparation of Nanofluids

B20WCOME is obtained by adding 20% of biodiesel to 80% of diesel.
B20WCOMEINP75 is prepared by adding 75 ppm iron oxide nanoparticles to
B20WCOME biodiesel blend. The INP are mixed to B20WCOME with the help
of an ultrasonicator at 22 kHz for 35 mi. This method is well suited to disperse iron
oxide nanoparticles. The detailed specification of iron oxide nanoparticles is listed
in Tables 2, 3, and 4.

Table 2 Iron oxide
nanoparticles properties

Formula Fe2O3

Purity >99%

Color Red brown

Melting point 1566 °C

Density 5.24 g/cm3

Morphology Spherical

APS 30–50 nm
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Table 3 Uncertainties
percentage

Parameters Average uncertainties (%)

Airflow rate 1.2

LCV of fuel 1.0

Engine speed 1.3

Gas flow rate 2.1

Engine load 0.2

Liquid fuel flow rate 0.15

Temperature 1.0

Cylinder pressure 0.8

4 Results and Discussion

4.1 Performance Parameter

Brake Thermal Efficiency. The variation of BTE with load for all the tested fuels
is shown in Fig. 3. Here the BTE increases by increasing load for all the tested fuels.
Because of the rise in brake power with a reduction in heat losses, B20WCOME +
INP75 shows better BTE compared to B20WCOME and diesel. Because of high sur-
face area to volume proportion of iron oxide nanoparticles ensuring good atomization
and quick evaporation of fuel causes better BTE.

Brake Specific EnergyConsumption. The variation in BSECwith load is shown
in Fig. 4. Brake-specific energy consumption is a level of energy consumption of
the engine to generate power. From Fig. 4, it is observed that the BSEC continu-
ously reduces for higher loading, indicating efficient use of fuel. The impact of iron
oxide nanoparticles reduces the BSEC at peak load conditions. High range Cv value
blends with iron oxide nanoparticles causing similar range of power along minimum
utilization of fuel compared to diesel.

Table 4 Properties of fuels

Properties Diesel WCO WCOME B20WCOME

Kinematic viscosity (40 °C, Cst) 3.05 43 5.83 4.01

Heat value (MJ/kg) 42.6 29 37.2 39.2

Density (Kg/m3) 828 914 874 826

Flash point °C 60 307 150 98

Cetane number 40 53 51.48 51.48
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Fig. 3 Distinction of BTE
with load
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Fig. 4 Distinction of BSEC
with load 32
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4.2 Combustion Parameters

HRR. Variation in HRR with the crank angle is shown in Fig. 5. It is observed
that higher HRR reduced for B20WCOME B20WCOME + INP75 samples, when
measured with diesel. For diesel, maximum HRR may be credited to its maximum
Cv. A decrease in maximum HRR for biofuels is due to its lesser Cv.

PeakPressure. Variation in peak pressurewith a crank angle for all the tested fuels
is shown in Fig. 6. It is noticed that B20WCOME shows higher pressure compared
to diesel. More oxygen and inferior ignition delay consequently illustrate developed
peak pressure. Adding iron oxide nanoparticles to B20WCOME maximizes the Cv
of the fuel samples, leading to better combustionwhich leads to higher peak pressure.
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Fig. 5 Distinction of HRR
with crank angle
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Fig. 6 Distinction of peak
pressure with crank angle
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5 Emission Parameter

5.1 Oxides of Nitrogen (NOx)

The variation of NOx with load for all the tested fuels is shown in Fig. 7. Here,
the NOx rises for the higher load for all the tested fuels. Increase in load or when
there is a increase in load there is increase in combustion chamber temperature as
NOx is a temperature-dependent phenomenon. For B20WCOME (biodiesel blend),
NOx emission is high compared to diesel and B20WCOME+ INP75 is due to more
oxygen content. At higher load condition, B20WCOME+ INP75 shows lower NOx
emission compared to diesel and B20WCOME. This is due to iron oxide nanopar-
ticles promoting improved homogenization and maximizing the chemical reactivity
of the fuel samples by maximizing the surface.
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Fig. 7 Distinction of NOX
with load
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5.2 Carbon Monoxide (CO)

The variation of CO with load for all the tested fuels is shown in Fig. 8. Biodiesel
always leads to a reduction inCO.At lower or part load, theCOemission ismore com-
pared to full load condition, this is due to lean mixture. At higher load B20WCOME
+ INP75 shows lower CO emission compared to diesel and B20WCOME. This is
due to more oxygen content and catalytic behavior of nanoparticles.

Fig. 8 Distinction of CO
with load
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Fig. 9 Distinction of UBHC
with load
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5.3 Unburnt Hydrocarbon (UBHC)

Figure 9 shows that UBHC emission of B20WCOME and B20WCOME+ INP75 is
less than diesel. Hydrocarbons present in the biodiesel contain more oxygen content.
Due to catalytic behavior of iron oxide nanoparticles at higher load, B20WCOME
+ INP75 shows lesser UBHC emission than the diesel and B20WCOME.

5.4 Smoke Opacity

The variation in smoke opacity with load is shown in Fig. 10. The smoke opac-
ity increases for maximum load due to additional SFC. The smoke opacity of
B20WCOME and B20WCOME + INP75 is more compared to diesel. Because of
low volatility and higher viscosity, the B20WCOME and B20WCOME + INP75
samples. The particles of B20WCOME and B20WCOME + INP75 also one of the
reasons to increase the smoke emission.

6 Conclusion

The performance, combustion, and emission (combustible products) characteristics
of a CI engine fueled with biofuel with iron oxide and without iron oxide additives
are experimentally investigated. Due to the acid and base esterification process, the
kinematic viscosity and density of the WCO are reduced with increase in Cv of the
fuel. B20WCOME with 75 ppm iron oxide nanoparticles (B20WCOME + INP75)
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Fig. 10 Distinction of
smoke opacity with load
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shows better brake thermal efficiency compared to B20WCOME and diesel. BSFC
decreases significantly due to its catalyst effect by adding the ironoxidenanoparticles.
At maximum load condition, HRR of the blends is lesser compared to diesel. The
addition of iron oxide nanoparticles (INP 75PPM) to theB20WCOME, the emissions
of NOx, CO, and UBHC decrease with slight increase in smoke opacity. A small
amount of iron oxide in the variety of 75 ppm is used to achieve better engine
performance through lower emissions, mainly to eliminate the drawbacks related to
the use of biodiesel samples into diesel. By using WCO biodiesel with iron oxide
nanoparticles, a significant percentage of the limited diesel can thus be eradicated.
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Effect of Multiple Injection Strategy
on Combustion of Cotton Seed Oil
Biodiesel in CRDI Diesel Engine

Ramesh Babu Nallamothu, Nallamothu Anantha Kamal,
Nallamothu Seshu Kishan, Injeti Nanaji Niranjan Kumar
and Basava Venkata Appa Rao

Abstract Owing to their higher thermal efficiency, fuel economy and power, diesel
engines are found to be a successful option in commercial vehicles, either on road
or off road. But in diesel engines NOx and smoke emissions are high due to het-
erogeneous combustion. There is immediate need to exert effort in reducing these
harmful emissions and to comply with the stringent emission regulations imposed. It
is observed that the requirements in order to reduce NOx and smoke are contradict-
ing. Adaptation of better injection strategy helps in having better tradeoff between
NO and smoke. For smoke reduction advancing injection is favorable, and for reduc-
ing NOx emission, retardation of injection timing is required. Biodiesel which is
eco-friendly is a good renewable alternative fuel to petro-diesel. Various methods
are tried for reducing NOx, like retardation of injection, water injection, EGR and
so on. In this work multiple injection strategy is used for improving combustion
process in CRDI diesel engine for having better compromise in the requirements for
the reduction of NOx and smoke emission. Biodiesel blend B20 is prepared from
nonedible cotton seed oil using transesterification process. Combustion characteris-
tics are analyzed with a selected multiple injection strategy while retarding injection
timings. The strategy consists of three fuel pulses: pilot, main and post. The fuel

R. B. Nallamothu (B)
Mechanical Systems and Vehicle Engineering Department, SoMCME, Adama Science and
Technology University, 1888 Adama, Ethiopia
e-mail: ramesh.babu@astu.edu.et

R. B. Nallamothu · I. N. Niranjan Kumar · B. V. Appa Rao
Marine Engineering Department, Andhra University, Visakhapatnam, India
e-mail: neeru9@yahoo.com

B. V. Appa Rao
e-mail: rao.basava@gmail.com

N. Anantha Kamal
Department of Mechanical Engineering, Politechnico Di Milano, Lecco, Milan, Italy
e-mail: ananthakamal@gmail.com

N. Seshu Kishan
Department of Mechanical Engineering, Politechnico Di Milano, Bovisa, Milan, Italy
e-mail: seshukishan1997@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_9

107

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_9&domain=pdf
mailto:ramesh.babu@astu.edu.et
mailto:neeru9@yahoo.com
mailto:rao.basava@gmail.com
mailto:ananthakamal@gmail.com
mailto:seshukishan1997@gmail.com
https://doi.org/10.1007/978-981-15-1124-0_9


108 R. B. Nallamothu et al.

quantity in pilot is fixed at 10% and that in post is fixed as 0.5 mg per cycle. The pilot
pulse is at 10° crank angle before main injection pulse and post is closely coupled
with CAD of 3 from main injection. The timing of the main injection along with
pilot and post was retarded from the recommended 23° bTDC in intervals of 3°.
The parameters related to combustion, like temperature, in-cylinder pressure, rate
of pressure rise, cumulative heat release, net heat release and mass fraction of fuel
burned, are compared with the baseline data obtained with diesel single injection at
23° bTDC.

Keywords Biodiesel · Dwell · Pilot injection · Post injection · Retardation

1 Introduction

Most of the commercial vehicles on and off road are powered by diesel engines.
Thermal efficiency as well as fuel economy of diesel engines is superior to gaso-
line engines. Owing to their higher smoke and NOx emissions and related negative
consequences on environment and human health, stringent emission regulations are
imposed by the countries world over. Another pressurizing problem is fast depletion
of nonrenewable petroleum fuels as their usage is growing at a higher rate to meet
the growing energy demand of the world. The emissions from diesel engines are
environmentally unfriendly and have an adverse effect on human health. It became
inevitable for automotive industries and researchers in the field to work and find
renewable fuel replacement to the conventional petroleum fuels to reduce emissions.

Fuels of bio-origin, like biodiesel, bioethanol, are found to be promising alterna-
tive fuels in terms of renewability and nonpolluting characteristics. It is imperative
to work on engine design and optimization of combustion process to adopt biofuels
and to reduce harmful emissions from the engines. With the implementation of the
CRDI fuel system, fuel injection system became flexible with which one can vary
injection parameters like injection pressure, number of injection pulses, injection
timing, quantity of fuel injection and the like. Tradeoff between smoke and NOx
emission is possible with optimization of multiple injection strategy.

Vegetable oils, having features of renewability, biodegradability, eco-friendly and
so on, are promising replacement for conventional petroleum diesel. Higher viscos-
ity is the major drawback of straight vegetable oils that hinder its usage directly
in unmodified diesel engines. Direct usage of vegetable oils may cause deposits in
combustion chamber and may damage the engine. Transesterification process is a
well-established procedure that can be used to produce biodiesel by bringing down
the viscosity. Triglycerides present in vegetable oil get converted into mono alkyl
esters of long chain fatty acids (biodiesel) when vegetable oil reacts with alcohol in
the presence of catalyst. Glycerin comes out as a byproduct [1]. Usage of biodiesels
in compression ignition engines does not need any modification to the engine, and
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withmultiple environmental benefits, biodiesel is found to be one of themost promis-
ing alternative fuels to petro-diesel. Biodiesel is nonexclusive, biodegradable, non-
flammable, renewable, nontoxic, environment-friendly and similar to diesel fuel [2].
Biodiesel has the advantages, such as it is miscible in diesel at any proportion;
diesel engine does not need any modifications for usage of it as a fuel; it does not
contain any harmful substances; and emissions from it are less harmful to environ-
ment than diesel. Biodiesel popularly known as mono alkyl esters is derived from
triglycerides (animal fats or vegetable oils). Transesterification is mostly used for
converting triglycerides to biodiesel. In transesterification process mono alkyl esters
are produced by reacting light alcohol with triglycerides (existing in the oil) in the
presence of base catalyst. Currently, potassium and sodium hydroxides are being
used as catalysts in industrial scale for biodiesel production [3].

The engine development in the last few decades was mostly focused on the fuel
economy improvement and reducing harmful emissions. Vehicle owners are more
interested in fuel economy because it minimizes the expenses. The second is to
comply with the regulations imposed by legislation, sometimes also supported by
excise reductions or customers’ demands for clean engines.

The NOx emission is detrimental to environment. It plays a role in causing global
warming, acid rain and ozone depletion [4]. NOx emission is also one of the main
causes of formation of the photochemical smog. Smog,which is dangerous, decreases
visibility, damages materials, harms plants, irritates eyes and throat, and causes asth-
matic attacks as well. NOx becomes acid when it mixes with moisture which leads
to acid rain, harming the plants and human beings. Urea solution with high potential
for the reduction of NOx is used as a reducing agent in a famous after-treatment
system called selective catalytic reduction (SCR) [5]. SCR system with urea solu-
tion for reducing NOx emission is an established old idea. From then, many of the
applications developed and some of them reached commercialization [6]. But, still it
remains one of the challenging tasks for the researchers.With the recent development
of common rail direct injection system, it became possible to reduce smoke, nitrogen
oxides and other emissions by adopting multiple injection strategy [7, 8].

Split fuel injection involves reducing splitting the injection into multiple injection
pulses, which leads to reduction of ignition delay of the first fuel injection. It leads
to reduction in premixed combustion, and combustion extends toward the expan-
sion stroke. Majority of NOx occur during premixed stage, due to the existence of
peak temperature. The split injection helps in reducing NOx emission [9]. Multi-
ple injection strategy is observed to be more effective in reducing PM emission at
higher loads. Combined technique of multiple injections with EGR is effective at
intermediate and light loads. However, increased particulate emissions due to EGR
lead to degradation of lubrication oils which increases the engine wear. Brake spe-
cific fuel consumption (BSFC) increases with EGR. Split injection up to five splits
is experimented in combination with EGR [10]. It is crucial to maintain optimum
dwell period between injections. With very short dwell period, multiple injections
become like a single injection, while long dwell period reduces the effect of premixed
combustion. In case of pilot injection dwell period around 10 CAD reduces emission



110 R. B. Nallamothu et al.

efficiently. The first injection injected at around 21 CAD bTDCwas found to be opti-
mum for simultaneous reduction of soot and NOx [11]. The depletion of petroleum
fuels and increasing price of petroleum led to an intensive search for alternative
fuels. Biofuels are bio-based, biodegradable, environment-friendly, renewable, and
are attracting growing interest around the world [12]. It is found that the emissions
from the selected vehicles are very high and may continue to grow, if the problem
is not unsolved. Exhaust emission findings estimated the highest level of NOx emis-
sions at 3.44 g/km, HC emissions at 6.53 g/km, PM2.5 at 1.3 g/km, CO at 13.9 g/km
and 35.96 g/km of CO2. These emissions are high and exceeding the proposed draft
NEMA ambient air quality emission data and the ambient air quality guidelines of
World Bank. Humans exposed to such a high level of emissions develop various
ailments over a period of time. Several mitigation methods like reducing fossil fuel
consumption and increasing the efficiency of energy usage in transportation can
reduce harmful emissions [13].

Multiple injection strategy and addition of nanoparticles are used for improving
combustion process in CRDI diesel engine for having better compromise in the
requirements for the reduction of NOx and smoke emissions [14]. It is observed that
the requirements in order to reduce NOx and smoke are contradicting. Adaptation
of better injection strategy helps in having better tradeoff between NO and smoke
[15]. Biodiesel which is eco-friendly is a good renewable alternative fuel to petro-
diesel. Various methods are tried for reducing NOx, like retardation of injection,
water injection and EGR [16].

2 Methodology

Multiple injection strategy is applied on CRDI diesel engine fueled with B20, which
is a blend of 80% of diesel and 20% of biodiesel for the comparative analysis of
combustion characteristics. Diesel injected at recommended injection timing of 23°
bTDC is used to obtain baseline data. Biodiesel is produced from cotton seed oil
using transesterification process.

The injection was split into three pulses: pilot, main and post. The pilot fuel
quantity is fixed at 10% and post fuel quantity is fixed as 0.5 mg/cycle. The crank
angle difference (dwell) between the main and pilot injection is 10° CAD and the
main and post pulse is 3° CAD. The following are the steps followed in this work:

• Oil was extracted from cotton seeds using mechanical press.
• Transesterification process was used for preparing biodiesel using standard
method. Phase separation is shown in Fig. 1. Washing of biodiesel is shown in
Fig. 2.

• Produced biodiesel was characterized using standard procedure.
• 200mlof biodieselwasmixed in800mlof diesel for preparingB20blend. Prepared
blend is shown in Fig. 3.
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• Experiments were conducted with single injection diesel injected at 23° bTDC
and the baseline data were obtained.

• The combustion performance testing of CRDI diesel engine was conducted with
B20 using multiple injection strategy with varying injection timing at 75% load
and constant speed of 1500 rpm and injection pressure of 300 bar.

• Combustion characteristics obtained from the selected multiple injection strategy
were compared with that of single injection.

2.1 Engine Setup

The engine setup consists of four-stroke, single-cylinder and CRDI variable
compression ratio (VCR) engine with eddy current dynamometer (Fig. 4).
The necessary instruments for measuring cylinder combustion pressure, crank
angle, load, temperature, airflow and fuel flow are provided. High-speed data-
acquisition device is provided for interfacing the signals to the computer.
The setup includes standalone panel box, which includes piezo powering
unit twin fuel tank, air box, manometer, fuel flow measurements, fuel mea-
suring unit process indicator and transmitters for air. For measuring engine

Fig. 1 Preparation of
biodiesel

Fig. 2 Washing of biodiesel
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Fig. 3 Cotton seed oil,
Biodiesel, B20, Diesel

Fig. 4 Experimental setup

cooling water rotameter is provided. High pressure fuel pump is given in
Fig. 5. In this CRDI VCR engine diesel injection is controlled with programmable
open ECU, common rail with rail pressure sensor and pressure regulating valve, fuel

Fig. 5 High pressure pump
injection system
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Fig. 6 Open ECU

Fig. 7 Emission measuring
instruments (AVL 437C
Smoke Meter, AVL DIGAS
444 N)

injector, fuel pump, crank position sensor and wiring harness. Open ECU is shown
in Fig. 6. The emission measuring instruments used are given in Fig. 7.

It is possible to measure the performance of CRDI VCR engine using pro-
grammable ECUwith different EGRand at different compression ratios. It is possible
to measure the engine performance parameters like indicated power, brake power,
frictional power, IMEP,BMEP, indicated thermal efficiency, brake thermal efficiency,
volumetric efficiency, mechanical efficiency, combustion analysis and heat balance.
Figure 8 shows the schematics of engine setup. The detailed specifications are listed
in Table 1.

3 Results and Discussions

3.1 Biodiesel Characteristics

The measured properties of biodiesel prepared from cotton seed oil are given in
Table 2. The properties are found to be in conformity with the standards.
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Fig. 8 Schematics of engine setup

Table 1 Specification of the
CRDI engine

Engine Kirloskar, four-stroke water cooled,
single-cylinder, VCR

Stroke 110 mm

Bore 87.5 mm

Capacity 661 cc

Power 3.5 kW

Speed 1500 rpm

Compression ratio 12–18

Injection system Common rail direct injection with open
ECU

Injection pressure 300 bar

Dynamometer Eddy current dynamometer

Dynamometer arm 185 mm
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Table 2 Properties of
biodiesel (Eta Laboratories)

Properties B100

Density @15 °C (g/cm3) 0.8865

Kinematics viscosity @40 °C 4.85

Flash point, °C 149

Fire point, °C 160

Cloud point, °C +1

Gross calorific value, kJ/kg 40,695

Cetane number 50.8

Copper strip corrosion @ 50 °C for 3 h Not worse than no 1

Acid value as mg of KOH/g 0.063

Carbon residue 0.041%

Sulfur 0.0043%

Combustion Characteristics
Combustion characteristics like in-cylinder rate of pressure rise, pressure, in-cylinder
temperature, heat release rate, cumulative heat release, mass fraction fuel burned and
so on are depicted in the following graphs.

Combustion process analysis is very much required to understand the complex
and intervening influence of many parameters on performance and emission of the
engine.

In-Cylinder Pressure
The in-cylinder pressure variation can be seen in Fig. 9. It is seen that the peak
pressure of biodiesel blend with multiple injections is less than diesel. Also it is
observed that the peak pressure continues to reduce as the multiple injection scheme
is retarded. In case of retardation, due to reduction of ignition delay, the mass of fuel
burned in premixed stage reduces, thus reducing the peak pressure.

Rate of Pressure Rise
Rate of pressure rise is highest in diesel injected at recommended crank angle of
23°bTDC as shown in Fig. 10. For B20 at 23°bTDC is almost equal to diesel. In

Fig. 9 Variation of in-cylinder pressure
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Fig. 10 Rate of pressure rise

other cases with B20 and multiple injection strategy as injection, retarding the rate
of pressure rise observed to be reducing continuously. The position of peak pressure
also moves closer to TDC as injection is retarded. Lower rate of pressure rise leads
to smooth running of the engine, which improves the durability of the engine.

In-Cylinder Temperature
In-cylinder temperature shown in Fig. 11 also observed to be following the similar
pattern. The temperature for B20 is almost the same as that of diesel. It is slightly
less because of higher cetane number, ignition delay reduces and peak temperature
may reduce somewhat. Splitting the injection and retarding causes reduction in the
cylinder temperature. In case of multiple injections, it is observed that the tempera-
tures are maintained little less than diesel at recommended injection timing. Splitting
and retarding injection causes further reduction in peak temperature. This helps in
reduction of NOx emission. Here a very specific feature is observed in case of mul-
tiple injections, that the temperature in later stages of combustion is higher than
diesel and B20 single injection. Maintenance of higher temperature in later stages of
combustion helps in oxidation of soot, which helps in reduction of smoke somewhat.
B20 P10M11P3 maintained higher temperature.

Fig. 11 In-cylinder temperature
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Fig. 12 Heat release rate

Heat Release Rate
Figure 12 shows the heat release rate for diesel, B20, andB20withmultiple injections
at different injection timings of retarded injection at 75% load. Two distinct zones in
heat release rate are observed clearly from the graph. The first zone of combustion
is premixed combustion and second zone is controlled combustion zone. Premixed
combustion zone starts from start of injection and extends up to the point where
heat release rate drops deeply. After the first zone, controlled combustion zone of
longer duration starts and extends up to the end of combustion. Somewhat lower
heat release rate exists in this zone and spreads over longer combustion duration. In
second zone heat release rate mostly depends upon the rate at which fuel is injected
and mixing rate of air and fuel in the combustion chamber. In the first zone the rate
of heat release is higher for diesel due to longer ignition delay and accumulation of
more fuel. The heat release rate in multiple injections is less in the first zone and the
peak heat release rate is also less than single injection diesel due to shorter ignition
delay, causing smooth combustion. Heat release rate is higher for multiple injections
in second zone.

Cumulative Heat Release
Figure 13 shows the variation existing in cumulative heat release. Higher cumulative
heat release is observed forB20P10M17P3 than others. This is because of appropriate
mixing of air and fuel and higher thermal efficiency. Variation of mass fraction of
fuel burned is shown in Fig. 14.

4 Conclusions

• Multiple injections lead to smooth combustion which may reduce the noise and
improve the durability of the engine.

• The peak in-cylinder pressure is higher for diesel whereas for biodiesel blend with
multiple injections the peak pressure reduced and peak point moves away from
TDC.
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Fig. 13 Cumulative heat release

Fig. 14 Mass fraction of fuel burned

• Owing to higher ignition delay, the pressure rises with higher rate in case of diesel
and accumulation of the fuel. For multiple injections the rate of pressure rise is
less.With retardation the rate at which pressure is rising is observed to be reducing.

• In-cylinder temperature is higher for diesel single injection. Formultiple injections
the peak temperature is less. In later part of the combustion process slightly higher
temperature is maintained in case of multiple injection strategy. This helps in
oxidation of soot formed during premixed combustion phase. Owing to lower peak
temperatures, the NOx emission is less in multiple injection strategy. Retardation
further reduces the NOx emissions.

• Multiple injection strategy helped in reducing heat release rate, due to shorter
ignition delay. Heat release rate is higher for the multiple injections in second
zone.

• In case of B20P10M17P3 cumulative heat release is observed higher than others.
This is because of appropriate mixing of air and fuel and higher thermal efficiency.
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Combustion and Emission Behaviour
of Honge Biofuel in a Thermal Barrier
Coated Diesel Engine Suitable
for Agriculture

Muralidharan Kandasamy and Duraisamy Senthilkumar

Abstract Vehicular air pollution causes a huge threat to mankind, especially diesel
engines. This study focuses on estimating the pollutant levels of Honge biodiesel
in a single-cylinder IC engine which would be ideally suitable for agricultural field.
The engine combustion chamber was coated with thin film ceramic material YSZ
of 150 µm thickness using plasma spray technique and fuel injection pressure was
varied. Honge blend B15 at 230 bar exhibited earlier heat release rate at 4°CABTDC
than diesel in coated engine. Emission reduction of CO, HC and smoke of about 50,
26.5 and 20% was attained for blend B15 compared with diesel and other biodiesel
blends at 230 bar. NOx and CO2 emissions were high for Honge biodiesel fuels.

Keywords Honge biofuel · Injection Pressure · Thermal Barrier Coating

Abbreviation

TBC Thermal Barrier Coating
CA Crank angle
BTDC Bottom dead center
DI Direct injection
D Diesel
B5 5% Biodiesel + 95% Diesel
B10 10% Biodiesel +90 % Diesel
B15 15% Biodiesel +85 % Diesel
B20 20% Biodiesel +80% Diesel
B25 25% Biodiesel +75% Diesel
B30 30% Biodiesel +70% Diesel

M. Kandasamy (B) · D. Senthilkumar
Department of Mechanical Engineering, Sona College of Technology, Salem, Tamil Nadu, India
e-mail: Muralidharan_dr@Sonatech.ac.in

D. Senthilkumar
e-mail: mech@sonatech.ac.in

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_10

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_10&domain=pdf
mailto:Muralidharan_dr@Sonatech.ac.in
mailto:mech@sonatech.ac.in
https://doi.org/10.1007/978-981-15-1124-0_10


122 M. Kandasamy and D. Senthilkumar

CO Carbon monoxide
HC Hydrocarbon
CO2 Carbon dioxide
NOx Oxides of nitrogen
HRR Heat release rate
YSZ yttria-stabilized zirconia
CI Compression Ignition
IC Internal Combustion

1 Introduction

The usage of fossil fuels for transportation poses environmental pollution in India.
Owing to high farming cost of Jatropha oil, it was replaced by Honge and castor
oils in India which can be grown in arid and wastelands. Honge oil seeds are widely
available and its oil content was around 35% [1, 2].

Several studies have exposed the consequence of injection pressure in fuel con-
sumption rate, which tends to increase fuel and air mixing causing better atomization
and enhanced combustion process at high injection pressures [3, 4]. The effective use
of sunflower biodiesel in CI engine was investigated using thermal barrier coating
technique. Performance factors are examined by running the engine at various speeds
in full load condition and the values are compared with uncoated engine. Scientists
suggested thin film coating of thickness less than 500 µm of YSZ over bond coat for
better improvement of engine performance and emission features [5, 6].

Thermal coating enables use of lower heating value fuels effectively in diesel
engine since it allows using of higher combustion temperatures that improve engine
performance and emission characters. The engine output power and efficiency has
improved in coated engines. Biodiesels possess lesser heating value compared with
diesel which resulted in rise of specific fuel consumption with the increase of blend
percentage in diesel. Coated engine uses higher combustion temperatures which
increases the overall engine performance [7].

2 Materials and Methods

2.1 Fuel Preparation

The most suitable method of producing biodiesel is transesterification process where
raw Honge oil is reacted with methanol in the existence of alkyl catalyst sodium
hydroxide to form methyl ester and glycerol [1].
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2.2 Engine Operating Conditions

The tests were done on a single-cylinder CI engine connected with dynamometer to
regulate engine speed and load. The fuel injection rate was varied from 210 bar in
terms of 10 bar pressure by adjusting fuel injector. For each injection pressure, the
engine performance evaluation parameters are measured at varying engine load. The
total uncertainty for the entire experiment was calculated to be ± 2.28 % [8].

In this experimental work, the cylinder head, inlet valve, piston top and exhaust
valve of direct injection IC engine were covered with ceramic material of low ther-
mal conductivity of thickness 100 µm above the nickel chromium aluminium alloy
(NiCrAl) coating, with a total thickness of 150 µm.

3 Results and Discussion

3.1 Carbon Monoxide Emission (CO)

Carbon monoxide emission reduces in part loads and rises in higher loads, as shown
in Fig. 1, for all the fuels investigated, which might be due to high viscosity values
and specific gravity during the entire combustion process [9]. Lower blends B10
and B15 emitted lesser CO at all loads due to their oxygen content, which enhances
the combustion process. The coated engine resulted in significant reduction of CO
emission in percentage of 25 for diesel, 26.67 for B5, 36.36 for B10, 40 for B15,
28.57 for B20, 30.77 for B25 and 33.33 for B30 than that of conventional diesel
engine due to the high cylinder wall temperature [10].
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3.2 Unburnt Hydrocarbon Emission (HC)

The unburned HC emission increases with engine load, as indicated in Fig. 2. Coated
engine produces significant reduction in unburnt HC level due to its high operating
temperature for all the fuels examined at the rate of 10.53%, 10.81%, 12.5%, 13.8%,
11.43%, 11.76% and 12.12% for fuels D, B5, B10, B15, B20, B25 and B30, respec-
tively, at full load. Blend B15 exhibits lower HC emission than other fuels at all
loads, since slightly higher viscosity and intrinsic oxygen content in biodiesel along
with high working temperature in coated engine is responsible for the reduction of
HC at 230 bar.

3.3 Oxides of Nitrogen (NOx)

Coated engine resulted in higher levels of NOx emissions at the rate of 5.82% for
diesel, 5.08% for B5, 5.56% for B10, 5.69% for B15, 5.56% for B20, 5.31% for B25
and 5.19% forB30 due to its higher operating temperature and oxygen content of fuel,
as represented in Fig. 3 [10]. Diesel and biodiesel blends in coated engine produced
higher emission of NOx in percentage of 5.5 for diesel, 5.43 for B5, 5.64 for B10,
5.85 for B15, 5.71 for B20, 5.45 for B25 and 5.33 for B30 than that of conventional
diesel due to better fuel spray characteristics produced at 230 bar pressure.

3.4 Smoke Emission

Smoke emission increases with increase of engine load, as indicated in Fig. 4. The
coated engine exhibits lesser smoke emission than uncoated engine in percentage of
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9.09 for diesel, 9.38 for B5, 10.71 for B10, 11.11 for B15, 9.68 for B20, 10.35 for
B25 and 10.71 for B30 due to its high working temperature.

3.5 Cylinder Peak Pressure

It was noticed from Fig. 5 that the coated engine exhibits higher peak cylinder
pressure for diesel and biodiesel blend B15 at full load at the rate of 5.37% for
diesel, 5.62%, 5.83%, 5.74% and 5.85% for B15 at 210 bar, 220 bar, 230 bar and 240
bar, respectively. It was observed that biodiesel blend B15 up to 230 bar produced
higher heat release rates.



126 M. Kandasamy and D. Senthilkumar

0
10
20
30
40
50
60
70
80

340 360 380 400 420 440

Cy
lin

de
r P

re
ss

ur
e 

(b
ar

)

Crank angle (Deg)

C-D-210 C-B15-230

-20

-10

0

10

20

30

40

50

340 360 380 400 420 440

HR
R 

(J
/D

eg
)

Crank angle (Deg)

C-D-210 C-B15-230

Fig. 5 Variation in cylinder pressure and HRR versus crank angle

Biodiesel blend B15 at 230 bar pressure exhibits slightly lower peak cylinder
pressure of about 1.41% than diesel fuel at 210 bar pressure in coated engine due to
its calorific value. The occurrence of peak cylinder pressure rise is slightly earlier to
blend B15 than diesel due to its shorter ignition delay [10].

3.6 Heat Release Rate (HRR)

In coated engine, diesel exhibits higher HRR of about 6.76% than uncoated diesel,
and biodiesel blend B15 shows higher HRR of 7.55% at 210 bar, 6.83% at 220 bar,
10.26% at 230 bar and 9.8% at 240 bar when compared with uncoated engine, as
indicated in Fig. 5. The occurrence of maximum heat release rate was about 2.5°CA
BTDC for diesel at 210 bar, and blend B15 at 230 bar experiences earlier heat release
at 4°CA BTDC due to its rapid combustion process in coated engine.

4 Conclusion

Experimental results confirmed that biodiesel blend B15 derived from Honge oil
feedstock shows better emission and combustion levels at fuel pump pressure of
230 bar and can be recommended as a fuel substitute to diesel which could be suitable
for farmers. The influence of YSZ coating of 150µmon engine combustion chamber
revealed 40% CO emission reduction, HC emission of 17.14%, smoke emission of
7.69% in full load with slightly higher NOx levels of 2.84%. The increase in fuel
injection pressure of about 20 bar (230 bar) gives 5.21% maximum heat release rate
for diesel and 4.655 for B15 fuel in coated engine. The occurrence of maximumHRR
for B15 was earlier around 2°CA before diesel fuel.
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Experimental Analysis on Emission
Characteristics of Palmarosa Alkyl
Group Biofuel Feedstock

Ganapathi Arumugam and Kandasamy Muralidharan

Abstract This work proposes palmarosa methyl ester (PME) as a potential alterna-
tive energy source as the above species is wildly grown in wetland provinces of India,
Bhutan, Afghanistan, including Nepal and China. PME was emulsified with oil fuel
at varied volume magnitudes of PME10, PME20, PME30, PME40 and PME100 and
their properties were analyzed as per ASTM standards in a single-cylinder ICE at
continuous swiftness (1500 rev/min) for its regulated emissions. Test results foretold
that the characteristics of PME20 resulted in marginally more elevated amounts of
THC (2%), carbon-dioxide (4.1%) and carbon monoxide (3.86%) emissions when
equated with diesel.

Keywords Palmarosa methyl ester · Combustion · Biofuel · Regulated emission

1 Introduction

Diesel engines (compression ignition) were widely preferred in industrial, automo-
tive sector and in agricultural applications because of its enhanced thermal efficiency,
sturdiness and persistence than SI engines. This addiction is increasing with rapid
exhaustion property of fossil ferrous fuel, escalating fuel prices, and raising con-
cerns of environmental pollution by combustion of hydrocarbon fuel. This scenario
has accelerated the emphasis on emerging an energy-efficient biofuel for CI engine
and reducing the habituation of fossil assets. Abu-Zaid et al. [1], Bilgin and Sezer
[11], Cheung et al. [14], Zhao et al. [40] and Zhu et al. [41] found that the alco-
hols were operative in depressing the exhaust emissions. Importing fossil fuels for
the economic advancement and development in some countries has also been an
uncertainty in the last few decades, since they could not root their own alternative
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fuel source [24]. Higher alcohol fuels, like propanol and n-octanol, give variation
in performance than the lower alcohol fuels, like methyl and ethyl alcohol [38, 12,
16]) in rapport with upgraded knock resistance, higher performance and curtailed
hydrocarbon and carbon mono-oxide emissions. In recent years, alcohols like iso-
mers of propanol and butanol attain attractions owing to its striking physio-chemical
properties as they are easily renewable [15, 23, 36].

2 Experimental Materials and Methods

2.1 Test Fuel Preparation

Cymbopogon martini methyl ester (PME) was produced using a 2L batch reactor, a
magnetic stirrer, a condenser, a sampling outlet unit and a thermometer. Biodieselwas
prepared by means of acid–base catalyst procedure. Initially before starting esterifi-
cation, the palmarosa oil stays heated up to 65 °C with the help of a rotary evaporator
in vacuum for moisture removal. For esterification, a molar mixture of methanol in
the ratio of 6:1 with preheated raw oil and 1.5% (v/v) sulfuric acid (H2SO4) were
stirred for 1 h at 65 °C at 600 rpm. Then, using a funnel separator the esterified oil
was separated from sulfuric acid and other impurities. The separated esterified oil
was heated at 65 °C for 1 h in an evaporator of rotary type for removing water and
methanol. After esterification, transesterification is further conducted to minimize
the viscosity as the raw oil is very viscous. For transesterification, a molar mixture of
ratio 6:1 of methanol to raw oil and 0.9 (wt%) of KOH (potassium hydroxide) were
added to the esterified oil and stirred for 1 h at 65 °C at 600 rpm (Tables 1, 2).

Table 1 Properties of palmarosa

S. no Properties Parameter

1 Color Pale yellow

2 Odor Pleasing

3 Flash point, °F 116

4 Cetane number 54

5 Viscosity @40 °C, mm2/s 3.67

6 Calorific value (kJ/kg) 42,440

7 Density @20 °C (kg/m3) 869
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Table 2 Main properties of blending stocks

Properties DIESEL PME10 PME20 PME40 PME100

Density at 20 °C, kg/m3 840 834 841 851 869

Kinematic viscosity at 40 °C, mm2/s 3.246 3.302 3.392 3.592 3.67

Calorific value, kJ/kg 44,780 42,340 41,820 40,910 40,220

2.2 Engine Tests

A fixed diesel Kirloskar engine (model: TAF-1 make: Kirloskar) was engaged for
investigation. Tests were performed at five load intervals of 0, 25, 50, 75 and 100
percentages that measure tantamount with various brake power ranges. Initially, the
engine was run with diesel for 20 min to heat it up before the testing of differ-
ent blends. Similarly, between one and different fuel, engine was allowed to run
for 10 min to make sure complete combustion of the residual fuel and in cylinder
homogeneity. The schematic layout of installation is forecasted in Fig. 1.

Fig. 1 Schematic layout of test installation
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2.3 Test Fuel Preparation

3 Results and Discourse

3.1 Total Unburned Hydrocarbon (THC)

There are numerous possible sources for unburned organic compound formation in
CI engines. HC are incompletely burnt fuel particles either in volatile state (organic
compounds) or in solid state (particulate matter) which are shaped in CI engines
as a result of fuel being stuck in nozzle, crevice areas, piston boundary, incomplete
evaporation of fuel mixture, elevated rich/lean mixture and liquid wall film edge
with additional spray impingement [17] and accounts for majority of HC emission.
HC emissions inferred from Fig. 2 of biofuel blends compared to diesel at part load
25% are increased by 35.16% for PME10, 2% for PME20, 138% for PME30, 108%
for PME40 and 240% for PME100. This might be attributed to the concentration of
alcohol that could probably end in cooling effect of blends and showcases reduced
cylinder temperatures and imperfect combustion followed by elevated THC [39].
Additionally, quenching within the lean mixture zones and drop in cetane range
results in Campos-Fernandez et al. [12] depressed self-ignition characteristics of
PME-diesel blends that causes dejected evaporation rate, poor blending rate and
partial combustion. Along with depressed density and viciousness of PME-diesel

Fig. 2 Variation of THC with respect to engine load
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blends, fine fuel droplets development adherent to the cylinder walls vaporizes late
throughout the expansion stroke. THC emission was almost similar at full load com-
pared to diesel (0.69% for PME10, 1.2% for PME20, 1.8% for PME30, 1.9% for
PME40 and 2.3% for PME100).

3.2 Carbon Dioxide (CO2)

CO2 formation depends on elemental carbon, C/H ratio, mixture density and total
offered gas throughout combustion. For any fuel, there is a well-defined trade-off
between CO and CO2, stated whenever there is an increase in CO for a specific fuel,
and there will be even dwell period in CO2 formation. We tend to infer from Fig. 3
that during the 25% load condition PME-blendswith base fuel possess slightly higher
levels of CO2 emission (7.577%PME10, 4.118%PME20, 8.126%PME30, 11.504%
PME40 and 6.277%PME100) signifying the presence of O2 content in biodiesel, and
thus promoting complete combustion. Additionally, there is a clear call that the CO2

emission for PME100 as compared with different blends like PME30 and PME40
may well be explained on the idea of lowered calorific value and better fuel density
poignant the entire combustion of fuel molecule followed by lowered greenhouse
gas (CO2) formation.

Fig. 3 Variation of CO2 to engine load
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Fig. 4 Variation of CO compared to engine load

3.3 Carbon Monoxide (CO)

In general, diesel engines’ functions overrun the lean mixture zone; therefore, CO
liberated fromadieselmotor is significantly inferior to be unimportant [18].However,
CO emission should be controlled owing its toxicity. But the impact of alcohol
and ignition agitator vagaries the fuel spray physiognomies, O2 content, reaction
rate, temperatures, low/high equivalence ratios and ignition center formation that
influences the conceptionofCO[37]. Figure 4 illustrates that the lowestCOformation
is determined for diesel. At 100% load condition, additional fuel enters the cylinder
for maintaining continuous engine swiftness and once additional fuel with lesser
energy takes part in combustion, it ends up in higher CO emission. At 100% load,
the CO emission emitted by PME-diesel blends is above diesel by 16.27% (PME10),
3.86% (PME20), 23.4% (PME30) and 26.46% (PME40), while the concerns is for
vegetable oil (PME100) which is 34.54%.

4 Conclusion

In the present experimental study, engine performance and emission properties of 10,
20, 30, 40 and 100% blends of palmarosa methyl ester were investigated and equated
with diesel fuel. On the basis of experimental results, the subsequent conclusions
were drawn:
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• Biofuel blends exhibit higher THC emissions compared to diesel at part (25%)
load and are increased by 35.16% for PME10, 2% for PME20, 138% for PME30,
108% for PME40 and 240% for PME100 but similarity is found at 100% load
conditions (0.69% for PME 10, 1.2% for PME20, 1.8% for PME30, 1.9% for
PME40 and 2.3% for PME100).

• It has been inferred from the analysis that at the 25% load condition, PME-blends
with base fuel possess slightly higher levels of CO2 emission (7.577% PME10,
4.118% PME20, 8.126% PME30, 11.504% PME40 and 6.277% PME100).

• The CO emission emitted by PME-diesel blends is above diesel by 16.27%
(PME10), 3.86% (PME20), 23.4% (PME30), 26.46% (PME40) and 34.54%
(PME100) as a result of enriched fuel supply at 100% load conditions.

In relation to regulated emissions, palmarosamethyl ester and its blends showcase
negligible increase in HC, CO and CO2 compared to diesel fuel except PME20which
is slightly similar to diesel. Grounded on the overhead inferences, it is concluded
that this mix is a potential alternative feed stock without engine alteration and by
means of minimal emissions.
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Development of Solar Turbine
for Small-Scale Industries

Anjaiah Madarapu and M. Harinatha Reddy

Abstract Owing to power shortage problems, especially in summer, industries are
not able to meet their production goals. The concept of deriving electrical power
from solar radiation started in early 1990s to get rid of these problems. This concept
did not see much of light as water is being used as primary working fluid in all solar
devices. Water is considered to be less reactive fluid as it takes more time to get
transformed into vapor phase. Because of this reason utilization of solar power is
limited to the extent of deriving hot water only instead of steam. Reason for this can
also be attributed to certain design deficiencies associated with various inversions
of solar devices that are being in use till today. The idea adopted in this work is to
evolve an efficient design configuration of solar turbine which converts heat energy
that is being extracted from solar energy to mechanical energy. The superiority in
this design is utilization of smart fluid in substitute of water. The advantage of using
smart fluid is that it vaporizes at relatively low temperature compared to water which
needs high temperature to vaporize. Design and development of such device is taken
up as research work. This paper brings out the design configuration details along
with the principle of operation.

Keywords Solar energy · Solar turbine · Smart fluid · Heat capacity-reservoir

1 Introduction

The global scarcity of conventional energy resources is unable to meet the existing
demand, which in turn needs alternate energy resources for sustainable development
[1, 2]. Hence much focus is being placed on the usage of nonconventional energy
resources like solar energy. Solar radiation represents a large energy source. The earth
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receives energy from the sun at the rate which, expressed in terms of heat energy
according to the solar constant, is 1356 Joules/m2/second [3, 4]. It is projected that
the amount of solar energy directed by the sun upon the earth in just three days and
is equivalent to the earth’s total supply of all fossil fuels [5, 6]. This work relates
to a solar energy device conceptualized as a solar turbine, which consumes power
by using a working medium which can be vaporized at relatively low temperatures
and further condensed by temperature variations to enable the device to operate.
This device consists of rotary mounted frame which in turn supports number of heat
exchangers, which will be alternately coming in contact with hot and cold fluids. The
hot fluid is nothing but conventional water, which gets heated up by solar energy.
This device is basically a two-stage fluid system. Primary fluid is the smart fluid that
will be enclosed in the above said expansion chambers and secondary fluid is the
water. This device is simple in construction and uses a temperature differential to
convert heat energy to mechanical energy.

2 Solar Power Systems

Attention is limited to solar power systems for small-scale industries in the present
work. Solar power systems generally operate with maximum efficiency [7, 8] during
summer season and it reduces in remaining seasons. Availability of solar radiation
energy in summer season is to be properly assessed as the present system is aimed
for use in summer. However, to have an idea, variation of solar radiation from sun in
two different seasons [9] is represented in Fig. 1.

Fig. 1 Variation of solar radiation in summer and winter seasons
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3 Design of Solar Turbine

Design of solar turbine for small-scale industries is taken up in this work. The
intended device is divided into two portions, one of which is evaporator side and
the other is condenser side. The evaporator portion consists of a reservoir which
contains secondary fluid that is water. The heat energy available in secondary fluid
serves as a source of energy for the device. This secondary fluid will be heated by
means of solar panel. The solar panel will be having light transparent surface exposed
to solar radiation. Solar energy passes through the panel and the ultraviolet energy
will be converted to heat energy and retained within the panel. Secondary fluid that is
to be heated will be passed through the heat exchanger within the panel. The heated
secondary fluid from the solar panel will be delivered to the reservoir. The secondary
fluid to be heated will be extracted from the reservoir and introduced into the solar
panel.

The design configuration of the intended device is shown in Fig. 2.
Turbine rotor is mounted for rotation above the reservoir. Reservoir will be sup-

ported on either ends of the turbine rotor shaft, whichwill be hollow through bearings
to enable free rotation of rotor shaft while keeping the reservoir stationary. Turbine
rotor consists of number of steam generators, which are nothing but tubes disposed
about rotor shaft. The opposite ends of steam generators are connected to a hollow
rotor shaft. Nonreturn valves are provided in these passages in such a way that flow
takes place in one direction only; that is, in any given orientation flow takes place
from top steam generators to the rotor shaft and from rotor shaft to the bottom steam
generators. There is no restriction for number of steam generators; however, in the
present scheme designed four such steam generators are considered.

The condenser portion consists of a suitable liquid to promote extraction of heat
from working fluid flowing through the heat exchanger.

4 Design Philosophy

The power output of the intended device is a function of amount of incident solar
radiation, efficiency of solar panel and efficiency of turbine, and it can be expressed
as follows:

P = Qsolar × ηsolar panel × ηturbine

Amount of incident solar radiation in turn can be expressed as follows [10]:

Qsolar = Gh × Asolar panel

where Gh is the global horizontal radiation and Asolar panel is the area of solar panel.
The overall efficiency of the system can be expressed as follows:
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Fig. 2 Design configuration of solar turbine

η = P

Qsolar

5 Principle of Operation

The basic working scheme of the intended device is represented in Fig. 3.
As discussed earlier, this device consists of a turbine rotor having oppositely

oriented steam generators arranged about the shaft for rotation with the shaft. Steam
generators consist of primary fluid. During a portion of the rotary cycle, the steam
generators will be exposed to the heat source, that is, secondary fluid. The primary
fluid will be heated due to heat exchange between secondary and primary fluids
due to their temperature difference. The primary fluid will be chosen such that it
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Fig. 3 Basic working scheme

will have low boiling point. The secondary fluid gets vaporized and this results
in increase in pressure in the steam generator, causing the appropriate nonreturn
valve to open and the vapor will be discharged from steam generator and across
a first rotary valve associated with the turbine rotor shaft. The evacuation of steam
generator will cause an imbalance imparting rotation to the rotor and shaft. The vapor
is removed and is condensed to a liquid and returned to the steam generator across
the second rotary valve. Condensation will takes place by extracting heat from the
primary fluid to a cold fluid. Cooled primary fluid returns back to steam generator,
thus enabling for closed-loop operation. The advantage with closed-loop operation is
that the system pressure builds and promotes flowwith the operation of the nonreturn
valves preventing the system from stabilizing at an equilibrium condition.

As the rotor shaft is caused to rotate, power extraction unit like a gearbox will be
energized. This power extraction unit will be coupled to the rotor shaft.

6 Conclusion

It is concluded that the device developed in this work is simple construction and can
be utilized with functional materials to effectively increase the efficiency.
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7 Future Work

As a part of researchwork, evolution of design configuration is completed. Reliability
of the system will be established after realizing the hardware and experimentation.
It is also planned to add second phase of steam generators in condenser to improve
the system, which will be Mark-II of the proposed design.
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Performance and Emission on Raw
Vegetable Oil with Hydrogen-Enriched
Air for Better Combustion in a DICI
Engine

G. Sankaranarayanan, S. Karthikayan, R. Ganesan and T. Thirumalai

Abstract The rapid growth of the society is based on transportation. The global
economy hugely depends on surface transports, such as road transport, rail and
marine. Diesel engines are the main power source for the transport. There is a huge
demand for fossil fuel and strict norms on pollution also compel the researchers to
probe in for discovering alternate fuels. Present work investigates the use of high
viscous raw vegetable oil, Simarouba glauca (SG oil) oil, in a DICI engine with
hydrogen as combustion enhancer. The hydrogen gas is generated by hydrolysis
of water and stored in a cylinder. The hydrogen gas is passed by inducting into
inlet manifold. Neat vegetable oil was added through high-pressure fuel injection
pump and hydrogen was inducted through inlet manifold. The inducted high-energy
gaseous fuel was flashed by the intermediate breakdown products of neat oil. It cre-
ates a higher temperature ambiance to complete the combustion of bulky molecules
of high viscous non-edible oil within a short span of time. The result of the experi-
mentation reveals that the use of H2 certainly enhanced the combustion behavior of
neat vegetable oil. In addition, 5% higher brake thermal efficiency, 6% higher EGT,
17% lower smoke, 5% lower CO can be observed from the result. The NOx emission
was higher by 17% due to hydrogen inclusion, and 33% reduction in HC emission
than diesel. The significance of the investigation reveals that a notable development
has been achieved in combustion performance and emission.
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Keywords Hydrogen · Direct injection · Simarouba glauca oil · Raw vegetable
oil · Combustion and emission

1 Introduction

Most of the vegetable oils are more suitable to run a regular diesel cycle engine
without any engine alteration [1, 2]. But the use of raw oil poses many engine
problems, like smoky exhaust, high level of carbon deposit and engine lubricant
dilution [3].

This work used the above suggestion with some modification to apply high vis-
cous oil in engine. This paper introduces combustion improving technique for inject-
ing high viscous oil in DICI engine. Hydrogen gas was introduced as a combustion
enhancer in the presentwork. The high calorific value, higher flame speed and simpler
molecular structure make the fuel to combust at very high temperature. By introduc-
ing high temperature ambiance with hydrogen enhances the combustion behavior of
vegetable oil. Hence, the neat vegetable oil combusts completely without any traces
of smoky exhaust. The consequences of the engine trial show a notable progress
[4–18] in fuel combustion and exhaust emission of high viscous oil.

A. Simarouba glauca oil

Simarouba growupwell under any environmental circumstances. Simaroubawere
harvested every year in the month of April. The seed contains 58–69% of oil.

B. Literature review

Sankaranarayanan et al. [19] carry out research using Mahua oil with hydrogen.
The trial provides evidence that the gaseous hydrogen enhanced the BTE and reduced
the smoke emission. Hydrogen gas enhancement improved the Mahua combustion
rate and NO emission increased.

SenthilKumar et al. [20] carry out a complete trial to estimate theCI engine perfor-
mance with jatropha biofuel along with little amount of gaseous H2. The experiment
proved an increase in the efficacy at 7% of H2 mass. Smoke, HC and CO emission
was reduced (Table 1).

Karthikayan and Sankaranarayanan [2] studied the performance and combustion
analysis of duel-fuelled DICI engine. The engine controlling variables were suitably
optimized, and the duel-fuel blend prepared in mid range by volume basis. 40, 50 and
60% of neat non-edible oil blended with low sulfur diesel (LSD). Measurements on
BTE, EGT, peak pressure and heat release were recorded. The 50% blend performed
better 29.6% BTE, and 68 bar peak pressure at 7°bTDC for full load condition was
observed.
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Table 1 Properties of SG oil S. No. Properties of vegetable oil

Properties Vegetable oil Diesel

1 Molecular weight 435 200

2 Mass density at 20 °C,
kg/m3

906 820

3 Specific gravity @ 20 °C 0.910 0.820

4 Vaporization point, K 523–533 453–613

5 Viscosity at 20 °C, cSt 17.3 3–4

6 Lower calorific value
kJ/kg

38,090 42,720

7 Fuel flash point, K 503 348

8 Cetane number 45–48 45–50

2 Experimental Setup

1. Compression ignition engine, 2. Electric-type loading, 3. Loading control, 4. Air
anti-pulsating chamber, 5. Intake air pre-heater, 6. Laptop + DAQ, 7. Five gas ana-
lyzers, 8. Engine smoke sampling pump, 9. EGT indicator, 10. Electrical energy
meter, 11. Two-way valve, 12. LSD, 13. Intake air inlet temperature, 14. FIP, 15.
Crank angle encoder, 16. Manometer, 17. H2 storage, 18. Pressure controller, 19.
Flame return arrester kit, 20. H2 gas flow meter, 21. Hydrogen nozzle (NRV).

NI-LABVIEW calculates combustion performance. The engine test setup is
published in Fig. 1 and the engine specification in Table 2.

Fig. 1 Experimental setup
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Table 2 Specifications of the engine

S. No. Specifications of the engine

1 Manufacturer name Kirloskar-TAF1

2 Basic details Direct injection compression ignition,
vertical, air-cooled

3 Number of cylinders 1

4 Cylinder bore and piston stroke 0.0875 and 0.11 m

5 Cylinder volume 0.661 L

6 Engine compression ratio 17.5:1

7 Rated output and speed 6 HP at 25 rps

8 Fuel entry pressure and crank angle 180 bar @ 23° before top dead center

9 Number of nozzle hole and diameter 3 and 0.23 mm

Fig. 2 Flame Arrester

The hydrogen pressure regulator helps to allow the gas flow from cylinder, then
gas is allowed to pass through a flame arrester kit and then through flow meter. The
gas enters into intake manifold through a non-return valve and a nozzle is mounted
to admit the H2 gas in the engine manifold.

Flame arrester kit is a unitwhich contains ametallic cylinder, half filledwithwater,
and an inlet pipe is inserted through ametallic gauze and immersed into water. Hence
the flame at any time cannot enter into hydrogen attachment (Fig. 2).

3 Experimental Method

A. Testing process

• Engine was initially started with petroleum diesel and then changed to the raw
oil mode.
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Table 3 Optimum values of
engine operating parameters

S. No. Optimum values of engine operating parameters

Parameters Optimum level

1 Inlet air temperature (IAT) (°C) 65

2 Engine compression ratio 19.5

3 Fuel entry crank angle (°b TDC) 27

4 Fuel entry pressure (bar) 275

• The required quantity of gaseous hydrogen was passed into the engine intake
manifold.

• Observations are made only after the stabilization of engine operation at that
load.

• Combustion performance parameters and emissions were noted at various
loads.

B. Engine modifications

The engine modifications were attained in the test setup before the trials.

1. The engine control variables are reset according to the optimum values (given in
Table 3).

2. The intake side of the engine was equipped with gaseous fuel admission device.
3. The standard piston of engine was replaced with a newer one to increase the

engine compression ratio.
4. The hydrogen gas is fed into the inlet manifold.

4 Results and Discussion

The optimized variables were implemented and the engine trial has been carried out
with the help of hydrogen. From the engine trials 15% of hydrogen + raw oil was
chosen to compare with the only raw oil and diesel.

1. Exhaust gas temperature: The comparison of EGT of 15% H2 + neat vegetable
oil with neat vegetable oil and diesel is shown in Fig. 3. The peak EGT is attained
with 15%H2 + neat vegetable oil than that of raw oil and diesel. The introduction
of H2 increases ignition temperature and combusts heavy fuel molecules in a
shorter time. It offers elevated burning ambiance and hence, it offers the peak
EGT than that of raw oil and diesel fuel.

The highest EGT produced by 15% H2 neat vegetable oil is 447 °C, for diesel
422 °C and for neat oil 360 °C. There is 6% increase than diesel fuel and 21% increase
than neat oil. The introduction of H2 increases EGT of neat oil performance from
360 °C to 447 °C.
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Fig. 3 Exhaust gas temperature

2. Break thermal efficiency: Fig. 4 compares BTE of 15% H2 + neat vegetable oil
with neat vegetable oil and diesel. The maximum BTE attained is with 15% H2

+ neat vegetable oil than that of neat oil and diesel.
3. Heat release rate: The comparison of HRR of 15% H2 + neat vegetable oil

with diesel and neat oil is shown in Fig. 5. The peak HRR is obtained with 15%
H2 + raw vegetable oil than that of neat oil and diesel. As hydrogen has poor
auto ignition property the ignition of the mixture was initiated by the breakdown
particles of neat oil. The neat oils have considerable quantity of unsaturation in
it. They deteriorate and crack the free fatty acids chain of neat oil due to the high
temperature ambiance and higher pressure presence. These breakdown particles
start the burning of the fuel mixture in the combustion chamber.
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In general, neat oils produce breakdown particles immediately after the injection
and then helps to initiate combustion relatively prior than other fuels. The application
of hydrogen changes the phenomenon and combusts the neat oil with sufficient
ignition delay.

This delay accumulates fuel vapor and starts combustion little later than raw oil
combustion. This is the prime cause for the high HRR in the prephase of combustion.
The excessive peak temperature offered by hydrogen reduces the length of combus-
tion. Consequently, the postphase of combustion of 15% H2 neat vegetable oil is
shorter than neat oil and diesel during combustion.

The highest heat liberation rate produced by15%H2 neat vegetable oil is 80 J/°CA.
This is 20% higher than neat vegetable oil and 12.5% higher than diesel fuel. The
role of hydrogen increases heat release rate of raw vegetable oil from 63 to 80 J/°CA.
However, the diesel shows 71 J/°CA.
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Fig. 7 Peak pressure for tested fuels

4. In-cylinder pressure: Fig. 6 matches up to in-cylinder pressure of 15%H2 + neat
vegetable oil with neat vegetable oil and diesel. The maximum in-cylinder pres-
sure is attained with 15% H2 + neat vegetable oil than that of neat oil and diesel.
The co-firing of gaseous hydrogen rose the cylinder gas temperature extremely
high and hence it offers higher peak pressure. Besides, the elevated combustion
temperature of hydrogen stimulates the neat oil to release more breakdown parti-
cles in rapid manner. This is the prime for the production of higher peak pressure.
The higher flame speed and its high calorific value of hydrogen are also other
causes for the progress of good combustion.

5. Peak combustion pressure: At full load operation of the engine, the in-cylinder
peak combustion pressure developed is 76 bar at 2°ATDC for 15% H2 neat SG
oil, 72 bar in case of diesel operation and 63 bar was observed for raw SG oil.
The reduction in peak pressure is coherently observed on par with energy content
of the fuel used. These small differences in the change of peak pressure do not
affect the engine performance, wear and knock (Fig. 7).

The highest cylinder peak pressure produced by 15% H2 neat vegetable oil is
76 bar at 2°ATDC. This is 11 bar higher than the raw vegetable oil and 5 bar higher
than the diesel fuel. The adding up of hydrogen increases peak pressure of neat
vegetable oil from 65 bar at 1°BTDC to 76 bar.

6. Smoke: A good diesel engine produces no visible black smoke during opera-
tion. The black smoke is high carbon which is objectionable. The black smoke
indicates the lube oil is being burnt due to sticky valve, worn-out rings, thin lubri-
cating oil and oil dilution in fuel. At present, the CRDI engine not at all emitting
visible smoke. White smoke occurs due to faculty injectors, incorrect injection
timing and lower compression. Figure 8 evaluates the smoke of 15% H2 + raw
vegetable oil with neat vegetable oil and diesel. The maximum smoke is attained
with 15%H2 + neat vegetable oil than that of neat oil and diesel. The combustion
improvement was achieved by gaseous fuel enhancer that resulted in low smoke
emission. The H2 gas increases the intermediate compounds production rate and
helps the vegetable oil to combust with no evidence of visible smoke.



Performance and Emission on Raw Vegetable Oil with Hydrogen … 153

1

2

3

4

5

6

7

8

0 25 50 75 100 125
Load (%)

Sm
ok

e 
(B

SN
)

15H Neat SG oil
Diesel
Neat SG Oil
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The lowest smoke emission produced by 15% H2 + raw vegetable oil is 5.8
BSN and for diesel is 6 BSN. This is closer to diesel and 1.50 smoke index number
is inferior than neat vegetable oil. The inclusion of H2 decreases smoke of neat
vegetable oil from 7.3 to 5.8 index.

Oxides of Nitrogen: NOx emission of 15% H2 + raw vegetable oil with raw veg-
etable oil and diesel are compared in Fig. 9. At 100% load the maximum NOx is
obtained with 15% H2 + neat vegetable oil than that of raw oil and diesel. Funda-
mentally, H2 has poor self-ignition. It was ignited by the raw oil injection. At 15%
H2 mode, combustion was glowing, consequently, higher efficacy and higher gas exit
temperature and causes more NOx emission.

At full load the highest oxides of nitrogen produced by 15% H2 + raw vegetable
oil is 10.60 g/kW h. This is 17% greater than diesel and 33% greater than neat
vegetable oil. The inclusion of hydrogen increases NOx of neat vegetable oil from
7.1 to 10.6 g/kW h.

7. HCandCOEmission: Figs. 10 and 11 comparedHC andCO emission of 15%H2

+ raw vegetable oil with diesel and neat vegetable oil. From the figure, it is seen
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Fig. 11 Carbon monoxide emission

that the lowest HC and CO are obtained with 15% H2 + raw vegetable oil than
that of neat oil and diesel. The creation of higher temperature during combustion
is due to H2 assistance; hence the HC and CO emissions were decreased. Since
the flame velocity is high, uniform temperature was created in entire combustion
chamber, and hence the HC and CO emission levels are lower.

At full load the lowest HC emission produced by 15% H2 + raw vegetable oil is
2.3 g/kW h, which is 38% lower than diesel and 80% lower than neat vegetable oil.
The addition of hydrogen decreases HC emission of neat vegetable oil from 4.2 to
2.3 g/kW h.

The lowest CO exhausted by 15%H2 + raw vegetable oil is 65.30 g/kWhwhich is
5% lower than diesel and 6% lower than raw vegetable oil. The addition of hydrogen
decreases CO emission of neat vegetable oil from 71 to 67 g/kW h.
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5 Conclusion

• The effect of combustion enhancer on neat oil combustion in a DI diesel engine
using neat vegetable oil and H2 was producing appreciably more noise.

• The hydrogen enhanced operation also exhibited more temperature.
• The inherent qualities of H2 such as high flame speed, calorific value and gaseous
state assist to combust vegetable oil with reduced emission and higher efficacy.

• The introduction of 15% H2 combustion with vegetable oil is evaluated with
diesel, and it reveals that 5% higher BTE, 6% higher EGT, 5% lower CO, 17%
lower smoke, 17% higher NOx, and 38% lower HC than that of diesel mode.

• The enhancement attained by 15% H2 with vegetable oil is 25% in heat release
rate, 15% in efficacy, 20% in smoke, 40% in NOx, 5% in CO, 45% in HC, 17% in
cylinder pressure and than that of vegetable oil (without H2).
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Experimental Investigation on Stir
Casting Processing and Properties of Al
6082/SiC Metal Matrix Composites

Debashis Mishra and Tirupati Tulasi

Abstract Ceramic particles are submerged into themetal to enhance themechanical
properties and also the tear and wear resistance properties and it is named as metal
matrix composites (MMCs). MMCs find wide applications in the most advanced
high-end engineering industries for structural applications, including aerospace and
automobiles. The most easy and economical technique to produce MMCs is by
dispersing solid ceramicparticulates in amoltenmetalmatrix bymeansof a stirrer and
is named as stir casting method. The resulting mechanical properties are influenced
by the uniform combination of ceramic particulates in the molten metal. The Al/SiC
MMC is prepared by the mechanical stir casting technique in different compositions
by varying the percentage of SiC with 0, 8, 9 and 10. The mechanical properties are
evaluated by carrying the tensile and hardness testing of the standard samples as per
the ASTM E8/E8 M-08. The strength under tension is maximum for the 10% SiC
MMCwith the value of 169.94 MPa is achieved. The hardness test results reveal that
the 0% SiC has highest hardness number of 57.8 HRB. From the microstructural
investigation, it is observed that clustering of the particulates occurs in the 8% SiC
and gradual scattering in 9% and 10% SiC.

Keywords Metal matrix composites (MMCs) · Stir casting ·Mechanical
properties · Ceramic materials · Aluminium 6082 alloy

1 Introduction

The unique material properties like strength, durability in harsh environmental con-
ditions, that is, resistance to wear and tear, light weight and economy are of great
demand in the present world of manufacturing. Manufacturing of such a product that
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has technological adoptability and sustainability is an essential factor in the recent
engineering as well as non-engineering applications. Currently, fuel economy, strong
and light weight featured structures with enhanced engine execution are the inter-
ested area of research. To achieve the desired and customized combinations of various
properties for engineering, applications-reinforced MMCs are widely accepted over
other engineering materials. They possess properties such as high specific strength,
extreme corrosion resistance, ductility, high thermal resistance and specific stiff-
ness [1]. MMCs are succeeded by conventional metallic metals and their alloys in
the high-end manufacturing and research areas like aerospace, automotive, defence,
marine, sports and so on. In general, MMCs are metallic alloys (Al, Mg, Zn, Cu,
SS and Ti) reinforced with ceramic materials (SiC, TiC, TiB2, AIN, Si3N4, Al2O3,
SiO2 and ZrB2) [2]. Aluminium-based particulate-reinforced metal matrix compos-
ites (AMCs) evolved as finest choice over regularly used metallic materials for its
tailored mechanical, physical and thermal properties for the intended and suitable
performance as structural and functional applications in high-tech manufacturing
industries. AMCs are manufactured following the different techniques such as liq-
uid state, semisolid and powder metallurgy methods. Mechanical stir casting is the
commonly used liquid-state technique for the manufacturing of metal matrix com-
posites by means of a mechanical stirrer. In this technique a desired percentage of
ceramic material is mixed with a molten metal matrix to produce an MMC, followed
by casting [3]. The widely used and the most economic, suitable technique to manu-
facture AMCs is mechanical stir casting for its unique stirring action. Reinforcement
of ceramics up to 30% with the large variety of molten metal matrix can be mixed
to achieve superior bonding between them [4, 5]. The stir casting process can be
effectively used for the mass production of MMCs and AMCs [6–8].

Aluminium 6082 is a medium strength alloy having exceptional corrosion resis-
tivity and is widely used for structural applications. The density of Al 6082 alloy
is reported as 2.70 g/cm3 and melting point is 555 °C. Workability, machinability,
weldability, brazability of Al 6082 alloy are found to be good. The tensile strength of
Al 6082 alloy is reported as 140–330 MPa and the Brinell hardness value is 91 HB.
Al 6082 alloy is typically used in high-stress applications, trusses, bridges, cranes
and transport vehicles.

Reinforcing hard ceramic materials into soft Al alloys improves the mechanical
properties such as strength, hardness and wear-resistance. Stiffness of the Al alloy
can be improved by the addition of SiC. Carbide is used to restrict the enlargements of
grains [9]. SiC is a refractory material having 70% silicon and 30% carbon contents.
The density of SiC is 2.22 g/cm3 and melting point is 2700 °C. It possesses excellent
thermal conductivity and low thermal expansion. The high hardness and tremendous
corrosion resistance and stiffness makes SiC a useful ceramic material for the man-
ufacturing of rubber tyres, grinding wheels and sealing valves to withstand at high
temperature [10].

In this investigation the reinforcement of SiC as 8, 9, 10% with aluminium 6082
alloy and pure aluminium round bar specimens are prepared by the mechanical stir
casting process. The tensile properties, hardness and microstructures of Al 6082/SiC
metal matrix composites specimens are analyzed and reported.
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2 Experimental Details

• The base metal is chosen as aluminium 6082 alloy.
• The reinforcement ceramic material is chosen as silicon carbide particulates.
• Al 6082/SiC metal matrix composites specimens of desired size are manufactured
by mechanical stir casting process.

• The chemical compositions of Al 6082 alloy are given in Table 1.

2.1 Mechanical Stir Casting Process

Agraphite crucible furnace is used for themelting ofAl 6082 alloy atwellmaintained
temperature of 700 °C. The furnace has an in-built frequency-based mechanical
stirrer continuously rotated at 500 rpm for a homogeneous mixture of Al and SiC
particulates. The SiC particulates are added manually into the vortex of furnace by
varying its percentage as 0, 8, 9 and 10. The mixture is discharged into the mould
cavity and left to solidify at room temperature. The mechanical stir casting process
followed in manufacturing of composite specimens is shown in Fig. 1.

2.2 Manufactured al 6082/SiC MMCs Specimen Information

Approximately 2 kg of Al 6082 alloy are melted without the addition of SiC par-
ticulates. Cylindrical rod samples are prepared of size 200 mm length and 21 mm
diameter. Then the specimens are extracted following the standard ASTM E8/8 M-
08. Composite metal sheets of Al 6082/SiC are prepared of size 120 × 120 mm
with thickness 18 mm. The cylindrical rods and sheets are given in Fig. 2. Further,
the Al 6082/SiC composite specimens are prepared with the SiC addition with the
percentage of 8, 9 and 10. The composite specimens for different percentage 8, 9
and 10 of SiC added with Al 6082 alloy are shown in Figs. 3, 4 and 5.

3 Results and Discussion

3.1 Hardness Observations

The Rockwell hardness assessment is conducted using an auto digital hardness tester.
The diamond cone indenter is used to produce an indentation mark on the metal
surface of the Al 6082/SiC composite metal sheets and the hardness values are
obtained, as shown inTable 2. Pure aluminiumcomposite havingmore hardness value
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Fig. 1 Mechanical stir casting process

Fig. 2 Al 6082 specimen without the addition of SiC particulates

Fig. 3 Al 6082/SiC MMCs specimen with the addition of 8% SiC particulates

than the addition of SiC is identified. The obtained hardness values of manufactured
composite material are described in Fig. 6.
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Fig. 4 Al 6082/SiC MMCs specimen with the addition of 9% SiC particulates

Fig. 5 Al 6082/SiC MMCs specimen with the addition of 10% SiC particulates

Table 2 Rockwell hardness
analysis of composite

Al 6082-weight % of SiC Hardness value

0 57.8

8 42.2

9 37.1

10 47.2

Fig. 6 Hardness values of Al 6082/SiC MMCs
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Table 3 Tensile strength of
Al 6082/SiC MMCs

Al 6082-weight % of SiC Tensile strength (Mpa)

0 106.98

8 133.5

9 163.31

10 169.94

Fig. 7 Value of tensile strength of Al 6082/SiC MMCs

3.2 Tensile Strength Observations

The tensile test using 250kN InstronUTMis performed.Theobtained tensile strength
of the composite specimens is tabulated in Table 3. Figure 3 describes the strength of
composites in which it is observed that the strength is rising with varying percentage
of SiC. The 10% SiC addition into the Al 6082 alloy gives the maximum strength of
169.94 MPa (Fig. 7).

3.3 Microstructural Observations

The microstructures of Al 6082/SiC MMCs are obtained with the help of BX51 M
microscope. The test specimens are properly polished and mounted. Then with the
application of Keller’s reagent the microstructures are observed. Themicrostructures
are collected in 200× and 500×magnifications. The dendrite structure is observed
in pure Al 6082 composite with 0% addition of SiC. Blocky morphology of SiC
(gray) in the matrix of dendrite structure is observed in Al 6082/SiC MMCs with the
8, 9 and 10% addition of SiC. The microstructures shown in Figs. 8, 9, 10 and 11
are with the 0, 8, 9 and 10% addition of SiC in the MMC composites.
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Fig. 8 Microstructure of Al 6082 MMCs without the addition of SiC

Fig. 9 Microstructure of Al 6082 MMCs with 8% addition of SiC

Fig. 10 Microstructure of Al 6082 MMCs with 9% addition of SiC
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Fig. 11 Microstructure of Al 6082 MMCs with 10% addition of SiC

4 Conclusion

The mechanical stir casting process is successfully used to manufacture Al 6082/SiC
MMCs and is found to be an easy, economical technique. TheAl 6082/SiCMMCs are
manufacturedwith the additionofSiCpercentageof 0, 8, 9 and10.Thehardness value
is foundmaximum57.8HRBwith theAl 6082 compositewithout the addition of SiC.
With the addition of 10% SiC the hardness achieved is 47.2 HRB. Tensile strength is
enhanced with the change in addition of SiC from 0% to 8, 9 and 10%. The 10% SiC
particulates into the Al 6082 alloy giving the maximum strength of 169.94MPa. The
microstructure reveals the bonding strength is attained to be goodwith themechanical
stirring action. The dendrite structures in Al 6082 alloy composite and clustered SiC
in the addition of SiC are observed in microstructures.
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Effect of Change in Focal Plane Position
on Hole Characteristics of Nanosecond
Pulsed Laser Micro Drilled Holes

Ganesh Dongre, Avadhoot Rajurkar, Ramesh Gondil, Nachiket Laddha
and Jacob Philip

Abstract In laser micro drilling, on changing the focal plane position of the work-
piece, there is a significant change in the hole characteristics. This change can be used
as an application in some of the industries. In this experiment, the effect of change in
focal plane position in the positive, that is upward, direction on the hole parameters
is studied and explained. A stainless steel 316 plate is used as the workpiece and
a diode-pumped nanosecond pulsed laser is used for micro drilling because of its
accuracy and comparatively low cost than picosecond or femtosecond pulsed lasers.
It is seen that a significant change in the entry diameter, exit diameter and taper of
the hole takes place when the focal plane position is changed. Also, this is carried
out at different laser powers.

Keywords Laser · Focal plane ·Micro drilling · Taper

1 Introduction

Laser micro drilling process involves focusing a high-intensity coherent light beam
onto the workpiece surface to produce sufficient power densities to melt or even
vaporize the surface material [1]. Laser micro drilling is one of the most used pro-
cesses in aerospace industries and slowly it is expanding its range in other industries
like automobile, electronics and telecommunication, because of its vast applications
and high accuracy. It is used for various applications which include production of
lubrication holes in turbine blades and engine parts, production of cooling channels
in various components, circuit boards, and so on. The four most used processes for
laser drilling are single pulse, percussion drilling (using multiple pulses in same
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spot), trepanning (moving the laser beam along the circumference of hole) and heli-
cal drilling (trepanning while simultaneously adjusting the focal plane) [2]. After
studying further the above applications, it is seen that the main requirement of these
applications is high aspect ratio holes. Aspect ratios >50 have been produced with
high quality, mainly by employing helical or trepanning drilling [3–5].

Resolidified material, taper, barrelling, inlet cone, exit cone, surface debris and
mean hole diameter are other hole characteristics which are taken into account for
most of the applications [6]. Although there are many non-traditional machining
processes by which we can get good hole characteristics, but laser micro drilling
happens to be the most economical and accurate as compared to other processes. All
the above characteristics can be optimized by optimizing process parameters such as
peak power, pulse duration, pulse frequency, pulse width, repetition rate, focal plane
position and assist gas pressure [7].

Gas-assisted percussion drilling using Nd:YAG pulsed laser for 2 mm thick Ti
plate was conducted by Avvari et al. It was revealed that hole taper increases with
increase in gas pressure. However, this trend continues till a certain hole depth and
then hole taper reduces. Further, MRR and hole taper increases with the increase
in laser cutting speed [8]. Yvonne et al. used nanosecond pulsed laser on a 1 mm
thick aluminium plate. Percussion drilling technique was used in the presence of
inert gas. It was found that minimum redeposited material on surface with smallest
hole diameter was drilled. At the same time, use of compressed gas was found to
be efficient for other materials like SS and Al [9]. Liquid-assisted laser percussion
drilling was performed by authors Jiao et al. on 0.3 mm silicon wafer. They used
ethanol as liquid assist during laser drilling. Ethanol exhibited high material removal
rate which causes increase in exit hole diameter. Further, their study concludes that
liquids with higher boiling point tends to decrease exit hole diameter. Liquid with
low boiling point is most effective parameter in reducing the debris formation as
well as taper angle [10]. Manninen et al. studied the effect of pulse width on hole
diameter and hole taper. It was observed that increase in pulse width increases hole
diameter and reduces hole taper. This may be due to the fact that the high pulse
energy and longer interaction with the material leads to more molten material being
ejected by vapour pressure [2]. Fornaroli et al. adopted helical laser drilling approach
for microholes. They studied the effect of pulse energy on the entry and exit hole
diameters. Moderate increase in entry and exit diameters was observed in their study.
However, hole diameters can also be increased using pulse energies >0.75 mJ [5].
Li et al. found through statistical modelling that hole taper is most sensitive to focal
plane position variations followed by pulse width, peak power and number of pulses
[11]. Effect of laser energy, pulse width and gas pressure on heat affected zone (HAZ)
and spatter area was studied by Chatterjee et al. HAZ and spatter area increases with
the increase in pulse energy and pulse width, whereas it decreases with increase in
gas pressure [12].

In the recent past, literatures reveal that optimization of micro hole drilling using
various laser drilling techniques and assisted mediums, however, very few literature
were available on analysis of change in focal plane position. Therefore, the aim of
the presented work is to study the effect of change in focal plane position on the
entry and exit diameter of the hole as well as hole taper variation.
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Table 1 Machine
specification

NUQA-1064-NA-0030-YZ

Output power 30.0 W

Mode of operation Pulsed

Peak power 10.0 kW

Pulse energy 1.0 mJ

Pulse width 100 ± 20 ns

Pulse repetition rate (PRR) 30–100 kHz

Fig. 1 Nanosecond pulsed laser setup

2 Experimentation Details

ANUQA30-Wfibremarking lasermachinemanufactured byCOHERENTwas used
for producing diode-pumped Nd:YAG laser for experimentation. Machine specifica-
tions arementioned inTable 1. Themachine has a two-axisGalvo namedbasiCube10,
which is manufactured by Scanlab. Figure 1 shows the machine setup that was used
for the experiment.

3 Methodology

The experiment was performed on a stainless steel 316 plate. The plate thickness was
0.8 mm. The sample size was 30 mm × 30 mm. The experiment was done to study
the effect of variation in focal plane position on the entry diameter, exit diameter and
taper of the hole. The focal plane position can be changed by two ways: (1) Using a 3
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axis Galvo or (2) by changing the table position in the Z-axis direction. The changing
of the table position in the Z-direction is more economical as compared to the other
way. So, in this experiment we used a Z-axis linear stage which is manually operated.
Figure 2 shows the Z-axis linear stage which was used. The movement of the stage
is controlled manually by micrometer-like scale which is visible in the figure. By
rotating the scale by ten divisions in the anti-clockwise direction, the stage moves
by 0.1 mm in downward direction, which ultimately moves the focal plane position
in the upward direction by 0.1 mm.

At each power, total nine holes are micro drilled by varying the focal plane posi-
tion. Starting from the focal point, that is on the scale, we will name it as 0 mm.
Further by moving the focal plane position in the positive direction by 0.1 mm
distance, micro holes are drilled. To move the focal plane position in the positive
direction, the Z-axis stage is moved in the downward direction by 0.1 mm after each
hole.

As the thickness of the workpiece is 0.8 mm, the focal plane position is shifted in
the positive direction till 0.8 mm. In short, micro holes are drilled by keeping focal
plane position on 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 mm in the positive direction.
Now this whole cycle is carried out at five different laser powers (12, 15, 18, 21 and
24 W) to see the effect of change in laser power. While drilling of each micro hole,
roughing, finishing and cleaning passes are given. The parameters of finishing and
cleaning passes are the same. The difference is, in finishing pass, hatch pattern is
given while in cleaning pass, no hatch pattern is given. The parameters of roughing,
finishing and cleaning passes are shown in Table 2. To see the effect of change in
power, only the power of roughing pass is changed and finishing and cleaning pass
power are constant for all the experiments.

Figure 3 shows the laser beam profile. It is seen that till a particular point, the
laser beam converges and after that point, the laser beam diverges further. The point
at which the beam converges and then diverges is called the focal point of the laser

Fig. 2 Z-axis linear stage used in the experiment
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Table 2 Laser parameters Parameter Roughing
pass

Finishing
pass

Cleaning
pass

Loop count
(passes)

250 500 500

Speed
(mm/sec)

150 500 500

Power (W) 12, 15, 18,
21, 24

12 12

Pulse
repetition
rate (kHz)

60 60 60

Fig. 3 Laser beam profile

beam. The maximum amount of beam energy is seen when the workpiece is at the
focal point of the laser beam. By moving the workpiece away from the focal point,
the amount of beam energy goes on decreasing.

4 Results and Discussion

4.1 Effect of Change in Focal Plane Position on the Entry
Diameter of the Hole at Various Laser Powers

Figure 4 shows the effect of change in focal plane position on the entry diameter of
the hole at various laser powers. It is clearly seen from the graph that as the focal
plane position increases, the entry diameter increases at all laser powers. This trend
is explained by the laser beam profile, as shown in Fig. 3. On moving the focal plane
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Fig. 4 Effect of focal plane position on the entry diameter of hole at different laser powers

position, the beam diverges, so the entry diameter increases. After comparing the
entry diameter for different power, it is seen that as the power increases the entry
diameter at each focal plane position increases; that is, for a specific focal plane
position, highest power hole will have highest entry diameter. This is because the
increase in power increases the amount of pulse energy due to which there is more
melting and vaporization, resulting in enlarged hole.

4.2 Effect of Change in Focal Plane Position on the Entry
Diameter of the Hole at Various Laser Powers

Figure 5 shows the effect of change in focal plane position on the exit diameter of
the hole at various laser powers. It is seen from the graph that as the focal plane
position increases, there is a decrease in the exit diameter of the hole. Theoretically,

Fig. 5 Effect of focal plane position on the exit diameter of hole at different laser powers
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Fig. 6 Effect of focal plane position on the taper angle of the hole at various laser powers

as explained in Fig. 3, due to the laser beam divergence, the exit diameter should
increase. But it decreases, because the amount of energy left till the beam reaches
the exit side is very low. Also, the comparison of the exit diameter at different
laser powers is shown in the graph (Fig. 5). At a particular focal plane position, the
hole with highest power has the highest exit diameter. This is because as the power
increases, the pulse energy increases and more removal of material takes place. Also,
it is seen that for least power, only two through holes are obtained out of nine and
for the highest power, five through holes are obtained. As the power increases, the
number of through holes increases which is again because of more pulse energy.

4.3 Effect of Change in Focal Plane Position on the Taper
Angle of the Hole at Various Laser Powers

The effect of change in focal plane position on the taper angle of the hole at different
laser powers is shown in Fig. 6. It is observed that as the focal plane position increases,
the taper angle increases. This is because with increase in focal plane position, the
entry diameter increases and exit diameter decreases which ultimately increases the
taper. No specific relation can be found on comparing the taper angle at different
powers.

5 Conclusions

After doing various experiments to find the effect of change in the focal plane position
in the positive direction (i.e. towards the laser) on SS316 plate of 0.8 mm thickness at
various powers bypercussion drilling byusing nanosecondpulsed laser, the following
conclusions were made:
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• As the focal plane position is increased in the positive direction, the entry diameter
increases and the exit diameter decreases.

• With the increase in the laser power, the entry diameter as well as the exit diameter
at a particular focal plane position increases.

• With the increase in the focal plane position in the positive direction, the taper
angle increases.
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Production Planning of Flexible
Manufacturing Systems Using
an Efficient Multiobjective Function
Considering Failure of Different
Machines in Production Unit

B. Satish Kumar, G. Janardhana Raju and G. Ranga Janardhana

Abstract In modern-day manufacturing process, flexible manufacturing system
(FMS) is used for efficient production of parts. In FMS, processing times are impor-
tant while preparing the production schedule. The manufacturing cost will vary from
part to part depending on the processing time and type of machine used. In this paper
a case study is considered in which three machines produce three different parts by
doing different operations. Each machine can perform all the different operations to
produce all the three parts. All the operations can be done in all the three machines.
The production timings and corresponding costs vary frommachine to machine. The
operations sequences for different parts are different. The objective functions consid-
ered are minimization of the total flow time, machine workload balancing, maximum
workload on machine and minimization of total tool cost. In the first step, we have
considered randomly different sequence of operations on different machines, that
is, operation index and machine index, and the objective function values are calcu-
lated. In the second step, the values of objective function are calculated if a particular
machine is not working for manufacturing the three parts, and hence those operations
are processed on alternate machines. The observations after calculations are that the
total flow time, machine workload, maximum workload on machine and total cost
are found to be different for different sequences and due to machine failure these
values increased and better operation index and machine index are identified to meet
the objective functions.
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Keywords Production planning ·Manufacturing costs · Flexible manufacturing
system · Idle time · Failure of machines

1 Introduction

Flexible manufacturing systems (FMSs) are a group of machines, most preferably
CNC, which are coordinated by a common control centre that has the ability and
flexibility to deal with the variety of products. Although the flexibility in the man-
ufacturing systems is an advantage, it proves to be a very complicated task when it
comes to scheduling of parts in a changing environment.

The FMS was introduced around 1960s and used by Robos, programmable con-
trollers (PCs) and computerized numerical control machines, and used in automated
guided vehicles (AGVs) and so on, as shown in Fig. 1. In the current business sce-
nario the competitiveness of any manufacturing industry is determined by its ability
to respond quickly to the rapidly changing market and to produce high-quality prod-
ucts at low costs. These capabilities can be achieved by FMS. FMS is called flexible
because of its capability to process various part style.

The beauty of FMS is that a component can be processed on many machines; a
machine can process various operations of variety of products. The scope of work,
the number of objects, use of machines and the sequence of operations are unlimited.

Fig. 1 Typical View of FMS
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The only task of the manufacturing engineers is to select the best possible ways of
production. Sometimes it is complex and complicated.

Theoretical knowledge of manufacturing process and practical experience in pro-
duction activity mixed with automated machines is the main heart of the FMS. To
find the feasible solutions, the engineers use the mathematical formula, program-
ming with feasible functions, objective function, constrained by some constraints
and achieve a solution. The FMS can be mathematically modeled and visualized
with simulation and that’s the wonderfulness of the FMS. The FMS may need high
initial investment but it can be operated with low maintenance and minimum use of
energy in the manufacturing activity.

2 Literature Review

J. Jerald et al. used C language for writing the algorithms of optimization of schedul-
ing of FMS. The performance is analyzed for multiobjective function of minimum
total penalty costs and machine idleness. They found that particle swarm algorithm
gives the best results [1].

Vahid Roshanaei noted that MILPs are unable to solve industrial-scale problems,
and proposed an enhanced meta-heuristic algorithm AIA and simulated annealing.
Of the mathematical models and meta-heuristics, the meta-heuristics is found to be
superior in applications, since infeasible solutions are avoided and complete search
space is exposed in a specified time [2].

Stephen F. Smith concluded that practical scheduling problems can be effectively
solved by developing transition techniques with better solutions. Using this, major
technical problems can be easily solved. Still there is a lot to be explored in the field
of sequencing and scheduling [3].

In a FMS problem, multiple constraints and objectives exist. Genetic algorithms
are used for solving the problems. Akhilesh Kumar proposed a FMS program and
tested to get feasible solutions [4].

A.V S. Sreedhar kumar tried to optimize the FMS problem using DE and BFOA.
Bacterial foraging optimization algorithm (BFOA) showed better results. Validation
of the results plays a crucial role in taking the decision [5].

Sunil Kumar and Sanjay Jain studied the various techniques of dynamic schedul-
ing of FMS. They explained various techniques to study the FMS, like dispatching
rule, heuristics, GA and artificial intelligence. They suggested to combine the various
techniques and get more effective solution [6].

Production planning is an important item for amanufacturing plant. The parts to be
machined, use of tools should be minimum, allocation of pallet fixtures, assignment
of operations are the things to be decided while planning production [7].

Jian-HungChen andShinn-YingHoproposedEMOGAfor planningflexibleman-
ufacturing system. Minimization of total flow time, machine workload unbalance,
greatest machine workload and total tool cost are the four objectives they considered
while problem formulation. The main feature of their program is that it can optimize
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the objective function without decomposing the problem into small subset problem
[8].

FMS is a complex system and has elements like workstation, ASRS, material han-
dling. It can plan machine and vehicle scheduling problems simultaneously. Anshu-
man Mishra concluded that for an objective function particle swarm optimization
(PSO) can give optimization better than GA for a CPU run time. PSO does not need
iterations [9].

Manufacturing process is a mixture of most unexpected uncertainties, such as
unexpected events, sudden or unindicated machine breakdowns, sudden surplus
orders, order cancellations. In spite of this complex nature, the FMS can be planned
efficiently with program formulations [10].

Rishu Sharma et al. concluded that the manufacturing industry is becoming a
complex issue in view of the maintaining of demand and supply. It is important to
accommodate the changes that take place in manufacturing processes [11].

K. Mallikarjuna et al. studied the machines arranged in single row assisted by
AVG. The programming is composed of simulated annealing (SA) and genetic
algorithm. The results obtained by GA are superior to SA [12].

Satish Kumar et al. concluded that suitable material handling system is proposed
for a layout at different speeds of material handling system [13].

Srinivas et al. concluded that L2R protocol is initiated to generate an alternate
path for link failures in backbone networks. To ensure link failure recovery, L2R is
implemented [14].

Srinivas et al. proposed an efficient backbone-based quick link failure recovery
multicast routing protocol in order to overcome the limitations of existing protocols
[15].

3 Problem Statement

A sample problem is considered from the literature of Jian-Hung Chen and Shinn-
Ying Ho for minimizing total flow time, machine workload unbalance, maximum
machine workload and total tool cost [9] shown in Tables 1 and 2.

3.1 Nomenclature

f1 = Total processing time of three parts in required production quantity.
f2 = Total transportation time in between machines.
F1 = f1 + f2 = Total machining and transportation time.
F2 =Workload balancing
F3 =Minimization of maximum workload
F4 =Minimization of total tool cost
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Table 2 Traveling times
between the machines

Machine-1 Machine-2 Machine-3

Machine-1 4 11 17

Machine-2 11 3 9

Machine-3 7 18 5

3.2 Sample Calculations

For operation index shown in Table 3, sample calculations were done:
Step I: To find F1
f1 = 51 × (7 + 5 + 5 + 5) + 39 × (2 + 2 + 1) + 23 (7 + 8+ 2)
= 51 × 22 + 39 × 5 + 23 × 17 = 1122 + 195 + 391 = 1708
f2 = 51/10(3 + 9 + 7) + 39/10(4 + 5) + 23/10(4 + 3) = 148.1
F1 = f1 + f2 = 1708 + 148.1 = 1856.1
Step II: To find F2
F2 = (rtw1− ew)2 + (rtw2− ew)2 + (rtw3− ew)2 = (0.678− 0.569)2 + (0.658

− 0.569)2 + (0.372 − 0.569)2

= 0.0586
Step III: To find F3
F3 =Max{0.678, 0.658, 0.372} = 0.678
Step IV: To find F4
= (2 + 3 + 4 + 6) + (8 + 8+8) + (8 + 3 + 5) = 55

4 Results and Discussions

The performance of the production process by using flexible manufacturing sys-
tem using three different machines with different timings, different costs is studied
by using new numerical calculations. The study was done by assuming all three
machines are working properly, and then some of the machines stopped working.
All these calculations are done by randomly taking different machine indices. Large
calculations are done. The proposed approach can be used to study the optimization
in case of failure of few machines. Results of randomly selected operations index
when all machines working, machine-1 fails, machine-2 fails and machine-3 fails
are tabulated in Table 4.

Table 3 Part index,
operation index and machine
index for sample calculations

Part index 1 2 3

Operation index 1 2 3 4 1 2 3 1 2 3

Machine index 2 2 3 1 3 1 2 1 1 2
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4.1 Selection of Problem

A problem is selected from the work of Jian-Hung Chen and Shinn-Ying Ho, that
is from the paper titled: “A novel approach to production planning of flexible man-
ufacturing systems using an efficient multiobjective genetic algorithm” [8]. These
authors studied the manufacturing of three parts with various operations using three
machines. They minimized the objective function for a feasible manufacturing. They
defined the objective function in four parts: first part—F1: minimization of flow time,
second part—F2: minimization of unbalanced workload, in other words, the balanc-
ing of the workload, third part—F3: minimization of maximum machine workload
and the fourth—F4: minimization of tool cost.

4.2 Problem Formulation

In the present paper, we have made an attempt by considering some additional con-
straints, like all machines are working, first machine not working, second machine
not working, third machine not working, only first machine working, only second
machine working, and only third machine working. These working conditions are
considered by taking the various operational indexes on different machines by ran-
dom selection. By considering all these constraints corresponding objective function
values, that is F1, F2, F3 and F4, are calculated. Another important constraint we
have taken is a machine does not work while manufacturing a particular product,
like Machine 1 does not work while product one is manufactured, but works while
manufacturing product two and three. We have also considered other conditions,
like machine 1 completely fails, machine 2 completely fails and machine 3 fails
completely. We have studied the effect of failure of machines on objective functions
while production is going on and products are manufactured with the use of available
working machines.

4.3 When All the Machines Are Working

Results shows that operation index 1113,222,232 gives the least manufacturing time
for manufacturing of three products: operation index 1113,232,232 gives the work-
load balancing, operation index 1113,232,232 gives the minimization of workload
and operation index 1113,122,233 gives the total tool cost minimum. To meet all the
objectives, operation index 1113,232,232 appears to be better.
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4.4 When Machine-1 Fails

Results show that operation index 3333,223,223 gives the least manufacturing time
for manufacturing of three types of products: operation index 3232,231,321 gives
the workload balancing, operation index 3232,231,231 gives the minimization of
workload and operation index 2333,223,223 gives the total tool cost minimum. To
meet all the objectives, operation index 3232,231,231 appears to be better.

4.5 When Machine-2 Fails

Results show that operation index 1113,331,331 gives the least manufacturing time
for manufacturing of three types of products: operation index 1133,131,131 gives
the workload balancing, operation index 1113,331,331 gives the minimization of
workload and operation index 1113,133,133 gives the total tool cost minimum.

4.6 When Machine-3 Fails

Results show that operation index 1112,122,212 gives the least manufacturing time
for manufacturing of three types of products: operation index 1122,122,212 gives
the workload balancing, operation index 1122,122,212 gives the minimization of
workload and operation index 1112,122,212 gives the total tool cost minimum. To
meet all the objectives, operation index 1122,122,212 appears to be better.

4.7 Only One Machine Working

As the calculated results show while only one machine out of the three machines
works, M2 shows least value for F1; M3 shows least value for F2 and F3; and theM1
shows the least value for F4. Nomachine shows all the objective functions F1, F2, F3
and F4 least values. This is the complexity nature of the defined problem. Working
with only M1 is preferred when the tool cost minimization is given importance; M2
is preferred when the flow time is preferred; M3 is preferred when workload is to be
minimized. Because no single machine can minimize all the objective constraints,
it is suggested to use all the three M1, M2 and M3 machines. Working with all the
three machines is preferred for the on time completion of manufacturing is preferred
so that the products are delivered on time to the customer.
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5 Conclusions

In this paper the different operations index on machines by considering the objective
functions is identified, minimizing the total flow time, machine workload balancing,
maximum workload on machine and minimization of total tool cost. The objective
functions values calculated for randomly selected operation index sequence when all
the three machines are working, when machine-1 fails, machine-2 fails, machine-3
fails, machines 2 and 3 fail, machines 3 and 1 fail and machines 1 and 2 fail are
reported. The results show that when all the machines are working the objective
function values are better for operations indexes 1113,222,232 for manufacturing of
three parts, that is part A, B and C. From the tabulated results, it is observed that when
machine-2 fails, F1—total flow time and F2—machineworkload balancing are better
than when machines 3 or 1 fail, which means it is advisable to maintain machine-2
properly to avoid failures. F3 value that is maximum workload on machine and F4
value that is minimization of total tool cost are better when machine-3 fails than
when machines 1 or 2 are failed. It is observed from the results that any one single
operation index is not satisfying all the four objectives, however, for two objective
functions we can suggest better operation indexes. Depending upon the objective
functions we can select the operation index while doing the production planning. In
future, we are planning to develop an algorithm for identifying the better operation
index depending upon the objective function to be achieved when all machines are
working, any one machine fails and any two machines fail.
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Experimental Investigation of Ball
Burnishing Process Parameters
Optimization for Al 5083 Using Taguchi
Method

M. Jawahar, J. Suresh kumar, M. Srikiran and Shiek Ismail

Abstract The present work focuses on optimizing the newly designed ball burning
tool using Taguchi analysis method experiment on traditional lathe machine with
process parameters for burning. The test piece and ball materials used are Aluminum
Alloy 5083 with different percentages of zirconium and high carbon chromium with
6 mm diameter. The levels of parameters of the input process parameters are selected
on the basis of one element at a time of the experiment: burning feed, burning rate,
and material composition. The response parameters are hardness and roughness of
the surface. The main objective of this study is to compare surface roughness and
surface hardness values on a workpiece of 100% aluminum alloy and aluminum
(99%, 98%) with zirconium (+1%, +2%).

Keywords Ball burning tool parameters for burning · Hardness · Optimization of
surface roughness · Taguchi technique

1 Introduction

The ball burning (BB) process is a surface finishing method at room temperature
that consists of creating minor plastic deformations on the surface of a workpiece by
moving and compressing a hardball on the surface which leads to an improvement
in the physical and mechanical properties of this workpiece. As a deforming compo-
nent, this process uses a high-hardness ball to induce material from peaks to valleys
of superficial irregularities with a normal and uniform load [1, 2], as shown in Fig. 1.
The ball burning process is already well known and has recently been commonly
used as improved in the surface finishing of mechanical parts. This is because it is a
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Fig. 1 Shows the methodology of ball burning process

simple, quick, and low-cost process that makes high-quality surface finish with low
energy and little contamination of the environment. Compared to traditional meth-
ods such as grinding and thermal treatment, this results in a promising alternative.
The most popular applications of the BB process are, among other items, the manu-
facture of polymer injection molds, metal forming devices and various components
for industries such as automobile, aeronautical, railway, and aerospace. This method
induces compressive residual stress on the surface of a workpiece and thus increases
wear and tiredness resistance is shown in Fig. 2. Certain benefits provided by this
method are the high dimensional precision of the product, avoiding secondary and
costly processes (i.e., grinding, super-finishing, etc.), increasing corrosion resistance,
mending manufacturing defects and since this process does not produce metal chips,
it is known to be a safe process for the environment.

Fig. 2 Process of ball burning
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1.1 The Work Objectives

In this study, experiments will be performed to improve surface finish quality, alu-
minum alloy product removal rate 5083 with zirconium compositions’ (+1%, 2%)
low chromium and high carbon work part. The type is the tip of the ball’s nose. A
series of experiments will be carried out by varying the frequency, feed rate, and com-
position of the spindle parameters. The speed of the spindle is 97, 192, and 256 rpm.
Feed concentrations were 0.44, 0.48, and 0.56 mm/min, as well as compositions
(aluminum alloy 5083, Al 5083+Zr 1%, and Al 5083+Zr 2%).

1.2 Methodology

See Fig. 1.

2 Review of the Literature

Roller Burnishing is a process used to superfinish different components. The type
of contact between the workpiece and the tool in this technique is a line. The work-
piece rotates on the chuck, keeping the tool parallel to the workpiece’s length. Plastic
deformation of the surface of the workpiece results in a new topography. The effect
of different operating parameters such as burning power, speed, feed, roller length,
and number of passes will be investigated for better surface finish [2]. The Zirco-
nium Dioxide Particles Are Synthesized By Solution Combustion Method. The Nan
composite Materials Are Prepared By Mechanical Stir Casting Method Effect Of
Burnishing Process Parameters On Surface Quality—A Review [3] Banerjee Andrei
(2004) Mechanical Engineering Institute proceedings, part J: Journal of Engineering
Tribology. In the present age of globalization, surface performance ofmachined com-
ponents is of utmost importance for every industry. The usability and durability of the
service depend on the quality of the layer [4]. Whatever the manufacturing process
usedmay be, perfectly smooth surface development is impossible. The imperfections
and irregularities are bond that occurs on the machined components in some type of
peaks and valleys. A solid, highly polished ball or roller is used in burning to flatten
this rough peak by plastic deformation into the valleys. Burnishing is a method of
production that is very simple, inexpensive, and less chip-based.
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3 Design of Burnishing Tool in 2D Model

The decision was made to carry out the ball burning process in the present work
between two burning processes, the first and foremost work being to design and
develop the ball burning tool by selecting the appropriate materials, dimensions,
and design so that the process and tool is simpler, cheaper, and requires minimum
time consumption at minimum cost [5]. It is possible to use the method built in this
work on convection machine tools such as lathe. Figure 3 shows the tool built in this
research with interchangeable roller burning tool assembly to perform ball burning
operation. This method improves the tool’s versatility and allows all processes to be
carried out. The burning tool built in the above way consists of ball holder, square
case, lock pins and threaded lock aid, and spring components. Taking into account
the parameters to be selected and managed in the project, the tool design is made is
shown in Fig. 4.

3.1 Fabrication of Ball Burnishing Tool

HCHCR-D2 steel is High Carbon High Chromium Cold Work Steel. Performance
with highwear-resistant properties and durability is due to 0.90% vanadium addition.
It is normally an annealed supply state and will provide hardness to achieve 57–59
HRC. In the annealed condition, it can be machinable. D2 is inferior to D3 steels due
to the high properties of alloys.

Fig. 3 Interchangeable roller burning tool assembly
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Fig. 4 Fabrication of work piece

3.2 Fabrication of Work Piece

5083AluminumAlloy is an aluminumalloy,inwhich themain alloy being zirconium.
It is solid, with comparable strength to many steels, and has good strength of fatigue
and average machinability [6].

4 Stir Casting Process

Stir casting process is a quick and cost-effective liquid state manufacturing method
of metal matrix composites; in this process, aluminum alloy has been overheated to
800 °C (Fig. 5) and then the temperature is slowly lowered below the liquid tem-
perature to hold the matrix content in semi-solid condition is shown in Fig. 6.
The preheated zirconium particles are with different volume proportions at this
temperature.

Fig. 5 Placing aluminum material in sand mould and heated the material up to 760 °C
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Fig. 6 Stir casting machine

5 Experimental Investigation

The experiments are done on the Lathe machine (turning) with the following
parameters:

Cutting tool—Ball burnishing tool
Workpiece material—aluminum compositions (Fig. 7)
Feed—0.56, 0.48, 0.44 mm/min
Cutting speed—97, 192, 256 rpm,
Aluminum composition—Al, Al+1%, Al+2% zirconium.
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Fig. 7 Casting component

6 Aluminum Composition

6.1 Preparation of Workpiece for Burnishing Process
on Lathe Machine

Choose the perfect tool to conduct workpiece turning process is shown in Fig. 8.
Turning operations are conducted to decrease rod diameter and increase workpiece
surface finish. The cross slide crank now advances about 10 division’s or.010′′ (ten
one-thousandths or one-hundredth of an inch). Turn the handwheel of the wagon
counterclockwise to drive the wagon gradually toward the headstock. Keep a steady
cranking motion as the tool starts to slice into the metal to get a good even break. It
is difficult to get a smooth turn and even slice by hand. Continue to move the tool
toward the headstock until it is about 1/4′′ away from the chuck jaws. Clearly, you
want to be cautious not to let the tool reach the chuck jaws. Mark the parameters
chosen on the workpiece using marker. Nine divisions are made on each line. On
each part number of the ball burning tool passes are set as 3 passes (Table 1).
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Fig. 8 Turning process

Table 1 Constant parameters chosen for experiment

Feed rate mm/min Spindle speed rpm

0.44 97

0.44 192

0.44 256

0.48 97

0.48 192

0.48 256

0.56 97

0.56 192

0.56 256

Factors Process parameters Level 1 Level 2 Level 3

A Cutting speed 97 192 256

B Feed rate 0.56 0.48 0.44

C Al composition Al Al+Zr 1% Al+Zr 2%

Fig. 9 Surface roughness versus speed by means of keeping pressure and range of passes steady
of 100% aluminum

Feed at 0.40: surface roughness decreases with speed boom as shown in Fig. 9. At
0.48 of feed: surface roughness decreases until medium speed 192 rpm and remains



Experimental Investigation of Ball Burnishing Process … 197

consistent for good speed of 256 rpm. At zero56 of feed: surface roughness decreases
as speed increases. Feed at 0.44: surface roughness decreases as rate increases as
shown in Fig. 10. At 0.48 of feed: surface roughness decreases to a medium speed
of 192 rpm and remains steady for a good speed of 256 rpm. At 0.56 of feed: surface
roughness decreases with increased speed is shown in Fig. 11.
Hardness test results

Fig. 10 Surface roughness versus speed by keeping force, number of passes constant of 99%
Al+1% Zr

Fig. 11 Surface roughness versus speed by way of maintaining force, quantity of passes constant
of 98% aluminium+2% zirconium

Table 2 Speed vs surface roughness

0.44 97 3.85

0.44 192 3.62

0.44 256 2.9

0.48 97 3.64

0.48 192 2.70

0.48 256 2.49

0.56 97 3.50

0.56 192 2.56

0.56 256 1.72
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Hardness is a fabric feature, not an integral physical component anymore. It is defined
because the resistance to indentation is determined by measuring the indentation’s
permanent strength. Typically it is commonly used to checkmaterials that have a form
that is too coarse or have a ground that is too rough to look at the use of some other
solution, castings, and forgings. As defined in ASTME-18, the Rockwell hardness
test method is the most widely used technique for hardness testing (Table 2).

Table 3 Surface roughness versus speed by way of maintaining force, quantity of passes constant
of 98% aluminium+2% zirconium

0.44 192 2.82

0.44 256 2.31

0.48 97 3.24

0.48 192 2.50

0.48 256 2.27

0.56 97 2.63

0.56 192 2.53

0.56 256 1.98

Table 4 Surface hardness values for 100% Al

Feed rate (mm/min) Spindle speed (rpm) Rockwell Brinell
(BHN)

0.44 97 29 65

0.44 192 31 66

0.44 256 33 67

0.48 97 37 70

0.48 192 41 71

0.48 256 44 72

0.56 97 34 67

0.56 192 40 68

0.56 256 42 70

Fig. 12 Speed versus Surface Hardness
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At 0.44 of Feed: surface hardness can increase by increasing speed. At 0.48 of
Feed: surface hardness should increase by increasing speed as shown in Fig. 12. Itwill
increase periodically up to a medium speed of 192 rpm and increase to extinction at a
speed of 256 rpm. Feed at 0.56: surface hardness increases with the aid of increasing
speed. The cloth’s hardness increases by increasing pace from 97 to 256 rpm, step
by step (Tables 3 and 4).

Feed at 0.44: surface hardness increases with increasing speed. It gradually
increases from a frequency of 97 to 256 rpm. At 0.48 feed: the hardness of the
surface increases by increasing speed as shown in Fig. 13. It will rise periodically
to a moderate velocity of 192 rpm and will increase to 256 rpm to extinction. Feed
at 0.56: surface hardness will increase as speed increases is shown in Fig. 14. The
material’s hardness would gradually increase by increasing the speed from ninety
seven to 256 rpm (Tables 5 and 6).

Table 5 Surface hardness
values for 99%Al+1%Zr

Feed rate
(mm/min)

Spindle speed
(rpm)

Rockwell Brlnell (BHN)

0.44 97 29 66

0.44 192 31 68

0.44 256 33 69

0.48 97 36 70

0.48 192 41 71

0.48 256 42 72

0.56 97 35 73

0.56 192 36 74

0.56 256 38 75

Table 6 Surface hardness
values for 98% Al+2% Zr

Feed rate
(mm/min)

Spindle speed
(rpm)

Rockwell Brinell (bhn)

0.44 97 36 68

0.44 192 37 69

0.44 256 38 70

0.48 97 39 71

0.48 192 40 75

0.48 256 44 76

0.56 97 39 71

0.56 192 43 74

0.56 256 44 76
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Fig. 13 Surface hardness versus speed by preserving pressure, number of passes regular of 99%
aluminium+1% zirconium

Fig. 14 Surface hardness versus speed by keeping force, number of passes constant of 98%
aluminium+2% zirconium

7 Results and Discussions

Comparison of surface roughness: The surface roughness of a hundred percentwire
are measured with different speeds and feeds. Rate growth is observed to decrease
the workpiece’s roughness until excessive 256 rpm speed and 0.56 feed cost. The
surface roughness values are calculated with 2% zirconium and 98% aluminum by
changing the speed and feed. It is found that the surface roughness is lower at a
frequency of 97 rpm and a feed rate of 0.44. Surface roughness values at 256 rpm
and 0.56 feed are higher.

Comparison of Surface Roughness with different compositions
The surface roughness of the entire experiment is higher for 100% aluminum at 0.44
feed rate and 97 rpm feed rate and the surface roughness is reduced for composite
cloth with 98% aluminum with 2% zirconium at 0.56 feed charge and 256 rpm
level. Generally, an increase in the percentage of zirconium in the roughness of the
aluminum floor can be calculated (Table 7).
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Table 7 Comparison of surface hardness with different compositions

S. no Speed Feed 100% Al 99%l+1% Zr 98% Al+2% Zr

1 97 0.44 65 66 68

2 192 0.48 71 71 75

3 256 0.56 70 75 76

Comparison of surface Hardness
The surface hardness is measured with varying speed and feed for 100% of the
aluminum wire. It is situated that the speed increases the hardness of the surface.
The surface roughness is measured using different speeds and feeds of zirconium as
1% and aluminum as 99%. It is found that the change in velocity raises the stiffness
of the ground to a high speed of 256 rpm and a cost of 0.56
Taguchi technique
Taguchi describes a product’s quality level as the total loss suffered by society as a
result of a product’s failure to perform as desired when deviating from the overall
performance degrees of the added target. It includes expenses attributable to poor
performance, operating expenses (which change as a product ages), and any costs
incurred due to the harmful aspect of the product being used; It aid’s the performance
repair teams to succeed. Noise is any unnecessary effect that will increase due to
noises in the material or procedure system [7].
Optimization of surface roughness using minitab software material–aluminum
alloy

Fig. 15 Material–aluminum alloy with zirconium 2%
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The force values measured from the experiments and their corresponding S/N ratio
values are shown in Figs. 15, 16 and 17.

Fig. 16 Optimization of hardness using minitab software Material–aluminum alloy
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Fig. 17 Aluminum alloy with zirconium+2%

8 Conclusion

Using CREO, the ball burning method was effectively modeled. Prototype model
is used in early stage and the workpiece is also made using similar types of fabric.
For experimental analysis, the ball burnishing tool manufactured here is performed
using lathe device by different compositions of zirconium in aluminum to examine
surface roughness and surface hardness on distinctive pieces of paintings. The results
obtained from the experimental analysis really suggest that there is a boom inside the
workpiece hardness for the same values of different materials with growth within the
composition of zirconium in aluminum. From the consequences, itcan besaid that
the surface hardness values are better at a velocity of 256 rpm and feed price of 0.56.
From complete experimentation the surface hardness is lower for 100% aluminum
at 0.44 feed charge and 97 rpm velocity and surface hardness is higher for composite
material having 98%aluminumwith 2%of zirconium at feed rate of 0.56 and velocity
of 256 rpm. Overall it can be observed that growth in percentage of zirconium in
aluminum floor hardness values is improved. From whole experimentation the floor
roughness is higher for a 100% aluminum at 0.44 feed price and 97 rpm velocity
and surface roughness is decreased for composite having 98% aluminum with 2% of
zirconium at feed price of 0.56 and pace of 256 rpm.Overall itmay be determined that
growth in percent of zirconium in aluminum surface roughness values is decreased.
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Experimental Investigation on Strength
of Friction Stir Welded Al 6061-T6 Alloy
Joints with Varying Oblique Angle

D. Maneiah, K. Prahlada Rao and K. Brahma Raju

Abstract The friction stir welding, abbreviated as FSW, is an innovative solid-
state welding process widely used for welding of different metals and their alloys,
particularly aluminum and its alloys, in various industries including aerospace and
automotive. The tensile properties such as strength under tension of friction stir
butt welded joints of Al 6061-T6 alloy sheets under the variable welding (oblique)
angle 0°, 30° and 60° are experimentally investigated. The Taguchi L9 experimental
method is chosen to construct the numbers of welding experiment. The friction stir
welding is performed by considering the process parameters such as rotational speed,
tilt angle and feed. The probe is chosen as circular. The operating ranges of process
parameters are rotational speed 560, 900 and 1400 rpm, tilt angle 0°, 0.5° and 1° and
feed rate 20, 63 and 100 mm/min. The highest strength under tension is obtained
as 316 MPa, when the rotational speed is 560 rpm, tilt angle 0.5° and feed rate
63 mm/min. An empirical relationship is generated between the obtained weld joint
strength and chosen process parameters. The most effective process parameter is
suggested as rotational speed by conducting the regression and ANOVA analysis.

Keywords Friction stir welding · Tensile strength · Dye penetrant inspection ·
Rotational speed · Tilt angle · Feed
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1 Introduction

In friction stir welding the joining action is performed by rubbing of twometal sheets
together. Owing to the rubbing of two surfaces, frictional heat is generated, which is
accountable for the joining of two sheets. This welding technique is a well-organized
and controllablemethod used forweldingAl alloys, and is also environment-friendly.
In addition, flux, filler metal and inert gas are not needed. This welding technique is
an accepted and widely used technique nowadays for the joining action in various
manufacturing industries; it may be marine, aviation or other structural industrial
applications. The welding process and its process parameters have number of dif-
ferent impacts on the properties of base metal. For example, large heat input may
have direct impact upon mechanical properties of unwelded metal. High heat input
will lead to wider bead formation on the weld. Owing to various stress involved in
welding, solid-state cracks may occur when a material is unable to bear the stresses
developed by the welding process, which is explained by Liu et al. [1]. Ma et al.
[2] explored the severity of applied stress which varies with the change of welding
technique. The mechanical properties of the unwelded metal may change due to heat
produced during the welding. The impact of the individual process parameters on
the mechanical properties varies with their functions. In the friction stir welding,
the observations made are that with the high rotational speed and low rate of feed,
the heat input will increase, leading to the formation of groove, wider bead. With
high feed rate and high rotational speed, internal cracks may occur due to improper
joining, as described by Yan et al. [3]. Welding speed shows direct effect on the
strength of weld joint. Therefore, the strength of the weld joint is not only dependent
on the action and effect of individual factors but also simultaneous action and effects
of all the factors. There are various factors in the FS welding technique in which
some can be kept constant and some can vary, to produce a desired quality of weld
joint, as explained by Aliha et al. [4]. Optimization of the process parameters during
welding process is needed to check the suitability of chosen process parameters for
the FS welding of particular material of particular thickness and size. It also gives an
operating range in which the action can be performed to get the desired quality and
properties of the material. Therefore, optimization of the process and its parameters
can be performed to make the system robust, as explained by Sahu et al. [5] and Kim
et al. [6]. Padhy et al. [7] mentioned in their review paper that the important process
parameters in the FS-based welding and processing technologies are the tool rotation
speed, tool traverse speed, feed rate or plunge speed, tool geometry and tool tilt angle.
These process parameters are responsible for the generation of heat and plasticization
of material, and subsequent material transfer from the starting to the end point of
welding of two sheets. Therefore, attentive optimization of these process parameters
is mostly desirable to produce a quality weld. Rodriguez et al. [8] explained the
microstructure of the FS-welded zones that mainly constitutes re-crystallized and
rectified areas and the fine micro-structural and mechanical properties. The friction
stir technique is widely used for the metal working techniques and to a various range
of ferrous and non-ferrous materials for its welding benefits, as explained by Panda
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et al. [9]. Antony et al. [10] mentioned that the FS welding technique developed by
The Welding Institute (TWI), England, UK in 1991, is an advanced form of welding
technique. It is mostly used for the manufacturing of light weight structures. This
technique can drastically decrease the grain size, conferring tremendous super plastic
behavior of the particular Al alloys.

Nourani et al. [11] published case studies on Taguchi optimization of welding
factors using FS welding technique for the welding of Al 6061 alloy in which it
is mentioned that the welding technique which they used is easy, where a non-
consumable rotating tool with a critically prepared pin and shoulder is pushed into
the adjoined edges of the two parts to be welded and moved along the line of joint.

Ilangovan et al. [12] mention that the FS welding tool mainly performs two jobs,
that is, heating of the metal sheets and the movement of material to form the joint.
The FS welding process parameters that can be studied and optimized to enhance
the quality of the weld joint are: rotational speed (rpm), welding speed (mm/s), axial
force (KN) and tool geometry—pin length (mm); tool shoulder diameter, D (mm);
pin diameter, d (mm); tool tilt angle (°); and D/d ratio of the tool.

Elatharasan et al. [13] performed a research work on welding AA 6061-T6 alloy
sheets of thickness 6 mm. The FS welding process parameters selected are: tool rota-
tional speed, welding speed and axial force. The optimization of process parameters
is carried with the help of response surface methodology central composite design
method. Axial force is varied as 6, 8, 10 kN, welding speed 800, 1000, 1200 rpm
and traverse speed 30, 60, 90 mm/min. The mathematical model is developed and
produced with a valid regression expression for the maximum tensile strength.

The process is used successfully for the welding of the two rolled metal sheets
of Al 6061-T6 alloy of size 400 × 200 × 3 (mm). The shape of the probe which is
considered as an important factor for the research is chosen as circular. The effect of
the shape of probe on the strength of the welded joints is experimentally investigated.
The process parameters considered are: rotational speed, feed and tilt angle for the
experimental investigation. The process is optimized by following Taguchi L9 design
of experiment approach. The mechanical properties like strength under tension of
weld joint are measured. The welding is carried out by varying the weld angle at 0°,
30° and 60° to identify the effect of weld angles on the strength of the weld joint.
The concept of change of welding angle is to measure the differences in strength of
the weld joint if welded in different welding angle. Oblique position means neither
parallel nor at right angle to the line or plane, that is, slanting, slopping or at an angle
[14].

If some load is applied on a welded structure which is in different angled position,
like 0°, 30° and 60°, then in such cases the variation in the strength of weld is the
main focus of this research. The oblique angle is shown in Fig. 1. A detailed and
thorough analysis is performed and based on the result the best welding condition
and tool profile to get defect-free weld is recommended through this research. The
obtained results will be useful for the welding of other Al alloys by varying the weld
angle apart from the present Al alloy under investigation. The strength of the Al weld
joint can also be predicted following the present investigation. Further research can
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Fig. 1 Oblique angle

be carried out for the micro-structural evolution of the material under the different
variability of process and its parameters.

2 Experimental Details

The Al 6061-T6 alloy metal sheets of size 400 × 3 (mm) are received for welding.
Before welding the aluminum metal sheets are cut into the desired length by the
shearingmachine to the size of 200× 200× 3 (mm). The chemical compositions and
mechanical properties of Al 6061-T6 alloy as per the literature are given in Tables 1
and2 simultaneously. The friction stirwelding setup and circular profiledpin is shown
in Fig. 2. The Al 6061-T6 alloy friction-welded sheets at different weld angles 0°,
30° and 60° are presented in Fig. 3. As per the Taguchi L9 experimental design, nine
friction-welded joints of Al 6061-T6 alloy are produced in each experiment for the
three numbers of experiments and their tensile results are shown in Table 3. In all
the experiments, three FS welding process parameters such as rotational speed, tilt
angle and feed at three levels are taken for the welding of Al 6061-T6 alloy sheets.
Statistical software namedMinitab is used to draw a valid andmeaningful conclusion
by optimizing the FS welding process parameters. The acceptability of the achieved

Table 1 Chemical compositions of aluminum 6061-T6 (wt%)

Al Mg Si Cr Cu Fe Mn Ti Zn

95.8–98.6 0.8–1.2 0.4–0.8 0.04–0.35 0.15–0.4 ≤0.7 ≤0.15 ≤0.15 ≤0.25

Table 2 Mechanical properties of Al 6061-T6

Yield
strength

Ultimate
strength

Modulus of
elasticity

Poisson’s
ratio

Elongation Hardness
(HB)

276 MPa 310 MPa 68.9 GPa 0.33 17% 95
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Fig. 2 Friction stir welding setup and circular profiled pin

Fig. 3 Friction stir welding at weld angle 0°, 30° and 60°

relationship is evaluated using the analysis of variance technique (ANOVA). ANOVA
assists in determining the impact of each factor versus the objective function and it
also determines the total variation present in the model. In this technique F ratio
obtained using Fisher’s test is used to identify the fit of the experimental data to the
95% confidence interval statistically. The signal-to-noise ratio (S/N) determines the
robustness by identifying the control factors which can decrease the impact of noise
on the responses. Minitab determines the S/N ratio for each combination of control
factor and their levels present in the experimental design. For static experimental
design there are different S/N ratios which are termed as: larger is better, smaller is
better and nominal is the best. The formula for the larger is better S/N ratio using
base 10 log is

S/N = −10 × log(�(1/Y2)/n) (1)
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Table 3 Process parameters and response values

Friction stir welding process parameters Experiment
1

Experiment
2

Experiment
3

Welding
angle—0°

Welding
angle—30°

Welding
angle—60°

S. No. Rotational
speed
(rpm)

Tilt angle
(degree)

Feed
(mm/min)

Tensile
strength
(MPa)

Tensile
strength
(MPa)

Tensile
strength
(MPa)

1 560 0 20 213 256 200

2 560 0.5 63 171 316 167

3 560 1 100 212 243 191

4 900 0 63 140 239 92

5 900 0.5 100 161 255 105

6 900 1 20 204 220 108

7 1400 0 100 160 201 157

8 1400 0.5 20 188 111 188

9 1400 1 63 211 173 191

3 Results and Discussions

The observations made from the experiment 1, tabulated in Table 3, are when rota-
tional speed is kept constant at 560 rpm, tilt angle is changed as 0°, 0.5°, 1° and
feed is varied as 20, 63, 100 mm/min. The weld strength obtained is 213, 171 and
212 MPa. When the rotational speed increased to 900 rpm and kept constant with
varying tilt angle and feed, the tensile strength of the weld joint obtained is 140,
161 and 204 MPa. Further increase in rotational speed to 1400 rpm and with the
change in tilt angle and feed, the strength of the weld joint obtained is 160, 188
and 211 MPa. Signal-to-noise ratio for each process parameters is calculated using
the condition larger is better and the mean value of the obtained tensile strength is
tabulated in Table 4. Delta is the variability between the maximum and minimum
average response (signal-to-noise ratio and mean) for the individual factors. Ranking

Table 4 Process parameters, their S/N ratio and mean values

Level Rotational speed (rpm) Tilt angle (degree) Feed (mm/min)

S/N ratio Mean values S/N ratio Mean values S/N ratio Mean values

1 45.92 198.7 44.52 171.0 46.08 201.7

2 44.42 168.3 44.76 173.3 44.69 174.0

3 45.35 186.3 46.40 209.0 44.92 177.7

Delta 1.50 30.3 1.88 38.0 1.39 27.7

Rank 2 1 3
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of each delta value is defined in terms of largest delta value (tilt angle) is rank 1 and
smallest delta value (feed) is rank 3.

From Table 5, the regression analysis symbolizes the relationship between the
variables, that is, process parameters and responses, to predict the significant effect
of process parameters on the response. The F value explains the significance of the
process parameters on the tensile strength, such as rotational speed (0.23) represents
to be more significant than feed (1.66) and tilt angle (3.92). The ‘P’ value is the
probability of getting the obtained results. Rotational speed 65.2% (0.652) illustrates
the high impact on the tensile strength than by other parameters, tilt angle 10%
and feed 25%. The response surface plots is a three-dimensional image of acquired
strength of the weld joint and preferred process parameters such as rotational speed,
tilt angle, feed, as shown in Fig. 4. The regression expression shown in Eq. 2 can be
used to predict the tensile strength (TS) of friction stir Al 6061-T6 alloy joints and
is given by:

TS = 194.7−0.0109 × Rotational speed + 38.0 × Tilt angle−0.309 × Feed (2)

The observations made from the experiment 2, tabulated in Table 3, are that when
the rotational speed is maintained constant at 560 rpm, tilt angle is varied as 0°, 0.5°,

Table 5 Regression Analysis: tensile strength versus rotational speed, tilt angle, feed

Sources Degrees of
freedom

Adjusted sum
of square

Adjusted mean
square

F-value P-value

Regression 3 3212.8 1070.9 1.94 0.242

Rotational
speed

1 127.2 127.2 0.23 0.652

Tilt angle 1 2166.0 2166.0 3.92 0.105

Feed 1 919.6 919.6 1.66 0.254

Error 5 2765.4 553.1

Total 8 5978.2

Fig. 4 Response surface plot between rotational speed (a), tilt angle (b) and feed (c) versus obtained
tensile strength of weld joints (C4)
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1° and feed is varied as 20, 63, 100 mm/min, the weld strength obtained is 256, 316
and 243 MPa. When the rotational speed changed to 900 rpm and kept constant with
varying tilt angle and feed, the tensile strength of the weld joint gained is 239, 255
and 220 MPa. Further increase in rotational speed to 1400 rpm and with the change
in tilt angle and feed, the strength of the weld joint achieved is 201, 111 and 173MPa.
Signal-to-noise ratio of each factor is calculated using the condition larger is better,
and the mean value of the obtained tensile strength is tabulated in Table 6. Ranking
of each delta value is defined in terms of largest delta value (rotational speed) is rank
1 and smallest delta value (tilt angle) is rank 3.

The F value in the regression analysis Table 7 expresses the significance of the
process parameters on the tensile strength, such as tilt angle (0.57) represents to
be more significant than feed (2.13) and rotational speed (17.85). The ‘P’ value is
the probability of getting the achieved results. The rotational speed 48.5% (0.485)
explains the high impact on the tensile strength than by other parameters, tilt angle
0.8% and feed 20%. The response surface plots, which are three-dimensional images
of obtained strength of the weld joint and selected process parameters such as rota-
tional speed, tilt angle and feed, are revealed in Fig. 5. The regression expression
revealed in Eq. 3 can be used to guess the tensile strength (TS) of friction stir Al
6061-T6 alloy joints, and is given by:

Table 6 Process parameters, their S/N ratio and mean values

Level Rotational speed
(rpm)

Tilt angle (degree) Feed (mm/min)

S/N
ratio

Mean
values

S/N ratio Mean values S/N ratio Mean values

1 48.62 271.7 47.27 232.0 45.31 195.7

2 47.52 238.0 46.34 227.3 47.44 242.7

3 43.91 161.7 46.44 212.0 47.30 233.0

Delta 4.71 110.0 0.92 20.0 2.13 47.0

Rank 1 3 2

Table 7 Regression Analysis: tensile strength versus rotational speed, tilt angle, feed

Sources Degrees of
freedom

Adjusted sum
of square

Adjusted mean
square

F-value P-value

Regression 3 21,675.4 7225.1 6.85 0.032

Rotational
speed

1 18,827.3 18,827.3 17.85 0.008

Tilt angle 1 600.0 600.0 0.57 0.485

Feed 1 2248.1 2248.1 2.13 0.204

Error 5 5274.1 1054.8

Total 8 26,949.6
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Fig. 5 Response surface plot between rotational speed (a), tilt angle (b) and feed (c) versus obtained
tensile strength of weld joints (C4)

TS = 330.7 − 0.1326 × Rotational speed − 20.0 × Tilt angle + 0.483 × Feed
(3)

The observations made from the experiment 3, tabulated in Table 3, are when
rotational speed remained constant at 560 rpm, tilt angle is altered as 0°, 0.5°, 1°
and feed is varied as 20, 63, 100 mm/min, the weld strength gained is 200, 167 and
191MPa.When the rotational speed is increased to 900 rpm and remained invariable
with varying tilt angle and feed, the tensile strength of the weld joint achieved is 92,
105 and 108 MPa. Further increase in rotational speed to 1400 rpm and with the
altering tilt angle and feed, the strength of the weld joint gained is 157, 188 and
191 MPa. Signal-to-noise ratio for each process parameters is determined using
the condition larger is better and the mean value of the obtained tensile strength is
tabulated in Table 8. Ranking of each delta value is defined in terms of largest delta
value (rotational speed) is rank 1 and smallest delta value (tilt angle) is rank 3. The F
value in Table 9 illustrates the significance of the process parameters on the tensile
strength, such as rotational speed (0.00) symbolizes to be more significant than feed
(0.12) and tilt angle (0.10). The ‘P’ value is probability of receiving the gained results.
The rotational speed 94.9% (0.00) shows the high impact on the tensile strength than
by other parameters, tilt angle 76% and feed 74%.

Table 8 Process parameters, their S/N ratio and mean values

Level Rotational speed (rpm) Tilt angle (degree) Feed (mm/min)

S/N ratio Mean values S/N ratio Mean values S/N ratio Mean values

1 45.37 186.0 43.07 149.7 44.06 165.3

2 40.12 101.7 43.45 153.3 43.12 150.0

3 45.01 178.7 43.97 163.3 43.32 151.0

Delta 5.24 84.3 0.90 13.7 0.94 15.3

Rank 1 3 2
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Table 9 Regression analysis: tensile strength versus rotational speed, tilt angle, feed

Sources Degrees of
freedom

Adjusted sum
of square

Adjusted mean
square

F-value P-value

Regression 3 618.1 206.03 0.07 0.971

Rotational
speed

1 12.6 12.55 0.00 0.949

Tilt angle 1 280.2 280.17 0.10 0.764

Feed 1 325.4 325.37 0.12 0.746

Error 5 13,912.1 2782.43

Total 8 14,530.2

Fig. 6 Response surface plot between rotational speed (a), tilt angle (b) and feed (c) versus obtained
tensile strength of weld joints (C4)

The response surface plots are three-dimensional images of acquired strength of
the weld joint and selected factors such as rotational speed, tilt angle, feed, which are
shown in Fig. 6. The regression expression shown in Eq. 4 can be used to forecast
the tensile strength (TS) of friction stir Al 6061-T6 alloy joints, and is given by:

TS = 156.6 − 0.0034 × Rotational speed + 13.7 × Tilt angle − 0.184 × Feed
(4)

4 Conclusion

In the case of experiment one, the highest tensile strength of 213 MPa was obtained
when the rotational speed is 560 rpm, tilt angle 0° and feed 20 mm/min. In the case
of experiment two, the highest tensile strength of 316 MPa was obtained when the
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rotational speed is 560 rpm, tilt angle 0.5° and feed 63 mm/min. In the case of exper-
iment three, the highest tensile strength of 200 MPa is obtained when the rotational
speed is 560 rpm, tilt angle 0° and feed 20 mm/min. An empirical relationship is
formed to predict the tensile strength of friction stir welding of Al 6061-T6 alloy
joints using Taguchi L9 experimental approach. The developed relationship is used
to forecast the strength of friction stir welding of Al 6061-T6 alloy. The process
parameter rotational speed has more effect than tilt angle and feed on the strength of
the weld joint.
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A Comparative Study on Performance
of 3D-Printed EDM Electrode
with Conventional EDM Electrode

L. Mahipal Reddy, L. Siva Rama Krishna, S. Sharath Kumar
and P. Ravinder Reddy

Abstract Electro Discharge Machining (EDM) is an unconventional machining
process used to make hard metal tools and complex shapes, which are difficult to
machine by the conventional machining process. Additive manufacturing is the pro-
cess of creating a 3D object from a CAD Model by adding one layer over another
layer. In this work, it is proposed to fabricate an EDM electrode using Direct Metal
Laser Sintering (DMLS) 3D printing process and compare its performance with
conventional EDM electrodes in terms of Material Removal Rate (MRR), Tool Wear
Rate (TWR), and surface finish. The material used for printing the EDM electrode
is aluminum AlSi10 Mg and it is proposed to print it on the Direct Metal Laser
Sintering 3D Printing machine. The workpiece material used for the EDM process
is steel alloy 681-08 of grade D3. The experiment is conducted on EDM with the
DMLS electrode and conventional electrode by varying the peak Current (I), Pulse
on time (T on), and Pulse off time (T off). A comparison of MRR, TWR, and surface
roughness is made varying the above-mentioned parameters.
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1 Introduction

EDM is the best unconventional machining process by generating spark with the
help of electrical energy and removal of material is due to thermal energy. The tool
and workpiece material should consist of electrically conductive materials in order
to machine on EDM.

Direct Metal Laser Sintering (DMLS) is used to melt and fuse the metallic power
by using high-intensity laser. The process starts by designing a 3D CAD model that
is converted into.stl format, which converts the data into 2D layers, i.e., 20 to 100
µmmicrometers. The DMLS machine uses Yb-fiber optic laser by 200 watts power.
To machine on DMLS, the material must be in the form of fine powder (atomized
form). The synthesizedmaterials presently used for DMLS areAlSi10Mg, Ti6Al4V,
Inconel 625 and 718 and various grades of stainless steel.

2 Literature Review

L.Mahipal Reddy et al. [1] made an attempt to estimate the electrical conductivity of
ABS and PLABased EDMElectrode Fabricated by using FDM 3D printing process.
ABS and PLA are themost popularmaterials used in the FDMprocess. Azhar Equbal
[2] explains the electroless coating of ABS (acrylonitrile–butadiene–styrene) parts
on surfaces. Cu deposition technique by two acidic containers is done and compared
with their electrical performance. D. Fefar Savan [3] explained the FDM-based ABS
electrode metallization by electroless copper coating to get conductivity. Fred L.
Amorim et al. [4] focused on the investigation of direct production of EDM elec-
trodes through selective laser sintering process using a new metal matrix composite
material made of molybdenum and a copper–nickel alloy. The optimization of the
main SLS parameters on the densification behavior and porosity is experimentally
studied. Fred L. Amorim et al. [5] conducted the experiments on the performance of
EDM electrodes made by SLS using the materials pure copper, bronze–nickel alloy,
copper/bronze–nickel alloy, and steel alloy powders. Vijay Kumar Meena and Naga-
hanumaiah [6] have investigated DMLS electrode feasibility and also optimized the
parameters of EDM. The experimental results show that the gray relational approach
can be quantified and controlled effectively of the performance characteristics of the
DMLS EDM electrode. Brent E. Stucker [7] explained the production of electrical
discharge machining electrodes using SLS: Preliminary results have been obtained
John kechagias et al. [8] gave a review of the EDM electrodes manufacturing using
the rapid tooling techniques and also explained that Rapid Tooling (RT) is a new tech-
nology which uses rapid prototyping models to reduce the time and cost of tool man-
ufacturing. Nayan Patel [9] reviewed and explained the performance improvement
of EDM by alternate electrode materials like copper, tungsten, brass and composite
electrodes. Azhar Equbal et al. [10] explained the possibilities of making of EDM
electrodes by using RP techniques with complex shapes in less time and low-cost
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high potential. Those materials can be conductive or nonconductive. Saumya Darsan
Mohanty and Ramesh Chandra Mohanty [11] studied the highlights of multiobjec-
tive optimization problem by using utility concepts coupled with Taguchi method
through a case study in EDM of D2 steel by using electrode manufactured by DMLS
process. The Taguchi method is useful and efficient to solve a multi-response opti-
mization problem. C. Mathalai Sundaram [12] focused on the fabrication of metal
matrix composite electrode by mixing the powder with TiC and WC. The optimiza-
tion of parameters is done on EDM. Samuel M. Allen and Emanuel M. Sachs [13]
investigated the manufacturing of the EDM electrode using the RP technique based
on electroless plating and electroforming.

3 Problem Statement

The aim of this work is to compare the performance of 3D-Printed EDM Electrode
with the Conventional EDM Electrode in terms of the MRR, TWR, and Surface
Roughness of Electrode by varying the parameters like Current, Pulse on time, and
Pulse off time. It is proposed to fabricate the conductive material EDM electrode
by using the DMLS process by EOS aluminium material. It is an aluminum alloy in
fine powder form, which has been specially optimized for processing on EOSINTM
systems and then compared with the conventional aluminum electrode.

4 Research Methodology

4.1 Modeling of EDM Electrode

The dimensions of the tool are length 50 mm and diameter 10 mm, which were taken
based on the literature. The EDMelectrode is modeled using Creo Parametric Design
software as per the dimensions, then thefile is exported into.stl format. Figure 1 shows
the EDM electrode modeled in Creo software.

4.2 Fabrication of EDM Electrode

The metal-based electrode is manufactured using DMLS 3D printing process by
EOSINT M280 which shown in Fig. 2. The material used to fabricate the EDM
electrode is AlSi10 Mg, which is specially optimized for EOSINT M280 Machine.
Figure 3 represents the EDM electrode fabricated by DMLS.
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Fig. 1 3D CAD Model of EDM electrode

Fig. 2 EOSINT M280

Fig. 3 EDM electrode by
DMLS
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Table 1 Input parameters Current
(Amps)

Ton
(µs)

Toff
(µs)

3 100 50

6 200 100

9 500 200

4.3 Experimental Investigation

The experiments were conducted on the EDMmachine using 3D-printed EDM elec-
trode and a conventional EDM electrode. The EDM tests were carried out by varying
the three parameters for machining time of 10 min i.e., input current, pulse on time
(T on), and pulse off time (T off). Table 1 shows the input parameters.

The tool materials used for EDM machining are AlSi10 Mg as DMLS electrode
and Al HE30 as the conventional electrode. The workpiece material used is steel
alloy 681-08 of grade D3, which are cold work tool steels characterized by high
carbon and high chromium content, which exhibits high resistance to abrasion. The
applications for D3 steel are blanking and forming dies, press tools, punches, and
bushes.

4.4 Measurements of Responses

Digital balancewith a precision of 0.01 gm is used toweigh electrodes andworkpiece
before and after EDM machining. The material removal rate and surface roughness
are calculated using Eqs. 1 and 2, respectively.

MRR = Wbm −Wam

t
gm/min (1)

TWR = Wbm −Wam

t
gm/min (2)

where Wbm = weight of tool/material before machining
Wam = weight of tool/material after machining
T = machining time (10 min).
The surface roughness is measured on the workpiece machined with DMLS

aluminum electrode and conventional aluminum electrode with the help of Taylor
Hobson Precision Surtronic 3+ surface roughness tester.



222 L. Mahipal Reddy et al.

5 Results and Discussions

Electrical DischargeMachining is done on steel alloy 681-08 according to the exper-
imental setup. By varying process parameters current, pulse on, and pulse off time on
performance measures the material removal rate and tool wear rate using DMLS 3D-
printed Al electrode and conventional Al electrode are tabulated. Table 2 represents
the material removal rate and tool wear rate.

Table 2 MRR and TWR values for various levels

Sl. No. Current (I) amps TON µS TOFF µS MRR (gm/min) TWR (gm/min)

DMLS C-Al DMLS C-Al

1 3 100 50 0.001 0.001 0.001 0.002

2 3 100 100 0.003 0.002 0.002 0.001

3 3 100 200 0.002 0.005 0.001 0.001

4 3 200 50 0.003 0.006 0.001 0.001

5 3 200 100 0.001 0.006 0 0.003

6 3 200 200 0.004 0.007 0.001 0.002

7 3 500 50 0.012 0.007 0.001 0.001

8 3 500 100 0.01 0.005 0.003 0.002

9 3 500 200 0.006 0.007 0.001 0.001

10 6 100 50 0.028 0.011 0.002 0.004

11 6 100 100 0.009 0.006 0.006 0.002

12 6 100 200 0.014 0.032 0.004 0.001

13 6 200 50 0.02 0.027 0.005 0.003

14 6 200 100 0.01 0.002 0.005 0.003

15 6 200 200 0.014 0.011 0.001 0.002

16 6 500 50 0.037 0.037 0.006 0.005

17 6 500 100 0.068 0.049 0.012 0.005

18 6 500 200 0.060 0.048 0.012 0.003

19 9 100 50 0.055 0.011 0.011 0.004

20 9 100 100 0.042 0.035 0.01 0.008

21 9 100 200 0.016 0.025 0.002 0.005

22 9 200 50 0.043 0.037 0.011 0.007

23 9 200 100 0.013 0.008 0.007 0.003

24 9 200 200 0.038 0.023 0.005 0.004

25 9 500 50 0.088 0.089 0.012 0.011

26 9 500 100 0.092 0.089 0.014 0.012

27 9 500 200 0.085 0.015 0.011 0.01
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The comparison graphs are plotted for maximum MRR and TWR obtained from
Table 2. The graphs are plottedMRRversusCurrent andTWRversusCurrent (Figs. 4
and 5).

From the above graphs, it is observed that as the current increasesmaterial removal
rate and tool wear rate is increased. TheMaximumMaterial Removal (MRR) rate for
DMLS and conventional electrodes is found to be 0.092 gm/min and 0.089 gm/min,
respectively, at 9 amps current, pulse on time (T on) 500 µs, pulse off time (T off)
100 µs. Similarly, the maximum Tool Wear Rate (TWR) for DMLS tool and con-
ventional electrodes is found to be 0.014 gm/min and 0.012 gm/min, respectively, at
9 amps of current, pulse on time (T on) 500 µs, pulse off time (T off) 100 µs.

The surface roughness values are measured by using Taylor Hobson precision
Surtronic 3+ profilometer. The surface roughness is measured for the maximum
material removal rate obtained at the different parameters of current, i.e., are 3, 6,
and 9 amps. Table 3 shows the surface roughness (Ra) measurements.

Fig. 4 Comparison graph of
MRR

Fig. 5 Comparison graph of
TWR

Table 3 Surface roughness
measurements

Sl. No. DMLS tool electrode in
µm

C-Al tool electrode in
µm

1 2.5 2.3

2 4.2 4.4

3 6.2 5.0



224 L. Mahipal Reddy et al.

Fig. 6 Comparison of
surface roughness
measurements

Figure 6 above shows the comparison graph of surface roughness measurements
for both the electrodes. It is observed that as current increases surface roughness
increases linearly.

6 Conclusions

The aim of this paper is to compare the performance of a 3D-printed EDM elec-
trode with the conventional EDM electrode in terms of MRR, TWR and Surface
Roughness. The following conclusions can be made from the results.

• For the metal-based 3D printed EDM electrode, it has been observed that the
Maximum Material Removal (MRR) rate for DMLS and conventional electrodes
are found to be 0.092 gm/min and 0.089 gm/min respectively at 9 amps Current,
Pulse on time (T on) 500 µs, Pulse off time (T off) 100 µs. Similarly, the maximum
Tool Wear Rate (TWR) for DMLS tool and conventional electrodes is found to be
0.014gm/min and 0.012gm/min, respectively, at 9 amps of current, pulse on time
(T on) 500 µs, pulse off time (T off) 100 µs.

• It has beenobserved that theDMLSelectrode has amore averageMaterialRemoval
Rate (MRR), i.e., 0.0277 gm/min than the conventional electrode which is 0.0255
gm/min. The average Tool Wear Rate (TWR) of DMLS tool electrode is 0.0577
gm/min while for conventional electrode it is found to be 0.0037 gm/min.

• The maximum surface roughness of DMLS and conventional electrode is found
to be 6.2 µm and 5.0 µm, respectively, at 9 amps of current. The average surface
roughness obtained for the DMLS electrode (4.2 µm) is more when compared to
the conventional electrode (3.9 µm).
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Effect of High-Power Intensity
on Corrosion Behaviour
of Aluminium—Steel Dissimilar Joints
Made by Electron Beam Welding

S. Sai Sravanthi and Swati Ghosh Acharyya

Abstract The automotive sector is keen on using lightweight components with alu-
minium–steel joints since it leads to reduced fuel consumption and lowered CO2

emission. However, huge variations in the metallurgical properties of aluminium
and steel and the use of high energy beam processes such as electron beam welding
for fabrication challenge the durability of the resultant joints obtained. The present
work establishes the effect of high heat input applied during electron beam welding
on the corrosion resistance of 5052 Al–galvanized mild steel lap joints. The study
includes microstructural characterization of the weld interfaces using scanning elec-
tron microscope (SEM), hardness measurement near the interfacial regions using
Vickers’s hardness tester. Results indicated the generation of Al–Fe intermetallic
layer at the weld bead–mild steel interface whose width ranged between 2.8 and
10.5 µm from head to foot regions. The composition of the layer was confirmed by
the elemental analysis that was done on the layer by Energy Dispersion Spectroscopy
which was attached to SEM. The layer had shown a severe impact on the corrosion
resistance of the joints when exposed to nitric acid for 24 h following ASTM G 67-
04. The joints experienced de-bonding at the interface and have undergone a huge
weight loss of 38.9 mg.

Keywords Corrosion · Dissimilar welds · Electron beam · Hardness · Interface

1 Introduction

The concept of light-weighting the automotive components has becomeagreat deal of
interest in the present times since it plays a key role in fuel conservation. Hence, auto-
motivemanufacturers have started to replace the steel parts with lightweight alloys of
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Aluminium and Magnesium. For this purpose, fusion hybrid blanks of Aluminium-
steel are being fabricated. However, Aluminium–steel joining is a challenging job
due to the huge variation in their metallurgical properties.

1.1 Literature Review

According to the literature reports, dissimilar weld fabrication was previously
attempted by using various joining technologies such as Gas Metal Arc Welding
(GMAW), Tungsten Inert Gas Welding (TIG), Laser Beam Welding (LBW), etc.
[1–7]. Milani et al. analyzed the influence of filler wire feed rate on the properties
of Al–steel MIG-braze joints [4]. Similarly, Taban et al. made a comparative study
of Al–steel joints fabricated by various arc welding processes [5]. Aluminium–steel
joining results in the formation of several Al–Fe intermetallic compounds (IMCs)
due to the difference in their solid solubilities. In addition to the variation in their
properties, use of high energy beam processes such as electron beam welding results
in the involvement of high power density duringwelding,which results in severe dete-
rioration of mechanical properties and corrosion resistance of the fabricated welds.
However, very limited research is available on aluminium–steel dissimilar joints fab-
ricated using electron beam welding [8–11]. Wang et al. studied the effect of beam
deflection on electron beam welds of Aluminium and steel [9]. Whereas; T. Wang
et al studied the influence of varied beam current on the integrity of Aluminium–Steel
welds [10].

The authors had previously reported the corrosion behaviour of Aluminium–mild
steel dissimilar welds joined by GMAW-brazing and Cold Metal Transfer processes
[12, 13]. In the present work, the authors have explained the result of using high
voltage, current and welding speed on the corrosion behaviour of 5052 Aluminium-
galvanized mild steel electron beam welds.

2 Materials and Methodology

The electron beamwelds of 5052 Aluminium-galvanized mild steel were prepared in
lap joint configuration and the schematic is shown in Fig. 1. The base metal plates of
Aluminium alloy and steel were thoroughly machined and each plate was sectioned
to 100 × 75 × 1.5 mm dimensions, followed by thorough surface cleaning with
acetone to get rid of the impurities. A support plate was clamped in butt configuration
in right angles with the mild steel plate that was already placed on the welding table.
Aluminium plate was positioned above the support plate and was tightly clamped by
means of the equipment’s vision system to maintain regular lap distance throughout
the joint length. The processing parameters applied for welding of these joints were
carefully chosen from the literature [14–16] and are given in Table 1.
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Fig. 1 Schematic of the electron beam welding setup of 5052 Aluminium-Galvanized mild steel
lap joint

Table 1 Processing parameters used for electron beam welding

Sample ID Welding parameters

Weld current (mA) Voltage (kV) Weld speed
(mm/min)

Heat input (J/mm)

Sample A 23 60 1000 82.799

2.1 Sample Preparation

Prior to the microstructural characterization, the weld sample was cut to 25 mm ×
3.5 mm dimensions along the cross section of the weld plate and was subjected to
the metallographic polishing by means of emery papers of grades 320, 550, 700, and
1000 which was followed by fine polishing with Alumina powder of grades A and
B. Later, the weld sample was etched with Keller’s reagent at the interfacial regions
of weld bead–mild steel and weld bead–5052 Aluminium, respectively, to observe
the microstructure.

2.2 SEM and EDX

The microstructural characterization of the sample was done along the cross section
at the weld interfaces using Scanning Electron Microscope (SEM) with Energy Dis-
persion Spectroscopy (EDS) attached to it. The EDS equipment was used for the
elemental composition evaluation at the weld bead–5052 Al and weld bead–steel
interfaces.
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Fig. 2 Schematic of the
cross section of weld sample
showing the head and foot
regions of the weld
bead—mild steel interface
and the hardness profile
taken

2.3 Hardness Measurement

Vickers’s microhardness tester was used to take the hardness profile near the weld
interfacial regions as shown in Fig. 2. A dwell time of 15 s was maintained with a
load of 100 gm applied on the weld sample.

*(1): weld bead–mild steel interface
(2): intermetallic layer region
(3): weld bead region
(4): weld bead–Al alloy interface
(5) Al alloy.

2.4 Corrosion Testing

The weld sample was exposed to nitric acid as part of the nitric acid mass loss test,
which is generally conducted to evaluate the intergranular corrosion behaviour of
Aluminium alloys. The test was done as per ASTM G 67-04 [17]. The authors have
performed this test onGMAW-braze joints of 6061Al–mild steel to observe the inter-
granular corrosion behaviour at the joint interfaces. As per the test, microstructural
features and weight loss of the weld sample were recorded every time after exposing
the weld sample in 5 wt% caustic soda for 60 s at 80 °C exposing to nitric acid for
30 s and 24 h, respectively.

3 Results and Discussion

3.1 Microstructural Evaluation

The fabrication of dissimilar joints of mild steel and 5052 Aluminium resulted in the
generation of two interfaces, viz., (1) weld bead–mild steel interface and (2) weld
bead–5052 Al interface. The weld bead–mild steel interface is further classified into
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head and toe regions as we proceed from the initial point to the final point of the
IMC layer along the cross section as shown in Fig. 2.

3.1.1 Weld Bead–Mild Steel Interface

The cross-sectional micrographs of the weld sample in as-received condition are
given in Fig. 3. The micrograph had shown the IMC layer formation with a thickness
ranging between 2.85 and 10.5 µm from head to toe region. The layer thickness
was found to be higher in the toe region because of greater heat intensity. At higher
heat intensities, more amount of Aluminium is diffused from 5052 Al alloy to Fe
of galvanized mild steel, leading to the generation of more number of intermetallic
layers. As a result, the thickness increased. Crack formation was evident near the
intermetallic layer region of the weld bead–mild steel interface because of tensile
residual stresses that are generated due to heat intensity variation from head to toe
region. This leads to distortion of weld and as a result, cracks were evidenced in the
interfacial regions.

(a) EDX Analysis

The chemical composition was analyzed in the IMC layer area of weld bead–mild
steel interface at both head and toe regions as indicated in Fig. 3. The EDX spectra
confirmed the composition of the IMC layer in both the regions of the weld sample
as shown in Fig. 4. Zinc entrapment was evident in the foot region of the weld sample
as shown in Fig. 4(b). When a high-energy beam such as an electron beam is incident
on the weld sample, the surface temperature of the steel is instantly increased which
results in Zinc coating evaporation. When Zinc vapors lack time to escape they get
settled either at head or toe regions of the weld bead, finally leading to porosity [12,
13].

Fig. 3 As-received micrographs of 5052 Al–mild steel weld sample showing cracks in the weld
bead–mild steel interface at a head region and b foot region of the IMC layer
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Fig. 4 EDX spectra at a head region and b foot region of the weld bead-mild steel interface

Fig. 5 Micrograph of weld bead–aluminium interface in the as-received condition

3.1.2 Weld Bead–5052 Al Interface

The weld bead had shown the formation of long, needle-shaped Al–Fe particles
randomly distributed throughout the matrix. Whereas 5052 Al alloy region near
the weld bead–Aluminium interface was characterized by the formation of Al–Mg
precipitates. Grain coarsening was observed in the weld zone of 5052 Al near the
interface. High heat input can cause the expansion of grains in the weld zone [18].

(a) EDX Analysis

The EDX analysis at the regions (1) and (2) indicated in Fig. 5 confirmed the forma-
tion of Al–Fe particles in the weld bead and Al–Mg precipitates in 5052 Al near the
interface. Figure 6 gives the EDX spectra at the weld bead–Aluminium interface in
the regions indicated in Fig. 5.
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Fig. 6 The EDX spectra of regions (1) and (2) of weld bead–5052 Al interface of the weld sample

3.2 Hardness Measurement

As shown in Fig. 7, the weld sample was evidenced by high hardness in the interfacial
areas of weld bead–mild steel and weld bead–Aluminium alloy which confirms
the formation of a higher volume fraction of intermetallics when compared to the

Fig. 7 Plot showing the Vickers’s hardness profile along the cross section of the weld sample
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Fig. 8 Micrographs of the weld sample at a head region and b toe region after exposing to nitric
acid for 30 s

respective base metal regions of steel and 5052 Al. The average hardness at the
weld bead–mild steel interface (IMC layer region) was 264 VHN and at weld bead–
Aluminium interface was 232 VHN respectively. As shown in the figure, the weld
bead region had also shown high hardness because of the presence of Al–Fe particles
and Al–Mg precipitates.

3.3 Corrosion Testing

3.3.1 Weld Bead–Steel Interface

When theweld samplewas exposed to 5wt% caustic soda for 60 s, nomicrostructural
changes were observed at the weld bead–mild steel interface but a weight loss of
14.3 mg was recorded. The micrographs at the head and toe regions of the weld
sample after exposing to nitric acid for 30 s are given in Fig. 8. The micrographs
have shown a gradual dissolution of the IMC layer in both regions thereby, initiating
a gap at the interface. The layer dissolution was more in the toe region and hence the
gap was also found to be high. Higher is the thickness of the IMC layer, greater will
be the corrosion attack since IMC area is highly anodic in nature.

When the sample was exposed to nitric acid for 24 h, a complete dissolution of
IMC layer had taken place at weld bead–mild steel interface, which finally resulted
in the interfacial de-bonding as shown in Fig. 9.

3.3.2 Weld Bead–5052 Al Interface

Exposing the weld sample to caustic soda resulted in the generation of spherical
voids near the weld bead–5052 Al interface. This is because of the damage of the
oxide layer on the surface of Al alloy on its reaction to caustic soda. The authors
have explained about this reaction in detail while evaluating the corrosion resistance



Effect of High-Power Intensity on Corrosion Behaviour of Aluminium … 235

Fig. 9 Micrograph showing de-bonding at the weld bead-mild steel interface on exposing the
sample to nitric acid for 24 h

of MIG-braze joints of 6061 Al–mild steel [12]. The voids remained on the interface
after exposing the sample to nitric acid for 30 s as shown in Fig. 10(a). The voids
were found to contribute to the initiation of intergranular corrosion at the weld bead–
5052 Al interface. Similarly, immersion of the weld specimen in nitric acid for 24 h
resulted in intergranular corrosion at the interface as shown in Fig. 10(b).

The weight loss experienced by the weld sample after each test is given in Table 2.
The weight loss after exposing the sample to caustic soda occurred in the sample

Fig. 10 Micrographs of the weld sample after immersing in nitric acid for a 30 s and after b 24 h
exposure at weld bead–5052 Al interface

Table 2 Weight loss details of the weld sample during nitric acid mass loss test

Weight loss in the weld sample

Weight loss after
NaOH test (mg)

Weight loss after
HNO3 (30 s) test
(mg)

Weight loss after
HNO3 (24 h) test
(mg)

Total weight loss
(mg)

14.3 ± 0.3 9.5 ± 0.6 15.1 ± 0.9 38.9
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due to the damage of protective oxide film on the aluminium alloy surface. The
reaction between nitric acid and Fe of steel leads to the formation of iron nitrate,
which contributed to a faster dissolution of steel. Hence, weight loss was high in the
weld sample when exposed to nitric acid. As shown in Table 2, the weld sample had
experienced an overall weight loss of 38.9 mg after nitric acid mass loss test.

4 Conclusions

Fabrication of Aluminium alloy–mild steel dissimilar joints is a challenging task
unless the weld processing parameters are carefully optimized. The following
conclusions can be made out of this study.

1. The IMC layer thickness had increased from head to toe region in the weld
specimen due to a gradual increase in the heat intensity.

2. High hardnesswas observed at theweld interfaceswhich confirmed the formation
of several Al–Fe intermetallics at weld bead–mild steel interface and Al–Mg
precipitates at weld bead–5052 Al interface.

3. Higher hardness results in a greater corrosive attack. This resulted in high
corrosion at weld interfaces.
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Evaluation and Impacts on Mechanical
Behavior of Friction Stir Welded Copper
2200 Alloy

L. Srinivas Naik and B. Hadya

Abstract In the recent years, friction stir welding (FSW) is playing vital role in
automobile and aerodynamic industrial applications. Butt joint configuration is the
mainstream of FS welding. In this research work, copper alloys are used for anal-
ysis and evaluation by FS welding. The endeavor of this work is to find out the
achievability of FS welding process by welding pair of copper plates and study the
consequences on the physical properties and mechanical characteristics of welded
joints. These geometries are used comprehensively in aerodynamic vehicles, in naval
vessels,marines. Since of itsweakweldability, it is not comprehensively used in auto-
mobile industries. To conquer this barrier, weldability analysis is carried out with Cu
2200 copper alloys using a high-speed steel H13 tool. On further attempts, investi-
gations conceded an influence of elevated revolving speed of tools 900 rpm, axial
force 5KN, and welding feed 31.25 mm/sec on tensile strength of 254.25 N/mm2,
hardness of 451HRB, and impact test of 34 J of copper alloys joint. Vertical milling
machine (VMM) is used for conducting experiments. Determining the good tensile
strength is main aim of investigation. The end results show that axial load and tensile
strength are inversely related, whereas if tool rotating speed and welding velocity
increase, the tensile strength increases.

Keywords Friction stir welding (FSW) · Copper alloy · Tensile strength ·
Mechanical properties · Rotational speed
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1 Introduction

At present days, researches are focusing on development of rapid and eco-friendly,
pleasant processes in manufacturing industries and in this view FS welding pro-
cessing has become prominent. FSW is a solid-state welding process which was
originated and developed by The Welding Institute (Cambridge, UK) in 1991 [1–3].
The FSW technology is creature beleaguered by contemporary aircraft fabrication for
high execution configurationally applications. FS welding strongly diminishes resid-
ual stresses and also dwindles the occurrence of distortions correlated to conventional
welding techniques [4]. FSW technology requires rigorous understanding procedure
and subsequent mechanical properties of welds that can be used in the fabrication of
components for aerodynamic applications [5]. In this process, a revolving tool drives
into the plate material and translated along coalition of pair welded plates. The mate-
rial gets heated by abrasion and extruded around tool and tool shoulder produces
large pressure which forges the material. FSW has several advantages, for instance,
esteemed repeatability, quality joints, minimum energy process essentials, precise
external control, and no need for extraordinary preparation of samples, low formation
of solid waste or air pollution, and eco-friendly [6, 7]. Moreover, this mechaniza-
tion is ideal for copper metal alloys which are contemplated arduous to be welded
by traditional welding technology or even for contradictory alloys. Moreover, weld
joint is acquired by the distortion of material at below melting point temperatures,
thereby reducing the troubles correlated to residual stresses and distortions. For the
reasons explained above, this FSW technique has become significant in applications
of aerospace, naval industries, and transportation industries [8]. In FS welding pro-
cess, weld joint is created by pervasive a particularly premeditated nonconsumable
rotating tool shouldered probe into the edge of pair of plates and stirring the length
of weld path to stir and heat the thin plate materials by generating friction among
the slim plates surface and shoulder the material motion engendered by the probe
movement. As weld tool moves the length of weld path, the heat-affected material
produced from the two plates flow and mix together below the recrystallization tem-
perature and makes the welded joint [9–11]. Impact of process specifications on the
weld order and the weld properties like feed rate, spindle speed, travel tool geometry,
tool tilt angle, orientation of probe axes, axle force, probe length and diameter, and
shoulder diameter were investigated to achieve high eminence welds [12–17]. In this
research work, welding parameter effects on mechanical properties of Copper 2200
joints were studied and show an impact of welding feed on fatigue behavior. FSW
joints usually consist of four special zones, and they are publicized in Fig. 1, such
as Heat-affected zone (HAZ), unaffected parent metal (UAZ), thermo-mechanically
affected zone (TMAZ), and FS processed zone or friction nugget zone (FNZ) [18–
21]. The material flow behavior by action of revolving tool will show its impact on
formation zones.
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Fig. 1 Various types of weld rezone

Table 1 Chemical composition of copper 2200

Material Cu Fe Pb Zn

Copper C2200 94–96% 0.05% 0.05% Remaining

Table 2 Chemical composition of H13 tool

Material Cu Cr Fe Mo Si V

Copper 2200 0.4% 5.25% 95% 1.33% 1 1

2 Material and Methodology

In this work, study of copper alloy material sheet used the chemical composition
constituted in Tables 1 and 2 represents H13 composition.

3 Experimental Method

Plates of Cu alloys, Cu 2200 of size 200 × 75 × 5 mm, were chosen for butt
joint welding. Vertical milling machine of capacity 10hp with maximum revolving
speed of spindle of 1800 rpm is manufactured by HMT used for welding. The weld
tool used in this process quenched H13 and tempered steel with tool shoulder and
probe diameter is 20 mm and 6 mm, respectively, with probe pin 4.5 mm long.
Exposed in Fig. 2 and tilted angle by 1° provides compressive pressure to SWZ. As
tool shoulder diameter increases, sticking torque increases, reaches maximum then
decreases (Figs. 3 and 4).

Initially, the sheets to be welded are held in reserve on backing plate and tightly
fixed to machine table among facilitate of fixtures, because throughout welding pro-
cess the platesmay perhaps get separated appropriate to force arising. Beforewelding
process, a hole of 6 mm diameter on interface of the working plates was drilled by
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Fig. 2 Flowchart of methodology

Fig. 3 Experimental FS welding setup

which plunging pressure on the tool probe gets eliminated in this manner increas-
ing life of tool probe. Welding tool injected into the spindle shaft and the spindle
is rotated at preferred welding speed. Now the probe of welding tool is gradually
penetrated into pre-drilled hole and the weld tool is kept revolving in the pre-drilled
hole for few minutes without applying movement so that an adequate quantity of
heat is generated among tool and base material because of friction. The temperature
of welded joints is such that the plastic flow of material is possible during welding
period. Weld joint is formed at the interface of two places on giving movement to
tool and owing to plastic flow of material. To interpret the consequence of tool probe
profile and spindle revolving speed on mechanical properties of FS welded joint,
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Fig. 4 FSW on copper plates (a) cylindrical, (b) cylindrical threaded, (c) taper, (d) taper threaded

the welding travel speed is constant at 31.25 mm/sec. After welding is finished, the
weld tool is pulled out the joint after stopping the feed. The experiment is repeated
by altering weld tool geometry and spindle rotational speed and the welding was
executed on copper work plates.

Frictional heat energy is engendered among material of plates and connects the
wear-resistant welding tool pin probe and shoulder by moving tool probe in opposi-
tion to workpiece, and vice versa. This heat and heat produced by mechanical action
mixing development and adiabatic heat generated within material cause the stimu-
lated materials to become softer without attainment of recrystallization temperature.
As pin probe rotates in path of welding, the most important face of probe, abet by
particular pin shape, forces plasticized material back of probe at the few minute as
applying generous forging load to unite weld metal.

4 Result and Discussions

4.1 Tensile Testing

Tensile properties of analogous copper alloys FS weldments were determined by
conducting tensile tests in universal testing machine (UTM) at tool spindle rotational
speed (900 rpm) according to ASTM standards. It is observed that tensile strength
of FSW welds is directly associated to the travel welding speed. Hardness fall was
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noticed in stir region leading to softening of material and this softening in HAZ on
advancing side of the weld joint corresponds to failure region in tensile tests.

The FS welding copper joints are produced at invariable forwarding tool feed of
31.25 mm/min., and invariable tool spindle rotation speed of 900 rpm and it was
observed that ultimate tensile strength is maximum and same for both cylindrical
and taper tool joints. A yield strength of cylindrical tool and taper tool is lower than
the wed joint prepared by cylindrical threaded tool. It is furthermore observed that.%
elongation is more for taper tool joint. The cylindrical threaded joint gives 10.56%
elongation and the cylindrical tool joint gives 16.46% elongation, whereas the % of
elongation in taper tool joint is 26.98%.

4.2 Hardness Testing

Hardness of FS weldments was determined by conducting Rockwell hardness tests
of similar copper alloys at constant rotational speed of 900 rpm. Hardness changes in
weld material with effect of heat during weld process. The hardness profiles obtained
at weld center at nugget area were lower than thermo-heat-affected area and heat-
affected area. It is observed that maximum hardness is obtained with cylindrical tool
and minimum hardness with cylindrical thread tool.

4.3 Impact Testing

An impact test energy of copper plates FS welding was determined by conducting
Charpy impact test at spindle speed of 900 rpmwhich is constant and tool feed speed
is 31.25 mm/min in accordance with ASTM standards. It is distinguished that impact
strength is lest at tapered threaded tool joint compared to all other joints. This least
strength is due to inappropriate fusion and porosity. As there is no much variation in
strength of joints, it may be concluded that type of tool shape has no effect on the
impact strength.

4.4 Ultimate Tensile Strength (UTS)

Figure 5 is bar chart showing the UTS (N/mm2) of FSW copper (Cu) joints with
dissimilar tool probe profiles at persistent tool spindle rotation speed and tool for-
warding speed of 900 rpm and 31.25 mm/min, respectively. It is observed that UT
strength is lest at cylindrical threaded tool joint and topmost at cylindrical and tapered
tool joints. This least UT strength is due to inappropriate fusion and porosity.
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Fig. 5 UTS of FSW copper
joints
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Fig. 6 Yield strength of
FSW copper joints
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4.5 Yield Strength

Figure 6 is bar chart showing the acquiesce strength (N/mm2)ofFSweld copper joints
among dissimilar tool probe shapes prepared at constant tool spindle rotation alacrity
and tool forwarding speed is 900 rpm, 31.25 mm/min, respectively. It is pragmatic
that acquiesce strength is extreme at cylindrical threaded tool joint of 143 N/mm2
and lowest at taper threaded tool joint of 130 N/mm2. This least acquiesce strength
is due to inappropriate fusion and porosity and tool wear.

4.6 Percentage Elongation

Figure 7 is bar chart showing the rate elongation of FS welding copper welded joints
with diverse tool probe profiles processed at invariable tool spindle rotation speed
of 900 rpm and tool feed of 31.25 mm/min. It is evident that rate elongation is
tremendous in joint framed by taper tool. The maximum elongation is 26.98% in

Fig. 7 % Elongation on
FSW copper welded joints
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Fig. 8 Impact strength of
weld joints
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taper tool and minimum at cylindrical threaded tool joints during the tensile test
(Fig. 8).

4.7 Analysis of Impact Strength

Impact strength (J) of FS welded copper joints through special tool shapes equipped
at stable tool rotary motion speed 900 rpm and tool forward feed 31.25 mm/min. It
is recorded that impact strength is almost similar, minimum on tapered threaded tool
and maximum on cylindrical and cylindrical threaded tool. The cause of minimum
strength in taper threaded tool joint is due to improper fusion and porosity.

5 Conclusion

Experimental considerations on FS welding of Cu 2200 are conducted to optimize
the FSW parameters. The welding was effectively executed with four separate types
of tools cognate as cylindrical tool, cylindrical threaded tool, taper tool, tapered
threaded tool by constant rotational tool speed, and tool feed is 31.25 mm/min.
During welding, weld speed and tool feed are constant for all tool profiles.

The repercussions show that for copper, the extremity yield strength is observed
in cylindrical threaded tool scheduled 900 rpm followed by cylindrical tool and taper
tool. The minimum yield strength is found in taper threaded joint. During welding
process, well stirring of plasticized metal was achieved due to the appearance of
threads on the tool. Hence, it is completed that copperwelding obtained by cylindrical
threaded tool prob at 900 rpm is best suited for welding.
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Abstract Thin-walled parts and their precisionmanufacturing is finding importance
in the field of aerospace as well as automobile component manufacturing industries.
The value of machining of thin walls like honeycomb structures increases because
of the efficiency of such parts in any assembly as robust members which results
in reducing the fuel usage and increasing strength of the system. In this part of
research work, characterization of surface errors and compensation of errors by
offline toolpath modification techniques is discussed. Major concerns of machining
in endmilling and cutting conditions variables include axial aswell as radial depths of
cut. After validation of errors by some results of cutting experiments toward predicted
using a model, compensation strategies negating the errors are proposed. The results
are directly applicable to similar manufacturing of various complex parts.
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1 Introduction

Precision contourmachining is a crucial important operation in engineeringof today’s
world. The quality of parts is inspected for dimensional specifications, geometric
accurateness, component surface quality finish, and physical and mechanical prop-
erties. Machining of flexible parts is most wanted process in part manufacturing
industry. Obtaining the exact shape in such components is contingent on the use
of computer aid for describing accurate cutting tool trails. Program preparation for
intricate geometries is done by toolpath alteration and validation methods.

Peripheral machining of thin workings is a largely practiced production process
in industries. Thin components are having very high aspect ratio. The wall thickness
of the part is stepped down again by exterior milling using a protracted, multi-fluted
helical end mills. The peripheral milling of works is complex, where intermittently
fluctuating cutting forces affect the flexible tool and cut plate both at static status and
dynamic status. Dimensional and geometrical errors are the result of static tool and
workpiece deflections, and poor surface finish is caused by dynamic displacements
produced in milling. The surface errors between the tool and the workpiece are
function of interval and rigidity of tool, workpiece, and machine tool.

Exterior error is caused mostly by the rebound phenomena of workpiece and tool
due to normal component of cutting force of the tool and the workpiece for the
duration of machining, which does not get rid of the substance as per design. If the
mill and cut workpiece are rigid and are firm, the rebound that happened on the end
mill and workpiece is lower and can be ignored. In the peripheral milling of a very
flexible component using multi-fluted end mill, the deflection is visibly high and not
negligible. There are several workpiece-tool mathematical models which consider
the elements such as part-tool rebound and agreement in machining. The errors are
usually dealt with a trial-and-error NC program authentication procedure which is
time-consuming and expensive. Motivated by the necessity to simplify interval and
price, manufacturers are vigilant to find out lateral techniques for NC reprogramming
methods centered on offline error forecasting and tool-trail recompense in tooling.

Error avoidance and error reparation are the major two techniques to deal with the
inaccuracies in the parts. The machine tool is fine-tuned to avoid the errors and there
is a practical limit for this process anyhow. The other technique of error recompense
derives to operate since industries demand more versatile and error-proof machining
at lower economic rates. Dissimilar to the case of error evasion, no fine-tuning of
machine tool is made to evade the error. Rather, no matter what the error is, how
much is the error considered or forecasted, it will be recompensed or negated with
some undercut or overcut by manipulating the cutting strategy. Error compensation
is considered as a more important method for error elimination when compared to
error avoidance. Figure 1 demonstrates the nature of occurrence of positive surface
error during end milling.
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Fig. 1 Positive surface error due to work specimen deflection in end milling

2 Literature Review

Berend Denkena et al. [1] studied about tool deflection and its effect on workpiece
and its geometry. The study gives the glimpses of currently available practices of
compensation for tool deflection errors. In the work, they used strain sensors. A
formulation based on rapid prototyping is also accompanied by the method. Finally,
two compensation strategies for tool deflection with the help of feed control and
position control are discussed and experimentally validated.

Gururaj Bolar et al. [2] suggested that due to the sensitivity of stressed working
parts, enhancing component accuracy and value for the duration of machining of
high aspect ratio walled components has constantly stayed as a tough issue. There-
fore, process parameters are to be selected cautiously to obtain the adequate quality.
Experimentations were performed on end milling of aluminum alloy AL 2024-T351
by means of a repository of determined critical constraints. Regression analysis and
variance analysis were operated on the trial data repositories to learn the impact
of cutting constraints in attaining proper cutting force and third-order deviations.
Three-dimensional surface topographical study of machined parts made it visible
that variation due to deflection and chatter is more at the free end of the thin-walled
components. Experimental research derived solid mathematical models for exact
forecast of the cutting force and energy and surface roughness for given cutting
environments.

S. Ratchev et al. [3] announced a multiple-stage machining error recompense
method concentrated on errors caused by forces in machining of high aspect ratio
components. The forecast method incorporates the deflection error of the machined
component in entire horizon of the tool trail. The environments for machining or cut-
ting environments are updated at each feed interval when the cutting force, energy,
and rebound are coming in balance. The deviation and errors are forecasted by
means of a mathematical flexible force-deflection model using software. The error
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recompense and negation techniques are virtually visualized using numerical sim-
ulation application and are experimentally tested by cutting experiments. The error
reparation and correction are centered on altering the tool trail taking the projected
machining error into account.

Weifang Chen et al. [4] studied that deflection prediction and error negation by
compensation are absolutely proper methods to develop machining precision in
machining of high aspect ratio components. In this work, it is found that the dis-
tortion due to machining of the last cut stratum will affect the desired depth of cut
of the present stratum. Therefore, a dynamic model is prepared to forecast the mul-
tistrata variations such as deformations in machining a high aspect ratio part. The
model is endorsed by investigating the virtual realization outcome with the trial cut-
ting results. An innovative method of dynamic error reparation is projected, in which
the machining error is recompensed at each level.

L. Feng et al. [5] developed a firm and precise modeling for the flatness faults of
machine tools which were significantly vital for the process of error recompensing.
The reparation experimentations are focused to substantiate the accurateness of the
spatial straightness error model and the efficiency of the error recompense scheme.

Jie Gu et al. [6] studied that currently, the claim of highly geometrically accurate
parts requires more perfect and adaptable machine tools with recompensing system.
Chuxiong Hu et al. [7] led a key investigation theme for multiple axis CNC sys-
tems. In this work, the challenges of correct contouring error assessment as well
as extraordinary-routine contouring regulation are dealt with. Dissimilar to any pre-
vailing regular geometric guesstimating approaches, the projected outline computes
the contouring error over a mathematical design algorithm. The proposed contour
recompense plan will be able to be apprehended iteratively for additional progress of
contouring routine. The results reveal that the projected system can accomplish not
only closely faultless contouring error appraisal but also understandable elevation of
contouring routine precision.

Zhou-Long-Li et al. [8] studied about dimensional precision of flexible high aspect
ratio space and automobile components which can be can be debased by the extreme
deflections for the duration of cut. The work projected a technique to forestall the
geometric exterior deviation errors instigated by movement and rebounds of both
workpiece and endmill of high aspect ratio components. The endmill is considered as
a free cantilevered beam.The overall rigidity index of the high aspect ratio component
varies as the aluminum is detached in the form of chips step by step and the tool
interaction locus proceeds from one point to another. The cutting energy and forces
are spread above together at the cutting tool and the component in the meeting area,
and the consequence of rebounds on the tooth engagement is formulated. The result
of radial run out and total run out of the tool is reflected in chip width, which in turn
regulates the cutting force forecast.
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S. Ratchev et al. [9] account on progressive error estimation and recompense plan
precisely on energy-prompted errors in machining of high aspect ratio thin-walled
monolithics. The surface error is forecasted using a conjectural flexible energy-
deflection model and recompensed by optimizing the tool trail preceding to machin-
ing. The error recompense design is virtually generated using NC confirmation tools
and practically endorsed. The trial results reveal the complete error in the flexible
machining can be apprehended and forecasted with identical extraordinary accurate-
ness using the projected flexible force-deflection model and a huge proportion of it
will be able to be excluded through the suggested error recompensing strategy.

3 Experimental and Computational Work

3.1 Error Prediction Using Model (MATLAB)

AMATLAB program takes the input cuttings conditions and calculates the force by
applying convolution conditions to cantilever beam theory and the forces are used
to predict the surface error and the same amount of error will be used to recalculate
the toolpath so that the material removal is complete as per the design. The detailed
algorithm is given below (Fig. 2).

3.2 Offline Toolpath Error Compensation

In this method, toolpath will be corrected by deflection model until the desired
contour is obtained. Since error compensation is done offline, it will not hamper
productivity. Once a cutting program is generated using the software according to the
original design of the part then it is revised using the deflectionmodel so that toolpath
is modified by modifying the CNC program itself. Uniqueness of current work is
increase in multiple iterations for the compensation process so that the surface error
is almost eliminated by instantaneous change of the tool position and improvising
the entire path. Figure explains this process well. As the milling cutter moves on
the periphery, it covers the entire spring back volume and when it completes the cut
the product results as per the primary design which is not materialized during cuts
without the deflection models (Fig. 3).
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Fig. 2 Flowchart for error
compensation algorithm

Fig. 3 Error compensation by toolpath modification
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Table 1 Cutting conditions
for validating experiments

Workpiece
type

Tool
overhang
(mm)

Thickness of
workpiece
(mm)

Height of
workpiece
(mm)

Straight wall 70 5 60

Elliptical
wall

70 10 60

Circular
Wall(Inner)

70 6 85

Circular
Wall(Outer)

70 6 85

ADOC RDOC Feed(dry cutting) Cutting speed

20 3 102 1020

20 3 102 1020

45 2 102 1020

45 2 102 1020

NB. Tool used is 16 mm 4 fluted HSS end mill (300 helix)

3.3 Experimental Procedure for Error Characterization,
Compensation, and Validation

See Table 1.

3.4 Error Recompense Authentication on a CNC Machine
Center

Figures 4, 5, 6, and 7.

4 Results and Discussion

The initial and final programs for elliptical cut as per design and the program as per
modified toolpath algorithm are different as the deflection values are incorporated
in the modified one. The parts during validation cuts are measured with CNC Touch
Trigger Probe (Renishaw OMP) before and after cuts and surface error are measured
by subtracting initial touch point from final touch point using distance formula and
then one more subtraction with radial depth of cut at that position of Z. This should
give a value tending to zero which is happening in real case and thus the model can
be declared as effective and working for production environments.
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Fig. 4 Straight-walled part after experimental cut

Fig. 5 Circular-walled part after experimental cut

5 Concluding Remarks

Important observation is relationship between iteration density and the surface error
values direct proportion. Earlier methods which gave compensation results using
similar algorithms were having less reduction due to less number of iterations. So
this gives offline tool path compensation as a powerful method to reduce the surface
error and its use is recommended as repeatedly iterative and intense in order to reach
almost elimination of error in cutting programs.
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Fig. 6 Elliptical-walled part experimental setup

Fig. 7 Measurement using Renishaw touch trigger probe
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Effects of Micro-EDM Parameters
on the Surface Integrity
of the Micro-Holes Fabricated on Nickel
Sheet

Pankaj Kumar and Manowar Hussain

Abstract This paper presents the machining of the nickel sheet using The micro-
EDMprocess. The effect ofmachining parameters such as pulse on time and gap volt-
age on the surface integrity parameters such as recast layer thickness, heat affected
zone, change in micro-hardness of the workpiece surface and metallurgical transfor-
mation in themachined samples has been reported. It is found that ultrasonic vibration
given to the workpiece, results in a reduction in the thickness of the recast layer and
varies from 7 to 22 μm. The hardness of the fabricated micro-holes improves sig-
nificantly on the introduction of ultrasonic vibration to the workpiece and was in the
range of 116–141HV. In this study, heat-affected zone was not observed in optical
as well as in SEM images. The result of the EDS analysis shows that less amount of
the residuals of the carbon and oxygen were present over the fabricated holes.

Keywords Micro-hole · Micro-EDM · Nickel sheet · Ultrasonic vibration ·
Surface topography · Micro-hardness

1 Introduction

In recent years, the needs for the development of products containing micron-size
features are growing very rapidly. Some of the application areas of these prod-
ucts includemissiles, space vehicles, micro-electromechanical systems (MEMS) and
communication systems. The micro-holes are used in various components for differ-
ent applications such as in fuel injection nozzles, inkjet printer nozzles, spinner holes,
drug delivery orifices, and cooling channels of the turbine blades [1]. At present, the
micro-holes in differentmaterials aremanufactured by differentmachining processes

P. Kumar
Department of Mechanical Engineering, S R Engineering College, Warangal 506001, Telangana,
India
e-mail: pikupankaj82@gmail.com

M. Hussain (B)
Department of Mechanical Engineering, Chaitanya Bharathi Institute of Technology, Hyderabad
500075, Telangana, India
e-mail: manowar.bit07@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_23

259

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_23&domain=pdf
mailto:pikupankaj82@gmail.com
mailto:manowar.bit07@gmail.com
https://doi.org/10.1007/978-981-15-1124-0_23


260 P. Kumar and M. Hussain

like laser beam machining, micro-electro-discharge machining, and electrochemi-
cal machining processes [2–5]. Among these processes, micro-EDM has become a
well-accepted nontraditional micromachining process in terms of cost of machining,
fabrication of 3D shapes, and high aspect ratio features. Moreover, this process can
produce burr-free surfaces with minimum distortions in the feature size due to non-
contact machining process [6]. In micro-EDM process, there are many factors that
affect the process performance such as inter-electrode voltage, pulse duration, maxi-
mum current, machining gap, flushing conditions, nature of dielectrics, physical and
chemical properties of workpiece and tool material. The flushing condition in the
inter-electrode gap is one of the most important aspects which influence the process
performance greatly. In this process, the machining time can be reduced significantly
with considerably better surface quality by the introduction of workpiece vibration
of constant amplitude and high frequency [7–9]. The experiments with workpiece
vibration have been conducted and reported that the machining time reduces signifi-
cantly and the stability of the process improves in comparison to normal micro-EDM
process [10]. For the machining of micro-holes on Ti-6Al-4 V alloy with different
dielectric fluids were investigated by Kibria et al. [11]. They observed that the use of
a suitable dielectric improves process performance. Kansal et al. [12] have reported
that the powder mixed dielectric gives a better quality of machined surfaces. Masaki
et al. [13] carried out experiments on the applied and fundamental issues of the
micro-EDM process and reported that the fabricated micro-holes with a high aspect
ratio of 10, roughness of 0.1 μm and roundness of 0.5 μm can be achieved. The
comparison of the performances of different electrode materials of micro-electrode
with positive polarity was reported by Her et al. [14]. It has been reported that with
Cu electrode, better surface roughness and lower electrode wear can be achieved.
On-machine fabrication of micro-electrodes and their uses for micro-fabrication has
been reported by Lim et al. [15]. They found that the depth of machining was directly
proportional to the feed rate of the tool electrode. Blind holes with high aspect ratio
have been presented by Z.

Y. Yu et al. [16]. Due to rapid growth in the demand for miniature products, a
large number of components are to be accommodated in a device, which needs new
machines and processes to be explored. Due to the compactness of the devices, the
magnetic interference between these components becomesmore severe. To overcome
these issues, a material having shielding properties to prevent any magnetic inter-
ference becomes important. The Nickel has outstanding properties of soft magnetic
materials such as high magnetic permeability, high saturation temperature with a
small change in permeability, low hysteresis, and low eddy current loss. Due to these
properties, it is an excellent material for shielding the magnetic interferences and is
used in all most all MEMS devices. Due to the high toughness of the nickel sheet,
it becomes difficult to drill micro-holes in it through the conventional machining
process. As it causes high tool wear, the formation of burrs on the machined surfaces
and induction of high residual stresses in the workpiece. From the previous literature,
it has been found that very few works has been done on the surface integrity of the
fabricated micro-holes in pure nickel. In this study, nickel sheet having high mag-
netic permeability has been used as work material. The effect of input parameters on
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the thickness of recast layer, change in micro-hardness of the machined holes and
metallurgical changes on the machined holes reported.

2 Experimentation

2.1 Machine Tools

A micro-EDM setup has been developed in-house to carry out all the experiments.
The machine has a maximum travel range of 25 mm × 25 mm × 50 mm in X,
Y, and Z axis, with a resolution of 5 μm in each direction. Figure 1 represents the
micro-EDM experimental setup.

2.2 Workpiece, Tool, and Dielectric

In this study, the nickel sheet was used as workpiece material which has dimensions
of 60 mm × 50 mm × 0.3 mm. The composition of the nickel sheet was verified
through the EDS test and results are presented in Table 1. Pure tungsten rod of

Fig. 1 Schematic diagram of the developed setup for performing micro-EDM experiments
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1 mm diameter was reduced to a diameter of 0.5 mm by reverse polarity micro-
EDM process and using EDM oil a dielectric fluid. The chemical composition and
mechanical properties of the tool have been presented in Table 2.

2.3 Experimental Procedure

All the experiments were performed in the developed setup. In this investigation, the
tool electrode was given negative polarity to get low tool wear and better material
removal rate. Before conducting final experiments, trial runswere performed to select
a suitable range of parameters. The Micro-EDM process parameter has been shown
in Table 3. All the final experiments were performed as per the parameter settings
presented in Table 4.

2.4 Instruments Used for Measurements and Analysis

After machining of all the micro-holes in the nickel sheet, the workpiece surface was
etched with the Marble’s reagent (Composition: 2 ml HCl, 10 ml CuSO4 and 88 ml
distilled water) for 1 min. Then the EDMed samples were cleaned using acetone. For
measuring and analysis of quality and size of micro-holes, Olympus metallurgical
microscope and FESEM was used. EDS analysis of the edges of micro-holes was
carried out for evaluation of the material composition of the machined surfaces. The
change in the microhardness of the work surface after the machining operation was
measured by Vickers micro-hardness tester.

Table 1 Chemical composition and mechanical properties of the work piece material

Workpiece material Nickel sheet

Material composition (wt%) Ni-96.97
O-0.6
C-2.35

Density (g/cm3) 8.47

Vickers hardness (HV) 106

Melting point (◦C) 1455

Thermal conductivity
(W/m − K )

90.9
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Table 2 Chemical composition and mechanical properties of the electrode material

Tool
material

Tungsten

Material
composition
(wt%)

W-96.02,
C-1.08,
O-2.89

Density
(g/cm3)

19.3

Relative
conductive

14.0

Thermal
expansion
coefficient
(K−1)

4.6 × 10−6

Specific
resistance
(μ�)

56

Table 3 Micro-EDM process parameters

Workpiece material Nickel Sheet

Tool material Tungsten (W): ϕ 500 μm

Dielectric liquid EDM oil

Gap voltage (V) 30, 40, 50, 60

Pulse on time (μs) 30, 40, 50, 60

Pulse frequency 10 kHz

3 Results and Discussion

In this investigation, the effects of the input parameters on the thickness of the recast
layer, micro-hardness and metallurgical transformation of the workpiece surface
reported [17]. The variation of output parameters of the machined holes with the
variation in experimental parameters is described in the following sections.

3.1 Investigation on Recast Layer Thickness (RLT)

During the micro-EDM process, the material is melted and evaporated from the
workpiece surface by the spark generated. Some of the molten materials are carried
away by re-circulating dielectric fluid and the remaining part is re-solidified and
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Table 4 Layout for experimentation

Experiment no. Frequency (kHz) Gap voltage (V) Pulse on time
(μs)

Ultrasonic
vibration

1 10 40 30 Without
vibration2 40

3 50

4 60

5 10 40 30 With vibration

6 40

7 50

8 60

9 10 30 40 Without
vibration10 40

11 50

12 60

13 10 30 40 With vibration

14 40

15 50

16 60

sticks to the crater surface. This re-solidified layer is known as the white layer or
recast layer [18]. From the captured FESEM images, the RLT was measured using
image processing software. Figures 2b, d have low RLT as compared to Figs. 2a, c,
due to ultrasonic vibration given to theworkpiece. Application of ultrasonic vibration
results in the reduction of re-solidification of the molten materials over the existing
recast layer (Figs. 3 and 4).

3.2 Investigation on Micro-Hardness of the Machined Holes

Change in the micro-hardness of the fabricated micro-holes is tested using a Vickers
micro-hardness tester. The micro-hardness was measured from the periphery of the
machined holes at a regular distance gap of 20 μm. This procedure was repeated at
least four times for each hole at different locations. Figure 5a represents the sample
image of indentation which was obtained during the micro-hardness testing.

It is found that the micro-hardness of the fabricated holes decreases from the
edge of the holes towards the parent materials. The micro-hardness is highest in the
recast layer and it gradually reduces and becomes constant in the parent material
zone in each sample which is in line with the results published by Imran et al. [19].
Figures 5b,c indicate the variation ofmicro-hardness of themachined hole at different
pulse on duration without and with ultrasonic vibration given to the workpiece. It is
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(a) Pulse on time: 30μs, Machining voltage: 
40V 

(b) 30μs, 40V and with ultrasonic vibration 

(c)  30V, 40μs (d) 30V, 40μs and with ultrasonic vibration 

Fig. 2 FESEM images of the periphery of the machined holes at different machining parameters

Fig. 3 Variation in thickness of recast layer with a pulse on time duration and b gap voltage
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Fig. 4 Measurement
procedure of average
thickness of recast layer

observed that the micro-hardness increases on increasing the pulse on time duration
[20–22] for Fig. 5b, c. Similar results formicro-hardness are also obtained at different
gap voltages which are shown in Fig. 5d, e.

3.3 Investigation on Metallurgical Changes at the Machined
Holes

It is observed from the EDS test that the residuals of foreign elements such as oxygen
and carbon were present in the machined sample. In Figs. 6a, b, the percentage
composition of both carbon and oxygen was different which may be due to the
fact that both samples were machined at different parameter settings. In Figs. 6c, d,
the percentage composition of both carbon and oxygen reduces significantly on the
introduction of vibration given to the workpiece.
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Fig. 5 Variation in micro-hardness from edge of the hole a optical micrograph indicating the
penetration of the tip of diamond indenter; b effects of pulse on time; c effects of pulse on time with
vibration of the workpiece; d effects of gap voltage and e effects of gap voltage with vibration of
the workpiece
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(a) (30V, 40μs) (b) (40V, 30μs)

(c) (30V, 40μs) (d) (40V, 30μs) 

Element Weight% Atomic%

C K 13.72 32.22

O K 21.39 37.69

Ni K 61.60 29.59

W M 3.29 0.50

Element Weight% Atomic%

C K 22.98 49.55

O K 14.42 23.34

Ni K 60.91 26.87

W M 1.69 0.24

Element Weight% Atomic%

C K 6.83 24.35

O K 4.34 11.62

Ni K 86.30 63.68

W M 2.52 0.36

Element Weight% Atomic%

C K 6.78 29.10

O K 6.91 11.45

Ni K 84.73 59.22

W M 1.57 0.23

Fig. 6 EDS plot and their chemical composition at different parameters a and b without vibration
and c and d with vibration

4 Conclusions

In this investigation, analysis of the influence of different input parameters on recast
layer thickness, heat micro-hardness and metallurgical changes in the fabricated
micro-holes performed. From the obtained results the following points are listed as
follow:

• The average thicknesses of the recast layer obtained were in the range of 8–32 μm
for change of pulse duration from30 to 60μs and 9–35μmwithmachining voltage
variation (machining without vibration). Comparatively less recast layer thick was
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obtained by use of the ultrasonic vibration. and was 6–21 μm on the variation of
pulse on time duration and 7–22 with the variation of machining voltage.

• The micro-hardness near to machining zone was measured for all three layers,
i.e., recast layer, HAZ and parent materials. It was found between 119–160 HV
without workpiece vibration and 116–141 HV with vibration.

• In this study, heat affected zone was not observed in optical as well as in SEM
images.

• From EDS images, some percentage of carbon and oxygen can be easily seen on
the machined hole surface. It was also observed that the percentage of both carbon
and oxygen were less with assisted vibration compared to the without vibration
work piece.
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A Study on Welding of Thin Sheet
of Ti6-Al-4V Alloy Using Fiber Laser
and Its Characterization

Manowar Hussain, Gulshad Nawaz Ahmad and Pankaj Kumar

Abstract In the present research work, an attempt has been made to study and
investigate the weldability of 1.2-mm-thick Ti6-Al-4V alloy sheet using CW (con-
tinuous wave) fiber laser. The influences of the variable process parameters such as
laser power, weld scanning speed and laser beam diameter on the microstructure,
heat-affected zone (HAZ) and mechanical properties of the final butt-welded joints
of Ti6-Al-4V sheets have been investigated. All the experiments were performed by
using a CWfiber laser having a laser power capacity of 400W.At different parameter
setting conditions such as laser power varying from 200 to 350 W, weld scanning
speed from 120 to 200 mm/min and laser beam diameter (0.4 mm) were considered
for the experimentation. Based on the experiments weld quality was investigated
and characterized in terms of the surface microstructure, micro-hardness, and tensile
strength of the welded samples. Morphological studies at different processing con-
ditions were carried out to study their effects on the HAZ (Heat-affected zone) and
weld bead geometry. Microscopic images of welded samples clearly show a decrease
in weld width of the welded sample with an increase in weld scanning speed and
with increasing laser power increase in width was observed. At a scanning speed of
120 mm/min with varying power from 200 to 350 W the size of heat-affected zone
(HAZ) are 3.55, 3.70, 3.84, 4.8 mm, and the corresponding size of fusion zones is
1.751mm, 1.83mm, 1.921mm, 2.032mm, respectively. The trend inmicro-hardness
variation was observed and it depends on grain size in laser welding. At 350 W laser
power with varying speed from 120 to 300 mm/min, the micro-hardness values of
the welded sample were found as 387.1, 395, and 403 HV. The tensile strength of the
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original sample was found to be 940N/mm2. The testing results of the welded sample
have a maximum failure strength of 507 N/mm2 at 350W and 200 mm/min scanning
speed. FESEM images of the welded sample at different processing conditions were
used for the study of microstructural changes in the welded zone and the presence
of defects at the micro level.

Keywords Fiber laser · Ti6Al4V ·Microstructure · Vickers hardness · FESEM

1 Introduction

In the past few years, with the increasing demand for lightweight materials by the
industries where fuel consumption and resistance to adverse effects on the environ-
mental conditions are the prime aspects. Titanium alloys are known for their high
specific strength (strength toweight ratio), high toughness, good corrosion resistance,
high stiffness, and hot hardness. These remarkable properties of Ti6Al4V make tita-
nium (Ti-6Al-4V) useful for many industrial as well as in biomedical applications,
for example, it is widely used in making human body implant, biomedical devices,
nuclear, aerospace, and automotive industries. One of the important applications of
the TI-6Al-4V has been found in the static and moving parts of the turbine engines
[1]. For welding of titanium sheet fusion welding is the most preferred technique.
Welding variable process parameters such as weld scanning speed, laser power and
workpiece thickness have a great effect on dimensions of fusion zone as well as on
joining or melting efficiency [2, 3]. Macroscopic geometry, microstructure, fatigue
and tensile properties of the welded samples were greatly influenced by weld scan-
ning speed and laser power [4] and as a result, therewas a slight decrease in the tensile
strength after laser welding due to brittle intermetallic compounds formed in theweld
zone [5]. Fiber laser is being used due to its high efficiency as compared to other lasers
[6]. Themain limitation of the conventional fusionwelding is the large heat input that
results in decreasing the mechanical properties as it persuades heat-affected zone of
larger dimensions, broader weld seam, greater distortion and formation of residual
stress [7, 8]. In order to get a better mechanical property, fatigue strength [9]; a small
HAZ, less distortion, and narrower bead width are required. Phase transformation
also reported in the weld pool [10] during the welding process and it extends up
to its heat-affected zone. Laser welding is one of the most precision welding tech-
niques suitable for joining similar and dissimilar materials. LBW is used for joining
intricate geometries and configurations with a smaller weld pool than conventional
arc welding because of the small and high-intensity focusing laser diameter [11].
LBW has been used for high productivity and high welding efficiency. Previously,
many research work has been done by different researchers and analysts using differ-
ent types of lasers and their mechanical and morphological characterizations were
carried out. However, very little work has been reported on thin sheet welding of
Ti6Al4V using fiber laser. So the present work is aimed at welding of Ti64 sheets of
1.2 mm thickness using a CW 400 W fiber laser.
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The ideas of the present study are as follows: (1) Laser BeamWelding (LBW) of
Ti-6AL-4V alloy sheets at different process parameter—laser power varying from
200 to 350 W and welding speed from 120 to 200 mm/min. (2) To evaluate the
influence of welding process parameters on weld bead morphology, metallurgical
and mechanical properties particularly tensile strength and micro-hardness. (3) The
different analyses such as morphology study, micro-hardness, tensile tests and SEM
image analysis have been carried out to evaluate welding quality, which is described
elaborately in the results and discussion section.

2 Materials and Experimental Procedure

2.1 Material Selection

Among the commonly utilizedmetallicmaterials in the aerospace andmedical indus-
try are titanium and its alloys, as their mechanical properties are particularly suitable
for the service. Titanium alloys offer various advantages to be used in the aerospace
and medical industry due to its high specific strength, excellent corrosion resistance,
thermal and electrochemical compatibility with advanced component materials [12].

2.2 Experimental Setup

A 400 W continuous wave (CW) fiber laser, Model: HS Laser Systems, Make: SPI
Lasers, UK with output Laser power range of 50–400 W has been used for the
experimentation. The laser welding setup is provided with an automatic gas purging
arrangement to shield the welding and prevent the welding pool from oxidation. The
laser head is fixed to the Z-axis of the CNC stage that moves up-down to control the
laser beam spot diameter required for welding. The welding is carried out in a closed
cuboid shape chamber made up of perspex material. High-intensity laser resistant
quartz plate of dimension 50 mm × 50 mm is fixed at the top center position of the
cuboid chamber. During the laser welding operation, the chamber is filled with the
desired gas and laser is scanned on the samples through the quartz windows.

2.3 Sample Preparation

A block of Ti-6Al-4V of (30 mm × 75 mm × 75 mm) dimension was taken. The
composition of the received material (Ti6Al4V) is shown in Table 1. Twelve speci-
mens of size (30 mm× 15 mm× 1.2 mm) were cut on the Wire-EDMmachine. The
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Table 1 Composition of the Ti-6Al-4V (Grade 5) (wt. %)

Al V Fe O C H Ti

6.6 4 <0.4 <0.3 <0.003 <0.002 89.9

specimen obtained after cutting has a very fine finished edge and of exact dimen-
sions. The surfaces of the samples were then polished with emery paper to remove
oxides formed during Wire-EDM cutting and then cleaned using acetone to remove
dirt and lose particles from the surface before clamping to produce defect-free weld
joint. The specimen after cleaning is properly dried slowly.

2.4 Experimental Parameters and Processing Conditions

All the laser welding experiments were conducted by considering different input
parameters and different parameter settings as shown in Tables 2 and 3, respectively.

Table 2 Input parameters Input system parameters Value

Power (in Watt) 200, 250, 300, 350

Scanning speed (in mm/min) 120, 160, 200

Spot diameter (in mm) 0.4

Wavelength (in nm) 1070

Operation mode CW mode

Table 3 Different parameter setting for the experiment

Sl. No Power
(Watt)

Scanning
speed
(mm/min)

Sl. No Power
(Watt)

Scannig
speed
(mm/min)

1 200 120 7 300 160

2 250 120 8 350 160

3 300 120 9 200 200

4 350 120 10 250 200

5 200 160 11 300 200

6 250 160 12 350 200
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2.5 Experiment Procedure

Before butt welding operation the specimens were properly clamped at the base
with minimum or no gap between the finished edges of the joints, also to avoid the
development of crack due to rapid cooling of thewelded joint. Titanium is considered
as a reactive material at elevated temperature with the atmospheric gases. Due to this
reason the weld pool is shielded during the welding operation using shielding gas
like argon. The use of shielding gas also protects the oxidation of heat-affected zone
when it gets heated during the welding till cooling has occurred. In this study, argon
was used as a shielding gas with supply of 15 l/min at 1 bar to avoid reactions
between the molten weld pool and the atmospheric gases [13]. Welding operations
of the specimenwere carried out with 50–400WCW/Modulated fiber laser machine.
Welding operation was performed at different process parameters. In this operation,
autogenous laser welding of Ti-6Al-4V is carried out.

2.6 Output Parameters

Output parameters to be discussed in the result and discussion part are: (1) Optical
Microscope Image Analysis (2) Micro-hardness (3) Tensile Testing (4) SEM Image
analysis

3 Results and Discussion

3.1 Morphological Study

The microscopic images of the welded sample were taken at different welding pro-
cessing conditions using Olympus microscope to study the weld bead geometry and
heat-affected zone (HAZ). Images of the welded sample are shown in Fig. 1(a) and
(b). The figure shows that the weld width of the sample decreases with an increase
in welding speed and an increase in weld width with an increase in laser power [14].

It was observed that as the laser power is increased, a wider molten metal pool is
formed due to high-intensity laser heat input. A higher weld scanning speed results
in low interaction of the material with a laser beam which decreases the size of the
weld pool. Higher the beam diameter, the wider the weld pool is expected. It is also
found that the microstructure gradient in the fusion zone of laser-welded Ti alloy
sheet promotes crack initiation and fatigue damage [15]. From Fig. 2(a) and (b) it is
clear that at constant scanning speed with an increase of power from 200 to 350 W
size of heat-affected and fusion zone increases. At constant scanning speed, with
the increase of laser power, a wider weld pool is observed due to high heat input.
For example, at a scanning speed of 120 mm/min with varying power from 200 to
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Fig. 1 Weld bead at (a) 200 W (b) 250 W laser power and 120 mm/min welding speed

Fig. 2 a Laser power versus heat-affected zone, b plot of laser power versus fusion zone

350 W, the size of heat-affected zones (HAZ) are 3.55, 3.70, 3.84, 4.8 mm and the
corresponding size of fusion zone are 1.751, 1.83, 1.921, 2.032 mm. Similarly for
other scanning speed with varying laser power in the given range size of HAZ &
FZ increases. Figure 2 shows the variation of the HAZ with the laser power of the
welded sample as per the input process parameter given in Table 2.

3.2 Micro-Hardness

The micro-hardness was examined by Economet micro-hardness testing machine,
using 100 gf load and a dwell time of 10 s. The micro-hardness variation of welded
joints not only depends on grain size but it is affected by the flow of molten metal
in the weld pools i.e. the flow velocity, welding time, density of fluid, etc. High
welding speed leads to the formation of more residual stress in the material as a
resultant micro-hardness of material increases.

Figure 3 shows that the micro-hardness of the welded sample increases with the
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Fig. 3 Plot of laser power
versus micro hardness

increase in scanning speed at constant laser power due to the high cooling rate at high
speed [16, 17]. For example, at a laser power of 350 W and scanning speed varying
from 120 to 300mm/min, micro-hardness or Vicker hardness value of welded sample
are found to be 387.1, 395, and 403 HV. Micro-hardness versus laser Power graph of
welded sample is shown in Fig. 3 as per the input process parameter given in Table 3.

3.3 Tensile Test

Tensile testing has been done using a Zwick Roell tensile test machine operating with
a crosshead speed of 10 mm/min with the load cell of 50 KN. The tensile strength
of the parent material was found to be 940 N/mm2. Testing results of the welded
sample has a maximum failure strength of 507 N/mm2 at 350 W and 200 mm/min
scanning speed, which is not good in comparison of the parent material.

Results have not come good may be due to improper shielding, as shielding has
been done only from the top side not on the bottom side of the welding zone and
it results in the formation of porosity and intermetallic compound weak in tension
[18–22]. Tensile test of the welded sample as per process parameter shown in Table 3
has been performed and graph between laser power versus tensile strength plotted in
Fig. 4.

3.4 FESEM

The SEM images of the welded sample at different processing conditions were taken
for the study of microstructural change in the welded zone and the heat-affected zone
of thewelded sample. Images in Fig. 5(a) and (b) show themicrostructural changes in
the welded zone of Ti-6Al-4V alloy at different operating parameters. SEM images
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Fig. 4 Plot of laser power
vs. tensile strength

Fig. 5 a SEM images of weld zone at 200 W and 120 mm/min speed, b SEM images of weld zone
at 250 W and 160 mm/min speed

of the welded sample as per the input process parameter in Table 3 has been taken
and shown in Fig. 5a, b.

4 Conclusions

LBW of Ti-6Al-4V (TitaniumGade-5) sheets of 1.2 mm thickness was carried out to
evaluate the influence of laser welding parameters on the output process parameters
such as macroscopic geometry, microstructure, micro-hardness and tensile strength
of laser butt weld joints in Ti6-Al-4V were investigated.

• It was observed that the size of weld bead is significantly influenced by changing
the input laser power, welding or scanning speed and laser beam diameter. It
was also seen that the width of weld beads and HAZ decreases on increasing the
scanning speed and an increase in width was observed with an increase in laser
power.

• Micro-hardness at the weld bead is higher as compared to both, welding interface
and the parent material. At constant laser power, Micro-hardness value increased
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with increasing weld scanning speed as a result of high cooling rate and phase
transformation.

• During the tensile test, all prepared specimens failed at a strength lower than the
strength of the base material with reduced ductility in the welded sample.
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Tool-Wear Measurement Using
Parametric Optimization and Image
Processing of Drilling in Al6063–Al2O3
MMC

Cherukupalli Sudhakar, Praveen Kumar and M. Jayaashwini

Abstract The present work undergoes drill tool wear in drilling of aluminum metal
matrix composite materials Al6063/Al2O3 with different drill bits like tin-coated
HSS, and TiAlN-coated HSS. HSS tool image is captured before and after drilling by
using high-resolution camera when it is fixed in a fabricated setup. Camera solution
drill bit image is processed using MATLAB image processing technique and the
drill tool wear before machining process and after machining process is obtained
drilling processed usingMATLAB image processing technique and the drill toolwear
before drilling process and after drilling process is obtained drilling experiments are
conducted according to Taguchi OA9 design for different parameter combination
and tool wear is measured and parameter levels are identified for minimum tool wear
by analyzed using Taguchi technique.

Keywords Al6063 · SiC · Al2O3

1 Introduction

General conditions of a cutting tool have the main role in the optimization of metal
removal processes since the accurate prediction of the exact moment for tool change
to keep tolerances under control and defect of pieces by the deterioration of the
tool conditions can be prevented. Metal cutting, tool wear on the tool–chip and
tool–workpiece interfaces are strongly influenced by the cutting tool temperature,
contact stresses, and relative sliding velocity at the interface.Wear detection is basics
aspect in the Verification of production techniques as the quality of the cutting tool
is directly related to the quality of the product, the level of tool wear should be kept
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under control during machining operations. These process variables depend on tool
and workpiece materials, tool geometry, cutting conditions. The conventional way to
characterize tool wear for a cutting operation is to perform cutting tests at constant
cutting conditions and then amylases the tool wear using indirect methods such as
empirical formulae, and direct method such as toolmaker microscope and a micro-
scope or graduated magnifying lens. The disadvantage of using such an empirical
approach is that in order to achieve acceptable accuracy, this procedure requires a
large number of experimental tests and hence it is cumbersome and time-consuming.
Sortino et al. [1] described the application of a series of filters a statistical filter to
detect edges, and a high pass filter to reduce low values and a final filter to recon-
struct the sliding wear land and measure the amount of tool wear. Bradley et al. [2]
experiment using a machine based on the sensor system. The degree of tool wear
was estimated by extracting three parameters (intensity histogram, image frequency
domain content, and spatial domain surface texture). It was shown that tool wear
can be characterized by a feature. Yongjin et al. [3] analyzed wear surface areas and
material loss from the tool using micro-optics CCD monochrome camera and image
processing algorithms. Andrew Otieno et al. [4] investigated and developed machine
vision application for micromachining tool location and tool wear monitoring Zhou
and Xu et al. [5] developed the idea of reinforcing metals with ceramics to produce
materials with high-strength to weight ratios is an attractive one, the development
of metal matrix composites (MMCs) has been one of the major innovations in the
materials in the past two decades. To sun, Mehtap Muratoglu et al. [6] investigated
the effect of the various cutting parameters on the surface quality and microstruc-
ture on drilling of Al/17% SiC particulate MMC by using various drills. They have
suggested that TiN-coated HSS drills can be used for drilling Al/SiC-MMC rather
than solid carbide tools. Pardeep Sharma [7]. The result of this microstructural inves-
tigation revealed that a nonuniform distribution of graphite particles takes place at
all weight percentages of graphite reinforcement. The result of this microstructural
investigation revealed that a nonuniform distribution of graphite particles takes place
at all weight percentages of graphite reinforcement. Abdul Raheem K. Abid Ali [8]
Metal matrix composites have attracted a lot of attention in recent years due to their
excellent properties in different applications. In this study, aluminum metal matrix
composites reinforcedwith different weight percentages (1, 2, 3, 5, 7, 10%) from alu-
mina and silicon carbide have been preparing by using stir casting. A finite element
modeling using ANSYS software is used to model aluminum metal matrix compos-
ites. Sudhakar et al. [9] work undergoes drill tool wear in drilling of aluminummetal
matrix composite materials Al6061/SiCP with different drill bits the tool image are
captured before And after drilling by using high-resolution camera when is fixed in
fabricated setup. The tool wear image processing. Raviraj Shetty et al. [10] described
the Taguchi’s optimizationmethodology, which is applied to optimize cutting param-
eters in turning of age-hardened Al6061–15% vol. SiC 25 µm particle size metal
matrix composites with Cubic boron nitride inserts (CBN) KB-90 grade using steam
as cutting fluid. Analysis of variance (ANOVA) is used to study the effect of pro-
cess parameters on the machining process. This procedure eliminates the need for
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Table 1 Process parameters
and their levels for the tool
wear

Factors Levels

Level 1 Level 2 Level 3

%PRM 10 15 20

Speed in rpm 450 560 630

Feed (mm/rev) 0.15 0.2 0.3

Tool materials HSS TiN TiAlN

Table 2 Experimental layout
using L9 Taguchi orthogonal
array

%PRM Speed Feed Tool type

10 450 0.15 HSS

10 560 0.2 TiN

10 630 0.3 TiAlN

15 450 0.2 TiAlN

15 560 0.3 HSS

15 630 0.15 TiN

20 450 0.3 TiN

20 560 0.15 TiAlN

20 630 0.2 HSS

repeated experiments, time and conserves the material by the conventional proce-
dure. The turning parameters evaluated are speed, feed, depth of cut, nozzle diameter
and steam pressure. In this work, a simple method using image processing measures
the drill tool wear, and Taguchi technique is used for drill bit wear optimization.

2 Methodology

2.1 Experimental Design and Fabrication

The parameters which influence tool wear are identified (Table 1). Based on the
number of factors and levels OA9, OA27, OA81, we consider minimum levels, i.e.,
OA9 experimental design is chosen (Table 2).

3 Drilling Operation Process and Measurement of Tool
Wear

Drilling operation is performed at Al6063 metal matrix composite material Al2O3 at
different conditions as (Fig. 1).
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Fig. 1 Experimental setup

Shown in Table 2 as per Taguchi experimental Design (OA9) and tool wear is
measured through image processing. The drill tool images are captured before and
after the drilling machining process. This is done for all mine experimental runs as
in the following section (Fig. 2 and Table 3).

Fig. 2 Al6063–Al2O3 MMC with 10, 15, and 20%

Table 3 Requirements of the drilling operation

Sl. No Tool Description

1 Work material Al6063–Al2O3 MMC with 10, 15, and 20% of reinforcement

2 Cutting tool HSS, TiN-coated HSS, TiAlN coated HSS

3 Drill tool image Flexible height and distance

Digital Camera

4 Software’s Photoshop, MATLAB image processing

5 Machine Radial drilling machine
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4 Image Processing and Capturing of Images

Setup is fabricated for capturing drill bit images before and after the drilling process
of holes. It has the flexibility to change the focal length as well as the height of the
camera. In this arrangement, the camera is fixed in front of the tool holderwhich holds
the tool in a fixed position for capturing the image of the tool. In this work, before
starting drilling, the drill tool is fixed in the tool holder and an image is captured.
After drilling of holes on Al6063–Al2O3 MMC 10, 15, and 20% of reinforcement
plate, the drill tool is removed from the drilling machine and fixed in the tool holder
for capturing the image (Fig. 3).

Part A: Processing of before machining process for drill too

Step-I: Before drilling capture image (Fig. 4)
Step 2: Tools Select the white color and fill in the background (Fig. 5)
Step 3: Create a binary version of the image and invert the colors of this binary

After the formation of binary image, cutting edge portion of drill tool has been
Fig. 6 shown in pixel region Fig. 7.

Part B: Processing of after machining process for drill tool

Fig. 3 Views of camera holder for capturing images

Fig. 4 Unmachined drill
tool
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Fig. 5 The image in image processing

Fig. 6 Binary image and image after changing the display color

Fig. 7 Shown in the pixel region
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Fig. 8 Machined drill bit

Fig. 9 Pixel region for a machined drill bit

Step-I: After drilling capture image (Fig. 8)
Step 2: After the formation of binary image, cutting edge portion of drill tool has
shown in pixel region Fig. 9

Part C: The difference between before and after machining process
Binary images of the tool before and after drilling are machine processed using

logical exclusive-XOR. The result of logical exclusive-OR is shown in Figs. 10 and
11.

Finally, the position of distance tool wear and measurement from the pixel region
is specified (Fig. 12).

Aluminummetal matrix plates are drilled with an HSS drill bit, TiN and TiAlN at
different workpiece speed-feed conditions and drill tool wear is measured as shown
in Table 4. Tool wear while drilling Aluminum metal matrix composite 6063 with
20% Al2O3 material is more when compared with the drilling of other workpiece.

5 Parametric Optimization

Taguchi method
Tool wear values (Table 4) are analyzed using Taguchi S/N ratio analysis by

applying lower is the better quality character. The S/N ratios are calculated using
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Fig. 10 Tool wear image

Fig. 11 Image pixel region

Fig. 12 Image showing drill tool wear
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Table 4 Tool wears from image processing

S.NO Work piece
Al6063 and
Al2O3 MMC

Speed in rpm Feed-in
mm/rev

Tool materials Tool wear-in
mm

1 10 450 0.15 HSS 0.708

2 10 560 0.2 TiN 0.752

3 10 630 0.3 TiAlN 0.958

4 15 450 0.2 TiAlN 0.858

5 15 560 0.3 HSS 1.015

6 15 630 0.15 TiN 0.884

7 20 450 0.3 TiN 0.925

8 20 560 0.15 TiAlN 0.8703

9 20 630 0.2 HSS 1.878

the Eq. (1) and shown in Table 5. S/N ratio for smaller the better type response
is S/N = −10 * log (Mean Square Deviation).

S/N = −10 log

(
1/r

r∑
i=1

y2 i

)
. . . . . . . . . . . . (1)

where r = (1) Number of tests in a trail (no. of repetitions)
y = response for tool wear (0.708)

S/N = −10 log

(
1/r

r∑
i=1

0.7082
i

)
= 2.6954

Table 5 S/N ratio values for
tool wear

Experimental run Tool wear in mm S/N ratio for tool wear

1 0.708 2.6954

2 0.754 2.3456

3 0.958 0.37269

4 0.858 1.33024

5 1.015 −0.12932

6 0.884 1.07095

7 0.925 0.67717

8 0.8703 1.130111

9 1.878 −5.47392
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Table 6 Mean S/N response table for tool wear

Level Percentage of reinforcement
material (PRM)

Speed (S) Feed (F) Tool Material (TM)

1 1.8685 1.58826 1.65281 −0.94862

2 0.75730 1.15881 −0.55600 1.40792

3 −1.22221 −1.3434 0.30684 0.94435

Delta 3.09078 2.93169 2.20882 2.35654

Rank 1 2 4 3

Table 7 Difference between
the initial and optimal
combination of parameters

Combination Combination of
controllable
parameters

Tool wear (mm)

Initial combination PRM2, S2, F2, TM2 0.824

Optimal
combination

PRM1, SI, Fl, TM2 0.522

Gain N/A 0.302

Percentage of gain N/A 36.6%

Evaluation of optimal levels of process parameters for responses:
In Table 6, the optimum combination of parameters is identified. For this combi-

nation PRM(1) S(1) F(1) TM(2), confirmation experiment is conducted and obtained
tool wear is compared with results of initial combination and optimal combination
of controllable parameters in Table 7.

6 Conclusions

Results are depicted that in PRM(1) S(1) F(1) TM(2), the percentage of reinforce-
mentmaterial ismainly influencing the drill toolwear, the second influencing factor is
spindle speed follows the tool material and feed rate. Now this work, image process-
ing technique has been used for determining drill tool wear. By using this method, the
value and also the image of tool wear can be observed, directly, it can economically
measure the tool wear more accurately without contacting the tool. It is also use-
ful in preventing damage to the surface quality, surface roughness, and dimensional
accuracy of the product. This method can be also extended for other operations like
turning-milling, etc.
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Parametric Optimization for PA2200
Quality Prototype Fabricating Process
(Selective Laser Sintering) by Taguchi
Method

Battula Narayana and Sriram Venkatesh

Abstract This research study presents the development of the quality prototype is
critical in any additive manufacturing process as it directly relates to its strength and
accuracy. The process of Selective Laser Sintering (SLS) is a versatile and proven
process to build quality prototypes. This paper attempts to study the influence of build
factors such as part orientation, part bed temperature, and refresh rate (one time used
and virgin material by percentage of volume) on the part quality. Taguchi design
technique L9 (3 × 3) array settings used. Aimed at the required process factors with
least number of experimental runs, the L9 orthogonal array method of experiments
prepared using the analysis tools S/N ratio, and Analysis of variance, (ANOVA). The
significant control factors are identified for surface roughness, which is necessary
for designers and Rapid Prototype machine users.

Keywords Selective Laser Sintering (SLS) · Analysis of variance (ANOVA) ·
Rapid Prototype · S/N ratio

1 Introduction

In this study, a model design technic will be introduced to determine the optimal
surface finish, based on changing the orientation of the structure, chamber temper-
ature, refresh rate and other parameters using a selective laser-firing process (SLS)
[1]. The design studies these parameters effect on the surface. The experiments were
passed out by means of the Taguchi L9 3× 3 arrays with three levels for build Orien-
tation, Temperature, and refresh rate, presented in Table 1. The results are analyzed
statistically to determine the essential factors and their interactions. The essential
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Table 1 Report on experimental control factors and levels

Symbol(i) Factors Level-1 Level-2 Level-3

A Orientation 0° 45° 90°

B Temperature (°C) 173 170 167

C Refresh rate (%) 0 30 60

factors, their interactions, and optimal settings are proposed [2]. The optimal condi-
tions of the process are defined for the general improvement of the surface roughness.
Surface roughness is the degree of surface structure. It is quantified because of the
perpendicular deviances of the actual surface of this ideal shape. If these anomalies
are high, the surface is uneven; when they are slight, the surface is even. Normally,
roughness is designating be the quantity of the surface, part of the shortwave compo-
nent with a higher frequency. An important role has taken the roughness in revealing
how a real object acts together with its environment. Uneven surfaces are gener-
ally used faster and have used more quickly and the friction factors are higher than
with smooth surfaces. Roughness is often an indicator of the effectiveness of a good
mechanical component because the surface abnormalities can form vertical layers
or corrosion points. While unevenness is generally not desirable, controlling pro-
duction is difficult and expensive. The reduction of surface roughness will generally
increase exponentially for its production. This often results in trade between the cost
of manufacturing a component and its action in the application.

2 Selective Laser Sintering

This is a three-dimensional printing method where pieces are formed by sintering
when the CO2 laser beam hits a layer of thin and selective material. The procedure
starts with the CAD model and then converts it into an STL file where the parts
share the data for each layer. The thickness and replacement of each layer depend on
the equipment used. The Selective Laser Sintering (SLS) provides fast, flexible, and
economical components for 3D CAD data [3]. The first finished layer passes under a
layer of the object, the roller circulates the next layer of the powder, and this process
continues until the product is finished. The powder does not melt during process or
fuse but acts as a built-in support structure. Therefore, the support requirements are
not required separately and when the component is complete, the incomplete powder
material is completely removed. SLS technology has sufficient strength in the part
and no support is required. The drawback is the excessive consumption of energy.
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3 Experimental Design

The experimental part building material is PA 2200, and the building models tensile
test specimens prepared. The STL setup was produced by SOLIDWORKS -17 and
uploaded to the 3D system SLS FORMIGA P100 EOS Rapid Prototyping machine.
The control factors orientation (0°, 45°, 90°), part bed temperature (167, 170, 173
°C), and refresh rate (percentage of one time used and fresh material by volume) (0,
30, 60%) are presented in Table 1. The sample profile of surface roughness tests of
SLS prototype, tests have given below in Figs. 2 and 3. The surface roughness which
is treated as quality properties index, the lowest variability and optimal designs are
achieved using the S/N ratio. Advantages of the S/N ratio include increasing the
influence of weighting factors, reducing interactive performance, at the same time
processing the average, variation and enhancing the quality [4].

4 Arithmetic Average Height (Ra)

The average arithmetic height (Ra), (Eq. 1) also known as centerline average (CLA),
is a maximum common standard of a characteristic regulator. It is well-defined as
the outright deviance of the irregularity of the centerline shown in Fig. 1, for the
specimen interval. This factor is simple to describe, easy to compute and provides a
good description of the variation. It is not sensitive to small changes in the profile and
it does not furnish information on wavelengths [5]. The numerical accomplishment
of the arithmetic parameter and the mathematical description of average height are
the following:

Ra = 1

l

1∫

0

|y(x)|dx (1)

Fig. 1 Arithmetic average height (Ra), description
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Fig. 2 Specimen 2, Profile
of Mitutoyo SJ-301
roughness Tester

Fig. 3 Roughness profile of
specimen 2, built orientation
at 0°

5 Results and Analysis

5.1 Analysis of the Experimental Results

Investigation of experimental facts taken from Taguchi’s experimental L9 (3 × 3)
array design runs was carried out on MINITAB R18 software that was used at 95%
level of confidence.

5.2 Signal to Noise (S/N) Investigation

The response table of surface roughness for the S/N ratio is shown in Table 2 and the
plot of S/N ratio for smaller is better given in Fig. 4. The basic method for formatting
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Table 2 L9 (3 × 3) Orthogonal Array, control parameters, and S/N ratio of Ra

Experimental
run

Coded values Actual values

A-Orientation
degrees

B- Part-
Bed
temperature
°C

C-
Refresh
rate by
% of
volume
(%)

Ra
surface
roughness
Avg µm

S/N Ratio
for Ra
surface
roughness

Mean

A B C

T1 1 1 1 0 173 0 9.113 −19.193 9.113

T2 1 2 2 0 170 30 9.563 −19.612 9.563

T3 1 3 3 0 167 60 8.716 −18.807 8.716

T4 2 1 2 45 173 30 10.086 −20.075 10.086

T5 2 2 3 45 170 60 9.633 −19.675 9.633

T6 2 3 1 45 167 0 10.191 −20.163 10.190

T7 3 1 3 90 173 60 9.523 −19.575 9.523

T8 3 2 1 90 170 0 10.88 −20.732 10.880

T9 3 3 2 90 167 30 10.203 −20.174 10.203

Average mean in µm 9.7676

Fig. 4 Main effect plot for S/N ratios of Ra surface rough

the Taguchi method converts the objective parameter into an S/N ratio. The stable
quality can be attained as the smaller the ratio of S/N is small. As per the response
variable, smaller the better is applied for the surface roughness analysis [6, 7]. The
quantity of surface roughness is the relative sliding one upon another surface cross-
sectional area. The results of an experiment and S/N ratios are provided in Table 2.
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Table 3 Response Table for
signal to noise ratios of Ra

Level A B C

1 −19.20 −19.61 −20.03

2 −19.97 −20.01 −19.95

3 −20.16 −19.72 −19.35

Delta 0.96 0.39 0.68

Rank 1 3 2

From this table, the mean S/N was calculated as −19.7788. The response table for
S/N ratios of control factors like part orientation, part bed temperature, and refresh
rate were obtained using Taguchi technique given in Table 3. The optimum factors
A1, B3, C3 were has been determined best for the surface roughness from Table 3.
Figure 4 plotted the S/N graph to find optimum parameters. According to Fig. 6,
for the S/N ratios, the combination of optimal parameters was decided for factor A,
level 1 (S/N = −19.20), factor B level 3 (S/N = −19.72), Factor C level 3 (S/N =
−19.35). The surface roughness response table for the S/N ratio is shown in Table 4
and the plot of S/N ratio for smaller is better presented in Fig. 4. In this test, the
quality function “the smaller, the better” is used. For “smaller the better” quality
characteristics S/N (Y) is expressed as in Eq. (3)

Y = −10 log10 (MSD) (2)

Fig. 5 Main effect plot of means for (Ra) surface roughness
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Table 4 Response Table for
means

Level A B C

1 9.131 9.574 10.061

2 9.970 10.026 9.951

3 10.202 9.703 9.291

Delta 1.071 0.451 0.770

Rank 1 3 2

MSD = α2 + (
mavg−m0

)
(3)

where α2 is called variance,mavg is the average of the data, andm0 is the target value,
in this case, it is zero. Experiment analysis carried out using Minitab-R18 software.
The main effect plot S/N ratio is used to determine optimum factor level. Respective
influence of each factor is estimated ANOVA. Calculations necessary for ANOVA
are given in Eq. (4).

Ts =
N∑

k=1

(Yk − Ȳ )2 (4)

where the overall sum of squares is Ts, N is number of observations and Ȳ is the
overall mean of S/N Ratio
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T T j =
j∑

k=i

(Y ji − Ȳ )2 (5)

where the sum of square deviation of jth factor is TTj, jth factor for the ith level

U j = T T j

f j
(6)

where Uj, fj are variance and degrees of freedom respectively of jth parameter.

F j = U j

Ue
(7)

where Fj is F statistics of jth factor and the error of variance is Ue.
From Fig. 4, it exhibits that the surface roughness reduces an increase in part

orientation from 0° to 90°; the reason is Orientation cause stair-stepping in SLS
parts, which leads to the inferior surface finish. As the temperature increases from
167 to 170 °C, reduce the surface roughness and then after increase in temperature
to 173 °C the surface roughness increases, the cause is explained as follows as the
temperature increases strength and density increases, the powder particles are fused
together closely with proper sintering and leads to decreases in surface roughness.
Further increase in temperature, decreases the density it heads to increase in surface
roughness. Increase in refresh rate (the combination of fresh and single time used
material) from 0 percentage, 30 to 60% the surface roughness increases, the reason
for this the particles of refresh material fused together closely with suitable sintering
it helps to increase in surface roughness. The response Table of means has shown in
Table 4 and the plot for means of Ra given in Fig. 5.

If the error rate reaches zero, F and ANOVA cannot be calculated. In these cases,
it can predict and control the observed values using a combination of factor levels as
in this following Eq. (7):

Ypred(O,T,RF) = Y mean + (Ao − Y mean) + (BT − Y mean) + (CRF − Y mean)

= 9.7676 + (9.7676 − 9.7676) + (9.7676 − 9.7676) + (9.7676 − 9.7676

Ypred(O,T,RF) = 9.7676µm (7)

where Y pred is predicted S/N ratio of response, Ȳ is the sum of experimental average,
Ao, BT, and CRF are the average response for factors of A, B, and C. The insignifi-
cant factors and the interactions were generally omitted from Eq. (7) [8]. It gives the
influence of independent variables, as well as the percentage of the contributions of
these dependent variables to the response variable. ANOVA analysis was performed
in this study at 95% confidence level and 5% significance level. The F values (F
> P) shown the significance of control factors. Table 5, shows the percentage of
response factor variables with ANOVA. Therefore, the significance of each parame-
ter is identified from the ANOVA table. Based on the analysis of variance (ANOVA)
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Table 5 Comparison of predicted and experimental value for surface roughness

Parameter
optimal
setting

Orientation Temperature Refresh
rate

Experimental
value

Predicted
value of
S/N

Mean
value

Regression
model
value

1 0 173 °C 60% 9.8 µm 9.76 µm 9.76 µm 9.11 µm

Table 6 Regression analysis: Ra versus A, B, C

Source DF Seq SS Contribution
(%)

Adj SS Adj MS F-Value P-Value

Regression 6 3.358 99.98 3.35888 0.5598 1895.25 0.001

A 1 1.7208 51.22 0.1854 0.1854 627.89 0.002

B 1 0.0249 0.74 0.0052 0.0052 17.65 0.052

C 1 0.8893 26.47 0.5101 0.5101 1727 0.001

A * B 1 0.0024 0.07 0.3265 0.3265 1105.42 0.001

A * C 1 0.2575 7.67 0.6926 0.6926 2344.85 0.000

B * C 1 0.4637 13.80 0.4637 0.4637 1570 0.001

Error 2 0.0005 0.02 0.0005 0.0002

Total 8 3.3594 100.00

for surface roughness (Table 6) f-value can be concluded the surface roughness has
mainly influenced by the factor A—part orientation [9, 10]. The choice of factors
of experimental parameters and their corresponding levels, the analysis of variance
(ANOVA) controls the experimental results to decide the effect of each parameter
against the objective function [11]. Residual plots for surface roughness is given in
Fig. 6.

6 Recognition of Significant Parameters

The process parameters (Orientation, Temperature, and Refresh rate) which were
influences much on response Variable, has recognized by means of the percentage of
influence of each parameter. A-Orientation Parameter through more percentage of
influence 51.22% and is followed by factor C-Refresh Rate 26.47% and interaction
factor B * C with 13.80% are a significant parameter for the response variable, the
part bed Temperature, the interaction factors A * B and A * C are insignificant
factors. Analysis of variance for corresponding response variables the percentage of
influence of the parameters is shown in Table 5, [11, 12]. Hence, from the ANOVA
Table 6, the significance of each parameter is identified; the comparison of predicted
and experimental value for surface roughness has given in Table 5.

It shows that R2 value is 99.98%; this is the confirmation that has a significant
impact on the surface roughness. Therefore, the null hypothesis is refused and the
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Table 7 Confirmation test results

Experimental
run

Orientation
angle

Temperature
(°C)

Refresh rate (%) Surface
roughness (µm)

1 0° 173 60 9.83

2 0° 173 60 9.77

3 0° 173 60 10.64

surface roughness values are valid from my experimental results shown in Table 2.
The average roughness (Ra) value from the regression equation is 11.2 mm [13].

Regression Equation

Ra = 6.7219 + 0.7033A − 0.1179B + 2.6815C + 0.5290A ∗ B − 0.7705A ∗ C

−0.6305B ∗ C

Ra = 9.11µm

7 Confirmation Test

The confirmation test has been brought out after recognition of significant factors
to verify and found out the most set of optimal level factor combinations. In this
present research work, has shown that the significant combination parameters A1,
B3, C3. Three tests were conducted with optimal parameters on surface roughness,
the results shown in Table 7 [14].

8 Conclusions

The analysis of experiments was conducted using the Taguchi method L9 (3 × 3)
orthogonal method. The study on the ratio of S/N for surface roughness has taken
as “smaller the better”. It is evident that from this analysis, the significant parame-
ters play a crucial role in building a quality prototype. Optimization parameters for
surface roughness discussed. The building of a quality prototype by SLS process
for various part orientations, part bed temperature, and refresh rate is analyzed. The
significant combination parameters A1, B3, and C3 were identified at the level of
95% confidence using ANOVA, and the parameters contribution has carried out as
A-orientation influenced 51.22%, followed by parameter C-refresh rate influenced
26.47% and interaction factor B * C with 13.80% has influenced. The factors B-
part bed temperature, and interaction factors A * B and A * C were pinpointed as
insignificant factors. This empirical technique is applied to other RP processes to
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optimize parameters with several materials. The model of this process may be fur-
ther improved by means of using non-conventional techniques of optimization, for
instance, neural networks and genetic algorithms.

References

1. Guo N, Leu MC (2013) Additive manufacturing: technology, applications and research needs.
Front Mech Eng 8(3):215–243

2. Park R et al (2014) Establishment of process model for rapid prototyping technique (stere-
olithography) to enhance the part quality by Taguchi method. Procedia Eng. 180(1):1150–1159

3. Guan G et al (2015) Evaluation of selective laser sintering processes by optical coherence
tomography. Mater Des 88:837–846

4. Schmidt J et al (2015)Anovel process chain for the production of spherical sls polymer powders
with good flowability. Procedia Engineering 102:550–556

5. Soliman HH, Gadelmawla ES, Koura MM, Maksoud TMA, Elewa IM (2002) Roughness
parameters. J Mater Process Technol 123:pp. 133–145

6. Sood AK, Ohdar RK, Mahapatra SS (2009) Improving dimensional accuracy of fused
deposition modelling processed part using grey Taguchi method.Mater Des 30(10):4243–4252

7. Sood AK, Ohdar RK, Mahapatra SS (2009) Grey Taguchi method for improving dimensional
accuracy of FDM process. Mater Des 30(10):4243–4252

8. Raju BS, Sekhar UC, Drakshayani DN (2014) Optimizing multiple quality characteristics of
stereolithography process via Taguchi method-based grey analysis for SL5530 epoxy resin
material to enhance part quality. Procedia Mater Sci 5:2532–2541

9. Maiyar LM, Ramanujam R, Venkatesan K, Jerald J (2013) Optimization of machining param-
eters for end milling of Inconel 718 super alloy using Taguchi based grey relational analysis.
Procedia Eng 64(June 2015):1276–1282

10. Rahul SH, Balasubramanian K, Venkatesh S (2017) Optimizing inkjet printing process to
fabricate thick ceramic coatings. Ceram Int 43(5):4513–4519

11. Raju BS, Shekar UC, Venkateswarlu K, Drakashayani DN (2014) Establishment of process
model for rapid prototyping Technique (stereolithography) to enhance the part quality by
Taguchi method. Procedia Technol 14:380–389

12. Guo J, Bai J, Liu K, Wei J (2018) Surface quality improvement of selective laser sin-
tered polyamide 12 by precision grinding and magnetic field-assisted finishing. Mater Des
138(October 2017):39–45

13. Ferraz EG, Andrade LCS, Dos Santos AR, Torregrossa VR, Freire MDRS, Sarmento VA
(2011) Effect of different surface processing protocols in three-dimensional images for rapid
prototyping. Adv Eng Softw 42(6):332–335

14. Hong M-H, Min B, Kwon T-Y (2016) The influence of process parameters on the surface
roughness of a 3D-printed Co–Cr dental alloy produced via selective laser melting. Appl Sci
6(12):401



Scheduling of Flexible Manufacturing
System by Hybridizing Petri Net
with Improved Scatter Search Algorithm

T. R. Chinnusamy, Prabhakar Kammar, Fathima Praveen, T. Karthikeyan,
M. Krishnan, N. Varshitha and Ashika Ananda Shetty

Abstract The Flexible Manufacturing Systems (FMSs) are highly advanced and
integrated with manufacturing systems to produce products. It consists of two or
more robots with machining cells and automated guided vehicles (AGVs) that will
function under computer control. This paper highlights the importance of using loop
layout and planning in FMS by decreasing the backtracking distance and distance
traveled by Automated Guided Vehicle (AGV). A hybrid metaheuristic algorithm is
used in this paper and it is called as Improved Scatter Search Algorithm (ISSA). The
FMSScheduling is a complex phenomenon due to the huge variability in the working
parameters. Problems related to scheduling for general cases are characterized asNP-
hard. From the given size of the problem, the computation time required to obtain
the optimal schedule mostly will produce exponential results. In this research paper,
the dispatching rules are merged with PNs and also PNs with hybrid Improved
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Scatter Search algorithm for FMSs performance measure. These traditional hybrid
techniques were used for comparing and verifying simulation results. Finally, the test
problems were chosen from the review paper for better comparison and PN hybrids
with Improved Scatter Search algorithm provide better result in terms of machine
utilization, AGV idle time and makespan considering with and without breakdown
condition when it is compared with dispatching rules and Petri net with dispatching
rule techniques.

Keywords Flexible manufacturing system · Scatter search · Improved scatter
search · Scheduling · Petri net · Dispatching rules

1 Introduction

Customer demand and requirements of any product changes are very rapid in the
present market scenario. The manufacturing system is to accommodate the above
changes as quickly as possible to compete in the global market. The above advance-
ment will induce conflict in themanufacturing system as the variety of parts increases
then there will be productivity decreases. The FMS was a better combination of
medium variety of parts with medium production rate. The scheduling problems
were solved to determine sequencing of operation considering every job in the pro-
cess so that, the makespan of each job in the process is minimized or in otherwords
the machines utilization will be maximized. The FMS is a fully automatic manu-
facturing system and may be used in several parallel production environments for
better production rate. The layout of FMS has an impact on production time and
efficiency of the system. The physical layout of designing the FMS is an important
issue in utilization of machines and material handling systems in the industrial field.
In late 1970s, scheduling of FMSs has been published and many researchers are
undergone in this popular topic. In FMS, it usually consists of several numerically
controlled manufacturing machines and automated material handling systems that
transport materials from machines to tool systems and vice versa. Routing flexibility
in facility layout where each product can be manufactured via any one of several
available routes. Some criteria will optimize with the use of high-level control sys-
tem and used to decide that which resources are assigned to which product at specific
time duration. The system process planning or process scheduling is to determine the
allocation of parts to machines considering the sequence of operations to be done.
Finally, the constraints of the system are met and performance criteria are optimized.
The scheduling process in manufacturing system is a typical optimization problem
for which it decides the time of start of the process and allocations of jobs to be
processed in the system.
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2 Literature Survey

A proposed problem of multiterminal Net Assignments by Scatter Search in FPGA-
based logic emulation was used. A new mathematical model for the above problem
and a powerful heuristic approach also called scatter search algorithm, is adopted.
Heuristics techniques are effectively incorporated in many processes for accelerat-
ing the optimization search. The experimental results always demonstrate that the
promising performance of techniques used [1]. A hybrid scatter search technique
or electromagnetism metaheuristic algorithm is used for project scheduling. In the
last few years, there are several effective algorithms had been used for solving the
problem, which is related to resource-constrained project scheduling. However, the
challenging natures of the above problem having relatively small instances that sum-
marize the strongly hard statuswhich restricts the effectiveness of exact optimization.
The authors used a newmetaheuristic technique for the above-said problem, in which
it is able to provide near-optimal heuristic solutions for relatively large instances too
if right technique is used for the exact problem [2]. A scatter search technique for
the optimum disassembly sequence problem was discussed. Few difficult problems
faced by researchers in determining an efficient sequence of disassembly for a prod-
uct and its end of the product. In this research work, a scatter search (SS) technique is
presented which aim to deal with optimum sequence problem for disassembly. The
SS algorithm was tested with few case studies of 48 products which consisting of
25, 50, 75, and 100 components of right-angled parallelepiped that is connected by
different joints type [3]. The Scatter Search technique for the periodic capacitated
arc routing problem is used. Its objective is to assign a set of service days to each
edge in a given network. Heuristic techniques were developed by the author and
he evaluated on PCARP instances, which are derived from classical CARP studies
[4]. To solve the clustering problem, the author proposed a scatter search technique
with a given set of customers. The ultimate objective of the paper is to minimize the
summation of distances from every cluster centers to all other clients in their cluster.
The final computational results on a set of instances show that the heuristic is the
best heuristics developed for the above one. [5].

The process scheduling shows that it is an alternative plan to share resources
and it will assign resources to the selected activities, which are already planned [6].
In any manufacturing system, the resources will represent as machines, operators,
robots, etc… and activities represent the processing of products on the machines or
it may be the transport of products between each machines. In FMSs, the complexity
is more to calculate the performance measures accurate. The author extensively
used computer simulation to get the optimum result of extremely intricate flexible
manufacturing systems [7–9]. PNs are mathematical modeling and graphical tool,
which is applicable to frequent systems. The most important advantages of using
PNs technique in the manufacturing system scheduling over other tools is its ability
to represent lots of states in a concise mode, model deadlock situation, conflicts
in the system, multi-resource constraints, etc… [10]. In manufacturing system, the
total production cost incurred because of the material handling cost. The author
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Eynan and Rosenblatt [11] specified that the material handling cost is about 30%
of the cost of total production. Hence in FMSs automated material handling system
plays an important role. The stochastic colored PNs (SCPNs) model results to be
live and bounded. The liveness and boundness can be analyzed using simulation or
reachability analysis. The better result will depend on the size of the model, but it
cannot perform quantitative analysis [12]. To perform the scheduling in cell-level, the
heuristic dispatching rules are integratedwith colored timed Petri net simulation [13].
The dispatching rules algorithm which is integrated with hybrid search algorithm
provided by the PN simulation to analyse the system [14]. The author used modeling
and scheduling techniques using PNs and AI for analyzing FMSs. Here, two-hybrid
search algorithms are proposed to decrease the difficulty of large systems [15].

3 Methodology

In FMS loop layout, one of the objectives is to reduce the distance traveled and
backtracking distance of material handling system (Automated Guided Vehicle).
This paper proposes hybridizing PNs with dispatching rules and PNs with Improved
Scatter Search techniques for measuring the FMSs performance.

3.1 Improved Scatter Search (ISS)

Scatter Search (SS) is a metaheuristic technique and a population-based approach
was recently proposed in 1992 by Marco Dorigo et al. to solve several discrete opti-
mization problems. The Improved Scatter Search (ISS) imitate like real ants and find
the shortest route between a food source and their nest. Each ant communicates with
another ant by pheromone deposit and the optimum path is selected by exchanging
their information. More number of ants will traces on a path, so that the pheromone
deposit of each ant will increase the deposition which attractive the other ants to fol-
low the path. This type of ants characteristic is adapted on Improved Scatter Search
optimization technique to solve real problems.

Algorithm of Improved Scatter Search
Step 1: Generate the initial sequence and find the objective function value from the
initial sequence.

Step 2: Using diversification method to obtain the new set of sequences.
Step 3: Using improvement method from diversification method to get new

sequence.
Step 4: Objective function is calculated for all the sequences and arranges them

all in ascending order.
Step 5: The crossover and mutation operation is to be done for the inferior

sequence. For each newly generated sequence the objective function value.
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Step 6: The best or worst solution in the iterations are updated.
Step 7: If Best solution is updated, the process continues from step 2 and it is

repeated.
Step 8: If worst solution is updated the process continues with step 5.
Step 9: The process is stopped if the Z value remains the same for n number of

iterations.

3.2 Petri Net Dispatching Rules

The solution methodology is based on dispatching rules that are extensively used
to search for a solution given search space. In general, there are two methods used
to overcome the complication in the computation. First, a better heuristics function
can be employed and the second one is to implement hybrid heuristics search tech-
niques. The target state is selected depends on the minimization of makespan using
dispatching rules. Finally, the rule and the optimum path were selected.

Algorithm of Petrinet with Dispatching Rule
Step 1: Initialize the machine sequence on open.

Step 2: Initialize the operation time matrix array (machine processing times for
the jobs).

Step 3: If open is empty, leave the program.
Step 4: Obtain the list of possible states using the dispatching rules on open.
Step 5: Remove the identical markings from the list.
Step 6: Firing the target states, which have the highest priority (minimum

makespan) in the table.
Step 7: If marking m is a final marking, exit successfully with the solution.
Step 8: Else go to Step 3.
Step 9: Find the optimal path from the priority table.
Step 10: For every markings m’ to m, the makespan is calculated and optimum

path was selected.
Step 11: Display/print the results.

3.3 Dispatching Rules

This paper discusses hybridizing PNs with dispatching rules for measuring the per-
formance of FMSs. Dispatching rules play a vital in scheduling FMS. A variety
of simple and complicated dispatching rules was proposed and many investigations
were carried out toward a combination of dispatching rules in-order to obtain a feasi-
ble rulewhich performs better when compared to others. To evaluate the performance
of variety of dispatching rules under different conditions of the system, simulation
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Table 1 Dispatching rules and their descriptions

S. No. Dispatching rules Description

1. Shortest Processing Time (SPT) Select a job having minimum processing

2. Longest Processing Time (LPT) Select a job having maximum processing

3. Least Operations Remaining (LOR) Select a job with the least operations total
processing time for unfinished operations

4. Most Operations Remaining (MOR) Select a job with the most operations
remaining in the processing sequence

5. Least Work Remaining (LWR) Select a job with the least total processing
time

6. Most Work Remaining (MWR) Select a job with the most total processing
time remaining

techniques were used. Simulation techniques exhibit the execution of various dis-
patching rules and finally the rule which performs the best is selected. The following
are the dispatching rules were used to study the performance of FMS: Shortest Pro-
cessing Time (SPT), Longest Processing Time (LPT), Least Operations Remaining
(LOR), Most Operations Remaining (MOR), Least Work Remaining (LWR), and
Most Work Remaining (MWR) (Table 1).

4 Problem Description

A set of machines and set of jobs or products are taken for the sequential opera-
tions. For each product say Pi is processed by machine Mi for representing machines
and jobs in a layout. The processing requirements are scheduled as per the oper-
ations/jobs matrix for “P” products on “M” machines. Thus, the optimum routing
of the parts is determined by applying the heuristic or metaheuristic techniques.
Normally, dispatching rules are most frequently applied heuristic techniques in pro-
duction scheduling due to their ease of implementation of process and low time
complexity. During the process, a rule inspects the waiting jobs and selects the job
with the priority to be processed. The FMS loop layout has high flexibility and low
initial costs in handling the material and it is considered for performance measures.
Figure 1 shows the sample FMS loop layout problem, which shows the load/unload
stations and there is the single AGV which is bidirectional and the machines are
arranged (in slots) in the closed-loop layout.
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Fig. 1 Sample FMS loop
layout

4.1 Input Data for Test Problems

The simulation test problems were taken from Rizvan [16] to illustrate the effec-
tiveness of the proposed hybrid algorithm. The performance of the ISS Algorithm is
compared with dispatching techniques. Table 2 shows the distance matrix between
the machine slots for the test problems. Table 3 shows the part machine incidence
matrix, ie., the job sets used in the test problems.

Table 2 Distance matrix between the machine slots

Layout Slots S1 S2 S3 S4

Loop layout (LL) L/UL 2 4 10 12

S1 0 2 8 10

S2 12 0 6 8

S3 6 8 0 2

S4 4 6 12 0

Table 3 Part machine incidence matrix

Job set 1 Jobs Machine sequence
(operation time)

Job set 2 Jobs Machine sequence
(operation time)

J1 1(8) 2(16) 4(12) J1 1(6) 2(12) 4(9)

J2 1(20) 3(10) 2(18) J2 1(18) 3(6) 2(15)

J3 3(12) 4(8) 1(15) J3 3(9) 4(3) 1(12)

J4 4(14) 2(18) J4 4(6) 2(15)

J5 3(10) 1(15) J5 3(3) 1(9)
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5 Results and Discussion

The simulation time of 400 min is used to study the performance of the layout. For
every 60 min, a breakdown of 5 min is given to study the breakdown analysis.

5.1 Dispatching Rules

Table 4 shows the results of dispatching rules for the test problem (LL × JS1).
The AGV idle time, Makespan, and average % of machine utilization are calculated
using the dispatching rules technique for the test problem (LL × JS1). Figure 2
shows the % machine utilization of dispatching rules for the test problem (LL ×
JS1) considering without breakdown. Individual dispatching rules and combined
dispatching rules are used to find the AGV idle time, makespan and average % of
machine utilization for the test problem (LL × JS1). From the result, the average
% of machine utilization of MOR dispatching rule performs better (26.25 average
% of machine utilization) when compared to other dispatching rules under without
breakdown condition. Figure 3 shows the % machine utilization of dispatching rules
for the test problem (LL × JS1) considering with breakdown. From the result, the
average % of machine utilization of L(IT/TPT) andMOR dispatching rules performs
better (26.38 and 26.06 average % of machine utilization) when compared to other
dispatching rules under with breakdown condition.

Figure 4 shows the makespan of dispatching rules for the test problem (LL ×
JS1). While considering the makespan, the LOR dispatching rule performs better
(205) when compared to other dispatching rules under without breakdown condition.
While considering the makespan, the LOR dispatching rule performs better (205)
when compared to other dispatching rules under with breakdown condition. Figure 5
shows the AGV Idle Time of Dispatching Rules for the test problem (LL× JS1). By
considering the idle time of material handling system (Automated Guided Vehicle)
forwith andwithout breakdown condition, the single dispatching rule performs better
for most of the run when compared to combined dispatching rules.

Table 5 shows the results of dispatching rules for the test problems (LL × JS2).
The AGV idle time, makespan and average % of machine utilization is calculated
using the dispatching rules based on the parts sequence and the layout of FMS for the
test problem (LL × JS2). Figure 6 shows the % machine utilization of dispatching
rules for the test problem (LL × JS2) considering without breakdown. Individual
dispatching rules and combined dispatching rules are used to find the AGV idle
time, makespan and average % of machine utilization for the test problem (LL ×
JS2). From the result, the average % of machine utilization of MOR dispatching
rule performs better (19.75 average % of machine utilization) when compared to
other dispatching rules under without breakdown condition. Figure 7 shows the %
machine utilization of dispatching rules for the test problem (LL× JS2) considering
with breakdown. From the result, the average % of machine utilization of MOR
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dispatching rule performs better (19.69 average % of machine utilization) when
compared to other dispatching rules under with breakdown condition. Figure 8 shows
themakespan of dispatching rules for the test problem (LL× JS2).While considering
the makespan, the L(IT/TPT) dispatching rule performs better (193) when compared
to other dispatching rules under without breakdown condition. While considering
the makespan, the L(IT/TPT) dispatching rule performs better (193) when compared
to other dispatching rules under with breakdown condition. Figure 9 shows the AGV
Idle Time of Dispatching Rules for the Test Problem (LL × JS2). By considering
the idle time of material handling system (Automated Guided Vehicle) for with and
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without breakdown condition, theL(IT/TPT) andDueDate dispatching rules perform
better (22 and 22) when compared to other dispatching rules.

5.2 Hybrid Petrinet with Dispatching Rules

The results of hybrid PETRI NETs with dispatching rules for the test problems (LL
× JS1) by considering with breakdown and without breakdown is shown in Table 6.
Individual dispatching rules and combined dispatching rules with PN are used to
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find the AGV idle time, makespan and average % of machine utilization for the
test problem (LL × JS1). From the result, the average % of machine utilization of
L(IPT/TPT), LWR and MWR dispatching rules performs better (62.81 average % of
machine utilization) when compared to other dispatching rules under without break-
down condition. From the result, the average%ofmachine utilization of L(IPT/TPT),
LWR and MWR dispatching rules performs better (57.50 average % of machine
utilization) when compared to other dispatching rules under with breakdown condi-
tion. While considering the makespan, the L(IT/TPT), LWR and MWR dispatching
rules perform better (86) when compared to other dispatching rules under without
breakdown condition. While considering the makespan, the L(IT/TPT), LWR and
MWRdispatching rule perform better (86) when compared to other dispatching rules
under with breakdown condition. By considering the idle time of material handling
system (Automated Guided Vehicle) for with and without breakdown condition,
the L(IT/TPT), LWR and MWR dispatching rules relatively having more idle time
because of its more machine utilization time when compared to other dispatching
rules.

The results of hybrid PetriNets with dispatching rules for the test problems (LL
× JS2) by considering with breakdown and without breakdown is shown in Table 7.
Individual dispatching rules and combined dispatching rules with PN are used to
find the AGV idle time, makespan and average % of machine utilization for the
test problem (LL × JS2). From the result, the average % of machine utilization
of L(IPT/TPT), LWR and MWR dispatching rules performs better (57.75 average
% of machine utilization) when compared to other dispatching rules under with-
out breakdown condition. From the result, the average % of machine utilization of
L(IPT/TPT), LWR and MWR dispatching rules performs better (46 average % of
machine utilization)when compared to other dispatching rules underwith breakdown
condition.

While considering the makespan, the L(IT/TPT), LWR, and MWR dispatching
rules perform better (69) when compared to other dispatching rules under without
breakdown condition. While considering the makespan, the L(IT/TPT), LWR and
MWRdispatching rule perform better (69) when compared to other dispatching rules
under with breakdown condition. By considering the idle time of material handling
system (Automated Guided Vehicle) for with and without breakdown condition,
the L(IT/TPT), LWR, and MWR dispatching rules relatively having more idle time
because of its more machine utilization time when compared to other dispatching
rules.

5.3 Result of Hybrid Petrinet with ISS Algorithm

The simulation results of hybrid PN with ISS for the test problem (LL × JS1) by
considering with breakdown and without breakdown is shown in Table 8. Individual
dispatching rules and combined dispatching rules are used to find the AGV idle time,
makespan and average % of machine utilization for the test problem (LL × JS1).
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Fig. 10 % machine utilization for the test problem (LL × JS1) without breakdown

Figure 10 shows the average % of machine utilization of PNISS performs better
(69.75 average % of machine utilization) when compared to other dispatching rules
and PNDR under without breakdown condition. Figure 11 shows the average % of
machine utilization of L(IPT/TPT), LWR andMWRdispatching rules perform better
(57.50 average % of machine utilization) when compared to PNISS (54.88 average
% of machine utilization) under with breakdown condition.

Figure 12 shows themakespan for the test problem (LL× JS1), thePNISS (86) per-
forms the same as L(IPT/TPT), LWR and MWR perform (86) under without break-
down condition. While considering the makespan under with breakdown condition,
the L(IT/TPT), LWR andMWRdispatching rule perform better (86) when compared
to PNISS (98). Figure 13 shows the idle time of material handling system (Auto-
mated Guided Vehicle) for with and without breakdown condition, the L(IT/TPT),
LWR and MWR dispatching rules perform better when compared to PNISS. PNISS
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Fig. 11 % machine utilization for the test problem (LL × JS1) with breakdown
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Fig. 13 AGV idle time for the test problem (LL × JS1)

relatively having more idle time because of its more machine utilization time when
compared to other dispatching rules and PNDR.

The simulation results of hybrid PN with ISS for the test problem (LL × JS2) by
considering with breakdown and without breakdown is shown in Table 9. Individual
dispatching rules and combined dispatching rules are used to find the AGV idle time,
makespan and average % of machine utilization for the test problem (LL × JS2).

Figure 14 shows the average % of machine utilization of PNISS performs better
(66.88 average % of machine utilization) when compared to other dispatching rules
and PNDR (57.75 average % of machine utilization) under without breakdown con-
dition. Figure 15 shows the average % of machine utilization of PNISS performs
better (50.69 average % of machine utilization) when compared to L(IPT/TPT),
LWR and MWR dispatching rules (46 average % of machine utilization) under with
breakdown condition. Figure 16 shows the makespan of the test problem (LL× JS2),
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Fig. 14 % machine utilization for the test problem (LL × JS2) without breakdown
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Fig. 15 % machine utilization for the test problem (LL × JS2) with breakdown
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Fig. 17 AGV idle time for the test problem (LL × JS2)

L(IPT/TPT), LWR and MWR performs better (69) when compared to PNISS (76)
under with and without breakdown condition.

Figure 17 shows the idle time of material handling system (Automated Guided
Vehicle) for with and without breakdown condition, the L(IT/TPT), LWR andMWR
dispatching rules perform better when compared to PNISS. PNISS relatively having
more idle time because of its more machine utilization time when compared to other
dispatching rules and PNDR.

The utilization results of PN with ISS show the optimum when compared to
dispatching rules. Similarly, from Figs. 10, 11, 12, 13, 14, 15, 16, and 17 the results
of the test problems (LL × JS1) and (LL × JS2) shows that the PNISS performs
better when compared to PNDR.

6 Conclusion

An arrangement of layout in flexible manufacturing system is extremely important
to achieve high productivity. The various algorithms have been developed to solve
the layout problem and scheduling in FMS environment. A variety of modifications
have been carried out by the researchers to improve its performance. Many attempts
have been made to apply algorithms individually to solve these problems. A system
that is based on PNs integrated with rule based has been highly used to find opti-
mal decisions for scheduling analysis. In the present research work, hybridizing the
existing algorithms with new algorithms (FMS scheduling with hybrid PNDR and
PNISS) and were validated against the benchmark problems.

Benchmark problems from the previous literaturewere carried out for parts requir-
ing different operations and operation sequences. The proposed methodology PNISS
performs better for the objective function and yield better solution for both the test
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problems. From the test problems, the results were comprehensible and promising
in terms of optimality, also the superiority of the proposed hybrid method (PNISS)
when compared to other dispatching rules and PNDR techniques considering with
and without breakdown.
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An Image Processing Approach
for Detecting Solidification Crack
in Pipeline Girth Welds

Nirmala Madian, Somasundaram Devaraj, Santhi Krishnamoorthi
and Rajagopal Dhanasekaran

Abstract Welding is the most significant component in day-to-day life. Without
welding, nothing is possible which relates aircraft to skyrocket, the pipeline to high-
ways, cars to workplace constructions. The major problem related to welding is the
occurrence of crack at high temperatures during solidification. Sulphide stress cor-
rosion cracking is a major problem to be analysed during pipeline girth welds. The
crack occurs when the test stress level approaches 100%. The crack analysis is an
important indicator that reflects the safety status in weld quality. It is also important
to understand the severity of the crack formedwhichwill help in improving the safety
measures better. This will help in selecting the required materials and the proportion
ratio which can handle more stress during testing. The paper is about introducing
image processing techniques to analyse the crack region and perform segmentation
of crack region.

Keywords Pipeline girth welds · Solidification · Sulphide stress corrosion · Crack
detection · Image processing
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1 Introduction

Solidification crack [1] is formed in weld metal when the solidification process is
performed. The reason is that the hot metal loses its ductility, which results in crack-
ing. The cracking involves (i) hot cracking, (ii) crater cracking, and (iii) centreline
cracking. Weld metal is subjected to cracking during the conditions like (i) sensitive
chemical composition of parent metal, (ii) irregular shape and size of weld, and (iii)
unfavourable stress level. The work is about analysing the behaviour of the crack due
to sulphide stress corrosion (SSC) [2] from pipe girth weld, which is strained due to
pipe reeling and layout process and is analysed through image processing.

SSC test helps in analysing the sulphide stress cracking in pipe welds done using
NACE-TM 0177-90 method-A. Metallographic assessment needs to be carried out
to know the influence of heat input and steel chemistries for the SSC resistance
on heat-affected regions. The geometry of the SSC samples is investigated. There
is always threshold stress for any application. This threshold is affected due to the
geometry and the concentration of hydrogen in steel. So care should be taken to
reduce the hydrogen concentration to improve the SSC resistance in heat-affected
regions. Various methods [3–6] are reported for the SSC testing for detecting crack
and the solution to reduce the crack in heat-affected area during the solidification
process.

Four unstrained samples are considered where the testing is performed with weld
root [2]. The test is performed through dead weight loading considering the surface
tension in the inner pipe. The stress test level is set to 100%at various levels compared
to parent metal stress. The duration of the test is 30 days. The samples are examined
through a microscope to detect the crack and the photomacrographs are recorded to
find the feature of interest in analysing the crack.

There are two types of strain cycles for characterising the metal which are (i)
Tensile–Compression–Tensile–Compression (T-C-T-C) and (ii) Compression–Ten-
sile–Compression–Tensile (C-T-C-T). The sample tested at 100% shows the forma-
tion of a crack within the test period. The obtained crack is associated with SSC.
The photomacrograph images are considered as input for the work. Any image can
be analysed using the histogram. The histogram is a bar chart representation of the
intensity level. When the contrast of an image is low it can be improved using his-
togram equalization techniques [7, 8]. The image binarization helps in detecting the
region of interest along with contour analysis that is used to detect cracks [9].

The paper proposes a methodology for analysing the photomacrographs of the
images recorded through the microscope. Image processing algorithms are used for
analysing the photomacrographs to detect the location and segment the crack in the
weld metal.
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2 Methodology

The image processing algorithms can be applied to analyse the crack in weld metal
due to SSC testing. Themethodology involves image preprocessing, region of interest
identification through which the crack region is segmented as shown in Fig. 1.

The input image considered is the photomacrographs of solidification crack
formed during SSC testing at high temperatures. The images are initially analysed
for quality. The quality analysis is based on taking a histogram of the image. The
histogram is nothing but the intense study of an image. The histogram is represented
as

N =
m∑

i=1

hi (1)

Where N is the total observations, m is the total bin count. The number of bin
count is calculated based on bin width w given as

m = [
max−min

/
w

]
(2)

Based on the histogram the image contrast is analysed. If the contrast is low
then equalization techniques should be employed to enhance the image quality. The
improved quality helps to detect the crack region. Histogram based equalization is
performed to enhance the quality of an image which is represented as

heq(i) = round

(
cd f (i)− cd fmin

(M × N )− cd fmin
× (L − 1)

)
(3)

Where cdf is the cumulative distribution function, M × N matrix size of image,
L number of grey levels.

After enhancement, image binarization is done. The binarization converts the
image into two dark bands and bright bands. The bright bands are the region of

Fig. 1 Methodology
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interest. The image binarization is represented as where (x, y) is a coordinate point.

b(x, y) =
{
1 f oreground
0 background

(4)

The binarization helps in separating the crack region from the other region includ-
ing the background. The projection of the image is performed on the binarized image.
The projection gives us information about the region where the crack is formed. The
projection can be performed along all rows or columns of an image. The projection
gives the 1D view of a 2D image. The image is then subjected to segment the crack
region. Now the region of interest is analysed for segmenting the crack region. The
binary mask of the region of interest is formed. The features from the binary mask
are calculated which helps to classify the images with a larger database.

3 Results and Discussion

The input considered for the work is photomacrographs of the strained specimen
after SCC testing. The test stress till 70% under T-C-T-C and C-T-C-T strain has
no crack formation as shown in Fig. 2. The strained specimen at 100% shows crack
under T-C-T-C and C-T-C-T strain as shown in Fig. 3a, b. The quality of the image
is analysed based on histogram of the image. The histogram of the image is shown
in Fig. 4a, b. As the intensity is spread throughout the entire duration from 0-255 the
image does not need enhancement.

The image then has to be binarised for further analysis. The binary image is shown
in Fig. 5a, b. The binary image obtained shows two-band regions (dark and Bright
bands). Figure 5a (i) gives us the information of crack region as dark bands and other
weld regions as a bright band. But it is noted that the background is also similar to

Fig. 2 Photomacrographs
after SCC testing at 70%,
root in tension
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Fig. 3 Photomacrographs
after SCC testing at 70%,
root in tension under
a C-T-C-T. b T-C-T-C

the crack region. This should be solved and only the region of interest (crack region)
should be segmented.

The procedure for the above problem is detecting the binary mask, which helps in
separating the crack region irrespective of other regions. One important procedure to
detect the crack region is through projections. The crack regions have a low intensity
as they look similar to the background. The crack results in gap formation which
means a space between two regions and will not have any intensity so the pixel value
is zero.

The projection of the normal images as shown in Fig. 6a and there is no dip
in intensity which shows no crack in the image. Considering Fig. 6b, c there is a
dip region which reflected there is a crack region or a discontinuity in the image
region. This is studied through the projection graph. The crack and disjoint region
are mentioned in the graph plotted.
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Fig. 4 a Histogram of Fig. 3a. b Histogram of Fig. 3b
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Fig. 5 a (i) Binary Image of Fig. 3a (ii) Segmented binary crack region. b (i) Binary Image of
Fig. 3b (ii) Segmented binary crack region

After confirming the presence of crack the binary mask is obtained. The segmen-
tation is performed based on boundary tracking on the mask region to segment the
crack region as in Fig. 7a, b.

The feature extracted from the segmented images is given in Table 1.
The features are obtained for crack region obtained for the stress level at 100%.

The future scope is to analyse various crack regions at 100% stress level and evaluate
the features. From the feature analysis, a conclusion can be obtained on the severity
of the stress and have a proper understanding to reduce the causing factor of crack.

4 Conclusion

The paper is about detecting the crack formed during the solidification procedure.
Welding plays a vital role in all applications. So it is important to have a proper proce-
dure to perform welding. One main drawback is crack formation during the welding
process. Here an image processing approach is presented to detect the crack region
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Fig. 6 a Projection graph of
Fig. 2. b Projection graph of
Fig. 3a. c Projection graph of
Fig. 3b
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Fig. 7 Crack segmented
image a Fig. 3a. b Fig. 3b

Table 1 Features of crack region

Image Area Perimeter Axis length

Major Minor

Figure 5a (ii) 949 267.60 116.18 16.24

Figure 5b (ii) 1210 299.01 121.58 31.30

at 100% stress level. Various features are calculated which can help in analysing the
severity of the crack region.
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Experimental Investigation to Optimize
Process Parameters in Drilling Operation
for Composite Materials

K. Amarnath, P. Surendernath and V. Kumar

Abstract This paper optimizes the influence of process parameters in drilling and
improves the surface finish quality of GFRP (glass fiber reinforced polymer) com-
posites workpiece by using different drill bits such as 8 mm, 10 mm and 12 mm
diameter HSS (M2) drill. A series of experiments will be done by varying the dif-
ferent drilling parameters and different spindle speeds, feed rate, and point angle are
varied. The impact of parameters and setup correlation of parameters with respect
to the Taguchi approach is explained. Validations of the drilling operation for GFRP
will be carried out at CITD and its experimental records will be maintained.

Keywords Composite materials · Process parameters · GFRP

1 Introduction

Drills are classified by fabric, duration, form, wide variety, and sort of helix or flute,
shank, factor characteristics, and length series. Drills are produced from excessive-
velocity metal (HSS), strong carbide, or with carbide brazed inserts. Most drills are
made for proper-hand rotation. Right-hand drills, as regarded from their point, with
the shank going through far away from our view, are turned around in a counterclock-
wise course on the way to reduce. Left-hand drills cut when turned around clockwise
in a comparable way [1–3].

Because of the super pressure carried out with the aid of the device in drilling, it
is important to ensure the tension of each reducing tool and workpiece. In drilling
operations, the quality of the hole is an important requirement for many applications.
Optimized cutting parameters are essential for controlling the required quality [4, 5].
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2 Experimental Investigation

The experiments are done on the drilling machine with the following parameters:

WORKPIECE MATERIAL—GFRP (glass fiber reinforced polymer)
DRILL BIT DIA—8 mm, 10 mm, 12 mm
CUTTING SPEED—1500 rpm, 2000 rpm, 2500 rpm
POINT ANGLE—116°, 118°, 120°.
EXPERIMENTAL PHOTOS (Figs. 1, 2, Tables 1, 2)

Taguchi Approach to DOE

• Traditional Design of Experiments (DOE) focused on how different design factors
affect the average result level.

• From every trial series, we can obtain an average result level and a measure of the
variation, si, i = 1, 2, …, 9 can then be used as levels that provide the most robust
design [6].

Experiment
Factor

1 2 3 4
1 -1 -1 -1 -1
2 -1  0  0  0

9 1 1 0 -1

-1 -1 -1
-1  1  1
 1 -1  1
 1  1 -1

Levels of 
disturbing factors

Y11
Y12
Y13
Y14

-1 -1 -1
-1  1  1
 1 -1  1
 1  1 -1

Y21
Y22
Y23
Y24

Individual results

Fig. 1 Drilling process
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Fig. 2 Final component

Table 1 Input parameters Process parameters Level 1 Level 2 Level 3

Speed (rpm) 1500 2000 2500

Drill bit dia (mm) 8 10 12

Point angle 116° 118° 120°

Table 2 Surface finish values

Job no. Speed (rpm) Drill bit dia (mm) Point angle (°) Surface finish (Ra)

1 800 8 116 0.565

2 800 10 118 0.727

3 800 12 120 0.912

4 1000 8 116 1.05

5 1000 10 118 1.21

6 1000 12 120 1.64

7 1200 8 116 2.145

8 1200 10 118 2.521

9 1200 12 120 2.742
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2.1 Taguchi Parameter for Drilling Process

In order to identify the process parameters affecting machine quality characteristics
of milling, preliminary experiments are conducted [7].

Orthogonal Array Process:
From the table, to study the two-factor effects of process all the 3 parameters
interaction on the selected characteristics are studied while milling.

Results:
Using randomization technique, experimental data for the cutting forces have been
formulated and S/N ratio is given below:

S/N ratio = −10 log

[
1

n
(y21 + y22 + . . . . + y2n)

]
(1)

Where y1, y2,….., yn are machining characteristics for each parameter
(Tables 3, 4).

Table 3 Taguchi orthogonal
array

Job no. Speed (rpm) Drill bit dia (mm) Point angle (°)

1 800 8 116

2 800 10 118

3 800 12 120

4 1000 8 116

5 1000 10 118

6 1000 12 120

7 1200 8 116

8 1200 10 118

9 1200 12 120

Table 4 Surface finish Surface finish (Ra) µm

0.565

0.727

0.912

1.05

1.21

1.64

2.145

2.521

2.742
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3 Observation

The following are the observations made by running the experiments. The cutting
forces are measured using a dynamometer.

4 Optimization by Minitab Software

To calculate the S/N ratio, means array is designed in Minitab17:

Type of Design:
Figures 3 and 4.

Fig. 3 Selection of Taguchi
design

Fig. 4 Assigning factors
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Fig. 5 Parameters

Fig. 6 Parameters

4.1 Optimization of Parameters

Figures 5 and 6.
Analyze Taguchi Design—Select Responses (Figs. 7, 8, 9, 10, 11).

5 Results and Discussion

Taguchi method stresses the importance of studying the response variation using the
signal-to-noise (S/N) ratio plays a major role in the Taguchi method.
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Fig. 7 Design analysis

Fig. 8 Terms_ analyze

S/N = −10 ∗ log
(∑

(Y 2)/n
)

n = 1(number of measurements in a trial/row

Performance characteristics, a greater S/N value corresponds to better perfor-
mance and it is noted with optimum spindle speed is 2500 rpm (Fig. 12).
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Fig. 9 Work sheet

Fig. 10 S/N ratio plot

6 Conclusion

In this paper an attempt tomake use of theTaguchi optimization technique to optimize
drilling parameters during workpiece material fiber.

In this work, the optimal parameters of cutting speed are 1500, 2000, and
2500 rpm, drill bit diameters are 8, 10, and 12 mm and point angles 116°, 118°,
and 120°. Experimental work to validate with different parameters and results are
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Fig. 11 Means plot

Fig. 12 Final worksheet results. Test report from CITD

validated experimentally the results based on the Taguchi method for which optimal
valves obtained are—1200 rpm, drill bit diameter—12 mm and point angle—118°.
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Hardness Characteristics of Grinding
Wheel Using Al2O3 with Boron Nitride

Shivashankara, Rudra Naik and Mahadev Gouda Patil

Abstract Different techniques used to measure the hardness of the grinding wheel
based on the grinding wheel surface of various grain sizes and the bond contents
present in the wheel structure. Two different techniques are identified to accept
entirely their capacity to differentiate the wheels of various commercial hardness. In
production industries, hardness of the grinding wheels is one of the key parameters
which shows its strength of the grinding wheel. During the operating condition
(dynamic), is the first method to easily relate in the workshop, quite more complex to
analyze. Onemore technique in research studies of grindingwheel hardness obtained
through statistical analysis result. This research highlights the further improvement
of hardness of grinding wheel by combining two different abrasive materials (Al2O3

with Boron nitride). By mixing these two abrasive materials with vitrified bonding
system involves the adjustments in order to maintain grinding performance, mainly
thewheel hardness, grain holding capability, cutting strength, andwheel safety during
the machining. It is a major outcome on mixing proportion, mixing quality, stability,
and skill to manage the wheel in its green state during the heat treatment, while
the proper composition of the bonding material tends to influence the strength and
hardness of the grindingwheel. The presentwork reports the influence of the hardness
of the wheel in terms of improving the wear rate and durability and power consumed
during the grinding operation which highly affects the grinding business. The final
parts of this article give the improved hardness of the grinding wheel and combined
grain topography, wheel morphology would represent a clear step development of
grinding wheel technology and that each of value in its own sphere of application in
grinding.

Keywords Grinding wheel · Hardness · Bonding material and wheel
morphology · Topography
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1 Introduction

Grinding operation is the process of obtaining the required surface roughness on the
work where it is required to machine precision components in an aerospace applica-
tion. Here the tool is called abrasive wheel which acts like a cutting edge rubs against
the work material and it removes the very thin layer of material in the form of dust
and produces a smooth surface. In production industry the cost per product is sub-
sequently higher because of complex geometry of parts to be finished and grinding
wheelmanufacturing cost. These twomajor issues are notmuch affected in large scale
production industries, because the super abrasive wheels (CBN and Diamond) have
shown their potential applications with higher production rates. In other production
companies (small and medium scale) are shows minimum production rate, customer
satisfaction compared to large scale companies, because of using the conventional
abrasives Al2O3 and SiC abrasive wheels for machining the parts. These abrasives
do not have enough mechanical properties like cutting ability, strength, hardness,
and toughness compared to super abrasives wheels. In order to satisfy the customer
satisfaction in terms of cost reduction, quality of products, grinding wheel manu-
facturer come forward to increase the mechanical properties like hardness, strength,
machineability, and re-sharpening of the grain during the operation. Wheel hardness
is one of the grinding parameters which plays an important role during grinding
operation. In addition to the hardness present in the conventional abrasive wheel, it
is required to increase little more hardness to the existing grinding wheel (Al2O3)
with small weight percent of (HBN) hexagonal boron nitride. The blend proportions
of these two abrasives with proper binding materials can changes in grain character-
ization using Scanning Electron Microscope (SEM). The improvement of hardness
properties has a major outcome on mixing proportion, mixing quality, stability, and
skill to manage the wheel in its green state during the heat treatment, while the proper
composition of the bonding material tends to influence the strength and hardness of
the grinding wheel. The present work reports the influence of the hardness of the
conventional wheel in terms of improving the wear rate and durability and power
consumed during the finishing operation which highly affects the grinding business.
The final parts of this paper present the increase in the hardness properties by com-
bining the basic abrasive materials (Al2O3) with HBN and the wheel morphology
and grain topography to improve the performance of the grinding wheel.

2 Literature Review

The present issues on the hardness strength of the grinding wheel which is not
enough to make the product into finished parts as per the customer satisfaction.
Hardness is the properties of the abrasive material which helps to remove the small
number of materials and produce the smooth surface on the workpiece [1]. Hussein
Talab and Marwa Marza [2] have presented the paper an experimental studying for
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manufacturing grinding wheel using various abrasive particles alumina and SiC and
the bonding agent use was vitrified. This study produces to assess on the mechanical
and physical properties for manufacturing grinding wheel, with the percentage of
vitrified bond in the laboratory. The physical (porosity and density) and mechanical
properties like hardness, compressive strength, and wear rate were evaluated for the
samples. Thefinal results showed that the hardness, density increase, and compressive
strength increased by reducing the porosity with increasing bond percentage.

Umashankar and Ramesh Babu [3] have studied about the grinding wheels life.
During the grinding operation, the wheel is continuously in contact with the work
part in order to obtain the required surface finish, sometimes it undergoes the frac-
ture of bond, grain, and grain pullout finally it leads to wheel degradation because of
less hardness of the wheel. When compared to conventional abrasive wheels, super
abrasives wheels expect the more Babu, N.R. et al. [4] hardness during dressing with
particular dressing capability which reduced by greater depth rate due to the high
contact angle between the work and abrasive wheel surface causing more grain frac-
ture. According to Daire et al. [5] formulate the high abrasive hardness and the wear
rate was achieved by fusing alumina in the existence of a carbonaceous substance
based on the alumina and alumina carbides. For preparations of this product and its
usefulness in all the machining operation including material removal from the parts.
For machining of 304 stainless steel and carbon steel part, the material removal rate
was high using a combination of sintered alumina gel type abrasive with cofused alu-
mina–zirconia, but less effective was identified Narayanan et al. [6] as compared to
fused alumina. Vipin Gopana and Leo Dev Wins [7] have presented the quantitative
analysis of grinding wheel loading that can give the facts about the machining con-
ditions of the grinding wheel. With the improvement in the area of machine vision
and image processing from his study which concentrates on succeeding a system
for the quantitative evaluation of wheel loading using image capturing and image
processing.

Suya Prem Anand et al. [8] have worked on the grindability of the pre-sintered
zirconia that was examined using a vitreous bonded silicon carbide grinding wheel
with the various grinding parameters such as speed of thewheel, depth of cut, and feed
rate which are varied to investigate its grindability in terms of surface finish, G-ratio,
force ratio, and ground surface under both wet and MQL cooling condition. From
there study, by using various types of grinding wheel, such as diamond, CBN, and
SiC wheels. Out of these wheels, the results obtained are specific energy, grinding
force, and surface finish using SiC wheel and were found to be effective towards
ground zirconia. Annamalai et al. [9] silicon carbide wheel of grit 220 with low
porosity vitreous bonds is used to machine the zirconia and also less cost for SiC
wheel is cheaper than using the diamond grinding wheel.

Odior et al. [10] have discussed the characteristics of the grinding wheel as well as
theoretical consideration of the operations of wheel materials. These characteristics
of grinding wheel include the wheel material, grain size and its spacing, grade of the
wheel, and bond type. The grain size determines the physical appearance of thewheel
and grade determines how the bonding material tightly holds the grain on the wheel
and the grain affects almost all consideration of the grinding operation. According
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to their study the relationship among the different grinding parameters such as radial
force f, the force acting on the single grit og the wheel F, grinding wheel velocity
gV, workpiece velocity wV, wheel diameter, and diameter of the workpiece were
established for the required grinding operation.

Pulmer et al. [11] studied the impact on the topography of the abrasive wheel
exhibiting that the increase and decrease of wheel roughness and wheel density
as increasing the more dressing effect. According to Klocke and Linke et al. [12]
designate that the weakens of bonded wheel model using FEA, leads to larger gain
breakout and more wear rate with the less hardness on wheel surface. Effort from
Palmer et al. [13] indicated that the response of the dressing over the surface of
the wheel in terms of two in deep feed rate and speed ratio which evaluated the
impact of dressing on grit fracturing based on the developed grinding wheel surface
morphology thatwas identifiedbyusing a spamof surface roughness parameter. From
his viewpoint important changes in dressing between conventional and engineered
grit morphology were also observed.

Breidenstein et al. [14] presented the fact that was focusing on the procedure
for the verification of the grinding wheel topography, these topographies enable the
product manufacturing to forecast and thus identify the surface of the machined
parts. During the machining process influences the quality of machined parts which
as the last step of most production chains, the innovation method is more assuring.
Due to wear characteristics of the grinding grains, the topography of the grinding
tool changes as more as the obtained surface does. Fritz Klocke et al. [15] discussed
about the kinematic energy that gets converted into heat during grinding process
which is outstandingly influenced by the wheel morphology. Accordingly the grain
arrangement and the shape of the cutting edge have to be considered in order to
introduce an advance towards the characterization of the cutting edges of a wheel
topographywhile taking thematerial behavior of theworkmaterial into account. This
paper highlights the kinematic geometric arrangement model which easily evaluates
the geometrical shape of the cutting edge of the measured topography.

3 Methodology of Research

A literature study is like a birds eye view for collecting the lack of information on
previous research work done by the different investigators. According to the previous
research information on the grinding application, many advanced technologies have
been adopted for improving the standard quality of abrasive tools. The research infor-
mation involves the grinding wheel parameters based on the wheel hardness, surface
roughness, and wheel morphology and grain topography which plays central role
in grinding application. The surface hardness of the conventional abrasive (Al2O3)
wheel is not enough to improve the wheel life and quality of machined surface as per
the customer requirement. To achieve the grindingwheel hardness like super abrasive
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wheel standard, it is required to increase the grinding wheel hardness characteristic
by conducting the hardness test on the sample which is made up of aluminum oxide
grinding wheel with the boron nitride. The evaluation of the grinding wheel is on the
basis of wheel surface hardness which shows the optimum results on the test sample.

4 Experimental Test Procedure

4.1 Grinding Wheel Hardness Test

The experiment designated were based on two types of grinding wheel made of
vitrified bonded abrasive wheel samples. The first wheel is made of aluminum oxide
abrasive particle used as a basic wheel and another wheel is made of combination of
two different abrasive particles (Al2O3 and HBN) with composition of Al2O3 plus
10% of boron nitride. This composite wheel dimensions of 25 mm × 25 mm ×
6 mm (External diameter×width× internal diameter) was employed. The prepared
grinding wheel sample was placed on the anvil of high precision Micro Hardness
Testing machine with full automation as shown in Fig. 1, which is specially used for
research purposes in Central Manufacturing Technology Institute, Bangalore. The
hardness tests were conducted, with the test method and force application variant is
Q10-30-60A/A + using ½ inch carbide ball indenter with the basic load of 58 kg
was applied for few seconds to know the actual hardness value of the wheel surface.

Fig. 1 Micro hardness tester with a fully automatic loading system
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Table 1 Hardness values of the wheels

Sl. no. Sample identification Hardness measure in HR 15Y Avg. values

1st value 2nd value 3rd value

1 Al2O3 with 10% HBN 87.2 91.2 95.5 91.3

2 Al2O3 basic wheel 90.9 92.3 89.5 90.9

Three hardness values were taken in three different places on the wheel surface by
adjusting the wheel position and results were tabulated for both the types of grinding
wheel. The average hardness result is shown in Table 1.

4.2 Measurement of Grinding Wheel Morphology

Grinding wheel morphology and grain topography were carried out with the Field
Emission Scanning Electron Microscope (FEGSEM), SE2 (EhThomly detector)—
for wheel Topography and the optical resolution: Up to 0.8 nm with magnification
factor range from 12 to 100,000X (SE); 100–100,000X (BSE). The measuring range
of a single scan limited around15cm×15cm themeasuringof larger surface areawas
obtained by merging multiple scans. Measuring range of the investigated grinding
wheel topographies was selected so that the grain distribution characteristics reached
a quasi-state. There are six scanned images that were taken from each grinding
wheel samples. From these samples wheel morphologies and grain topography were
selected with magnification factors 200X, 500X, 1000X and WD and height was
9.8, 2.00. So that the distribution of basic wheel grain shape characteristics and the
boron nitride wheel were analyzed. From the SEM analysis, it was observed that the
basic wheel morphology shows the more porous, not uniform mixture of grain with
bond and absence of cutting edges when compared to boron nitride wheel. This SEM
analysis was carried out in Central Manufacturing Technology Institute, Bangalore
(Fig. 2).

5 Results and Discussion

5.1 Grinding Wheel Hardness

The results in Table 1 show the grinding wheel hardness using the two different
types of grinding wheels samples. The type-1 wheel used Al2O3 as a Basic wheel
and Type-2 Wheel used an Al2O3 with boron as nitride particles.
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Model : Ultra Plus Field emission Scanning Electron Microscope (FEGSEM) 
Manufacturer : Carl Zeiss 
Supplier : Carl Zeiss Group

SCANING ELECTRON 
MICROSCOPE (SEM) 

SPECIFICATIONS 

In lens detector- for surface structure 

SE2 (EhThomly detector)- for Topography

EsB detector- for Pure material contrast

AsB detector- for Channeling contrast 
(crystal orientation) 

CL detector- for Luminescent materials

STEM- Scanning Tunneling Electron Mi-
croscope Resolution: Upto 0.8nm   
Magnification: 12- 100,000X (SE); 100- 
100,000X (BSE) 

Fig. 2 Ultra plus field emission scanning electron microscope (FEGSEM)

As per the result obtained from the tabulated values, it is clearly shown that the
differences in wheel hardness from two types of grinding wheel, in that the type-2
wheel (Al2O3 with boron nitride) shows the more hardness than the Basic wheel.
Figure 3 shows the increased hardness value compared with basic wheel hardness.

Fig. 3 Average hardness
values of the grinding wheel

90.7

90.8

90.9

91

91.1

91.2

91.3

HBN wheel Basic wheel

Average values of hardness

Average values of hardness
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5.2 Grinding Wheel Morphology and Grain Topography

The result in Figs. 7 and 8, show the homogeneous mixture of grain topography
that is generated for improving the hardness of the grinding wheel. From the SEM
image, the uniform grain distribution was observed by grain topographies, and wheel
hardness characteristics which appeared in wheel morphology by the combination
of aluminum oxide with the boron nitride grinding wheel. This has shown to be more
effective than either the aluminum abrasive alone.

6 Characterization of Aluminum Oxide with Boron Nitride
Particles

The Fig. 4 shows there is a chance of grain pullout to be very fast during grinding
because of improper holding of grain with the bond in Fig. 5a than Fig. 5b.

Figure 5 indicates clearly, the topography of the wheel which is having more
cutting edges projection with the boron nitride abrasive material when compared to
basic wheel topography.

Figure 6 illustrates the grain topography analysis of two different types of grind-
ing wheel investigation and the smaller grain size led to a more number of cutting
edges with the small greater chip thickness. The sizes of the grain had no significant
recommendation on the grain distribution of size and shape of the grain character.

Figure 7 Due to the combining of Al2O3 with Boron nitride grinding wheel insist
the results clearly confirm, that the grain morphology with minimize porous and the
above two grinding wheel types were the same and the grain sizes were separately
distributed.

(a) Al2O3 Basic Wheel (b) Al2O3 with Boron nitride wheel 

Fig. 4 Topography of different crystalline forms of Al2O3 with boron nitride grinding wheel
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(a) Al2O3 Basic Wheel (b) Al2O3 with Boron nitride wheel 

Fig. 5 Grain topography of a crystalline form of Al2O3 with boron nitride

(a) Al2O3 Basic Wheel (b) Al2O3 with Boron nitride wheel

Fig. 6 Grain topography of crystalline form of Al2O3 with boron nitride grinding wheel

(a) Al2O3 Basic Wheel (b) Al2O3 with Boron nitride wheel

Fig. 7 Topography of crystalline form of Al2O3 with boron nitride grinding wheel
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(a) Al2O3 Basic Wheel (b) Al2O3 with Boron nitride wheel

Fig. 8 Topography of crystalline form of Al2O3 with boron nitride grinding wheel

Figure 8 show the topography of crystalline form of boron nitride wheel surface, it
is clearly shows that the homogeneous mixture of the abrasive particles with porous
free surface of the wheel. A combination of the aluminum oxide with the boron
nitride grinding wheels with different topography is shown to be more effective than
the either the aluminum abrasive alone.

7 Conclusion

1. Strongly identified the increased hardness value on the manufactured composite
grinding wheel using aluminum oxide with boron nitride.

2. Hardness result of the manufactured grinding wheel from the aluminum oxide
and boron nitride increases with increasing the percentage of vitrified bond, and
the hardness value of manufactured abrasive wheels from boron nitride (HBN)
was higher than that of manufactured grinding wheels from aluminum oxide
(Al2O3).

3. The porosity of the manufactured wheel from aluminum oxide and boron nitride
decreases with increasing the bonding percentage, and the manufactured abra-
sive wheel from aluminum oxide with boron nitride improves the uniform grain
distribution.

4. The density of themanufactured grindingwheel using aluminumoxide and boron
nitride increases with an increase in the bonding percentage.

5. The strength of the manufactured abrasive wheels from aluminum oxide with
boron nitride increases with increasing the hardness value, and the strength of
the grinding wheels using aluminum oxide (Al2O3) with boron nitride is higher
than that of the wheel manufacture using aluminum oxide (Al2O3).
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6. The hardness of the manufactured abrasive wheel using aluminum oxide with
boron nitride increases the workpiece, then the increased hardness characteristic
is good for wheel life.

7. SEM analysis of the manufactured abrasive wheel highlights the grain topog-
raphy that showed the uniform grain distribution on the wheels and the wheel
morphology showing the homogeneous mixture of aluminum oxide with boron
nitride grain and vitrified bond.
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Optimization of Process Parameters
on EDM for Inconel 718

Ch. Shekar, U. Ashok Kumar, K. Kishore and P. Laxminarayana

Abstract Inconel 718 super alloy are highly used in gas turbine, space vehicles,
aircraft, nuclear reactors, submarine, petrochemical equipments and other high tem-
perature applications. Due to the excellent mechanical properties, high strength at
elevated temperature, it’s hard to machine in traditional machining process. EDM
is one of the most suitable techniques to shape this alloy into desire shape. The
present study is to investigate the machining characteristics of Inconel 718 material
on CNC—EDM using copper and graphite electrodes. Taguchi L9 orthogonal array
had been used for design of experiment, where the input parameters are current,
Pulse-ON, Pulse-OFF and the experimental outcomes are material removal (MRR).
Analysis of variance (ANOVA) is employed to indicate the level of significance of
machining parameters.

Keywords Inconel 718 · Design of experiments—Taguchi L9 OA ·Material
removal rate · S/N ratio-larger the better · Anova-significant factor

1 Introduction

Electrical discharge machining (EDM) has been used in the machining of tough and
complexmaterials used in the industries [1, 2]. In the EDMprocess, material removal
is by the action of spark discharges between the electrode tool and the workpiece.
The spark discharges produces per second take place in a tiny crater by melting and
vaporization, thus reproducing the shape of the tool into the work piece. A dielectric
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fluid flushes out the “chips” that are the products of the discharge. Many complex
shapes can be reproduced in the workpiece [3, 4].

Inconel materials are used inmany industries like aerospace, medical instruments,
and nuclear plants because of good mechanical properties [5]. Electrical discharge
machining (EDM) is an alternative method for machining Inconel alloys in required
shapes w.r.t to the tool design. Therefore, EDM is capable of efficiently machining
various parts with hardness properties. Experiments have been carried out to see the
effects of input parameters such as current, time-on, and time-off and tool electrode
on the performance of material removal rate. Taguchi’s method has been used as a
design of experiments technique for experimental investigation. Experiments have
been designed as per Taguchi’s L 9Orthogonal array. Analysis of variance (ANOVA)
is done to indicate the significance of machining parameters [6–9].

2 Experimental Details

2.1 Work Piece Material

Samples are of square segment of Inconel 718 steel having size of 80 mm × 80 mm
× 10 mm thick and the properties with Composition in percentage by weight are
given in Table 1 with the copper electrode and graphite electrode of 10 mm diameter
for machining.

Design of Experiments was based on the factors and levels using Taguchi L9
Orthogonal array with input parameters and their levels shown in Table 2. Table 3
shows the experiments were carried out according to the Taguchi L9 Orthogonal
array.

Table 1 Composition of Inconel 718

Elements N Ti Al Cr Mo N Ferrous

Composition 50–55 17–21 0.2–0.8 17–21 2.8–3.3 4.75–5.5 Balance

Table 2 Selected process parameters for machining conditions of Inconel 718

Parameters Level 1 Level 2 Level 3

Current 4 6 8

Pulse-On 5 7 9

Pulse-Off 2 3 5
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Table 3 Shows the L9
Orthogonal array
experimental for EDM of
Inconel 718 by using copper
and graphite electrode

Expt. No Current Pulse-On Pulse-Off

1 4 5 2

2 4 7 3

3 4 9 5

4 6 5 3

5 6 7 5

6 6 9 2

7 8 5 5

8 8 7 2

9 8 9 3

3 Results and Discussions

Higher Material Removal Rate (MRR) is calculated by dividing the difference
between the weight of workpiece before (wb) and after (wa) machining, against the
machining time (tn). With copper and graphite electrodes on machining of Inconel
718 as shown in Table 4.

MRR = Before and aftermachiningweight of work piece

Machining Time

Table 4 Experimental results of Inconel 718 by EDM with copper and graphite electrode

Expt. No Current Pulse-On Pulse-Off MRR with copper
electrode (mm/min)

MRR with graphite
electrode (mm/min)

1 4 5 2 0.066 0.085

2 4 7 3 0.069 0.074

3 4 9 5 0.125 0.092

4 6 5 3 0.128 0.098

5 6 7 5 0.169 0.132

6 6 9 2 0.173 0.138

7 8 5 5 0.300 0.183

8 8 7 2 0.386 0.198

9 8 9 3 0.467 0.293
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3.1 Signal to Noise Ratio of MRR with Copper Electrode
on Inconel 718

From Table 5 shows the S/N Ratios of MRR with copper electrode machining on
Inconel 718 w.r.t input parameters of Current, Pulse-ON, and Pulse-OFF and the
optimum combination is A3B3C2 from Fig. 1 for Material removal rate for which
higher the better is considered.

Table 5 Response table for
S/N Ratios of MRR with
copper electrode on Inconel
718

Level Current Pulse-On Pulse-Off

1 −17.66 −15.96 −15.61

2 −15.51 −15.59 −15.36

3 −13.38 −15.00 −15.58

Delta 4.28 0.96 0.25

Rank 1 2 3
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Fig. 1 Graph S/N Ratios of MRR with copper electrode machining on Inconel 718
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Table 6 ANOVA of MRR with copper electrode

Source DF Adj SS Adj MS F-value P-value % Contribution

Current 2 0.01064 0.00532 61.79 0.016 92.11

Pulse-On 2 0.00064 0.00032 3.69 0.213 5.51

Pulse-Off 2 0.00010 0.00005 0.61 0.623 0.90

Error 2 0.00017 0.00009 1.49

Total 8 0.01155 100

3.2 ANOVA for of MRR with Copper Electrode by EDM
on Inconel 718

FromTable 6 Shows theANOVA forMRRwith copper electrode by EDMon Inconel
718 in which themost contribution percentage factor is current 92.11%, which shows
the highest value inmachining process followed by less pulse-on 5.51%and pulse-off
0.90%, and error contribution 1.49%.

3.3 Signal to Noise Ratio of MRR with Graphite Electrode
on Inconel 718

From Table 7 shows the S/N Ratios of MRR with graphite electrode machining on
Inconel 718 w.r.t input parameters of Current, Pulse-ON, and Pulse-OFF and the
optimum combination is A3B3C2 from the graph of Fig. 2 for Material removal rate
for which higher the better is considered.

Table 7 S/N Ratios of MRR with graphite electrode on Inconel 718

Level Current Pulse-On Pulse-Off

1 −21.02 −16.28 −15.81

2 −14.55 −15.87 −15.47

3 −11.73 −15.15 −16.02

Delta 9.29 1.13 0.54

Rank 1 2 3
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Fig. 2 Graph S/N Ratios of MRR with graphite electrode machining on Inconel 718

3.4 ANOVA for of MRR with Graphite Electrode by EDM
on Inconel 718

From Table 8 the ANOVA for of MRR with Graphite electrode by EDM on Inconel
718 in which themost contribution percentage factor is current 95.76%, which shows
the highest value in the machining process followed by less pulse-on 2.54% and
pulse-off 1.05%., and error contribution 0.64%.

Table 8 ANOVA of MRR with graphite electrode

Source DF Adj SS Adj MS F-value P-value % Contribution

Current 2 0.04435 0.02218 149.06 0.007 95.76

Pulse-On 2 0.00118 0.00059 3.96 0.202 2.54

Pulse-Off 2 0.00049 0.00024 1.63 0.38 1.05

Error 2 0.00030 0.00015 0.64

Total 8 0.04632 100.00
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4 Conclusions

In this study, material removal rate is the most important performance measure using
Taguchi L9 design of experiments. In order to improve productivity in EDMmachin-
ing of Inconel 718, the optimum level of copper and graphite are calculated as
follows:

• Thematerial removal rate of Inconel 718with copper and graphite electrode shows
the maximum removal rate. The optimum combination is A3B3C2, i.e., Current
8Amps, Pulse-On 9 µs, Pulse-Off 3 µs is 0.467 and 0.293 mm/min which is
matching within the Taguchi L9 Orthogonal Array of Design of Experiment

• From the ANOVA it was found that the current is the most significant factor which
is contributing to MRR w.r.t electrodes of copper 92.11% and graphite 95.76%
and error estimation is 0.64% for graphite and 1.49% for copper electrode.
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Profile Optimization in Tooltip for FSW
Process—A Numerical Investigation

R. Saravanan, M. S. Sreenivasa Rao, T. Malyadri
and Nagasrisaihari Sunkara

Abstract Friction Stir Welding (FSW) is employed for welding the metal surfaces
without changing their phase. The major process variables of FSW are the profile of
tooltip including plain or grooved surfaces, rotary speed of the tooltip, the angle of the
tool fixed, and the vertical force on the tooltip. This investigation focuses the tooltip
geometry with plain surface in FSW of AA6061. Initially conventional cylindrical
profile is consideredwith a predefined tool spinning speed of the tool and compressive
force which applied over it axially, for a specific welding application. The factors
varied four levels. The stability related, thermal, and transient investigations were
performed. The observations were comparedwith different geometries including two
different truncated cone profiles and a hexagonal prismatic profile. The best profile
suggested based on the investigation results.

Keywords FSW · Tooltip geometry · Numerical investigation · Transient
analysis · Thermal analysis · Stability investigations

1 Introduction

Friction StirWelding (FSW) attracts the researcher due to its significant performance.
Pavan Kumar et al. [1] investigated the material flow pattern responses in FSW of
AA 6061 with respect to various tooltip geometries like Knurling, plain cylindrical

R. Saravanan (B)
Mechanical Engineering, Ellenki College of Engineering and Technology, Hyderabad, TS, India
e-mail: dr.sarravanan@gmail.com

M. S. S. Rao · T. Malyadri · N. Sunkara
Mechanical Engineering, VNR Vignana Jyothi Institute of Engineering and Technology,
Hyderabad, TS, India
e-mail: subbusoft2004@gmail.com

T. Malyadri
e-mail: malyadri.vnr@gmail.com

N. Sunkara
e-mail: snssaihari@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_32

373

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_32&domain=pdf
mailto:dr.sarravanan@gmail.com
mailto:subbusoft2004@gmail.com
mailto:malyadri.vnr@gmail.com
mailto:snssaihari@gmail.com
https://doi.org/10.1007/978-981-15-1124-0_32


374 R. Saravanan et al.

surface, threaded cylindrical surface, conical, and grooving. The welding joints like
butt and lap were considered. But the influence of the tool direction in rotation
plays a vital role in material flow patterns than tooltip geometry. Bilici [2] studied
the influence of the tool geometry like cylindrical, tapered, threaded cylindrical,
and square in the friction stir spot welding of polypropylene sheets. The author
reported that the threaded tapper tooltip outperformed and the tooltip dimensions
were standardized. Indira Rani and Marpu [3] experiment with FSW of AA6061
and AA6351 suggested that the square profile for axial force 6000 N, speed of the
weld 60 mm/min at 1000 rpm of tool rotation for AA6061. Meilinger and Török
[4] also recommended truncated taper pin for FSW of aluminum alloys. Kadian
et al. [5] conducted the experimentation at three levels of tool traverse speed like
1.8, 2, and 2.2 mm/s and varied rotational speeds at three levels as 1000, 1200, and
1400 rpm for welding AA6061. The authors reported that the truncated cone type
tooltip reduced the maximum weld temperature and also causes the less quantity
of material mixing. The investigation of [6] was Aluminum Alloy (AA-7075) with
various spindle speeds, feed, and the tool’s depth on work piece. The setting of
1750 rpm of spindle speed at 20 mm weld width, plunge depth 0.16 mm, and feed of
50mm/min yielded high toughness.Abedini et al. [7] recommended triangular tooltip
profile which yielded high weld strength than the tapered tooltip for spot welding
of DP780 at 30 kN axial load, 1000 rpm tool rotation and feed is 20 mm/min. The
study of [8] was on AA2016-T6 with tool rotation 900 rpm, feed 40 mm/min, axial
force 5 kN. The weld by use of taper tooltip yielded Excess of 10% Ultimate tensile
strength, 9% of yield strength, and 30% of percent of elongation at 20 centigrade
weld temperature. Casalino et al. [9] experimented in butt welding of AA 5754H11
and reported that tapered tooltip produced a regular joint. The smooth surface finish
ensured with a little flash. Raguraman et al. [10] investigated numerically about
the tooltip geometry influence on FSW of AA 6061 and AZ6 and recommended
concave-shaped fluted tooltip geometry than tapered fluted tooltip with highlighting
the reason of the required lesser value of heat flux to weld thematerials. Rathinasamy
andRajuwith Smolin [11, 12] recommends simulation can be a tool for analyzing the
cases effectively and economically. Smolin [12] depicted the mechanism of FSW by
using computer simulation. Investigation of [13] was on AA6061 FSW and focused
on thermal effects by tooltip geometries. This study focused on the influence of load
applied to the tool axially, rotational speed, and feed. Except the feed, factors like
force on tool and rotational speed were directly proportional and linear response to
welding temperature. Daneji et al. [14] experimented in FSW of AA6061 (6061-O
temper) alloy with cylindrical too profile at 1750 rpm. The variants were welding
speeds, thread pitches, and pin lengths. The findings were: the welding speed plays
a key role in FSW due to insufficient tooltip length, the pinhole, and insufficient
penetration defects occurred. The shoulder and tip diameter are unswervingly relative
to the flow velocity of material and the material inside the weld melt, respectively
[15]. The influence of shape and size of tooltip geometries in thermo-mechanical
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environment, flow of plasticized material, heat generation rate, torque, and traverse
force which act on the tool [16]. This numerical investigation entirely different by
considering cone angles of truncated profiles, hexagonal shape which circumscribed
circle is equivalent diameter of conventional circular tooltip profile. The surface of
the tooltip is not grooved. Sufficient numerical investigation techniques like stability
analysis, thermal investigation, and transient analysis were carried out to optimize
tooltip profiles.

2 Materials and Methods

In this study, four different tooltip geometries were considered, viz., cylindrical,
hexagonal prismatic, truncated cone with cone angle 20°, and truncated cone with
cone angle 10°.Eachplate to bewelded is of 50×200mmsize.Hencefinal dimension
will be 100× 200mm. The tooltip is 5.7mm long. The shoulder has 20mmdiameter.
The CAD (CREO) pro-esoftware tool is employed in the design of tools and plates.
The Designed tooltips such as cylindrical (Tool-I), hexagonal prismatic (Tool-II),
truncated cone with cone angle 20° (Tool-III), and truncated cone with cone angle
10° (Tool-IV) are shown in Fig. 1 and their working philosophy is illustrated in Fig. 2.

Fig. 1 Geometry of Tool-I to IV, respectively from left to right

Fig. 2 Working philosophy of Tool-I to IV, respectively from left to right
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2.1 Stability Investigation

The CAE tool (ANSYS) is employed for the static analysis. The material properties
were defined and meshed for analysis. The tooltip is steel (G= 2× 1011 Pa, Poison’s
ratio 0.3;Density 7850kg/m3, andYield strength 350Mpa) and the plate to be-welded
is aluminum Al-6061 (G= 68.9× 109 Pa, Poison’s ratio 0.33; Density 2700 kg/m3,
and Yield strength 276 Mpa). The griping load and compression load on the tool
were defined such a way that the corners of the plate, as well as the sides, are with
fixed support. The tool is subjected to an inertial load of 3 kN with rotation speed of
1000 rpm. Then the stability related analyses were conducted for the four different
tooltip geometries. The deformation in mm, strain and stress in MPa, and shear
stress in MPa are measures of performances. The results and findings are discussed
in the results and discussion section. Figures 3, 4, 5, and 6 illustrates the stability
investigations of tool-I to Tool-IV, respectively (Table 1).

Fig. 3 FSW—stability investigation with Tool-I
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Fig. 4 FSW—stability investigation with Tool-II

2.2 Thermal Investigation

The length of the tooltip in FSW is slightly less than the depth of welding. The tooltip
penetrates the surface completely to make the butt joint. Then the tool starts to travel
along the mid-gap between the plates after a small space. The travel speed can be
preset and known as welding speed. The heat generated based on the wear resistance.
Thematerial defined steel for tool andAl6061 for the workpiece. The thermal bound-
ary conditions like initial plate temperature equal to ambient temperature as 22 °C,
the film coefficient as 3e-4w/mm2, the temperature of tooltip is 590 °C, the bottom
and top surface temperatures of plates, were 25 °C and 250 °C, respectively. The
heat flux and temperature distributions were investigated. The results and findings
were discussed in the Result and Discussions section (Figs. 7, 8 and Table 2).
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Fig. 5 FSW—stability investigation with Tool-III

Fig. 6 FSW—stability investigation with Tool-IV
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Table 1 Results of stability investigations

Range Deformation Strain Stress Shear stress

Tool-I Min 0 1.4338E−18 0.9879E−13 4.9545E−14

Max 0.096495 0.0041206 283.91 158.92

Tool-II Min 0 1.5023E−18 1.0351E−13 5.1763E−14

Max 0.095085 0.0037423 257.85 145.17

Tool-III Min 0 1.6109E−18 1.1099E−13 5.5655E−14

Max 0.100110 0.0040568 279.51 156.28

Tool-IV Min 0 1.5341E−18 1.0573E−13 5.3012E−14

Max 0.098093 0.0041077 283.02 158.89

Fig. 7 Temperature (left) and Heat flux (right) distribution: Tool-I (a) Tool-II (b)
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Fig. 8 Temperature (left) and Heat flux (right) distribution: Tool-III (a) Tool-IV (b)

Table 2 Results of Thermal Analysis

Tool-I Tool-II Tool-III Tool-IV

Min Max Min Max Min Max Min Max

Temp. 25 599.22 25 595.03 108.07 592.32 24.921 597.06

Heat
flux

3.14e−13 48.316 3.39e−13 51.388 1.53e−11 15.787 4.64e−6 57.604

2.3 Transient Investigation

It is the extension of stability and thermal analysis. From the results, it is noted
that the high stresses produced by cylindrical tooltip (Type-I) and truncated cone
with cone angle 10° (Tool-IV) than other tooltip geometry. Hence, in the Transient
investigation the above two profiles of the tooltip were considered. The velocity
of the tool varied at four levels such as 0.025, 0.027, 0.028, and 0.030 mm/s. The
other conditions remain the same. The sample of model for transient investigation is
shown in Figs. 9, 10, 11, and 12 (Right). The deformation, stress, shear stress, and
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Fig. 9 Transient investigation results for Tool-IV at 0.025 mm/s

strain were observed. The precise results were discussed to suggest the best geometry
(Table 3).

3 Results and Discussions

The steel tooltip geometry like cylindrical (Tool-I), hexagonal prismatic (Tool-II),
truncated conewith cone angle 20° (Tool-III), and truncated conewith cone angle 10°
(Tool-IV)were used to stirweld theAl6061Plates. The tooltip geometry performance
was evaluated based on deformation, strain, stress, and shear stress. The deformation,
strain, stresses, and shear stress performance of Tool-I, Tool-II, Tool-III, and Tool-
IV depicted in Figs. 3, 4, 5, and 6, respectively. Each Figure from the left to right
illustrates deformation Performance, strain performance, stress performance, and
the shear stress performance, respectively. The lower (min) and higher (max) values
appear in blue and red colors, respectively. The numerical investigation results were
consolidated in Table 1. From the results it was ensured that all the tooltips were well
stabled. The thermal investigations were illustrated tool wise in Fig. 7 for Tool-I and
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Fig. 10 Transient investigation results for Tool-IV at 0.027 mm/s

Tool-II and in Fig. 8 for Tool-III and Tool-IV, respectively. It was identified that the
truncated cone profile with cone angles 10° give high temperature and heat flux. In
the transient analysis also, the same tool performed well.

4 Conclusion

One of the major factors which influenced the FSW process is the tooltip profile.
This paper focused and optimized the tooltip profile for FSW of AA6061 plates. In
addition, conventional cylindrical type, hexagonal prismatic, truncated conical with
cone angles 20°, and 10° were considered for analysis. All the four profiles were
included in the stability analysis and the safe limit of plastic deformation and stress
formationwere ensured in the stability investigation. In thermal analysis, it was found
that the truncated cone profile with cone angles 10° give high temperature and heat
flux compared to hexagonal prismatic and truncated cone profilewith cone angles 10°
(Tool-III). It is noticed that the Tool-III gives a very low heat flux than other profiles
including the cylindrical profile. Many investigations recommended the truncated
cone profile for their specific cases of FSW, but not stated the importance of cone
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Fig. 11 Transient investigation results for Tool-I at 0.028 mm/s

Fig. 12 Transient investigation results for Tool-I at 0.030 mm/s
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Table 3 Results of Transient Analysis

Tool profile Tool-I Tool-IV

Tool velocity 0.030 0.028 0.025 0.027

Deformation 0.03 0.028 0.025 0.027

Stress 302.75 283.26 286.34 306.46

Shear stress 159.19 146.79 152.37 162.7

Strain 0.0046 0.0043 0.0043 0.0046

angle. The investigation extended further with transient analysis. The investigation
considered four different tool velocity for selected tooltip profiles and found that at
the Tool-IV dissipated more heat than Tool-I. Hence the Tool-IV will consume less
power.
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Effect of Composition and Process
Parameter on Mechanical Properties
of Composite Coating by Laser
Cladding: An Overview

Ranit Karmakar and Subrata Kumar Ghosh

Abstract Laser cladding is one of the finest surface modification techniques, to
incorporate greater hardness, less wear and corrosion, resistance to oxidation at
elevated temperature as well as very low coefficient of friction. Coating with dif-
ferent characteristics can be synthesized by control of the matrix and reinforcement
composition of the coating, substrate material, and process parameters of laser beam
precisely. Before starting any investigation or research, an investigator have to gather
a thorough idea about previous studies in the relevant field. Hence, this article depicts
the effect of input parameter on quality of laser cladded coating. In addition, effect
on performances and different mechanical properties like microhardness, wear resis-
tance, corrosion resistance, and adhesion strength are also overviewed. Finally, the
trends of future development are forecasted which will help a new research scholar
to find interest in the field of laser cladded coating and its quality.

Keywords Laser cladding · Coating ·Microhardness ·Wear resistance ·
Corrosion resistance

1 Introduction

Engineering components must have quality, reliability, and long service life which
fully depend upon the bulk properties such as toughness, strength, machinability,
and formability as well as surface dependent properties like microhardness, wear,
corrosion, oxidation, and fatigue resistance. Both can hardly be achieved simulta-
neously with reasonable cost. So, surface engineering comes into the field which is
very efficient to reduce the losses by wear, tear, corrosion, and oxidation in addition
to keeping constant bulk properties of materials. A coating on substrate to protect
the materials is an efficient technique of surface modification. Almost any type of
substrate can be protected by a wide-ranging coating material through various tech-
niques for the application in Aerospace, and Power generation to microelectronics
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[1]. Thin, thick, and hardfaceing coatings are produced by various processes like
physical vapor deposition (PVD), chemical vapor deposition (CVD), thermal spray-
ing, electrodeposition, plasma spraying, laser cladding, electroplating, etc. But most
of the coatings are susceptible to delamination at intense mechanical interaction. In
this scenario, the Laser Cladding uses a beam of high power laser source to melt the
coating material as well as a very thin interface layer of substrate material to generate
a crackless and poreless coating and having tremendous bonding with substrate too.
As a rapid solidification takes place fine microstructure is obtained leading to high
hardness and better mechanical properties of the coating. There are many advantages
[2] of laser cladding technique, such as

I. Greatermetallurgical bonding strength between coating and substratematerials;
II. The process is comparatively fast and related to rapid cooling;
III. The coating is free from crack and pore applying appropriate process parameter;
IV. The coating can be generated locally and can cover larger surfaces by

overlapping of adjacent tracks of laser scanning path;
V. The process is employed in an ambient atmosphere with a local laser beam and

coaxial shielding by inert gas.

This article is focused on the type of laser used, types of laser cladding process,
and process parameters of cladding. In addition to that the coating constituents and
various substratematerials which are already done bymany researchers are discussed
throughout. Finally, the effect of all this input parameter on mechanical properties
like wear resistance, hardness, corrosion resistance, and the phase constituents are
overviewed thoroughly to help researcher to their recent work and as well as for
future study.

2 Types of Laser and Cladding Processes

Santo [3] described the different processes involved in laser cladding in his review.
The alloying or coating materials can be incorporated in the molten pool either
in a form of pre-placed layers or by feeding directly by means of co-depositing
instrument and materials in the powder, sheet or wire form. Pre-deposited method
is the simplest way of laser cladding where the full area is surrounded by inert gas.
Co-depositing technique consists of wire feeding, lateral, and coaxial power feeding
or injection. When laser beam scans the surface, the powder is blown under laser
by a carrier gas stream. Overlapping of scanning tracks is required to cover a larger
surface area. Normally, Argon gas is used as shielding and carrier medium. The
pre-deposited power system consumes more time and wire feeding system can be
hardly controlled precisely. But the powder injection process is the most efficient and
attractive application in complex geometry also. The thickness of clad from 50 µm
to 2mm can be achieved by one step. For thicker cladded layer, the process is applied
again and again. The average power densities in laser cladding are 102–104 W/cm2

and average interaction time is 10−3 to 0.5 s.
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Types of laser which have enough power for laser cladding are CO2 lasers,
Nd:YAG lasers, Fiber lasers, and High Power Diode Lasers (HPDLs). Nd:YAG
and CO2 lasers are rigorously used in repairing and cladding purposes in automo-
tive industry. Fiber and HPDL lasers are going to be used in new establishment of
research.

3 Process Parameter of Laser Cladding

Quality of cladding is fully depended on input process parameter of cladding process
which has to be studied thoroughly [4]. The cause-effect diagram is shown in Fig. 1
indicates the various process parameters and the output quality of cladding layer in
detail.

The effect of some important process parameter is discussed as follows:

3.1 Scanning Speed

Scanning speed is one of the important parameters for controlling the quality of clad
layer which includes proper height, width, and thickness of cladding as well as free
from pores and cracks and good bondingwith basemetal. Zhang [5] have showed that
with the increase of scan speed from 100 to 300 mm/min, the average microhardness

Fig. 1 Cause-effect diagram for the process of laser cladding [4]
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of cladding also increases from 388 to 580 HV0.2. In addition to that, from 100 to
300 mm/min scan speed, the microstructure is changed from cellular dendritic and
fish-bone like interdendritic carbide to the primary cementite and also Martensite at
a speed of 500 mm/min. With the increasing speed from 25 to 65 cm/min in iron
base cladding, [6] the height and width of track in drastically decreased but depth
remained almost same throughout. The dilution rate is almost constant about 64.23%
with a variation of scanning speed from 5 to 15 mm/s and decreased (37.06%) at
20 mm/s scan speed [7].

3.2 Laser Power

The power of laser is an essential parameter to determine hardness and other qualities.
If the power is less, the microcracks will be formed due to poor melting of powder,
whereas at high power dilution rate is good. Bykovskiy et al. [6] have studied in a
graphical form that with the increasing laser power from 300 to 600W the geometry
(height, width, depth) was enlarged in all respect. In coating of TiN/Al on Ti6Al4V,
the cladding layers had no cracks and pores when the laser power is between 1.8 and
3.0 kW, but above it some microcracks and pores were seen [8]. Farayibi et al. [9]
studied the effect of laser power on the cladding of Ti-6Al-4V (in wire and powder
form) on steel substrate. They concluded that height and width of clad are inversely
and directly proportional to the laser power (1400, 1600, 1800 W).

3.3 Powder Feed Rate

Powder feed rate plays a very crucial role to determine the thickness of clad layer.
Generally, the thickness of coating is directly proportional to the powder feed rate
[4]. The clad or coating height and width are directly and inversely proportional to
powder feed rate when it was varied from 10 to 30 g/min while cladding of Ti-6Al-
4V (in wire as well as powder form) was done on steel substrate [9]. Decreasing the
mass or powder flow rate, a higher clad depth and wider tracks can be obtained. But
for the increment of clad height the feed rate must be increased [10].

3.4 Overlapping Factor and Pulse Duration

Farina et al. [11] have discussed the effect of overlapping factor and pulse duration
of Stellite 6 cladding on Carbon steel by pulsed Nd:YAG laser. At high value of
overlapping factor, the total clad area on volume is increased, whereas for low value
the clad length is decreased. At high pulse duration, the melting ratio increases due to
increased interaction time. But for low pulse duration the effect of decreased energy
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density is dominated. A cross-sectional analysis of iron base cladding [6] showsmore
even melt through the substrate material at an overlapping rate of 2/3 of single-layer
coating when compared with rate of 1/3 and 1/2.

3.5 Composition of Cladded Coating

Composition of cladding consists of reinforcement material as well as matrix. The
reinforcement material can be introduced in two ways. The ceramic powder can be
introduced in the matrix directly, called “Ex situ”, whereas if the ceramic material is
dispersed in the matrix indirectly by the chemical reaction, called “In situ” coating.
By varying the composition, researchers can precisely tailor their desired properties
in the coating. Yan et al. [12] have done Ni-based Nano h-BN MMC coating on
medium carbon steel using Nd:YAG laser. They observed that friction coefficient
of coating is dramatically decreased (to 0.35) in addition to Nano h-BN which is
a high self-lubricant material. The high harness value from 590 to 690 HV0.3 was
obtained in the cladding of WC powder—Inconel 625—on AISI-304 Stainless steel
owing to the presence of hard phase like W2C and Fe3W3C [13]. In addition to that
low dissolution of WC particle was observed at high scanning speed. Chien et al.
[14] conducted an experiment in laser cladding of TiO2 on Ti-6Al-4V. As the melting
point of TiO2 is very high, upon increasing the percentage of it, the penetration depth
decreases owing to supercoiling effect.

4 Effect on Performances

4.1 Microhardness

Microhardness profile indicated a novel change with depth of the laser cladding
of Ni-base TiC on Ti-6Al-4V [15]. Figure 2a shows that highest microhardness at
surfacewas 681.3HV, at the base it reached up to 839.9HV and then it is dramatically
decreased. Halder et al. [16] found microhardness up to 2200 HV0.05 in the tailored
surface of multicomponent metal matrix composite coating (MMC) on Ti-6Al-4V.
This high hardness is due to different hard reinforcement particles (TiO2, TiB2,
TiN, V2O3, VN, C, etc.) formed by in situ reaction with B4C, Ti, and hBN. The
microhardness of the cladding of WC reinforced NiCrBSi MMC can be achieved
from 350 to 900 HV if the concentration of WC particle is varied from 5 to 45%. But
toomuch concentration is avoided due to loss of binder effect at higher concentration
as concluded by Varela et al. [17]. Sahu et al. [18] have done an in situ composite
coating (TiB2–TiC–Al2O3) on Al alloy. On average 1000–1950 HV0.05 was found
depending upon powder composition and process parameter combination as a result
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Fig. 2 Effect on different properties: aMicrohardness profilewith depth [14],bVariation of friction
coefficients at 700 °C [19], c Potentiodynamic anodic polarization curves of Al/TiC composite
cladding [23]

of very hard ceramic particle present in the matrix formed during in situ reaction and
rapid cooling.

4.2 Wear Resistance and Friction Coefficient

Mass losses in wear testing at room temperature are 28.5 and 6.3 mg for Ni45-5
wt% BN and Ni60-10 wt% BN, respectively, which clearly showed the increment of
wear resistance by the addition of Nano h-BN [11]. Weng et al. [19] conducted an
experiment to determine the wear resistance and friction coefficient of Ni/WC laser
cladded coating at low-to high-temperature range. They concluded that wear resis-
tance is consistently increasing at the room temperature and 600 °C with increasing
WC content. Figure 2b shows the variation of friction coefficient with sliding time
at 700 °C and indicates reduced friction and wear at 40–60% WC contentment due
to greater formation of oxide film at this high temperature.
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The durability of cladding of a component is examined by the overall wear of
componentwith andwithout cladding. Bartkowski et al. [20] showed beneficial effect
of Stellite-6/60%WC cladding on durability in the service life of an agricultural tool.
The mass loss at wear testing in this tool without coating is about 1100 g whereas
with coating is around 800 g. The in situ Ni/WC coating has lower resistance to wear
at 100 N and 200 N and higher under 300 N than the ex situ coating. In addition to
that the average friction coefficient of the cladding by in situ is the lowest and steadier
than that of the ex situ one [21]. Wang et al. [22] compared the wear resistance of
Ni60 claddingwithout rare-earth oxide (REO) and claddingwithREO (La2O3,Y2O3,
CeO2). The loss in without REO cladding was 0.0974 mm3 whereas the cladding
with La2O3, Y2O3, and CeO2 were 0.0018, 0.0159, and 0.0031 mm3, respectively. It
indicates the cladding with La2O3 and CeO2 have sufficient effect in wear resistance
of Ni60 cladding layer.

4.3 Corrosion Resistance

Generally, the component subjected tomarine as well as salty environmentmust have
high corrosion resistance. The corrosion resistance is measured by potentiodynamic
polarization technique and indicated by current densities. Corrosion can be reduced
by increasing the amount of TiC on AA6063 cladding [23]. Here, it was shown
that if the TiC content is varied from 0 to 30%, the current density was drastically
reduced from 199.46 to 1.15 µA cm−2 (as shown in Fig. 2c) which indicated a sharp
increase in corrosion resistance. Lei et al. [24] have shown that the corrosion current
density of Ni/Carbon fibers (CFs) coating was only 7% of those in Ni-base coating.
And what was more corrosion resistance of Ni/CFs coating is also increased with
laser scanning speed. A study on AISI420/VC MMC coating proved the negative
effect of Vanadium Carbide particle on the properties of corrosion resistance of the
cladding [25]. Even no significant improvement in erosion resistance of 420 steel
can be observed when the wt% of VC was increased.

4.4 Adhesive Strength

This may be in between metallic materials, ceramic materials or the combination
of both. Adhesive strength depends upon oxide present as well as mutual affinity
of the component of composite coating. Adhesion test is done as per ASTM D4541
standard [26]. Paul et al. [27] found an adhesion strength of 60 MPa at the interface
of WC–12 wt% Co cladding on low carbon steel. But few researchers have done this
test so far in case of composite coating by laser cladding.
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5 Inference and Scope of Future Research

1. Laser cladding is the most efficient surface modification method. Most of the
surface coatings are prone to failure easily by delamination. But coating by laser
cladding is only the exception because it has greater adhesion to substrate due to
better dilution of coating layer into substrate materials. So the rate of dilution is
a measure of performance of cladding layer. Laser scanning speed, powder feed
rate, and laser power, overlapping factor are the most important laser cladding
parameters on which hardness, surface roughness, etc. are dependent. But the
effect of parameters like spot size, nozzle distance, focusing of laser, and profile
of the beam are hardly considered in the published article still now. In addition
to changing the shielding gas and cladding direction can be the considerable
parameter, which should be considered by modern researchers. Hardness, wear
resistance, and corrosion resistance are measured for checking the quality of the
coating.

2. The recent scientist can look into the measurement of residual stress induced in
cladding layer and adhesion strength of coating with various combinations of
laser parameters and composition MMC coating too. These two cases are also
overlooked by the researcher so far.

3. Most of the published work is concentrated on the effect of weight or volume per-
centage of ceramic particle in MMC coating on the quality of coating mentioned
earlier. Generally, on increasing this amount these aforementioned parameters
are increased to a certain limit. But it has been seen that VC has an adverse effect
on stainless steel. So researcher can try with two or more combinations of rein-
forcement particle in future and observed the positive effect on performances and
negative as well. It will be very helpful for repair technology by laser cladding
in aerospace, power generation, and automotive industry.

4. There is also a scope to do research in the field of hybrid cladding techniques.
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Influence of ZrB2 Particles on Dry
Sliding Wear Behaviour of AA7075/ZrB2
In-Situ Composites

M. Nallusamy, S. Sundaram and K. Kalaiselvan

Abstract AA7075/ZrB2 AluminiumMatrix Composites (AMCs)were successfully
fabricated using the in-situ fabrication method. The inorganic salts (K2ZrF6 and
KBF4) reacted with molten aluminium at 900 °C and formed ZrB2 inside the melt
itself. AMC castings were obtained in different volume fractions (0, 3, 6 and 9%) of
ZrB2. The dry sliding wear behaviour of AA7075/ZrB2 in-situ AMCs was evaluated
using pin-on-discwear apparatus. Thewear experimentswere executed as perDesign
of Experiments (DoE). The effect of wear parameters such as sliding velocity, sliding
distance, content of ZrB2 and normal load on wear rate was analyzed. It was evident
that ZrB2 particles influenced the wear resistance of fabricated AMCs. The worn
surfaces revealed an increase in number of cracks when sliding velocity, sliding
distance and normal load increased. The worn surface of AA7075/ZrB2 AMCs was
observed using Field Emission Scanning Electron Microscopy (FESEM). The wear
rate was decreased and the corresponding wear resistance was increased when the
volume fraction of ZrB2 particles increased in the fabricated AMCs.
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1 Introduction

In recent years, many engineering applications require the materials which are hav-
ing the significant properties like high strength, lightweight, high thermal, wear and
corrosion resistance, etc. AMCs have been offering such customized property com-
binations of materials for the applications in aerospace, automotive, automobile,
defence, marine, sports and recreation industries [1, 2]. Basically, aluminium alloys
have inferior mechanical and tribological properties. AMCs improve the superior
properties by enhancing the material’s mechanical behaviour [3, 4].

The properties of AMCs depend upon the shape, size and distribution volume
of reinforcement materials in aluminium matrix [5]. The bonding and nature of the
interface between aluminium matrix and ceramic particles will also help to enhance
the properties [4]. Nowadays, AMCs are generally fabricated by several conventional
methods include powder metallurgy, plasma spraying, spray atomization and co-
deposition, squeeze casting and stir casting [5]. The cost ofAMCs fabricationmethod
is also very important for increasing its applications [6]. All the processing methods
are classified into two basic categories such as solid state processing and liquid state
processing. The researcher has adopted one of the liquid state technique called in-situ
fabrication technique to form the required wt% of AMCs. This technique is primarily
adopted for low processing cost and to produce AMCs with high interfacial bonding
strength, uniformdispersionof particleswithfine size and its thermodynamic stability
[7].

Several studies on in-situ fabricated MMCs with various reinforcements were
reported in the literature. Michael Rajan et al. prepared AA7075/TiB2 AMCs by
in-situ reaction of salts K2TiF6 and KBF4 with aluminium melt and found the
uniform dispersion of cubical, spherical and hexagonal shapes particles with clear
interface and fine bonding with aluminium matrix [8]. Dinaharan et al. fabricated
AA6061/ZrB2 in-situ composites and observed the enhancement of ultimate tensile
strength, wear resistance and hardness of AA6061with increase in content of ZrB2

[9]. Naveen Kumar et al. prepared AA6351-ZrB2 in-situ composites and indicated
that the wear rate was decreased and wear resistance was increased with increase in
the content of ZrB2 particles [10]. Kumar et al. produced Al–4Cu/TiB2 composites
and demonstrated that the wear resistance was considerably improved with increase
in TiB2 particles [11]. Song-Li Zhang et al. manufactured AMCs reinforced byAl3Zr
and ZrB2 particulates from Al–K2ZrF6–KBF4 and showed that weight loss due to
wear of the composites decreases with an increase in Al3Zr and ZrB2 particulates
[12].

In the present investigation, wear experiments were executed as per DoE using
pin-on-disc wear apparatus to evaluate dry sliding wear behaviour of AA7075/ZrB2

in-situ AMCs. Thewear rate (W ) of AA7075/ZrB2 in-situ AMCswere analyzed. The
influence of sliding velocity (v), sliding distance (D), normal load (P) and content
of (wt%) of ZrB2 particles (c) on fabricated AMCs were reported.
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2 Experimental Procedures

AA7075/ZrB2 AMCs were fabricated by the addition of inorganic salts K2ZrF6 and
KBF4 with aluminium melt. The melt was upheld at 900 °C and it was stirred peri-
odically for 60 min. The required amount of ZrB2 particles were produced due to the
chemical reaction between the weighed amounts of inorganic salts with aluminium
melt. After the slag removal, the melt was decanted with preheated die. The castings
with different volume fractions (0, 3, 6, and 9%) of ZrB2 were obtained and presented
in Fig. 1. The specimens weremadewith the dimensions of 25mm× 25mm× 6mm
and polished as per the metallographic standard for characterization. The polished
samples were etched with a colour etchant and observed microstructure using optical
microscope (OM).

The wear specimens were machined for required dimensions (8 mm × 8 mm ×
30 mm) as shown in Fig. 2 and the wear test was carried out by a pin-on-disc wear
testing machine under dry lubricating conditions in accordance with ASTMG99-05

Fig. 1 AA7075/ZrB2 in-situ AMCs with (0, 3, 6 and 9%) of ZrB2

Fig. 2 Specimens before
wear test
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Fig. 3 Specimens after wear
test

Table 1 Dry sliding wear parameters and their levels

Parameter Notation Unit Level

1 2 3 4

Sliding velocity V m/s 0.4 0.8 1.2 1.6

Sliding distance D M 250 500 750 1000

Normal load P N 5 10 15 20

ZrB2 content C wt% 0 3 6 9

standards. Before testing, the specimen surface was polished by using grit paper. A
polished surface of the pin was loaded on hardened chromium steel rotating disc.
The height loss of the pin was monitored by a computer interfaced data acquisition
system. The wear test was carried out at room temperature. The wear surface of
selected specimens is presented in Fig. 3.

The principal parameters which influence the wear rate of AA7075/ZrB2 in-situ
AMCs are sliding velocity, sliding distance, content of ZrB2 and normal load [13].
The selected parameters range and levels are given in Table 1.

The volumetric loss of pin was calculated as the cross section of the test pin
multiplied by its loss of height [14]. The experiments were executed in accordance
with DoE at random and the wear rate of each specimen was recorded and presented
in Table 2. The wear surface of selected specimens was observed using FESEM.

3 Results and Discussion

The influence of selected parameters such as sliding velocity, sliding distance, content
of ZrB2 and normal load on the wear rate of AA7075/ZrB2 in-situ composites were
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Table 2 DoE matrix and experiment results

Experiment no. Sliding wear parameters Wear rate (10−5 mm3/m)

v D P C

1 1 2 2 3 135

2 1 4 4 1 180

3 2 2 2 3 143

4 1 3 3 2 155

5 1 1 1 4 130

6 2 1 1 4 102

7 3 4 4 1 158

8 3 1 1 4 135

9 2 3 3 2 157

10 3 2 2 3 147.5

11 2 4 4 1 186

12 4 3 3 2 153

13 3 3 3 2 149

14 4 4 4 1 165

15 4 2 2 3 152

16 4 1 1 4 120

obtained and represented in graphical form. The feasible effects of the parameters
on wear rate are detailed as follows.

3.1 Sliding Velocity

The influence of sliding velocity on the wear rate of AA7075/ZrB2 in-situ composite
is shown in Figs. 4a–c. It is very clear that the wear rate significantly increases with
the increase of sliding velocity.Hence, it is confirmed that the frictional heat is created
between the counter surfaces influenced by the sliding velocity [15]. The softness
of the pin surface is directly proportional to the frictional heat. The pin surface is
softened when the frictional heat increases. The degree of frictional heat depends on
the degree of sliding velocity.

When sliding velocity significantly increases, the pin surface is proportionately
softened due to more frictional heat and hence the counter surface penetrates more
into the pin surface. As the counter surface penetration ismore, thewear rate becomes
high. The thermal disparity between the aluminiummatrix alloy and ZrB2 reinforce-
ment particles is also playing a crucial function in sliding wear [12]. When two
surfaces are sliding each other, the interface stress is created due to the thermal
disparity. Hence, The ZrB2 particles are dislocated from the matrix and formed as
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Fig. 4 FESEM micrographs of wear surfaces on AA7075/ZrB2 in-situ composites at sliding
velocity of a 0.4 m/s, b 1.6 m/s and c effect of sliding velocity on the wear rate

wear debris while the interface stress is increased. It effects to cause of cracks and
scratches on the surfaces.When the sliding velocity considerably increases, the more
reinforcement particles are dislocated from the matrix causing more wear rate.

The FESEM micrographs of wear surfaces of fabricated AA7075/ZrB2 in-situ
composites at sliding velocities of 0.4 m/s and 1.6 m/s are presented in Fig. 4a, b,
respectively. Figure 4a depicts the patches and grooves on the worn surface owing
to misplacement of ZrB2 particles at sliding velocity of 0.4 m/s. Figure 4b shows
the deepest grooves, abrasions and severely damaged surface at sliding velocity of
1.6 m/s. It is clear from Fig. 4c that the wear rate of AA7075/ZrB2 in-situ composites
increases with increase of sliding velocity.

3.2 Sliding Distance

Figure 5a–b depict the FESEM micrographs of wear surfaces on sliding distance
of AA7075/ZrB2 in-situ composites. It is proved from Fig. 5c that the wear rate is
linearly increased with the increase of the sliding distance at constant sliding velocity
of 0.8 m/s. Figure 5a depicts the division of asperities and wear debris of fabricated
AMCs at the sliding distance of 250 m. The deep grooves and fewer cracks are seen
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in Fig. 5b and it is obvious that the size and propagation of cracks are more at the
sliding distance of 1000 m. The wear surface indicates that it is subjected to more
frictional heat and thus, the wear rate of the AMCs increases with increase of sliding
distance.

3.3 Normal Load

Figures 6a–b depict the FESEM micrographs of wear surfaces on the normal load
applied on AA7075/ZrB2 in-situ composites. It is proved from Fig. 6c that the wear
rate is significantly increased with increase of the applied load at constant sliding
velocity of 1.2m/s. The counter surfaces will involve in relativemotion under normal
load during sliding. The penetration of the pin increases when increase of the normal
load. A higher amount of material transfer between the counter surfaces takes place.
It is clear from Figs. 6a–b that the formation of cracks and fragmentation of asperities
are more at normal load of 20 N when compared on the wear surface at normal load
of 5 N.

Fig. 6 FESEMmicrographs of wear surfaces on AA7075/ZrB2 in-situ composites at a normal load
of a 5 N, b 20 N and c effect of normal load on the wear rate
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Fig. 7 FESEMmicrographs of wear surfaces on AA7075/ZrB2 in-situ composites at ZrB2 content
of a 0%, b 9% and c effect of ZrB2 content on the wear rate

3.4 Content of ZrB2

Figure 7a–b depict the FESEM micrographs of wear surfaces on 0 wt% and 9 wt%
of ZrB2 content on AA7075/ZrB2 in-situ composites. It is proved from Fig. 7c that
the wear rate is significantly increased with the increase of ZrB2 content. The ther-
mal expansion coefficients of AA7075 and ZrB2 particles are about 23.1 × 10−6

K−1 and 6.5 × 10−6 K−1, respectively. The thermal expansion coefficients disparity
between the matrix material and reinforcement material leads larger amount of den-
sity dislocation and load-carrying capacity resulting to enhance the wear resistance
of composites. It is obvious from Fig. 7a that the formation of wear debris, pits and
grooves in higher amount at 0 wt% of ZrB2 content. Figure 7b shows the lesser
formation of wear debris and pits at 9 wt% of ZrB2 content. It is clear from Fig. 7c
that the wear resistance increases when increasing the content of ZrB2 in AMCs.
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4 Conclusions

• AA7075 alloy reinforced with ZrB2 AMCs were successfully fabricated by in-situ
reaction of the inorganic salts K2ZrF6 and KBF4 with aluminium melt.

• The dry slidingwear behaviour ofAA7075/ZrB2 AMCswas evaluated using a Pin-
on-disc apparatus. The in-situ formed ZrB2 particles increased the wear resistance
of the composites. The wear parameters like sliding velocity, sliding distance and
normal load were proportional to the wear rate. FESEM photomicrographs clearly
revealed the higher degree of cracks, pits and grooveswhen sliding velocity, sliding
distance and normal load were increased. It was also confirmed that the wear rate
was significantly reduced with an increase in the content of ZrB2 particles in the
fabricated AMCs.
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Fibre Reinforced Polymer (FRP)
Nanocomposites for Radar Absorption
Application in the X-Band
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Mantri Kannam Naidu and Tammareddy Haritha

Abstract Microwave radar absorbing properties are effectively achieved due to the
unique structure and electrical properties of nanostructured materials. The main
objective of the present work is to show that by utilizing lower weight fractions
of MWCNTs an efficient and thin microwave absorber with load bearing capacity
can be developed. Fibre reinforced polymer (FRP) nanocomposites for radar absorb-
ing applications in the X-band (8.2–12.4 GHz) were prepared using MWCNTs as
dielectric lossy material. The complex permittivity values obtained from Vector Net-
work Analyzer were used to evaluate the reflection loss of double-layered structures
using transmission line theory. A reflection loss of less than −10 dB for entire band
was obtained for RAS 8 with a total thickness of 3 mm. At central frequencies of
10.6 GHz and 11.0 GHz RAS 6, RAS 3 shown −32 dB and −35 dB, respectively,
corresponding to 99% absorption of incident electromagnetic radiation. The pro-
posed double-layered RAS are lightweight promising structures for radar absorption
application.

Keywords Fibre reinforced polymer · Radar absorbing structure · MWCNTs ·
Dielectric material · Input impedance · Vector network analyzer
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1 Introduction

Composite structures to increase the operational capability and durability have been
the needs for high-performance weapon systems in the stealth technology [1, 2]. For
commercial and military purposes interference shielding and microwave absorption
are the main issues in the X-band (8.2–12.4 GHz). Microwave radar absorbing prop-
erties are effectively achieved by nanostructured materials due to their unique struc-
ture and electrical properties. The most attractive polymer because of its commercial
availability, relative ease in processing, corrosion resistance is Epoxy resin.

By blending lower filler content Fibre reinforced polymer composites (FRP) are
the most feasible materials for Radar Absorbing Structures as they posses both load
carrying potentiality and absorbing capability [3].As theElectromagnetic (EM)wave
consists of both electric and magnetic energy, the lossy materials are classified as
dielectric and magnetic absorbers which absorb the corresponding energy compo-
nent [4]. Due to high values of specific gravity of the magnetic absorber materials [5]
there prevails a need for lightweight, corrosion-resistant, structurally sound, efficient
microwave absorber. Therefore, Microwave absorbers consist of dielectric materi-
als like CNTs, Carbon nanofibres, carbon black, graphene are the most suitable as
found in literature [6–15]. By blending carbon black with epoxy gives 2.4 GHz
bandwidth for less than −10 dB with a thickness of 2.55 mm [6]. The combination
of carbon fibres with carbon black resulted in a reflection loss of −31.8 dB and
a bandwidth of 2.4 GHz less than −10 dB [10]. Graphite, SWCNTs, MWCNTs,
CNFs and Fullerenes absorbing properties were evaluated at microwave frequencies
to reveal the configuration of nano inclusions particularly alter the EM performance
[14]. According to Electromagnetic percolation theory to form a conductive matrix
and to reach threshold percolation the necessary conditions are high conductivity
and high aspect ratio of the filler material in the polymer matrix. MWCNTs satisfies
these conditions.

In this research E-glass epoxy nanocomposites with different weight proportions
of MWCNTs were fabricated by the in situ polymerization process. The electro-
magnetic characteristics were evaluated by estimating the complex permittivity and
permeability. The radar absorbing properties of double-layered RAS were obtained
by Numerical simulation.

2 Experimental Work

2.1 Materials and Characterization

E-glass fabric of plain weave type having 12000 strands per tow was procured from
HighChemLaboratories Indiawith an aerial weight of 387 gm/m2. The fillermaterial
for the Radar absorbing structures was MWCNTs (Intelligent Materials Pvt Ltd)
having a purity of 99% with O.D of 10–20 nm and a length of 3–8 µm. Epoxy
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Fig. 1 FESEM image of MWCNTs

Fig. 2 EDX of MWCNTs

(Epofine) a thermoset resin was the matrix with DETDA (Di Ethyl Tetra Di Amine)
as hardener having a density of 1.2 g/cm3.TheFESEMandEDXspectra ofMWCNTs
were shown in Figs. 1 and 2. MWCNTs were more tend to agglomerate because of
Van der Waals forces and high purity was confirmed by EDX.

2.2 Fabrication of Samples

The measured amounts of Epoxy resin and MWCNTs were mixed with acetone for
better blending [16]. After the complete evaporation of acetone the solution was ball
milled (In smart systems) for 1 h at 500 rpm and with a ratio of 100:24 hardener
was added. Bath type sonication (Trans-O-Sonic, M/s Shanti Industrial Estate) at
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80 kHz frequency for 30 min was utilized to get homogeneous mixture. By heating
the solution to 90°C the viscosity reduced to facilitate the uniform impregnation
on E-glass fabric using hand layup method. The hot air oven as shown in Fig. 3.
at different temperatures was employed to cure the samples for 6 h. The obtained
specimenswith a thickness of 1.5mmweremachined to a size of 22.9mm× 10.2mm
to fit into X-band waveguide sample holder. The five samples of varying MWCNT
weight percentages from 0.4% to 2% were fabricated (Fig 4).

Fig. 3 Curing of Samples in hot air oven

Fig. 4 Vector network
analyzer
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2.3 Measurement of Complex Permittivity

Measuring S-parameters by Vector Network Analyzer (Rhodes and Schwarz model
ZVB 20), the complex permittivity values were given by material measurement
software inbuilt with VNA. TRL method was used for calibration purposes. The
reflection loss of multilayered samples was obtained fromMATLAB code developed
based on transmission line theory.

3 Results and Discussions

3.1 Complex Permittivity

The performance of the composites for absorption was given by their permittivity
values. The relative complex permittivity of the material was given by εr = ε

′
r + j*

ε
′′
r . In a lossy dielectric material, the electromagnetic field propagation induces two
categories of electrical currents: displacement current and current due to conduction.
Interaction of bound charges, i.e. displacement current causing the polarization effect
describes the complex permittivity real part also known as storage capacity of lossy
material. The imaginary part indicates the capacity of dissipation due to free electrons
increase (conduction current) [17]. Figure 5 shows the dielectric permittivity real
part of epoxy—MWCNT composites as a frequency function for different weight
percentages of MWCNT. It is observed that variation in dielectric constant with
respect to change in frequency is negligible and also increase in loading of MWCNT
increases the real part of permittivity as found in previous literature with other carbon
materials also [5, 14]. The value of real part for lowest weight percentage is 3.4 and
for the highest loading of MWCNT 2% gives rise to 5.84. The variation in imaginary

Fig. 5 Real values of
complex permittivity of the
samples
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Fig. 6 Imaginary values of
complex permittivity of the
samples
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part of the complex permittivity is shown in Fig. 6. Here the variation with respect
to frequency is significant and also the values increases for higher loadings and it
attains a maximum value of 1.2 at the frequency of 8.2 GHz. An increase inMWCNT
content favours the development of conductive network, porosities formation which
leads to the increase in permittivity values. Due to increase of viscosity with increase
in MWCNT weight percentage in the epoxy matrix higher loadings than 2% were
not preferred.

3.2 Dielectric Loss Tangent

Figure 7 shows the average values of the dielectric loss tangent of the prepared
samples. Loss tangent is the factor of attenuation to convert the stored energy to the

Fig. 7 Dielectric loss
tangent values
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heat dissipation [18]. The absorption improves with the raise in loss tangent. The
values of dielectric loss tangent of MWCNT-epoxy composites increased from 0.06
to 0.23.

3.3 Reflection Loss and Simulation

The Radar absorbing properties of the structures were determined by the following
Eqs. (1 and 2) [14, 15]

zin =
√
ur
εr

∗ tan h

{
j2π

c
∗ √

μr ∗ εr ∗ f ∗ d

}
(1)

R.L = 20 log[(Zin − 1)/(Zin + 1)] (2)

where Zin is the normalized input impedance,μr , εr are the complex permittivity and
permeability of the lossy material, and d, f, c are the thickness, frequency, velocity
of light, respectively. Double-layered structures for radar absorption were designed
based on impedance matching condition where the first layer was anticipated to
offer the best impedance match with free space whereas the absorbing layer has to
deplete the microwave energy utmost and the last layer predicted to be reflective
to simulate actual operating conditions, i.e. it must be Perfect Electric Conductor
(PEC). By using a MATLAB programme developed for multilayer structures based
on transmission line theory the reflection losses of double-layered structures were
found for different weight percentages of MWCNTs. The details of double-layered
RAS with a thickness of 1 mm for the first layer and 2 mm for the second layer were
considered for numerical simulation as shown in Table 1 (Fig. 8).

Table 1 Various
double-layered radar
absorbing structures

Sample First layer Second layer Third layer

RAS 1 MWCNT 0.4 MWCNT 0.8 PEC

RAS 2 MWCNT 0.4 MWCNT 1.2 PEC

RAS 3 MWCNT 0.4 MWCNT 1.6 PEC

RAS 4 MWCNT 0.4 MWCNT 2 PEC

RAS 5 MWCNT 0.8 MWCNT 1.2 PEC

RAS 6 MWCNT 0.8 MWCNT 1.6 PEC

RAS 7 MWCNT 0.8 MWCNT 2 PEC

RAS 8 MWCNT 1.2 MWCNT 1.6 PEC

RAS 9 MWCNT 1.2 MWCNT 2 PEC

RAS 10 MWCNT 1.6 MWCNT 2 PEC
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Fig. 8 Schematic
representation of
double-layered RAS
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The reflection loss values of the proposed radar absorbing structures with a thick-
ness of 3 mm in the X-band were shown in Fig. 9. The three structures RAS 10, RAS
9, and RAS 5 have exhibited a bandwidth of 3.8 GHz with a reflection loss of less
than −10 dB, i.e. from 8.2 GHz to 12.0 GHz corresponding to 90% absorption and
at central frequency of 9.8 GHz shown less than −18 dB. Out of all structures RAS
8 maintained less than −10 dB in the entire frequency range of the X-band. RAS 6
and RAS 3 has reflection loss less than −10 dB for bandwidth of 3.4 GHz and at
central frequencies of 10.6 GHz and 11.0 GHz exhibited reflection loss of −32 and
−35 dB, respectively, corresponding to 99% absorption of incident electromagnetic
radiation. All the structures except RAS 1 displayed a reflection loss of less than −
5 dB. Evaluation of Mechanical properties of the designed RAS and verification of
simulated results by experimentation is the future scope.
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4 Conclusions

In this work, we fabricated the E-glass/epoxy-MWCNT radar absorbing structures
with different loadings of MWCNTs. The complex permittivity values were mea-
sured. Numerical simulations were performed to obtain the absorption performance
of double-layered radar absorbing structures. The better reflection loss was obtained
for RAS10 with less than −15 dB for a bandwidth of 2 GHz corresponding to 95%
absorption. The designed RASwith a thickness of 3mmwas a promising lightweight
structure for Radar absorption application.
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Synthesis and Microwave Absorption
Properties of MnZn Ferrite
Nanocomposite

Tammareddy Haritha, Koona Ramji, Killi Krushna Murthy,
Puppala Siva Nagasree and Dukkipati Bala Nagesh

Abstract Manganese zinc ferrite nanopowder was prepared by sol–gel auto com-
bustion method. XRD analysis was carried to estimate the crystal structure and aver-
age diameter. Hysteresis behavior of the synthesized nanoparticles was studied with
VSM. Composite laminates were prepared to study the microwave absorption prop-
erties like permittivity, permeability, and reflection loss in X-band frequency. The
laminates were fabricated with epoxy as the matrix containing MnZn ferrite as mag-
netic fillers in different weight percentages using the hand layup method. Complex
permittivities and complex permeabilitiesweremeasured using a vector network ana-
lyzer in the X-band frequency. Reflection loss of multilayered composite structures
was estimated using a MATLAB code developed based on transmission line theory.
A maximum reflection loss of−25 dB is obtained for a four-layered structure at 10.2
GHz.

Keywords Permittivity · Permeability · Radar absorbing structure · Reflection loss

T. Haritha (B)
Department of Mechanical Engineering, NRIIT, Pothavarappadu, Vijayawada, India
e-mail: haritha_gorijala@yahoo.com

K. Ramji
Dr. B.R. Ambedkar University, Srikakulam, India
e-mail: ramjidme@gmail.com

K. K. Murthy
Department of Chemistry, IIT, Hyderabad, India
e-mail: krushna@iith.ac.in

P. S. Nagasree
Department of Mechanical Engineering, D.M.S.S.V.H. College of Engineering, Machilipatnam,
India
e-mail: psnagasree@gmail.com

D. B. Nagesh
Department of Mechanical Engineering, DIET, Vijayawada, India
e-mail: dukkipati.balanagesh@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_36

419

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_36&domain=pdf
mailto:haritha_gorijala@yahoo.com
mailto:ramjidme@gmail.com
mailto:krushna@iith.ac.in
mailto:psnagasree@gmail.com
mailto:dukkipati.balanagesh@gmail.com
https://doi.org/10.1007/978-981-15-1124-0_36


420 T. Haritha et al.

1 Introduction

Microwave absorbers can eliminate electromagnetic waves and make target visu-
alization difficult to the RADAR. This ability depends on the materials used as
microwave absorbers. Composite materials with dielectric, magnetic, and dielec-
tric/magnetic fillers are developed to achieve microwave absorption. Some of the
dielectric fillers are carbon black (CB), carbon nanofibers (CNF), carbon nanotubes
(CNT), etc.; magnetic fillers include ferrites of NiZn, CoZn, NiFe, MnZn, Ba, and
Cu. Composite materials find a wide range of applications because of their light-
ness, strength, resistance to corrosion, design flexibility, and improved microwave
absorption properties.

2 Literature Review

A lot of research has been carried out to examine the effects of magnetic materi-
als such as Fe–rubber, Ni–Zn, Ni–Ti, Fe–Ni, Fe–Ni–Co alloy nanoparticles, Fe3O4,
NiFe2O4, and Zr–Mn [1–16] on the microwave absorption behavior in resin/paraffin
matrix in the microwave frequency range. The reflection loss measured in Fe–rubber
composite is below−10 dB [1] in between 8 and 10.64 GHz−13 dB [2] in between
8 and 12 GHz for Fe–NiTi composite and −20 dB at 1.59 GHz for Ni–Zn ferrite
nanocomposite [8]. In addition, the matching frequency and thickness were precisely
predicted in X-band for the ferrite–rubber composite materials using a numerically
derived solution and were observed to be consistent with the experiment results.
From the results of Ni–Zn ferrite composites, it is observed that the process of com-
bining surface modification with cross-linking has improved microwave absorption
properties with RL less than−20 dB with a smaller matching thickness than conven-
tional microwave absorber using a spinel-type ferrite. Fe–Ni alloy nanoparticles [3,
6, 7 and 10] were dispersed into a paraffin wax/resin matrix to investigate complex
permittivity, permeability, and reflection loss in the frequency range 2–18 GHz using
the transmission line theory. The calculated RL is observed to be less than−20 dB [3]
and −10 dB [6, 7, 10] in composites consisting of Fe–Ni alloy nanoparticles which
are prepared by arc discharge method, facile hydrogen-thermal reduction method,
surface modified planar anisotropy, and sol–gel method, respectively. The wt% of
alloying elements, range of frequency for the abovementioned RL, and thickness of
these composites are 49wt%ofNi, 15 and 50 vol.%of Fe–Ni and Fe0.64Ni0.36, 7.6–
16 GHz, 11–15 GHz, 0.8–1.8 GHz, and 3.1–15.1 GHz, 1.02–1.70 mm, 1.9–2.5 mm,
2.5–1.2 mm, and 1–4 mm, respectively. The effective absorption bandwidth for 15
vol.% of Fe–Ni alloy particles exceeds 4GHz and themaximumRLof−14 dB iswit-
nessed at 13 GHzwith thickness of 2.1mm and a reflection loss of−40 dB is attained
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at 1.1 GHz for a layer of thickness 2.3 mm for 50 vol.% of Fe50Ni50 particle–resin
composites. Synthesized ferrite polymer nanocomposite (CoMn-Fe2O4/epoxy) [11]
with a thickness of 2 mm exhibited RL of −59.60 dB at 12 GHz. The nanocom-
posites displayed higher electromagnetic absorption frequency and broad absorption
bandwidth with RL less than −20 dB because of larger magnetic anisotropy of Co
and ferrite nanoparticles. Furthermore, nanocrystalline Zr–Mn substituted Co ferrite
composites [12] demonstrating enhanced reflection loss by 50% at specific frequency
with addition of Zr–Mn to Co nanoferrites. A maximum reflection loss of 27 dB is
observed at matching frequency of 2.45GHz. The electromagnetic parameters of Fe–
Ni–N nanocomposite [13, 14] revealed that they possessed multi-resonance peaks
in the high frequencies. The magnetic and microwave absorbing properties investi-
gated in Fe–Ni–N/paraffin matrix with different elemental compositions [14] have
revealed the best microwave absorbing properties with optimum reflection loss of−
17.5 dB at 12.0 for a thickness of 2 mm.

Various studies have been conducted to investigate the microwave absorption
properties. Investigations were mostly carried out on Radar absorbing materials
(RAM). In this work, Mn0.5Zn0.5 ferrite powder has been synthesized by sol–
gel auto combustion method. Composite laminates containing epoxy and ferrite
nanopowder coated on e-glass were fabricated. These composite laminate structures
were tested in X-band frequency for estimating complex permittivity and complex
permeability. Numerical simulation is used for estimating microwave absorption of
the multilayered structure.

3 Experimentation

3.1 Synthesis of Manganese Zinc Ferrite Nanoparticles

Manganese zinc ferrite nanoparticles were synthesized by sol–gel auto combustion
method. In this method, MnZn ferrite was prepared by dissolving equimolar mixture
of iron nitrate, urea, zinc nitrate, and manganese nitrate in distilled water. This solu-
tion was evaporated using a magnetic stirrer at 200 rpm at a temperature of 60 °C
until the concentration becomes thick. Then the concentrated mixture was placed
in a furnace at a temperature of 400 °C for about 60 min. The obtained ferrite was
collected in a crucible and calcinated for 120 min at a temperature of 600 °C in
a furnace and allowed to cool in the furnace to room temperature. The ferrite was
collected from the furnace and the ball was milled for 120 min to obtain uniform size
as shown in Fig. 1.
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Fig. 1 Ferrite nanopowder

3.2 Sample Preparation

Epoxy resin (Epofine LY 556), e-glass fiber (10,000 strands per Tow), and high-
temperature hardener Di Ethyl Tetra Di Amine (DETDA) used in the preparation
of composite were purchased from High Chem. Laboratories, India. The composite
samples have been prepared by the hand layup method.

Nanocomposite samples were prepared in the desired concentration following the
below procedure:

1. MnZn ferrite nanopowder and epoxy were weighed using the digital balance in
the desired weight percentage.

2. Magnetic fillers have been preliminarily dispersed in acetone and the mixture is
dispersed in epoxy, then to get awell-dispersed solution, themixture is ballmilled
in a conventional ball milling apparatus (in Smart Systems Pvt. Ltd., Hyderabad,
India) at 800 rpm for about 2 h. The first 1 h in clockwise and the next 1 h in
anticlockwise direction.

3. It is followed by sonication at 18 MHz frequency with a bath type sonicator
(Trans-O-Sonic; M/s Shanti Industrial Estate, Mumbai, India) for 60 min

4. The sonicated mixture was further sonicated for 30 min after adding curing agent
(100:24 epoxy: hardener) to nanopowder–epoxy mixture.

5. E-glass fabric has been cut into required dimensions and impregnated with the
MnZn-dispersed resin hardener mixture.

6. Impregnated fabric layers were stacked and compressed to attain the desired
thickness.
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7. The prepared composite was cured in the oven at 80 °C for 60min, then at 110 °C
for the next 60 min, at 150 °C for the next 120 min and at 180 °C for the next
120 min.

8. The same procedure was repeated for all weight percentages (10, 20, and 30%)
of MnZn alloy nanopowders.

4 Experimental Results

4.1 XRD, VSM, SEM, and EDAX Analysis

Figure 2 shows the XRD pattern of manganese zinc ferrite powder. The pattern
shows good agreement with the JCPDS file for Mn0.5Zn0.5 ferrite. The magnetic
hysteresis loop at room temperature is shown in Fig. 3. The hysteresis loop was
used to determine saturation magnetization and coercivity values for the synthesized
nanoferrite particles. The coercivity is found to be 104.97G, magnetization 7.9269e-
3, and retentivity 971.77e-6 emu. Figure 4 shows the SEM image of the ferrite with
various particles in the range of 30 nm–40 nm size and spheroidal particle shape and
Fig. 5 gives the elemental analysis. The EDAX analysis confirms the presence of
Mn, Zn, Fe, and O in the synthesized powder.

Fig. 2 XRD pattern of MnZn ferrite powder
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Fig. 3 VSM graph for MnZn ferrite

Fig. 4 SEM image of MnZn ferrite

4.2 Permittivity and Permeability Studies

Microwave absorption properties depend on the values of permittivity and perme-
ability. The values of complex permittivity and complex permeability of the samples
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Fig. 5 EDAX analysis of MnZn ferrite

fabricated are as shown in Figs. 6 and 7. From the results, it was noticed that the
higher the filler concentration, the greater are the permittivity and permeability. This
is because of the conductive behavior of the filler material.

4.3 Reflection Loss

With the complex permittivity and complex permeability data, reflection loss of the
multilayered structures for various thickness of the samples was estimated. Simula-
tion of the multilayered RAS is carried out by using electromagnetic wave theory
to measure absorption in terms of RL of the structure. RL of the multilayered RAS
depends on the electromagnetic properties such as complex permittivity and per-
meability, and thickness and frequency. A MATLAB code was developed based on
the fundamentals of the EMW theory using impedance matching conditions and
transmission line theory to measure microwave absorption.

Simulation studies were carried out for radar absorbing structures (RAS) by con-
sidering epoxy as the first layer. Different combinations of single-layered, double-
layered, three-layered, and four-layered structures were analyzed. Out of the various
combinations, a four-layered structure has a reflection loss of −7 dB in the fre-
quency range of 8.2 GHz–11.0 GHz and the central frequency is found to be−25 dB
at 10.2 GHz. The reflection loss of a four-layered pure ferrite sample is shown in
Fig. 8.
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Fig. 6 Real and imaginary
parts of permittivity of ferrite
powder

5 Conclusions

In the present work, ferrite nanopowder of MnZn was synthesized. Multilayered
radar absorbing structures were simulated and the reflection loss is measured in the
X-band frequency range based on the permittivity and permeability data of single-
layered samples. The results obtained prove that composite material containing pure
magnetic material like MnZn ferrite has the potential for radar absorption.
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Fig. 7 Real and imaginary
parts of permeability of
ferrite powder
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Fig. 8 Reflection loss of pure ferrite sample
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An Experimental Investigation of New
Hybrid Composite Material Using
Ramie-Flax and Its Mechanical
Properties Through Finite Element
Method

Dara Ashok, Sukumar Puhan, Raghuram Pradhan, P. Kiran Babu
and Y. Srinivasa Reddy

Abstract This article describes the occurrence of the recent natural fiber hybrid
composite mistreatment as strengthening with the hybrid materials using fiber and
polyester matrix and polyester resins. The sheets of the composites were made from
Ramie fiber with the matrix of Flax fiber and polyester. The resin used was polyester
resin. The composite weight division was maintained at 20% fiber and 80% resin. To
verify themechanical characteristics of the natural hybrid composite fiber, the cutting
of the specimen is finished within the required shape after the hybrid composites
have been made. Thus, fashioned material permitted tensile, flexural, effect and
compression tests at entirely in distinct orientations. In order to match experimental
outcomes, the finite element inquiry is administered. The conclusions were taken
as to the differentiation of the effects of these hybrid composites on the various
characteristics of materials.
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1 Introduction

Hybrid composites [1–4] add more than two components together to create a novel
material with greater features than the first components. The material comprises a
woven ply reinforcing fiber and a matrix material that binds the plies along and pro-
vides rigidity that forms the fibers into structures. These unique characteristics dis-
agreewith those of golden alloys as each of the compositematerials still retains its ini-
tial chemical, physical, and mechanical characteristics. Composites are widely used
in regional trade as a latest trend. In the region sector, there are basically two types
of fiber composites that are used, carbon/epoxy and glass/phenolic. Carbon/epoxy is
usually implemented on major supporting structures, while glass/phenolic supports
cabin furniture.

Polymericmaterials reinforcedwith artificial fibers such as glass, coal, and aramid
provide the advantages of greater rigidity and strength to weight the quantitative
relationship as compared to custom building materials such as timber, concrete, and
steel. Mechanical characteristics of fiber-reinforced composites rely on a number
of variables including mechanical characteristics of fiber and polymer, adhesion
of fiber/matrix, fiber geometry and orientation, and fraction of fiber quantity. The
impacts of interfacial bonding of fiber and/or polymer, polymer type, and fibermatrix
[5].

Despite these advantages, the epidemic use of man-made fiber-reinforced chem-
ical compound composites involves a tendency to say no, due to tethering elevated
original rates and conflicting environmental influence. With the structural materials,
the natural fiber composites have drawn considerable standing in latest years. In the
composites, there has been a rapidly increasing interest in the unfairness of the nat-
ural fibers as an underpinning. Natural fibers enticing alternatives (such as bamboo,
banana, sisal, jute, coir, etc.) are low prices, lightweight, high particular modules,
renewability, and biodegradability [6].

There are significant requirements that are eco-friendly for low-cost materials
with excellent mechanical characteristics. Glass fiber has long been used, but there
is now a demand for material that has the same or better characteristics to substitute
it. The world currently trying to substitute products that are not recyclable [1]. We
look at natural fibers that can exhibit good mechanical properties for material to
avoid the disadvantage. Ramie is the strongest of the natural fibers. When wet [7], it
shows superior strength.

Especially for its ability to carry shape, cut back wrinkling, and smooth luster
to the material look, Ramie fiber is good. It is not as robust as other fibers and is
usually used as a mixture with other fibers such as cotton or wool. In permeability,
density, and microscopic look, it is a kind of like flax. Due to its elevated molecular
crystallinity, Ramie is inflexible, fragile, low resilience and elasticity. Ramie Fibers’
advantages are merging with other fibers. It resists microorganism attack, mildew
attack, and various insects. Its ability to absorb is exceptionally high [8].
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Fig. 1 Impact of gauge
length on strength of Spanish
broom, ramie, carbon and
glass fibers (reprinted from
Elsevier © 2015)

2 Literature Survey

Weibull [9] developed an applied mathematics approach for material strength that
assumes a distribution of weak spots (for example cracks or dislocations) that result
in material failure. In line with this approach, a quantifiable matter is just as strong
because the volume component containing the weakest defect and larger volumes of
matter a lot of possible to own a lot of defects, therefore the strength of a Weibull
material is powerfully keen about its volume.

Bevitori et al. [10] and Monteiro et al. [11] described that tensile strengths of
bog hemp fibers exhibited a hyperbolic kind of contrary association with the fiber
diameter. Angelini et al. initiate that strengths of bog hemp and three different forms
of fibers exaggerated with a decrease within the gauge length (Fig. 1) [12]. So in
natural fibers the exceptional strength of ramie fibers behavior leads us to take for
the hybrid composites with flax.

Table 1 Recapitulates the data for tensile strength, Young’s modulus, elonga-
tion, and corresponding fiber diameter of ramie fibers reported in the literature. The
mechanical properties of ramie fibers variances could be due to fiber production
methods, fiber diameters, and/or differences in testing methods [13–24].

3 Materials and Methods

This section contains the main points regarding materials and also the procedure that
was thought about for the production of composite and also the check procedure
followed for testing the characterization of composites, severally. The raw materials
used for fabrication are
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Table 1 Mechanical properties of ramie fibers

Tensile strength
(MPa)

Young’s modulus
(GPa)

Elongation (%) Diameter (µm) References

800–1000 65 1.7–2.3 40–60 [13]

621 47.5 1.9 48.5 [10]

402 30–40 – 36 [15]

730 42 – 30 [16]

526 15.5 3.5 120 [17]

560 – 2.5 34 [18]

– 48.6 2.4

627 31.8 2.7 120 [19]

1250 36.0 3.8 20.3 [20]

768 42 2.6 – [21]

494 24 2.57 33.6 [22]

333 24.7 1.63 25–30 [23]

936 25 – 15–40 [24]

(a) Ramie fiber
(b) Flax fiber
(c) Hardener
(d) Epoxy Resin

(a) Ramie Fiber

Ramie goes to the Boehmeria genus, unremarkably referred to as white ramie,
China grass, inexperienced China grass, and rhea. It is persistent plant, mowed six
times in a year from family order Urticaceae or nettle. It is one of the oldest vegetable
fibers and has been used for millenniums. It produces an outsized range of branchless
stems from underground rhizomes and incorporates a crop life from six to twenty
years. Remedial treatment needed to removal of gums and pectins inside the bark.

Ramie in China is typically harvested by hand because the canes mature. Uneven
strands of Chinese silk plant makes gathering a tough task. Drubbing and scratching
are necessary processes to discrete the fibers. After separation of fibers from woody
matter and soft tissues, fibers stay in ribbon-like strips as they are controlled along
by gums and cellulose. Machines are not nevertheless capable of playacting all the
essential stages that are why Chinese silk plant is not wide used.

Forming plain-woven and knit products is generally mixed with cotton. It is used
in clothing items, tablecloths, serviettes, and handkerchiefs. Chinese silk plant is
used in nets, canvas, fabric products, straw hats, and heart hoses apart from textile
trade. Ramie has higher tensile strength, eight cotton times, and seven silk times.
Ramie fiber, first grade in reverence for strength and durability among all herbal
fibers. When subjected to weather circumstances or immersed in water, it has an
exclusive representative of repelling rot (Figs. 2, 3, Table 2).



An Experimental Investigation of New Hybrid Composite … 435

Fig. 2 a Intial ramie fiber b Final ramie fiber

Fig. 3 a Longitudinal view b Ramie fibers cross section

Table 2 Physical and chemical characteristics of ramie and other cellulosic fibers

Characteristics Ramie Flax Hemp Cotton

Ultimate fiber length (mm)
Minimum
Average
Maximum

5
120–150
620

1
13–14
130

5
15–25
55

9
20–30
63

Ultimate fiber diameter (microns)
Minimum
Average
Maximum

13
40–60
126

5
17–20
40

10
15–30
50

12
14–16
20

Tensile strength (kg/mm 2) 95 78 83 45

Moisture regain in % 12 12 12 8

Chemical composition (%)
Cellulose
Lignin
Hemicelluloses, pectin, and others

72–97
1–0
27–3

64–86
5–1
31–14

67–78
6–4
27–18

88–96
0
12–4

Ramie fibers display the improved mechanical properties when mixed with bast
fibers (45–88 cN/tex). The fiber dimensions range 120–150 mm in length and 40–
60µm in diameter. Themajor problemwith ramie is its low elasticity of 3–7%which
means it is stiff and brittle.
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Fig. 4 a Intial flax fiber b Final flax fiber

(b) Flax Fiber

Flax is 2–3 times tougher than cotton fiber, thus it is a lot of proof against wear
and abrasion. It absorbs wetness well and could be a terribly breathable fiber. As
flax fibers do not have abundant physical property, materials created with flax do not
tend to lose their form simply. It is additionally hypoallergenic so a superb selection
of fiber for those with allergies. Flax could be a member of Linum within the family
Linaceae. The scientific name of the plant is Usitatissimum. Flax is cultivated in
cooler places of the globe. The gather of flax needs special talent, operations, and
specific machines (Figure 4).

(c) Hardner(HY 951) [25]

Hardeners square measure always needed to produce synthetic resin of associated
degree useful for its alleged purpose. Epoxies do not succeed anywhere near the
dramatic mechanical and chemical properties they might have with the hardener
without a hardener. To ensure that the epoxy combination can fulfill the appliance’s
requirements, the right type of hardener should be chosen. Research should be done
on each of the resins, so the hardener can perform satisfactorily to create some of
the ultimate epoxy mixtures. Common samples of a square-based epoxy hardeners
measure hydride, amine-based, polyamide, open chain, and cycloaliphatic.

(d) Epoxy Resin(LY 556) [26]

The term ‘resin’ encompasses a good many artificial substances of comparable
mechanical properties (Dense liquids that stabilize into clear solids). The term ‘resin’
has been applied within the nowadays to just about any element of a liquid that forms
a tough lacquer or enamel-like end. An example is enamel, a contemporary product
that contains resins that area unit organic compounds, but not traditional plant resins.

The amount of resin between layers must be controlled as follows: surface of mat
90%; chopped strand mat 70%; plaid 50%. Two layers of glue can be used according
to the following equation:

wtotal = wlaver + wroller + w[1]
other
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wtotal = the volume of the total plastic layer;
wlayer = the actual volume of resin in the layer;

Wlayer = Wrwg/(1− wr );

wr = the amount of resin with standard requirements;
wg = the total weight of enhanced material;
wroller = the volume of resin on the roller;
wother = the amount of resin lost for other reasons.

4 Composite Fabrication

Fabrication of composite is completed by standard methodology known as hand
lay-up methodology. A mold of dimension 300 × 300 × 6 mm3 is used. Polyster
resin with its conforming hardener in a ratio of 10:1 is methodically mixed. Mold
liberating silicon spray is applied to mold releasing sheet and then the sliced fiber,
assortedwith the resin ismildly poured on the sheet, which is located inside themold.
The persistence of emotional agent is to simplify simple subtraction of the composite
from the mold once natural process. The mixture is enabling to line within the mold
for an amount of 24 time unit below forged pressure of 20 kg. Then the specimen
is dividing into appropriate dimension for mechanical and physical tests. In this
fabrication procedure, three categories of composites are prepared with different
compositions. Ramie and Flax fiber are added in a weight percentage of 80% and
20% for improving the mechanical properties of composites.

4.1 Hand Lay-Up Technique

The described process procedures used for manufacture ramie fiber-reinforced ther-
moset polymer composites were all established methods are compression molding
[27–30], hot pressing [31], filament winding, prepreg plus hot pressing or molding,
and resin transfermolding. For the economical to reveal bettermechanical properties,
we are choosing hand lay-up Technique.

The fibers were balanced and accordingly the resin and hardeners were assessed.
Epoxy and hardener weremixed properly with absence of bubbles to avoid premature
failure of material. The consequent fabrication process consisted of first setting a film
on the mold surface and polymer coating was applied on the sheets for rolling. Again
resin applied to next fiber ply of another kind was placed and rolled. Cylindrical mild
steel rod used as Roller for rolling. This process was repeated until eight alternating
fibers layers have been laid. On the highest of the last ply a compound coating is
completed, that serves to make sure a good surface finish. Finally, 20 kgf weight was
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Fig. 5 Process of hand lay-up technique

applied on the composite over 72 h to badge contented time for solidification and
subsequent hardening (Fig. 5).

4.2 Hybrid Composite Preparation

Pre-early the mold for the composite is ready.We have to prepare mold of size 300×
300 × 3 mm for the provision of required composite. A clean smoothened surfaced
wood board is taken and splashed completely. We give a cover to the wooden board
with a nonreactive thin plastic sheet called OCB (Odet-Cascadec-Bollore) Sheet.
Then the Ramie and Flax are taken of equal size that of the mold.

RawRamie andFlax arewashed anddriedwithwater.After that, for rightweight, it
is measured and unbroken. The measurement of the samples should be right to create
good composite and therefore the blend should be extremely uniform. We bring
the right amount of compound we calculated previously and 100% of its hardener.
Then this blend is fully stirred until it turns into a touch heat. Hardener should take
very minute because by forming the tiny lathers, little extra hardener can ruin the
composite. The experiments have been researched and discussed to evaluate the
strengths of flexural, impact strength, tensile, and compression.

5 Experimental Procedure

The tensile tests of the composites were accomplished as per the ASTM D3039
standards. The tests were ended by using a universal testing machine (Tinius Olsen
H10KS). The specimen of the required dimension 120 × 20 × 3 mm3 aspect was
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Fig. 6 a Tensile test b Tensile test specimen

chopped from the composite cast. The check was accompanied at a continuing strain
rate of 2 mm/min. The tensile test prearrangement is shown in the figure. Tensile
strength (σ ) was calculated by

σ = F

A

where

F = the maximum load (in newtons);
A = the area of the specimen.

The maximum bending stress of a composite is the flexural strength that it can
withstand during bending before reaching the breaking point (Fig. 6). As per ASTM
D790-03 test standards, The flexural tests of the composites were performed. The
flexural strength (σ b) was calculated by

σb = 3FL

2bt2

where

F = the maximum load (newtons);
L = the distance between the supports (millimeters);
b = the breadth of the specimen (millimeters) and
t = the thickness (millimeter) (Fig. 7).

In Charpy impact test, specimens were subjected to a huge quantity of force for
a very short interval of time. The higher amount of impact strength indicates that
it can absorb a large amount of energy before failure and its plasticity will be also
large. The size of the specimen for the impact test was 50 × 15 × 3 mm3 and has a
2 mm deep notch on one face. The three tested results from three specimens at any
one temperature (in J) are averaged (Fig. 8).
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Fig. 7 a Flexural testing specimens b Flexural testing specimen

Fig. 8 a Impact tester b Charpy testing specimens

The size of the specimen for the impact test was 10× 10× 3 mm3. The resulting
stress-strain diagram delivers information on proportional limit, elastic limit, yield
strength, and compressive strength (Fig. 9).

Fig. 9 a Compression testing machine b Compression testing specimen
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6 Finite Element Analysis

A hybrid composite is made up of using more than two or more types of materials,
either it is created from fibers-matrix or not. In this paper, one type of hybrid com-
posite with composition of natural fiber and flax with resin is modeled in ANSYS
Workbench 16.0. The structural experiments are tested in ANSYS Composite Prep-
Post (ACP) Workbench. In this paper, composites are made by changing their orders
and orientations as like the Experimental specimen but keeping all the same condi-
tions and loads, which are directly applied to the composites. From these results a
mark ready result came out, which is able to be useful to form associate composite of
high strength with victimization same fibers of several properties. This sort of study
is extremely useful to see the manner of creating a composite by selecting a correct
lay-up to style the fabric.

7 Results and Discussion

The results which comprise assessment of tensile strength, flexural strength, impact
strength, and Compression strength have been studied and discussed. The under-
standing of the results and the evaluation among various composite samples are also
presented. The consequence of fiber content on tensile properties of the composite
is shown in table (Figs. 10, 11, Table 3).

The significant variation of tensile strength for different systems specifies fiber
content is not only a major factor which affects the mechanical performance, inter-
facial adhesion and the fibers influences polyester matrix properties also have a
significant effect. Generally, in the case of little strains while not interface fracture
reflects themodulus performance of eachfiber andmatrix interface transfer the elastic

Fig. 10 FEA results for tensile test a Total displacement b Tensile stress
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Fig. 11 Results comparison between three test specimens

Table 3 Results assessment between experimental results and FEA for tensile test

S.
no

Specimen
label

Experiment results FEA results

Maximum
load (N)

Displacement
(mm)

Tensile
stress at
maximum
load
(Mpa)

Mean
load
(N)

Displacement(mm) Tensile
stress at
maximum
load
(Mpa)

1 2t1 2802.84 13.15 697.9 2790.5 10.395 690.24

2 2t2 2787.83 12.34 680.2

3 2t3 2780.39 12.92 691.3

deformation. The tensile strength is rise due to the cross-linking network construc-
tion among the fibers and the resin materials in polymer matrix. The variations of
the compressive load and compressive stress of Ramie and Flax fiber content shown
in following figure. It is found that the compressive load and compressive stress of
fiber composites linearly increased as the content of the natural fiber is increased.
This is due to excellent scattering of fiber and active stress transmission between the
fiber and the matrix (Table 4).

The variation of the Flexural strain and flexural stress of Ramie and Flax fiber
content shows in the following table. It is found that the flexural load and flexural
stress of fiber composites linearly increased as the content of the natural fiber is
increased. This is due to excellent dispersion of fiber and actual stress transmission
between the fiber and the matrix (Graph. 1, Fig. 12, Table 5).

Table 4 Results experimental results compression test

S. no Specimen label Maximum load (N) Compressive stress
(Mpa)

Bulk modulus (Mpa)

1 2c1 1888 14.86 912.16336

2 2c2 1470 11.65 949.66788

3 2c3 1528 12.58 935.19525
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Graph 1 Compressive test graph details

Fig. 12 FEA results for flextural test. a Total displacement. b Flaxtural stress

Table 5 Results assessment between experimental results and FEA for tensile test

S.
no.

Specimen
label

Experimental results FEA

Maximum
load (N)

Displacement
(mm)

Maximum
stress
(Mpa)

Mean
load(N)

Displacement
(mm)

Maximum
stress
(Mpa)

1 2f1 1680 7.9 641.72 1692.6 8.0112 666.44

2 2f2 1701 8.1 637.23

3 2f3 1697 8.0 643.23

InCharpy test, when the striker impacts the specimen, endures to absorb energy till
failure against plastic deformation. Table 6 shows the variation of energy absorbed
by the Ramie and Flax fiber content. It is originated that there is no considerable
change in the impact test by changing the fiber orientation. (Fig. 13).
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Table 6 Results comparison between experimental results and FEA for tensile test

S. no. Specimen Experimental results FEA

Stress (MPa) Energy absorbed
(KJ) (Charpy test)

Stress (MPa) Energy absorbed
(KJ)

1 I1 270.015 40 kJ 271.9 45.6 kJ

2 I2 277.19 42 kJ

3 I3 273.21 40 kJ

Fig. 13 FEA results for flextural test a Total displacement. b Flaxtural stress

8 Conclusion

Hybrid Ramie and Flax fiber-reinforced polyester composite, has fabricated by sim-
ple hand lay-up technique. Based on the Experimental and Finite element Analysis
(FEA) through ANSYS, It has been perceived that the Mechanical properties of the
composites are greatly influenced by the fiber loading and fiber length. The micro
hardness value rises with raise in fiber length. As far as the effect of ramie fiber load-
ing is exercised on composites with 5 wt% fiber loading displays improved hardness
value as compared to 10 wt% irrespective of fiber length except for 30 mm length.
A progressively increase 15% in tensile and flexural strength is observed. However,
there is a reduction in the strength properties with 8%. It can be experiential that the
tensile modulus increases irrespective of fiber loading but increase in fiber length.

On the whole, it is concluded that ramie-flax Hybrid composites can exhibit good
mechanical properties for the green engineering application where the recycling is
needed.
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9 Scope for Future Work

There is a very wide scope for future scholars to explore this area of research. This
work can be promoted to study added features of such compositeswith other prospec-
tive fillers and alignment of layers/fibers for augmentation of hybrid composites and
their mechanical and physical behavior.
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Effect of MgO Particulates on Dry
Sliding Wear of al LM13 Metal Matrix
Composite

C. S. Ravindra Sagar, T. K. Chandrashekar and Batluri Tilak Chandra

Abstract Al LM13 alloy reinforced with MgO particulates of 0–10wt% in terms
of 2wt% were developed by the stir casting technique and the prepared samples
were characterized on the basis of microstructure, Brinell hardness, XRD, and SEM.
The hardness test indicated increased hardness of the MMC as the MgO particulate
percentage increased. Optical microscope studies indicate the MgO particulate dis-
tributed randomly in the Al LM13 matrix. The presence of MgO was also identified
in XRD. The wear performance of Al-LM13/MgO composite was examined on pin-
on-disk equipment. The experimental studies on the MgO particulate increased the
wear rate and decreased proportionately indicating the active role of the MgO partic-
ulate in reducing the wear. SEM suggests the presence of adhesive and abrasive wear
mechanism with evidence of transfer films. The development in the wear resistance
is due to the presence of MgO particulates in the Al LM13 matrix alloy.

Keywords MgO particulate · Al-LM13 · Dry sliding wear

1 Introduction

MMCsare capable of attainingwear andmechanical properties owing to the existence
of reinforcement. Aluminum which is less in weight, in various applications [1].
Wear decreases the effectiveness by collective material loss, utilization of fuel, and
replacement of component; due to this, the wear behavior of MMCs is assigned
and it is essential [2].To study the behavior of wear of aluminum–silicon carbide,
MMCs show the increasing wt% of SiC which decreases the weight of aluminum
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Table 1 Al LM13 alloy chemical composition

Elements Cu Mg Si Fe Mn Ni Zn P Sn Ti A1

wt% 0.83 1.2 12 1 0.5 1.5 0.5 0.1 0.1 0.2 Balanced

Table 2 MgO particulate chemical composition

Appearance White powder

Particulate size 5–8 µm

Solubility Partly soluble in water

Molecular formula MgO

Molecular weight 40.30

Density 3.70 g/cc

Melting point 2300 °C

[3]. Al7075/SiC developed by metallurgical technique its wear resistance improved
[4]. The wear rate of MMC decreased with an increased wt% of SiC particulates [5].

From the above literature survey, the Al-LM13/MgO particulate composite is
not explored extensively. Thus the present work focused on wear behavior of Al-
LM13/MgO particulate composite produced through the stir casting technique.

2 Development of the Metal Matrix Composite

LM13 and MgO particulate chemical composition is as shown in Tables 1 and 2.
In the stir casting technique, the LM13 alloy is heated to a temperature of 750 °C

in a crucible, then the particulate is at 400 °C; it is preheated and agitated at the
rapidity of 545 rpm for a period of 15 min and the MMC is discharged to die.

3 Results and Discussion

3.1 Optical Microstructure Studies

Microstructural studies show that the conformation of porosity is negligible in both
the LM13 and composite shows the even scattering of MgO in MMC (Figs. 1 and 2)
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Fig. 1 Al LM13 (as-cast)
alloy

50μm

Fig. 2 Al-LM13/MgO
composite

50μm

3.2 XRD Studies

Figure 3 shows the XRD pattern of Al-LM13/MgO composite, the graph shows the
diffraction pattern belonging to Al LM13 matrix and MgO particulate. The XRD
analysis shows the presence of aluminum, silicon, and magnesium oxide. There is
no presence of any intermediate phase in the analysis of the composite.

Fig. 3 XRD Al-LM13/MgO
composite
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Fig. 4 SEM of Al LM13 (as-cast) alloy

3.3 Scanning Electron Microscope Studies

The wear of Al-LM13/MgO was enhanced due to the existence of MgO particulate
in Al LM13 matrix alloy; the wear that occurs in the MMC is owed to plastic defor-
mation; hard MgO particulates and gouging will crush the minute hard particulates
and forms a tiny sub-external layer designated as MML which safeguard the alloy
[6] (Figs. 4 and 5).

3.4 Brinell Hardness and Wear Behavior

Figure 6 shows that as the wt% of the MgO particulate reinforcement increases,
the hardness of the composite improves significantly owing to the existence of hard
reinforcement [7].

Figures 7, 8, and 9 show that Al LM13 suffers from the highest wear rate as
compared to other reinforced composites; it can be referred that thewear rate decrease
more or less linearly as the percentage of the MgO particulate is increased in the Al
LM13matrix. This result is in agreementwith the experimental data byTang et al. [8];
further, the addition of the particulate increases the wear conflict of alloy decreases
in wear rate suggests a strong bond strength in between Al LM13 matrix and MgO
particulates. MgO particulates are embedded in the Al LM13 matrix and have a
relatively higher hardness as compared to the matrix alloy; consequently, most of
the load applied on the MMC is sustained by the hard MgO particulates leading to
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Fig. 5 SEM of Al-LM13/MgO composite
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Fig. 6 Brinell hardness at different wt% of reinforcement for Al LM13 and its composite
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Fig. 8 Wear rate of Al
LM13 and its composite for
various sliding velocity in
as-cast condition
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reducing the wear percentage in the matrix. Thus, more stress is developed by MgO
particulates during dry sliding wear resulting in a decrease in the wear rate of the Al
LM13 matrix.

4 Conclusion

1. Al LM13 alloy and its MMC have been successfully developed with uniformly
dispersed MgO particulate using the stir casting technique.

2. Microstructure clearly exposes the even scattering of the MgO particulate in the
Al LM13 matrix alloy.

3. The hardness of MMCs increases significantly with increase in the MgO
particulate reinforcement.

4. Wear rate of Al LM13 and its composite declines with increase in the rein-
forcement wt% and also by increasing the applied load the composite wear rate
increases, by varying with sliding velocity the wear percentage of the composite
declines when sliding distance is constant and percentage of grooving in worn-
out layer of MMC is reduced when the reinforcement wt% increases indicating
lesser removal of the material.
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Flexural Fracture Analysis on 2D and 3D
Weaved Carbon–Silicon Carbide
Composites

S. Sapthagiri and S. Nagakalyan

Abstract Propelledmaterials, for example, constant fiber-fortified artistic grid com-
posites offer huge improvements in an assortment of properties when contrasted with
their mass, solid partners, etc. These properties incorporate essentially the ductile
pressure, flexural stress, and crack parameters. Anyway to date, there are not really
any logical examinations that gave an account of carbonfiber basedpropelled earthen-
ware composites where SiC is utilized as the lattice. The present work is an endeavor
to draw out the flexural fractural quality properties alongside a nitty-gritty examina-
tion of the crack conduct of 2D and 3D woven carbon ceaseless fiber strengthened
(silicon carbide) ceramic–matrix composite (CFCC) materials. The crack propaga-
tion conduct has been dissected in two symmetrical indents and the introduction and
its esteem are available in this paper.

Keywords Ceramic–matrix composite · Flexural strength · Fracture behavior ·
Three-point bend test

1 Introduction

Normally, earthenware frameworks are the conspicuous decision for high-
temperature applications. High modulus of flexibility and low pliable strain, which
most earthenware production have, that have joined to make the disappointment of
endeavors add fortifications to acquire quality enhancement. The utilization of sup-
port with high modulus of versatility may deal with the issue to some degree and
present pre-worrying of the fiber in the earthenware grid is as a rule progressively
turned to as an alternative. At the point when earthenware production has a higher
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warm extension coefficient than fortification materials, the resultant composite is
probably not going to have a prevalent dimension of solidarity. All things consid-
ered, the composite will create quality inside earthenware at the season of cooling
bringing about miniaturized scale breaks reaching out from fiber to fiber inside the
framework. Small scale breaking can result in a composite with rigidity lower than
that of the framework.

The flexural quality speaks to the most elevated pressure experienced inside the
material at its snapshot of the crack. Flexural Testing is commonly done in a three-
point and four-point stacking frameworks. In three-point stacking, at the purpose
of stacking, the best surface of the example is put in a condition of pressure while
the base surface is in strain. Since the rigid qualities of earthenware production are
around one-tenth of their compressive qualities and since break happens on the elastic
example confront, the flexure test is a sensible substitute for the malleable test for
pottery. Stress is processed from the example thickness, the bowing minute, and the
snapshot of idleness of the cross section.

2 Fabrication of C–SiC Composite

The C–SiC composite was made by the liquid silicon invasion (LSI) process. This
procedure comprises three organizes as shown. Starting with a Carbon Fiber Rein-
forced Clay (CFRC) made of a coal tar pitch with high carbon content, a green-body
preform is made. This preform is then pyrolyzed under the latent climate at temper-
atures more prominently 900 °C, changing over the CFRC into a higher permeable
carbon–carbon (C–C) composite. In the last advance, the permeable material is pen-
etrated with fluid silicon under vacuum to produce the last C–SiC clay. The liquid
silicon invasion (LSI) process offers numerous potential focal points, for example, a
single-step process, low handling temperature, and close net-shape preparing. Be that
as itmay, the procedure has a few constraints as the span of the examples are restricted
to basic shapes, and the examples must be hot-squeezed at high temperatures, close
to 1900 °C, which causes debasement of fortifications.

2.1 Specimen Preparation

The indents with various square root radii were presented by methods for ISO-met
low-speed cutting saw and Electric Discharge Machine (EDM).

The ISO-met low-speed cutting saw is an exactness separating saw intended for
cutting different sorts of materials with negligible distortion. The ISO-Met low speed
saw was utilized for removing indents with lower root radii utilizing 0.15 mm and
0.3 mm thick jewel wafer edges.

The Electric Release Machine has a metallic wire as a cutting device. A start
is produced between the cutting device and the example which dissolves the ideal
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bit of the example and evacuates it. The slicing device was customized to move in
characterized ways for evacuating the material. The EDMwas utilized for removing
indents with bigger root radii of 1 mm and 3 mm.

Delta TM 35 x − y profile projector was utilized for estimating the components
of the score. The examples were set on the phase of the projector which at that point
anticipated a picture of the example on a bigger screen. The split length and score
root span were estimated from the screen. Utilizing fitting amplification, the genuine
split length and root sweep were determined.

2.2 Specimen Configuration

The example arrangement was allowed by the E 399: the Single-Edge Notched Beam
(SENB) example as shown in Fig. 1. The crack strength assessment is done for the
most part using the Single-Edge Notched Beam (SENB) example. They are for the
most part weakness pre-broken with the goal that the split length/width proportion
lies somewhere in the range of 0.45–0.55. This guarantees that the keymeasurements
(a, B, andW – a) are commonly roughly equivalent. In any case, for pottery and their
composites, the exhaustion pre-splitting is not important.

To ensure that the specimen fractures under nominally elastic conditions, i.e.,
the plastic zone must be small compared to the specimen cross section: ASTM
recommends the following limitations on the specimen dimensions

B, a, (W − a) ≥ 2.5
(
KIC/σy

)2; 0.45 ≤ (a/W ) ≤ 0.55, and
(
Pmax/PQ

) ≤ 1.1
(1)

where “B” is the specimen thickness, “a” is the crack length, and “W” is the specimen
width. If the above conditions are satisfied, then the KIQ values obtained to give the
plane strain fracture toughness KIC of the material.

The initial selection of specimen dimensions, from which valid KIC values will
be obtained, may be based on an estimated value of KIC . KIC can be estimated on
the basis of experience with similar materials or by employing various empirical
correlations with other types of notch toughness such as CVN values. Alternatively,
the ratio of yield strength to Young’s modulus, σ y/E, can also be employed.

Fig. 1 A schematic of
Single-Edge Notched Beam
specimen with dimensional
specifications
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2D Arrester orientation         2D Divider orientation                 3D CFCC

Fig. 2 Notch profile under stereomicroscope

3 Experimentation Summary

All the fracture toughness tests were led on a PC controlled, servo water-powered
INSTRON 8801 test framework using a self-articulating three-point twist installa-
tions of the INSTRON 5500 test framework. The tests were led at encompassing
temperature (23 °C) and in research facility air environment. The indented examples
were stacked in slope control at a consistent inclined rate of 0.5 mm/min.

The test method includes three-point twist stacking or stick stacking of scored
examples. Load versus uprooting information of the material is naturally gotten from
the testing machine. Secant lines with inclined at 5% not exactly the flexible areas
were gotten on the bends for assurance of PQ. Contingent upon the material and the
kind of bend obtained, the PQ esteem is acquired. The proportion of Pmax/PQ must be
guaranteed to be under 1.1. The restrictive esteem KQ is then determined from this
heap using conditions that have been set up based on flexible pressure examination.
KQ meets all requirements to beKIC if previously mentioned conditions are fulfilled.
Score Profile under a stereomicroscope of three distinct examples is shown in Fig. 2.

4 Result and Discussion

4.1 Flexural Strength

Flexural tests in three-point bend loading were led on examples of rectangular cross-
sectional territory with a settled range length of 40 mm. For each case (3D, 2D crack
arrester, and 2D crack divider), two exampleswere tried and the information acquired
was exposed to the measurable investigation. The heap uprooting information got
for flexural quality assessment of 3D, 2D crack arrester, and 2D crack divider intro-
ductions have been shown in Figs. 3, 4, and 5 separately and the example subtleties
are given in Table 1.

The tensile stress is for the most part in charge of the disappointment of the
example and not compression. The diagrams display a progressive increment in the
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Fig. 3 Load versus
Displacement, 3D CFCCs
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Fig. 4 Load versus
Displacement, 2D CFCCs
Crack Arrester Orientation
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Fig. 5 Load versus
Displacement, 2D CFCCs
Crack Divider Orientation
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Table 1 Specimen details Sample Id Span length, S
(mm)

Width, b
(mm)

Thickness, d
(mm)

2D Crack Arrester Orientation CFCCs

1. 40 13.64 4.03

2. 40 13.85 4.15

2D Crack Divider Orientation CFCCs

1. 40 6.68 5.01

2. 40 6.83 5.01

3D CFCCs

1. 40 7.85 3.53

2. 40 6.95 3.50

heap alongside an expansion in relocation up to an explicit point and afterward
demonstrate a lofty decline with the falling slant. The progressive increment in the
flexible zone is because of the nearness of filaments opposite the heading of break
engendering. This is trailed by the little degree of quick fall in the worry with a
further increment in the relocation. The precarious fall in load is trailed by a steady
decline with relocation. This area shows the shear method of disappointment. In this
locale, the split spreads through the framework and this prompts the advancement of
“T” and “L” breaking. Right off the bat, a gathering of strands at the surface, where
the greatest pressure is experienced takes an interest in the heap conveying stage.
At the point when the heap starts to expand, a couple of more packages of strands
participates and by this stage, the main heap of filaments is totally worried. The
sudden fall in load begins when the principal heap of filaments starts to break/come
up short and in this way this split proliferation is completed to alternate packs of
strands.

4.2 Flexural Strength Evaluation

The maximum tensile stress (Flexural strength) of the composite material, (parallel
to the fibers) on the outermost surface is given by

σ f = (3PmaxS)/
(
2bd2

)
(2)

where “P” is the load applied, “S” is the span length, “b” is the width of the specimen,
and “d” is the thickness of the specimen (Table 2).

It was plainly seen from the table that 3D situated CFCCs have 3.96 occasions
higher flexural quality when contrasted with the 2D CFCCs (crack arrester introduc-
tion) [1]. This is credited to the way that in 3D CFCCs, the carbon strands organize
ties the SiC-network all themorewidely and successfully contrastedwith 2DCFCCs.



Flexural Fracture Analysis on 2D … 461

Table 2 Flexural strength measurements

Sample Id Pmax L (mm) B (mm) D (mm) Flexural strength
(MPa)

Mean flexural
strength (MPa)

2D CFCCs Crack Arrester Orientation

1. 115.5 40 13.64 4.03 31.27355 30.7

2. 119.8 40 13.85 4.15 30.14003

2D CFCCs Crack Divider Orientation

1. 134.9 40 6.68 5.01 48.25767 47.0

2. 130.8 40 6.83 5.01 45.77076

3D CFCCs

1. 174.2 40 7.85 3.53 106.9 121.5

2. 193.3 40 6.95 3.50 136.2

This is on the grounds that in 3D CFCCs, the 2D carbon fiber layers are intercon-
nected by sewing them a third way. This outcome is more grounded holding among
network and the fortification in 3D CFCCs. It is additionally observed that the flex-
ural quality of the 2D split divider introduction is 1.53 occasions higher than the 2D
crack arrester introduction. This is on the grounds that in the divider introduction, the
carbon strands are longitudinally situated while in the arrester introduction, the car-
bon filaments are arranged in transverse way. As the longitudinally arranged strands
grant more opposition than the transverse filaments, the flexural quality of 2D crack
divider is higher than the 2D split arrester (Fig. 6).

It can be clearly seen that 3D CFCCs exhibit a high flexural strength than 2D
CFCCs.

Fig. 6 Flexural strength of 2D Crack Arrester, 2D Crack Divider, and 3D CFCCs
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4.3 Fracture Toughness

The load–displacement data obtained for Fracture Toughness evaluation of 3D, 2D
crack arrester, 2D crack divider orientations are shown in Figs. 3, 4, and 5, respec-
tively. The specimen details of 3D, 2D crack arrester, 2D crack divider orientations
are shown in Tables 3, 4, and 5, respectively [2, 3].

It is clearly observed from Fig. 7 that the heap relocation bends for all the 3D
CFCCs tests, the heap at first increments directly with removal. This relates to the

Table 3 Specimen details of 3D CFCCs

Sample Id W (mm) B (mm) a (mm) 2ρ (mm) a/W

1. 6.12 3.50 2.13 0.16 0.35

2. 6.93 3.53 3.65 0.22 0.53

3. 6.95 3.53 3.71 0.20 0.53

4. 7.30 3.51 4.50 0.21 0.62

5. 6.50 3.54 2.97 0.32 0.46

6. 6.68 3.49 3.61 1.28 0.54

7. 6.51 3.50 3.32 3.65 0.51

Table 4 Specimen details of 2D Crack Arrester CFCCs

Sample Id W (mm) B (mm) a (mm) 2ρ (mm) a/W

1. 13.6 4.07 4.54 0.20 0.33

2. 13.6 4.03 6.33 0.19 0.47

3. 13.6 4.03 6.50 0.22 0.41

4. 13.6 4.02 6.91 0.20 0.51

5. 13.6 4.04 7.33 0.31 0.54

6. 6.25 2.64 3.14 1.21 0.50

7. 7.08 2.64 3.51 1.33 0.50

8. 6.31 2.6 3.02 3.59 0.48

9. 6.88 2.6 3.40 3.70 0.49

Table 5 Specimen details of 2D Crack Divider CFCCs

Sample Id W (mm) B (mm) a (mm) 2ρ (mm) a/W

1. 13.89 3.95 4.57 0.16 0.33

2. 13.76 3.97 7.01 0.16 0.509

3. 13.70 4.01 7.83 0.31 0.57

4. 13.88 4.57 7.04 0.21 0.507

5. 13.88 4.67 7.21 0.28 0.52
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Fig. 7 Load versus
Displacement, 3D CFCCs
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phase in which the example to a great extent encounters elastic stresses. In this area,
the material displays the quality of the composite which is ascribed to a great extent
because of the nearness of strands and aminor commitment of thematrix. Pursued by
this stage, stable split augmentation happens. This is reflected in nonlinear increase
in load with displacement. This stage is trailed by an observable soak drop in load
with a further increment in uprooting demonstrating mode I disappointment. This
is because of the disappointment of fiber packs at the indenting tip. The further
increment in load is because of the opposition development in the example in light
of the worrying of fresher filaments.

The load-bearing capacity of samples of Figs. 8 and 9 are noticeably different. This
is because; the specimenwidth and thickness of Fig. 9 samples are nearly half of Fig. 8
samples and from Fig. 10, it is evident that the load initially increases linearly with
displacement in all the cases. This corresponds to the stage in which the specimen
largely experiences elastic stresses. Followed by this stage, crack extension takes
place. This is reflected in nonlinear increase in load with displacement followed by

Fig. 8 Load versus
Displacement, 2D CFCCs
Crack Arrester Orientation
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Fig. 9 Load versus
Displacement, 2D CFCCs
Crack Arrester Orientation
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Fig. 10 Load versus
Displacement, 2D CFCCs
Crack Divider Orientation
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noticeable drop in load with further increase in displacement. The load-displacement
curves show distinctly different characteristics at this stage of crack extension in all
the orientations.

The contingent fracture toughness (KQ) of 3D and 2D weaved Cf-SiC CFCC
material was assessed in the split arrester and break divider introductions as indi-
cated by the ASTM standard E 399. Figures 7, 8, 9, and 10 demonstrate the essential
information of the heap variety with relocation. From the previously addressed lit-
erature, it gives the subtleties of the examples and the information got from these
fracture toughness tests [4]. The estimations of Kmax and KQ determined for each
test are additionally recorded in these tables. These information demonstrate that the
material displays valid Kmax/KQ values (<1.1) for a few examples, indicating stable
break augmentation. Along these lines, just these qualities are considered to yield
legitimate KIC . Under these conditions, the material displays altogether higher break
sturdiness esteem in the crack divider introduction when contrasted with the crack
arrester introduction. Under such conditions, the CFCCmaterial shows a fundamen-
tally high crack sturdiness esteem in 3D weaved introduction. A normal estimation
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of contingent crack strength (KQ) 3.93 MPa
√
m is gotten for 3D CFCCs. A normal

estimation of restrictive break sturdiness (KQ) for 2D weaved split divider introduc-
tion is observed to be 1.82 MPa

√
m though the contingent break toughness (KQ) of

2D weaved crack arrester introduction is observed to be 1.52 MPa
√
m. This study

reveals that the conditional fracture toughness of 3D CFCCs is 2.58 times of 2D
CFCCs crack arrester orientation. This is because of the higher flexural strength of
3D CFCCs. The conditional fracture toughness of 2D CFCCs crack divider orien-
tation is 1.2 times of 2D CFCCs crack arrester orientation. Amid the three-point
twist trial of CFCCs, as the heap is connected continuously, a procedure zone frames
at the leader of the crack tip. Higher the measure of this procedure zone, higher is
the opposition of the material to crack along these lines, and higher is the fracture
toughness of the material. The disappointment in crack divider introduction happens
basically through the mode I along these lines bringing about the bigger procedure
zone. The disappointment in crack arrester introduction happens basically through
mode II in this manner bringing about the littler procedure zone. Subsequently, the
fracture toughness estimation of split divider introduction is higher than that of the
crack arrester introduction.

4.4 KIC Validation

3D CFCCs: The CFCCs material exhibits a significantly high fracture toughness
value in 3D weaved orientation. It can be seen from Table 2 that the specimen
numbers of 5 and 7 are considered for KIC because they are satisfying the KIC

validation criteria. An average value of KIC 3.36 MPa
√
m (corresponding to the a/W

ratios of 0.46 and 0.509) is obtained for 3D CFCCs.
2D CFCCs: The KQ values derived from specimens 4 and 5, corresponding to

a/W ratios 0.507 and 0.52, in the 2D weaved crack divider orientation are considered
to yield valid KIC . It can be seen from Table 3 that the specimen numbers of 4 and
5 are considered for KIC because they are satisfying the KIC validation criteria. An
average value of plain strain fracture toughness (KIC) for 2D weaved crack divider
orientation is found to be 1.50 MPa

√
m. In the 2D weaved crack arrester orientation,

no sample satisfied all the conditions mentioned above for a valid KIC test, so the
conditional fracture toughness (KQ) is calculated for these samples.

4.5 Strength–Fracture Toughness Correlation

It is observed fromFig. 11 that fracture toughness increases as the strength ofmaterial
increases. From this, it is evident that CFCCs follow Linear Elastic FractureMechan-
ics (LEFM). The corresponding relation between fracture toughness and strength is
given by KI = 36.72 ∗ σ f − 22.64 [5, 6].
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Fig. 11 Correlation of
strength and fracture
toughness plot

0 1 2 3 4

Flexural Strength, σf (MPa)

0

40

80

120

160

C
on

di
tio

na
l F

ra
ct

ur
e 

To
ug

hn
es

s,K
Q

 (M
Pa
√m

)

4.6 Effect of Notch Root Radius (ρ) on Fracture Toughness

The apparent fracture toughness (KIQ) is a function of the notch root radius. There
exist a critical notch root radius (ρ) above which KIQ varies linearly with (ρ)0.5 and
below this critical value, KIQ is independent of ρ or in other words it is invariant,
that is, it is solely a material property. But, in our study, contradictory results are
obtained for some samples giving irregular trends. This may be due to the damage
occurred to the samples while cutting the notches through EDM wire cut machine.
A spark generated between the cutting wire and the specimen causes the melting of
sample and due to this, there may be damage to the fiber bundles present at the notch
tip resulting in irregular fracture toughness values.

5 Conclusions

3D-orientedCFCCs have 3.96 occasions higher flexural qualitywhen contrastedwith
the 2DCFCCs arrester orientation in view of a progressively broad and viable system
of carbon fibers. Flexural quality of 2D crack divider orientation is 1.53 occasions
higher than the 2Dcrack arrester introductionbecause of longitudinally situatedfibers
in the crack divider orientation. Flexural quality of the 2D crack arrester introduction
is low as a result of transverse situated fibers. The restrictive fracture toughness (KQ)
of 3D CFCCs is 2.58 occasions of 2D CFCCs-crack arrester orientation. This is a
result of the higher flexural quality granted to 3D CFCCs via carbon fibers. The
restrictive fracture toughness (KQ) of 2D CFCCs-crack divider orientation is 1.2
occasions of 2D CFCCs-crack arrester orientation in view of expansive process zone
estimate in crack orientation. Plain strain fracture toughness (KIC) of 3D CFCCs
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and 2D crack divider introduction are 3.36 MPa
√
m and 1.50 MPa

√
m. The chart

between flexural strength and restrictive fracture toughness is observed to be straight
which demonstrates that CFCCs pursue Linear Elastic Fracture Mechanics (LEFM).

It saw from the outcome and discourses that 3DSituatedCFCCs hasmore strength
than both the introductions of 2D CFCCs.
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Characterization of Aluminium Alloy
6063 Coated Over Mild Steel
by Aluminization Process

B. Vijaya Kumar and K. John William

Abstract The main objective of present study is to see the feasibility of aluminum
alloy deposition over mild steel using aluminization technique to improve the corro-
sion resistance by developing an economically feasible technique. Aluminum alloy
coating has been done by dipping the mild steel in hot liquid metal of aluminum alloy
at above 800 °C for various time intervals; hot dipped mild steel rods were allowed to
air cool. Coatings were characterized to observe the grains diffusion between coat-
ing and base metal, it is found that coating metal is diffused into mild steel surface
and formed a corrugated grain profile that is facilitating interlocking between both
surfaces and this is desired to improve bond strength. Hardness test and toughness
test were conducted to observe the strength of the coating and found that coating
strength is improved. This process assures a tight bond between the base metal and
coating metal.

Keywords Aluminization · AA6063 ·Mild steel (IS 2062) ·Mechanical
properties ·Microstructure

1 Introduction

Surfacing is playing vital role to improve the corrosion resistance on iron alloys and
wear resistance on ferrous and nonferrous alloys. There are many traditional surface
coating techniques available [1]; apart from these techniques, aluminization is one
of the best methods to deposit Aluminum alloys over Ferrous alloys to improve
corrosion resistance. Aluminization is the process, in which Aluminum is melted
above 800 °C and at that temperature Ferrous alloys are dipped in metallic liquid
bath and kept for some time to diffuse the Aluminum into Iron. The Ferrous alloy is
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reaching to Austenitic Temperature due to which it allows or permits the Aluminum
grains into Ferrous alloy grains by adjusting at intermolecular spaces. After few
seconds or completion of the dipping time, depending upon the base metal character,
it will be taken out from the liquid metal bath and allowed for air cooling, the air
cooling starts from the temperature 730 °C to room temperature and the cooling takes
place as per heat treatment cycle. In this study, an experiment was conducted using
MildSteel (IS 2062) by surface alloyingwith aluminum (AA6063) throughdiffusion.
Aluminum coating provides steel with excellent oxidation and corrosion resistance
at elevated temperatures up to 1000 °C, and with reasonable scaling resistance [2].

Hot-dip aluminizing is also a kind of most widely used processes for coating
steel with aluminum, to increase corrosion, and oxidation resistance as well as
hardness [3]. The current study deals with the influence of process parameters on
microstructure and microhardness of aluminized and diffused specimens. In alu-
minizing, the surface layer is impregnated with aluminum to the specified thickness
in the temperature range of 600–1000 °C.

It gives greater wear resistance, hardness, and corrosion resistance. In order to
find the suitable coating method for Aluminum alloys on all kinds of surfaces, a
comparative study was conducted to conclude the best method. The results of this
comparison are shown in Table 1. Based on the comparison, mild steel samples were
chosen to dip in aluminum liquid bath [4].

Table 1 Vickers microhardness values for different temperatures and time (with silica)

Load applied
(gms)

Distance
between
indentation
points in (mm)

Vickers microhardness values (Hv)
For different temperatures and time

700 °C and
3 min

800 °C and
5 min

900 °C and
7 min

50 −0.7 172 Hv 172 Hv 167 Hv

50 −0.6 167 Hv 166 Hv 168 Hv

50 −0.5 170 Hv 175 Hv 175 Hv

50 −0.4 179 Hv 176 Hv 177 Hv

50 −0.3 611 Hv 671 Hv 719 Hv

50 −0.2 626 Hv 683 Hv 727 Hv

50 −0.1 630 Hv 729 Hv 730 Hv

10 0 354 Hv 401 Hv 401 Hv

10 0.1 78 Hv 73 Hv 67 Hv

10 0.2 75 Hv 71 Hv 68 Hv

10 0.3 74 Hv 70 Hv 69 Hv
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2 Experimentation

Mild steel (IS 2062) was used as the substrate material. The sample of 12 diameter
and 120 mm length was used. This was cut from 1 m rod and sent for turning and
approximately 1 mm of layer is removed from the mild steel rod, Aluminum blocks.
The specimen was thoroughly cleaned before aluminizing. Rinsing was carried out
with water followed by acetone solution for 1 min and then dried. Mild steel rod of
12 mm diameter × 120 mm long specimen was taken. Then, it was sent for turning
and approximately 1mm is removed from 12 diameter rod. After turning process, the
specimen rod was found to be 11.85 in diameter and 120 mm in length. Now the rods
were rinsed with water followed with acetone solution then and dried. Aluminum
blocks were melted in crucible by using furnace. At 660 °C, aluminum was melted
and then we added degassing tablet to it, then aluminum got purified; waste gases
were sent out and slag was floating up, we removed slag with strainer.

The same experiment was carried out but now in case II we have added silica
to molten metal. Mild steel rod of 12 mm diameter × 120 mm long specimen was
taken. Then, it was sent for turning and approximately 1 mm was removed from
12 diameter rod. After turning process, the specimen rod was found to be 11.85
in diameter and 120 mm in length. Now, the rods were rinsed with water followed
with acetone solution then and dried. Aluminum blocks were melted in crucible by
using furnace. At 660 °C aluminum got melted and then we added degassing tablet
to it then alunimum got purified; waste gases were sent out and slag was floating
up, we removed slag with strainer. Now, we started increasing the temperature of
molten aluminum because as we added silica it will reduce the boiling point of the
aluminum.

Then we added 10% of silica to molten aluminum and the temperature of molten
aluminum got reduced. Now, the rod was dipped in molten aluminum, this mild steel
specimen was then dipped in bath for 3 min at 700 °C and the mild steel specimen
was stirred in liquid bath for effective coating overmild steel, after that the specimens
were allowed to cool in air.

The same experiment was carried out for two times at different temperatures.
Again mild steel specimen was taken and dipped in aluminum bath for time period
of 5 min at 800 °C. The mild steel specimen was stirred in liquid bath for effective
coating over mild steel, after that the specimen was allowed to cool in air. The same
mild steel specimen was dipped in bath for time period of 7 min at 900 °C. The mild
steel specimen was stirred in liquid bath for effective coating over mild steel, after
that it was allowed to cool in air.
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3 Characterization of Coating

The coating characterization is as follows; and after coating, the specimen rods were
visualized and we got a smooth finish on rods that were at higher temperature and
for more dip time. The list of pictures can be seen below. These are the visualized
picture of aluminum coated rods without silica (Figs. 1, 2, 3, and 4).

Microstructure Test
The microstructural examination is carried out by putting well polished, properly
etched, and dried samples on the base of themicroscope. An appropriate combination

Fig. 1 Aluminum coated
rods with silica 3 min 700 °C

Dip time &
Temperature

Aluminium coated rods  without 
silica

3 min.

700oC 

Fig. 2 Aluminum coated
rods without silica 5 min
800 °C

Dip time &

Temperature

Aluminium coated rods  without 
silica

5 min.

800oC

Fig. 3 Aluminum coated
rods without silica 7 min
900 °C

Dip time &

Temperature

Aluminium coated rods  
without silica

7 min.

900oC 

Fig. 4 Aluminum coated
rods with silica 5 min 800 °C

Dip time &
Temperature

Aluminium coated rods  with silica

5 min.

800oC 



Characterization of Aluminium Alloy 6063 Coated Over Mild Steel … 473

of objective and eyepiece of knownmagnification is selected to view the sample. The
microscope is illuminated and the image of sample surface is focused [5]. Details
of the surface vision are examined by either direct (eye) viewing or by taking a
photograph to be analyzed later. The microstructural examination of metals and
alloys is generally accomplished for the following purposes.

Observation of grain growth, study of grain boundaries and grain shapes, study
of phases present in material, study of crystal irregularities, to reveal microdefects
like inclusions, microcracks, etc. determination of compositions and distribution of
metals in an alloys, study of the heat treatment, and other process on mechanical
properties of metals/alloys [5]. After aluminizing process, the sample was selected
and cut to a suitable size of 1 inch with the help of band saw. After this, the samples
were mounted by using polymeric material catalyst and resin. The mounting process
was completed for an hour by curing process. This mounted sample was polished by
using standard metallurgical process [6] (Figs. 5 and 6).

Micro Hardness Test
Microhardness test was carried out on the Aluminized test samples across the inter-
face using Vicker’s microhardness tester. The test was carried out at a load of 500
gms. Samples are prepared as per the standard mounting methods as prepared for
microstructural analysis.

Fig. 5 Mounting samples of
aluminum coating rods (with
silica)

Fig. 6 Mounting samples of
aluminum coating rods
(without silica)
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4 Results and Discussion

Visualization
The coatingwas absorbedwith smooth surface finish, as themachining is not required
for the application of the components. Two different experiments were carried out
and mild steel specimen rods were dipped in aluminum alloy with silica and without
silica. When compared to first sample, without silica the coating was not so uniform
and we did not get shining on rods, but when silica added specimen rods were
observed extra shining could be seen on rods with good surface finish.

Microstructure
The mild steel coated specimen rods were absorbed and the aluminum alloy has got
refined grains size with slight corrugated shape on mild steel and it is reported that
diffusion has been taken place due to the higher temperature. It is also absorbed that
ferrite flakes have been formed on mild steel surface. Six samples were given for
testing, in which three specimen rods samples were aluminum coated mild steel rods
(with andwithout addingof silica). Sample 1—Aluminumcoatedmild steel specimen
rods without silica at 700 °C and 3 min dip time, microstructure shows the growth
of ferrite at interface is less. Sample 2—Aluminum coated mild steel specimen rods
without silica at 800 °C and 5 min dip time, microstructure shows the growth of
ferrite at interface is more. Sample 3—Aluminum coated mild steel specimen rods
without silica at 900 °C and 7 min dip time, microstructure shows the growth of
ferrite at interface is more. Sample 4—Aluminum coated mild steel specimen rods
with silica at 700 °C and 3 min dip time, microstructure shows with silica growth of
ferrite at interface is less and uniform ferrite and pearlite structure have been formed.
Sample 5—Aluminum coated mild steel specimen rods with silica at 800 °C and
5 min dip time, microstructure shows the growth of ferrite at interface is increased
progressively larger than the pearlite structure. Sample 6—Aluminum coated mild
steel specimen rods with silica at 900 °C and 7 min dip time, microstructure shows
the growth of pearlite structure is improved in size as compared to five samples and
also ferrite structure is smaller than other five samples (Figs. 7, 8, 9, 10,11, and 12).

Fig. 7 Microstructure of
aluminized specimens
without silica at 700 °C,
3 min
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Fig. 8 Microstructure of
aluminized specimens
without silica at 800 °C,
5 min

Fig. 9 Microstructure of
aluminized specimens
without silica at 900 °C,
7 min

Fig. 10 Microstructure of
aluminized specimens with
silica at 700 °C, 3 min

Fig. 11 Microstructure of
aluminized specimens with
silica at 900 °C, 7 min dip
time
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Fig. 12 Microstructure of
aluminized specimens with
silica at 800 °C, 5 min

Fig. 13 Graph for 700 °C,
3 min dipping temperature
and time
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Mechanical Properties
It is observed that the hardness of the coating is increased with increase in dipping
temperature and time,whereas the thickness of coating is inversely proportional to the
temperature and dip time, that is, when the thickness of coating increases at lower
temperature (below 700 °C), while the thickness of coating decreases from 700–
900 °C. Hence, the coating hardness is absorbed to be increased with temperature.
The hardness of the substrate is increased very near to the interface at the temperature
above 700 °C, 800 °C, 900 °C. The reason for increase hardness along interface is
due to phase transformation in mid steel. The mild steel surface as we absorbed the
ferrite and pearlite structure be grown as it is seen to be formed Martensite structure
(Figs. 13, 14, and 15).

5 Conclusion

Hence, we conclude that the aluminum alloy can be coated on mild steel and the
strength of coating depends on the dipping temperature, if the temperature increases
then the also hardness increases. This more hardness may lead to peal of the coating
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Fig. 14 Graph for 800 °C,
5 min dipping temperature
and time
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Fig. 15 Graph for 900 °C,
7 min dipping temperature
and time
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at lower load; it is concluded that the process should be carried out just above the
melting temperature (660–700 °C) and the dip temperature of 3 min. The coating
thickness depends on dip time and temperature. At high melting temperature with
less dipping time, the coating thickness increases, for high temperature and more dip
time, the thickness decreases and metal gets more hard. The reason for low thickness
coating over mild steel rod is high fluidity of aluminum alloy at higher temperatures.

Finally, the net conclusion is that the aluminum alloy coating on mild steel spec-
imen rod at the temperature of 700 °C and 3 min dip time gave the best results for
the mechanical properties like toughness, hardness, and corrosion resistance.

Future Scope
Thematerials suitable for aluminising include lowalloy steels, stainless steels, nickel-
base alloy, and nickel-iron alloys, etc. Similar studies can be performed by changing
the diffusion temperature and time and it can also bemade by changing the quenching
time, soaking time, and temperature.
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Investigation of Mechanical and Wear
Characteristics of Aluminum Reinforced
with Quartz Composites

T. Thirumalai, A. Harsha Vardhan Reddy, S. Nagakalyan
and Rajagopal Dhanasekaran

Abstract The interest for lightweight, less expense, and prevalent material required
the improvement more up to date materials and consequently an exertion has been
taken to create aluminum lattice composites by stir casting technique, which is the
easiest and affordable path for delivering aluminum matrix composite. The creation
of aluminum matrix composite was finished by strengthening with different weight
% of quartz. The result demonstrates that increasing of quartz in aluminum compos-
ite increased the hardness and rigidity. The wear test uncovered that expansion of
quartz diminished the wear loss and expands the wear resistance. The SEM result
on microstructure demonstrates the no throwing imperfection and wear resistance of
the composites.

Keywords AMC · Hardness · Tensile strength ·Wear resistance

1 Introduction

The interest for lightweight, financial, and great quality materials prompts the
advancement of newmaterials that meet these necessities. One of the recently created
materials is aluminum metal-matrix composites (AI-MMCs). These days, there are
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different results of MMCs were utilized particularly for car and designing applica-
tions. This is a result of their high quality, high elasticmodulus, and low thermal coef-
ficient of thermal extension, lightweight, low thermal shock, great wear resistance,
and a lot more focal points.

2 Literature Survey

Aluminum-basedMMCsmake up a category of cutting edge designingmaterials over
regular Al alloys. Improvement of new forming methods and utilization of less cost
particulate reinforcing materials, the utilization of these composites is increasing
in a wide assortment of businesses. A. Rutecka et al. [1], explore the strain rate,
weakness properties, creep resistance, and lifetime of Al/SiC MMC. By including
silicon carbide in aluminum, the weakness properties get expanded. The rate of
harm parameters increment winds up more prominent for higher substance of the
SiC content particles. Greatness of the mean strain is diminished by including silicon
carbide.

J. Jebeebmoses et al. [2], examined and depicted the creation of aluminum with
support of different measures of silicon carbide. By including silicon carbide parti-
cles the hardness and elasticity get expanded. Because of the expansion in support
particles the mechanical properties get expanded contrasted with network composite
and furthermore it changes the crack mode. R. Dhanasekaran and T.S. Mahesbabu
et al. [3, 4], considered and researched the turning task in Al356 aluminum MMC
including silicon carbide and boron carbide as fortification. Polycrystalline precious
stone is utilized for turning activity. In light of the feed rate, just the surface harshness
will get expanded or diminished. In ANOVA when feed rate change to 0.1 mm/rev
the surface harshness gets diminished.

C. Dhavamani et al. [5], explore the boring of aluminum silicon carbide. By
alluring useful methodology, the limiting surface harshness and amplifying metal
expulsion rate are examined. To speak about the connection among info and yield
variable, a various relapse model is utilized and hereditary calculation is utilized to
upgrade the procedure. In view of speed, feed, and dia of cut completing of pene-
trating of the composite will be great. David Raja Selvam et al. [6], examined and
produced the aluminum matrix composite including fortified as SiC and consistent
load of fly fiery remains by mix throwing strategy. By including magnesium the wet
capacity of SiC and fly fiery remains gets improved. By including fly fiery debris
the disintegration of SiCp was avoided and Al4C3 development was additionally
averted. The rigidity of the aluminum network gets expanded by including silicon
carbide. C.M. Friend [7], examined Al compounds discovered application in trans-
portation designing because of its better quality than weight proportion. Be that as it
may, less wear opposition of Al combinations can be overwhelmed by utilizing Al-
based MMCs produced for tribological applications. K. Kalaiselvan [8], considered
and created the aluminum composite Al6061 metal grid composite with clay Al2O3
utilizing fluid metallurgy course in mix throwing strategy. The fortifications were
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prewarmed before blend in the aluminum combination. Consequently, the present
work was taken up to comprehend the adjustment in wear of the quartz fortified
aluminum composites. Dhanasekaran and Hamid Reza Ezatpour et al. [9, 10], con-
templated and explore the impact of nanoalumina when added to Al606 amalgam
and expulsion properties on mechanical and small scale properties improved. In this,
the processed nano-Al2O3/Al composite powder infused into dissolve by argon gas.
V. Bharath et al. [11], contemplated test has fine grain smaller scale structure with
high porosity utilizing nano Al2O3 which was scattered with low agglomeration, so
the quality and flexibility get expanded.

3 Material and Method

Quartz is the second most mineral found at Earth’s surface and its intriguing prop-
erties make it a champion among the most profitable trademark substances. LM9
aluminum gives splendid assurance from utilization under both standard barometri-
cal and marine conditions. LM9 can be anodized by any of the customary methods,
the ensuing cautious film reaching out in concealing from diminishing to dull darker,
dependent upon the procedure used (Table 1). Stir casting technique has been uti-
lized for assembling irregular molecule strengthened composites. In a stir casting
process, the fortifying material stages are spread into liquid network in mechanical
mixing, by planningmetal lattice composites by the blend throwing technique. In this,
various variables are required for significant consideration, including the trouble of
accomplishing a uniform circulation of the fortification material, wet ability between
the two primary substances, porosity in the cast metal framework composites, and
composite responses between the support material and the matrix alloy (Table 2).

Table 1 Chemical
composition of Aluminum
LM9

Material % of Composition

Copper 0.04

Magnesium 0.51

Silicon 11.37

Iron 0.48

Manganese 0.42

Nickel 0.002

Zinc 0.02

Lead 0.009

Tin 0.002

Titanium 0.01

Aluminum Remaining
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Table 2 Process parameters
of stir casting

Parameters Units Value

Spindle speed RPM 400

Stirring time Min. 5

Temperature of melt °C 920

Preheated temperature of quartz particles °C 300

Preheated temperature of mold °C 250

Power feed rate g/s 0.8–1.2

4 Design of Experiments

Taguchi methods are measurable techniques created by Genichi Taguchi to show
signs of improvement nature of produced products, and all themore as of late likewise
connected to building. Proficient analysts have respected the objectives and upgrades
realized by Taguchi techniques, especially by Taguchi’s improvement of structures
for considering variety, yet have censured the wastefulness of a portion of Taguchi’s
recommendations.

The Taguchi method includes decreasing the variety in a procedure through plan
of examinations. The rule motivation behind the strategy is to make great items
requiring little to no effort to the maker.

5 Methodology

A batch of aluminum composite has been softened at 920 °C with a suppress heater.
Before stirring the Quartz ought to be prewarmed at a temperature of 300 °C. When
the melting temperature achieves the aluminum composited is solved and mixing
done by utilizing themechanical stirrer. The dissolve was irritated with the assistance
of a mechanical stirrer to shape a fine vortex. The mixing of preheated Sio2 particles
was included at a steady feed rate into the vortex. The procedure parameters utilized
are given in the table. In the wake of mixing the liquid mix, it was filled the preheated
lasting mold. The MMCs having different weight percentage rates (8.9 and 13%) of
quartz were manufactured by a similar methodology.

6 Results and Discussion

Wear mechanism is a hazardous factor and it impacts the administration life Wear is
particular as the progressive loss of material from solid because of mechanical activ-
ity, i.e., contact or relative movement against a strong or liquid. Propelled designing
materials and composites are utilized, where high wear resistance is required.
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The abrasive wear resistance of the particle strengthened with metal-matrix com-
posites increments with adds to in the volume division option of particles, under both
high and low stress and high wear resistance conditions.

6.1 Hardness and Tensile and Wear with Volume Fraction
% of Quartz

Because of the support of quartz in aluminum LM9, the hardness of the composite
gets increased. During machining the outcome indicates that constant and spasmodic
chips are framed at sporadic interimat 8%of volumeanddiscontinuous chip shaped at
13%of volume. It demonstrates an increase in hardness and strength of the composite
(Table 3).

Wear of components is a critical factor and it influences the service life span.
Wear loss is minimum at 13% composition of quartz and it is compared with 8, 9%
of other samples. It is shown in Fig. 1.

Table 3 Increasing of hardness value

S. NO. Amount of quartz added in
LM9 (%)

Rockwell hardness in MPa Tensile strength in MPa

1. 0 49.04 178

2. 8 50.33 180

3. 9 55.53 183

4. 13 56.70 175

Fig. 1 Wear loss of AMC
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6.2 Microstructure and SEM Analysis

The microstructural characterization of aluminum LM9 reinforced with various
quartz level was appeared beneath Figs. 2, 3, 4, and 5. Figure 2 demonstrates the
impact of normal load on the wear rate. As the typical load increases the coefficient
of grating likewise increment which prompts more wear rate. This is most basic
wonder in the greater part of the material. Normal load has the most elevated impact
on the sliding wear rate.

Figure 3 gives the quantity of scratches on the surfaces which is more. This
uncovers the essential wear instrument that is rough wear. The investigation of wear
surface of the LM9 and composite of lower magnification reveals distinct patterns
of grooves and edges running parallel to each other the sliding way.

In Figs. 4 and 5 there were high scratches on the wear surfaces. This multifaceted
that the essential wear instrument is abrasive wear. The aftereffect of wear surface

Fig. 2 SEM images for
mixture 1 (8% quartz
reinforcement)

Fig. 3 SEM image for
mixture 2 (9% quartz
reinforcement)
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Fig. 4 SEM images for
mixture 3 (quartz 13%
reinforcement)

Fig. 5 SEM images for
mixture 3 (quartz 13%
reinforcement)

of the combination and composite of lower magnification indicates the grooves and
of scores and edges running parallel to each other the sliding way.

The outcome gives the surface that was described by long and continuous grooves
which have heavy scares. The nearness of small scale deformity on the sliding surface
is another significantmarvelswatched. Thewear surface shows unmistakable parallel
sections all through the surface.
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7 Conclusion

Stir casting method is employed for the manufacture of aluminum matrix composite
reinforced with various levels of quartz to get the desired properties.

Reinforcingquartzwith aluminumalloy in the respective percentages (8–13%)has
shown an appreciable improvement in its mechanical properties and wear resistance.

The hardness and tensile strength were increased with the addition of weight
percentage of quartz. The SEM result revealed the distribution of quartz in aluminum
matrix as fairly homogeneous.
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Studies on Application and Mechanism
of Self-Healing Polymer
and Nanocomposite Materials

S. Sreenatha Reddy, Rajagopal Dhanasekaran, Sujeet Kumar,
Shiv Shankar Kanwar, R. Shruthi and T. Navaneetha

Abstract From the last few decades, self-healing techniques came into existence
which has wide applications in the aerospace, automobile industries, biomedicine,
etc. The polymers have the ability to repair the damages caused by various actions
of impact, fatigue, and erosion and restore the original characteristics of material.
Its lightweight, good processability, chemical stability, low cost, and high strength
make it smart material. Self-healing is inspired by biological study. There are three
main concepts of self-healing: capsule-based self-healing mechanism, vascular self-
healing mechanism, and intrinsic self-healing mechanism. The aim of this article is
to give a complete idea about the application and mechanism of self-healing poly-
mers and its nanocomposites. Impact damages, fatigue, puncture, and corrosion are
reviewed by this article. Safer, long-lasting, and economical products can be pro-
duced using self-healing polymers. Finally, this article wraps up with great scope
in research and developments. Sources of information were from scientific articles,
patents, and different materials.

Keywords Self-healing material · Fatigue · Nanocomposites · Capsule · Vascular
mechanism

1 Introduction

Polymer is a lightweight, high strength, good processability, chemical stability, and
low-cost smart material which has capability to heal the damages caused by various
thermal, mechanical, and ballistic actions at nanolevels [1]. Composite materials
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consists of two different natural materials to get a good characteristics performance.
In recent years, it has found its wide scope in aerospace, automobile, etc. Materials
go natural consequences by getting degraded, damaged, fiber fracture, delamination,
and failures that occur over time. These may affect the material strength, stiffness,
conductivity properties, and dimensional stability [2]. The fractures and ruptures are
at micro levels which cannot be detected. The cracks further grow due to mechanical
stress which lead to failure of component. Engineering researchers only focused on
developing new products with high strength and better properties. But due to all the
failures of high inspection and improved properties, self-healing comes into picture.

Self-healing technique is based on biological strategy which is the source of
inspiration [3]. It was first developed by White et al. The concept of self-healing
has been successfully tested to a number of materials that are nanostructured. Self-
healing materials have the potential to heal the cracks, fractures, or any damages
without any external help. It can heal the fractures caused due to impact, fatigue,
erosion, and corrosion. It uses catalyst such as Grubbs and tungsten hexachloride.
On the basis of chemistry, self-healing is of two types, namely, autonomous and
nonautonomous. In autonomous self-healing, materials do not need any external
inducement because the damage itself activates the healing process. On other hand,
in nonautonomous, materials require need external agent (heat and light) to activate
the healing process. Self-healing is sustainable, safer, and long-lasting. It expands
the lifetime and survivability of the product and have higher reliability. It restores
the initial characteristic of those materials.

Polymers nanocomposite have superior properties but they face some problems
like cavitations. Thiswork gives illustrations onmechanismof recovering the existing
properties of materials that undergo damages and focuses on practical applications
of artificial self-healing. It restores the material’s surface and volume unification
by improving the strength, stiffness, and electrical conductivity. The three primary
concepts of self-healing are capsule based, vascular, and intrinsic.

2 Self-Healing: Concept and Mechanism

Self-healing is the property of material to repair any type of damages automatically
without any external help. It was come into attention in 1970s to understand con-
stituent properties of filled elastomers that are used in solid rocket propellants. The
concept of self-healing comes from biological concepts and the synthetic version
comes to existence. The natural consequences of materials such as damage, degrada-
tion, and failures occur over time. Since 2001, a wide range of self-healing material
has been developed. The cracks, fractures, or any damages that are caused due to
impact, fatigue, erosion, etc. can be healed by self-healing material. When the dam-
ages occur, the capsules will break and chemicals will get interacted with the void
spaces and that get filled to heal the microscopic level fractures.
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Polymers and its composites are the most used materials nowadays and industrial
applications. Self-healing materials have the potential of self-repairing of any dam-
ages caused due to mechanical, chemical, thermal, and ballistic actions. Traditional
materials do not have such properties. Self-healing materials reduce maintenance
cost, high strength, better performance ratio, and can heal the imperfections of any
size [4]. For all, the self-healing systems rate of healing is equal to rate of damage.
So far several researches are going on to focus on the behavior of polymers and
its nanocomposite materials as they are widely used. Self-healing material is used
to rectify all of the problems and the life of the component will increase as well
as survivability. These materials have the ability to block the path of propagation
of nanolevel fractures to macroscopic scale. According to congenital approach of
self-healing polymers, it works due to synthetic holding in the network itself which
has the ability to rearrange accordingly after damage has occurred in the presence of
outer inducement [1].

Self-healing materials can be categorized according to general mechanism
as Extrinsic and Intrinsic self-healing mechanism [5, 6]. Composite helps in
differentiating the above two with respect to damage response and their chemistries.

2.1 Extrinsic Self-Healing Mechanism System

This mechanism deals with the recovery of structural damages using external healing
materials in the shape of containers placed in the matrix as capsules or vascular
networks [6]. Based on the container, the following are two types.

2.2 Capsules Embedment-Based Self-Healing Mechanism

In this mechanism, self-healing is started by damages itself. It is also called as
microencapsulated self-healing polymer [5–10]. White et al. presented the capsule-
based polymer in 2001. Capsules store the healing materials. At the point when
ruptures and fractures occur in the component system the capsules get cracked and
healing agent will reach the damaged site. The catalyst present helps in the polymer-
ization of healing agent. It also helps in activating most of the healing phenomena
and is Grubb’s catalyst and tungsten hexachloride.

The selfhealing system works according to the ring-opening metathesis poly-
merization (ROMP) of dicyclopentadiene (DCPD) using Grubb’s catalyst. Polmeric
microcapsules are most often prepared by using a miniemulsion polmerisation tech-
nique [11]. The procedure includes oil-in-water dispersion mechanism. Poly urea-
formaldehyde (PUF), polyurethane, poly melamine-urea-formaldehyde (PMUF),
poly melamine-formaldehyde (PMF), and a few are used in making of capsule shells.
Effective strength recovery (>90%) can be achieved by increasing the mechanical
properties and efficiency of the healing agent material [12].
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Fig. 1 Microencapsulated
self-healing mechanism

The two limitations faced by capsule embedment catalyst healingmechanisms are
high cost of catalyst (Grubbs) and lack of amount healing agent to heal repeatedly.
Figure 1 shows capsule embedment self-healing mechanism.

2.3 Vascular Network Self-Healing Mechanism

In this mechanism, the self-healing process is done using the vascular network in
the form of capillaries or narrow pipelines into the matrix. The healing materi-
als are organized in 1D, 2D, and 3D matrix. These networks are interconnected
until the damages initiated self-healing. These networks contain healing agents into
polymer matrix throughmicrochannels. Toohey et al. first gave the idea including the
microchannel networkwhich contains dicyclopentadine (DCPD) in thematerials [5].
Grubbs’ catalyst with DCPD is delivered to an epoxy surface coating by microchan-
nels. For many years studies were done to use several types of healing and heal the
large scale of damages [13–18]. The healing material is released to the damage or
crack plane and polymerization occurs. Multiple connection points have increased
the reliability as there will be no pipeline blockage and easy accessibility of healing
agent in bulk. Hence, 3D connectivity has higher potential to heal damages than 1D
[5].
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Fig. 2 Vascular Network self-healing mechanism

The vascular network produced by Koralagundi Matt et al. within conventional
glass fiber reinforced polymermatrices composite has self-healing abilitywhich used
in composite structure of wind turbine blades [19] (Fig. 2).

2.4 Intrinsic Based Self-Healing Mechanism

In this type ofmechanism, the repair is accomplishedby thermally reversible reaction,
hydrogen bonding, ionomeric coupling, or molecular diffusion without any external
help such as healing agent and catalyst [20]. Several other reaction mechanisms
are used to activate the intrinsic healing in polymers such as irradiation-induced
cycloaddition [21], Metathesis reaction [22], photothermal ring-opening reaction
[23], photothermal metal-ligand complexation [24], and redox-triggered host-guest
complexation and decomplexation reaction [25, 26]. The thermoplastic-based com-
ponents use this mechanism to heal the damages. This mechanism is less complex
than extrinsic self-mechanism (Fig. 3).
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Fig. 3 Intrinsic Self-Healing mechanism

3 Self-Healing Polymer NanoComposites: Applications

3.1 Effect of Self-Healing Polymer in Sealing Holes and Size
of Bullets

This technology of self-healing of polymer nanocomposites helps in healing the
damages caused by bullets. When bullets are fired on fuel tanks of helicopters, the
encapsulating materials heal the holes by sealing it completely without losing any
material inside. This technology is mainly used by army helicopter. It can heal full
holes immediately.

3.2 Effect of Self-Healing Polymer on Impact Damage

Impact is a force caused due to sudden application of load on the componentmaterial.
The damage caused due to impact loading cannot be traced as it is in microscopic
scale. The material receives some impact load and causes punctures, fractures, and
mixed-mode cracking which will lead to continuous delamination and damages at
nanolevels. It can decrease the efficiency and lifetime of the component. Finally,
this microscopic scale damage leads to macroscopic level damage and materials
failure will occur. Fiber reinforced composites have low performance due to impact
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loading. Using FRC self-healing polymer gained 51% reduction in damage when the
materials go under low-velocity impact. By reducing the mechanical properties and
increasing healing effect efficiency, there is a possibility of significant recovery of
damages (>90%). Williams et al. revealed a result based on true compression after
impact (CAI) experiment which tells 95% holding of CAI strength compared to 66%
of unrepaired panels [12]. To enable CAI retention, the materials require thermal
treatment at 125 °C due to nonautomatically self-healing. Tensile test is designed
to specify bulk continuous deformation which leads to failure. Elongation at break,
yield point stress [27], and force displacement curve [28] are used to quantify and
identify the self-healing performance but the healing is not reflected fully.

To overcome all these hurdles, self-healing nanocomposite materials are used in
the polymer matrix when subjected to mechanical loading, the elastomeric network
could accept the mechanical energy by opening of nanoclay beams.

3.3 Effects of SelfHealing Fatigue Strength

Fatigue is a mechanical property of the material which is responsible for the cyclic
load applications. Due to cyclic load on bridge the materials component go deformed
and cracks formation occurs. The damage rate depends on the array of the variables
such as frequency and amplitude of the stress intensity and mechanical properties.
Due to this, the survivability will decrease. These problems occur continuously and
finally it leads to failure status. Temperature, mobility, and polymerization rates
decide the healing rate. The crack propagation and chemical kinetics decide the
fatigue life extension. At 20% DCPD microcapsule, 2.5 wt% catalyst and at low-
stress intensity, the fatigue performance was tested and the results came by arresting
fatigue crack propagation [29]. According to Brown et al., self-healing under fatigue
loading can be measured by using life extension (λ) and fatigue life (N) as given in
Eq. (1)

λ = Nhealed − Ncontrol

Ncontrol
(1)

Stress intensity factor fatigue life extension (λ). Reduction in stiffness up to 12.5%
for 10 min when thermal energy of 120 °C is applied then self-healing fatigue life
extension λ = 2 for a tensile Mode 1 [30]. When chemical kinetics are higher than
mechanical kinetics then the fatigue crack is completely controlled [31].

Monotonic fracture is less complex than fatigue because it depends on different
factors such as applied stress intensity range, the loading frequency, the ratio of
applied stress intensity, the healing kinetics, and the rest period employed [32].
Recovery of stiffness is lost due to damage caused by cyclic loading that is considered
successful because crack growth rate is reduced due to self-healing.
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3.4 Effect of Self-Healing on Erosion and Corrosion

Erosion is the process of removing away the materials layer by action of several
phenomena such as wind, water, and natural agents. Corrosion is the natural process
of gradual destruction of materials by chemical or electrochemical reaction with
their environment. To avoid above problems, a layer of coating is coated on the
material which is responsible for all the problems that are self-healing in nature,
i.e., polymer materials. Xiao fan Luo et al. have made the arrangement and new
shape memory which help in self-healing coating. The coatings include isolated
morphology with electrospun thermoplastic poly (PCL) stands which pass through
shape memory epoxy grid. Through warming mechanical harm of covering can be
held which leads to events. First, shape recovery of the matrices to get the split
surfaces spatial vicinity and second one to dissolve PCL stands to recover back the
break. The harm properties are restored in control recovering test [33]. The coatings
have the ability to self-heal. Another test, Aluminum alloys are examined in seawater
which is designed to improve the resistance. Aluminum alloy 3003 was applied with
30 µm thick coating. A corrosion test was done in 3% NaCl at 70 °C and pH of 1.5
for 120 h. [34]. The self-healing performance was decided on the basis of corrosion
behavior of defect. They show coating damage with no defect or a little damage at
the defect.

The erosive behavior cannot be decided by surface roughness [35]. Experimen-
tally, self-healing of erosion damages has not been demonstrated [36] (Fig. 4).

Fig. 4 Schematic illustration of the coatingmorphology and the shapememory assisted self-healing
(SMASH) concept [33]
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3.5 Usage of Self-Healing Polymer in Phone Screens
and Paints for Cars

When scratch occurs on the phone screens or on the car’s body then it can be self-
healed. Phone screens contain polymer-based materials that have self-healing prop-
erty. Hence, lifetime of the phone screens increases. Traditional paints used for paint-
ing vehicles do not have such properties of self-healing. Self-healing has applications
mainly in automatic, aerospace, and building industries. For example, Nissan Motor
Co. Ltd has commercialized world’s first self-healing clear coat for car surface. The
trade name of this product is “Scratch Guard Coat” [37]. According to the company,
scratches on the coated car surface are repaired by hydrophobic paint and it lasts for
duration of 3 years. High elastic resins prevent the scratches movement to the inner
layer of the painted car surface.

4 Conclusion

Recently, several researche and developments occur in the domain of polymer
nanocomposites. It is because of lightweight, high strength, and low-cost smart
materials. The cracks developed due to various actions are at microscopic scale. The
healing of these cracks are not economical and easy. So self-healing is introduced,
which is derived from biological concepts. Achievements of self-healing polymers
are not satisfactory as fatigue and erosion related problems are not supported. Yet it
has several applications in the aeronautical, automobile industries, etc.

Due to self-healing techniques, numerous damages at molecular and structural
level defects can be repaired. So mechanical and optical properties can be regained
which is favorable path for self-healing research. Transparency can be restored using
this technique. From a long-term point of view, intrinsic self-healing would be the
reasonable solutions for the molecular design of synthesis polymer.
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Comparing Fire Penetration Results
of Natural Fibre Reinforced Composite
Material with Plywood

Rajagopal Dhanasekaran, S. Sreenatha Reddy, Anwar Pasha,
Akula Deep Chander, Asar Fayaz Baig and T. Thirumalai

Abstract The aim of this experimental study is to determine and compare the fire
penetration results of natural fibre reinforced composite material with plywood.
Because of their availability, cost, as well as, physical and mechanical properties of
natural fibre reinforced composites, they are most widely used in industrial applica-
tions like insulating material, building and transportation industries. The application
of this composite material needs different properties for different applications, but
in case of insulating and building material purposes their thermal properties must be
studied, fire penetration rate is one of the important factors in indicating the fire haz-
ard. From this study, it is concluded that fire penetration rate of composite material
fabricated by sisal, coconut and palm leaf sheath fibres is less, i.e. 0.206 and time
taken for penetration is 87 s that is double the time taken for plywood for penetration.

Keywords Natural fibre reinforced composite materials · Fire penetration test ·
Building and transportation materials · Fire penetration rate
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1 Introduction

Nowadays composite materials are widely used because of their better properties
than conventional materials like metals, glass and wood. Composite is nothing but
combination of two or more different materials, this combination leads to greater
improvement in the properties of the material. There are two types of composite
materials one is synthetic and another one is natural fibre compositematerial; both are
same in case of fabrication but they show different properties during the application
of material to the product or any component. Natural fibre reinforced composite
material is emerging material in present days because of their physical properties as
well as chemical properties, which are better than the artificial or synthetic fibres.
These materials are mainly used in building and transportations applications and also
used in other different applications, they must exhibit better fire resistance properties
in order to use this material.

Fire penetration test is used to determine the penetration resistance of the com-
posite material as well as time taken to burn the composite material, this test can be
done by using oxy-acetylene welding machine that produces high intensity and tem-
perature range flame which makes the penetration in the composite material. It was
concluded that natural fibre reinforced composite material becomes hard to ignite if
fire retardant materials are added during the fabrication process [1]. Flammability as
well as machinability properties of sisal fibre reinforced polymer composite material
was studied. In present day, composite material is widely used and it is used with the
replacement of synthetic fibre composite material; flammability depends on three
basic factors they are oxygen supply, ignition source and fuel. Flammability can be
controlled by these three factors and reduced by adding fire retardants during the
fabrication of natural fibre reinforced composite material. Fire retardants function in
the composite material is to delay the fire penetration in the material [2].

In present situation, human is thinking about materials that are energy saving
and pollution reducing in nature, these conditions are satisfied by the natural fibre
reinforced composite material. These materials are not only energy saving but also
improve thermal andmechanical resistance of the buildingmaterial [3]. Experimental
study is conducted on biocomposites that include sisal fibre as a fibre reinforcing
material and author discussed about the effect of silicon carbide (SiC) powder in
the composite material on the thermal properties, like thermal conductivity, thermal
stability and thermal diffusivity, that increases with increase in SiC powder content
and specific heat capacity increases up to some limit and decreases [4]. Previously,
thermal conductivity behaviour of the bamboofibre reinforced composite on the basis
of varying volume fraction, temperature and fibre angle is mainly focused. Thermal
conductivity decreases with volume fraction of fibre and increases with fibre angle
variation [5]. Jute fibre composite material gives better thermal behaviour than other
composite material, as the amount of filler material increases in the composite it
causes the increase of hardness and decrease of its tensile strength. Natural fibres are
found to be superior in industrial applications than glass fibres [6].
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Thermal properties of natural fibre reinforcement polymer compositematerials are
studied by considering volume of fibre content in the composite material. As volume
of fibre content increases, it increases the insulation characteristics of the material
[7]. Investigation on plant stem fibre (Entadamannii) reveals the thermal degradation
and structural characteristics of the fibre. KOH-treated fibres effects on the thermal
stability and microstructural behaviour of the fibre [8]. Thermal behaviour of the
bamboo fibre composite material is analysed; these fibres have low thermal stability
and degradation of material starts from 200 °C [9]. Nanointerstitial material in the
natural fibre reinforced polymer improves thermal conductivity of material [10].

Most of the authors discussed the use of fire retardants and filler material in
composite material manufacturing and also, they studied the thermal properties of
the natural fibre reinforced composite material. This paper deals with the information
on the composite material fire penetration resistance result and compared.

2 Methodology

Fire penetration test of the natural fibre reinforced composite material includes
the different subsections like materials, machines used for testing, fabrication of
composite material and fire penetrating testing procedure of the composite material.

2.1 Material Used

For fabrication of composite material, different fibres are used like sisal fibre, coir
fibre and palm leaf sheath fibre these are the reinforcing materials shown in Figs. 1,
2, and 3, respectively, and resin LY-556 and hardener HY-951 are used as matrix and
bonding material in composite material.

2.2 Machine Used

Composite materials can be fabricated by different fabrications methods but for
this project, composite material is fabricated by hand lay-up method of composite
manufacturing.

• Universal TestingMachine (UTM) is used for compression of fibre layers, general
use of UTM is to test tensile as well as compression strength of materials. This
machine completely works on the hydraulic mechanism, both upper and lower
heads of machine moves in column. This movement is used for compression pur-
pose by placing material in between heads with the use of plates as shown in
Fig. 4.
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Fig. 1 Sisal fibre laminate

Fig. 2 Coconut fibre laminate

• Oxy-acetylenewelding equipment torch shown inFig. 5 is used for penetration test;
generally, this equipment is used for welding twometals by using high temperature
range of heat produced from the equipment. High temperature flame is used for
fire penetration test for this study.
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Fig. 3 Palm leaf sheath fibre laminate

Fig. 4 Universal testing machine

2.3 Fabrication of Composite Material

Fabrication process of composite material included different stages like fibre selec-
tion, fibre preparation, application of resin, compression of layers and curing of
material as shown in Fig. 6. Sisal fibre, coconut fibre and palm leaf sheath fibre are
used for fabrication of compositematerial, these fibres are arranged in such away that
they must bind each other and the pattern of this arrangement is sisal–coconut–palm
leaf sheath–coconut–sisal as shown in Fig. 7. During fabrication process, laminates
of fibres are placed upon other to form complete composite material. By applying
resin mixture with the proper proportions in between each and every layer and com-
press this pattern by using universal testingmachine will give natural fibre reinforced
composite material.
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Fig. 5 Oxy-acetylene welding torch with flame

CURING OF 
MATERIAL
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OF LAYERS

APPLICATION OF 
RESIN MIXTURE

FIBRE 
PREPARATION

FIBRE 
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Fig. 6 Fabrication process of composite material
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Fig. 7 Composite material pattern representation
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2.4 Fire Penetration Testing Procedure

It is necessary to test the natural fibre composite material in order to use in different
applications like building and insulating materials, thermal behaviour of the natural
fibre composite material must be studied before using it in practical. Fire penetration
test is one of the major factors in the thermal behaviour and safety of material using
different applications, for this test, flame of the oxy-acetylene welding equipment is
used. For comparison of results plywood is tested along with the composite material.

Both the specimens are of 150× 120× 18mmdimensions as shown in Figs. 8 and
9, these are tested for penetration resistance determination of the composite material

Fig. 8 Plywood and composite material before testing

Fig. 9 Plywood and composite material after testing
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Fig. 10 Penetration testing of plywood material

Fig. 11 Penetration testing of composite material

along with the plywood. These specimens are tested individually to know the time
taken to penetrate high intensity of flame in it. During the testing process, nozzle of
the oxy-acetylene welding is placed in such a way that flame strikes the front face of
the composite material as shown in Figs. 10 and 11, this will continue till the flame
is exit from the rear side of the specimens.

2.5 Calculations

Fire penetration test is mainly used to determine the time taken to penetrate the flame
in the material and penetration rate of natural fibre reinforced composite material,
this includes some theoretical calculations that are as follows:
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%Pcomp =
(
Pply − Pcomp

)

Pply
× 100 (1)

%Pply =
(
Pply − Pcomp

)

Pcomp
× 100 (2)

where

%Pcomp = Percentage of penetration rate of composite

%Pply = Percentage of penetration rate of plywood

Pply = Penetration rate of ply wood =
Thickness of plywood

Time taken to penetrate
(3)

Pcomp = Penetration rate of composite =Thickness of composite

Time taken to penetrate
(4)

In order to calculate percentage of penetration rates of composite material and
plywood Eqs. 1 and 2 are used, respectively. Percentage rates can be calculated by
using individual penetration rates of both materials, penetration rates of materials
are calculated by using Eqs. 3 and 4.

3 Results and Discussion

Fire penetration experiment of the composite material gives thermal behaviour of the
natural fibre reinforced composite material compared to plywood material and this
test provides the percentage of penetration rate of composite material and plywood.
Fire characteristics of the material depend on composition, fibre content, dimensions
of the specimen and intensity of the flame.

Composition of the compositematerial plays an important role in deciding thermal
behaviour of composite material, composition of material includes the number of
layers used and type of resins used for fabrication ofmaterial. As the number of layers
increases penetration decreases. As fibre content increase in composite material it
increases the time taken for penetration, when bulk amount of combinational fibres
place in front of the flame it is difficult to burn or penetrate in that material. Another
reason is that if the fibre content is more it absorbs moisture in large quantities, this
absorption restricts some amount of flame.

Dimensions of composite material like thickness, length and width effect on the
fire penetrating characteristics of the material. The material which is having large
thickness give less penetration rate and time taken for penetration is more, this is
because of number of layers that provide restriction from fire increased in the com-
posite material. Oxy-acetylene welding equipment provides high intensity flame this
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Table 1 Final results of fire penetration test

S. no. Material Thickness in
mm

Time taken in
seconds

Penetration
rate

Percentage of
penetration
rate

01 Composite
Material

18 87 0.206 48.5

02 Plywood 18 45 0.4 94.17

can affects the penetration rate of composite material. If the intensity of flame is less,
rate of penetration is less and penetration time is more, for high intensity flame it is
vice versa of low intensity flame.

Compared to plywood material, composite material gives better penetration resis-
tance, because when flame strikes composite material it must burn the first layer of
material. Sisal fibre is first layer of this material, it will restrict some amount of fire
during the fire penetration test. Composite material does not catch fire at initial stage
of testing, penetration is uniform in composite material up to final stage because at
initial stage of fire penetration, testing flame of the torchmust face thick layer of resin
mixture, at that time it is difficult for fire flame to penetrate in composite material.

Percentage of penetration rate of composite material is 48.5%, this means com-
posite material has less penetration rate due to the properties of individual fibres that
are used for the composite material fabrication. Rate of penetration depends on the
complete physical as well as chemical properties of composite material. Percentage
of penetration rate of plywood is 94.7%, this means that plywood does not withstand
high temperature flame and it allows the flame easily in it, so penetration rate is more.
Plywood does not contain any matter that provides resistance to the composite mate-
rial; this is the reason that plywood gives fire penetration rate more than composite
material.

Time taken for flame to penetrate in the composite material is more, it means
composite material restricts the flame to penetrate in it. Time taken for flame to
penetrate in the composite material depends upon the arrangement of fibre layers in
the composite material fabrication process; this arrangement of the layer will give
somewhat restriction of the flame. Time taken for flame to penetrate in the plywood
material is less, it means that the material is allowing flame faster than composite
material. All the results related to the fire penetration test of composite material and
plywood as mentioned in the Table 1.

4 Conclusion

Natural Fibre reinforced composite material is having different applications in every
field like transportation, building material and industrial applications due to the
reason of their easily available nature and also, they are free from environmental
pollution.



Comparing Fire Penetration Results … 509

Natural fibre reinforced composite material can withstand up to high temperature
range without catching fire because of the nature of binding material used during the
composite material fabrication. It is observed during the penetration process initial
and final stages of the flame penetration are constant in the composite material. It
depends on thickness of the composite material and fire catching capacity of the
individual fibre used in the composite material.

The amount of burning rate of the fibres in the composite material depends on the
nature of the resin and resin proportions are used during the fabrication process. If
the amount of resin present in the composite material is more then the burning rate
of the material is less. If the composite material is fabricated with less amount of
resin mixture it will burn as fast as any type of plywood. More time is taken for flame
to penetrate the composite material because of only the fibre content and amount of
resin present in the composite material. Rate of penetration in composite material
less due to its better properties that can be transferred from the resin mixture to the
composite material.
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Microstructural Evaluation of Friction
Surfaced Aluminium Alloy AA6063 Over
Mild Steel

B. Vijaya Kumar

Abstract AA6063 aluminium alloy coating was deposited over IS2062 mild steel
using friction surfacing technique and the microstructural evaluation was studied at
various process parametric combinations to obtain relationships between the input
parameters and grains interlocking which were observed frommicrostructural evalu-
ation and with microhardness. The microstructural evaluation of the coating images
across the interface using microstructure image analyzer and hardness was also mea-
sured across the interface using micro Vickers hardness. Studies revealed that no
defect along the interface and very good bond integrity between aluminium alloy
and mild steel. Coating exhibited fine grain size microstructure along the interface.
It is noticed that aluminium alloy layers are cohesive with mild steel and coating lay-
ers dovetailed with base metal which is required for interface strength. Mechtrode
rotational speed (N), axial load (F) Table speed (Vx) are noteworthy elements and
influence the output parameters. Based on the observation of resultsmoremetal trans-
fer at the parametric combination of higher axial load and traverse speed with lower
rotational speed produced sound coating. Based on various ranges of parameters,
combination of strong bond is obtained in a close range of parameters’ combination.
Coating metal and base metal are incongruous and have propensity to form brittle
inter-metallics

Keywords Friction surfacing ·Mechtrode · Substrate ·Microstructure · Sound
coating

1 Introduction

This is an advanced solid-state welding technique to deposit metallic coatings on
dissimilar metals using frictional energy and it is related to friction welding that
consists deposition of plasticized metal on flat plate by utilizing the heat developed
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Fig. 1 Schematic of friction
surfacing

by radial friction at consumable rod (Mechatrode) and flat plate (Substrate) interface.
In this process, a revolving aluminium alloy round rod is forced on a mild steel
plate in vertical direction then temperature is developed between the rod end and
plate surface due to frictional energy. The rod end starts deforming plastically and
increases deformation by heat transfer from the interface. Once the rod stir ends, it
deforms completely and lies on the base plate due to shear force offered by the table
traverse speed due to relative motion between rod and plate.

Material flow at the area of contact occurs due to combination of mechatrode
force, rotation speed and substrate traverse speed. As the substrate moves at a spe-
cific rate the plasticized material detaches from the mechatrode and deposits over the
substrate. The vertical axial load initiates the plastic deformation in mechatrode that
deformed material continuously and metallurgically bonded layers on base metal as
shown in the schematic diagram in Fig. 1. Many authors were attempted on friction
surfacing technique to deposit with variety of material combinations [1]. They found
that ferrous materials, in general, were ready to coat [2] nonferrous materials pose
some problems due to their high thermal conductivity and high temperature instabil-
ity [3]. Among nonferrous materials, Aluminium alloy was found to bemore feasible
coating material and can be coated at a narrow range of parameter levels owing to
that application potential as candidate material for corrosion protection. Tradition-
ally, aluminium coatings were made by cladding and aluminization, to minimize
dilution, inter-metallic formation and to retain material chemistry, coatings were
done at higher pressure and higher temperature. However, it suffers from problems
associated with solidification; in addition, the process is time-consuming and not
cost-effective. Therefore a solid-state welding process which do not takes place at
melting temperature can report these problems and friction surfacing is the ideal
solid-state welding process that can deposit comparatively thick metallic coatings.
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Fig. 2 CNC friction surfacing machine

Friction surfacing of aluminium alloys was reported earlier [3, 4]; however, empha-
sis was on the feasibility aspects and mechanical properties. Detailed microstructure
study of these solid-state deposits of aluminium over mild steel has not been well
documented, thus, the present study assumes special significance.

2 Experimentation

AA 6063 aluminium alloy rods of 15mm diameter and 280mm long with a chemical
composition of 0.4Si, 0.35Fe, 0.10Cu, 0.10Mn, 0.65Mg, 0.10Cr, 0.10Zn, 0.10Ti; bal-
ance aluminium (in wt%) asmechatrode (consumable rod) andmild steel (250mm×
300mm× 10mm) as substrate was used in the present study. Rod ends were faced to
ensure flatness and the substrate was milled and surface ground to obtain a flat and
even surface free from oxide. Mechatrode and substrate were cleaned with acetone
prior to surfacing to minimize contamination [5].

Friction surfacing experiments were carried out on CNC friction surfacing
machine having a capacity of 50 kN axial load (F), spindle speed 2400 rpm (N) and
table speed of 5000 mm/min (Vx) located at the Defence Metallurgical Research
Laboratory, Hyderabad, India. AA6063 aluminium alloy coatings were deposited
over a length of 100 mm on mild steel shown in Fig. 3 as per the experimental
parameter matrix (Table 1).
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Fig. 3 Typical friction surfaced layer

Table 1 Selected parameters
and levels

Parameters Notation Levels

Min.
(−)

Max.
(+)

Axial force F
(kN)

4 6

Spindle speed N
(rpm)

800 1000

Table speed Vx
(mm/min)

600 800

Fig. 4 Deposit of aluminium alloy over mild steel by the eight parameter combinations

2.1 Design of Experiments

To obtain the optimum parameters, experiments were designed using factorial design
for two levels, 3 parameters giving 23 = 8 parameter combinations as shown in
Tables 2 (Fig. 2).
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Table 2 Experimental
parametric matrix

Parameter combinations Parameters

F
(kN)

N
(rpm)

Vx
(mm/min)

1 (−) 4 (−) 800 (−) 600

2 (+) 6 (−) 800 (−) 600

3 (−) 4 (+) 1000 (−) 600

4 (+) 6 (+) 1000 (−) 600

5 (−) 4 (−) 800 (+) 800

6 (+) 6 (−) 800 (+) 800

7 (−) 4 (+) 1000 (+) 800

8 (+) 6 (+) 1000 (+) 800

3 Characterization of Microstructure

Characterization of microstructure on coated samples was carried out on microstruc-
ture image analyzer. Test sampleswere taken fromcoated substrate by cutting in cross
direction, after that the test pieces weremounted by drymountingmethodwith Bake-
lite powder and polished using the standard metallurgical procedure [6]. Polished
samples were etched with two different etchants for revealing the microstructure of
mild steel and aluminium, mild steel portion was etched first with Nital solution next
aluminium portion was etched with keller’s solution after that the samples were dried
and observed their microstructure at 100× 200× and 500×magnification . Micro-
hardness measurements were taken by standard procedure of IS: 1501-2002 using
Vickers microhardness tester using 300 gms load [7, 8]. Hardness survey was also
conducted across the coating interface using Vickers microhardness. Figure 5(A–H):
Microstructure of coating at parametric combinations PC-1to PC-8.

4 Results and Discussion

The microstructure of coating material before coating is represented in Fig. 5. A
Typical friction surfaced aluminium alloy is shown in Fig. 4. The coating surface
obtained as coarser due to formation of ripples; the deposition laid on the substrate as
layers one after the other with small upset like onion rings that is inherent character-
istics of friction surfacing [9]. The plasticized layer is transferred on to the substrate
in linear direction as per the table traverse speed.

From Fig. 5A to Fig. 5H, it is reported that the aluminium coating is cohesive
to the base metal and join together with corrugated profile microstructure between
coating and substrate which is most inevitable joint [10], and it is evident from
the Fig. 5C at parameter combination 3 that is at lower axial force (4KN)) higher
rotational speed(100 rpm) and lower table speed (600 mm/min). The grain size of the
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Fig. 5 A Microstructure of coating at parametric combinations PC-1. B Microstructure of coating
at parametric combinations PC-2. C Microstructure of coating at parametric combinations PC-
3. D Microstructure of coating at parametric combinations PC-4. E Microstructure of coating
at parametric combinations PC-5. F Microstructure of coating at parametric combinations PC-6.
G Microstructure of coating at parametric combinations PC-7.5. H Microstructure of coating at
parametric combinations PC-8
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Fig. 6 Hardness distribution around the interface of parameters combination 3

coating is smaller than that in the consumable rod before coating. The fine grain size
results that the coating strength is improved. The heat-affected zone is nil because
the consumable plasticized layer temperature is lesser than the base metal plastic
state temperature [11].

Hence post-weld treatment of coating is not desirable to remove internal stresses
like as it is done in conventional welding processes. Hardness gradient across the
interface of process parameter is represented in Fig. 6. It is observed that hardness
tends to increase as the interface is approached [12]. Maximum hardness is observed
in parameter combinations 3 and 7 and least in 6.

5 Conclusions

• It is concluded that the aluminium coating is cohesive to the base metal and joined
together with corrugated profile microstructure between coating and substrate
which is most inevitable joint.

• The grain size of the coating is smaller than that in the consumable rod before
coating and improved the coating strength.

• The heat-affected zone is nil because the consumable plasticized layer temperature
is lesser than the base metal plastic state temperature.
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Mechanical Properties
of Coconut–Carbon Fiber Reinforced
Hybrid Composites

Nampally Yadagiri, B. Naresh, B. Phanindra and P. Varalaxmi

Abstract Polymer hybrid composites have superior mechanical composites such
that it can be applied for numerous applications. Hybrid polymers composite sug-
gests the design engineer acquires the significant properties in a significant degree
by the selection of fibers and matrix. In the present examination, the mechanical
properties of coconut fiber and carbon fibers reinforced polyester hybrid composite
were investigated. The basic hand lay-up strategy was utilized for the manufacturing
of hybrid composites. The mechanical properties, for example, tensile, flexural, and
impact strengths of the hybrid composites were assessed according to the ASTM
guidelines. Various proportions of the fibers in the composite specimens with ran-
dom orientation are tested for the mechanical properties. Examination of treated and
untreated fibers was additionally considered to know its effect on the mechanical
properties. The mechanical properties were enhanced as the carbon fiber content
expanded in the composite specimen.

Keywords Carbon fiber · Coconut fiber · Polyester

1 Introduction

In recent times, fiber reinforced composites are in use for a variety of structures,
ranging from aircraft, spacecraft, and buildings and bridges. These broad usages of
composites have been facilitated by the introduction of novel materials, development
in manufacturing processes and developments of new testing methods as well. Fiber
reinforced materials are superior to those of most alloys since it posses enhanced
mechanical properties and its strength-to-weight ratios. Application of composite
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materials as structural materials is improving day by day because of these prop-
erties, since it makes the designer to design the characteristics of composites is an
important advantage [1]. Noorunnisa et al. [2] investigated themechanical and chem-
ical properties of sisal/carbon hybrid composites and found that the carbon weight
% in the hybrid composites enhances the mechanical properties. The treatment of
the sisal fibers also improves the mechanical properties. Kiran et al. [3] studied the
tensile properties of sisal fiber reinforced polyester composites and found that the
fiber weight ratio along with its lengths impacts the tensile strength. Sfiligoj Smole
et al. [4] studied the physical properties of grass fibers by considering its impact
on treatment with different solutions. Panthapulakkal and Sain [5] investigated on
the mechanical and thermal properties of injection-molded short hemp/glass fiber
reinforced hybrid composites along with water absorption tests and concluded that
the addition of glass fiber content improves the performances properties, thermal
properties, and also the water absorption properties of the hemp fiber. Varada Rajulu
et al. [6] studied the tensile properties of ridge guard/glass fiber reinforced phenolic
composites and reported that the tensile properties are improvedwith increasing glass
fiber content in the hybrid composites. Singha et al. [7] studied the chemical resis-
tance, mechanical, and physical properties of biofiber-based polymer composites.
Gangjian et al. [8] investigated on characterization of carbon/wood fiber reinforced
hybrid composites by varying polypropylene and carbon percentage. Dobah et al.
[9] investigated on tensile and impact properties of a hybrid polyethylene/epoxy
combination matrix with carbon fiber fabric. Krishnudu et al. [10, 11] investigated
on mechanical properties of natural fiber like coir-luffa cylindrical and prosperous
Juliflora hybrid composites by considering the chemical treatments and also the
weight proportions in the composite sample. So there is a lot of works carried out
by various authors on different fibers but only a few works have been carried out
on hybrid composites containing carbon fiber. So, in the present work, investigation
is carried out to know the mechanical properties of carbon fiber hybrid composites
such as tensile, flexural, and impact strengths. Study on these properties is vital in
comparison to physical properties.

2 Materials and Methods

2.1 Materials

Coconut fibers used in the present study were collected from Nallamalla areas in
bark form. Woven cloth carbon fiber was also used in the present study and is shown
in Fig. 1. High performance polyester resin and the methyl ethyl ketone peroxide
were used as a catalyst and cobalt naphthenate was used as an accelerator. Coconut
fibers were extracted from its bark and later it was soaked in 5% NaOH solution
for 1 h to remove its greasy and sticky nature and hemicelluloses. Later, it was
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Fig. 1 Carbon fiber

washed thoroughly in distilled water to clean the surfaces and dried for 48 h in room
temperature.

2.2 Preparation of Hybrid Composite

The different combinations (100/0, 75/25, 50/50, 25/75, 0/100) were selected to
make hybrid coconut/carbon/polyester laminates. Hand lay-up technique was used
to prepare the composite laminates. Later, the matrix system is poured into a mold
made of glass plates with dimensions of 160 mm × 160 mm × 3 mm (Length ×
Width × Thickness) as shown in Fig. 2. The mold was coated with a thin layer
of wax uniformly, which acts as a good releasing agent. Rolling process is used to
remove excess resin and air bubbles, and a glass plate was placed on top of it along
with weights of about 25 kgs to compress the laminate uniformly and to ooze out
the excess matrix. The castings were allowed for 24 h at room temperature and after
that, these are heated at 80 °C for 15 min to remove the laminates from the molds
easily. With simple tapering method the laminates were removed from the mold.

2.3 Tensile, Flexural and Impact Tests Measurement

The tensile and flexural strength was determined using INSTRON Universal Testing
Machine (UTM). For both the tests the crosshead speed is maintained at 10 mm/min
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Fig. 2 Glass mold used for
the fabrication

and 5 mm/min with temperature maintained at 250 °C and relative humidity of 50%.
For each test, three samples were prepared as per the ASTM standards. The flexural
strength was also determined by using three points bending on the specimens with
dimensions 150mm× 20mm× 3mm are cut as per ASTMD790-07 specifications.
The impact strength is determined using IZOD impact tester. The test specimens
with dimensions 67.5 mm × 12.7 mm × 3 mm are cut as per ASTM D 256-88
specifications.

3 Results and Discussion

3.1 Tensile Tests

Tensile strength is one of the most significant and is the most widely specified prop-
erty. Tensile strength of matrix and coconut/carbon fiber reinforced hybrid compos-
ites with both treated and untreated coconut fibers. The composites with different
ratios of fiber weight were shown in Table 1. From the table, it was observed that
tensile strength increase in carbon fiber content. It was also observed that the treated
hybrid composites posses’ higher strength when compared to untreated hybrid com-
posites, this is due to the removal of hemicellulose and lignin content in the natural
fibers (coconut fiber). Moreover, this also increases the interface bonding between
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Table 1 Tensile Strength of hybrid composites for varying proportions of fiber content

S. no. Fiber ratios Tensile strength in MPa

Untreated Treated

1 0–100 24 38.14

2 25–75 26 52.64

3 50–50 32 69.81

4 75–25 45 92.49

5 100–0 95.97 96.01

Fig. 3 Variation of tensile strength with different fiber ratios for treated and untreated fibers

the fiber and the matrix. Figure 3 shows the variation of tensile strength for treated
and untreated coconut/carbon fiber reinforced hybrid composites with different fiber
weight ratios.

3.2 Flexural Tests

Flexural strength of coconut/carbon fiber reinforced hybrid composites with different
ratios of fiber weight were shown in Table 2. From the table, it was observed that
flexural strength increased with increase in carbon fiber content in the sample. It was
also observed that treated posse’s higher strength when compared to untreated hybrid
composites due to the removal of hemicellulose and lignin. This also increases the
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Table 2 Flexural strength of coconut/carbon hybrid composites for varying proportions of fibers

S. no. Fiber ratios Flexural strength in MPa

Untreated Treated

1 0–100 50.84 68.54

2 25–75 71.19 92.18

3 50–50 102.58 109.49

4 75–25 111.48 119.58

5 100–0 127.01 126.91

Fig. 4 Variation of flexural strength with different fiber ratios for treated and untreated fibers
composite samples

interface bonding between the fiber and the matrix. Figure 4 shows the variation
of flexural strength for treated and untreated coconut/carbon fiber reinforced hybrid
composites.

3.3 Impact Tests

Impact strength results of coconut/carbon fiber reinforced hybrid were shown in
Table 3. From the table, it was observed that impact strength also increased with
carbonfiber content as the artificial fibers posses’ higher strength in all themechanical
properties. It was also observed from the table that treated hybrid composites have
more impact strength when compared to untreated hybrid composites. Improvement
of impact properties for treated composites is due to the removal of hemicellulose
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Table 3 Impact strength of coconut/carbon fiber hybrid composites for different weight ratios

S. no. Fiber ratios Impact strength J/m

Untreated Treated

1 0–100 150.11 194.81

2 25–75 171.58 204.54

3 50–50 202.12 258.67

4 75–25 231.45 272.95

5 100–0 289.71 289.79

Fig. 5 Impact strength for treated and untreated fibers with different fiber ratios in hybrid
composites

and lignin. This increases the interface bonding between the fiber and the matrix.
Figure 5 shows the variation of impact strength for coconut/carbon fiber reinforced
hybrid composites with varying fiber weight content.

4 Conclusions

Themechanical properties were tested for the fabricated coconut/carbon hybrid com-
posite samples. Mechanical properties like tensile, flexural, and impact were tested
as per the ASTM standards. The fiber treatment with NaOH was also studied in the
present work and observed an improvement in all the mechanical properties due to
the modification of the surfaces over the natural fibers. Coconut fiber content along
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with carbon fiber content varied with proper proportions and its effect was also stud-
ied and results revealed that the high carbon fiber content possess high mechanical
properties.
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Frequency Analysis of Aircraft Wing
Using FEM

Akhil Basutkar, Kunal Baruah and Shashidhar K. Kudari

Abstract Aircraft wings are slender because of their high aspect ratios resulting
from large spans and they are susceptible to vibration problems. Hence, in the design
of aircraft wings, frequency analysis is a very important input. In this work dynamic
behavior of Boeing 747-400 (having aerofoil number BAC 465) aircraft wing is
carried out using finite element analysis. A CAD model of the wing is prepared
including aerofoil, the engine attached to the wing and the details of the winglet.
Detailed frequency analysis in the range 0–300 Hz of the wing with respect to maxi-
mum displacement and vonMises stress is conducted. The results obtained are useful
inputs for analyzing resonant frequencies and the design of the wing.

Keywords Aircraft wing · Vibration · Frequency analysis · FEM

1 Introduction

The vibration of a mechanical system is an undesirable issue due to its dangerous
failure effects on the system structure. It is important to safe the vibrating structure
from failure to prevent disastrous effects, particularly if the structure is in direct
contact with humans like aircraft. Among all aircraft parts, dynamic analysis of the
wings is important because their performance is critical for the overall aircraft safety.
The dynamic stability of the aircraftwings is amajor consideration in the design of the
aircraft. The major function of an aircraft wing structure is to resist the aerodynamic
loads. For this reason, it is stiffened by several frames to enable it to resist loads
like bending, compressive and torsion. The wing is subjected to undesired vibration
because of the aerodynamic effect, engine attached to it and the vortex caused at the
winglet. The important requirement to carry out an aeroelastic and dynamic loads
response is the modal analysis of aircraft wings. Several researchers [1–9] have
published papers in related areas. Generally, the finite element method (FEM) is
widely used to investigate the dynamic behavior of aircraft wings.
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Wing resonance is undesirable because it can lead to a dangerous failure of the
wing structure. Toprevent it, an investigation underwhat circumstances the resonance
occurs is required. Fundamentally frequency analysis of the structure is essential. It
is required to explore dependencies between the structure’s oscillation frequencies
(modal analysis) and its operational conditions (e.g., flight speed, engine rpm or other
cyclic loadings, which makes the structure to oscillate). The simplest way to avoid
the resonance is avoiding corresponding operational conditions (e.g., certain engine
rpm range).

It is observed from the literature thatmodal analysis of the planewing is carried out
without considering important secondary elements like engine and winglet attached
to it. The secondary structures are also of equal importance as the primary structures
so that analysts can identify the actual modes of vibration and its effects on the
stability of thewing. The engine and thewinglet attached to thewing provide different
dynamic characteristics of the wing. The main emphasis of this research work is to
obtain various modes and to conduct frequency analysis of Boeing 747-400 aircraft
wing having important secondary structures like engine and winglet considering the
forces generated by the engine and the winglet using FEA.

2 CAD Model of the Wing

Wings surface is used to produce lift and ensure flight. Hence, the geometry of the
wing determines its aerodynamic quality of a wing, which is expressed as the lift
to drag ratio, and can reach high values, up to 60 for some gliders. The swept-wing
configuration is the most appropriate wing used for airliners. It needs more forward
speed to produce lift than the rectangular wing and produces much less drag which
facilitates the aircraft to fly faster. It also works well at the higher altitudes, where
most commercial aircraft operate.

A three-dimensional CADmodel of the wing of Boeing 747-400 (having aerofoil
number BAC 465) including engine and winglet attached to it is carried out using
SOLIDWORKSversion24 software. Thedimensions of thewingused in this analysis
are given in Table 1, the CAD model of the wing constructed is shown in Fig. 1.

It is not possible to obtain the complete information of the aircraft wing from
the manufacturing company. All the information and the technical specifications that
have been used in this work such as material specification, geometry, dimensions,
and loading conditions are taken from relevant books and published work that has
dealt with the problem previously.

3 Finite Element Model of the Wing

TheCADmodel of thewing including engine andwinglet shown in Fig. 1 is imported
to ANSYS FEM software. The discretization of the analysis domain of the wing is
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Table 1 Dimensions and
material properties of the
wing

S. no. Description Measurement

1 Total length of the wing 24.95 m

2 Root chord length 13.711 m

3 Tip chord length 4.01 m

4 Width at root chord 1.5 m

5 Area of the wing 525 m2

6 Taper ratio 0.275

7 Aspect ratio 7.39

8 Material Aluminum 7076

9 Modulus of elasticity 71.7 GPa

10 Tensile yield stress 503 MPa

Fig. 1 Wing CAD model

done using SOLID 187, 10 noded tetrahedral solid elements. The number of elements
used in the FE analysis is 4407 and the number of nodes is 8823. A 3-dimensional
FE mesh of the analysis domain is shown in Fig. 2. The displacement boundary
conditions used are all displacements are fixed on the surface of the wing attached
to the fuselage of the wing. The material information used in this work is given in
Table 1.

Fig. 2 FE mesh of the wing
model used in the analysis
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4 Finite Element Analysis

4.1 Modal Analysis

The first modal analysis (natural frequencies) of the wing including engine and the
winglet is carried out using ANSYS version 15. It is decided to obtain the natural
frequencies between 0–300 Hz so that it can be simulated with the engine operating
frequencies for resonance analysis. We obtained 60 frequencies (modes) in the range
0–300 Hz. Typically, modal analysis of the fifth mode f = 13 Hz is shown in Fig. 3.
To indicate all the modal frequencies, a plot of the maximum amplitude versus modal
frequencies is shown in Fig. 4.

Fig. 3 Typically a modal analysis b von Mises stress distribution of the fifth mode f = 13 Hz

0 50 100 150 200 250 300
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

M
ax

im
um

 a
m

pl
itu

de
, m

m

Frequency, Hz

Fig. 4 Maximum amplitude vs. modal frequencies



Frequency Analysis of Aircraft Wing Using FEM 531

Fig. 5 Wing loading
considered in the analysis

4.2 Frequency Analysis

In this work, a frequency analysis is conducted in the range of 0–300 Hz in steps of
1 Hz to evaluate the dangerous frequencies. The analysis is done to consider dynamic
forces generated due to (i) the engine operating speed and (ii) wingtip vortices at
winglet. It is known from the literature that the operating speed of the engine of the
Boeing aircraft is between 10,000–18,000 rpm, which is 166–300 Hz. As details of
the force generated due to the engine is a limitation of this work due to lack of details
as said in Sect. 2, we have assumed a typical force of 1 kN acting on the wing at
the engine attachment point of the wing as shown in Fig. 5. The load generated due
to winglet vortex acting at the winglet is approximated as 0.5 kN for the analysis as
shown in Fig. 5. The frequency analysis is carried out for three cases (a) considering
engine force of 1kN acting at the engine attached point and (b) vortex force of 0.5
kN generated at winglet and (c) considering both forces.

A typical plot of frequency versus maximum amplitude of vibration of the wing
due load case-III is shown in Fig. 6a, b shows the maximum vonMises stress induced
in the wing due to various frequencies. It is clear from this figure and results of other
cases that more dangerous vibration is expected at frequency 286Hz, which accounts
to be the engine, speed of 17,160 rpm. The results of all three cases for maximum
amplitude of vibration and maximum von Mises stress in the wing are shown in
Table 2. The results infer that the Boeing engine speeds less than 17,160 rpm are safe
for the wing to be stable and to be out of dangerous vibration. It is known that through
design, extensive analysis, and certification tests, all configurations of commercial jet
airplanes are free fromflutter vibration for all design conditionswithin the aeroelastic
stability envelope [10]. Hence, the results obtained in this analysis would be more
useful inputs in the safe design of an aircraft wing.

5 Conclusions

In this work frequency analysis of Boeing 747-400 aircraft wing is carried out in the
range 0–300 Hz. As the details of the loading on the wing are not clearly available,
the analysis is carried out using load due to engine and wingtip vortex. The following
conclusions are drawn from the present analysis.
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Fig. 6 The frequency plot generated due to case-III a amplitude and b von Mises stress

Table 2 Maximum amplitude of vibration and maximum von Mises stress in the wing

S. no. Load case Critical frequency, Hz Amp, mm von Mises Stress, MPa

1 Case-1 286 14.8 95.98

2 Case-2 286 11.98 77.78

3 Case-3 286 26.8 173.78

The wings’ dangerous resonant frequency is identified as 286 Hz for the con-
sidered conditions of the wing. At the engine operating frequency of 286 Hz wing
can have high amplitudes of vibration and generate high stresses in the wing, which
can lead to failure of the wing. It is clear from this analysis that the Boeing wing
considered in this work is having safe dynamic stability for load frequencies less
than 286 Hz. The aircraft engine operating speed less than 286 Hz is safe for the
safety of the aircraft.
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Structural and Vibrational Analysis
of Femur Bone Using FEA

Sonu Kumar Kharatmal, Pranav Ravindrannair, Karthik Sridhar,
Mir Akber Mohsin Ali and V. Rajashekhar

Abstract The femur bone happens to not only be the largest bone in the human
body but also one that is most susceptible to fracture. In this paper, a study has been
made on the structural and vibrational analysis of the femur bone by making use
of a finite element solver (FES) in this case ANSYS. The purpose of the work is
to gain an insight into the effective design of bio aided equipment. The femur bone
is subjected to (free–free) and (fixed–fixed) boundary conditions were for both the
cases natural frequency is in the range of 0–1382.5 Hz and 1254.3–8497.3 Hz. The
mode shape and the fracture location can be determined and identified. The results
are compared with results available in the literature and it was found to be acceptable
with a variation of only 1–2%. It was observed that sudden impact repeated vibrations
excitation is a major reason for femur bone failure and the results of this study show
that the critical failure occurs at bone shaft (the region between two joints) and neck
region.

Keywords Femur · Natural frequency · Vibration · Finite element analysis ·
Biomechanics

1 Introduction

Humans are extremely skilled when it comes to everyday movements such as walk-
ing, standing, or even climbing stairs. It is such an essential trait that even human
babies display skills in such activities by the age of two. However, a lack of physical
activity can be a prerequisite for multiple chronic diseases. In the modern world, a
plethora of professions such as Physical Educators, Athletic Coaches, Strength and
Conditioning Trainers, etc. exist that help an individual attain the required physical
workout. These professions rely on training in the fields of Kinesiology and Biome-
chanics. Kinesiology is the branch of science that studies human movement whereas
biomechanics involves the analysis of relevant information that helps understand
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effective and safe movement patterns, equipment, and relevant exercises required to
improve movement. The study of these fields is of particular interest and often crit-
ical in Sports and it helps prevent injuries or injured athletes. Hence Biomechanics
is a powerful ally that provides information on the mechanical properties of tissues,
mechanics involved in the movement, not to mention preventive and rehabilitative
therapy. Engineers also make use of biomechanics to design specialized equipment
to prevent injuries related to overuse.

The Femur bone or thigh bone happens to be the longest and largest bone in the
human body. It forms both the hip joint and the knee joint by connecting to the Pelvis
and the Tibia respectively. The Femur bone is taken as the topic of study in this paper
as the Femur is one of taking a large percentage he commonly fractured bones in
a Human body owing to it taking a large percentage of the weight. Hence while
designing ports equipment care must be taken to prevent the resonant frequencies
from coinciding with excitation frequencies. Finite Element Analysis (FEA) is a
method of solving certain problems in Engineering and Science often encountered
in engineering. Also, FEA is a cost-effective method to study the effect of vibrations
and has been made use of in this paper.

Kumar et al. [1] proposed that the primary objective in the analysis of the Femur
bone is to obtain the natural frequencies, natural vibration modes and to identify the
probable locations of fracture in the bone through computer simulation formulated by
Finite Element Analysis (FEA). Natural frequencies and natural vibration modes are
calculated by subjecting the femur bone to both free–free and fixed–fixed boundary
conditions.

Khalil et al. [2] made use of experiments and analysis to obtain the natural fre-
quencies of a Femur bone. The experimental and analytical results were obtained
by making use of the Fourier analysis and Transfer Matrix method, respectively.
However, this study was conducted on a freely vibrating bone.

Shieh et al. [3] conducted a study where finite element analysis was made use
of in order to compare stemmed hip joint, resurfacing hip joint, and natural hip
joint with respect to both lateral and medial femur stress, and strain distribution on
the femur in order to discuss the applicative characteristics of the different surgical
procedures of artificial hip joint replacement. The effect of vibrations on the femur
bone was studied by Thomas et al. [4] whereas finite element analysis was made use
of to predict the fracture in a Femur by Grassi et al. [5], Keyak et al. [6] and Haider
et al. [7]. Voo et al. [8] presented a methodology involving the use of computational
models and biomechanical stress analysis in a human femur to assess risks.

Hight et al. [9] studied the vibrational analysis on the tibia bone and compared
the analytical results with the experimental results. Various other studies were also
conducted to measure the effect of impact on bone using FEA [10], Applications
of FEA [11–13] and CFD [14, 15] in biomechanics. Vibrational analysis of human
brain neck [16], while material properties were determined by making use of modal
analysis [17].
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Fig. 1 Meshed model of the
femur bone

2 Material and Methodology

Based on a volume reconstruction of the coronal computer tomography (CT) images
of the left femur bone of a healthy male (37 years of age, weight 65 kg) a 3D finite
element model was developed. CT scan properties were set at a resolution and side
spacing of 0.5 mm and 0.75 mm, respectively. The material properties considered
for the study of the femur bone possess Young’s modulus of 7.585 GPa, Poisson
ratio of 0.35, and a Bone density of 866 kg/m3. The CT dataset was then imported
into MIMICS, software used for medical image processing (Materialize, Leuven,
Belgium) following which the segmentation of the images was done and the point
clouds of femur bone was obtained. The point clouds of the femur bone are converted
into surface models using Geomagic Studio software (Fig. 1).

During analysis geometrical model is subjected to two different boundary condi-
tions. For the free–free boundary condition, the lateral condyle, the median condyle,
and the femur neck are free whereas in the fixed–fixed boundary condition they are a
constraint to move. When the results have been compared with the literature result, it
was observed that fixed–fixed boundary condition is more appropriate and describes
precise human body behavior. We have taken into account the first 10-order vibration
mode shape (Figs. 2, 3, 4).

3 Modal Analysis

Modal analysis using FE was performed on ANSYS Workbench 15. The governing
dynamic response equation was given by

[M]{x(t)} + [C]{x(t)} + [K]{x(t)} = {F(t)} (1)
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Fig. 2 Segmentation of bone from soft tissue

Where-[M], [C], [K] are the global mass, Damping and Stiffness Matrix
of the model, respectively; {ẍ(t)}–Acceleration Vector, {ẋ(t)}–Velocity Vector,
{x (t)}–Displacement vector.

For undamped free vibration analysis, both the external excitation force and damp-
ing are zero ([F] = 0, [c] = 0). So the Eq. (2) can be represented as undamped free
vibration.

[M]{ẍ(t)} + [K]{x(t)} = 0 (2)

The solution for the above equation can be written as:

{x} = {X}eiωt (3)

where {X} represents the amplitudes of vibration of all the masses (mode shape or
eigenvector’s), ω eigen frequency (rads−1), so the Eq. (2) reduces to:

([K] − ω2[M]){X} = 0 (4)
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Fig. 3 Region growing of soft bone

Ifwe replaceω2 byλ, Eq. (4) becomes a linear problem inmatrix algebra. {Xi} has
a nonzero solution, then the coefficient matrix must be equal zero. Each eigenvector
{X} and corresponding eigenvalues {ω2

i } is solved using ANSYS.

4 Results

4.1 Free–Free Boundary Condition

The result from the modal analysis gives us the following 10 natural frequencies and
mode shapes with free–free boundary conditions (Table 1 and Figs. 5, 6, 7, 8, 9, 10,
11, 12, 13, 14).
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Fig. 4 Segmented models of CT scan

Table 1 Mode and natural
Frequencies in free–free
boundary condition

Mode number Natural frequency (Hz)

1 0

2 0

3 0

4 4.8134e-004

5 7.4685e-004

6 8.9801e-004

7 449.56

8 523.51

9 1112.80

10 1382.50

4.2 Fixed–Fixed Boundary Condition

The result from the modal analysis gives us the following 10 natural frequencies and
mode shapes with fixed–fixed boundary condition (Table 2 and Figs. 15, 16, 17, 18,
19, 20, 21, 22, 23, 24).
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Fig. 5 Mode Shape 1

Fig. 6 Mode Shape 2

4.3 Results of Structural Analysis

The variations observed in the equivalent stress are shown in the Fig. 25.
The variations in the total deformation of the Femur bone is shown in the Fig. 26.

5 Discussions

If the external excitation frequency corresponds with the natural frequency of the
bone, then it can lead to the bone being fractured. The analysis performed for the
free–free boundary condition gives us a frequency range from0Hz to 1382.50Hz and
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Fig. 7 Mode Shape 3

Fig. 8 Mode Shape 4

the analysis performed for the fixed–fixed boundary condition gives us a frequency
range of 1254.30 Hz to 8497.31 Hz. The results are in agreement with the literature
taken for reference [1, 2]. The variations observed in the free–free boundary condition
can be accounted for by the fact that this is not a real case.

Since the fixed–fixed boundary condition gives us an accurate representation of
the human body we can discuss the results of the fixed–fixed analysis. The mode
shape can also be used to predict the location of the fracture. For example in mode
1 having a natural frequency of 1254.30 Hz, the fracture occurs in the shaft region
of the bone whereas, in mode 10, the fracture occurs toward the neck of the bone as
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Fig. 9 Mode Shape 5

Fig. 10 Mode Shape 6

Fig. 11 Mode Shape 7
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Fig. 12 Mode Shape 8

Fig. 13 Mode Shape 9

Fig. 14 Mode Shape 10
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Table 2 Mode and Natural
Frequencies in fixed–fixed
boundary condition

Mode number Natural frequency (Hz)

1 1254.30

2 1321.11

3 2994

4 3151.52

5 5035.30

6 5362.69

7 5601.10

8 7456.82

9 8244

10 8497.31

Fig. 15 Mode Shape 1

Fig. 16 Mode Shape 2
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Fig. 17 Mode Shape 3

Fig. 18 Mode Shape 4

shown in images Fig. 15 and Fig. 24. We can notice that the fracture of the femur
bone seems to occur either at the shaft or the neck region for different frequencies.
Although an external load can excite any mode from the first mode to any higher
mode, the lower nodes are comparatively easier to excite.

6 Conclusions

A sudden and continuous vibration is the primary culprit that causes a failure of the
femur bone.If its excitation frequency corresponds to the natural frequency of the
bone, then the critical failure of the bone can occur due to resonance. It was observed



Structural and Vibrational Analysis of Femur Bone Using FEA 547

Fig. 19 Mode Shape 5

Fig. 20 Mode Shape 6

that the fracture can occur at either the neck region or the bone shaft region of the
bone. The natural frequencies for the femur bone were identified and the results were
found to be in good agreement with those obtained from the literature.
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Fig. 21 Mode Shape 7

Fig. 22 Mode Shape 8
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Fig. 23 Mode Shape 9

Fig. 24 Mode Shape 10
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Fig. 25 Variation of
equivalent stress in a femur
bone

Fig. 26 Variations in total
deformation of a femur bone
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CFD Analysis, Analytical Solution,
and Experimental Verification for Design
and Analysis of Air Intake of Formula
Student Car

S. Vivek, Rabi Pathak and Rishabh Singh

Abstract The main aim of this paper is to Design, Analyze, and Fabricate an air
intake for CBR 600rr, which is a 4-cylinder engine that is intended to be used in
Formula Student Competition. The mass flow rate to the engine has to be fed by
a 20 mm restrictor as per rules portrayed by SAE and Formula Bharat. In order to
satisfy the rules, a venturi-type restrictor along with a cylindrical shaped plenum
with 4 cylindrical runners is included in the design. The restrictor has a converging
and diverging angle of 14 and 6 degree, respectively. The main objective is to achieve
appropriate velocity at the outlet for proper mixing of fuel with air and minimum
pressure drop across the inlet to the throat. The analytical study has also been properly
discussed here to make other researchers and students have a clear understanding
of the theoretical study on the air intake. It makes use of the Bernoulli theorem and
continuity equation to find pressure difference between downstream flow end pipe
narrow sections. The design of air intake is done using Solid Works, ICEM CFD is
used to generate the mesh to the model where the hybrid mesh is implemented to this
model. ANSYS Fluent is used to run the case and simulate. Further to validate our
results experimentally, a mass flow rate sensor and a pressure sensor are included.
The air intake is fabricated using aluminum as it has the capability to withstand
vibrations from the engine and also the suction pressure of the engine.

Keywords CBR 600rr · Formula student · Restrictor · CFD · ICEM

1 Introduction

Formula Student competitions are held every year worldwide as well as in India to
give students hands-on experience in design, analysis, and manufacturing of formula
student cars and its parts. The committees like Formula SAE and Formula Student
Germany has imposed a rule of adding a 20 mm restrictor to intake manifold and
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states that all air flowing to the engine should pass through this single restrictor bet
irrespective of it being a single cylinder or multi-cylinder engine. This is done to
limit the maximum power of the engine by reducing the mass flow rate.

The engine used is CBR 600rr having a maximum power of 118 HP 13500 rpm
and 599 cc displacement. A venturi-type air restrictor is connected to the plenum.
The inlet of it converges till the restrictor and then diverges towards the plenum. The
diameter of the part diverging near to the plenum is more than the diameter at the
inlet for ensuring better pressure and velocity according to the requirement as per the
hit and trail method adopted. A plenum is designed to make sure that all the runners
are delivering the equal flow of fluid and damp out pulsation caused by intake stroke
of the engine. The right size of a plenum is also very important as the high volume
can cause poor throttle response and low volume can cause negative pressure created
in the plenum chamber [1].

The theme of all this design is to ensure that there is a minimum pressure drop for
maximummass flow rate. Thuswe found this design to achieve a uniform distribution
of air across the four intake ports of the engine. In this research, the old designs have
been refined and improved to accommodate the most recent developments brought
about on the engine.

2 Literature Survey

F.M. White, Fluid Mechanics [2] provided the conceptual foundation of fluid
mechanics. Chapters on ducts, immersed bodies, potential flow, compressible flow,
open channels, and turbomachinery show the major applications of the field.

R. Yerram and N. Prasad in 2006 [3] states that filter is important as it doesn’t
allow the dust and dirt to pass through to the engine except pure air required for
combustion which keeps the engine healthy and efficient.

A. Cevizm and M. Akin in 2010 [4] provided the concept for the proper design
of plenum and suggests that volume should be six times the engine cylinder for better
flow of air in intake specifically for formula student cars.

LoganM. Shelagowski and Thomas A.Mahank in 2015 [5] explain the impor-
tance of three main characteristic, i.e., Plenum volume, runner length and runner area
for proper breathing of the engine.

John D. Anderson Jr., Computational Fluid Dynamics in 1995 [6] presented
the application of governing equations like continuity equation, NS equation and
Bernoulli equation in physical phenomenons and also shows the importance of grid
generation, boundary conditions, and other fluid flow parameters.
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3 Methodology

4 Analytical Study

The analytical study was carried out by using Bernoulli Theorem and continuity
equation. The venturimeter formula was studied and carried out to find the pressure
and velocity at different cross sections. The suction pressure was also considered
during the calculation. All necessary formulae are listed below for understanding
(Fig. 1) [7].

Bore length (B) = 67 mm
Stroke (S) = 42.5 mm
Length of Rod (L) = 91.8 mm
Crank Angle (�) = 0.2 rad = 11.5 degree
Engine Speed (w) = 1352 rad/sec
Area of Piston (Ap) = 3.525*10e-3 m2

Velocity (Vp) = [(S/2)sin� + {(S/2)2sin�cos�}/{(L2-(S/2)2sin2�)1/2}]
Vp = 7 m/s
Area of Inlet Port (Aip) = 1.256*10e-3 m2

Velocity at Inlet Port (Vip) = (Ap*Vp)/Aip = 19.64 m/s
Pressure at Inlet of Air Intake Manifold = 1 bar
Theoretical Discharge at Inlet Port (Q) = Aip*Vip = 0.02195 m/s



556 S. Vivek et al.

Fig. 1 Air intake with all
dimensions in mm

Now to calculate Maximum Discharge as per condition of Choking i.e. M = 1,
we
Require:
Stagnation Temperature (T0) = Troom+ Vp2/2Cp = 300.19 k
Stagnation Pressure (P0) = Patm*(T0/T1)(k/(k−1)) = 101550.965 pa
QChoked =Mmax/Density= [(A*P0)*(k/RT0)1/2*(2/k+ 1) (k+1)/(2*(k−1))]/ρ- = 0.0184
m3/s
Theoretical Coefficient of Discharge considering losses =maximum discharge
during Choking/Theoretical Discharge = 0.0184/0.02195 = 0.84
Velocity at Inlet Port = Velocity in Runner due to same Area(V1) = 19.64 m/s
Now there will be change in Velocity and Pressure in the Plenum.
Thus, Velocity inside Plenum(V2) = (Vip*Aip)/Aplenum = 3.39 m/s
Similarly, Velocity at intersection of Plenum and Venturi
V3 = 10.99 m/s
Also, Velocity at Restrictor
V4 = 68.734 m/s
Again, Velocity at end of Venturi(Venturi inlet),
V5 = 17.18 m/s
For Pressure,
Q = [Cd*Area*(2*(P1-P2)/ρ- )1/2]/(1-Bˆ4)(1/2)

Where P1 is the preceding pressure
P2 is the succeeding pressure
From calculations, we have
Inlet Manifold Pressure = 101325 pa = 1 bar
Pressure at Restrictor = 95245 pa = 0.94 bar
Pressure drop = 0.06 bar
Pressure in Plenum = 0.76 bar
Pressure at Inlet Port(outlet) = 0.43 bar
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5 CFD Analysis

The CFD analysis consists of steps like designing, modeling, meshing, applying
boundary and initial conditions and solving to obtain results in required plots or
animations.

5.1 Design and Modeling of Air Intake

The design of air intake is done in Solid Works (Fig. 2). A lot of consideration has
been taken while designing the air intake. After many attempts and analysis finally,
this design was approved for presentation.

The geometry of the intake system has been optimized by adding venturi-type
guideway. The outlet has a more expanded area than the inlet of venturi as it has been
found experimentally that expanding areas induces low losses near the inlet to the
plenum. The converging angle of 14 degrees and the diverging angle of 6 degrees
ensured the maximum airflow rate with a very high coefficient of discharge. This
design also avoids boundary layer separation. Thematerial used for fabrication of the
air intake systemwas aluminum as it facilitated in better machining and cheaper than
other materials as well as in very cheaper. The manufactured restrictor is basically
an obstruction venturimeter. The constrictor complies with the rules and induces less
pressure dropwith very high discharge. The flow efficiency and acoustic performance
for this design were very good.

Fig. 2 Solid model in Solid Works
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5.2 Meshing

It is the process of dividing the entire geometry into a finite number of subdomains
which are called cells or elements. The termmesh is also called a grid. The governing
equations are then discretized and solved inside these cells or elements individually.

There are 2 main types of mesh.

1. Structuredmesh—It generally consists of hexa elements in 3D and quad elements
in 2D. In this type of mesh, the coordinate of each node can be given as the input
for grid generation. It is not necessary that hexa elements are always structured;
we can also have pyramids, triangles in a structured mesh.

2. Unstructured mesh—It consists of tetra elements, however, it can also consist of
quad elements. The major difference between structured and unstructured mesh
is the way the computer stores the data.

We have different software for mesh generation, but we have used ICEM CFD
which is developed by ANSYS. We have selected this software considering it is
advantage over other available software. In ICEM CFD we can import the geometry
from any other commercial designs, in our case we have imported the geometry form
Solid Works in step file as it helps to capture the surfaces in a better way [8].

We have implemented hybrid mesh to solve our problem; a hybrid mesh is a
combination of tetra mesh and hexa mesh. The geometry was split into 3 different
parts namely plenum, restrictor and runner. The plenum is an air storage tank that
stores air which will be utilized by the engine for combustion. The plenum was
equipped with a tetra mesh by controlling the size of the elements; we had 14–15
lakh elements approximately only in the plenum. The restrictor is a converging–
diverging nozzle, which is used to suck the air from the atmosphere and sent it to
the plenum. The restrictor has been equipped with a body-fitted mesh. Body-fitted
mesh technique is used for cylindrical bodies; it captures the entire cylindrical body
so that there is negligible skewness error on the walls of the body. The finer mesh is
implemented near the walls of the body so that the wall function can be captured. The
spacing between the finer elements is set as 0.05 with ratio of 1.2. The runner is the
connector between the plenum and engine inlet, the length of the runner influences in
acceleration, the optimum length of runner results in better acceleration. The runner
is also equipped with body-fitted mesh or O-grid with 0.05 spacing and 1.2 ratios
for the finer elements near the wall. The number of elements in the entire geometry
came up to 30 lakh which is a decent number for analysis. The quality of the mesh
was maintained well above 0.65 (Figs. 3, 4, 5, 6).
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Fig. 3 Runners with O-grid

Fig. 4 Restrictor with O-grid

5.3 Analysis and Simulation Results

ANSYS Fluent was used to analyze and simulate the case, the model was solved on
pressure based since it was a subsonic incompressible flow. K-e model was imple-
mented as we had a small body with turbulent flow, and K-e is very good in captur-
ing the near-wall functions due to friction when compared to other models that are
available. Inlet velocity and outlet pressures are the boundary conditions mentioned
to the solver. The intersections between all the three geometries were defined to the
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Fig. 5 Mesh of air intake with quality index

Fig. 6 Overall mesh quality

software. Initially, the solver was set to first-order equations and later after slight con-
vergence, it was changed to second-order equations to obtain more accurate results
(Figs. 7, 8, 9, 10, 11).
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Fig. 7 Convergence graphs

Fig. 8 Velocity at outlet of air intake or Engine inlet port

6 Experimental Method

6.1 Mass Flow Sensor (MAF)

The mass airflow sensor is used to measure the amount of air an engine takes in for
its operation. It measures the volume of air and compensates for its density also.
It is installed between the air filter and intake manifold of output (analog) and the
other produces a frequency output (digital). Both designs work on the “hot wire”
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Fig. 9 Inlet velocity of the air intake manifold

Fig. 10 Inlet pressure for air intake manifold
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Fig. 11 Outlet pressure for air intake manifold

principle. A hot wire MAF sensor has a small electrically heated wire and a small
temperature sensor installed close to the hot wire. The temperature sensor measures
the temperature of the air near the hot wire. When the engine is idling, a very little air
flows pass the hot wire, so it takes very small electrical current to keep the wire hot.
When the accelerator is pressed, the throttle opens allowing more air to flow over
the hot wire. The passing air cools the hot wire down, more the air flows more will
be electrical current is needed to keep it hot. The amount of this electrical current
is proportional to the amount of airflow. The engine computer uses airflow signal to
calculate the proper amount of fuel injected into the cylinders in order to keep the
air/fuel ratio at the optimal level. The value obtained for mass flow at runner was
found to be 0.0218 m3/s and velocity was 17.36 m/s forthe engine (Fig. 12).

6.2 Manifold Absolute Pressure Sensor (MAP)

Manifold absolute pressure (MAP) sensor measures the pressure inside the intake
manifold. When the engine is not in running condition then the pressure inside the
intake manifold is the same as that of outside pressure but when the engine starts, a
vacuum is created inside the manifold by the throttle plates which create pumping
action of pistons and the restriction. Intake vacuum drops to almost zero at full
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Fig. 12 MAF sensor

throttle with the engine running and the pressure inside the intake manifold again
becomes equal to outside pressure. The vacuum inside an engine’s intake manifold,
by comparison, can range from zero up to 22 inches Hg or more depending on
operating conditions. Vacuum at idle is always high and typically ranges from 16 to
20 inches Hg inmost vehicles. The highest level of vacuum occurs when decelerating
with the throttle closed. The pistons are trying to suck in air but the closed throttle
chokes off the air supply creating a high vacuum inside the intakemanifold (typically
four to five inches Hg higher than at idle).When the throttle is suddenly openedwhen
accelerating hard, the engine sucks in a big gulp of air and vacuum plummets to zero.
Vacuum then slowly climbs back up as the throttle closes. The value obtained was
0.51 bar (Fig. 13).

7 Conclusion and Comparison

The design of air intake is very important for the proper and efficient functioning
of the engine. The design becomes much more important when there is no use of
turbochargers or superchargers and the air intake is totally dependent on the design
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Fig. 13 MAP sensor

and construction of air intake and inlet manifold. The pressure inside the engine is
less than that of atmosphere thus the air is driven inside it, but the mass flow rate
and velocity of air are dependent on obstruction meter (venturimeter, orifice meter,
etc.), air restrictor, plenum, runner, and inlet port. The design presented in this paper
ensures maximum flow rate with a very high coefficient of discharge and less losses.
This design and manufacturing also have ensured better performance, efficiency,
suitable speed of air, appropriate pressure and low-pressure drop with a high mass
flow rate.

The design is really beneficial and can be a great choice in formula student com-
petitions as verified with CFD analysis, analytical study, and experimental approach
(Table 1).

Table 1 Comparison of analytical, experimental, and CFD analysis results

S. No Position Theoretical
Approach

Experimental
Approach

CFD Analysis

P(bar) V(m/s) P(bar) V(m/s) P(bar) V(m/s)

1. Engine inlet port 0.43 19.64 0.51 0.43141 18.725

2. Plenum 0.76 3.39 0.89 3.78

3. Restrictor 0.94 68.73 0.964 71.1

4. Inlet of the intake
manifold

1.015 17.18 17.36 1.01 16.86

5. Pressure drop 0.06 0.046
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Noncontact Surface Roughness
Assessment Using Machine Vision System

Dhiren Patel, Kiran Mysore and Kartikkumar Thakkar

Abstract The use of the optical device for the measurement of surface roughness
reduces complexity and time formeasurement. In the current study, surface roughness
parameters were measured after machining on a shaper machine using the machine
vision system which was compared with that obtained through the stylus method.
Machining operation involves complexity and produces different surface finish with
different cutting conditions, therefore in the present study correlation between surface
roughness parameters (viz. arithmetic average height (Ra); maximum height of peaks
(Rp); root mean square roughness (Rq); maximum height of the profile (Rt), and ten-
point height (Rz)) andoptical surfacefinish parameters (i.e.,mean, standard deviation,
skewness and kurtosis) has been developed for varied values of cutting parameters
(i.e., depth of cut and RPM of pulley drive). The linear relation model with optical
parameters and surface roughness parameters has been developed. It was observed
that all the roughness parameters can be estimated with a fair degree of accuracy
(R2 > 0.92) using optical statistical parameter kurtosis, while means, skewness, and
standard deviation obtained through the same image processing data fail to estimate
roughness parameters.

Keywords Machine vision system · Roughness parameters · Surface
profilometer · Kurtosis

1 Introduction

Super Superior surface finish after any machining operation is an essential parameter
that adds quality ingredients in any finished product. Surface roughness inspection
is an important activity for the quality control department of many manufacturing
industries. Moreover, it is widely accepted that surface finish is an important param-
eter affecting the useful life of the material, fatigue strength, corrosion resistance,
wear resistance and aesthetic appeal of the product [1]. Major involvement of the

D. Patel (B) · K. Mysore · K. Thakkar
Pandit Deendayal Petroleum University, Gandhinagar 382421, Gujarat, India
e-mail: dhirenpatel85@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_49

567

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_49&domain=pdf
mailto:dhirenpatel85@gmail.com
https://doi.org/10.1007/978-981-15-1124-0_49


568 D. Patel et al.

surface roughness in the modern manufacturing arena leads to the requirement of
efficient and accurate surface roughness assessment [2]. Since many years, accurate
measurement of the surface roughness has been subject of attention and it is still
a challenge due to surface roughness of machined components is a vital property
for those who studying tribology, wear, corrosion and even lubrication [3]. Vari-
ous methods have been proposed for the evaluation of the roughness which covers
the qualitative assessments based on visual and hepatic perception, to quantitative
instrumental measurementmethods [4, 5]. Instrumental methods are divided into two
groups: contact methods, including atomic force microscopy, and stylus Profilome-
try [4], and noncontact methods such as light interferometer [4] and machine vision
[5]. Use of stylus contact method to measure vertical displacement is a conventional
and widely accepted method for industries around the globe for surface roughness
measurement, however, the method is time consuming and lacks in benefit where
automation is the prime need for mass production [6]. Moreover, the stylus cannot
cover all the valleys on the workpiece and works as a low pass filter [7]. Further-
more, the stylus method is not effective when a higher temperature surface is to be
inspected [8]. Surface finish after any machining operation depends mainly upon
tool wear, feed rate, depth of cut and cutting speed. For a superior surface finish, all
such cutting parameters are needed to be optimized during operation. Simultaneous
and fast monitoring of surface roughness parameters during cutting operations can
help to optimize cutting parameters for better surface finish. Such a fast and easy
measurement of surface roughness parameters can be accomplished by a machine
vision system [9]. Hence, noncontact method for inspecting the surface roughness
has remained the interest area of the researchers since the last decade [10–13].

There are many methods of noncontact surface roughness measurement using
image texture extraction, i.e., laser beam, ultrasound, microscopic and light scatter-
ing. Machine vision and light scattering based surface roughness measuring tech-
niques are suitable for different machining operations in mass production [14].
Many researchers have obtained good results of surface roughness measurement
using vision-based noncontact measurement technologies which use light source
type design, various algorithms for image processing, roughness evaluation and
prediction model [15–21]. The same system can be used for different machining
operations; however different correlations and regression equations are needed to be
calculated for each machining operation. The aim of the present study is to develop
a correlation between the image capturing data obtained through the histogram of
scattered light and surface roughness parameters which can be useful to calculate
different surface roughness parameters with required accuracy during the machining
operation.
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2 Experimental Details

A mild steel specimen with a 40 × 40 × 17 mm dimension was prepared after
machining under a shaper machine with different drive speed and depth of cut. Mild
steel used for specimen preparation was used from a single batch and of the same
quality. The HSS tool used for each specimen preparation was identical.

A portable surface profilometer (Handysurf E 35A) with a stylus contact method
was used for measuring surface roughness parameters (see Fig. 1). Measuring con-
ditions of surface profilometer are given in Table 1. A machine vision system used
to extract texture and roughness features is shown in Fig. 2. It was coupled with a
Charge Coupled Device (CCD camera) PULNIX.

Fig. 1 Surface profilometer (HANDYSURF-35A)

Table 1 Measuring
conditions of profilometer

Sr. No. Parameters Value

1 Evaluation length (mm) 8.00

2 Measuring speed (mm/s) 0.6

3 Cutoff value (mm) 0.8

4 Type of filter Gaussian

5 Measuring range (µm) 80

6 Form Remove Straight
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Fig. 2 Setup of machine vision system

3 Methodology

Totally 12 mild steel specimens of the same dimensions were prepared using shaping
operation with variation in depth of cut and pulley speed to obtain variation in rough-
ness parameters of the specimen. Different roughness parameters, viz., arithmetic
average height (Ra); maximum height of peaks (Rp); root mean square roughness
(Rq); maximum height of the profile (Rt) and ten-point height (Rz) were measured
using surface profilometer. Different machining conditions used to prepare speci-
mens are shown in Table 2. The experiments have been performed in a randomized
order to reduce the effects of uncontrolled error in measurements caused due to
environmental and other unknown factors. Moreover, all the roughness parameter
measurements were performed in triplicate and the average of the values have been
reported.

Machine vision setup shown in Fig. 2 was used to enhance the image captured
using CCD andwas processed to obtain histogram of the reflected and scattered light.
The captured image was enhanced to de-noise and remove other digital asperities
whichmay distort the result.Mean (Rm), standard deviation (Rst), skewness (Rsk), and
kurtosis (Rku) have been calculated from the histogram analysis for each specimen.
Since it is known that the machine vision technology is a light-sensitive technique,
all the experiments were conducted at approximately similar surrounding luminance.

Skewness can be defined as the asymmetry in the peaks or valleys distribution
from the normal distribution. Equation (1) shows that skewness is the measure of
value up to which a distribution is distorted either left or right. As shown in Eq. (2),
Kurtosis is the measurement of the sharpness of the distribution. In the sense of
roughness of the surface, these two parameters affect the friction coefficient of the
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Table 2 Cutting conditions
of shaper machine

Specimen no. Pulley speed (RPM) Depth of cut (mm)

1 125 0.75

2 216 0.5

3 125 1

4 125 0.5

5 350 0.5

6 216 0.75

7 216 1

8 350 0.75

9 350 1

10 583 0.5

11 583 1

12 583 0.75

surface. When the kurtosis is higher and skewness is negative, the friction coefficient
tends to be less. It is caused because of small depths of the dimple and wide spacing
between dimples. The general formula for skewness and kurtosis is

Skewness = 3× (
X̄ − median

)

S
(1)

kurtosis =
∑N

i=1
(Xi−X̄)

N

S4
(2)

Where X̄ is the mean, S is the standard deviation, and N is the sample size.
Correlation coefficients for each roughness parameter with all statistical param-

eters obtained through image processing are calculated; moreover, regression equa-
tions are also obtained to predict all the roughness parameters using the machine
vision system.

4 Result and Discussion

Roughness parameters (Ra, Rz, Rq, Rp, Rt) measured using surface profilometer with
varying conditions of machining parameters is given in Table 3. It can be observed
from the table that surface roughness is dependent on pulley speed and depth of cut
parameters of machining operation. 8-bit grayscale images enhanced using machine
vision systems is shown in Fig. 3. Statistical parameters have been calculated from the
histogram of grayscale image and are shown in Table 4. The correlation coefficient
between surface roughness parameters obtained through profilometer and machine
vision system has been calculated (see Table 5). It is clear from Table 5 that kurtosis
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Table 3 Roughness parameters measured using surface profilometer

Specimen
no.

Pulley
speed
(RPM)

Depth of
cut
(mm)

Ra
(µm)

Rz (µm) Rq
(µm)

Rp (µm) Rt (µm)

1 125 0.75 4.230 21.880 5.100 10.390 31.700

2 216 0.5 4.500 22.500 5.400 11.400 28.900

3 125 1 4.700 24.700 5.600 11.600 34.200

4 125 0.5 5.000 24.800 6.100 12.300 32.700

5 350 0.5 5.100 24.900 6.200 13.200 32.500

6 216 0.75 5.500 28.000 6.600 12.600 33.400

7 216 1 5.600 26.900 6.600 13.500 35.400

8 350 0.75 5.680 28.710 6.980 15.000 35.100

9 350 1 5.700 30.000 7.000 15.700 41.800

10 583 0.5 6.600 33.300 8.100 18.000 47.000

11 583 1 7.500 36.500 9.100 19.700 54.900

12 583 0.75 8.200 38.800 9.900 21.700 56.200

Specimen-1 Specimen -2 Specimen-3 Specimen-4

Specimen-5 Specimen -6 Specimen -7 Specimen -8 

Specimen -9 Specimen-10 Specimen-11 Specimen-12

Fig. 3 Grayscale images of specimen captured by the machine vision system
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Table 4 Statistical parameters measured using a machine vision system

No. Rm Rst Rsk Rku

1 93.011 27.839 −1.366 −1.612

2 99.495 27.972 −1.272 −1.424

3 107.809 30.164 −0.949 −1.279

4 112.972 30.474 −0.435 −0.804

5 162.863 40.883 −0.072 −0.737

6 169.150 67.688 −0.050 −0.674

7 171.994 71.368 −0.025 −0.656

8 178.121 71.973 0.005 −0.647

9 181.265 82.828 0.209 −0.502

10 181.438 89.177 0.384 0.475

11 181.638 89.230 0.584 0.640

12 187.076 93.847 0.752 1.172

Table 5 Correlation between roughness parameters and machine vision parameters

Roughness parameters Rm (%) Rst (%) Rsk (%) Rku (%)

Ra (µm) 77 87 89 98

Rz (µm) 79 91 89 98

Rq (µm) 78 88 90 99

Rp (µm) 77 89 88 98

Rt (µm) 69 83 82 96

has the highest correlation with the surface roughness parameters with a correlation
coefficient of 0.98, 0.98, 0.99, 0.98, and 0.96 for Ra, Rz, Rq, Rp, and Rt respectively.
Thus, it is evident that surface roughness parameters can be predicted from the value
of kurtosis with the desired accuracy and is comparable with that of profilometer
measurements.However,mean, standard deviation, and skewness has a lower value of
correlation coefficient with roughness parameters compared to kurtosis (see Table 5).
This is due to the fact that kurtosis is a fourth-order moment and responds to a
small deviation in the profile very sensitively, therefore it respond to the smallest
irregularity of the surface and predicts nearly the exact value of each roughness
parameters [22]. Although, being important statistical measures, the values of mean,
standard deviation and skewness do not predict the surface roughness parameters
accurately. However, these terms provide important information about the type of
irregularities on the surface.

Regression equations are obtained for the prediction of roughness parameters
using each of the statistical parameters obtained through the machine vision system
(see Table 6). The value of the coefficient of variation R2 for the regression equation
indicates the ability of the equation to explain data variations. All the regression
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Table 6 Regression equations for the prediction of roughness parameters as a function of machine
vision parameters

Mean Standard deviation Skewness Kurtosis

Roughness
Parameters

Linear
equation

R2

(%)
Linear
equation

R2

(%)
Linear
equation

R2

(%)
Linear
equation

R2

(%)

Ra (µm) X = (Y −
16.6)/23.816

60 X = (Y +
50.7)/19.511

76 X = (Y +
3.1)/0.5129

79 X = (Y +
4.4)/0.6987

97

Rz (µm) X = (Y +
1.8)/5.4241

62 X = (Y +
67.7)/4.5072

82 X = (Y +
3.4)/0.1148

79 X = (Y +
4.8)/0.1542

95

Rq (µm) X = (Y −
17.3)/19.578

61 X = (Y +
49.8)/15.982

77 X = (Y +
3.0)/0.4214

80 X = (Y +
4.4)/0.5714

97

Rp (µm) X = (Y −
35.1)/8.0269

59 X = (Y +
37.3)/6.6929

79 X = (Y +
2.6)/0.1711

77 X = (Y +
3.9)/0.2342

96

Rt (µm) X = (Y −
45.6)/2.7588

48 X = (Y +
33.0)/2.4144

69 X = (Y +
2.5)/0.1711

68 X = (Y +
3.9)/0.0883

92

equation for roughness parameter validation has R2 value of more than 92% which
indicates higher predictability of the equation. The fitted equation is a linear equation
that indicates kurtosis has a linear relationship with each of the surface roughness
parameters.

Moreover, the value of kurtosis and skewness indicates the type of irregularity
on the workpiece surface. Negative skewness indicates asymmetry above the mean
height of irregularities while positive skewness indicates asymmetry below the mean
height. Least skewness (0.005) for specimen 8 which had a speed of 350 rpm with
0.75 mm of the depth of cut indicates the symmetric distribution of the heights above
themidplane. The value of kurtosis is less than 4 for the entire specimenwho indicates
irregularities are in the form of heights above the midplane and there is the absence
of any spikes on the specimen surface which is also clear from the gray scale images
of the specimen.

Fig. 4 Prediction of Ra
using machine vision system
with the reference to stylus
method
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It can be observed from Fig. 4 that the use of linear relation with kurtosis can
predict the value of Ra with a higher degree of fitness. The relative error in the
measurementwith reference to stylusmethod is observed to bewithin the permissible
limit of ±5%. All the other roughness parameters could also be predicted using
kurtosis with very less error, i.e., Rz (±5%), Rq (±5%), Rp (±8%) and Rt (±10%)
as shown in Figs. 5, 6, 7, 8.

Higher error value in some of the measurements can be due to change in atmo-
spheric conditions like light intensity, diffraction of the light waves, etc. However,
the machine vision technology can predict the surface roughness with a fair degree of
accuracy as explained and justifies its applicability due to benefits in terms of time,
cost, ease and noncontact method with no interference with the workpiece surface.

Fig. 5 Prediction of Rz
using machine vision system
with the reference to stylus
method
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Fig. 6 Prediction of Rq
using machine vision system
with the reference to stylus
method
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Fig. 7 Prediction of Rp
using machine vision system
with the reference to stylus
method

2018161412108

20

18

16

14

12

10

8

Actual Rq (μm)

Pr
ed

ic
te

d 
Rp

 (μ
m

)

+8%

-8%

Fig. 8 Prediction of Rt
using machine vision system
with the reference to stylus
method
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5 Conclusions

The present study has been performed to establish a relation between standard sur-
face profilometer method and image processing method, and to compare the results
obtained from both the methods on the specimen prepared with shaper under the
same cutting parameters. Being a noncontact technique with relatively fast process-
ing speed gives the image processingmethod an edge over the standard stylusmethod.
Covering all points in the measuring area makes the image processing method a reli-
able one too. Kurtosis had relatively fewer errors and succeeds to predict all the
surface roughness parameters with a fair degree of accuracy.
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Optimization of Brake Pedal for FSAE
Vehicle

Kaustubh Babrekar, Saurabh Bairagi, Jatin Parajiya and Nitin G. Phafat

Abstract The brake pedal is used to actuate the brakes of any normal car. It faces
a very high load during intensive and repetitive braking. A brake pedal is required
to be durable as well as have a low weight. The study is focused toward designing
an optimized brake pedal having good durability and a considerable factor of safety
along with the lowest weight. First, the brake pedal of Aluminum (7075 T6) is
designed using a 3D modeling software (SolidWorks) and then the Finite Element
Analysis is carried out to find the stresses induced when a load of 40 kg, i.e., 392 N
acts. Once the results are determined for the solid pedal the pedal is then further
optimized by removal of material in less stressed zones and analyzed appropriately.

Keywords FEA · ANSYS · Brake pedal

1 Introduction

Formula SAE India is an engineering design competition,where engineering students
from all parts of the country design and fabricate a Formula One prototype. Weight
remains a crucial factor in these events as the power increases with a reduction in
vehicle weight. Brake is the most crucial part which reduces the speed and brings the
vehicle to rest. The design of the brake pedal is made considering the repetitive forces
acting on the pedal from the driver’s foot during normal as well as hard braking. The
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optimized pedal is desired to possess high strength and stiffness along with less
weight [1, 2].

1.1 Literature Review

In themodern-day FSAE car the weight remains the crucial parameter, excess weight
of the pedal can be eliminated by proper analysis of the pedal such that it doesn’t
fail [3]. Weight depends on the material of the pedal and appropriate selection of the
material is very important [4]. Machinability and cost of the material is also taken
into consideration, optimization of material must not result in failure of the pedal [5].
Conventional pedals need replacement and adequate improvements in every area of
the pedal are important [6].

1.2 Methodology

Firstly, the pedal is studied alongwith the forces andother designparameters affecting
it. This is followed by the selection of proper, lightweight, and rigid Aluminum
material. The solidmodel is designed using SolidWorks and thenmeshed in ANSYS.
Friction between the stud, brackets, and pedal is given and forces are applied on
the pedal. Stress Analysis is executed using ANSYS. The parts with little or no
deformation are optimized for weight reduction and the results are studied [7].

2 Material Selection

The best material for the manufacturing of brake pedal is Aluminum 7075 T6 due
to its high stress-bearing property compared to the other grades, it is comparatively
cheap and easily available and has the following properties (Table 1).

3 Manufacturing Process

In the forging process, a metal is given shape after heating it along with constant
hammering or putting the heated metal into a die. The formation of the desired shape
requires enormous force making the aluminum weak with no benefit. Whereas, in
casting the metal in the liquid state is poured into the mold of the product and is
then given the desired shape. This is economical in case of mass production, but the
cast iron is found to have impurities and hence may become brittle. Machining is
done with the help of a VMC, where the unwanted material is removed from a block
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Table 1 Material properties
for aluminum 7075 T6

Component Amount (wt%)

Aluminum (Al) 90%

Magnesium (Mg) 2.5%

Copper (Cu) 1.6%

Zinc (Zn) 5.6%

Chromium (Cr) 0.23%

Density 2.81 g/cc

U. T. S. 572 MPa

Yield Strength 503 MPa

Young’s Modulus 71.7 GPa

Machinability 70% (Good)

of metal to obtain a highly finished component that helps in retaining the strength
and durability of the metal. For superior finish, rigidity, and strength, machining is
preferred [8].

4 Stress Analysis

A solid model of Aluminum 7075 was made weighing 117 g (Fig. 1).

Maximum force a driver could apply on the pedal during sudden braking = 40 kg.
Force = Mass * Acceleration.
40 kg * 9.81 m/s = 392 N.

Force acting on the pedal was taken to be 392 N and a frictional contact was given
between the stud, pedal, and brackets. Rod at the bottom which held the brackets
acted as fixed support. Resistance from the master cylinder (oil pressure and spring
force) were applied on the pedal’s rear side in the opposite direction [9] (Figs. 2, 3,
4, and 5).

Fig. 1 CAD model of a
solid pedal in SolidWorks
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Fig. 2 Pedal loading
(applying the forces on solid
pedal)

Fig. 3 Equivalent stress in
solid pedal

Fig. 4 Equivalent strain in
solid pedal

Equivalent stress (von Mises stress) is considered in design as it allows any arbi-
trary 3D stress state to be represented as a single positive stress value. Equivalent
stress is part of the maximum equivalent stress failure theory used to predict yielding
in a ductile material [10].
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Fig. 5 Total deformation in
solid model

Equivalent Stress (von Mises) is 151.71 MPa.
Total Deformation is 1.3 mm.
Factor of Safety is 503/151.71 = 3.32.

It is clear that the component has a very high factor of safety and is overdesigned.
This component is optimized further by removing material from the parts with very
little concentration. This method was used to obtain the following geometry. After
the stress analysis carried out on the pedal, results were noted [11, 12] (Figs. 6, 7, 8,
9, 10, and 11).

Equivalent Stress (Von Mises) is 378.9 MPa.
Total Deformation is 2.3 mm.
Factor of Safety is 503/378.9 = 1.32.

Solid pedal weighs 121.92 g while the optimized weighs only 62.52 g. After
optimization though the factor of safety has decreased from 3.32 to 1.32 but it is
satisfactory until the weight is being lowered down to nearly half (Fig. 12).

Fig. 6 SolidWorks model of
optimized pedal
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Fig. 7 Fine meshing in solid
model

Fig. 8 Pedal loading
(applying the forces on
optimized pedal)

Fig. 9 Equivalent stress for
optimized pedal

Fig. 10 Equivalent strain for
optimized pedal
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Fig. 11 Total deformation

Fig. 12 Solid pedal versus
optimized pedal (modeled in
SolidWorks)

5 Conclusion

Stress concentration of the optimized model has increased leading to a low factor of
safety. The solid pedal was overdesigned to be safe and it unnecessarily increased
the vehicle’s weight. Table 2 gives a detailed comparison between the Solid and the
Optimized pedal. The volume and the space required by the optimized pedal are less
and theweight has reduced by 48.73%. Considering theweight of all the three pedals,
i.e., Accelerator, Brake and the Clutch, an overall reduction in weight of about 180
gms is achieved. The equivalent stress in the optimized pedal is 378.9 MPa, giving
a factor of safety of 1.32 which is in the very limits. Hence, the design is concluded
to be safe.

Table 2 Solid versus
optimized comparison

Solid Optimized

Mass 121.92 gms 62.52 gms

Deformation 1.3 mm 2.3 mm

Stress 151.71 MPa 378.9 MPa

F. O. S. 3.32 1.32

Mass 121.92 gms 62.52 gms
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Design and Analysis of Steering Clevis
Joint for Optimization and Steering
Stability

Aniket Sawant, Dhananjay Patil, Vedashri Joshi, Amit Trisal
and Arvind Chel

Abstract The paper describes process of design and analysis for the clevis joint.
These are widely used as an extreme to steering rack to drive the power of steering
rack to the tie rod of the vehicle. This research aims to design the clevis joint for
reducing theweight and increase the steering stability of an all-terrain vehicle (ATV),
while considering a satisfaction safety factor for both handling andperformanceof the
vehicle. The first step is modeling the clevis joint as per the operational consideration
and the various design constraints. The next stage is stress analysis using finite
element software and design adjustments for decreasing weight without conceding
the structural strength.

Keywords ATV: steering clevis joint · Finite element analysis (FEA) ·Weight
reduction · Optimization

1 Introduction

Weight Reduction is playing a vital role in automobile engineering industry to
improve the efficiency and stability. It has been accomplished through advances
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in various fields like method considerations, material selection, design optimization,
and fabrication process.

Design optimization must be done to obtain the lowest weight with maximum or
greater performance based on elimination of design boundaries and design uncer-
tainties. The clevis on a vehicle is a joint, which is used as an addition to steering
rack to drive the power of steering rack to the wheels via tie rods [1].

Clevis joint is connected to tie rod on one end and steering rack on the other end
by the thread provided inside the steering rack and the tapping procedure done. The
function of a clevis joint is used as an addition to the rack which able to control the
position of the tie rod. The tapping procedure is done on clevis joint mating platform
with the steering rack.

Structural optimization tool like topology and profile optimization helps to
decrease product development time as it gives amathematical model, which indicates
scope for optimization and weight reduction for overdesigned modules [2].

Clevis joint comprises a heim joint and C-shaped cup, which partially houses the
heim joint. It connects tie rods with the rack as a bolt passes through the C-shaped
structure and the heim joint. The weight reduction of Clevis joint is done such that
the strength and life cycle performance of the joint are satisfied.

2 Literature Survey

For Design optimization of clevis joint, it is required to study the design aspects
and accessible literature so to understand the basic need of the industry for weight
reduction and optimization of the components and to establish the increasing role of
finite element analysis for the weight reduction and optimization purpose.

Thomas Gillespie in ‘Fundamental of Vehicle Dynamics’ elaborates that the cor-
nering behavior is a significant performance mode and is associated with the respon-
siveness of a vehicle to driver input it also describes the front wheel geometry and
the forces as well as the torque considered while designing a steering system [2].

A Workshop report published by an agency of the United State government (Feb
2003) focused on the light-weighting of vehicle and the technology gap for light-duty
vehicles. It focuses on weight optimization so to develop a light weight vehicle and
also had fixed the goal for year 2020–2050 the most light weight vehicle. The target
set for weight reduction of UDV Chassis and the suspension system is 25% by the
year 2020 [3].

Rajkumar Roy et al. [3] focuses on recent approaches towards the automation of
manual optimization processes and its challenges that it presents to the engineering
sector. The study describes the scalability asmajor challenges for design optimization
techniques. As now GAs is the most prevalent algorithmic optimization approach.
For the large-scale optimization more exploration in topology design, computational
power, and effective optimization will be required [3].

Chang and Tang [4] discuss a cohesive design and manufacturing methodology
that supports the shape optimization. The main involvement of the work is in the
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field of incorporating manufacturing in the design process, where for design the
manufacturing cost is considered. The design problematic must be articulated more
realistically by integrating the manufacturing cost as both the objective function or
constrain function [4].

Rajendran et al. [5] discusses the development of designing an optimized and
lightweight knuckle from scratch. Using structure optimization, topology optimiza-
tion is performed on the design to drive the optimal load required for the load cases.
The process of using topology optimization for the load generation and parametric
study using shape optimization helps to reduce the design reiteration and intermediate
concept models [5].

The disciplines for optimization process are

(1) Topology optimization—It is a process in which the finest material layout
according to the design space and loading case be attained.

(2) Size optimization—It gives the finest thickness of the object.
(3) Shape optimization—It gives the optimal filets and the optimum outer dimen-

sions.
(4) Topology—An progressive form of shape optimization in which a design region

is defined and a reinforcement is generated from the shape variable.

3 Methodology

A CAD model is designed in three-dimensional interactive application in CATIA V
(R28). The model is designed according to its application in the required size and
shape.

Further finite element analysis is done using FEA simulation software; it helps
in validating the CAD model for its durability, strength, and stiffness under certain
high loading conditions. The allowable stresses are calculated and compared with
the static structural analysis of the designed model. The CAD model is assumed to
be sustainable if the allowable stress is less than the static structural analysis (Fig. 1).
It is necessary for the long life of the modeled component.

3.1 Designing a CAD Model

A CAD model of clevis joint was developed in 3-D modeling software CATIA. It
consists of a C-shaped cup, which can be fastened using a bolt to the steering rack.
The mating part of the previous design of clevis joint, which is inserted in steering
rack was detached and replaced with a simple Allen bolt. It also consists of mounting
point for the tie rod. A heim joint can be easily connected to the C shaped structure
using a bolt.
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Fig. 1 Methodology [6]

3.2 Material Selection

In the previous design of clevis joint EN-8 was used as primary material, which has
a reasonable tensile strength (Fig. 2).

Optimization was done by changing the design and primary material of clevis
joint. Aluminum 7075 T6 was used as a primary material for new clevis joint. Al
7075 T6 is known for its great strength and lightweight quality (Figs. 3 and 4).

3.3 Property Comparison

The parameters for both materials EN-8 and Al 7075 T6 are given in Tables 1 and 2.
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Fig. 2 Old clevis joint design

Fig. 3 Optimized new model of clevis joint
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Fig. 4 Meshing in Ansys

Table 1 Property
comparison [2]

Material EN-8 Al 7075 T6

Density (Kg/m3) 7.83 2.77

Young’s modulus (GPa) 210 71.7

Yield strength (MPa) 465 503

Ultimate tensile strength (MPa) 700 572

Fatifue strength fracture 0.854 0.87

Allowable strength (MPa) 154.57 82.96

Factor of safety 1.98 1.53

Table 2 Comparison of old
and new design

Parameter Old design with
EN-8 [1]

New design with
Al 7075 T6

Mass (g) 125.58 66

Volume (cm3) 15997.23 24,250

Surface area
(mm2)

7673.47 8000

4 Calculations

4.1 Forces on Clevis Joint from Tie Rod

The forces and torque on the clevis joint can be estimated as follows:
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Lateral acceleration, (a) = V 2/R
where, V = Velocity of vehicle (m/s)

R = Turning radius (m)

V = 40 km/hr (11.11 m/s)& R = 3.15 m
a = (11.11)2/3.15 = 39.18 m/s2

Lateral Force = wt. of vehicle with driver× a
F = 230 × 39.18 = 9011.4 N

Wt.distribution ratio = 60 : 40
Lateral force on front wheel = 0.4× 9011.4

= 3604.56 N

Moment on wheel (when stationery)
= lateral force×mechanical trail

= 3604.56× 25.5× 10−3

= 91.916 N-m

Moment on wheel(due to traction)
= traction force on front wheel× scrub

= m × a × scrub
= 230× 4× 38× 10−3

= 34.96N-m

Total moment of wheel
= 91.916+ 34.96 = 126.876 N-m

Force on tie rod
= totalmoment onwheel/steering arm length

= 0.126/
(
50× 10−3

)

= 2.537 kN

The tie rod is well connected with clevis joint, hence it transmits the force.

Force on clevis joint = 2.537 kN
Stress on clevis joint = force on clevis joint/area = 2.537/0.008 = 313.190 kN/m2.

The allowable stress for Al 7075 T6 clevis joint is 82960 kN/m2, which is 313.190
kN/m2.Hence, the clevis joint is safewithAl 7075T6material based on the allowable
stress (Fig. 5).
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Fig. 5 Analysis for lateral load from tie rod

4.2 Forces on Clevis Joint from Steering Rack

Here, the stress exerted by the steering system on the clevis joint is calculated and
compared with allowable stress to check the design is safe (Fig. 6).

Fig. 6 Analysis for lateral load from steering rack
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Let, steering wheel torque = 60 N-m
Steering wheel diameter = 0.3048 m
Force on steering wheel = 60/0.3048 = 196.504 N.

Torque on pinion = torque on steering wheel
Torque on pinion = 60N-m

Force on pinion = torquee on pinion/radius of pinion = 60/36× 10−3 = 1.666 kN
Force on rack = Force on pinion

Also,Force on clevis joint = Force on rack
Hence Force on clevis joint = 1.66 kN

Stress = force/area = 1.666.66/0.008
= 208.332 kN/m2 (allowable stress 82960 kN/m2

)

4.3 Observation

The stress acting on the clevis joint were calculated and compared to the allowable
stress. Al 7075 T6 can sustain all the forces as the calculated stress is less than the
allowable stress. Using Al 7075 T6 as a primary material in the optimized clevis
joint, desired strength and weight reduction in steering system are achieved.

Weight reduced (For one Clevis Joint)
= 125.58 − 66 = 59.58 gm.

Clevis joint is attached on both extreme ends of steering rack. The total weight
reduces by 119.16 gm.

5 Simulation of Steering System

Simulation of steering system is done in LOTUS shark suspension and steering
simulator. Dynamic parameters are verified by simulating the geometry. It provides
graphs and statistical data of the changes in parameters in dynamic conditions (Fig. 7).

Figure 8 describes the change in Ackermann percentage while cornering from
lock to lock on either side. After simulation, statistical data of the parameters is
generated. This data is used to validate the design. The simulation shows the effect
on parameters in dynamic conditions (Table 3).
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Fig. 7 Steering simulation
using LOTUS Shark
simulator

Fig. 8 Ackermann
percentage graph
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Table 3 Simulation report (lotus shark simulator)

Lotus suspension analysis v4.03

*****************************************************************************

Front suspension-steering travel

Type 1 double wishbone, damper to lower wishbone

Incremental geometry values

Rack
travel
(Mm)

Toe angle
RHS (°)

Toe angle
LHS (°)

Camber
angle RHS
(°)

Camber
angle LHS
(°)

Ackermann
(%)

Turning
circle radius
(mm)

−45.00 −69.62 49.52 16.71 4.39 51.91 933.47

−40.00 −65.78 43.89 11.92 3.14 66.38 1134.97

−35.00 −61.46 38.40 7.93 2.23 84.00 1375.95

−30.00 −59.27 33.00 6.87 1.55 115.82 1626.29

−25.00 −41.85 27.65 2.72 1.04 94.71 2305.19

−20.00 −29.12 22.31 1.15 0.65 76.43 3225.15

−15.00 −20.25 16.92 0.52 0.36 68.68 4570.39

−10.00 −12.81 11.45 0.20 0.16 64.54 7112.80

−5.00 −6.16 5.84 0.05 0.04 62.42 14516.01

0.00 0.00 0.00 0.00 0.00 61.76 0.00

5.00 5.84 −6.16 0.04 0.05 62.42 14516.01

10.00 11.45 −12.8I 0.16 0.20 64.54 7112.80

15.00 16.92 −20.25 0.36 0.52 68.68 4570.39

20.00 22.31 −29.12 0.65 1.15 76.43 3225.15

25.00 27.65 −41.85 1.04 2.72 94.71 2305.19

30.00 33.00 −59.27 1.55 6.87 115.82 1626.29

35.00 38.40 −61.46 2.23 7.93 84.00 1375.95

40.00 43.89 −65.78 3.14 11.92 66.38 1134.97

45.00 49.52 −69.62 4.39 16.71 51.91 933.47

6 Conclusion

The new design as well as new material selection has resulted in the desired strength
and weight reduction. The following key conclusions can be drawn based on the
comparison of the old existing design and newly developed design with newmaterial
selection mentioned earlier.
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1. As compared to the previous design using EN-8 material the weight of the newly
designed clevis joint reduces nearly 48%.

2. In the newly developed clevis joint, the play in transmitting the force has been
considerably reduced by 40%. This is because the clevis joint is fixed to the rack
using the Allen bolt, which restricts the rotational play.

3. The new design is optimized by removing the mating part, which has been
replaced by an Allen bolt with no rotational play.

4. Using the LOTUS suspension software, the Ackermann percentage graph was
obtained and shows uniform change from lock to lock on either direction.
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Modeling and Structural Analysis
of Suspension Rocker for FSAE Vehicle

Saurabh Bairagi, Jatin Parajiya, Kaustubh Babrekar and Nitin G. Phafat

Abstract Suspension system plays a vital role in Formula SAE’s overall perfor-
mance as it isolates the vehicle from disturbances and provides a comfortable ride.
The motive of this study is concerned with one of the major components of this
system; rocker (bellcrank). A solid model of suspension rocker using 3D modeling
software Solidworks is prepared and structural analysis is carried out by providing
specific boundary conditions. The proposed new optimized model of suspension
rocker has less weight and at the same time is competent to perform the function.

Keywords Rocker (Bellcrank) · Push rod suspension · FEA

1 Introduction

Whenever the vehicle takes a bump or while turning, there is uneven distribution of
load which would result in rolling over of the vehicle. Here, the suspension system
has its importance as it minimizes the vertical motion along with pitch and roll
movements. The suspension system provides a level of comfort and congenial space
for driving [1].

FSAE cars mostly used Push-Rod suspension, which consist of double control
arm or double wishbone suspension. The reason for using Push-rod suspension is
that the push-rods and control arms have airfoil design which allows the air passage
smoothly and does not create any sort of turbulent air and provides laminar flow of
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air. The secondary reason is that it restricts the wheel movement and tends to keep
the car at same road level [2].

Further, if one has to provide large room for adjustment Double Wishbone sus-
pension satisfies this need. There are four types of Double wishbone suspension and
are mentioned below:

1. Equal length and parallel arms.
2. Equal length and non-parallel arms.
3. Unequal length and parallel arms.
4. Unequal length and nonparallel arms.

Of all the above the fourth type of Double wishbone suspension is widely used
[3].

1.1 Literature Review

Suspension system is one of the vital elements of a Formula Vehicle; the stability
of the car depends irrefutably on it. Improvement in the suspension system from the
double wishbone to push rod improves the aerodynamics as well is less in weight
[4]. Reduction of weight is majorly possible in the Rocker (BellCrank) [5]. Material
selected is Aluminum due to its lightweight and high strength. It has a good response
to machinability [6].

1.2 Working Principle

When the vehicle hits a bump, the force is transmitted from the push-rod to the rocker
which results in slight rotational movement of the rocker which turns the torsion bar
and the resistant from the bar compresses the damper and further as the heave spring
is released it eventually oscillates the damper, which dampens out the force. There
are some important parameters, which govern the suspension geometry. They are as
follows:

a. Camber: It is the angle of tire with respect to vertical axis of car and should be
negative within the range of 1º–2º.

b. Caster: It is the angle of steering axis with respect to the vertical when seen from
side view; this angle keeps the tire straight and provides directional stability.

c. Toe-in: This is the angle when the front portion of tire’s are closer than the back
portion of the tire and the vice versa is termed as Toe Out [7].
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1.3 Methodology

Study of Rocker, 
Suspension 

system 

CAD Model of 
solid rocker in 

Solidworks 

Structural 
Analysis in ANSYS 

Op miza on of 
Rocker 

Stuctural Analysis 
of Op mized 

rocker 

Comparision, 
finaliza on of the 

Design 

1.4 Material Selection

We have selected Aluminum 6061 T6 having the following properties: (Table 1).

2 Calculations

Dynamic loads should be considered for designing of the suspension system [8, 9]
(Tables 2 and 3).

Mass of vehicle without driver = 240 kg
Mass of vehicle with drive, M = 310 kg

Table 1 Material properties
for aluminum 6061 T6

Material Amount (wt%)

Aluminum (Al) 95.8–98.6%

Magnesium (Mg) 0.8–1.2%

Copper (Cu) 0.15–0.4%

Zinc (Zn) 0.25%

Chromium (Cr) 0.04–0.35%

Density 2.7 g/cc

U. T. S. 310 MPa

Yield Strength 276 MPa

Young’s Modulus 68.9 GPa

Machinability 60% (Good)
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Table 2 Vehicle parameters Parameters Front Rear

Track width 1220.72 mm 1172.61 mm

Camber −0.734o 0.049o

Roll center height 8.99 mm 30.988 mm

Scrub Radius 33 mm 38 mm

KPI 5o 0o

Table 3 Suspension details:
DNM shocks

Suspension properties Values

Eye to Eye length 190 mm

Stroke 51 mm

Mass 380 gms

Adjustment 4 way external

Mass on front wheels, MF = 108.5 kg
Mass on rear wheel, MR = 201.5 kg
Unsprung mass of vehicle, Mus = 61.233 kg
Front unsprung mass of the vehicle, MunF = 28.779 kg
Rear unsprung mass of the vehicle, MunR = 32.454 kg
Sprung mass of the vehicle, Ms = 310 kg − 61.233 kg = 248.767 kg
Front sprung mass of the vehicle, MsF = 108.5 kg − 28.779 kg = 79.721 kg
Rear sprung mass of the vehicle, MsR = 201.5 kg − 32.454 kg = 169.046 kg
Natural Frequencies: Front NF = 2.5 Hz; Rear NR = 2.3 Hz
Front Motion ratio = 1.428; Rear motion ratio = 1.25
Front track width = 47.468” = 1.2065 m
Rear track width = 46.153” = 1.17228 m
Wheelbase = 64” = 1.6256 m

2.1 Spring Rate

Front Spring Rate

KsF = 4π2 × N 2
F ×

(
MsF

2

)
× (MotionRatio)2 (1)

KsF = 4π2 × (2.5)2 ×
(
79.721

2

)
× (1.4285)2 = 20.055N/mm

Rear Spring Rate



Modeling and Structural Analysis of Suspension Rocker … 603

KsR = 4π2 × N 2
R ×

(
MsR

2

)
× (Motion Ratio)2

KsR = 4π2 × (2.3)2 ×
(
169.046

2

)
× (1.25)2 = 27.581N/mm

2.2 Wheel Rate

Wheel Rate, Kw (N/mm) = SpringRate (N/mm)

(Motion Ratio)2
(2)

FrontWheel Rate, KwF = 20.055

(1.4285)2
= 9.834N/mm

RearWheel Rate, KwR = 27.581

(1.25)2
= 17.651N/mm

2.3 Roll Rate

Roll Rate Kφs = π × T 2 × (
K 2

w

)
180 × 2 × Kw

(3)

Front:

KφsF = π × (
T 2
F

) × (
K 2

wF

)
180 × 2 × KwF

KφsF = π × (1.2065)2 × (9834.8)2

180 × 2 × 9834.8
= 124.98N.

m

◦
Rear:

KφsR = π × (
T 2
R

) × (
K 2

wR

)
180 × 2 × KwR

KφsR = π × (1.17)2 × (17651.0)2

180 × 2 × 17651
= 210.85N.

m

◦
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2.4 Roll Moment at 1G Lateral Acceleration

M1g = (h − Rc) × Ms × g (4)

Front

M1gF = (h − RcF ) × MsF × g
M1gF = (0.2084 − 0.018) × 79.721 × 9.81 = 148.904Nm

Rear

M1gR = (h − RcR) × MsR × g
M1gR = (0.208 − 0.037) × 169.046 × 9.81 = 283.576Nm

2.5 Force at Wheel at Ride Height

Front: Force at each front wheel,

FF1 =
(
MF

2

)
× g =

(
108.5

2

)
× 9.81 = 532.1925N (5)

Rear: Force at each rear wheel,

FR1 =
(
MR

2

)
× g =

(
201.5

2

)
× 9.81 = 988.3575N

2.6 Wheel Deflection at Ride Height

Front: Wheel deflection on each front wheel =
FF1

KWF
= 532.1925

9.8348

= 54.1132mm = 2.13′′ (6)

Rear: Wheel deflection on each rear wheel =
FR1

KWR
= 988.3575

17.651
= 55.99 mm = 2.204′′
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2.7 Spring Load

Front:

Spring Load for Front, FSF = FF1 × Motion Ratio = 532.1925 × 1.428
FSF = 759.97N

Rear:

Spring Load for Rear, FSR = FR1 × Motion Ratio = 988.3575 × 1.25
FSR = 1232.446N

Force on spring is 1232.44 N, for safety let force to be 1500 N. FEA is carried
out while applying a maximum force of 3500 N on Rocker arms.

2.8 Spring Deflection

Front:

Spring Deflectionon = FSF

KSF

= 759.97

20.055
= 37.89mm

Rear:

= 1235.446

27.581
= 44.79mm

3 Design Procedure and Analysis

Once the material is selected based on the different properties suitable for the rocker
to sustain the various forces which are going to act on it and also, after calculat-
ing various forces the design procedure starts. The 3D solid model is designed in
Solidworks and assembled by providing a bush at one of the hinges.

Further, structural analysis is to be carried out on this model by applying the
material ALUMINUM 6061 T6 and providing fine meshing. Manual connections
are provided between the hinge and the bush, and the type of contact is selected
as frictional contact and a coefficient of friction of 0.1 is applied and appropriate
solutions are applied and following results are obtained [10] (Figs. 1, 2, 3, and 4).
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Fig. 1 Solid rocker 3D
model

Fig. 2 Equivalent stress
distribution on solid rocker

Fig. 3 Equivalent elastic
strain on solid rocker

The same solid model is then heavily optimized by analyzing the above results
and FEA is again carried out by applying same material and going through previous
procedure. Following are the results of the further optimized rocker: (Figs. 5, 6, 7,
8, 9, and 10).
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Fig. 4 Deformation in solid
rocker

Fig. 5 Optimized model of
rocker

Fig. 6 Fixed support for
bush

Fig. 7 Forces & boundary
conditions applied
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Fig. 8 Equivalent stress in
optimized rocker

Fig. 9 Equivalent strain in
optimized rocker

Fig. 10 Deformation in
optimized rocker

4 Conclusion

For the rockers, Finite Element Analysis was carried out. The table shows compar-
ison of the results obtained from the FEA on ANSYS software with the required
parameters (Table 4).
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Table 4 Solid V/s optimized
comparison

Solid Optimized

Mass 555.40 gm 344.79 gm

Deformation 0.1077 mm 0.1223 mm

Stress 7.541e7 Pa 7.044e7 Pa

Strain 0.001322 0.001088

From the above data, it was found that the optimized rocker works safely within
the specified range of parameters. Range of force rocker can sustain with minimal
deformation is up to 4000N.Weight of the new proposed optimized rocker is reduced
by 211 grams for a single rocker, which further results in a total weight saving of 844
grams (4 rockers in FSAE car). Optimization of the rocker has resulted in reduction
of C. G. Height, and reduced the rolling effect of the vehicle. The equivalent stress
and strain of the optimized rocker are within the confined parameters and hence this
design can be concluded structurally safe. The cost of the optimized rocker is also
less.

5 Appendix

See Table 5.

Table 5 Appendix

No. Parameter Formula Description

1 Front spring rate KsF =
4π2 × N 2

F ×
(
MsF
2

)
× (Motion Ratio)2

Amount of
weight needed to
compress spring
by one inch

2 Wheel rate Kw = SpringRate (N/mm)

(Motion Ratio)2
Actual spring rate
at tire contact
patch

3 Roll rate Kφs = π×T 2×(
K 2
w
)

180×2×Kw
Torque resisting
body roll per
degree of body
roll

4 Roll moment at
1G lateral
acceleration

M1g = (h − Rc) × Ms × g Moment of inertia
of vehicle’s
sprung mass

5 Force at wheel at
Ride height

F =
(
MF
2

)
× g =

(
108.5
2

)
× 9.81 Ride height is the

clearance
between car’s
base and road
which has an
Impact on CG.
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Control of End-Effector of a Multi-link
Robot with Joint and Link Flexibility

E. Madhusudan Raju, L. Siva Rama Krishna and Mohamed Abbas

Abstract Flexibility in manipulators/robots is due to both joint and link flexibility
that makes up the system. Flexible robots are preferred over conventional rigid robots
in applications like invasive surgeries, space applications, and industries due to their
prompt response, low energy requirement, faster operational speeds, and low weight
to power ratio. Due to inherent flexibility, accurate positioning of end-effector in
required path is difficult. Moreover flexibility of link makes it an infinite degree
freedom system and mathematics is very involved. To simplify the problem and get
reasonable results, flexible links are modeled based on Euler–Bernoulli beam theory
and Assumed mode method is implemented. Joint flexibility is because of small
clearances that are inherently present in the joint, because of both manufacturing and
assembling constraints, these clearances cause sudden impacts between the joining
parts (journal and bearing) resulting in impact force generation as the joints are
manipulated. Resulting impact (hertzian contact) forces increase the overall input
torque required to manipulate the end-effector according to our wish. This paper’s
objective is to build a dynamic model of a two-link RR type planar manipulator with
link and joint flexibility, and determine the maximum error of tip position between
a robot with/without flexibility, as the end effect or travels in required vertical path
with payload. Further, apply orthodox control strategies (PD, PI, and PID) to reduce
the error. The end-effector carries a payload equals its linksmass. UsingMSCAdams
andMATLAB softwares, a co-simulation approach is developed. Both the controllers
(PI, PID) radically reduced error through several iterations, PID control strategy

E. Madhusudan Raju (B) · L. S. R. Krishna
Department of Mechanical Engineering, University College of Engineering (A), Osmania
University, Hyderabad, India
e-mail: ettaboina@gmail.com

L. S. R. Krishna
e-mail: lsrkou@gmail.com

M. Abbas
PhD Researcher, Industrial Robotics and Cooperative Robotics, Department of Mechanical
Engineering, IIT Guwahati, Guwahati, Assam, India
e-mail: mohabbas9262@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
G. S. V. L. Narasimham et al. (eds.), Recent Trends in Mechanical Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-1124-0_53

611

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1124-0_53&domain=pdf
mailto:ettaboina@gmail.com
mailto:lsrkou@gmail.com
mailto:mohabbas9262@gmail.com
https://doi.org/10.1007/978-981-15-1124-0_53


612 E. Madhusudan Raju et al.

achieved better results than PI controller and by both approaches, more than 60% of
the positional error is reduced.

Keywords Link flexibility · Joint clearance · Assumed mode method ·
Euler–Bernoulli’s beam theory · PI and PID control techniques

1 Introduction

Robots/serial manipulators are widely used in repetitive, tiresome and hazardous
jobs. These robotic manipulators are designed, built and fabricated with maximum
stiffness to limit end-effector vibration for better positional accuracy, resulting in
bulky industrial manipulators.

The merits of using a flexible manipulator are high-speed manipulation, low
requirement of power and less material for fabrication resulting in a smaller actu-
ator. By reducing manipulator weight, flexibility of the robot increases and the
mathematical modeling becomes involved and tedious.

Flexible manipulators, core difficulty is limiting vibrations due to flexibility, it is
resolved by including the effects of flexibility and applying various control strategies
to accomplish minimum steady-state error and desired transient response. Space
research provided the required impetus to study control of flexible manipulators, as
they have lightweight reducing the launch cost and responding to issues in weight
and space. The joint flexibility results in reduced rigidity of drive, shaft, and gear
teeth deformation. Link flexibility results in transverse direction deformation owing
to shearing and rotary inertial effects.

A one link flexible robotic system given in Fig. 1 would have rotated by an angle
θ(t) when actuated, if it was a rigid link robot, but owing to its structural flexibility,
it oscillates about a mean position based on the damping of the system, this is seen
as a deviation of y (x, t) from undeformed position from Fig. 1. Therefore, y (x, t)
motion depends on both joint angle θ and deformations of the link and joint.

The link flexibility is solved usingAssumedmodemethod. Thismethod is suitable
for Euler–Bernoulli links, i.e. (maximum deformation is less than one-tenth of the

Fig. 1 Flexible beam
vibration



Control of End-Effector of a Multi-link Robot … 613

link length). Based on this an infinite degree freedom system is reduced to a problem
of few prevailing mode shapes solved by Assumed mode method.

The lateral deformation ‘y’ of the link at a section at a specified time provides
the length of position vector. Further, a payload ‘MP’ at the tip of the link is also
attached. The governing equation to represent the vibration of link can be written as
given in Eq. (1).

E I
∂4y(x, t)

∂x4
+ ρ A

∂2y(x, t)

∂t2
= 0 (1)

Boundary Conditions: As Eq. 1 involves a second-order derivative in time and a
fourth-order derivative in ‘x’, two initial conditions and four boundary conditions
are required for unique solution of y (x, t) as given by Eqs. 2–7.

y(x, t = 0) = yi (2)

∂y(x, t = 0)

∂t
= ∂y(x, t)

∂t

∣
∣
∣
∣
t=0

= y
′
i (3)

y(x, t)|x=0 = 0 (4)

∂y(x, t)

∂x

∣
∣
∣
∣
x=0

= 0 (5)

E I
∂2y(x, t)

∂x2

∣
∣
∣
∣
x=L

= −JL
∂2

∂t2

(
∂y(x, t)

∂x

∣
∣
∣
∣
x=L

)

(6)

E I
∂3y(x, t)

∂x3

∣
∣
∣
∣
x=L

= −ML
∂2

∂t2
(

y(x, t)|x=L

)

(7)

The result of Eq. 1 is given as follows:

y(x, t) =
n

∑

j=1

C1, j sin
(

ω j t
){(

cos
(

β j x
) − cosh

(

β j x
)) − α

(

sin
(

β j x
) − sinh

(

β j x
))}

(8)

where

α = −β3
j cos

(

β j L
) − β3

j cosh
(

β j L
) + ML

ρ
β4
j sin

(

β j L
) − ML

ρ
β4
j sinh

(

β j L
)

−β3
j sin

(

β j L
) − β3

j sinh
(

β j L
) − ML

ρ
β4
j cos

(

β j L
) + ML

ρ
β4
j cosh

(

β j L
) (9)

The calculated y (x, t) is for only single-link and calculations of velocities and
accelerations of multi-link manipulators built on Eq. 9 are difficult. Therefore,
alternative solutions were investigated and zeroed on MSC Adams software.
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2 Literature Review

M.Moallem [1] presented a co-simulationmethod usingMscADAMSandMATLAB
for solving complex mechanical systems and obtained satisfactory results proving
that co-simulation can be used to solve complex dynamic systems. R.M. Mahamood
et al. [2] in their work provided a method to solve kinematic and dynamic prob-
lems of Stäubli TX40 robot using co-simulation method. D. Zhang and S. Zhou[3]
studied Co-simulation using ADAMS and MATLAB for Active Vibration Control
of Flexible beam with Piezoelectric Stack Actuator. The virtual prototype of flexible
beamwith piezoelectric actuator is created inMSCADAMS. The controller based on
FXLMS algorithm is established in MATLAB. A.M. Abdullahi et al. [4] studied the
vibration effects on input tracking control of Flexible manipulator using LQR with
Non-collocated PID Controller. Jerzy et al. [5] proposed adaptive control method for
single-link flexible manipulator.

3 Problem Statement

This paper’s objectives are to determine the effects of flexibility on tip position
variation of a two-linkRR type planar robotic armas the end-effector (tip) is displaced
in a specified vertical motion with a specified payload.

Control methods like (PID and PI) were used to minimize the positional error
between the Rigid and Flexible-rigid links robots. The key objective is to develop
a control strategy so that the ensuing robot system possesses accuracy of a rigid
system and swiftness of a flexible system. Depending on the results obtained, a good
control strategywill be implemented for future usage. The dimensions and properties
reflected in this paper are given in Table 1.

Table 1 Link parameters

Length (mm) Width (mm) Depth (mm) Mass (kg) Density (kg/mm3)

Link 1 300 40 20 2 7.8 × 10−6

Link 2 400 40 20 2.6 7.8 × 10−6

End base 80 20 20 0.5 7.8 × 10−6

Gripper 1 50 10 20 0.045 7.8 × 10−6

Gripper 2 50 10 20 0.045 7.8 × 10−6

Payload – – – 5.1 7.8 × 10−6



Control of End-Effector of a Multi-link Robot … 615

4 Research Methodology

The solution methodology adopted is as follows. The link dimensions were taken
to replicate human arm dimensions. Operating MSC Adams software, a Revolute–
Revolute-type two-link manipulator made of rigid and flexible (links and joints)
are modeled so that end-effector moves in required vertical path with a payload of
5.1 kg (linkmass). Torques (input) were applied at the joints (two revolute) triggering
the links angular rotation generating end-effector linear motion. The two-link rigid
manipulator’s end-effector is forced to move only in identified vertical path as given
in Fig. 2. The angular rotations of both links and end-effector motion are the outputs
to be monitored. The end-effector moves for 10 s in 2000 steps. The end-effector
motion, joint 1 & 2 angular rotations monitored for same 10 s are taken as reference
values.

When the rigid links are substituted by flexible links and joints in RR type manip-
ulator and identical input torques are applied at the both the joints. The resulting
position of end-effector positions, joints 1 & 2angular rotations are measured again
for same 10 s and in 2000 steps. Figure 3 displays a flexible link built-in MSC
Adams. Flexible links are modeled based on Euler–Bernoulli beams, i.e., the maxi-
mum deflection should be less than one-tenth of the total length of the beam. MSC
Adams solves this problem using Assumed mode method. Positional error is taken
as variation between the two (Rigid–Rigid and Flexible link) end-effector tip posi-
tions and joint 1 & 2 angular difference for a time of 10 s in 2000 steps. When one
link flexible manipulator is made to rotate with various angular speeds the variation
between the assumed mode method usingMATLAB andMsc Adams was negligibly
small. Therefore, Msc Adams software is used for modeling multiple body flexible
systems with ease. From the results obtained in Fig. 4 for only link flexibility, one
can deduce that as the time and number of steps are increased the positional error

Fig. 2 Model with vertical constraint
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Fig. 3 Building of Flexible model in MSC Adams software

Fig. 4 Errors at end-effector, joint one and two due to link flexibility only

increased. Moreover, the end-effector with a payload of 5.1 kg (mass of two-links)
is also affecting the values of positional errors.

When only link flexibility is provided the tip position’s maximum error is equal
to 561 mm, maximum error at first and second joints is about 1.88 radians and 2.79
radians respectively. The variation of these values with time is provided in Fig. 4.

Figure 5 shows the introduction of clearance of 0.2 mm at the first joint between
link one and the base. The joint flexibility because of the clearance gap between the
mating parts at the joint (i.e. Journal and the bearing). The clearance at the joints 1 is
varied from 0.2 mm to 1 mm in steps of 0.2 mm and 2nd joint is rigid. This variation
is shown in Fig. 6. The results show large impact forces are generated at clearance of
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Fig. 5 Creation of clearance of 0.2 mm at joint 1

Fig. 6 Variation of end-effector position as clearance is varied from 0.2 mm to 1 mm with flexible
links

0.2 mm. If only joint flexibility was present as clearance increased, the impact forces
would have increased.However, as the robot systemhad both link and joint flexibility,
and then largest deviation was produced for a clearance of 0.2 mm as shown in Fig. 6.
As Hertzian contact forces take into consideration both flexibility and damping of
the component into consideration, the results obtained are more realistic compared
to other methods. These contacts stresses resulted in higher torques resulting in a
bigger and heavier motor/actuator for the same system. Figure 6 shows the results
of the variation of three outputs (end-effector motion, angular motions of joint one
and two) as the clearance is varied from 0.2 mm to 1 mm. Maximum impact forces
were generated for clearance of 0.2 mm. Therefore the same clearance is provided
to the flexible link system. Figure 6 shows the error variation for all three outputs.



618 E. Madhusudan Raju et al.

When both link and joint flexibility are considered, the tip position’s maximum
error was 574.28 mm; maximum error at first and second joints is about 1.93 radians
and 2.82 radians respectively.

To reduce these positional errors for the three outputs (end-effector, joints 1&2) to
a least value, a controlmethod is required. From the Literature, two conventional con-
trols strategies, i.e., Proportional-Integral Derivate (PID) and Proportional-Integral
(PI) control schemes are selected.

4.1 Applying Proportional-Integral (PI) Controller at Both
Joints

Applying PI and PID control strategies directly in MSC Adams generated problems
and getting a solution proved difficult. Therefore, utilizing MSC Adams and MAT-
LAB, a co-simulation method was envisaged. Both flexible and rigid links models
were developed inMSCAdams andwere imported toMATLAB. Utilizing Simulink,
MscAdams model was assimilated in MATLAB environment as displayed in Fig. 7
and as shown in Figs. 6 and 8 block diagrams circuits were generated for both PID &
PI control strategies. The tip position’s erroris the output and the resultant rotations
of the joints (angular) are the inputs for the Simulink model. The specific constant
values Kp and Ki given in Table 2 are chosen such that the magnitudes of all the
outputs are minimum resulting in stable behavior. Figure 6 displays the SIMULINK
model, so developed in MATLAB. Figure 8 displays the effect of PI controller on
the robot system.

When PI control strategywas applied, the tip position’smaximumerror reduced to
233.84mm andAverage RMS error of 46mm the at joint 1 & 2 angular position error
(maximum) is about 0.98 radians and 1.53 radians, respectively. Figure 7 displays

Fig. 7 Errors at end-effector, joint one and two due to both link and joint flexibility
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Fig. 8 PID controller Simulink model

Table 2 PI controller
constants

P constant I constant

Joint 1 2800 2400

Joint 2 200 100

Fig. 9 The errors in tip position, joint 1 & 2 angles with PI controller

these results and one can deduce that these errors are considerably reduced implying
that PI control.
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Fig. 10 PID controller Simulink model

4.2 Applying Proportional-Integral-Derivative(PID)
Controller at the Joints

The constants (Kp, Ki, and Kd) in PI and PID controllers are chosen in a trial and
error basis (given in Table 3), as the inputs are modified and the outputs are observed
as end-effector moves in a vertical path till these error values have becomeminimum.
The tip and joint angles with their corresponding errors in tip position, joint 1 & joint
2 angles with PID controller (Fig. 11).

When PID control strategy was applied, the tip position’s maximum error reduced
to 144.53 mm and Average RMS error of 33.2 mm the maximum angular position
error at joint 1 & 2 is 0.69 radians and 1.11 radians respectively. Figure 9 shows
these results and it can be said that these errors are considerably reduced implying
that PID control is satisfactorily countering the effects of flexibility.

Table 3 PID controller constants

P constant I constant D constant Filter coefficient

Joint 1 2400 1000 1000.2 7.56

Joint 2 200 1000 300 4
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Fig. 11 The error in tip position, joint 1 & joint 2 angles with PID controller

4.3 The Effect of the Controllers on the Input and Output
Response

Figure 12 provides the effect of PID and PI control strategies to control and reduce
the tip position’s error and revolute joints 1 & 2 errors no control strategy is adopted.
When PI control is adopted themaximumpositional error reduced by 59.2 and 74.8%
reduction using PID control. The angular error reduced by 49.2% at joint 1 and 45.7%
at joint 2 using PI control. When PID control is used, the error at joint 1 reduced by
64.2 and 60.6% at joint 2. It is obvious from Fig. 10 that the PID controller performs

Fig. 12 Effects of PI & PID control strategies
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better than PI control for the given conditions and therefore it should be chosen to
reduce error and follow the desired path.

5 Results and Discussions

When no control strategy was adopted to control link flexibility, the tip position’s
maximum error was equal to 561 mm and with average RMS error of 158.6 mm. The
joints 1 & 2 maximum positional error is 1.88 radians and 2.79 radians respectively.
Figure 4 provides these results and it can be deduced that these errors are very large
and the flexibility has substantial effect on the tip position’s accuracy. By including
the joints clearances (0.2 mm clearance at each joint) along with link flexibility we
can observe that the tip position’s error increased to 574.28 and with average RMS
error of 171.2 mm. The angular position error at joint 1 & 2 increased to 1.93 radians
and 2.82 radians respectively. Figure 7 provides these results and it can be said, that
the joint clearances will affect the tip position increasing the error.

To reduce these errors, two control strategies were used to determine tip position
error and see that end-effector follows the specific vertical path.

6 Conclusions

A two-link rigid and flexible manipulator has been successfully co-simulated in
Adams software and MATLAB. From the model created in ADAMS it is found that
link flexibility significantly affects the system behavior. The tip position, first joint
angle and second joint angle values are compared byusingMATLABand two types of
controllers were (i.e., PID and PI) applied. From the above study, it can be concluded
that when joint flexibility (i.e., 0.2 mm clearance) is added to already flexible links
the end-effector deflection increased by 2.31%. Whereas when PI control is adopted
the maximum positional error reduced by 59 and 74.8% reduction using PID control.
The angular error reduced by 49% at joint 1 and 46% at joint 2 using PI control.
When PID control is used, the error at joint 1 reduced by 65 and 61% at joint 2. It
can be seen from Fig. 12 that PID controller performs better than PI control for the
given conditions and therefore it should be chosen to reduce error and follow the
desired path.
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Design of Plastic Bottle Shredding
Machine and Computational Finite
Element Analysis of Shaft
in the Shredder

Aluka Dheeraj Reddy, G. V. Niharika and G. Srinivas Sharma

Abstract There are many machines available in the market which recycle plastic
waste (plastic bottles), but this machine is for small-scale, portable and domestic
purpose. The cost of this machine is very low compared to the machines available
outside. This machine is designed to cut the large solid material into small pieces.
This paper throws light on the mechanism used in the machine and primarily about
the analysis (manual and computational) of the shaft, on which the cutting blades
are mounted.

Keywords Plastic bottle · Shredding · Polyethylene · Shaft · Natural frequency ·
Finite element analysis

1 Introduction

The global problem today is plastic. The pollution caused by plastic effects envi-
ronment (land, air, water), wildlife, Humans, and a plethora of life cycles on the
earth. Plastic cannot be decomposed and the recycled products are much more
dangerous to mankind. Plastic is classified mainly into two types, (1) LDPE-Low
Density Polyethylene and (2) HDPE-High Density Polyethylene, although there are
other forms of plastic such as PET (Polyethylene Terephthalate), PVC (Polyvinyl
Chloride), and PP (Poly Propylene).

The plastic bottle is made up of PET. It takes about one-fourth of a bottle of oil
that is required to produce a single water bottle, 90% of the bottled water’s cost
comes from producing the bottle itself. It consumes 17 million barrels of oil to make
one year’s supply of water bottles, that much oil can be used as fuel for 1.3 million
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cars for about one year long or power 1,90,000 houses. With the surge in awareness
among people about the recycling of plastics, the demand for shreddingmachine also
rose significantly. There are lots of industrial firms which are dedicated to utilize the
recycle management concept. Recycling is more sophisticated than we think. In the
whole world, millions of plastic bottles are used every day, but not all are recycled.
They are being dumped in the land fields or empty lands, which exacerbate the ground
fertility.

This project is about the design of plastic bottle shreddingmachine and its fabrica-
tion. This project helps not only in reducing the collection, packaging, transportation
of used plastic but also the labor cost, as this machine itself is portable and can be
used anywhere (Domestic purpose). Also, it is very easy to maneuver and does not
require any skilled labor for its safe operation.

1.1 Literature Review

R. Darshan and S. Gururaja [1] have explained in detail the problems involved in the
transportation of plastic and importance of its size reduction. They have designed a
portable plastic crushingmachine for reducing the volumeof plastic and further for its
recycling. They firmly believe crushing of used water bottles will also ensure that the
bottles are no longer used beyond their shelf life and help reduce the space consumed
in trucks so that more plastic wastes can be transported without overloading the
vehicle, which helps in reducing accidents even.

S. Nithyananth, Libin Samuel, Nithin Mathew, S. Suraj [2] have designed an
agricultural waste shredder machine, whose role is to reduce the volume of agro-
waste available in the fields and to convert it thereafter to useful fertilizers instead
of just decomposing it. They have designed the shredder equipment such that it is
attached to a farm tractor, which ploughs the farmlands.

E. Metin, A. Erozturk, C. Neyim [3] have made clear from their detailed survey
the problems of plastic recycling in countries like Turkey. They have given a detailed
report on solid waste management practices like collection of waste, their restoration
and disposal, etc. with their respective costs. They have also included the statistics of
the country’s household waste generation per capita, population, and municipalities
that play a vital role in the survey.

2 Methodology

2.1 Evolution of Shredders

First-generation shredders: Power transmission is through belt drive in order to
reduce the noise.
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Table 1 Materials of the
components used

Components Material Density

Shaft blades washers AISI 1018 Steel 7870 kg/m3

Hopper lid Aluminum 2700 kg/m3

Table 2 Diameter of the
shaft

Formula N = 1000 rpm N = 1440 rpm
Teq
J = Ts

R d = 29 mm d = 26 mm
Meq
I = σb

y d = 23 mm d = 20.8 mm
Teq
J = Gθ

l d = 26 mm d = 23 mm

Second-generation shredders: Gears employed here are made of plastic, which
makes the shredding process strenuous for the machine, which results in a very less
efficiency.

Third-generation shredders: Power transmission here employs a metal sprocket
to do the job which has perks like low noise, low power loss and propagates efficient
cutting.

Fourth-generation shredders: The drive mechanism employs a metal gear in
order to increase the efficiency of power transmission; however, the effect of friction
and the metal gear sound here is inevitable.

Fifth-generation shredders: It employs a completely different method called the
Diamond snug movement, which is a fully automatic CNC operation; transmission
installation accuracy is very high. (Alloy steel materials are mostly used for the
manufacture of machine components here.)

Sixth-generation shredders (modern): This latest model grinder has a capacity
to even break compact disks and floppies. The embedded buttons panel here ensures
the function of forwarding, rewind, and stop, as in the modern world we pay more
attention to care for the safety and quality of life.

Our shredder is a sixth-generation model.

2.2 Materials

See Table 1.

2.3 Machine Components

Main shaft: The main shaft has a circular cross section on which it holds the blades
and washers without slipping, with the help of a key. It is 30 mm in diameter and is
350 mm long, the effective length is 250 mm, equally distributed on both sides from
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the center of the shaft i.e. it is a simply supported type of beam. The diameter of the
shaft was calculated considering the twisting, bending and shear forces acting on it.

Coupling: There is a Rubber Coupling used here to transmit the power with
minimum loss and mainly to absorb the shocks produced during the shredding
process.

Motor: A Motor of power 1hp (0.746 kW) is likely to be used for satisfying
the purpose of the force required for shredding the bottles (Avg. force required for
shredding a polyethylene terephthalate-PET bottle is 20 N).

Gear box: A Reduction gear box is used here in order to increase the torque
(decrease the speed) produced by motor for efficient shredding of plastic bottles,
which is placed in between the motor and main shaft in the driveline.

Cutting blades: The cutting blades were designed with three sharp corners on
each blade to shred the bottles with maximum efficiency and with a thickness of
10 mm to resist the cutting forces acting upon them, and the size of the shredded
plastic depends upon the density (number) of the blades mounted on the shaft.

Washers: There are washers of same thickness being used, alternate to each blade
on the shaft assembly in order to maintain the clearance for the counter shaft-blades,
for the smooth running of shredder.

Hopper: A hopper is used in the system to easily drop the bottles into themachine;
it prevents the bottles from chipping out and guides them directly into the blades. As
it is mandatory for any cutting device to operate safely.

Lid Mechanism: There is also a Lid mechanism used, in which there is a lid
placed on top of the hopper, and the shredder operates only when the lid remains
closed. This further increases the safety of the system.

3 Working Principle

Our shredder works on the principle of power transmission directly, through a cou-
pling. The machine is powered using a 1HP motor whose speed is reduced from
1440 rpm from 1000 rpm with the aid of a reduction gearbox. The system has two
shafts which are mounted at an offset distance. Each shaft has 12 blades and 12
washers mounted alternately. The power is transmitted to one shaft initially, and then
to the other shaft with the help of a worm gear arrangement, which makes them
rotate in the opposite directions. This shaft assembly (Fig. 1) is enclosed in a cutting
chamber (Fig. 2), on top of which a hopper with a lid is attached (Figs. 3 and 4).
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Fig. 1 Shaft assembly

Fig. 2 Cutting chamber
assembly

Fig. 3 Exploded view of the
final assembly
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Fig. 4 Assembled view

4 Design Calculations and Construction

4.1 Diameter of the Shaft Is Calculated Using

Twisting Moment:

Teq
J

= Ts
R

I = π

32
d4

J = π

32
d4

Teq = π

16
d3Ts

Teq = π

16
d3T3

Teq =
√
T 2 + M2

Bending Moment:

Meq

I
= σb

y

Meq = π

32
d3σb

Meq = 1

2

√
T 2 + M2 + M2



Design of Plastic Bottle Shredding Machine … 631

Shear Force:

Teq
J

= Gθ

l

Teq = π

32
d4Gθ

l

Hence as the largest diameter is to be considered, 30 mm is taken as the diameter
of the shaft.

4.2 Deflection of Beam

(Simply Supported Beam with Uniformly Distributed Load)

δ = 5WL4/384E I

The force required to shred a usual plastic water bottle (100micron) is about 20 N,
but it is taken as 25 N depending upon the safety criterion. The length of the shaft is
taken as 35 mm (as it is a small-scale shredding machine), Young’s Modulus for the
material is 210GPa and the polar moment of inertia is found out from the formula
(for a solid circular shaft)

I = πd2/64

The deflection of the beam is then found to be (1) 5.96E−07 m.

4.3 Frequency

Case 1: From deflection

ω = (g/δ)1/2 f = ω/2π

From here the frequency at the deflection is found to be (2) 645.48 Hz.
Case 2: Natural frequency of the shaft (simply supported) is calculated from the

formula,

f = (k/2π) ∗ (E I/ρAL4)1/2
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Table 3 The natural
frequency of shaft for
different modes

Modes K value Frequency (Hz)

1 9.87 70.5

2 39.5 282.2

3 88.8 6314.4

4 158 1128.8

5 247 1764.68

Table 4 The harmonic
frequency of the shaft under
load

Modes K value Frequency (Hz)

1 9.87 21.69

2 39.5 86.80

3 88.8 195.17

4 158 347.27

5 247 542.81

The density of the material is 7870 kg/m3 from Table 1 and the area of the shaft is
found to be 0.0344 m2. The values of ‘k’ for different modes in a simply supported
beam is given by,

Mode 1 k = 9.87

Mode 2 k = 39.5

Mode 3 k = 88.8

Mode 4 k = 158

Mode 5 k = 247

See Table 3.
Case 3: Frequency of the shaft under UDL (Harmonic frequency) is found using

the formula

f = (k/2π) ∗ (E I/ML3)1/2

where ‘M’ being the combined value of the UDL and self-weight of the beam, the
frequency of beam under load is and the rest of the values such as Max Stress and
Bending Moment are taken from ANSYS as the above results have been validated
theoretically.
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5 Results and Discussions

From the results the maximum diameter arrived for the shaft is 29 mm from Table 2,
which is rounded to 30 mm for the safety and availability factors. Given below are
the analysis results of the shaft for deflection, stress, bending moment, harmonic and
modal analysis.

5.1 Deflection of the Shaft

Hence, it is nearly the same value of deflection as calculated theoretically i.e.
5.96E−07 m (Fig. 5).

5.2 Stress in the Shaft

See Fig. 6.

5.3 Reactions at Supports

The following X, Y, Z solutions are in the Global Coordinate System (Table 5).

Fig. 5 Deflection = 5.34E−07 m
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Fig. 6 Max stress = 131427 N/m2

Table 5 The reactions at joints

Node FX FY FZ MX MY MZ

1 0 0 3.125 −0.227E−017 – –

22 0 0 3.125 −0.227E−017 – –

Total values 0 0 6.250 0.455E−017 – –

5.4 Bending Moment Diagram

See Fig. 7.

5.5 Maximum Bending Stress

See Fig. 8.

5.6 Modal Analysis for the Natural Frequency of the Beam

This is the same frequency as calculated in Case 1 i.e. 645.48 Hz (Figs. 9 and 10).
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Fig. 7 Max. bending moment = 0.906E−18 Nm

Fig. 8 Max. bending stress = 0.342E−12 N/m2
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Fig. 9 Mode 1 = 648.81 Hz

Fig. 10 Mode 2 = 649.66 Hz

Fig. 11 Mode 1 = 4.641 Hz

5.7 Harmonic Analysis for the Frequency of the Shaft
with Uniformly Distributed Load

Hence, the Harmonic Frequencies of the shaft for different modes in the range of 1
to 1000 Hz from Fig. 11, 12, 13, 14, 15,16, 17, and 18 are same as the frequencies
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Fig. 12 Mode 2 = 10.0 Hz

Fig. 13 Mode 3 = 21.544 Hz

Fig. 14 Mode 4 = 46.416 Hz
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Fig. 15 Mode 5 = 100.0 Hz

Fig. 16 Mode 6 = 215.44 Hz

Fig. 17 Mode 7 = 464.16 Hz
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Fig. 18 Mode 8 = 1000 Hz

obtained in Table 4.

6 Conclusion

This plastic shredding machine is unique, compact, and portable. The functioning
of the machine is simple and easy, to be used by any unskilled personnel. This Low
cost and Low maintenance machine are specially designed for plastic recycling.
The extension to this is, plastic bottles when shredded to small pieces or powder
can be used in making of parking tiles, floating bodies like boats or when mixed
with biodegradable powder, it can be decomposed which does not affect the ground
fertility. This machine is one best way to recycle and avoid the production of new
plastic, to minimize plastic effects on environment.
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Effect of Temperature on Stress
Concentration Factor

Jajula Satish, Shubhashis Sanyal and Shubhankar Bhowmick

Abstract In this paper, an isotropic rectangular plate of finite width with a central
circular hole has been considered. Plane stress finite element study under uniaxial,
uniformly distributed, constant tensile loading, and temperature gradient has been
carried out separately and validated. The combined study has been carried out by
maintaining the temperature difference between two sides of the plate. By doing so
it has been observed that the maximum stress occurring at the discontinuity getting
reduced up to some optimum temperature (the temperature at which von Mises
stress getting increased) after that it is crossing the maximum value of stress that
had occurred in case of structural stress. As a result, the maximum reduction in
SCF obtained is 13%. The optimum temperature value is different for different axial
loading values.

Keywords Plate with hole · Coupled loading · Stress concentration factor ·
Mitigation · SCF · Temperature

1 Introduction

The stress concentration is a major factor when it comes to the case of geometries
having discontinuities. There are many research articles available, which discuss
the different ways to mitigate the stress at discontinuity and the reduction of stress
concentration factor (SCF). P.E. Erikson et al. presented an experimentation results,
which shows that the stress concentration factor can be reduced by 13–21% of the
initial value as in case of an infinite width plate subjected to axial loading by making
auxiliary holes on both the sides of initial hole [1]. T.W. Ulrich et al. also discussed
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the reduction of stress concentration by making auxiliary holes near the initial hole.
They had done that analysis by boundary element method in which they divided the
boundary of the geometry into finite parts and they converted 2D to 1D [2]. U.C.
Jindal stated that by introducing the auxiliary holes of same diameter as the original
hole along the axial direction or perpendicular to the axial direction, the maximum
SCF reduced by 22% [3]. Like the same way Jain N.K has given a method in which
the author made four coaxial holes on either side of the hole so as to achieve the
maximum reduction of SCF by 24.4% in an isotropic plate and 31% in orthotropic
plate [4]. The isotropic plate has been made as a composite material by G.S. Giare
et al. to reduce SCF near the hole. In the original platemade up ofAluminum, the SCF
was 2.72. The SCF of new composite material is one (1) [5]. The different attempts
to mitigate the SCF near the singularity have been discussed in a review article by
S. Nagpal et al. [6]. In all the above-discussed cases, the maximum stress (as well
as SCF) has been mitigated by modifying the geometry or changing/improving the
properties of the material. But in all the discussed cases, particularly in case of finite
width plates it is not an easy task to achieve the required geometrical changes. So as
to overcome that difficulties, this paper will be discussing the mitigation of stresses
(SCF as well) at the discontinuity/hole/singularity by introducing the thermal field
near the hole.

2 Methodology

Since the plate is symmetric about both the axes x and y, only a quarter plate was
modeled and simulated in ANSYS. The material considered was steel. Because of
the symmetric nature of the plate only quarter part was considered. The geometry is
shown in Fig. 1.

Fig. 1 2D geometry of
quarter plate
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Initially, axial mechanical loading condition has been considered. A plane eight-
nodded quadrilateral element (PLANE 183) was considered because it is suitable
for both the thermal and mechanical loading conditions. The geometry has been
meshed finely (Number of Elements created were 1720) as shown in Fig. 2. The
lines on which our concentration lies and where we apply the boundary conditions,
those weremeshed very finely. Boundary conditions have been assigned such that the
quarter plate behaves as a full geometry, i.e., a rectangular plate contained a circular
hole at mid-point of its cross section. A constant axial load has been applied on the
right side of the geometry as shown in Fig. 3. The force has been uniformly distributed
among all the nodes of line. Results were obtained using General Postprocessor.

Separate thermal loading has been applied on the same geometry. The ambient
temperature was considered as 30 °C and it is represented with T2; the temperature
on the sides which are located adjacent to the hole is given as 35 °C represented as
T1 as shown in Fig. 4. The temperature distribution is observed and the same has

Fig. 2 Meshing at vicinity
of hole

Fig. 3 Structural loading
and boundary conditions
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Fig. 4 Thermal loading

been done for different temperature values of T1 starting from 35 °C to 80 °C in a
5 °C step. The corresponding temperature distributions were validated [7].

Coupled Loading. Initially, the thermal loading has been applied as mentioned
above then FE analysis has been done. A file with.rth extension has automatically
been created which will be used for structural analysis. Along with the boundary
conditions of structural, the rth file has also been imported. The problem has been
solved and the results were observed by using ANSYS postprocessor. This process
has been repeated by changing the temperature from35 °C to 80 °Cwith an interval of
5 °C for the same structural load of 1.95 kN. The results are discussed in the following
paragraphs. The same analysis has been done for different axial load values from 1
kN to 2.5 kN at regular intervals of load.

Mathematical equations involved in ANSYSwhile solving the problem have been
mentioned as follows [8]. This involves the conservation of energy.

i.e. Total potential energy (P) = Internal Strain Energy (U)—Potential of an
external force (E)

The effects of initial strain and body forces are neglected, then the strain energy
will be

U =
∫

vol

{ε}T [D] {ε} dV (1)

E is { f }T {u}, { f } is an equivalent applied nodal force vector and {u} is nodal
displacement vector. In Eq. (1), {ε} is the strain vector at a point and [D] is the matrix
for constitutive relationships. The strain vector can be defined as

{ε} = [B] {u} (2)

[B] is the matrix of compatibility relations. By substituting Eq. (2) in Eq. (1),
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U = {u}T
⎛
⎝1

2

∫

vol

[B]T [D] [B] dV
⎞
⎠ {u} (3)

By applying the Minimum Potential Energy Principle,

∂P

∂{u} = 0 (4)

By solving the above differential equation using Equations from Eq. (1) to Eq. (3)
and substituting in Eq. (4), the following Eq. (5) can be obtained.

⎡
⎣

∫

vol

[B]T [D] [B] dV
⎤
⎦{u} = { f } (5)

Let [k] =
⎡
⎣

∫

vol

[B]T [D] [B] dV
⎤
⎦

where [k] is an elemental stiffness matrix in local coordinate system.
For each and every element, ANSYS calculates stiffness matrix and combines all

the elemental stiffness matrices according to node numbers to get global stiffness
matrix [K]. For the coupled loading case, the global stiffness matrix for axial loading
will be calculated and the same procedure will be followed for thermal loading as
well. Both the matrices will be superposed so as to get the final result.

3 Results and Discussions

FE Analysis has been done and the results are presented for isotropic finite width
plate with central circular hole under in-plane static loading, thermal loading as well
as the structural and thermal loading (coupled loading).

Structural Analysis: The maximum stress occurred one of the nodes which are
located on the circumference of hole and that node is being termed asNode-5 through-
out our discussion and our main focus lies on the same node. The stress distribution
as in case of axial loading condition is shown in Fig. 5. A detailed view of Node-5
has also been shown in Fig. 5. In case of only mechanical axial loading, the SCF
obtained as 2.6 which has been matched with the data given by Bhandari [9, 10].

Thermal Analysis: The temperature distribution at all the nodes located on the
circumference of the circular hole is validated with the analytical solutions [7].

Coupled Analysis: Thermal load has been applied followed by the structural load
by choosing suitable elements. As the thermal field has been applied, the maximum
stress occurring at Node-5 was decreased and as the temperature is increased at the
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Fig. 5 von Mises stress distribution (Only structural load)

line on which Node-5 is present, the maximum stress was occurring at a different
node other than Node-5 (termed as Node-4) as shown in Fig. 6. From the analysis it’s
also been observed that, as the temperature difference is being increased, the stress
at Node-5 is getting decreased and at the same time the maximum stress value is
getting decreased up to particular �T after which it is going beyond the maximum
stress of structural case.

The corresponding SCF values at different temperature gradients are mentioned
in Table 1. It is been observed that the SCF is decreasing in a linear fashion as �T is
increasing up to critical temperature. After that particular temperature, it is increasing
but it is not following a particular pattern. It has also been observed that there would
be no difference in the result if the sequence of application of the load is changed

Fig. 6 The stress distribution atNode-5 at different�T (5, 10, 15, 20, 30, 33, 35, 40 °C, respectively)
under axial load of 1.95 kN
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Table 1 SCF values at
different temperatures under
the axial loading of 1.95 kN

�T SCF @ Node-5 �T SCF @ Node-4

0 2.594 27 2.256

5 2.533 30 2.369

10 2.471 35 2.646

15 2.410 40 3.200

20 2.348 50 3.467

25 2.287

27 2.256

(i.e., application of thermal load followed by structural load or vice versa will obtain
the same result).

4 Conclusion

From the data obtained from combined loading analysis it has been observed that
as �T is being increased, the displacement values are gradually reaching towards
the positive values from negative displacement values. It can be better explained as
follows.As stated above, the temperature difference is being increased, both the nodes
are getting displaced in a positiveY-direction, but they are being displaced in negative
Y-direction when only mechanical loading is applied. The final displacement of any
of the nodes is being influenced by both the thermal and mechanical loadings. When
both the loadings are applied, the resultant displacement at Node-4 is approaching
towards the positive displacement value, i.e., at a particular�T the displacement due
to the thermal expansion supersedes the displacement due to axial load. The same
behavior can be observed at Node-5 but �T at which this phenomenon happening
is different.

Stress at Node-5 is gradually decreasing as �T is being increased. It can be
justified with the help of following lines. As �T is increasing, the displacement
caused by thermal field superseding the structural displacement. By increasing �T
more, at �T which is greater than optimum temperature difference (�Topt) the
magnitude of displacement at Node-4 is greater than that of Node-5. As a result,
the strain at Node-4 will be more, so the stress at Node-4 is getting increased and
becoming much larger value as �T is being increased.
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Experimental and Finite Element
Analysis of Fracture Parameters
of woven Glass/Epoxy Composite

Venkata Sushma Chinta, P. Ravinder Reddy, Koorapati Eshwara Prasad
and B. Venkata Sai Kiran

Abstract In recent years, Composites are rapidly developing and replacing metals
or alloys in numerous Engineering applications as automobiles, Marine Engineer-
ing, Aerospace, etc. Due to their properties like resistance to wear, corrosion, high
stiffness and strength for reduced weight, superior fatigue characteristics, etc. This
study, aimed to analyze the fracture toughness of glass fiber epoxy composite by
analyzing the specimen in commercial finite element package in ANSYS environ-
ment and there by validating it through experiment. For the experimental process, the
glass–epoxy composites plate has been fabricated by hand layup process consider-
ing epoxy resin as the matrix and woven roving as the reinforcement. The composite
specimens are tested by performing a SENB (single edge notch bend) test to study
the fracture toughness and the crack propagation of the glass fiber epoxy composite.
The comparison showed good agreement.

Keywords Woven roving · Fracture toughness · Epoxy · Three-point bend test

1 Introduction

Composites are immensely versatile materials, owing to their ability to inherit the
properties of its constituent materials and project a completely new set of proper-
ties. Most of the composite materials are made up of two materials; one of them is
the matrix or the Binder, surrounds and Binds together the fibers, which are called
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the reinforcement. The drive to improve the properties of composite materials has
motivated, material scientists to scrutinize composites with less reinforcement size
leading to the development of composites. Composites possess many useful prop-
erties such as a specific stiffness, specific strength, dimensional stability, sufficient
electrical properties, and appreciable corrosion resistance. The ramifications are easy
transportability, reduced stress for rotating parts, high ranges for rockets, whichmake
them alluring for both Civil and defense applications.

1.1 Literature Survey

Composite materials could easily stand up against the conventional metals or alloys
used in engineering areas, yet they pose new problems like interlaminar delamination
and fiber cracking, etc. These composite failures can be prevented by improving the
fracture toughness of the composite.

In this study test pieces are subjected to flexural loads to evaluate the failure of
the specimen in bending conditions, this evaluation helps us in understanding how
the composite materials endure bending loads in various applications such as in
cooling tower fan blades, and automobile drive shafts. Even though there is much
advancement in the field of fracture testing, there are still various problems waiting
to be addressed.

Sham Prasad [1] stated that the durability of a composite structure requires a
better understanding of the composite’s response to the advancement of interlami-
nar delamination under the three modes and mixed modes of fracture. The study of
interlaminar fracture toughness has become popular among researchers, but still a
standard test method has not been developed. Tumino [2] after conducting experi-
mental analysis on glass fiber composite and carbon fiber composite through three
modes and mixed modes of failure, stated that the dependency between fatigue Paris
parameters can be described using a quadratic model, whereas the other monotonic
models already existing fail when applied to analyzed materials.

Fiber concentration is the major factor while studying the fracture toughness of
a composite laminate. The fracture toughness increases and the crack propagation
decreases with the increase in fiber concentration [3, 4]. Ye [5] concluded that the
resistance to delamination decreases with the increase of fiber cross-sectional aspect
ratio, this can be backed up by the review performed by Nausha [6].

Fiber orientation is the most sought out area of study for researchers. Various
authors have analyzed the effect of fiber orientation [7–9], where a majority have
agreed that the sequence 0° /90°/ 0° /90° gives the best results for epoxy–glass fiber
composite and also came to a conclusion that the properties such as fracture property
and strain energy rate are promising for the above orientation. Adem and Prabhu [10]
pointed out that most of the significant mechanical properties show a dependency
on strain rate, where the author concluded that the compressive, shear and flexural
properties of glass–epoxy composite increase with the increase in strain rate.



Experimental and Finite Element Analysis of Fracture Parameters … 651

Composites tested in labs are done in a controlled and steady environment but in
actual applications, these composites are subjected to various adverse environmental
factors such as organic oils and acidic waters [12]. In such conditions, predicting
the working life of the material is very difficult. For example as the temperature
decreases the composites tend to turn brittle [13] and at higher temperatures most
of its properties get reduced [14]. Moreover, in practical situations materials seldom
experience steady loads; they are mostly subjected to cyclic loads [15] and impact
loads [16] where the determination of crack initiation can help in estimating the life
of the composites. Venkata Sushma Chinta [17] has found the fracture toughness
of jute fiber reinforced epoxy composite and found that fracture toughness of jute
epoxy composite is near to that of ceramics like aluminum oxide, silicon carbide,
and better than those of polymers and few multi-fiber composites.

2 Experimentation

2.1 Materials

Woven Roving glass fiber as the reinforcement and epoxy resin (EP-306 grade epoxy
resin and EH-758 grade hardener) as amatrix have been selected, Bidirectional Glass
fibers of 0.3mm thicknesswere chosen in this study. Epoxy resins aremore expensive
than polyester but have superior mechanical properties, higher dynamic strength, and
fatigue resistance, which were used to improve the interfacial adhesion and impart
strength to the composite. Mechanical characteristics of glass fiber and epoxy resin
are shown in Table 1 (Figs. 1, 2).

2.2 Preparation of Standard Test Specimens

In this study, the SENB standard specimens are prepared using hand layup method,
which are further used to study the fracture mechanics of the glass fiber/epoxy
composite.

Initially, the epoxy resin is prepared to be used as the matrix. This matrix is a
mixture of epoxy and substance called hardener, mixed in 10:1 ratio. The hardener

Table 1 Mechanical
properties of glass fiber and
epoxy

Properties Glass fiber Epoxy resin

Young’s modulus (GPa) 72.4 3.45

Density (gm/cc) 2.6 1.14

Rigidity modulus (GPa) 29.67 1.277

Poisson’s ratio 0.22 0.35
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Fig. 1 Epoxy resin and
hardener

Fig. 2 Woven Roving glass
fiber

is highly viscous liquid material, mixed with resin in a suitable proportion, which
helps in the solidification of the wet, smooth composite.

Firstly, during the hand layup process, a heavy metallic mold used to prepare the
laminate. The surfaces of the mold are cleaned and then a release wax is applied
on the surface thoroughly to avoid sticking of epoxy and glass fiber to the surface.
The reinforcement i.e, the woven roving glass fiber sheets are cut as per the required
dimensions. The woven roving fiber sheet is placed on the surface and the epoxy
resin is applied with the help of a brush. To avoid any air bubbles or gaps between
the layers, a roller is moved on the surface with mild pressure after each layer till
all the layers are stacked up as the requirement. The mold is secured tightly together
with the help of bolts and clamps. The laminate is left at room temperature for curing
for about 24 h. The laminate is removed from the mold and left at room temperature
for further curing.
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Table 2 Glass–epoxy specimen dimension

Specimen Length (mm) Width (mm) Thickness (mm) Crack length

GF1 108 20.1 10.26 9.9

GF2 108.04 20.13 10.5 10.4

GF3 108.02 20.1 10.3 10.2

GF4 108.04 20.1 10.25 10.2

GF5 108 20.16 10.2 10.5

GF6 108 20.09 10.17 10.2

The specimens are cut from the laminate plate as per the standards to use it in three-
point bend test. In total six specimens are fabricated provided with a notch as shown
in the below figure and the specimen dimensions are shown in Table 2 (Figs. 3, 4).

Fig. 3 Test specimens

Fig. 4 Glass–epoxy
specimen Gf1
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2.3 Single Edge Notch Bending Test (SENB)

Three-point bending test was performed to calculate the mode I fracture toughness
[11]. This testmethod is used to define the fracture toughness of specimens in terms of
critical stress intensity factor. The test method involves loading a specimen in which
a crack is initiated by creating a notch. In the SENB test, load is given to the specimen
for propagating the already created crack. The test was performed according to test
standard ASTM D-5045, using NANO UTM at our institution. Special three-point
bending test fixtures are used to fix the specimen. The machine can be used for the
maximum load of 25 KN and can bear the maximum weight of 160 kg. Load is
applied and feed rate is set as 10 mm/min.

The load at which the crack propagates is noted from the computer attached to
the UTM. Later the data excel sheet obtained from the computer is used to plot the
LOAD versus Displacement graph (Fig. 5).
Measurement of compliance of specimen and estimation of load p: The following
Conditions should be satisfied by the specimen as per the standards of ASTMD-5045
to conduct test. For Gf1 specimen the thickness of the specimen is 10.26 mm. Single
edge notch bend is suggested with small thickness to achieve plane strain. An optical
microscope is used to measure the notch dimension.

• For straight through notch 1 ≤ W

B
≤ 4 (1)

for Gf1 specimen W
B = 20.1

10.26 = 1.95 is satisfied

Fig. 5 Specimen under test
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• The notchwidth N <
W

10
(2)

for Gf1 specimen 1.6 < 2.01 is satisfied

To determine the initial complianceC, a straight line (AB) is drawn. The reciprocal
of the slope of line (AB), is denoted as C. Draw a second line (AB′) with compliance
5% greater than that of line (AB). If the maximum load that the specimen was able
to withstand, Pmax, falls within lines (AB) and (AB′), use Pmax to calculate K1. If
Pmax falls outside line (AB) and line (AB′), then use the intersection of line (AB′)
and the load curve as PQ. Furthermore, if Pmax/PQ < 1.1, use PQ in the calculation
of K1. However, if Pmax/PQ > 1.1, the test is invalid.

Figure 6 is load versus displacement curve obtained for bending test for Gf1
specimen. Figure 6 shows value of PQ for specimen Gf1 is 2.135 KN. The maximum
load sustained by the specimen, Pmax is 2.265 kN. Pmax/PQ for specimen Gf1 is 1.06,
which is less than 1.1. So the test was found to be valid. Stress intensity factor can be
considered as an estimate of fracture toughness. The critical stress intensity factor is
given by Eq. (3).

KQ = (PQ/BW 1/2) f (x) (3)

PQ Load at which crack propagates in N
B Thickness of the specimen in mm
W Specimen width in mm
A Length of crack in mm

Fig. 6 Estimation of PQ for specimen Gf1
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x = a/W (4)

GQ = (1 − υ2)K 2
1C/E (5)

By using Eq. (3), the stress intensity factor for specimen Gf1 is determined at the
maximum load 2265 N and is found to be 517.35 Mpa.mm1/2. GQ the strain energy
release rate is determined as 9.59 kJ/m2.

3 Finite Element Analysis

Finite element analysis was performed using analysis software ANSYS 18. A three-
dimensional finite element model was created using ANSYS, Mechanical APDL.
The element type used was SHELL 8 NODE 281 and a model of required dimension
was created. Six such models were created as per the specimens that were put into
three-point bending test. The thickness of the created geometry in ANSYS was
divided into equal number of glass–epoxy layers in similar stacking sequence as that
followed in fabricating the SENB compact test specimen.

During analysis, each layer (lamina) was given its orthotropic mechanical prop-
erties shown in Table 3 that were obtained from calculations. The element plot of
SENB specimen and element plot in the vicinity of the crack are shown in Figs. (7, 8).

Table 3 Properties of woven
roving glass/epoxy lamina

Properties Values

E1 26536.3 MPa

E2 26536.3 MPa

E3 11002.6 MPa

ν12 0.112

ν23 0.348

ν13 0.348

G12 3878.53

G23 3845.67

G13 3845.67
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Fig. 7 Element plot for SENB specimen Gf1

Fig. 8 Element plot in the vicinity of the crack

FromFig. 9we canobserve thatK1C fromANSYS forGf1 specimen is 481.67MPa
mm1/2.
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Fig. 9 Critical stress
intensity factor for Gf1

4 Results and Discussions

In Table 4, the strain energy rate evaluated from experiment and ANSYS are listed.
The maximum value of strain energy rate from experiment is 10.30 kJ/m2 at a load of
2295 N. Stress intensity factor evaluated from experiment and ANSYS are listed in
Table 5. Themaximumvalue of stress intensity factor fromexperiment is 536.54MPa
mm1/2 at a load of 2303 N. Deviation is observed in estimation of strain energy
release rate because a more generalized approach mentioned in ASTM D-5045 has
been adopted while conducting the experimental analysis.

Table 4 Comparison of strain energy released rate between experimental and numerical analysis

Specimen designation Load Pmax (N) Strain energy release rate G1c (kJ/m2)

Experiment Ansys % of deviation

Gf1 2265 9.59 8.63 10.01

Gf2 2278 9.51 8.77 8.09

Gf3 2283 9.82 8.91 9.26

Gf4 2297 10.23 9.12 10.85

Gf5 2295 10.30 8.98 12.81

Gf6 2303 10.28 9.11 11.38
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Table 5 Comparison of stress intensity factor between experimental and numerical analysis

Specimen designation Load Pmax (N) Stress intensity factor(k1c) Mpa mm1/2

Experiment Ansys % of deviation

Gf1 2265 517.35 481.67 6.89

Gf2 2278 514.98 486.72 5.4

Gf3 2283 523.52 488.12 6.76

Gf4 2297 534.15 494.91 7.34

Gf5 2295 535.19 491.56 8.32

Gf6 2303 536.54 493.32 7.88

5 Conclusions

All specimens showed expected behavior during the process of fracture as mentioned
in the ASTMD-5045. Results of finite element analysis are found to be reliable with
the results obtained experimentally.

In conclusion, the test followed showed a promising insight on fracture toughness
of glass–epoxy composite, which is the most common and widely used material.
The fracture toughness of glass/epoxy composite determined is on par with materials
such as Magnesium alloys and lead alloys. Hence, glass/epoxy composite can serve
as an effective substitute for these metals and also further, hybrid composites may
be developed and studied, which may be used for space applications, eliminating the
use of heavy metals.
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Automatic Gate System with Autofocus
Camera Using Node-RED

Basavaraj Talikoti, Ruchira Patole, Amit Pradhan, Allen Thomas,
Evin Poulose and Shubham Mane

Abstract Automatic gate system makes a property more secure and exclusive. In
today’s era of automation, it is not just an advanced electronic feature to have an
automatic gate but more often a need to provide high-end security. In this paper,
an automatic gate system is designed which uses an autofocus camera to automati-
cally recognize the license plate of a vehicle along with the vehicle type and model.
The system uses Raspberry Pi 3B + and other sensors along with Node-RED for
connecting the processor and different devices to form an Internet of Things (IoT)
network. The use of autofocus infrared camera enables accurate recognition of vehi-
cle license plates evenwith broken or distorted license plates. It also helps in detecting
fake license plates with proper programming. Node-RED connects all the devices
together by facilitating the flow of data from different sensors to the Raspberry Pi
processor and also the uploading of data to an online database. This automatic gate
system is easy to set up and has extremely useful features with robust body for unpre-
dictable weather conditions. With the use of Raspberry Pi 3B + the processing is
fast and execution is quicker with on-chip Wi-Fi module.

Keywords Automatic gate system · IoT ·Motor · Autofocus camera

1 Introduction

Any kind of property, be it an industrial or a residential property, can be benefitted
by the use of automated gate for security. This kind of system along with automatic
gate opener and closer also provides security from burglars and stray animals from
entering the property [1–4]. It also adds value to the property. The Raspberry Pi
3B + processor acquires data from infrared camera, seven ultrasonic sensors, four
infrared sensors, and three motion sensors. Continuous motion-sensing results in
good quality surveillance because every time a motion is sensed near the vicinity of
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the gate, the object is detected and recognized. The infrared camera used enables the
detection and recognition of objects at night. Node-RED is used for programming
the entire system, which enables the communication between different components
of the system; it also enables the accessing of data from the Internet and uploading
the required data [5–7].

2 Methodology

The methodology of the system as shown in Fig. 1. The data is acquired from the
infrared camera, ultrasonic, IR, andmotion sensors by the Raspberry Pi 3B+ proces-
sor. The programming for the system is done in Node-RED programming platform.
The detection of object is programmed using different nodes in Node-RED. The code
for every node is written in python.

If a license plate is detected, the Automatic License Plate Recognition is done
using OpenALPR a cloud-based API used to detect the number of license plate
as well as the vehicle model. It is done with the help of Tesseract using Optical
Character Recognition (OCR) an online database of OpenALPR. After a recognition,
the processor drives the motor using the motor driver circuit.

Data acquisition by Autofocus  
IR Camera and Sensors Raspberry Pi 3B+

Detection of objects 
& 

Uploading data online

Identification of 
License plates or 

objects

Appropriate Action 
(Gate open, close, 

stop gate movement, 
alarm, alerts)

Fig. 1 Methodology
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3 Automatic Gate System

The brain of the system is the Raspberry Pi 3B+ processor, which acquires the input
from the camera and auto-focuses the camera according to the requirements. The
processor is also connected to ultrasonic sensors and infrared sensors for obstacle
detection and object detection. The processor with the help of motor driver circuit
controls themotor, which is responsible for themovement (opening or closing) of the
gate. Four ultrasonic sensors and four infrared sensors together are responsible for the
auto-focusing of the camera with the help of miniature motors to move the camera
focal lens. Three 360° Wi-Fi motion sensors are used for motion of the camera.
Three ultrasonic sensors are used to stop the gate while closing, if an obstacle is
detected to avoid any harm to humans or pets coming in the way of the moving gate.
If an unrecognized object is detected in the way of the gate at any stage of execution,
immediately an alarmwill be set off and alert will be sent to the authorized personnel.

A 220 V 500 W motor has been used with a pinion and chain. The parameters
considered for choosing the motor for the gate are the length, height, width, material,
andweight of the gate. The other parameters considered for automation are the torque,
speed, safety factor. Calculations incorporating the formulae for torque, weight and
motor speed relations have been used and the specifications of the motor have been
finalized.

Figure 2 and 3 show the programming in Node-RED. It is seen that 28 nodes
for various modules have been connected together. The nodes are programmed with

Fig. 2 Hardware and Node-RED console
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Fig. 3 Node-RED flow

python code of the respectivemodules and are linked to the .py files of their respective
modules stored in the system.

4 Results

The results showing the identification of license plate and model of the vehicle are
as shown.

Figure 4 shows the captured image, which is a vehicle with a broken number plate.
Figures 5 and 6 show the level-1 and level-2 autofocus by the camera, showing clear
numbers of the number plate.

Fig. 4 Capture1 with
broken number plate
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Fig. 5 Level-1 autofocus of capture1

Fig. 6 Level-2 autofocus of
capture1

Figure 7 shows the back license plate captured by the camera module. Figures 8
and 9 show the level-1 and level-2 autofocus of the number plate.

Following is the result obtained after debugging. The results clearly indicate the
identified number plate.

msg.payload : Object
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Fig. 7 Capture2 number plate

Fig. 8 Level-1 autofocus of capture2
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Fig. 9 Level-2 autofocus of
capture2

object
uuid: “”
data_type: “alpr_results”
epoch_time: 1543681938182
processing_time: object
total: 614.6480000024894
plates: 130.6639862060547
vehicles: 434.4749999945634
img_height: 600
img_width: 800
results: array[1]
0: object
plate: ”MH43AP6924”
confidence: 92.20283508300781
region_confidence: 0
vehicle_region: object
y: 0
x: 101
height: 599
width: 599
region: “”
plate_index: 0
processing_time_ms: 38.12080764770508
candidates: array[10]
coordinates: array[4]
vehicle: object
matches_template: 0
requested_topn: 10
credits_monthly_used: 2
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Fig. 10 Alert received from
Node-RED after the
recognition of the vehicle

version: 2
credits_monthly_total: 2000
error: false
regions_of_interest: array[1]
0: object
credit_cost: 2

Figure 10 shows the screenshot of the alert received from Node-RED after the
recognition of the vehicle.

5 Conclusion

The automatic gate system described in this paper provides high security with
automation. The system developed is less expensive and easily installable. The
use of an autofocus camera makes it a highly accurate identification system. The
amount of focus and zoom is decided by the system after a quick attempt to acquire
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a clear image to identify the number. The alert sent to the concerned authorities is
quick which enables the user to take appropriate actions in a very short duration of
time. The hardware of the system is compact and reprogrammable, it can be easily
updated. The system is completely standalone and unmanned; thus, reducing human
intervention to a great extent.
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CFD Analysis of Hydro-Dynamic
Lubrication Journal Bearing Using
Castor Oil

N. Udgire Manojkumar, H. Jagadish and B. Kirankumar

Abstract The overall objectives of the investigation are to decide the journal bearing
lubrication features, for example, pressure distribution and oil film thickness. These
trademarks can be uncovered by settling the condition that administers the fluid–
structure connection happening amongst journal bearing. The pressure distribution
of the greasing up oil is controlled by unravelling Navier–Stokes condition; the
energy condition gives speed plots, which one used to get the pressure distribution
plots by illuminating pressure Poissons condition. The pressure distribution got from
Navier–Stokes is utilised to discover the power and removal by settling the anxieties
and relations. The weight profile of greasing up oil is fixed consider CASTOR oil as
lubricating oil for different length–diameter ratios of the journal bearing by keeping
the constant eccentricity value. The overall objectives of the investigation are to
decide the journal bearing grease qualities, for example, weight conveyance and
oil film thickness. These attributes can be discovered by settling the condition that
oversees the fluid–structure cooperation happening between journal bearings. The
analysis is also carried out for material like bronze for different length–diameter
ratios and constant eccentricity value to find the displacement, stress and pressure
profile distribution in the bearing structure by using the boundary condition. For
analysis, it is accepted that the flow is laminar and steady and the fluid used for
analysis in CFD is CASTOR oil and the boundary condition used is speed 3000 rpm.
From this, the result will be the pressure profile for journal bearing. The pressure
profile for the CASTOR oil after analysis is found to be as 58092.15, 58212.35,
59162.68 and 59592.64 N/m2.
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Keywords Journal bearing · CFD · CSD · ANSYS · Castor oil · Bronze · L/D
ratio and eccentricity

1 Introduction

The bearing is a mechanical component that grants relative movement between two
sections, for example, the pole and the lodging, with a base rubbing. The capacity
of the bearing is as per the following: The bearing backings the pole or the hub and
holds it in the correct position. The bearing backings the pole or the pivot and keeps
it in the right place. The bearing takes up the power that fallow up on the axis and
transmit them to outline or the establishment the bearing guarantees the free turn of
the pole or the hub with least contact.

1.1 Classification of Bearing

Bearings are well-ordered in various ways. Contingent on the course of powers that
follows up on them, bearing is grouped into two classes: (1) Radial bearing backings
the heap, which is opposite to the hub of the pole. (2) Thrust bearing backings the
load, which acts along the centre of the pole. Contingent on the sort of erosion, bear-
ing are ordered into two major gatherings: (1) Sliding contact bearing. (2) Rolling
contact bearing. Sliding contact bearing is additionally called plain contact bearing,
diary bearing or sleeve heading. For this situation, the surface of the pole glides over
the surface of shrub bringing about grating and wear. To decline the grating, these
two surfaces are out of the way by a film greasing up oil. The bearing is made of
superior bearing material like white metal or bronze. Moving contact bearing is addi-
tionally called antifriction bearing or essentially metal roller. Moving components,
for example, balls or rollers, are presented between the surfaces that are in relative
movement.

1.2 Lubrication and Journal Bearing

Lubrication is nothing but reducing friction by means of an apt substance called
lubricant. The rubbing surfaces of bodies have the relative motion between them.
The suitable features of the oil are as follows: (1) To reduce friction. (2) To diminish
or avoid wear. (3) To expel out heat generated due to friction. (4) To shield the
journal bearing from corrosion. Hydrodynamic lubrication is the elastic distortion
of the surfaces engaged as well as the rise in viscosity of the lubricant due to high
pressure. The small flexible, flattering parts together with an increase in thickness
provides a film, even though very thin, that is much denser than would overcome
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Table 1 Details of circular
journal bearing

Journal radius 5 cm

Radial clearance 0.005 cm

Bearing pad thickness 0.5 cm

L/D ratio 2.0, 2.1, 2.2, 2.3, 2.4

Eccentricity ratio 0.8

with completely rigid portions. Or the film that occurs when a lubricant is introduced
between the surface that is in rolling contacts, such asmating gears or rolling bearing,
decreases friction.

Governing Equations in CFD:

(i) Continuity equation:

∂u/∂p+ ∂v/∂q+ ∂w/∂r = 0 (1)

In the elasto hydrodynamic lubrication bearing, oil pressure is premeditated by
solving the Navier–Stokes equation conforming to fluid flow section subjected to
boundary conditions. To get the numerical resolution, journal bearings are mod-
elled using elasto hydrodynamic model, and the solution is attained by using the
finite volume method. For this, the commercially available fluid flow solver, ANSYS
FLUENT is used. The geometrical model is designed using PRO/E CAD software
and is then imported to fluent software. FLUENT solver gives numerical solution
for given bearing loading subjected to boundary conditions.

Journal bearings are designed and modelled in PRO/E software using geometrical
information shown in underneath the table (Table 1).

The geometrical models of EHL journal bearings are shown in following figures
(Figs. 1, 2, 3, 4, 5).

Fig. 1 L/D = 2 and ε = 0.8
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Fig. 2 L/D = 2.1 and ε = 0.8

Fig. 3 L/D = 2. 2 and ε = 0.8

Fig. 4 L/D = 2.3 and ε = 0.8
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Fig. 5 L/D = 2.4 and ε = 0.8

2 Lubricating Oils

The required properties of lubricating oil are as follows:

• It ought to be accessible in a broad scope of viscosities.
• There ought to be little change in consistency of the oil with a change in
temperature.

• The oil ought to be artificially steady with the bearing material and air at all
temperatures experienced in the application.

• The oil ought to have adequate explicit warmth to divert frictional warmth, without
anomalous ascent in temperature.

• It ought to be economically accessible at a sensible expense (Table 2).

The result for the given fluid flow problem using ANSYS workbench is attained by
the below mentioned three critical steps.

1. Preprocessor.
2. Set-up and solution.
3. Post-processing.

Imported model (Fig. 6).
Meshed mode (Fig. 7).
Structural pressure (Fig. 8).

Table 2 Castor oil properties
ρ 961 kg/m3

CP 1800 j/kg k

k 0.18 w/m k

ν 0.2844 n-s/m2
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Fig. 6 Imported model in ansys software

Fig. 7 Meshed model

2.1 Structural Analysis of Journal Bearing

The pressure field obtained from fluid subtleties is used in the mechanical analysis
to determine the displacement and stresses taking place in mating surfaces. Laminar
study floemeasured in liquid dynamics and bronzematerial is used in structural anal-
ysis. Commercially available ANSYS software, based on FEM, is used for structural
investigation. ANSYS is unanimously useful software to solve the problems numer-
ically of mechanical/civil engineering involving static/changing, auxiliary research
(both straight and nonlinear), warmth exchange, and liquid issues and additionally
acoustic and electromagnetic problems (Table 3).
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Fig. 8 Applying pressures to model

Table 3 Bronze material
properties

Young’s modulus 75000 MPa

Poisson’s ratio 0.29

Density 0.0000064 kg/mm3

3 Results and Discussion

The examination of the diary bearing is done by using the FLUENT® programming,
and laminar stream condition is employed for this model. Whats more, to which a
standard k- 1show is applied for a laminar stream. The significant circumstances that
are assessed for the liquid streams are the laminar demonstrating and force condition.
The arrangement of Navier-feeds condition gives the speed vectors and weight in
the liquid stream locale. FLUENT® can explain the Navier-feeds condition with the
standard k- 1laminar model.

In the current research work, journal bearing is analysed using elastic hydrody-
namic model to treasure the pressure field, and deformation of bearing coupling
surfaces studies fluid dynamics and fluid–structure interface methods. The com-
mercially available ANSYS fluent software is used to envisage oil film pressure
deformation and stresses occurring in mating surfaces using CASTOR oil (Figs. 9,
10, 11, 12, 13).
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Fig. 9 L/D = 2.2 and ε = 0.8

Fig. 10 L/D = 2.3 and ε = 0.8
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Fig. 11 L/D = 2.4 and ε = 0.8

Fig. 12 L/D = 2.0 and ε = 0.8
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Fig. 13 L/D = 2.1 and ε = 0.8

4 FSI Results

The outcomes attained from fluid flow analysis are given as input to the structural
analysis problem to solve fluid–structure interaction problems. The pressure values
obtained from FLUENT is used in the coupled field analysis and is offered in data
to structural analysis that has been carried out using ANSYS to get displacement
and stress values in journal bearings. The material properties considering structural
analysis are listed below. The displacement and stresses are shown for BRONZE
material.

L/D = 2.0 and ε = 0.8 (Figs. 14, 15).
L/D = 2.4 and ε = 0.8 (Figs. 16, 17, Graph 1).

5 Conclusion

TheCFD and structural analysis are done on differentmodels usingANSYS to assess
the fluid pressures, Stress distribution and displacement in journal bearing. Different
models of journal bearing are designed by varying L/D ratios 2.0, 2.1, 2.2, 2.3 and
2.4 and eccentricity ratios 0.8. 3D modelling is completed in Pro/Engineer. CFD and
structural analysis are completed in ANSYS. By watching the CFD and auxiliary
investigation results, the weight is expanding by expanding the L/D proportions and
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Fig. 14 Displacement

Fig. 15 Stress
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Fig. 16 Displacement

Fig. 17 Stress
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Graph. 1 Castor oil for
different L/D ratios
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displacement value surges for bronze material for different L/D ratios from 2.0, 2.1,
2.2, 2.3 and 2.4 and same oddness values of 0.8, the displacement are to be 0.0098,
0.01, 0.01, 0.01 and 0.014 m and stresses are to be 29.24, 29.68, 30.36, 35.72 and
36.65 N/m2, respectively.



To Evaluate Chassis Frequency
Harmonics of Vehicles by Modal Analysis
and Measurement

Nilesh Ahirrao and Santosh Bhosle

Abstract Dealing with increased levels of vibrations and annoying noise is a major
task in front of today’s automotive industry. Uncontrolled vibrations lead to the dam-
age of the vehicle systems. The impact due to large force transmissions introduces
large values of unbalanced forces and eventually large stress values. Computational
tools are indeed beneficial in resolving the issues through modeling and simulation.
Advanced design techniques uses different software and programming methods to
evaluate the problems at design stages itself. Harmonic analysis is very critical in
the design stages as well as in the operative stages. The unevenness on roads, like
speed breakers cause excessive vibrations and uncontrolled dynamics in a vehicle.
This paper illustrates the harmonic determination for a vehicle through modal anal-
ysis. Modal analysis enhances the capability in determining the modes of vibrations
along with frequencies at which these modes occur. The results from modal analy-
sis are compared with the measured values from FFT analyzer. Results from these
efforts are discussed, which shows the effectiveness of modal analysis and vibration
measurement. Significant reduction in failures of vehicles on roads due to excessive
deflections at high vibrating frequencies is a major task. This paper contributes in
addressing the issues related to analyzing the vibration levels of vehicle chassis on
road surface conditions.

Keywords Harmonics · Frequency ·Modal · Vibrations · Vehicles

1 Introduction

To reduce the unwanted failures and distractive sound levels in vehicles is a major
issue related to driving quality and comforts for human beings. It is important to iden-
tify the significant cause for such unwanted vibrations and discomforts. To calculate
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the unbalanced component of forces in driving conditions is always a tedious task
for designers. For Vehicle models, the instability of parameters is always a major
concern. On board vibration measurement techniques are very critical in vehicle
design and maintenance. For vibration analysis, it is very convenient to indulge in
frequency domain. On the contrary it is not so recommended to get involve with time
domain. Very high level of confusing signal is available with time domain spectrums.
In frequency analysis the amplitude against the time signals is converted to one of
amplitude against frequency. This is possible for all types of measured signals in
vehicles in majority of chassis point locations [1, 2]. The vibration amplitudes may
be displacements, velocities and accelerations. Torsional Vibrations are also very
important in measurement and analysis of vibrations in many structures. Modal fre-
quency calibration is very effective in chassis vibration calculations and diagnosis.
The very significant role of frequency analysis is to provide high quality information
and data about a vehicle from its vibration signals. Vehicles travelling on irregu-
larities produce bouncing and pitching effects. When one wheel is lifted or drops,
jumping action occurs. The vehicle lifts to one side which is highly uncomfortable
to driver and other passengers. It also reduces the wheel-road adhesion. In addition
to these, wheel wobble occurs which is highly dangerous [3–5].

Vibrating panels in a vehicle causes noise levels in a vehicle. We are in the era of
modernization of vehicles. A significant fact about all modern cars and other vehicles
is that these vehicles are designed in such a fashion that their rigidity mainly comes
from platform chassis. Inertial effects like longitudinal speed and rolling plays vital
role in stability of a vehicle, provided by chassis. Rigidity does not rely on upper
framework of window and door pillars, quarter panels, and windscreen rails. These
upper body components are becoming more and more slender. The vehicle main
body and frame are mounted on front and rear axles, through springs and shock
absorbers. This arrangement is very important for damping purpose. It is expected
that suspension system allows minimum amount of shocks getting transmitted to the
chassis by the wheels when they roll over on uneven road surfaces. Modeling of such
rolling action is very critical to see the amplitude of vibrations against frequency.
FFT analyzer along with accelerometer can be effectively used for vibration mea-
surement of a model [6–9]. When shocks are transmitted to the chassis, it creates
discomfort to the passengers and driver. Natural frequencies for the inertial structural
elements results in many problems. So it is very important to identify these frequen-
cies. Modeling and simulation of a vehicle model along with specific experimental
parameters are important for optimized output results. The parameters like mass and
structural uncertainties along with and nonlinear parameters plays significant role
in evaluating the natural frequencies and modes of vibrations [10–12]. Uneven road
conditions are responsible for jerks to passengers. Modeling of vibrating elements
is very important in reducing vibration and noise levels. In the conditions of corner-
ing and pitching, the front wheels are lifted or dropped with respect to rear wheels.
Pitching also occurs when the vehicle is accelerating or braking. These conditions
give very uncomfortable ride to the passengers, as well as high stresses in the vehi-
cle chassis. Vertical movement causes change in moment of inertia for a vehicle.
Effective isolating systems are needed to make these vibrations to nullify [13–15].
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Random unevenness in road profile and vehicle performance on such surface needs
to be evaluated. Resonance is a drastic condition for high level of amplitudes of
vibration. In this high amplitude of vibration, stresses may exceed the permissible
limits. Rigidity of chassis system is vital in this situation. So, it is very important
to predict the resonant conditions for a vehicle chassis. Finite element method iden-
tifies the local defects in chassis frame and modal analysis is useful for detecting
the frequency ranges of vibrating chassis along with deformations and amplitude of
vibrations [16–19].

2 Modal Analysis

We consider movement of a vehicle on uneven road surface like speed breakers,
which results in pitching and cornering of a chassis. In such a dynamic situation, the
system becomes time-dependent. Modal analysis is a way by which we can calculate
the natural frequencies of the vibrating chassis. Modal analysis tells us the resonance
frequencies of vehicle depending upon geometry of a vehicle.

2.1 Hypothesis in Modal Analysis

• We will start with the least value of frequency. The next step is to select the last
frequency we want to stop searching.

• It is important to find the resonance frequencies which are in a certain range of
operations. Amode superposition method is primarily used for harmonic analysis,
which will give the results faster.

2.2 Procedure for Modal Analysis in ANSYS and Test-Model
Specifications

Foremost step is to attach geometry, then assigning the material properties. Second
step is to define the contact regions. Third step is to define mesh controls which is
optional. Fourth step is to include the supports. Fifth step is to request for harmonic
analysis. Sixth step is to set harmonic analysis options. Final stage is to solve and to
review the results.

2.3 Test-Model Specifications for Chassis Structure

The major properties and dimensions of a chassis model are shown in Table 1.
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Table 1 Chassis model
specifications

Material properties Values for structural steel

Young’s modulus 2e+005 N/mm2

Yield stress 250 N/mm2

Ultimate stress 460 N/mm2

Model dimensions X:807 mm; Y:500 mm; Z:233.2 mm

Model volume 4.374e+006 mm3

3 Results—Modal Analysis

The frequencies and deformation values for six modes of vibrations are evaluated
in modal analysis. Table 2 shows the frequency values and deformation for all six
modes of vibration.

3.1 Deformation for First Mode at 94.663 Hz—Maximum
14.349 mm

See Fig. 1. The highest value of deformation at 94.663 Hz frequency is 14.349 mm in
first mode of chassis vibration. This is vertical displacement for first mode. Figure 1
illustrates this deformation in first mode of chassis vibration.

3.2 Deformation for Second Mode at 126.45 Hz—Maximum
15.317 mm

See Fig. 2. The highest value of deformation at 126.45 Hz frequency is 15.317 mm,
which is the second mode of chassis vibration. This is also the vertical movement for
second mode. Figure 2 illustrates this deformation of chassis model in second mode
of vibration.

Table 2 Frequency and
maximum deformation values
for different modes

Sr. No Modes of
vibrations

Frequencies
(Hz)

Deformations
(mm)

1 First mode 94.663 14.349

2 Second mode 126.45 15.317

3 Third mode 126.48 18.696

4 Fourth mode 130.37 16.444

5 Fifth mode 137.61 12.315

6 Sixth mode 150.5 19.075
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Fig. 1 First mode shape for chassis model vibrations

Fig. 2 Second mode shape for chassis model vibrations

3.3 Harmonic Analysis of Chassis Model for a Frequency
Range 0–100 Hz

See Fig. 3. The harmonic analysis for the narrow range of frequencies 0–100 Hz is
done and the results are shown in Fig. 3.
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Fig. 3 Harmonic response for 0–100 Hz

3.4 Harmonic Analysis of Chassis Model for a Frequency
Range 0–200 Hz

See Fig. 4. A frequency range of 0–200 Hz is selected for harmonic analysis and the
results are shown in Fig. 4. Major modes of vibrations are covered in this range of
frequencies.

Fig. 4 Harmonic response for 0–200 Hz
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Fig. 5 Frequency value by FFT analyzer

4 Experimental Results—Vibration Measurement

A chassis model is built with steel material with the same specifications as given in
Table 1. This chassis model is run on a track having some irregularities like speed
breakers. FFTAnalyzer with accelerometer is used tomeasure the vibration levels on
the chassis frame. The results are shown in Fig. 5. The first two peaks are significant
and the value for maximum vibration level is 0.77 mm/s, which is for a frequency of
112.5 Hz.

5 Discussion

Table 2 provides the values of frequencies and deformation for all six modes of
vibration through modal analysis for a chassis model. The first two mode shapes
are obtained at 94.663 Hz and at 126.45 Hz. Figures 1 and 2 represents the two
mode shapes along with deformation values. In modal analysis, we have to fix the
frequency range of operation. Figure 3 represents harmonic analysis for a frequency
range of 0–100 Hz. In this range only first mode of 94.663 Hz is accompanied. We
did not achieve the second and consecutive modes in this range. Figure 4 represents
harmonic analysis for a frequency range of 0–200 Hz. In this range second mode
of 126.45 Hz is also accompanied along with other consecutive frequency values.
Figure 5 shows the measured vibration value for chassis model, which is maximum
for a frequency of 112.5 Hz. This value is falling beyond the first frequency range of
0–100 Hz. Therefore it indicates that the proper frequency range for modal analysis
in this case of a chassis model should be 0–200 Hz.
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6 Conclusion

This paper describes a method for harmonic modal analysis in case of chassis model
which are built with known geometric and material specifications. In this paper, we
used structural steel as a material for chassis model. The primary purpose of modal
analysis is to find the modes of vibrations and the frequencies at which these occur.
As important always, the initial frequency is very critical for observations. We will
start with the least value of frequency and the next step is to select the last frequency
value, to get a range of frequencies for analysis. It is always important in relation
to time saving, and effectiveness, we should not search the full frequency spectrum.
But it is important to find the resonance frequencies which are in a certain range
of operations. Through vibration measurement on test model we can exactly predict
the maximum range of frequency value. It will save the crucial time of calculations
and also increases accuracies for further design calculations. We also conclude that
minimum twomodes of vibrations are important inmodal analysis for chassismodels.
This procedure helps in evaluating proper harmonic frequencies at the design stage
itself, which is very important to fix the mass and stiffness properties. Eventually
the material selection procedure also gets benefitted with modal analysis. This paper
thus describes the significance of modal analysis and vibration measurement for
evaluating chassis harmonics.
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Analysis of Internal Damping in Rotating
Shaft

K. Raju, M. Ravindra Gandhi, Rajasekhar Vangala and N. Suresh

Abstract In most of the applications of vibration compared to the elastic and inertia
forces, the magnitude of damping forces is small. Under certain circumstances, these
small forces may, however, create great influence. Damping is one of the important
parameters in the study of dynamic systems. It is generally measured under condi-
tions of cyclic motion and is defined as the energy dissipation in a mechanical system
whose free oscillations decrease with time, resulting in a decrease in its amplitude
of vibration. From a theoretical point of view, there are two different methods to
measure damping, i.e., time response methods and frequency response methods. In
rotating machinery, the measurement of damping by applying time response meth-
ods and frequency response methods is very difficult. Due to that reason, there is
a lack of experiments to measure damping in rotating machinery. This paper dis-
cussed Kelvin–Voigt approach for measuring damping in mechanical systems. The
mechanical system analyzed in this thesis is a rotating shaft. In general, damping
can be explicit through different parameters as damping ratio (ζ) or loss factor (η).
Therefore, the objective about this paper is to determine one of these parameters by
means of measuring simple variables such as forces or displacements.
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1 Methodology

The concept about this project is to determine the damping factor (loss factor (η))
by using simple variables such as force (or) moment. For that, a new methodology
is developed and this can be splitted in three steps which are stated as below:

Step 1: Relating moments (or) forces with viscosity.
Step 2: Relating viscosity with loss factor.
Step 3: Relating moments (or) forces with loss factor.

1.1 Methodology Implementation

For implementing the above methodology, consider a rotating shaft of simply sup-
ported which is subjected to constant central load (see Fig. 1). Assume the shaft is
made up of viscoelastic material.

Viscoelastic materials show simultaneously a viscous and an elastic behavior.
Different models can represent viscoelastic materials; however, in this project, the
Kelvin–Voigt model will only be considered. This model represents the behavior of
viscoelastic material by means of a dashpot and a spring as shown in Fig. 2.

In order to have the same deformation, the dashpot constrains the spring. The
Kelvin–Voigt model is expressed mathematically by the following expression:

σ = Eε + γ
dε

dt
(1)

where

σ = Stress,
E = Young’s modulus,
ε = Stress, and
γ = Viscosity

Fx
y

δ Fy t

Fig. 1 Moments and forces
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Fig. 2 Dashpot and a spring

Step 1: Relating Moments (or) Forces with Viscosity.

In this analysis, the shaft must be kept in a constant deformed position (δ) as shown
in Fig. 1, and is rotating with the angular velocity. The strain at any point will change
by the following expression:

ε(r, t) = εmax

R
.r. sin(ωt) (2)

where

R = Shaft radius
r = Distance between the point and its center of section
t = Time
ω = Rotating frequency
εmax = Maximum strain

On deriving Eq. (2), the strain rate is obtained, which induces a stationary stress
state similar to the bending stress state but is rotated 90°. Equation (3) explicits the
strain rate:

d

dt
ε(r, t) = εmax

R
.r.ω. cos(ωt) (3)

On the other side, from the following expression, the bending moment about x
can be calculated:

Mx =
R∫

−R

√
R2−X2∫

−√
R2−X2

σMax..y

R
.y.dy.dx (4)

The result of the integration is
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Mx = σMax.R3.π

4
(5)

Mx can also be expressed through the following equation:

Mx = σy.Max.R3.π

4
(6)

Assuming that

σ = σx + σy (7)

Then, it would be concluded that Mx is found as follows:

Mx = E .εMax.R3.π

4
(7a)

In the similar way than with Mx, it is possible to obtain My:

My =
R∫

−R

√
R2−Y 2∫

−√
R2−Y 2

σMax..x

R
.x .dy.dx (8)

The result of the integration is

My = σMax.R3.π

4
(9)

Equation (9) can be expressed just as Eq. (10) which is shown below:

My = σXmax.R3.π

4
(10)

On substituting Kelvin–Voigt model Eq. (1) in the place of σXmax of above
equation, we get

My = γ.R3.π

4

d

dt
(εmax) (11)

At this point, the above expression relates a moment with the viscosity which has
been obtained.
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Step 2: Relating Viscosity with Loss Factor (η).

It will be used by the complex modulus to relate both parameters. As it has been
mentioned above, viscoelastic materials show simultaneously a viscous and an elas-
tic behavior. It means that must be represented their modulus by a complex quan-
tity, which possesses components both dissipative and stored energy. This can be
expressed about complex modulus in different ways depending on the model used to
depict the system. On one hand, the hysteretic model defines through the following
expression about the complex modulus:

E∗ = E(1 + iη) = E + i · η · E (12)

On the other hand, the hysteretic model can also be applied when a material
is subjected to cyclic loading. In this case, it is required to assume that both the
time histories of the stress cycles and the history of the deformation are harmonic.
Moreover, the strain will be delayed in time by a phase angle ϕ, which is considered
independent from the frequency. Under these conditions, the strain and strain rate,
and time histories of stress can be expressed as follows:

ε = εo. cos(ωt − φ) = εo.e
−iφ.eiωt (13)

σ = σo. cos(ωt) = σo.e
iωt (14)

d

dt
(ε) = εo.e

−iφ.eiωt .i.ω (15)

where

ω = Cyclic loading frequency
t = Time
φ = Phase angle
σo = Maximum stress
εo = Maximum strain

The complex modulus relates stress and strain according to the following
expression:

E∗ = σ

ε
(16)

By introducing Eqs. (13) and (14) into Eq. (16), the following expression is obtained
for the complex modulus:

E∗ = σ

εo.e−iφ
(17)
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Now, it is required to relate σo with εo, and by introducing Eqs. (14) and (15) into
Eq. (2), the following equation is obtained:

σ = E
(
εo..e

−iφ.eiωt
) + γ.e−iφ.eiωt .i.ω (18)

As Eqs. (13) and (18) define the same parameter—stress—it is possible to state that

E
(
εo..e

−iφ.eiωt
) + γ.e−iφ.eiωt .i.ω = σo.e

iωt (19)

Consequently, σo can be expressed through the following expression:

σo = εo.e
−iφ.(E + iωγ ) (20)

If Eq. (20) is introduced into Eq. (17), an equation is obtained, which gives the
complex modulus:

E∗ = E + i.γ .ω (21)

If Eqs. (12) and (21) are compared, it is possible to assert that:

γ.ω = E .η (22)

Therefore, viscosity can be expressed in the following equation:

γ = E .η

ω
(23)

The equation is interesting because it shows that viscosity depends on the frequency.
It also relates viscosity with loss factor.

Step 3: Relating Moments (or) Forces with Loss Factor.

After relating the viscosity with the loss factor (η), the last step would be to relate
the loss factor (η) with a force instead of a moment because measuring moments can
be more complicated than measuring forces.

At this point, it would be possible to expressMy as function of the loss factor (η)
by introducing Eq. (23) into Eq. (11).

My = E .η

4.ω
.
d

dt
(εmax).R

3.π (24)

Applying the solid mechanics theory to the shaft shown in Fig. 1, it is required to
state that

Fx = 4.My

L
(25)
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Fy = 4.Mx

L
(26)

where L is the length of the shaft.
One of the parameters of Eq. (24), εmáx is unknown; hence, it is necessary to

determine it. It is workable to express εmáx as function of Fy.
The value of Fy is known because it is the force that is introduced to keep about

the shaft in a constant.
Deformed position (δ). Introducing Eq. (7a) into Eq. (26), the next expression can

be obtained as follows:

1

4
E .εmax.R

3.π = L

4
.Fy (27)

Byworking out the value of εmáx fromEq. (27), the following equation is obtained:

εmax = L .Fy

E .R3.π
(28)

Now, relate the loss factor (η) with the parameters that are known or that can be
easily measured. By introducing Eq. (24) into Eq. (25), the following equation is
obtained:

Fx = 4.E .η

L .4.ω
.
d

dt
(εmax).R

3.π (29)

If Eq. (28) is introduced into Eq. (3), d
dt (εmax) is expressed through the following:

d

dt
(εmax) = L .Fy

E .R3.π.R
.r.ω. cos(ωt) (30)

Thus, Fx can be expressed through the following equation:

Fx = 4.E .η

L .4.ω

L .Fy

E .R4.π
r.ω. cos(ωt).R3.π (31)

By simplifying Eq. (31), the following equation is obtained:

Fx = r

R
Fy .η. cos(ωt) (32)

As Fx and Fy will be measured in the shaft outer part, it is required to state that

Fx = Fy .η. cos(ωt) (33)

As the value of Fx is fluctuating in time, it is possible to assert that the maximum
value of Fx is given by the following equation:
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Fx = Fy .η (34)

As a result, the loss factor (η) may be calculated as function of Fy and the Fx

maximum value:

η = Fx

Fy
(35)

On substituting Fx value and Fy value in the equation, we get

η = γ rω cos(ωt)

RE

2 Results and Discussions

In this chapter, it may be concluded that the expression which is derived is performed
by usingMATLAB code. The graphs were drawn between loss factor and parameters
(R, ω, r, t) in the derived expression. When the shaft was rotating and constant center
loads are acting at the shaft middle portion, the vibrations are obtained in the shaft,
and to reduce the amplitude of vibrations some amount of energy is liberated from
the shaft t. The energy loss is represented in the analytical form. By varying any
one of the parameters (R, ω, r, t) in the derived expression and keeping remaining
parameters constant. The input parameters were shown in Table 1.

2.1 Loss Factor Versus Radius of the Shaft

Figure 1 shows the variation of loss factor with radius of the shaft. From the figure, it
is observed that if the radius of the shaft is increasing, loss factor (energy dissipation)
decreases. Because if the radius of the shaft is increased, self-weight of the shaft is

Table 1 Input data Young’s modulus (E) of steel 2.1 × 105 N/mm2

Viscosity of steel 49 N s/mm

Radius (R) of the shaft (mm) 12, 15, 18, 21

Speed of the shaft (N) (rpm) 480, 520, 630, 720

Frequency of the shaft (Hz) 31.49, 40.84, 43.98, 54.45

Distance of the point to the center
of section (r) (mm)

3, 4, 5

Time (t) (s) 60, 120, 180, 220
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Table 2 Representation of
shaft radius and loss factor

Shaft radius (mm) Loss factor (η)

12 2.128 × 10−4

15 1.702 × 10−4

18 1.418 × 10−4

21 1.216 × 10−4

Table 3 Representation of
shaft frequency and loss
factor

Frequency Loss factor (η)

31.41 0.0002

40.84 0.0011

43.98 0.0025

54.45 0.0038

also increased, and due to this the vibrations obtained were low initially and to avoid
these vibrations, the energy liberated is also low. From Table 2, it is observed that
is the loss factor values are obtained less than one, it results in underdamping and
due to underdamping the amplitude of vibration is reduced gradually. If loss factor
values are equal to one or greater than one, the vibrations are produced continuously
in the system and cannot be controlled due to this system failure which has occurred.

2.2 Loss Factor Versus Frequency of the Shaft

Figure 4 shows variation of loss factor with frequency of the shaft, and from the figure
it is observed that if the frequency of the shaft increases, loss factor also increases
because when the speed of the shaft increases, vibrations produced in the shaft also
increases, and to reduce these vibrations the energy liberated from the shaft also
increases. From Table 3, it is observed that by changing the frequency of the shaft,
the loss factor values which are obtained are less than one. The damping which has
occurred is underdamped.

2.3 Loss Factor Versus Distance of the Point from the Center
of Section

Figure 5 shows the loss factor with distance of the point from the center of the section.
From the figure, it is observed that if the distance of the point from the center of the
section increases, loss factor also increases because the summation of all the energy
from all the points liberated from the shaft can reduce the vibration of the shaft. From
Table 4, it is observed that all the loss factor values which are obtained are less than
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Table 4 Representation of
loss factor and distance of the
point from the center of
section

Distance of the point from the center of
section (r) (mm)

Loss factor (η)

3 1.172 × 10−4

4 2.296 × 10−4

5 2.871 × 10−4

Table 5 Representation loss
factor and time

Time (t) Loss factor (η)

60 2.213 × 10−4

120 5.321 × 10−4

180 8.315 × 10−4

240 11.214 × 10−4

one, and it represents under damping, and due to this the amplitude of vibration is
reduced gradually. If the loss factor values are equal to one or greater than one, the
vibrations were produced in the system continuously and cannot be controlled, and
due to this, system failure can occur.

2.4 Loss Factor Versus Time

Figure 6 shows variation of loss factor with time, and from the graph, it is observed
that with the change in the time, the value of loss factor (energy dissipation) also
changes. Vibrations obtained in the shaft increase with time. The energy dissipation
also increases with time to reduce the vibration of the shaft.

From Table 5, it is observed that all the loss factor values which are obtained are
less than one, and it shows underdamping, and due to this the amplitude of vibration
is reduced gradually. If the loss factor values are equal to one or greater than one,
the vibrations were produced in the shaft continuously and cannot be controlled and
due to this system failure occur.

3 Conclusion

The thesis of the objective is to determine the loss factor (η) by using simple variables
such as forces (or) moment and for that a new theoretical methodology has been
developed. This can be performed in three steps which are relating moments (or)
forces with viscosity, relating viscosity with loss factor, and relating moments (or)
forces with loss factor.
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A rotating shaft of simply supported beamwith constant central load is considered
for implementing the methodology. Assumption for this case as shaft is made up
of viscoelastic material. There are different models to represent the behavior of
viscoelastic material. In this project, Kelvin–Voigt model is considered.

Kelvin–Voigt model is expressed mathematically by the following expression:

σ = Eε + γ
dε

dt

where

σ = Stress,
E = Young’s modulus,
ε = Stress, and
γ = Viscosity.

The theoretical analysis indicates that it is required tomeasure damping according
to the proposedmethodology. The expression which is obtained can be accomplished
using MATLAB code.

From Figs. 3, 4, 5, and 6, it is observed that the loss factor values are obtained
less than one which is underdamped. From the figures, it can be identified that the
amplitude of vibration was reduced gradually. Hence, the proposed methodology
which is obtained is suitable for measuring damping.

To conclude the thesis from the results, it is observed that the methodology which
is proposed can be used for measuring loss factor. The given methodology which is
proposed depends on system of single degree of freedom. Using a multi-degree of
freedom system, the results should give better and realistic results.

Fig. 3 Loss factor versus
radius of shaft
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Fig. 4 Loss factor versus
shaft frequency

Fig. 5 Loss factor versus
distance of point of the
center of section
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Fig. 6 Loss factor versus
time
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An Overview of Harmony Search
Algorithm Applied in Identical Parallel
Machine Scheduling

P. Sreenivas, Shaik Khaja Peer Saheb and M. Yohan

Abstract Harmony Search Algorithms (HSA) is one of new meta-heuristic tech-
nique use in optimizing the parallel machine scheduling. HSA has gained much
popularity in solving identical parallel machine scheduling problems such as mini-
mizing the maximum makespan time. In HSA, a permutation-based improvisation
process implemented in solving different optimization issues in the identical parallel
machine scheduling. The HSA has proposed due to various characteristic advantages
such as it is efficient, simple, easy and accurate. In this paper has been discussed
various researcher’s HSA application in identical parallel machine scheduling and
summarized their conclusions.

Keywords Harmony search algorithm · Identical parallel machine ·
Meta-heuristic · Optimization

1 Introduction

1.1 Identical Parallel Machine Scheduling

This paper gives an insight of the identical parallel machine scheduling issue to min-
imize maximum makespan and minimizing the total tardiness. This situation arises
where the completion of job or process is more and more important. This paper deals
with Harmony Search algorithm (HSA) one of the popular optimization technique
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which is used in identical parallel machine scheduling. Machine scheduling plays a
key role in allocating of different jobs to perform different operations for generating
desired shape, form and size on variety of machines in a way which involves in mini-
mization of tardiness, flow time, earliness and make span [1]. Graham et al. [2] made
extensive study on identical parallel machine (IPM) scheduling, the IPM scheduling
problem is denoted in the mathematical form as P‖Cmax where P is identified as
number of identical parallel machines and Cmax is denoted as maximum makespan
time. The basis of the harmony search algorithm is the natural phenomena. Most of
the metaheuristic techniques are motivated by the nature arrangement. For instance,
the popular genetic algorithm technique introduced by the biological process, simu-
lated annealing is based on physical annealing phenomena, ant colony optimization
and tabu search algorithms are based on animal’s behavior [3]. Gara-Ali et al. [4,
5] have studied and defined the order of the job processing on identical parallel
machine to get optimized solution like minimum makespan and they found that this
approach simple and easy to implement on identical parallel machine scheduling.
Hasani et al. [6] have developed improved harmony search algorithm for schedul-
ing identical machines their objective was to minimize the sum of the completion
times. The performance of the proposed algorithm is implements to optimize paral-
lel machine scheduling up to 250 jobs. Chen et al. [7–9] have developed a dynamic
harmony search algorithm for solving identical parallel machines scheduling prob-
lems to optimize the minimize and maximum makespan. Wang et al. [10, 11] have
proposed a hybrid modified global best harmony search algorithm for solving flow
shop scheduling problemswith objective ofminimization ofmakespan criterion. Par-
ioozfard et al. [12] have developed bio-geography based optimization approach for
minimizing the makespan in the job shop scheduling problems. The rest of the article
will give an overview of the problem description of the identical parallel machines
scheduling and harmony search algorithm in the following sections. The harmony
search algorithm applied in different field of engineering applications [13–15].

1.2 Problem Description

The identical parallel machine scheduling problem can be described as follows.
Assume that there are set of n number of jobs J = {J1, J2, . . . , Jn} and set of m

identical parallel machines M = {M1,M2, . . . .,Mm}. At the start time each job J
becomes available for processing, and in which the machine takes up only one opera-
tion at a time on one of themmachines without any tardiness. The processing time of
job Ji is represented as pi. Each machine can process only on e job at a time and there
is no priority and no precedence between the jobs. The objective is to find the optimal
scheduling time that i.e. minimization of makespan. Let S = {S1, S2, . . . ., Sm} rep-
resents the identical parallel machine schedule, where Sj denotes the subset of jobs
assigned to machines Mj with makespan time C j = ∑

i∈Sj
Pi .A. The mathematical

formulation the identical parallel machine problem is given in the following Eqs. (1)
to (4).



An Overview of Harmony Search Algorithm Applied … 711

Cmax = min

(
max

1 ≤ j ≤ m
C j

)

= min

(
max

1 ≤ j ≤ m

∑

i∈Sj

Pi

)

(1)

Subject to

Cmax =
n∑

i=1

Pi .xi j ≥ 0 j = 1, 2, . . . ,m (2)

m∑

j=1

xi j = 1 i = 1, 2, . . . , n (3)

xi j =
{
1
0

if job Ji is assigned to machine Mj

otherwise
(4)

AsGragamet al. [2] notified in the schedulingfield, the identical parallelmachined
scheduling problem is represented as P‖Cmax, where P is identified as number of
identical parallel machines and Cmax is denoted as maximummakespan time and the
Cmax is restricted value in the problem definition.

2 Harmony Search Algorithm (HSA)

Geem et al. [14] has proposed Harmony Search Algorithm it is a meta-heuristic
algorithm and it is based on search space in musical process as jazz improvisation
for better state of harmony. Harmony search algorithm has been used in various
engineering application for optimizing engineering problems because of its unique
advantages. One of the best qualities of Harmony search algorithm is identifying
the better search space with in no time that to with high performance and accurate.
However, there are few draw backs also in the Harmony search algorithm unlike in all
other optimization techniques among them one common drawback is that it fails in
its best while searching in numerical applications. Hence, to overcome this problem,
somemore research is required to utilize at its fullest extent. Mahdavi et al. [15] have
studied on this issue and they have proposed new and improved search algorithm
which has finer tuning characteristic of numerical technique for outperformance of
search algorithm. The common input parameters in harmony search algorithm for
finding the solution vector in the search space are pitch adjustment rate (PAR) and
harmony memory considering rate (HMCR). The defined set optimization steps of
Harmony Search Algorithm are given in Table 1.

Step1: Initialization of Harmony Memory (HM)

Harmony Memory (HM) is represented in the two-dimensional matrix form which
is initialized by setting a initial solutions of Harmony memory size is generated. In
Harmony memory matrix the rows are represented as a set of solutions (xi) which
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Table 1 Optimization steps
of harmony search algorithm

Step 1 Initialization of harmony memory (HM)

Step 2 Improvisation of a new harmony memory (HM)

Step 3 Updation of the harmony memory (HM)

Step 4 Checking for stopping criteria

Step 5 Otherwise repeat steps 2 and step 3

is termed as population size and the columns are represented as variable of each
solution which is termed as jobs. The population size is considered as a dimensional
array, the size of this dimensional array depends on the maximum number of jobs
exists in any set of problem. Equation (1) show theHarmonyMemory representation.

HM =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

x11
x21
...

xHMS−1
1

xHMS
1

x12
x22
...

xHMS−1
2

xHMS
2

· · ·
· · ·
...

· · ·
· · ·

x1K−1

x2K−1
...

xHMS−1
K−1

xHMS
K−1

x1K
x1K
...

xHMS−1
K

xHMS
K

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(5)

Step 2: Improvisation of new Harmony Memory

In Harmony Search Algorithm, during this step the divergence and convergence have
been maintained. Pitch adjusting rate (PAR) and Harmony Memory considering rate
(HMCR) are the parameters which are the main input parameters for convergence
and divergence search space [5]. The selected parameters are used to construct the
solution and this is constructed stochastically based on three operations which are
shown in Table 2.

The random consideration variable vales
(
x ′
2, x

′
3, . . . , x

′
K

)
have also taken in same

manner.

x ′
i ←

{
x ′
i ∈ {

x1i , z
2
i , . . . , x

HMS
i

}
with probability HMCR

x ′
i ∈ X ′

i with probability(1 − HMCR)
(6)

Table 2 Operation parameters

S. No. Operator Operator value

01 Memory consideration (based on HMCR) x ′
1 this is the first decision variable has
been taken from any of the values as

specified in HM range
(
x ′
1 − x ′HMS

1

)

02 Random consideration (based on
1-HMCR)

Refer Eq. (2)

03 Pitch adjustment (based on PAR) Refer Eq. (3)
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In the generated matrix each and every element component obtained by the indi-
vidual memory consideration is analyzed to determine and confirmwhether the pitch
should be adjusted or not. The pitch adjustment decision is given in the following
Eq. (7). Pitch adjusting decision for x ′

i

x ′
i ←

{
Yes with probability
No with probability

PAR
(1 − PAR)

(7)

If the pitch adjustment decision for x ′
i is Yes, then x ′

i is replaces as shown in the
following Eq. (8):

x ′
i ← x ′

i ± rand() ∗ bw (8)

where bw = an arbitrary distance band width
rand () = random number between 0 and 1.

Harmony memory operator value and pitch adjustment operator values has been
used to each variable of the new Harmony Memory vector. These steps are followed
as same as followed in the Genetic Algorithm optimization technique. In Genetic
Algorithm crossover and mutation are the operators unlike in PAR and HMCR in
case of Harmony Search Algorithm. The advantage of Harmony Search algorithm
is that the HMCR is fully utilized in the optimization analysis, where as in Genetic
Algorithm the new chromosomes are generated by crossover ofmutation or crossover
of two parent. In Genetic Algorithm optimal solution completely depends on the
design consideration.

Step 3: Updation of Harmony Memory

In this step, the worst harmony is removed from the Harmony memory when the
new harmony vector x ′ = (

x ′
1, x

′
2, . . . .., x

′
K

)
is better than the worst in the generated

Harmony memory.

Step 4: Stopping Criterion

In the Harmony search algorithm, the stopping criterion is depending on the impro-
visation satisfaction. It means that if the number of or maximum number of impro-
visations are deciding the stopping criterion, then the computation of the algorithm
terminated. If the maximum number of improvisations are not satisfied then the step
2 and step 3 will be repeated.
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3 Summary

In this paper, discussed anoverviewof an effectivemeta-heuristic techniqueHarmony
Search Algorithm for solving the identical parallel machine scheduling problems.
In the IPMS problems there are various characteristics based on realistic rules. Har-
mony search algorithm is found from the literature one of the popular optimization
technique, researchers are focusing on the improvement of the developed algorithms
such as discrete harmony search algorithm, hybrid harmony search algorithm, hybrid
dynamic harmony search algorithms. Future work could be focused on implementing
this meta-heuristic Harmony Search Algorithms to get net solutions in the identical
parallel machine scheduling effectively and also in various engineering applications.
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Computational Investigation
of Stagnation-Region Gas Injection
for Protection of a Locally Heated Skin

Tulasi Tirupati and B. S. Subhash Chandran

Abstract Type III and IV shock interactions on the scramjet cowl principal edge
produces localized heating of surfaces and leads to thermo-structural failure. One
of the methods to protect these surfaces is by blowing shock away with supersonic
injection of coolant into stagnation region. The displacement of shock depends on
the mass flux ratio of supersonic jet and free stream of projected area. The strength
and type of shock interference depends on the location of shock generator. Computa-
tional analysis carried out to evaluate the effectiveness of this method with the above
parameters. The contours of flow field presented. Shock standoff distance and effec-
tive heat flux reduction computed. Geometry and structured grid generated using
ICEM CFD. The simulations carried with ANSYS CFX. It found that the minimum
shock standoff distance to protect the structure is with mass flow ratio of 0.34. Com-
puted shock standoff distances for the mass flux ratios of zero, 0.17, 0.34, and 0.51
are 4, 8, 12, and 19 mm respectively. The standoff distances are successive integer
multiples of zero mass flux standoff distance.

Keywords Heat transfer · Shock interaction · CFD · Stagnation region · Gas
injection

1 Introduction

1.1 A Subsection Sample

Intercontinental travelling time possibly will be reducing by the development of
hypersonic air breathing vehicles [1]. Hypersonic flow regime is pointed as “the
realm of speed where in the physics of flow is dominated by aerodynamic heating”
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Fig. 1 Schematic drawing of aerothermal heating factors in hypersonic flow

[2]. Intense technical key factor in the growth of these vehicles is to make them
to withstand drastic aero thermal load [3]. Shocks generation and interaction at the
leading edges andviscous heat dissipation in theboundary limit are the sources of aero
thermal load [4]. Shock–shock interactions at the cowl tip at combustion chamber
are necessary to increase flow rate and pressure [5]. Out of the possible interactions,
type III and IV results in intense aerothermal load. The schematic sketch represented
in Fig. 1 and reproduced from Stollery [6].

One of the methods is to weaken the effect of shock–shock interactions occurring
in the stagnation region by modifying type of interaction, i.e., blowing away the
shock from the stagnation point and thereby the heat flux generated. To achieve this,
gas supersonically injected into the region. The potency of this method is dependent
on ratio of mass flux of jet and free stream equivalent to projected area of front
leading edge surface.

Love [7] carried the experiments related to gas injection from the nose of an
elliptical body of revolution. The objective is to determine drag, pressure distribution
and heat flux. Experiments are carried in the supersonic flowfield at theMach number
1.6 He concluded that jet effects are predominant at higher Reynolds number.

Nowak [8] carried out experimental investigation of effect of nitrogen gas ejection
from tangential slot located on conical surface at the Mach number 6.7 on the aero-
thermal environment. The objective of this experiment is to reduce heat flux on
surface. He concluded that high mass flux ratios are required to reduce the heat flux
generated on the surface due to shock–shock interaction.

Nowak [9] conducted experiments to investigate the effect of transpiration cooling
to reduce the heat flux on the cowl leading edge. In his experimental study, helium gas
injected with transpiration mass flux of 31%. He recommended that local injection
of gas in stagnation region of leading edge.

Holden et al. [10], carried experimental research to study the effect of transpiration
cooling over hemispherical nose shapes on the pressure and heat flux distribution.
Their study reveals that shock structures of type IV and III can be modified to reduce
the heat flux generated in the vicinity of shock–shock interface.

Albertson et al. [11], employed this method in their experimental investigation.
Present research presents the CFD simulations of this method and it is the part of
doctoral thesis work carried by author.
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2 Problem Statement and Computational Methodology

Type of shock interference depends on thewedge location from the leading tip of cowl
and strength of shock, in turn dependent on the free stream flow conditions. Mass
flux ratio, mj/m∞, jet to free stream influences the shock displacement. Computed
m ′∞ based on m ′∞ = ρ∞V∞Ale, where Ale is projected area of leading surface.

Albertson et al. [11] carried experimentation on cowl leading edge (radius
2.54 mm) surface similar to NASP scramjet. They injected the gas from four rows
of rectangular nozzles, of these two are above and two are below the central part.
They generated oblique shock with a wedge of turning angle 6°. The surface modi-
fied to house the total 35 rectangular cross section nozzles of 0.035 and 0.005 mm
per row. Full nozzles are not included in geometry. Rectangular surfaces created on
the leading edge and nozzle outlet conditions employed on this boundary. Geom-
etry modeling and mesh generation is done with ICEM CFD, advanced meshing
software. Unstructured hexa mesh created around the geometry with high mesh den-
sity in shock regions. Figure 2 represents the schematic of the physical model and
computational domain.

3D CFD simulations at the zero angle of attack carried employing the ANSYS
CFX, finite volume based software. Shear Stress Turbulence model employed in
the analysis. Drag force not considered in the analysis. Investigated parameters are
shock generator position and mass flux ratio. Three different ratios investigated in
the analysis: 0.17, 0.34 and 0.5. Tables 1 and 2 is the representations of free stream
flow properties, nozzle’s exit jet conditions and position of wedge.

Fig. 2 Schematic of cowl leading edge model and computational mesh for simulations
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Table 1 Free stream conditions for shock interaction control

Run M∞ T0 (K) T∞ (K) p0 (bar) ρ∞ (kg/m3) V∞ (m/s) Re∞ (1/m)

1 6.0 516.67 62.78 16.62 0.0586 952.942 1.332E+7

2 6.0 502.78 61.11 16.89 0.0610 940.182 1.414E+7

3 6.0 498.89 60.55 16.75 0.0612 935.865 1.423E+7

4 6.0 516.67 62.78 16.48 0.0578 952.942 1.312E+7

Table 2 Shock generator’s position and jet conditions

Run X (mm) Y (mm) Mj T0j (K) p0j (bar) mj (kg/s) mj/m∞
1 2.54 13.51 2.60 304.44 19.99 0.0055 0.51

2 2.54 11.99 2.60 304.44 19.99 0.0055 0.51

3 2.54 11.99 2.60 305.00 13.37 0.0037 0.34

4 2.54 12.75 2.60 302.78 6.62 0.0016 0.17

3 Results and Discussion

3.1 Shock Interference Structure Without Gas Injection

Type III shock interference obtained for the wedge location indicated in run 1 CFD
simulations. This shock interference structure is resulted from interaction of weak
shock fromwedgewith bow shock from leading edge. Figure 3 represents the density
gradient and Mach number contour of type III interaction. Strong variation in flow
observed just below the down portion of the edge in attached mode indicated by
yellow and red color region from the density gradient contour. Shock represents the
jump condition of the flow properties and shown by spontaneous change of Mach
number in the Mach contour.

Type IV shock interference occurs when a weak shock from wedge interact with
normal portion of bow shock. The simulations carried with a wedge location of point
(−2.54, −13.36) from the center (0, 0) on cowl tip. Figure 4 indicates the contours
of density gradient and Mach number for shock interference structure of type IV.

Fig. 3 Density gradient and Mach number contour for type III shock interaction
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Fig. 4 Density gradient and Mach number contour for type IV shock interference

Interaction of wedge produced shock in the upper section of cowl tip observed from
the density gradient contour.

3.2 Shock Wave Interference Structure with Gas Injection

Simulations carried for themass flow ratio of 0.51 for flow conditions indicated in run
1. Bow shock pushed to 19mm away from the cowl-leading tip, without injection it is
at a 4mm distance. Shock standoff distance is almost five times (an integral multiple)
to without injection. Density gradient andMach number contours presented in Fig. 5.
Red color region indicates the supersonic jets from individual nozzles and collapses
into single jet. This jet changes its direction in upward direction as observed from
the contours.

Figure 6 presents the density gradient and Mach number variation in form of
contour for mass flow ratio of 0.34. Bow shock located at a distance of 12 mm
approximately, which is lower in comparison to mass flux ratio of 0.51. This mass
flux ratio is enough to avoid severe localized heating. Flow field pattern is similar to
the mass flux ratio of 0.51.

Density gradient and Mach contour is shown in Fig. 7 for the mass flux ratio of
0.17. Bow shock displaced to 8 mm away from the leading edge from 4mm distance.

Fig. 5 Density gradient and Mach number contour for mass flux ratio of 0.51 for type III shock
structure at the shock generator location of y = −13.51 mm
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Fig. 6 Density gradient and Mach number contour for mass flux ratio of 0.34

Fig. 7 Density gradient and Mach number contour for mass flux ratio of 0.17

Bow shock standoff distance decrease further in comparison to higher mass flow
ratios. Weak shock from generator strikes normally the surface indicating that this
ratio is not ample to safeguard the surface from concentrated heat flux.

4 Conclusions

Supersonic injection of inert gas through nozzles that are facing free stream is able
to modify the shock interference structure and can minimize the heat flux by placing
the shock away from stagnation region. It observed that this could be achieved for
mass flux ratio of 0.34 and above. Shock standoff distances computed are 4, 8, 12,
and 19 mm for mass flux ratios of 0, 0.17, 0.34, and 0.51 respectively. The standoff
distances are successive integer multiples of zero mass flux standoff distance.
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Abstract The intention of this research is to obtain an ideal suited arrangement
of hybrid electricity generation system using various renewable energy sources to
meet the village load prerequisite reliably, economically, endlessly, and sustainably.
Hybrid system consists of sun energy, wind power, and conventional electric gen-
erator. The analysis is done in the year 2017–2018 at Deleta Village in Meta Robi
District, Oromia region, Ethiopia for hybrid electrification. The required solar poten-
tial values and wind speed statistics were taken from NASA. The data shows that
the study site has an average wind speed of 2.9 m/s at 10 m anemometer and solar
radiation of 5.81 kWh/m2/day. The cost of associated hybrid components is col-
lected from various springs and the electric load data was estimated for community
and public service’s needs. HOMER software was used to perform techno-economic
assessment to meet the load requirement using renewable hybrid off-grid configura-
tion. Based on the resources, load, hybrid system, and the component cost input data
were considered. The simulation in HOMER gives optimization, sensitivity, and grid
comparison results. The optimization result of the simulation demonstrates that the
hybrid configuration achieves total NPC of $1,506,689 and COE of 0.360 $/kWh
at a renewable fraction of 0.6 as the best optimal hybrid configuration considering
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economic and environmental point of view. From environmental standpoint of view,
the system is characterized with a minimum percentage of carbon dioxide and other
GHG emissions of about 195,974 kg/year.

Keywords Hybrid system · Electric load · HOMER · Techno-economic ·
Renewable energy

1 Introduction

Ethiopia is a large, landlocked, and diverse country located in the eastern part of
Africa between 3° to 15° North and 33° to 48° East. It is the subsequent most
populated country in the region (estimated 110.8 million in 2018), out of which
82.5% are rural dwellers. In terms of GDP per capita income of 80.56 USD Billion
in 2017, Ethiopia ranks 173 out of 187 according to the HDI 2018 report.

Despite the fact 82.5% of the population of Ethiopia live in countryside areas,
power supply from the grid is virtually entirely focused on urban areas. Among other
things, dispersed and very low ingesting level of electricity among rural consumers
limited grid power penetration to rural dweller which is less than 3% [1]. Based on
the hitherto electricity expansion practices, access to electricity does not seem to be
the reality of the near future for the greater percentage of the rural communities.
However, the current government’s approach under UEAP ambitiously increases
access to electricity by connecting 5168 new towns and villages to the grid and the
country managed to electrify 1700 rural towns and villages per annum. The UEAP
aims to increase access level of national per capita consumption of electricity from
28 kWh in 2010 to 137 kWh by the year 2016 [2].

Ethiopia, under UEAP, follows two basic strategies to electrify rural area. These
are

• Grid-based large and medium-scale power generation and
• Small-scale renewable energy stand-alone/mini-grid technology options.

In countryside areas of Ethiopia, 70% of energy demand for food preparation
and lighting is from fuelwood. Hence, to access a reliable, affordable, clean, and
sustainable energy service, the GoE sets a plan to set an energymix power generation
system (Fig. 1).

2 Literature Review

Electrical generation systems containing two or more energy [3, 4] sources such as
solar [5, 6] and wind or the combination of these with other unconventional sources
such as hydro, geothermal, biomass [3], or with a conventional diesel generator
is called hybrid systems. Hybrid systems also contain loading strategies such as
batteries or fuel cells. While hybrid energy systems are usually implemented to
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Fig. 1 Ethiopia power
generation plan from
unconventional energy [2]

electrify the community of rural areas those who detached or far away from national
grid, and they can also generate power by the hybrid power generation system.

A research done by A.N. Rahmat et al. [7] in Indonesia results in reduced global
warming gases and also it is an off-grid hybrid system, which fulfills the local home
needs in the remote areas.

A detailed report given by Gabour et al. [8] in Algeria gives detailed conclusion
about renewable, nonrenewable, and hybrid power system. The hybrid system fulfills
all requirements with low emissions and power demand.

Ibrahim et al. [9] said that the hybrid renewable system is the best choice for
power generation in remote areas when compared to conventional fossil fuel burning.
There are researches saying that hybrid renewable power generation system is the
best opportunity to generate power in rural areas where there is no grid connection.

3 Research Methodology

The overall research methodology is Site Identification. The specific study area is
Deleta Village in Meta Robi District (Fig. 2 and 3) The subsequent optimization
stage simulates individual of the possible system configurations and displays their
list sorted by NPC and cost of electricity (LCOE) to compare and evaluate the most
cost-effective option considering factors such as resource availability, load size, fuel
price, carbon emissions, and renewable fraction. The final sensitivity analysis helps
to reveal how sensitive the outputs are to change for sensitivity input variables such as
wind speed, solar radiation, and fuel prices. Sensitivity analysis results are important
in answering the generation questions about technology options to inform planning
and policy decisions.

.
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Fig. 2 Map of the study area
(Source Google earth)

Fig. 3 The three
consecutive steps of
HOMER software [10]

4 Hybrid System Components Modeling

HOMER hybrid model requires several inputs which basically describe the tech-
nology option, component costs, component specification, and resource availability.
Renewable resources available at a location can differ considerably from site to site
and it is a vital aspect in developing the hybrid system. Hybrid power generation
system modeled in HOMER by using load, resources, component size, cost, and
technical parameter is shown in Fig. 4. The wind turbine and diesel generator are
connected to AC bus while PV and battery need DC bus and a converter.

The double-headed arrow indicated in the batteries and converters has the follow-
ing meanings. The converter changes the excessive available power from AC to DC
load to charge the batteries after fully meeting the load demand of the system. When
the output of the hybrid system is not enough to meet the load, the battery discharges
the DC load to the system via the converter to AC power loads.
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Fig. 4 HOMER schematic
of hybrid power system
modeling

4.1 Comparison of Hybrid Off-Grid Systems with Grid
Extension

In this study, grid comparison was done to compare the cost of grid extension with
the cost of stand-alone system configuration. Homer analyzes the breakeven grid
leeway distance by using Eq. 1 [11].

Dgrid = CNPC .CRF
(
i, Rproj

) − Cpower .Ltot

CcapCRF
(
i, Rproj

) + COM
(1)

where CNPC = total net present cost of stand-alone ($), CRF = capital recovery
factor, i = interest rate (%), Rproj = project lifetime (yrs.), Ltot = total primary and
deferrable load (kWh/yr), Cpower = cost of power from the grid ($/kWh), Ccap =
capital cost of grid extension ($), andCOM = operation and maintenance cost of grid
extension ($/kW/yr).

According to the report [11], the average cost of grid extension in remote rural
areas varies from $8,000 to $10,000 for every kilometer and rapidly increases up to
$22,000/km for extremely difficult terrains. Rural electrification is almost seven to
ten times more expensive than that in urban areas. In this work, a $12,500 for every
kilometer or 337,500 birr and the operation and maintenance cost of the system
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Table 1 Grid extension cost

Study area Grid
voltage
level

Distance
from
national
grid (km)

Unit
capital
cost
($/km)

O&M cost
($/km/yr)

Total
capital
cost of
grid
extension
($/km)

Grid
power
price
($/kwh)

Deleta
Village

33 kV 27 12,500 6,750 337,500 0.044

considered was 2% of the capital cost which is $250 or 6750 birr, whereas the grid
power price $/kWh in 2017 is 0.044 or 1.19 birr/kWh (EEPCo). The grid extension
capital cost for the study site is presented in Table 1.

4.2 Economic Feasibility Analysis

The concept of LCC is used for cost analysis of the proposed hybrid configura-
tion. The life cycle cost of a component consists of procurement cost, and operation
and maintenance cost. Some costs involved in the procurement and operation of a
component are incurred at the time of an acquisition (includes costs of purchasing
equipment and their installation) and other costs are incurred at later times (includes
costs of fuel if exists, operation, and maintenance). LCC accounts for all costs asso-
ciated with a system over its lifetime, considering the time value of money. Two
phenomena disturb the value of money over time [12].

The principal HOMER’s economic output indicators are the operating cost, total
net present cost (NPC), the levelized cost of energy (LCOE), and the initial capital
cost. NPC analysis is an appropriate gauge or scale for the purpose of economic com-
parison of different energy system classifications and configurations since NPC bal-
ances widely divergent cost characteristics of renewable and nonrenewable sources
as well it also explores and summarizes [13].

The annualized principal cost of each module is given as follows [14]:

Cacap = Ccap ∗ CRF (2)

where CRF is the capital recovery factor [15].

CRF = i(1 + i)N

(1 + i)N − 1
(3)

where N and i are the system lifetime and the annual real interest rate.
The total net present cost of each configuration can be calculated as follows [16]:
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N PC($) = T AC

CRF
(4)

T AC = Cacap +
n∑

i=1

COM, j + C f +
n∑

i=1

CR,i (5)

where n is the number of all the devices in the system, COM, j is the annual operation
and maintenance (O&M) cost for the i th component of the system,C f is total annual
fuel cost, and CRi is the annualized replacement cost for the i th component of the
system.

The LCOE is the ratio of the total annualized cost of the system to the annual
electricity delivered by the system [17].

LCOE = T AC

Qt
(6)

where Qt is the electricity generatedby the systems (kWh).

5 Result and Discussion

The optimal hybrid power generating system is the one which can supply power
demand for the community at the lowest price or the systems which have the deep-
est total NPC, while supplying the electricity at the essential level of availability.
Examining each feasible system configuration allows for economic and technical
merit evaluation including the COE and renewable energy fraction. Other system
functioning characteristics such as yearly electric power production, yearly electric
load assisted, fuel feeding, extra electricity, capacity scarcity, unmet electric load,
and emission can be also evaluated.

Optimization Results
Looking at the overall and categorized simulation result illustrated in Table 2, the
first, third, fourth, and fifth column cases are compared based on the total NPC, COE,
operating cost over the life cycle of the system, and other functioning characteristics
such as AEPP, capacity shortage, annual electric load served, surplus electricity, fuel
feeding, unmet electric load, and emission.

1. PV–generator hybrid system

From the replication result presented in Table 2, PV/diesel generator that excludes
both wind turbine and battery is the most cost-effective hybrid power generation
system for Deleta Village with total NPC of $1,386,562, COE 0.34 $/kWh (9.18
ETB/kWh). The quantity of diesel used yearly is 101,156 litters and the producer
function for 8,732 h per year. The benefit of this result is that the total NPC and COE
are the lowest, but renewable resource contributed is low 30%.
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Fig. 5 Optimized PV/diesel generator system at 30% RF

Table 2 Summary of optimum hybrid system for 30% RF

System architecture Annual electricity
production (kWh/yr)

Annual electricity
consumption (kWh/yr)

Emission (kg/yr)

PV 120 kW PV array 119,045 AC
primary
load

378,994 Carbon
dioxide

266,380

Diesel
generator

44 kW Diesel
generator

281,685 Deferrable
load

3,338 Carbon
monoxide

658

Total 382,333

Converter 50 kW Cost summary Unburned
hydrocarbons

72.8

Dispatch
strategy

CC Total 400,730 capital
cost

$273,100 Particulate
matter

49.6

Excess
electricity

13,073 Operating
cost

104,308$/yr

Unmet
load

62,709 Total NPC $1,386,562 Sulfur
dioxide

535

Capacity
shortage

80,808 LCOE 0.34 $/kWh Nitrogen
oxides

5,867
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The optimum hybrid power generation system architecture is shown in Fig. 5
with total annual energy creation of 30% PV array and 70% diesel generator. In this
case, diesel generator activates at full yield power to assist the main load and any
surplus electrical creation goes in the direction of the lower priority objectives. The
excess annual electricity production, unmet electric load, and capacity shortage will
stand at 3.3%, 14.1%, and 18.2%, respectively. The COE from these optimum hybrid
power generation systems is more expensive than the national grid (0.273 $/kWh)
currently the consumer can pay. The detail of the optimized PV/diesel generator
systems regarding the annual electricity production, yearly electricity ingesting, and
emission from the system is obtainable in Table 2.

2. PV–generator–battery hybrid system

In view of the third simulation result, the most cost-effective system is the
PV/generator/battery setup, For the optimum hybrid system architecture presented
in Fig. 6, the total net present cost (NPC) is $1,442,525, cost of energy (COE) is
0.351 $/kWh, and the renewable resource contributed is 54%. The amount of diesel
used annually is 74,857 L and the generators operate for 6,413 h per year. The power
percentage share for the system is 54% PV array and 46% diesel generator.

Excess annual electricity production, unmet electric load, and capacity shortage
will stand at 12.9%, 10.9%, and 14%, respectively. The COE from these optimum
hybrid power generation systems is more expensive than the national grid (0.273

Fig. 6 Optimized PV/diesel generator/battery system at 54% RF
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Table 3 Summary of optimum hybrid system for 54% RF

System architecture Annual electricity
production (kWh/yr)

Annual electricity
consumption (kWh/yr)

Emission (kg/yr)

PV 250 kW PV array 248,010 AC
primary
load

380,950 Carbon
dioxide

197,124

Diesel
generator

44 kW Diesel
generator

209,129 Deferrable
load

4,034 Carbon
monoxide

487

Battery 100
batteries

Total 392,001 Unburned
hydrocarbons

53.9

Cost summary

Converter 100 kW Total 457,139 capital
cost (CI)

$567,100 Particulate
matter

36.7

Dispatch
strategy

LF Excess
electricity

59,070 Operating
cost

82,009
$/yr

Unmet
load

47,079 Total NPC $1,442,525 Sulfur
dioxide

396

Capacity
shortage

60,527 LCOE 0.351
$/kWh

Nitrogen
oxides

4,342

$/kWh) currently the consumer can pay. The detail of the optimized PV/diesel gen-
erator/battery systems regarding the annual electricity production, annual electricity
consumption, and emission from the system is presented in Table 3.

3. PV–wind–generator hybrid system

As it is seen from the systems’ setup, the fourth most cost-effective system is the
PV/wind turbine/diesel generator setup, with the generator functions at complete
yield power to assist the key load and any excess electrical creation goes in the
direction of the lower priority objectives. For the optimum hybrid systems presented
in Fig. 7, the total net present cost (NPC) is $1,447,282, cost of energy (COE) is
0.348 $/kWh, and renewable fraction contributed is 24%.

The amount of diesel used annually is 106,023 L and the generator operates
for 8,753 h per year. The power percentage share for the system is 13% PV array,
12% wind, and 76% diesel generator. Excess annual electricity production, unmet
electric load, and capacity shortage will stand at 1.2%, 10.5%, and 15.6%, respec-
tively. The COE from these optimum HPGS is more expensive than the national
grid (0.273 $/kWh) currently the consumer can pay. The detail of the optimized
PV/wind/diesel generator systems regarding the annual electricity production, annual
electricity consumption, and emission from the system is presented in Table 4.

4. PV–wind–generator–battery hybrid system

The fifth optimal hybrid configuration system from the simulation result presented
in Table 4 is the PV/wind/diesel generator/battery hybrid power generation with total
net present cost (NPC) of $1,506,689, COE of 0.36 $/kWh, and renewable fraction of
60%. The amount of diesel used annually is 72,467 L and the generator operates for
6,673 h per year. The optimum hybrid power generation system architecture is shown
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Fig. 7 Optimized PV/wind/diesel generator system at 24% RF

Table 4 Summary of optimum hybrid system for 24% RF

System architecture Annual electricity
production (kWh/yr)

Annual electricity
consumption (kWh/yr)

Emission (kg/yr)

PV 50 kW PV array 49,602 AC
primary
load

385,528 Carbon
dioxide

279,194

Wind
Turbine

4(30 kW) Wind
turbine

45,990 Deferrable
load

3,886 Carbon
monoxide

689

Total 389,414

Diesel
generator

44 kW Diesel
generator

300,846 Cost summary Unburned
hydrocarbons

76.3

Converter 50 kW Total 396,438 capital
cost

$295,940 Particulate
matter

52

Dispatch
strategy

CC Excess
electricity

4,722 Operating
cost

107,856$/yr

Unmet
load

45,711 Total NPC $1,447,282 Sulfur
dioxide

561

Capacity
shortage

68,029 LCOE 0.348
$/kWh

Nitrogen
oxides

6,149
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Fig. 8 Optimized PV/wind/diesel generator/battery system at 60% RF

in Fig. 8 with total annual energy production of 51% PV array, 9% wind turbine,
and 40% diesel generator. In this case, a load following (LF) strategy is feasible (a
dispatch strategy whereby the generator operates to produce only enough power to
meet the primary load; lower priority objectives such as battery charging or serving
the deferrable load is left to renewable power sources).

Excess annual electricity production, unmet electric load, and capacity shortage
will stand at 17.6%, 8.9%, and 12.2%, respectively. The COE from these optimum
hybrid power generation systems is also more expensive than the national grid (0.273
$/kWh) currently the consumer can pay.

As it is seen from Fig. 8, the electrical power generated by hybrid system strongly
depends on the nature of the energy sources. The power generated by solar photo-
voltaic depends on the time of the day and the strength of the solar radiation while
the energy from the wind turbine depends on the availability of wind speed. Wind
resource is intermittent in nature and it has a great impact on the output from the
wind turbine. As it can be seen from the categorized optimization result illustrated in
Table 6.2, there are renewable resources achieving renewable fraction of 100% and
provide electric power excluding diesel generator. Renewable solar PV and wind
are intermittent in nature; therefore, to supply continuous electric power, a diesel
generator is mandatory.
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Conclusion
The grid comparison reveals that hybrid off-grid power generating system is feasible
for electrification of rural community beyond the 3.66 km breakeven grid extension
distance. The selected hybrid configuration system is an excellent solution to guar-
antee a reliable and affordable electric power supply without interruption of the load
for the village of Deleta when compared with grid extension under certain condi-
tions of the high capital cost of grid extension, sparsely populated, and low energy
demand of the rural community. In this present case, the electric load is estimated
and forecasted for the study community within 25 years of the project lifetime. The
electrical load estimated for the study community is 1085kWh/day and the forecasted
load demand is about 3674kWh/day. The optimization simulation result by HOMER
shows that on the basis of lowest total NPC and cost of energy (COE), an optimal
hybrid system configuration of PV–diesel generator system has been identified as
the cheapest dependable solution with a NPC and COE. However, the optimal hybrid
system cannot supply affordable and reliable power with required availability tomeet
the village load and it emits high GHG when compared with other feasible hybrid
configuration systems.

Recommendation
For further research and development relating to the electrification of countryside
zones by using hybrid renewable PGS, the following points are recommended. To
regulate the appropriate wind turbine siting and to determine the prevailing wind
direction, wind data recorded for more than a year is very important for a specified
wind command area. Therefore, the author of this thesis recommends that collecting
wind speed data for the actual site at different locations using a wind mast equals to
the hub altitude of the selected wind turbine for at least one complete year.
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Abstract The Off-grid renewable power generation system cannot provide an effi-
cient and continuous supply of electricity without a storage medium. Consequently,
batteries are added to the hybrid system. In order to ensure the continuity of power
supply without severe stress on the battery bank for a reduced overall cost, a con-
ventional generator is also incorporated. After selecting the appropriate components
and studying their characteristics, a hybrid system that consists of PV/wind/diesel
generator/battery is demonstrated in HOMER using the estimated electrical load,
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1 Introduction

The country Ethiopia is having plenty amount of natural resources but still there is
no electric facility to the rural areas like Meta robe district and Bale robe rural. A
recent study [1] says that the population growth in Ethiopia will be tremendouswhich
means in future the people are going to face much electricity problems in future.

The problemnot only affects electricity but it also affects technologydevelopment.
There is no industrial and educational growth. The availability of sunlight is much
more in Ethiopia which is suitable to generate power to serve to local community.

The research is also saying that [2] enough sun intensity is available in Ethiopia.

2 Literature Review

With the help of Homer, we have done the feasibility and sensitive analysis of homer.
The research says that [3, 4] by the combination of wind, PV, and conventional gen-
erator, we can make the off-grid power supply system which will work stand alone.
It is purely depending on off-grid system. In rural areas, there is power generation
[5, 6] system based on municipal wastage.

The maximum utilization of solar panel is [7, 8] explained in the article clearly.
So the use and utilization of nonconventional energy sources are explained clearly.
The analysis [9] results are noted from the homer.

The load analysis is done for different conditions, the load varying from morning
to midnight. At evening time peak load hours, we are making stand-alone conven-
tional generator. The feasibility load analysis was done at each stage to check the
economical output and unit cost of the power.

The various load parameters and calculations are shown in the sensitive analysis.

3 Sensitivity Results Analysis

3.1 Robustness of Optimization Results

Robustness or Sensitivity of the exaggeration can be examined by the reliability of
the optimal system type as the sensitivity inputs change. The potential variations of
wind cadence, PV capital cost, diesel prices, and electricity demand. In this study, the
fuel price raised in a range from the current price 0.7 to 1$/L and the load considered
is the forecasted primary load of 3,674 kWh/day, wind speed resource considered is
2.9, 2, and 3.5 m/s, while the cost of PV capital considered is 0.4, 0.6, 0.8, 1, and 1.2.
Diesel prices are predicted to rise and the current technological development would
lead to decreased PV prices, as well as more utilization of new electrical devices
would increase the future loads.
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Fig. 1 Responsivity of NPC for the optimal PV/diesel/hybrid system

The responsiveness ofNPC results for the optimal systemwith best estimate values
of primary load= 1,085 kWh/day, diesel price= $0.7/L, wind speed= 2.9 m/s, and
PV capital cost multiplier = 1 is illustrated in Fig. 1. From Fig. 1., the origin of the
graph lines is at the meeting point where the responsiveness inputs shown by the
graph lines are equal to the best estimate values shown by the unity value relative
to the best estimate on the horizontal axis. At this point, the total net present cost
(NPC) $1,375,000 on the vertical axis is equal to the predicted value shown on the
categorized simulation result illustrated in Fig. 1.

Each of the graph lines shows how the NPC changes as the sensitivity input varies
relative to its best estimate value by factors above unity to the right and below unity
to the left.

The following observation can be made from the above Fig. 1:

• When the load increases by a factor of up to 3.4 relative to the baseline estimate
of 1,085 kWh/day as shown by the sky blue line, the NPC of optimized system
would change to $4,375,000 (i.e., uncertainty of 33% in energy demand presents
68% uncertainty in NPC of the optimal hybrid system). With higher load, a larger
system is required which increases the system life cycle costs.

• When PV capital cost would vary up to 1.2 (allowing a maximum uncertainty of
20% in the PV initial costs) relative to the best estimate of $1340/kW as shown
by the yellow line, the optimized NPC would increase to $1,400,500 (i.e., a 20%
uncertainty in PV capital cost would make the NPC increase by 2%).

• When diesel price would vary up to 1.4 relative to the best estimate of $0.7/L as
shown by green line (allowing up to 40% uncertainty in the diesel fuel price) the
optimized NPC would increase up to $1,700,000 (i.e., the diesel fuel uncertainty
presents up to 19% uncertainty in the NPC of the optimal hybrid system).

The sensitivity of LCOE results for the optimal system with best estimate values
of primary load= 1,085 kWh/day, diesel price= $0.7/L, wind speed= 2.9 m/s, and
PV capital cost multiplier = 1 is illustrated in Fig. 2.

From the above Fig. 2,



740 Y. M. K. Raghunadh et al.

Fig. 2 Sensitivity of LCOE for the optimal PV/diesel/hybrid system

• When the load would increase by a factor of up to 3.4 relative to the baseline
estimate of 1,085 kWh/day as shown by the sky blue line, the optimized system
would have a lower LCOE of $0.33/kWh (i.e., a 33% uncertainty in load demand
presents an uncertainty of 3% in the LCOE).

• WhenPVcapital costwould vary up to 1.2 relative to the best estimate of $1340/kW
as shown by the yellow line, the LCOE of the optimized hybrid system would
increase up to $0.345/kWh (i.e., a 20% uncertainty in PV capital cost presents a
1.4% uncertainty in LCOE).

• When the wind speed would vary up to 1.2 relative to the best estimate of 2.9 m/s
as shown by the red line, the LCOE of the optimized hybrid systemwould decrease
up to $0.315/kWh (i.e., a 20% uncertainty in wind speed presents a 7% uncertainty
in LCOE).

• When diesel price would vary up to 1.4 relative to the best estimate of $0.7/L
as shown by green line, the LCOE of the optimized system would increase to
$0.41/kWh (i.e., a 40% uncertainty in diesel fuel price presents a 17% uncertainty
in LCOE).

The results are shown in Fig. 3. It can be seen from the figure above that
average wind speed of 2.9 m/s and PV capital cost multiplier one lead to LCOE
of about $0.34/kWh for a PV/generator hybrid configuration system. But when
the wind speed increased to 3.4 m/s and the PV capital cost multiplier at 0.4,
wind/PV/generator/battery hybrid configuration becomes the most cost-effective
solution. LCOE varies from $0.28/kWh to $0.346/kWh when the wind speed is
at 2 m/s with PV capital cost multiplier of 0.4 and varies to a favorable $0.278/kWh
for wind speed above 3.4 and PV capital cost multiplier 0.4.

The sensitivity analysis result for the 30% load demand increment with high diesel
fuel price is illustrated in Fig. 4. In this case, the average wind speed at 2.9 m/s and
PV capital cost multiplier1.0 lead to levelized cost of energy (LCOE) increased load
is still met but at high cost due to the multiple hybrid system, components need to
meet the increased load demand. It is also evident from Fig. 4 that LCOE varies from
a maximum of $0.350/kWh when wind speed and PV capital cost multiplier are PV
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Fig. 3 Effects of PV capital multiplier and wind speed increment on operational system

Fig. 4 Optimal system with 30% load increase

capital cost multiplier 0.4. In addition to this, beyond PV capital cost multiplier 1.0
with wind speed at 2.9 m/s, further the LCOE gets increased to $0.360/kWh.

Net present cost and LCOE. The hybrid power generating total net present cost
line comes out be a lower value than the breakeven distance for grid extension at a
distance of 8.8 km, meaning that a decentralized hybrid power generating system is
a better option than the grid extension for a community of the village which is at a
distance greater than 8.8 km far from the national grid. At the cost of $0.8/L, total
net present cost of the system decreases (Fig. 5).

4 Grid Comparison Result

Breakeven grid extension distance (BGD) is the point at which the total NPC curve
of grid extension and optimal hybrid off-grid power generating systems intersect
each other. At this point, the optimal hybrid off-grid power generating system and



742 Y. M. K. Raghunadh et al.

Fig. 5 Line graph for total NPC versus wind speed and breakeven grid extension distance

the extended grid to electrify the rural community load have equal total net present
cost. In this case, the breakeven grid extension distance is 3.66 km, beyond this point,
grid extension will not further be optimal. It is only feasible below the breakeven
grid extension distance (i.e., 3.66 km). Hybrid off-grid power generating systems are
feasible for electrification of rural community beyond the BGD.

The actual distance of the national grid from the location of the study community
of Delta village is 27 km. Therefore from the simulation result given in Fig. 6,
stand-alone hybrid system is feasible over grid extension to electrify the community.

Fig. 6 Grid comparisons with stand-alone hybrid systems
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4.1 Post HOMER Analysis

Evolution of rural electrification scheme based on hybrid power generation system
in Delta village requires initial wherewithal of approximately $647,240. This system
can bestow power for 795 households including public service centers. Tariff issues
will play a crucial role.

Generally, the basic rule in the electrification project is that the tariff structure
must cover at least the capital and the lifetime O&M cost of the project. The LCOE
is the indicator that presents the flat electricity tariff that can cover the capital and
the O&M cost of the project during the lifetime. In contrast to the financial scheme,
proper O&M scheme must be developed to ensure the sustainable operation of the
rural electrification project. Local people can be trained for doing basic maintenance
of the system and even for collecting the monthly fees from the consumer. O&M cost
can be brought downby incorporatingwell-trained local people.However, the service
of skilled technicians will be required for major maintenance activities especially in
the diesel generator.

5 Conclusion

The Responsivity analysis examines the consistency of the optimal system under
different sensitivity inputs such as load, wind speed, diesel price, and PV capital
cost multiplier and it reveals that the multiple hybrid systems (PV–wind–generator–
battery) system is more favorable.

The Responsivity analysis result further reveals that due to varying wind speed
and PV capital cost multiplier, COE varies from a minimum of $0.298/kWh to a
maximum of $0.301/kWh and 30% load demand increased is also met by the hybrid
configuration of (solar PV-wind-diesel-battery) system with a renewable fraction of
0.69.

The grid collation result revealed that both grid extension and stand-alone systems
have equal total net present cost of $1,500,000 at a breakeven distance of 3.66 km.
Since grid extension is only feasible below this breakeven distance, hybrid off-grid
power generation is suitable for electrification of study village. The study area is
located 27 km away from the nearer substation; it means that the grid extension is
much expensive and not recommended for the rural areas due to the high principal
charge of grid extension, sparsely populated, and low energy demand of the rural
community.

In summary, the replication outcome proves that the HPGS consisting of solar
photovoltaic–wind–diesel generator–battery configuration is the greatest result to
assurance the reliable and affordable electric power supply short of disruption of the
load below the climatic statistics change.
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Suggestion for Future Work

1. The exact measurement of unconventional energy possessions such as solar
energy also wind speed at different local times of the site.

2. Detailed electrical design and power quality analysis of hybrid system.
3. Addressing the possibility of replacing the convectional diesel generator in the

hybrid power generating system by locally generated biofuels.

References

1. Ravi D, Somanath B, Rao KM, Ranganath L, Koteswararao B (2018) Experimental testing of
thermal house for different weather conditions in Bale robe. Mater Today: Proc 5(9):18245–
18250

2. Ravi D, Yohennes S, Feyissa HM, Koteswararao B (2017) Investigation on the performance of
photovoltaic panel with various filters: (At rural areas of bale robe region in Africa continent).
In: 2017 international conference on energy, communication, data analytics and soft computing
(ICECDS). IEEE, pp 210–212

3. Ibrahim H, Ghandour M, El-Jamal G (2018) Feasibility study of hybrid wind-diesel-battery
power generating systems: parametric and sensitivity analysis. In MATEC web of conferences.
EDP Sciences, vol 171, p 01004

4. Ravi D, Koteswararao B, Satish K (2018) Structural analysis of down the hole button bit with
different materials. Mater Today: Proc 5(2):4711–4719

5. Koteswararao B, Ranganath L, Ravi D, Babu KSK (2016) Designing of a coconut chopping
machine and making fuel from tender coconut. Indian J Sci Technol 9(34)

6. Shekar PC, Koteswararao B (2015) Investigation of machining parameters in electric discharge
machining of high carbon steel. Int J Res Eng Appl Sci 5(4):17–30

7. KoteswararaoB, RadhaK,Vijay P, RajaN (2016) Experimental analysis of solar panel efficiency
with different modes of cooling 8(3):1451–6

8. Koteswararao B, kishore Babu KS, Ravi D, Kumar KK (2017) Investigation of machining
parameter in EDM of high carbon steel Alloy (EN31). Mater Today: Proc 4(2):1375–1384

9. Koteswararao B, Suresh Y, Ravi D (2017) Analysis of quality in solid state welding (copper-
copper) by using NDT and DT by altering physical properties at constant time. Mater Today:
Proc 4(8):7351–7356



A Review on Advanced Optimization
Algorithms in Multidisciplinary
Applications

M. Sreedhar, S. Akshay Navaneeth Reddy, S. Abhay Chakra,
T. Sandeep Kumar, S. Sreenatha Reddy and B. Vijaya Kumar

Abstract In various fields of engineering, optimization plays a key role in the devel-
opment of new technology. In this wake, this paper discusses in detail, the concept
of optimization, a few advanced methods and approaches most commonly used
in different applications optimization process. The two most popular optimization
procedures are also contrasted and discussed.
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1 Introduction

Optimization is the process of finding the best result for any given problem. From
stockmarket prediction tofinding the best path for a drone, fromanimationmechanics
to efficient operation of series robots, it is very important to engineers, scientists,
economists, and researchers alike. In this process, many solutions are worked out
for the given constraints and the solutions that best suit the problem are narrowed
down. Since this is a heuristic process, accuracy is determined based on the number
of iterations hence a computer is a perfect tool to perform optimization.

The solution of a typical optimization problem is determined by three key factors;
design constraints, variables, and objective functions. If the problem is an experiment,
then the design variables are physical inputs. Design constraints provide boundary
conditions for the variables to operate within. Objective functions are determined
based on the application for which the problem is being optimized for. The speed and
accuracy with which a solution is found are dictated by the algorithm implemented.
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Fig. 1 Minimized objective
function with local and
global minima [3]

Since in engineering applications, we usually seek the minimum values such as
minimum stress, weight, and cost, the output from the process or function defines
as the cost function and it is something to be minimized. Now and then expanding a
capacity bodes well. To maximize a function, just a negative sign is used in front of
the output and minimize it.

The mathematical models of optimization are generally described as shown in

minimize f (x)

Subjected to gi (x) ≤ 0, i = 1, 2, 3 . . . . . . . . . ,m

h j (x) = 0, j = 1, 2, 3 . . . . . . . . . , n

Mathematical equation for optimization problem
An example of mathematical model of an optimization problem is given. Here,

f (x) is the objective function,
gi(x) is the inequality constraint, and
hj(x) is the equality constraint (Fig. 1).

2 Types of Optimization

Depending upon the aspects of the minimization function, a minimization problem
can be classified as



A Review on Advanced Optimization Algorithms … 747

2.1 Based on Continuity

(a) Continuous Optimization
(b) Discrete Optimization

Some algorithms work efficiently only when the variables are from a discrete set,
usually integers, while other algorithms can work with any variables: all real values.
The advantage of using continuous optimization is that the curves obtained by the
minimization function are smooth and the neighborhood values for any given objec-
tive function and constraint function can be easily found. Even though discontinuous,
discrete optimization also creates a sequence of continuous subproblems [1].

2.2 Based on Constraints

(c) Unconstrained Optimization
(d) Constrained Optimization

Almost all the practical applications come under unconstrained optimization and
because all constraints can’t be defined, constraints are supplanted by a penalty
term in the objective function. ConstrainedOptimization haswell-defined constraints
either by equalities or by inequalities [1].

2.3 Based on Objective Function

(e) Single-Objective
(f) Multi-Objective

Generally, optimization problems have only a single objective function. Engi-
neering, economics, and logistics are some of the many fields where there are
two or more objectives. For example, in logistics, the objectives might be to mini-
mize time and maximize safety. However, multi-objective functions are converted to
single-objective functions by altering the constraints involved [1].

2.4 Based on Data Accuracy

(g) Deterministic Optimization
(h) Stochastic Optimization

Deterministic optimization is used when the input data for a given question are
defined accurately, which rarely happens in actual problems due to reasons like mea-
surement error and miscalculations in predicting data for the problems. Stochastic
optimization, however, accounts for these uncertainties in the problem [1].
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3 Heuristic Algorithms

Earlier optimization studies implemented sophisticatedmathematicalmethods tofind
exact solutions for optimizationproblems.But these exact solutions hadonly a limited
scope of applications. This is when the heuristic algorithm gained prominence due to
their simple mathematical background with basic formulations. The main benefit of
the heuristic optimization algorithms is that they can be applied effectively on both
constrained and unconstrained problems.When the constraints are not in the feasible
region, in order to obtain minimized solutions satisfying the constraints, a penalty
function is added to the objective function. The function formed by the conjunction
of these two functions is called a fitness function. When the constraints are in the
feasible region, the penalty function is taken zero.

Unlike the exact methods, heuristic algorithms find the solutions that are closer to
the optimum solutions. Some heuristic optimization algorithms solve the subprob-
lems separately and merge those independent solutions into a feasible solution for an
overall problem. Karp explained the Traveling Salesman Problem (TSP) by partition-
ing the entire geographic region into small region and applying TSP independently
for each subregion [2]. For problems like aggregate production planning or family
scheduling, hierarchal planning is implemented [3]. Some algorithms solve the sub-
problems in scheduling problems iteratively as discussed byMorton and Pentico [4].
Fewmethods use the concept of analogy to generalize the behavior from smaller and
simpler problems which can be observed in the location and scheduling problems
done by Bilde and Vidal [5]. Some algorithms have an entirely different approach
where they reduce the number of possible solutions by reducing the solution space
by introducing extra constraints. Such methods are demonstrated in power optimiz-
ing for computing by Ehrhardt [6]. Some simplify the original question by replacing
several variables by an aggregate value and after finding the solution, they reverse the
processwhich gives the solution for the original problem.Geoffrion implemented this
technique in optimizing logistics decision-making [7]. Some even modify the objec-
tive function by assuming a related simpler objective function as shown by Silver and
Meal in selection of lot sizes under a time-varying demand situation [8]. Some meth-
ods rely on approximation of nonlinear constraint by a linear one or even completely
ignore the constraints to check for solutions that satisfy the original constraints. This
uses calculus to generate approximate extreme points as shown by Fisher and Jaiku-
mar in vehicle routing problem [9]. This demonstrates that certain algorithms and
approaches are inherently more efficient in solving certain problems. For example,
nature-inspired algorithms prove to be faster and have less errors for predicting stock
markets as shown by Hegazy, Soliman, andMustafa [10]. With the success of natural
algorithms over traditional algorithms, many new algorithms based on nature and
societal behavior of animals are developed such as Ant Colony Optimization (ACO),
Particle Swarm Optimization (PSO), Genetic Algorithm (GA), and Artificial Bee
Colony (ABC). The most recent developments incorporate hybrid optimization in
which combination of heuristic algorithms and exact methods are simultaneously
implemented to give more desirable results as shown by Jourdan and Basseur [11].
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Algorithms such as Genetic Algorithm and Particle Swarm Optimization are opted
for the problems related to robotic manipulators and robotic grasps.

3.1 Genetic Algorithm

Genetic Algorithm (GA) is a nature-inspired heuristic algorithm used in artificial
intelligence and computing introduced by John Holland in 1960 which was further
extended by Goldberg in 1989. It mimics Darwin’s theory of natural selection and
evolutionary biology to find optimized solutions. This algorithm creates a group
of individual solutions from a given population and these are evaluated with the
evaluation constraints to eliminate the undesirable solutions. Solutions are further
developed from the remaining individuals which follow the survival of the fittest
principle of natural evolution.

OF = fobj (x1, x2 . . . xn)

PF =
1∑

i=1

Ri (max [0, gi (xl , x2, . . . xn, a)])
2

+
m∑

j=0

R j
(
max

[
0, h j (xl , x2 . . . xn, b) − tol])2

FF = OF + PF

where a and b are constants, m is quality constraints number, hj’s value is below the
tolerance value and tol is the tolerance value, OF is the objective function, PF is the
penalty function, and FF is the fitness function.

GA is one of the most favored algorithms due to its ability to satisfactorily solve
wide range of problems and it has been successfully implemented in many disci-
plines like economics, material science, inverse kinematics optimization, comput-
ing, artificial intelligence, electronics, and networking. It is a discrete system that
is likewise appropriate for combinatorial problems. GA was used by Satya Prasad,
NagaRaju, and Kantam to develop a software dependability growth model to analyze
software and detect software failures for efficiently debugging which proved to be
more accurate than other comparable models [12]. Rashidifar and Abdolah used GA
and Neural Networks jointly to optimize controller tuning in which minimization
of tuning criteria is done by GA [13]. Micro Electric Discharge Machining process
was optimized using GA to reduce the tool wear rate while drilling a micro-hole by
Ashutosh, Kamlesh, and Abhay [14]. GA was used by Bilel and Fethi to tag parts of
speech in Arabic language [15].

Genetic algorithm was used for generating efficient grasping patterns by Jaime J.
Fernandez for Barret’s hand in 1998 [26]. Pakize Erdogmus andMetin Toz solved the
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inverse kinematics question for a PUMA robot using the same [25]. Emil Dale Bjoer-
lykhaug has concluded that using GA for optimizing closed-loop inverse kinematics
solver proved to be much effective than using random values as it had much quicker
convergence [27]. Z. Mohamed and G. Capi proposed the use of multi objective
genetic algorithm for improvement of humanoid robot arm movement for obstacle
avoidance [28]. GA based optimal regrasping was developed for the five-fingered
robot hand, Anthrobot, by Aydan M. Erkmen, Mehmet Durna in Belgium in which
they discussed that the GA based algorithm didn’t seem to have much improvement
until 700th generation due to low population diversity [24]. Zichen Zhang and Jason
Gu produced aGAplanner for generating pregrasp pattern of a dexterous hand for 3D
spatial objects which provedGA parameters to have a crucial impact on the improved
operation of the hand [23]. A GA based deep learning tuning for object identification
and grasping has been performed by Delowar Hossain and Genci Capi who closed
the multi-objective hereditary calculations to outflank the relegated errands when
contrasted with customary techniques [21].

New Population 

Yes

  No

Initial Population 

Mutation

Evaluate and sort 

Crossover

Selection and elitism 

Termi- Done

Flow chart describing the function of a Genetic Algorithm [21].
Inverse Kinematics is a standout among the most difficult issues in mechanical

autonomy. The issue includes finding an ideal posture for a controller given the
situation of the end-tip effector rather than forward kinematics, where the end-tip
position is looked for a given posture or joint setup [29]. Typically, this position is
communicated as a point in a facilitate framework [23] (e.g., in aCartesian framework
with x-, y-, and z-coordinates). In any case, the posture of the controller can likewise be
communicated as the accumulation of joint factors that portray the angle of bending
or twist (in revolute joints) or length of augmentation (in prismatic joints) [30].

Inverse Kinematics is especially troublesome because abundant arrangements can
emerge. Naturally, one can imagine that an automated arm can have various methods
for coming through a specific point. It is similar when you contact the table andmove
your arm without moving the fact of the matter you’re contacting the table at [31].
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Additionally, the estimation of these positions can be extremely difficult. Simple
arrangements can be found for 3-DOF controllers yet attempting to take care of the
issue for six or considerably more DOF can prompt testing algebraic issues.

The GA was used to put a robot at the objective position while constraining
the greatest joint interpretation from the underlying position [12]. At present, GAs
is appropriate for disconnected programming of an excess robot in point-to-point
situating errands. Despite the fact that the last situating exactness isn’t perfect, the
straightforwardness and intensity of the GA make an intriguing commitment to the
field of in-stanza kinematics. There are potentially a few additional tasks of GAs in
redundant robot kinematics applications, where weighting factors are computed at
different generations [24].

3.2 Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a swarm propelled populace based heuris-
tic improvement method created by Dr. Eberhart and Dr. Kennedy in 1995. It was
enlivened by their perceptions of social rummaging conduct of a few creatures, for
example, running of fowls and tutoring of fish. It impersonates the social conduct of
a gathering where the individuals from the swarm fly through a domain to pursue the
fitter individuals from the swarm on account of biasing toward the fitter individuals
from the earth. In this algorithm, the estimations of the gathering factors are balanced
toward the esteem nearest to the objective at some randomminute. This fixing design
proceeds until the point where the desired arrangement is accomplished. PSO has
favorable position over GA in that it has no development administrators, for example,
hybrid and change. In any case, PSO is a persistent procedure that is inadequately
suited for combinatorial issues.

This algorithm initializes stochastic positions and locations to each of its particles
and the dimension represents the number of particles. All particles start with random
local and global best values. Every number moves along the global and local best
values depending on the random weighed amount by the parameter system. Local
best value is the best value a particle has found during that iteration and the global
best value is the best value of all local best values found in that iteration. After
every iteration, global and local best values are updated. Every next iteration is
made along with the new updated local and global best values. After a number of
iterations, all particles converge on to the global best value. Equations proposed for
this optimization as given by Kennedy and Eberhart are [16]

Vx [][] = Vx [][] + 2∗rand()∗(pbestx[][] − presentx[][])
+ 2 ∗ rand() ∗ (pbestx[][gbest] − presentx][])

where rand is a random number, pbestx is the local best value of a particle, presentx
is the present value of that particle, and gbest is the global best of all particles. The
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next position of a particle relies on the current position of the particle until they
converge onto a global best position.

Hybrid Genetic Swarm Algorithm tackles the inverse kinematics issue by meth-
ods for naturally enlivened enhancement procedures and proposes a widespread
agreement that can be applied on arbitrary joint chains [32].

There are a few intriguing perspectives for further investigations and enhance-
ments which reach from completely computational to algorithmic and logical view-
points. A productive parallel GPU or multicenter handling for wellness estimations
may achieve a huge computational speedup. Upgrades can likewise be envisioned by
adjusting the calculation to figure the issue for multiple end effectors simultaneously
and to coordinate extra requirements into the plan of the target work [33]. Eventually,
the algorithmic ideas are nonexclusive and may likewise be effectively material to
different persistent and multimodal optimization problems.

No

Yes

Start 

Initialize PSO Parameters 

Generate first swarm 

Evaluate the fitness of all 
particles

Record personal best fit-
ness of all particles 

Find the global best particle 

Record personal best fitness of all particles 

Record personal best fitness of all particles 

Swarm 

End

Flow chart describing the function of a Particle Swarm Optimization [17].
Particle Swarm Optimization (PSO) is a relatively new algorithm and has many

advantages such as simplicity and rapid convergence. A study by Rania, Babak,
and Olivier to examine the effectiveness of both GA and PSO showed that PSO
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required less computational effort to converge at the same desired solutions by GA
[17]. Mohammad, Reza, Kwok, Sahaboddin, and Pezhman conducted a case study in
which they found that PSO in conjunctionwithmultilayer perceptron technique could
accurately approximate the evaporation rates over a daily forecast horizon in northern
Iran [18]. Support Vector Machines optimized with PSO proved to be more effective
than those optimized with GA to automatically and accurately classify the MRI for
the diagnosis of Dementia [19]. Hybrid PSO was found to be faster in solving multi
area economic dispatch problem than other comparable methods in a test by Hyunh
[20]. Nizar Rokbani, Adel. M Alimi used Particle swarm optimization for solving
inverse kinematics which solves the issues of path planning, path optimization, and
motion related problems in robotic arms and concluded the PSO-VG to be effective
among all other types of PSO optimizations [22]. PSOwhen compared toGA seemed
to have a much lower execution time for pathfinding operation and solving inverse
kinematics for a PUMA robot [25].

4 Conclusion

This paper concentrates on two near-identical Evolutionary Algorithms: Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO). We observe that GA is
more appropriate for discrete optimization whereas PSO is more widely used for
continuous optimization. The solutions for GA are ranked based on fitness values
where the traverse operation produces offspring with parts extracted from the parents
where the solutions are more probable to be similar to that of parents. For PSO, it
is observed that a new swarm of particles are generated through the velocity and
position update equations. This confirms that all new particles can be much different
than the old ones. Also, as it was discussed that the mechanism is relied on float-
ing point arithmetic, it could generate any values within the solution set that may be
much larger than those generated via GA. There are many academic journals that
measure performances of these two evolutionary algorithms in solving some compli-
cated optimization problems in various fields. The performance of algorithm is vague
as many applied different solution representations along with various local searches.
So, the comparison would be more exhaustive when benchmark problems are used
with similar solution representation and similar number of function evaluations.
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