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1

 The characteristic length 
scales in direct mode of drop 
formation from the edges of 
spinning discs with different 
surface wetting 
characteristics Dr K Sahoo

Chemical Engg. Chemical Engineering 
Science 2021

Chemical Engineering Science | Journal | ScienceDirect.com by Elsevier

https://doi.org/10.
1016/j.ces.
2022.118068

Scopus Web of Science

2

Analysis of Iron Ore Pellets 
properties Concerning Raw 
Material Mineralogy for 
Effective Utilization of Mining 
Waste

Mr K Barik Chemical Engg. Powder Technology 2021

Powder Technology | 
Journal | 
ScienceDirect.com by 
Elsevier

https://doi.org/10.
1016/j.powtec.
2022.117259 Scopus Web of Science

3

Atomization characteristics of 
a spinning disc in direct drop 
mode

Dr Chandra Nayak Chemical Engg. Industrial & 
Engineering 
Chemistry Research

2021

Industrial & 
Engineering 
Chemistry Research 
Journal - ACS 
Publications

https://doi.org/10.
1021/acs.iecr.
1c02172 Scopus

4

Dried ridge gourd: an 
excellent source for 
ecofriendly activated carbon

Mr K Barik Chemical Engg. Indian Journal of 
Chemical Technology 2021

Indian Journal of Chemical Technology (IJCT) (niscair.res.in)

http://nopr.niscair.
res.
in/handle/12345678
9/57455 Scopus

5

Dynamics of drop release 
from the edge of a spinning 
disc 

Dr K Sahoo

Chemical Engg.
Industrial & 
Engineering 
Chemistry Research

2021

Industrial & 
Engineering 
Chemistry Research 
Journal - ACS 
Publications

https://doi.org/10.
1021/acs.iecr.
1c02172

6

Effect of superficial gas 
velocity and ratio of bed 
volume to reactor volume of 
inverse fluidized bed biofilm 
reactor on the removal of 
ammonia-nitrogen from 
wastewater

Dr Anup Kumar Swain Chemical Engg. Indian Journal of 
Chemical Technology 2021

0975-0991 op.niscair.res.in Scopus

7

Experimental Design of Solid 
Particle Wear Behavior of Ni-
Based Composite Coatings

Dr H Sutar , R. Murmu Chemical Engg. Journal of 
Composites Science

2021

Journal of Composites 
Science | An Open 
Access Journal from 
MDPI

https://doi.org/10.
3390/jcs5050133

Scopus

8

Experimental Design of Solid 
Particle Wear Behavior of Ni-
Based Composite Coatings

Dr H Sutar , R. Murmu Chemical Engg. Journal of 
Composites Science

2021

Journal of Composites 
Science | An Open 
Access Journal from 
MDPI

https://doi.org/10.
3390/jcs5050133

Scopus

9

Graphene, Graphene-
Derivatives and Composites: 
Fundamentals, Synthesis 
Approaches to Applications.

Dr H Sutar , R. Murmu Chemical Engg. Journal of 
Composites Science

2021

Journal of Composites 
Science | An Open 
Access Journal from 
MDPI

https://doi.org/10.
3390/jcs5070181

Scopus

10

Graphene, Graphene-
Derivatives and Composites: 
Fundamentals, Synthesis 
Approaches to Applications.

Dr H Sutar , R. Murmu Chemical Engg. Journal of 
Composites Science

2021

Journal of Composites 
Science | An Open 
Access Journal from 
MDPI

https://doi.org/10.
3390/jcs5070181

Scopus

https://www.sciencedirect.com/journal/chemical-engineering-science
https://www.sciencedirect.com/journal/powder-technology
https://www.sciencedirect.com/journal/powder-technology
https://www.sciencedirect.com/journal/powder-technology
https://www.sciencedirect.com/journal/powder-technology
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
http://op.niscair.res.in/index.php/IJCT
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://pubs.acs.org/journal/iecred
https://op.niscair.res.in/index.php/IJCT
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/journal/jcs
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11

Green synthesized Ag-TiO2 
for degradation of organic 
dye through visible light 
driven photo-rector and its 
kinetics

Dr S Banerjee Chemical Engg. Int. J. Chem. React. 
Eng. 2021

http://www.bepress.com/ijcre/
DOI:10.1515/ijcre-
2021-0111 Scopus

12

Investigation on Loss on 
Ignition to Study the Effect of 
Iron Ore Mineralogy in Green 
Pellet Growth Kinetics

Mr K Barik Chemical Engg.
IIM Transactions of 
The Indian Institute of 
Metals

2021

Home | Transactions of the Indian Institute of Metals (springer.com)

https://doi.org/10.
1007/s12666-021-
02449-6 Scopus Web of Science

13

Mechanical, Thermal, and 
Morphological Properties of 
Graphene Nanoplatelet-
Reinforced Polypropylene 
Nanocomposites: Effects of 
Nanofiller Thickness

Dr H Sutar , R. Murmu Chemical Engg. Journal of 
Composites Science 2021

ttps://www.mdpi.com/journal/jcs

https://doi.org/10.
3390/jcs5010024

Scopus

14

Mechanical, Thermal, and 
Morphological Properties of 
Graphene Nanoplatelet-
Reinforced Polypropylene 
Nanocomposites: Effects of 
Nanofiller Thickness

Dr H Sutar , R. Murmu Chemical Engg. Journal of 
Composites Science 2021

ttps://www.mdpi.com/journal/jcs

https://doi.org/10.
3390/jcs5010024

Scopus

15

Preparation and 
characterization of the 
SPEEK/PVA/Silica hybrid 
membrane for direct 
methanol fuel cell (DMFC)

Dr H Sutar , R. Murmu Chemical Engg. Polymer Bulletin 2021

Home | Polymer Bulletin (springer.com)

https://doi.org/10.
1007/s00289-021-
03602-3

Scopus Web of Science

16

Preparation and 
characterization of the 
SPEEK/PVA/Silica hybrid 
membrane for direct 
methanol fuel cell (DMFC)

Dr H Sutar , R. Murmu Chemical Engg. Polymer Bulletin 2021

Home | Polymer Bulletin (springer.com)

https://doi.org/10.
1007/s00289-021-
03602-3

Scopus Web of Science

17

Effect of Annealing 
Temperature on Copper-
Doped Nickel Oxide 
Nanomaterials for Efficient 
Degradation of Methylene 
Blue Under Solar Irradiation

Debakanta Tripathy, 
Binod Bihari Panda, 
Niladri Maity Chemistry

Journal of Electronic 
Materials 2021 0361-5235 Home | Journal of Electronic Materials (springer.com)

DOI
https://doi.org/10.
1007/s11664-022-
09591-x Scopus Web of Science

18

Electrodeposited mixed ZnS–
CdS photoelectrode for 
natural dye-sensitized solar 
cells (NDSSC)

Binod Bihari Panda,   P. 
K. Mahapatra,  M. K. 
Ghosh Chemistry

Indian Journal of 
Physics 2021 0973-1458 Home | Indian Journal of Physics (springer.com)

DOI
https://doi.org/10.
1007/s12648-020-
01902-4 Scopus Web of Science

19

Synthesis, characterization 
and molecular docking study 
of Nitro(4′-(2-pyridyl)-2,2′:6′,
2″-terpyridyl) Palladium(II) 
nitrate

DebakantaTripathy, 
Amlan K.Pal, Soumya 
LipsaRath, Garry S.
Hanan, Binod B.Panda, 
Dillip K.Chand Chemistry

Inorganic Chemistry 
Communications 2021 1387-7003. Inorganic Chemistry Communications | Journal | ScienceDirect.com by Elsevier

http://dx.doi.org/10.
1016/j.inoche.
2021.108494 Scopus Web of Science

20

Durability properties of 
concrete with silica fume and 
rice husk ash

SmitaSahoo, Pravat 
KumarParhi, 
BikashChandra Panda

CIVIL
Cleaner Engineering 
and Technology 2021 2666-7908

Cleaner Engineering 
and Technology | 
Journal | 
ScienceDirect.com by 
Elsevier

https://doi.org/10.
1016/j.clet.
2021.100067 Scopus Web of science

21

Performance Analysis of 
Offshore Riser System RAMBABU NIMMA CIVIL

International 
Research Journal of 
Engineering and 
Technology (IRJET)

2021 ISSN 2278-
3075

https://www.irjet.
net/

https://www.irjet.
net/archives/V8/i4/I
RJET-V8I493.pdf Scopus

22

A Machine Intelligence 
Based Model for the 
Classification of Odia Printed 
and Handwritten Images

Sahu, A., Mishra, S., & 
Jena, K. K. CSE

Elementary Education 
Online, 

2021

20(5), 3733-
3744.(Scopus, 
UGC) Elementary Education Online (ilkogretim-online.org)

doi: 10.17051
/ilkonline.
2021.05.410 UGC Care Scopus

http://www.bepress.com/ijcre/
https://link.springer.com/journal/12666
https://link.springer.com/journal/289
https://link.springer.com/journal/289
https://link.springer.com/article/10.1007/s11664-022-09591-x
https://link.springer.com/article/10.1007/s11664-022-09591-x
https://link.springer.com/article/10.1007/s11664-022-09591-x
https://link.springer.com/article/10.1007/s11664-022-09591-x
https://link.springer.com/article/10.1007/s11664-022-09591-x
https://link.springer.com/article/10.1007/s11664-022-09591-x
https://link.springer.com/journal/11664
https://link.springer.com/journal/12648
https://link.springer.com/journal/12648
https://link.springer.com/journal/12648
https://www.sciencedirect.com/journal/inorganic-chemistry-communications
https://scholar.google.com/scholar?oi=bibs&cluster=17612569758703624455&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=17612569758703624455&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=17612569758703624455&btnI=1&hl=en
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://www.irjet.net/
https://www.irjet.net/
https://ilkogretim-online.org/index.php/pub
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23

A Machine Intelligence 
Based Model for the 
Classification of Odia Printed 
and Handwritten Images

Sahu, A., Mishra, S., & 
Jena, K. K. CSE

Elementary Education 
Online, 

2021

20(5), 3733-
3744.(Scopus, 
UGC) Elementary Education Online (ilkogretim-online.org)

doi: 10.17051
/ilkonline.
2021.05.410 UGC Care Scopus

24

A Comprehensive 
Examination of Bandgap 
Semiconductor Switches

S Siva Subramanian, R 
Saravanakumar, Bibhu 
Prasad Ganthia, S 
Kaliappan, Surafel 
Mustefa Beyan, Maitri 
Mallick, Monalisa 
Mohanty, G Pavithra EE

Advances in Materials 
Science and 
Engineering, Hindawi

2021

Article ID 
318850

https://www.
proquest.com/

 https://doi.org/10.
1155/2021/3188506

Scopus

25

A novel application of ALO-
based fractional order fuzzy 
PID controller for AGC of 
power system with diverse 
sources of generation

Nimai Charan Patel, 
Binod Kumar Sahu, 
Durgesh Prasad 
Bagarty, Pranati Das, 
Manoj Kumar Debnath EE

The International 
Journal of Electrical 
Engineering & 
Education 2021 2050-4578

https://journals.
sagepub.com/

https://doi.org/10.
1177/002072091982

9710 Scopus

26

A Real Time Implementation 
of ANN Controller to Track 
Maximum Power Point in 
Solar Photovoltaic System

K Thenmalar, K Kiruba, 
Praveen Raj, Bibhu 
Prasad Ganthia

EE

Annals of the 
Romanian Society for 
Cell Biology

2021 Annals of the 
Romanian Society for 
Cell Biology 
(annalsofrscb.ro)

ttps://annalsofrscb.
ro/index.
php/journal/article/vi
ew/7465 Scopus

27

Ann Based Speed Control of 
Brush less DC Motor Using 
DC DC Converter

M Sivaramkrishnan, M 
Veerasundaram, Lizi 
Joseph, Bibhu Prasad 
Ganthia, M Anand

EE

Design Engineering 2021

thedesignengineering.
com

http:
//thedesignengineeri
ng.com/index.
php/DE/article/view/
1901 Scopus

28

Bridgeless Ac/Dc Converter 
& Dc-Dc Based Power Factor 
Correction with Reduced 
Total Harmonic Distortion

N Praneeth, Bibhu 
Prasad Ganthia, 
Makarand Upadhyaya

EE

Design Engineering 2021

thedesignengineering.
com

http:
//thedesignengineeri
ng.com/index.
php/DE/article/view/
1902 Scopus

29

Explicit model predictive 
controller for power control of 
molten salt breeder reactor 
core

Subrat Kumar Pradhan, 
Dushmanta Kumar Das EE

Nuclear Engineering 
and Design 2021 1872-759X

Nuclear Engineering 
and Design | Journal | 
ScienceDirect.com by 
Elsevier

10.1016/j.
nucengdes.
2021.111492 Scopus Web of Science

30

Grid Tied PV with Reduced 
THD Using NN and PWM 
Techniques

Praveen Mannam, YV 
Siva Reddy, Saritha 
Manchireddy, Bibhu 
Prasad Ganthia

EE

Design Engineering 2021

thedesignengineering.
com

http:
//thedesignengineeri
ng.com/index.
php/DE/article/view/
1903 Scopus

31

H∞ Load Frequency Control 
Design Based on Delay 
Discretization Approach for 
Interconnected Power 
Systems with Time Delay

Subrat Kumar Pradhan, 
Dushmanta Kumar Das EE

Journal of Modern 
Power Systems and 
Clean Energy 2021 2196-5420

IEEE Xplore: Journal 
of Modern Power 
Systems and Clean 
Energy

10.35833/MPCE.
2019.000206 Scopus Web of Science

32

H∞ Performance-Based 
Sliding Mode Control 
Approach for Load 
Frequency Control of 
Interconnected Power 
System with Time Delay

Subrat Kumar Pradhan, 
Dushmanta Kumar Das EE

Arabian Journal for 
Science and 
Engineering 2021 2193-567X

Home | Arabian 
Journal for Science 
and Engineering 
(springer.com)

10.1007/s13369-
020-05178-y Scopus

33

Hardware in Loop (THIL 402) 
Validated Type-I Fuzzy Logic 
Control of Type-III Wind 
Turbine System under 
Transient

Bibhu Prasad Ganthia, 
Subrat Kumar Barik, 
Byamakesh Nayak

EE

Journal of Electrical 
Systems, Engineering 
and Scientific 
Research Groups 
(ESRGroups)

2021

https://journal.
esrgroups.org/

https://journal.
esrgroups.
org/jes/papers/17_1
_3 Scopus

https://ilkogretim-online.org/index.php/pub
https://www.proquest.com/
https://www.proquest.com/
https://journals.sagepub.com/
https://journals.sagepub.com/
http://annalsofrscb.ro/index.php/journal
http://annalsofrscb.ro/index.php/journal
http://annalsofrscb.ro/index.php/journal
http://annalsofrscb.ro/index.php/journal
http://thedesignengineering.com/index.php/DE
http://thedesignengineering.com/index.php/DE
http://thedesignengineering.com/index.php/DE/article/view/1901
http://thedesignengineering.com/index.php/DE/article/view/1901
http://thedesignengineering.com/index.php/DE/article/view/1901
http://thedesignengineering.com/index.php/DE/article/view/1901
http://thedesignengineering.com/index.php/DE/article/view/1901
http://thedesignengineering.com/index.php/DE
http://thedesignengineering.com/index.php/DE
http://thedesignengineering.com/index.php/DE/article/view/1902
http://thedesignengineering.com/index.php/DE/article/view/1902
http://thedesignengineering.com/index.php/DE/article/view/1902
http://thedesignengineering.com/index.php/DE/article/view/1902
http://thedesignengineering.com/index.php/DE/article/view/1902
https://www.sciencedirect.com/journal/nuclear-engineering-and-design
https://www.sciencedirect.com/journal/nuclear-engineering-and-design
https://www.sciencedirect.com/journal/nuclear-engineering-and-design
https://www.sciencedirect.com/journal/nuclear-engineering-and-design
http://thedesignengineering.com/index.php/DE
http://thedesignengineering.com/index.php/DE
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8685265
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8685265
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8685265
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8685265
https://link.springer.com/journal/13369
https://link.springer.com/journal/13369
https://link.springer.com/journal/13369
https://link.springer.com/journal/13369
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34

Low voltage ride through 
capability enhancement 
using series connected fact 
devices in wind energy 
conversion system

Bibhu Prasad Ganthia, 
Subrat Kumar Barik, 
Byamakesh Nayak

EE

Journal of 
Engineering Science 
and Technology, 
Taylor University

2021
Journal of 
Engineering Science 
and Technology 
(JESTEC) (taylors.
edu.my)

FORMAT 
INSTRUCTIONS FOR 
SOMChE 2004 
PAPERS (taylors.
edu.my) Scopus Web of Science

35

Matlab/Simulink Based THD 
Reduction Using Active 
Power Filters

PV Ashwathy Devraj, S 
Siva Subramanian, 
Udayakumar Durairaj, 
Bibhu Prasad Ganthia, 
Makarand Upadhyaya EE

Design Engineering 2021

thedesignengineering.
com

http:
//thedesignengineeri
ng.com/index.
php/DE/article/view/
1900 Scopus

36

Research on frequency 
parameter detection of 
frequency shifted track circuit 
based on nonlinear algorithm

Hui Xie, Yatao Wang, 
Zhiliang Gao, Bibhu 
Prasad Ganthia, Chinh 
V Truong EE

Nonlinear 
Engineering, De 
Gruyter

2021

https://www.
degruyter.com/

https://doi.org/10.
1515/nleng-2021-
0050 Scopus Web of Science

37

Predictive Analysis for Cancer 
and Diabetes Using Simplex 
Method Based Social Spider 
Optimization Algorithm

Monalisa Nayak , 
Soumya Das , Urmila 
Bhanja , Manas 
Ranjan Senapati ETC IETE Journal of Research2021 IETE Journal of Research | Taylor & Francis Online (tandfonline.com)

https://doi.org/10.
1080/03772063.
2022.2027276 Web of Science

38

Predictive Analysis for Cancer 
and Diabetes Using Simplex 
Method Based Social Spider 
Optimization Algorithm

Monalisa Nayak , 
Soumya Das , Urmila 
Bhanja , Manas 
Ranjan Senapati ETC IETE Journal of Research2021 IETE Journal of Research | Taylor & Francis Online (tandfonline.com)

https://doi.org/10.
1080/03772063.
2022.2027276 Web of Science

39

Ambiguity Function Analysis 
for Orthogonal-LFM 
Waveform Based Multistatic 
Radar

Dillip Dash   J.
Valarmathi

ETC

IEEE Sensor Letters 2021 2475-1472

IEEE Xplore: IEEE Sensors Letters

https://doi.org/10.
1109/LSENS.
2021.3129081 Scopus Web of Science

40

Design and Analysis of 
Complex Data Security 
Algorithm Using 
Cryptography and 
Steganography Techniques 

Paresh Kumar Pasayat, 
Soumya Ranjan 
Panigrahi, Chandan 
Kumar Padhy, 
Manaswini Mishra, 
Trupti Mishra, Ajay 
Kumar Manadhata ETC

International Journal 
of Innovative 
Research in 
Computer and 
Communication 
Engineering 2021

e-ISSN: 2320-
9801, p-ISSN: 
2320-9798

::International Journal 
of Innovative 
Research in Computer 
and Communication 
Engineering:: (ijircce.
com)

https://ssrn.
com/abstract=42453
67 UGC Care

41

High selectivity and sharp 
roll-off filtenna array for Ku-
band application

Soumya Ranjan Mishra, 
Bikash Chandra Sahoo 
& Sheeja K L ETC

International Journal 
of Electronics 2021 1362-3060

International Journal of Electronics: Vol 111, No 10 (Current issue) (tandfonline.com)

https://doi.org/10.
1080/00207217.
2021.1941290 Scopus

42

High selectivity and sharp 
roll-off filtenna array for Ku-
band application

Soumya Ranjan Mishra, 
Bikash Chandra Sahoo 
& Sheeja K L ETC

International Journal 
of Electronics 2021 1362-3060

International Journal of Electronics: Vol 111, No 10 (Current issue) (tandfonline.com)

https://doi.org/10.
1080/00207217.
2021.1941290 Scopus

43

ISS criterion for Lipschitz 
nonlinear interfered fixed-
point digital filters with 
saturation overflow arithmetic

J Rout and H. Kar

ETC

Circuits Systems and 
Signal Processing 2021 NA

Home | Circuits, Systems, and Signal Processing (springer.com)

https://doi.org/10.
1007/s00034-021-
01823-5 Scopus Web of Science

44

Metamaterial inspired pin 
wheel fractal shaped antenna 
using parasitic split ring 
resonator for modern 
wireless applications

Ashish Kumar, Bikash 
Chandra Sahoo, 
Gurmeet Singh

ETC

International Journal 
of Electronics and 
Communications

2021 2798-2610

AEU - International 
Journal of Electronics 
and Communications 
| ScienceDirect.com 
by Elsevier

https://doi.org/10.
1016/j.aeue.
2021.153931 Scopus Web of Science

45

Effect of second order slip 
and heat source on 
dissipative  MHD flow of 
blood through a permeable 
capilary in stretching motion

M.M.BISWAL,B.K.
SWAIN & G.C.DASH Mathematics International Journal 

of Ambient Energy 2021

International Journal of Ambient Energy | Taylor & Francis Online (tandfonline.com)

https://doi.org/10.
1080/01430750.
2021.1979649 Scopus

https://jestec.taylors.edu.my/
https://jestec.taylors.edu.my/
https://jestec.taylors.edu.my/
https://jestec.taylors.edu.my/
https://jestec.taylors.edu.my/
https://jestec.taylors.edu.my/Vol%2016%20issue%201%20February%202021/16_1_26.pdf
https://jestec.taylors.edu.my/Vol%2016%20issue%201%20February%202021/16_1_26.pdf
https://jestec.taylors.edu.my/Vol%2016%20issue%201%20February%202021/16_1_26.pdf
https://jestec.taylors.edu.my/Vol%2016%20issue%201%20February%202021/16_1_26.pdf
https://jestec.taylors.edu.my/Vol%2016%20issue%201%20February%202021/16_1_26.pdf
http://thedesignengineering.com/index.php/DE
http://thedesignengineering.com/index.php/DE
https://www.tandfonline.com/journals/tijr20
https://www.tandfonline.com/journals/tijr20
https://doi.org/10.1080/03772063.2022.2027276
https://doi.org/10.1080/03772063.2022.2027276
https://doi.org/10.1080/03772063.2022.2027276
https://www.tandfonline.com/journals/tijr20
https://www.tandfonline.com/journals/tijr20
https://doi.org/10.1080/03772063.2022.2027276
https://doi.org/10.1080/03772063.2022.2027276
https://doi.org/10.1080/03772063.2022.2027276
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7782634
https://ijircce.com/
https://ijircce.com/
https://ijircce.com/
https://ijircce.com/
https://ijircce.com/
https://ijircce.com/
https://www.tandfonline.com/toc/tetn20/current
https://doi.org/10.1080/00207217.2021.1941290
https://doi.org/10.1080/00207217.2021.1941290
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EOQ model for cubic 
deteriorting items carry 
forward with weibull demand 
and without shortages.

Chandan Ku. Sahoo,
Kailash Ch. Paul Mathematics IJREI 2021

International Journal of Research in Engineering and Innovation : IJREI

https://doi.org/10.
36037/IJREI.
2021.5510 Scopus

47

Heat and mass transfer in 
MHD stagnation-point flow 
toward an inclined stretching 
sheet embedded in a porous 
medium.

M.M.BISWAL,B.K.
SWAIN,M. DAS & G.C.
DASH

Mathematics Heat transfer 2021

Heat Transfer - Wiley Online Library
https://doi.org/10.
1002/htj.22525 Scopus

48

Mass transfer effect on 
viscous dissipative MHD flow 
of nano fluid over a 
stretching sheet embdded in 
a porous medium

Bikash Ch. Parida, 
Bharat Keshari Swain, 
Nityananda Senapati

Mathematics JNAME 2021

Bangladesh Journals Online (banglajol.info)

https://doi.org/10.
3329/jname.v18i1.
53380 Scopus

49
Design and fabrication of a 
solar portable refrigerator

Sabyasachi Aich, 
Jayashree Nayak Mechanical

Materials Today: 
Proceedings 2021

Materials Today: 
Proceedings | Journal 
| ScienceDirect.com 
by Elsevier

https://doi.org/10.
1016/j.matpr.
2020.08.442 Scopus Web of Science

50
Design and fabrication of a 
solar portable refrigerator

Sabyasachi Aich ,
Jayashree Nayak

Mechanical
Material Today 
proceedings 2021

Materials Today: 
Proceedings | Journal 
| ScienceDirect.com 
by Elsevier

https://doi.org/10.
1016/j.matpr.
2020.08.442 Scopus Web of Science

51
Humanoid NAO: A Kinematic 
Encounter

Sahu, C., Parhi, D. R., 
Kumar, P. B., Muni, M. 
K., Chhotray, A., & 
Pandey, K. K Mechanical Robotica 2021 Robotica | Cambridge Core

DOI: https://doi.
org/10.
1017/S0263574721
000096 Scopus

52

Hybrid IWD-GA: an approach 
for path optimization and 
control of multiple mobile 
robot in obscure static and 
dynamic environments

Kumar, S., Parhi, D. R., 
Pandey, K. K., & Muni, 
M. K. Mechanical Robotica 2021 Robotica | Cambridge Core

DOI: https://doi.
org/10.
1017/S0263574721
000114 Scopus

53

Navigation of a wheeled 
mobile robotic agent using 
modified grey wolf 
optimization controller

Paital, C., Kumar, S., 
Muni, M. K., Parhi, D. 
R., & Dhal, P. R. Mechanical

International Journal 
of Intelligent 
Unmanned Systems. 2021

International Journal 
of Intelligent 
Unmanned Systems | 
Emerald Insight

10.1108/IJIUS-06-
2020-0023 Scopus
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Navigation of a wheeled 
mobile robotic agent using 
modified grey wolf 
optimization controller

Paital, C., Kumar, S., 
Muni, M. K., Parhi, D. 
R., & Dhal, P. R. Mechanical

International Journal 
of Intelligent 
Unmanned Systems. 2021

International Journal 
of Intelligent 
Unmanned Systems | 
Emerald Insight

10.1108/IJIUS-06-
2020-0023 Scopus

55

On Crack Detection in a 
Laminated Glass/Epoxy 
Composite Beam under Free 
Vibration with Fuzzy Logic 
Aid

Das, P., Muni, M. K., & 
Sahu, S. K. Mechanical

International Journal 
of Structural Stability 
and Dynamics 2021 International Journal of Structural Stability and Dynamics (worldscientific.com)

https://doi.org/10.
1142/S0219455421
501765 Scopus

56

Soil stabolization by 
industrial waste (GGBS and 
stone dust)

C K Behera, S Senapati Mechanical

Intewrnational journal 
of engineering 
research & 
technology

2021 2278-0181

IJERT – International 
Journal of 
Engineering Research 
& Technology 10.17577/IJERTV10IS090154
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Static and dynamic path 
optimization of multiple 
mobile robot using hybridized 
fuzzy logic-whale 
optimization algorithm.

Kumar, S., Parhi, D. R., 
Kashyap, A. K., & Muni, 
M. K Mechanical

Proceedings of the 
Institution of 
Mechanical 
Engineers, Part C: 
Journal of Mechanical 
Engineering Science 2021 Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science: Sage Journals (sagepub.com)

DOI: https://doi.
org/10.
1177/095440622098
2641 Scopus
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Water cycle algorithm: an 
approach for improvement of 
navigational strategy of 
multiple humanoid robots

Muni, M. K., Kumar, S., 
Parhi, D. R., & Pandey, 
K. K. Mechanical Robotica 2021

Cleaner Engineering 
and Technology | 
Journal | 
ScienceDirect.com by 
Elsevier

DOI: https://doi.
org/10.
1017/S0263574721
000837 Scopus Web of Science

59

Enhanced biodegradation of 
total petroleum hydrocarbons 
by implementing a novel two 
steps bioaugmentation 
Strategy indigenous bacterial 
consortium

Ipsita Dipamitra Behera, 
M R Nayak, S Biswas, B 
C Meikap, R k Sen

MME

Journal of 
Environmental 
Management

2021

Journal of 
Environmental 
Management | 
ScienceDirect.com by 
Elsevier

https://doi.org/10.
1016/j.jenvman.
2021.112746 Scopus Web of Science

60

Strategic implementation of 
integrated bioaugmentation 
nand bio stimulation for 
efficient mittigation of 
petroleum hydorcarbon 
pollutants from terrestrial and 
aquatic environment

Ipsita Dipamitra Behera, 
M R Nayak, A Mishra, B 
C Meikap

MME

Marine pollution 
Bulletin

2021

Marine Pollution 
Bulletin | Journal | 
ScienceDirect.com by 
Elsevier

https://doi.org/10.
1016/j.marpolbul.
2022.113492 Scopus

61

Accelerating models with a 
hybrid scale factor in 
extended gravity

B. Mishra, S. K. Tripathy 
and S. Tarai Physics

Journal of 
Astrophysics and 
Astronomy

2021 0250-6335 
Home | Journal of Astrophysics and Astronomy (springer.com)

https://doi:10.1007
/s12036-020-09655-
6 Scopus Web of Science

62

Bouncing Models in 
extended gravity theory

S. K. Tripathy, B. 
Mishra, S. Ray and R. 
Sengupta

Physics Chinese Journal of 
Physics 2021 0577-9073

https://doi.org/10.
1016/j.cjph.
2021.03.026

63

Cosmological
 models with Big rip and 
Pseudo rip in extended 
theory of gravity

P. P. Ray, S. Tarai, B. 
Mishra and S. K. 
Tripathy

Physics
Fortschritte der 
Physik (Progress of 
Physics)

2021 0015-8208
(print) NA

64

Cosmological
 models with hybrid scale 
factor

S. K. Tripathy, B. 
Mishra, M. Khlopov and 
S. Ray

Physics International Journal 
of Modern  Physics D 2021

0218-
2718 | ISSN 
(online): 1793-
6594

http://dx.doi.org/10.
1142/S0218271821
400058

65

Dynamical System Analysis 
for accelerating models in f
(Q) gravity

S. A. Narawade,L. Pati, 
B. Mishra and 
S. K. Tripathy

Physics Physics of Dark 
Universe 2021 ISSN: 2212-

6864 Physics of the Dark Universe | Journal | ScienceDirect.com by Elsevier

https://doi.org/10.
1016/j.dark.
2022.101020 Scopus Web of Science

66

Dynamics of 
quasi de Sitter and 
linear combination 
of exponential
 models in extended 
gravity

B. Mishra, E. 
Gadia and S. K. Tripathy Physics

International Journal 
of Geometrical 
Methods in Modern
 Physics

2021
0219-8878 
(print); 1793-
6977 (web)

International Journal of Geometric Methods in Modern Physics (worldscientific.com)

https://doi.org/10.
1142/S0219887821
501681 Scopus

67

Gravitational Baryogenesis 
Models  comparison in f(R) 

S. Agrawal, S. K. 
Tripathy and B. Mishra Physics Chinese Journal of 

Physics 2021 0577-9073
Chinese Journal of Physics | ScienceDirect.com by Elsevier

https://doi.org/10.
1016/j.cjph.
2021.03.004 Scopus Web of Science

68

Matter Bounce Scenario and 
the dynamical aspects in f(Q,
T) gravity

A.     A. S. Agrawal, L. 
Pati, S. K. Tripathy and 
B. Mishra

Physics Physics of the Dark 
Universe 2021 ISSN: 2212-

6864 Physics of the Dark Universe | Journal | ScienceDirect.com by Elsevier

https://doi.org/10.
1142/S0219887821
501681 Scopus Web of Science

69

Modelling Casimir wormholes 
in extended gravity S. K. Tripathy Physics Physics of the Dark 

Universe 2021 2212-6864
Physics of the Dark Universe | Journal | ScienceDirect.com by Elsevier

https://doi.org/10.
1016/j.dark.
2020.100757 Scopus Web of Science

70

Modelling of Accelerating 
Universe with Bulk Viscous 
Fluid in Bianchi-V spacetime

G. K. Goswami, A. K. 
Yadav, B. Mishra and S. 
K. Tripathy

Physics
Fortschritte der 
Physik (Progress of 
Physics)

2021 0015-8208
Fortschritte der Physik - Wiley Online Library

https://doi.org/10.
1002/prop.
202100007 Scopus

71

Nuclear Symmetry Energy 
Parameters from the neutron 
skin thickness in 208Pb and 
the electric dipole 
polarizability in 68Ni, 120Sn 
and 208Pb

D. Behera, S. K. 
Tripathy, T. R. Routray 
and B. Behera

Physics Physica Scripta 2021 1402-4896 

Physica Scripta - IOPscience

DOI 10.1088/1402-
4896/abd8a4

Scopus Web of Science

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AOo7ZFsAAAAJ&sortby=pubdate&citation_for_view=AOo7ZFsAAAAJ:ULOm3_A8WrAC
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Nuclear Symmetry Energy 
Parameters from the neutron 
skin thickness in 208Pb and 
the electric dipole 
polarizability in 68Ni, 120Sn 
and 208Pb

D. Behera, S. K. 
Tripathy, T. R. Routray 
and B. Behera

Physics Physica Scripta 2021 1402-4896 

Physica Scripta - IOPscience

DOI 10.1088/1402-
4896/abd8a4

Scopus Web of Science

73

Rip cosmological models in 
extended symmetric 
teleparallel gravity

L Pati, S. A. Kadam, S. 
K. Tripathy and B. 
Mishra

Physics Physics of the Dark 
Universe 2021 ISSN: 2212-

6864 Physics of the Dark Universe | Journal | ScienceDirect.com by Elsevier

https://doi.org/10.
1016/j.dark.
2021.100925 Scopus Web of Science

74

Stability Analysis of two fluid 
dark energy models

B. Mishra, F. Md. 
Esmaeli, P. P. Ray and 
S. K. Tripathy

Physics Physica Scripta 2021 1402-4896 
Physica Scripta - IOPscience

https://doi.org/10.
1088/1402-
4896/abdf82 Scopus Web of Science

75

Structural and Elastic 
properties of Binary 
semiconductors from Energy 
gap

A.Pattanaik, S. K. 
Tripathy, P. Naik and D. 
Meher

Physics Journal of Applied 
Physics A 2021 0947-8396 

Home | Applied Physics A (springer.com)

DOI:
https://doi.org/10.
1007/s00339-020-
04159-0 Scopus Web of Science

76

Structural and elastic 
properties of binary 
semiconductors from energy 
gaps

Anup Pattanaik, Sunil K. 
Tripathy, Poonam Naik, 
Deepak K. Meher

Physics Applied Physics A 2021 0947-8396
Home | Applied Physics A (springer.com)

DOI: 10.1007
/s00339-020-04159-
0 Scopus Web of Science

77

Study of the open circuit 
voltage dependence on 
incident light intensity of 
planar heterojunction organic 
solar cell

Anukul Prasad Parhi Physics Materials Today: 
Proceedings 2021 2214-7853

Materials Today: 
Proceedings | Journal 
| ScienceDirect.com 
by Elsevier

https://doi.org/10.
1016/j.matpr.
2020.08.682 Scopus Web of Science
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Wormhole solutions in f(R) 
gravity

B. Mishra, A. S. 
Agrawal, S. K. Tripathy 
and S. Ray

Physics International J. Of 
Modern Physics B 2021 0218-2718 

International Journal of Modern Physics D (worldscientific.com)

https://doi.org/10.
1142/S0218271821
500619 Scopus

https://iopscience.iop.org/journal/1402-4896
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Strategic implementation of integrated bioaugmentation and 
biostimulation for efficient mitigation of petroleum hydrocarbon pollutants 
from terrestrial and aquatic environment 

Ipsita Dipamitra Behera a, Manoranjan Nayak b,c, Asmita Mishra a, Bhim Charan Meikap a,d, 
Ramkrishna Sen b,e,* 

a Department of Chemical Engineering, Indian Institute of Technology Kharagpur, West Bengal 721302, India 
b School of Energy Science and Engineering, Indian Institute of Technology Kharagpur, West Bengal 721302, India 
c Biorefinery and Bioenergy Research Laboratory, Amity Institute of Biotechnology, Amity University Uttar Pradesh, Noida 201313, India 
d Department of Chemical Engineering, School of Engineering, Howard College, University of KwaZulu-Natal, Durban 4041, South Africa 
e Department of Biotechnology, Indian Institute of Technology Kharagpur, West Bengal 721302, India   

A R T I C L E  I N F O   

Keywords: 
Petroleum hydrocarbon pollutants 
Biodegradation 
Bioaugmentation 
Nutrient amendment 
Bacterial consortium 

A B S T R A C T   

Release of petroleum hydrocarbon pollutants poses a serious problem to the terrestrial as well as marine 
ecosystem. This study investigated and compared the potency of different biodegradation strategies for miti
gating total petroleum hydrocarbon (TPH) of petroleum refinery sludge by an integrated action of bio
augmentation and biostimulation vis-à-vis separate bioaugmentation and biostimulation approaches. The 
implementation of a concomitant bioaugmentation-biostimulation strategy (BABSS) involving the indigenously 
developed bacterial consortium and poultry litter extract showed the best performance by mitigating the TPH up 
to 90.3 ± 3.7% in 21 days. The GC-FID analysis confirmed the efficacy of different TPH degradation strategies. 
The kinetic study of TPH degradation of BABSS resulted first-order with rate 0.11 day− 1. Thus, the BABSS proved 
to be more efficient in degrading TPH in an eco-friendly manner and hence, may pave the way for better 
management of petroleum hydrocarbon pollutants, while providing a sustainable solution to the disposal of 
poultry wastes.   

1. Introduction 

Petroleum hydrocarbon pollutants pose a serious problem to the 
terrestrial as well as marine ecosystem (Kapsalis et al., 2021). A massive 
quantity of petroleum oily sludge is liberated to both terrestrial and 
marine ecosystems by the petroleum refineries due to the increased 
requirement of petroleum products for our routine life. Marine 
ecosystem is the final destination of various anthropogenic pollutants 
among which, oil spills are universal problematic situations which 
severely affect the marine environment along with the human pop
ulations nearby it (Liu et al., 2016; Mishra et al., 2019). A significant 
quantity of petroleum hydrocarbon pollutants released to the natural 
habitat, including terrestrial as well as aquatic environment during 
processing, transportation (oil spills), and by execution of the physico
chemical process of crude oil (Dellagnezze et al., 2014; Xu et al., 2018; 
Jasmine and Mukherji, 2019; Sayed et al., 2021). Indefinite handling of 

these petroleum refinery sludge (PRS) and petroleum hydrocarbons has 
adverse effects on human health besides environmental issues as it is 
recalcitrant and persistent in nature (Basak et al., 2020). Petroleum 
sludge is primarily composed of aliphatic hydrocarbons, including al
kanes, alkenes, and alkynes, polyaromatic hydrocarbons, and toxic 
heavy metals (Cerqueira et al., 2014). Along with it also contains 5–85% 
of total petroleum hydrocarbons (TPH) based on its different processing 
techniques (Jasmine and Mukherji, 2015). Petroleum hydrocarbons 
have been found to be mutagenic and carcinogenic and cause respiratory 
and health issues to human beings, as well as endanger to aquatic life 
and terrestrial animals (Sayed et al., 2021). The toxic effects of petro
leum hydrocarbon also caused damage to the phytoplankton and algae 
of the marine ecosystems, which imbalance the marine food chain 
(Mishra et al., 2019). As sequel to these negative effects, petroleum 
pollutants are considered as hazardous waste (USEPA, 2004; Cerqueira 
et al., 2014; Mishra et al., 2021). 

Considering the toxicity of petroleum hydrocarbons, it is essential for 
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A B S T R A C T   

In the present study, a two-step bioaugmentation strategy (TSBS) was implemented by using indigenous bacterial 
consortium to enhance the degradation of total petroleum hydrocarbons (TPH) from petroleum refinery sludge 
(PRS). A bacterial consortium was developed using four indigenous isolated strains, Dietzia sp. IRB191, Dietzia 
sp. IRB192, Staphylococcus sp. BSM19 and Stenotrophomonas sp. IRB19 from PRS. The optimum conditions of 
pH, temperature, and sludge concentration were 7, 34 ◦C, and 2% (w/v), respectively, for maximum TPH 
degradation, obtained using one variable at a time approach. Under the optimal culture conditions, the devel
oped consortium was inoculated twice to the culturing medium, at the beginning (0th day) and again on the 10th 
day for implementing a novel TSBS. The maximum TPH degradation of 91.5 ± 2.28% was found with TSBS, 
which was 1.18 times higher than that of SSBS (77.3 ± 2.6%) in 15 days of incubation. GC-FID study also 
confirmed that the TPH present in the PRS was effectively degraded by the bacterial consortium with TSBS. The 
TPH degradation by using TSBS proceeded according to the first-order kinetics with a rate constant of 0.155 d− 1. 
Hence, biodegradation using a TSBS can be considered an effective and eco-friendly process for safe disposal of 
petroleum refinery sludge.   

1. Introduction 

The growing demand of petroleum products has led to the generation 
of a huge amount of petroleum hydrocarbon pollutants through re
fineries and petrochemical industries to the environment (Koolivand 
et al., 2019; Varjani, 2017). Mainly, oil refineries generate petroleum 
sludge during the crude oil production, pre-treatment, processing, the 
oil-water separation system, and from the bottom of storage tanks 
(Gholami-Shiri et al., 2017; Jasmine and Mukherji, 2015; Varjani and 
Upasani, 2019). Petroleum refinery sludge (PRS) is a complex mixture of 
hydrocarbons, water, and toxic heavy metals. Organization for Eco
nomic Co-operation and Development (OECD) countries, United States 
Environmental Protection Agency (US-EPA), USA, and India have 

recognized and stated oily waste as hazardous material due to their 
mutagenic, carcinogenic, and toxic properties (USEPA, 2004). Improper 
disposal of these pollutants may cause mutation or death of plants as 
well as animals (Poddar et al., 2019). Moreover, the accumulation of 
these pollutants to the environment represents a hazardous to human 
health, aquatic life and decreases soil fertility (Basak et al., 2020; Poddar 
et al., 2019; Poi et al., 2018; Varjani and Upasani, 2019). Therefore, 
hydrocarbon rich sludge requires effective treatment and proper 
disposal to ensure environmental safety. 

Several physicochemical methods, such as incineration (Zhou et al., 
2009), froth flotation (Ramaswamy et al., 2007), solvent extraction 
(Taiwo and Otolorin, 2009), pyrolysis (Qin et al., 2015) and ultrasonic 
treatment (Sivagami et al., 2019), chemical treatment by addition of 

* Corresponding author. Department of Biotechnology, Indian Institute of Technology Kharagpur, West Bengal, 721302, India. 
E-mail addresses: rksen@yahoo.com, rksen@bt.iitkgp.ac.in (R. Sen).   

1 The authors contribute equally to this paper. 

Contents lists available at ScienceDirect 

Journal of Environmental Management 

journal homepage: www.elsevier.com/locate/jenvman 

https://doi.org/10.1016/j.jenvman.2021.112746 
Received 13 January 2021; Received in revised form 12 April 2021; Accepted 30 April 2021   

mailto:rksen@yahoo.com
mailto:rksen@bt.iitkgp.ac.in
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2021.112746
https://doi.org/10.1016/j.jenvman.2021.112746
https://doi.org/10.1016/j.jenvman.2021.112746
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2021.112746&domain=pdf


� � � � � � � � � � � � 	 � 
 � � 
 � � � � 	 � 
 � � � � 	 � � �� � 	 � � � � � � � 
 � � 
 � � � � � � � � � � � �  � � !
" # $ % & $ ' ( ) * + ( , # - . " / ( # 0 , * ( 1 2 2 . 3 ( ) ( 4 2 1 ( # 5 6 # ( 7 * ( 0 , 8 1 9 1 ( # : ) ( ; 1 $ < ( #� � 
 � � � � 	 = � � � � 
 
 � � � � > 
 � � � ? � 
 � ? � � � ? � � � � 	 � � @ ? � ? � ? 
 � 
 � 
 � � � � 	 � � � � A � � � B 
 	 � � C � � @ � � � ! � � � � � � � � � �=  � � � 	 D � � � � � B � @ E � � � F � � � � 	 � � � �G H I H J K H L M N O P Q R M S M T U V I I H W X H L T Y Z I X [ \ H ] M S M T^ � � � � � � � � � � � � � � � � 
 ? 
 � @ � 
 � � � � � 
 � @ 
 
 	 � � � � _ 
 � � 
 � � � � 
 � 	 � � 
 � � ? � � ` � a b b A c � � � 
 � 
 
 � @ ? � � � 
 � � @ � � � @ � � 
 � � � � 	� � 	 � � � � � � 	 
 � 
 ` d d c � � � ? � � 	 
 @ � � � � � � � � 
 � � � 
 � � � � 
 ? 
 � � � � � 
 � @ � ? � � 
 e � ! f � � � � � � � � B � g � h � 
 @ � 
 � ? � � 
 	 � � i � @  � � � @ 
� � 	 � � � ` j c E � @ � � � 	 � _ 
 � 
 � � � � � � � � @ � � ? � � @ � 
 @ 
 ? ? 	 
 � � 
 � � � 	 � � 
 ? � � 
 � � ? � � � � 	 � � 
 ` � k g � l c � � � @ � � 
 � 
 � � � � 	 � � @ � 
 	 � � � ? � 
 @` m j c E � ? � � 	 � n � � � � 
 � � � � � 	 � ? � � � � 
 	 � � � ? � ` m o c � 
 � � � � � � � g @ � � � 
 j � � 	 � 
 @ E 
 � 
 
 � � � � ? � � � � � 
 � @ 
 E � ? � � k g � l � � ? � � @ � � ? � �� 
 � ? � � � 	 � � � ? � � � ? � 
 � � 
 � � 
 � @ 
 E � ? � 
 � � ? � 
 � � � � � 
 � @ 
 � 
 � k g � l � � ? � � @ � � � 
 
 
 
 
 � ? � 
 m j � � k g � l � � ? � � @ � � � � � � � ? � � 	 � � � � 
 � ? � � ? � � �� 
 � � � � � � �  � � ? � � � 
 � ` � ^ p q  � c � � ? � 
 � 
 � � � � 	 � 
 � ^ p q  � 
 � � � @ � � ? � 
 ? � � E � @ ? 
 E � ? 
 � E 
 � 
 @ ? � � � 
 � � � � 
 � � ? � � � 	 � � 	 � 
 @ � 
� k g � l � � ? � � � � � m j E 
 � 
 
 � � � � ? � � 
 � � f � � � � � � � � � � e � g @ � 
 @ � 
 � ? � � 
 	 � 
 � � � 	 	 � � � ? � � 	 � ^ p q  � � � � � 
 � ? � � ? � � � @ � � � � � 	 
 ? 
� 
 � � � � 	 � 
 � ^ p q  � E � @ � � � � 
 � 
 � � � � ? � r r � � � � @ 
 � � � � 
 
 
 � 
 � ? � � � ? � � 	 � ^ p q  � � � � � 
 � ? � � ? � � � @ � � ? E � @ � 	 @ � � � @ 
 � � 
 � ? � � ? E � ? �? � 
 � � � � 
 � @ 
 � � � � � ? � � 	 � ^ p q  � � � � � 
 � ? � � ? � � � @ � ? � 
 � � ? � � 
 � � � ? � � � � 
 � � 
 � @ 
 @ �s t u v w x y z { | � � � � � �  � � ? � � � 
 � � b � � 
 � 	 � � 
 � � ? � � � � � � 
 � @ 
 
 	 � � � � _ � ? � � � � � � ? � � 
 � � � ? � � � � } � @ ? 
 E � ? 
 � ? � 
 � ? � 
 � ?~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �   ¡ ¢ � � � � � � � � � � � � � � � � � � � � � � � � � �£ � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � � � � £ � � � �� � � � � � � � � � � � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � � � � � � � ¤ ¡¥ � � � � � � � � � � � � � � � � � � � � £ � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � ¦ ¡ ~ � � £ � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � � � ¤ § � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ § � � � � � ¨ � � � � � �� � � � � � � � � � � � � ¡ ~ � � � � � � � � � � � � � � � � � � � � � � � � ¦ § � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ¤ § � � � � � � � � � � � � � � � � � � � � � � � � � � ¡ ~ � � £ � � � �� � � � � � � � � � � � � � � � � � � � � � ¤ � � � £ � � � � � � � � � � © ª � « �¬ ­ ® ¯~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ° � �� � � � � � � � � � � � � � ¨ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � ¤ § � � � � � � � � ¦ § � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � £ � � � � � � ¦ ± ² ¡ ~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � £ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � � � � � � ©� � � � � � � � � � � � � � � � � � � � � � � £ � � � � � � � � � � � � �� � � � � � � � � � ¡ ~ � � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �£ � � � � � � � � £ � � � � � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � � ¨� � � � � � � ³ ¡ ~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ² ¡´ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � � � � � � � �� � � � � � � � � � � � � � � � £ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � ¡ ~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �£ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � ¦ ¡¢ � � � � � � � � � � µ � � £ � � £ � � � � � � � � � � � � � � £ � � � � � � � � �£ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � £ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¶ §     ¡~ � � � � � � � � � � � � � � � � � � � µ � � £ � � £ � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � ¢ ´ · · ¸ � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   ¤ ±   ¦ ¡¢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � µ � � £ � � £ � � � � � �� � � � � � � � � ´ · · ¸ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �











 ✁ ✂ ✄ ☎ ✆ ☎ ✝ ✞ ✟ ✠ ☎ ✝ ✞ ✟ ✠ ☎ ✡ ✄ ☛ ☎ ☞ ✟ ✌ ✟ ✂ ✁ ✍ ✞ ✎ ✁ ✏ ✑ ✍ ✒ ✟ ✓ ✔ ✒ ☎ ✕ ✖ ✗ ✘ ✔ ☎ ✕ ✗ ✙ ✚ ✙ ✙

✛ ✛ ✜ ✢ ✣ ✤ ✥ ✤ ✦ ✧ ★ ✩ ✪ ✧ ✫ ✬ ★ ✭ ✤

✮ ✯ ✰ ✱ ✲ ✳ ✯ ✴ ✵ ✶ ✳ ✷ ✰ ✸ ✹ ✺ ✷ ✻ ✼ ✸ ✽ ✲ ✴ ✯ ✵ ✾ ✿ ✰ ✯ ✴ ✹ ❀ ✷ ❁ ✷ ❂ ❃ ✳ ✼ ✯ ✵ ❄ ✱ ✳ ✯ ❅ ✯ ❁ ✴ ✯ ✹❆ ✸ ✸ ❇ ✯ ✰ ✵ ❈ ✱ ✽ ❉ ✯ ✽ ✷ ✹ ❈ ✯ ❂ ✸ ❁ ✵ ❊ ✴ ✯ ✲ ✳ ✯ ✽ ✹ ❊ ✴ ✯ ❋ ✷ ✴ ✵ ✶ ✳ ✱ ❃ ✳ ● ❍■ ❏ ❑ ▲ ▼ ◆ ❖ ❏ p ◆ ◗ ❘ ❙ ❚ ❏ ❖ ❯ ❱ ▲ ❲ ❳ p ❨ ❯ p ❏ ❏ ▼ ❯ p ❨ ❩ ❬ ▲ ◆ ❯ ◗ p ▲ ❲ ❭ p ❪ ◆ ❯ ◆ ❫ ◆ ❏ ◗ ❘ ❴ ❏ ❱ ❚ p ◗ ❲ ◗ ❨ ❵ ❩ ❛ ▲ ❯ ❑ ❫ ▼ ❜ ❙ ❝ ❞ ❩ ❭ ❬ ■ ❭ ❡❈ ✯ ✽ ✲ ✸ ✸ ❅ ✵ ✮ ✳ ✯ ✴ ✰ ✯ ✲ ✳ ✷ ❂ ✯ ✴ ✷■ ❏ ❑ ▲ ▼ ◆ ❖ ❏ p ◆ ◗ ❘ ❙ ❚ ❏ ❖ ❯ ❱ ▲ ❲ ❳ p ❨ ❯ p ❏ ❏ ▼ ❯ p ❨ ❩ ❝ ❫ ▼ ❫ ❝ ❚ ▲ ❪ ❯ ❢ ▲ ❪ ❣ ❯ ❪ ❚ ❤ ▲ ✐ ❯ ❢ ❵ ▲ ❲ ▲ ❵ ▲ ❩ ❥ ❯ ❲ ▲ ❪ ❑ ❫ ▼ ❜ ❙ ❝ ❞ ❩ ❭ ❬ ■ ❭ ❡❈ ✿ ✲ ✷ ❅ ✵ ❦ ✯ ✽ ✸ ✴ ✻ ✸ ✸■ ❏ ❑ ▲ ▼ ◆ ❖ ❏ p ◆ ◗ ❘ ❙ ❚ ❏ ❖ ❯ ❱ ▲ ❲ ❳ p ❨ ❯ p ❏ ❏ ▼ ❯ p ❨ ❩ ❭ p ❢ ❯ ▼ ▲ ❝ ▲ p ❢ ❚ ❯ ❭ p ❪ ◆ ❯ ◆ ❫ ◆ ❏ ◗ ❘ ❴ ❏ ❱ ❚ p ◗ ❲ ◗ ❨ ❵ ❧ ▲ ▼ ▲ p ❨ ❩ ■ ❚ ❏ p ♠ ▲ p ▲ ❲ ❩ ♥ ❢ ❯ ❪ ❚ ▲ ❩❭ ❬ ■ ❭ ❡♦ ♣ � � � ♦ � � ✉ ✈ ✞ ✑ ✌ ✌ ✏ ✇ ① ② ③ ✂ ✌ ✂ ✑ ✠ ✟ ① ✂ ✏ ✏ ✞ ✟ ① ✟ ④ ✟ ✒ ✔ ⑤ ✠ ✟ ✄ ✏ ✔ ⑥ ✏ ✞ ✟ ⑦ ✄ ⑧ ⑨ ⑩ ✔ ✄ ✟ ❶ ✍ ✞ ✂ ✁ ❷ ⑦ ✄ ⑧ ⑨ ❸ ✝ ❹ ✞ ② ⑩ ✁ ✑ ①✍ ✔ ✠ ⑤ ✔ ✌ ✑ ✏ ✟ ✂ ✄ ① ✑ ✏ ③ ✂ ✌ ✍ ✞ ✂ ✁ ✂ ✍ ✏ ✟ ✁ ✑ ❺ ✟ ① ⑩ ② ✑ ✏ ✌ ✌ ✇ ✑ ✏ ✂ ⑩ ✑ ✒ ✑ ✏ ② ⑥ ✔ ✁ ✏ ✞ ✟ ✏ ✁ ✟ ✂ ✏ ✠ ✟ ✄ ✏ ✔ ⑥ ① ② ✟ ❶ ✍ ✔ ✄ ✏ ✂ ✑ ✄ ✑ ✄ ☛ ③ ✂ ✌ ✏ ✟ ③ ✂ ✏ ✟ ✁ ☎✈ ✞ ✟ ⑦ ✄ ⑨ ❸ ✝ ✍ ✔ ✠ ⑤ ✔ ✌ ✑ ✏ ✟ ✌ ③ ✟ ✁ ✟ ⑤ ✁ ✟ ⑤ ✂ ✁ ✟ ① ✇ ✌ ✑ ✄ ☛ ⑥ ✔ ✇ ✁ ① ✑ ⑥ ⑥ ✟ ✁ ✟ ✄ ✏ ✠ ✟ ✏ ✞ ✔ ① ✌ ✌ ✇ ✍ ✞ ✂ ✌ ✌ ✔ ✒ ❶ ☛ ✟ ✒ ✗ ⑤ ✁ ✟ ✍ ✑ ⑤ ✑ ✏ ✂ ✏ ✑ ✔ ✄ ✗ ✞ ② ① ✁ ✔ ✏ ✞ ✟ ✁ ✠ ✂ ✒✂ ✄ ① ③ ✟ ✏ ❶ ✑ ✠ ⑤ ✁ ✟ ☛ ✄ ✂ ✏ ✑ ✔ ✄ ✠ ✟ ✏ ✞ ✔ ① ✌ ☎ ✓ ✂ ✁ ✑ ✔ ✇ ✌ ✂ ✄ ✂ ✒ ② ❺ ✑ ✄ ☛ ✏ ✟ ✍ ✞ ✄ ✑ ❻ ✇ ✟ ✌ ✌ ✇ ✍ ✞ ✂ ✌ ❼ ❶ ☞ ✂ ② ❽ ✑ ⑥ ⑥ ✁ ✂ ✍ ✏ ✑ ✔ ✄ ❷ ❼ ☞ ❽ ❹ ✗ ❾ ✔ ✇ ✁ ✑ ✟ ✁✈ ✁ ✂ ✄ ✌ ⑥ ✔ ✁ ✠  ✄ ⑥ ✁ ✂ ❶ ☞ ✟ ① ❷ ❾ ✈ ❶  ☞ ❹ ✗ ❸ ✁ ✇ ✄ ✂ ✇ ✟ ✁ ❶ ✡ ✠ ✠ ✟ ✏ ✏ ❶ ✈ ✟ ✒ ✒ ✟ ✁ ❷ ❸ ✡ ✈ ❹ ✌ ✇ ✁ ⑥ ✂ ✍ ✟ ✂ ✁ ✟ ✂ ✗ ✂ ✄ ① ❿ ✍ ✂ ✄ ✄ ✑ ✄ ☛ ✡ ✒ ✟ ✍ ✏ ✁ ✔ ✄➀ ✑ ✍ ✁ ✔ ✌ ✍ ✔ ⑤ ② ❷ ❿ ✡ ➀ ❹ ③ ✟ ✁ ✟ ⑤ ✟ ✁ ⑥ ✔ ✁ ✠ ✟ ① ✏ ✔ ✍ ✞ ✂ ✁ ✂ ✍ ✏ ✟ ✁ ✑ ❺ ✟ ✏ ✞ ✟ ⑤ ✁ ✟ ⑤ ✂ ✁ ✟ ① ⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✌ ✏ ✌ ☎ ✈ ✞ ✟ ⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✏ ✑ ✍✂ ✍ ✏ ✑ ④ ✑ ✏ ② ✔ ⑥ ✏ ✞ ✟ ⑦ ✄ ⑧ ⑨ ❸ ✝ ✍ ✔ ✠ ⑤ ✔ ✌ ✑ ✏ ✟ ⑤ ✁ ✟ ⑤ ✂ ✁ ✟ ① ⑥ ✁ ✔ ✠ ✏ ✞ ✟ ✌ ✔ ✒ ❶ ☛ ✟ ✒ ✠ ✟ ✏ ✞ ✔ ① ③ ✂ ✌ ✟ ④ ✂ ✒ ✇ ✂ ✏ ✟ ① ⑩ ② ✏ ✞ ✟ ① ✟ ✍ ✔ ✒ ✔ ✁ ✑ ❺ ✂ ✏ ✑ ✔ ✄✔ ⑥ ⑩ ✁ ✑ ✒ ✒ ✑ ✂ ✄ ✏ ☛ ✁ ✟ ✟ ✄ ① ② ✟ ✑ ✄ ✂ ✄ ✂ ❻ ✇ ✟ ✔ ✇ ✌ ✌ ✔ ✒ ✇ ✏ ✑ ✔ ✄ ☎ ✈ ✞ ✟ ✁ ✟ ✌ ✇ ✒ ✏ ✌ ✔ ⑥ ❿ ✡ ➀ ✂ ✄ ✂ ✒ ② ✌ ✑ ✌ ✍ ✔ ✄ ⑥ ✑ ✁ ✠ ✏ ✞ ✟ ✂ ☛ ☛ ✒ ✔ ✠ ✟ ✁ ✂ ✏ ✑ ✔ ✄✔ ⑥ ✄ ✂ ✄ ✔ ❶ ⑦ ✄ ⑧ ⑤ ✂ ✁ ✏ ✑ ✍ ✒ ✟ ✌ ✂ ✄ ① ⑤ ✂ ✁ ✏ ✑ ✍ ✒ ✟ ✌ ✂ ✁ ✟ ✟ ④ ✟ ✄ ✒ ② ① ✑ ✌ ✏ ✁ ✑ ⑩ ✇ ✏ ✟ ① ✔ ✄ ✏ ✞ ✟ ✌ ✇ ✁ ⑥ ✂ ✍ ✟ ✔ ⑥ ✏ ✞ ✟ ⑩ ✔ ✄ ✟ ✍ ✞ ✂ ✁ ☎ ➀ ✔ ✁ ✟ ✔ ④ ✟ ✁ ✗✏ ✞ ✟ ✑ ✄ ⑥ ✒ ✇ ✟ ✄ ✍ ✟ ✔ ⑥ ① ✑ ⑥ ⑥ ✟ ✁ ✟ ✄ ✏ ✟ ➁ ⑤ ✟ ✁ ✑ ✠ ✟ ✄ ✏ ✂ ✒ ⑤ ✂ ✁ ✂ ✠ ✟ ✏ ✟ ✁ ✌ ✒ ✑ ➂ ✟ ✌ ✔ ✒ ✇ ✏ ✑ ✔ ✄ ⑤ ➃ ✗ ➃ ➄ ⑧ ➄ ✍ ✔ ✄ ✍ ✟ ✄ ✏ ✁ ✂ ✏ ✑ ✔ ✄ ✗ ✂ ✄ ①⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✌ ✏ ① ✔ ✌ ✂ ☛ ✟ ③ ✂ ✌ ✌ ✏ ✇ ① ✑ ✟ ① ✏ ✔ ✔ ⑤ ✏ ✑ ✠ ✑ ❺ ✟ ✏ ✞ ✟ ⑤ ✁ ✔ ✍ ✟ ✌ ✌ ✟ ⑥ ⑥ ✑ ✍ ✑ ✟ ✄ ✍ ② ☎ ✈ ✞ ✑ ✌ ✌ ✏ ✇ ① ② ✂ ✒ ✌ ✔ ✌ ✞ ✔ ③ ✌ ✏ ✞ ✂ ✏ ✍ ✞ ✑ ✍ ➂ ✟ ✄⑩ ✔ ✄ ✟ ③ ✂ ✌ ✏ ✟ ✍ ✂ ✄ ⑩ ✟ ✇ ✌ ✟ ① ✂ ✌ ✂ ⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✌ ✏ ✍ ✂ ✁ ✁ ✑ ✟ ✁ ⑥ ✔ ✁ ✏ ✞ ✟ ✌ ② ✄ ✏ ✞ ✟ ✌ ✑ ✌ ✔ ⑥ ⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✏ ✑ ✍ ✍ ✔ ✠ ⑤ ✔ ✌ ✑ ✏ ✟ ✌ ☎  ✏ ✄ ✔ ✏✔ ✄ ✒ ② ⑤ ✁ ✔ ④ ✑ ① ✟ ✌ ✂ ⑩ ✟ ✏ ✏ ✟ ✁ ③ ✂ ② ✏ ✔ ✏ ✁ ✟ ✂ ✏ ① ② ✟ ❶ ✍ ✔ ✄ ✏ ✂ ✑ ✄ ✑ ✄ ☛ ③ ✂ ✌ ✏ ✟ ③ ✂ ✏ ✟ ✁ ⑩ ✇ ✏ ✂ ✒ ✌ ✔ ✔ ⑥ ⑥ ✟ ✁ ✌ ✂ ✄ ✑ ① ✟ ✂ ✒ ✌ ✔ ✒ ✇ ✏ ✑ ✔ ✄ ✏ ✔ ✇ ✌ ✑ ✄ ☛✍ ✞ ✑ ✍ ➂ ✟ ✄ ⑩ ✔ ✄ ✟ ③ ✂ ✌ ✏ ✟ ☎ ❾ ✁ ✔ ✠ ✏ ✞ ✟ ➂ ✑ ✄ ✟ ✏ ✑ ✍ ✂ ✄ ✂ ✒ ② ✌ ✑ ✌ ✗ ✑ ✏ ✞ ✂ ✌ ⑩ ✟ ✟ ✄ ✔ ⑩ ✌ ✟ ✁ ④ ✟ ① ✏ ✞ ✂ ✏ ✏ ✞ ✟ ⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✏ ✑ ✍① ✟ ✍ ✔ ✒ ✔ ✁ ✑ ❺ ✂ ✏ ✑ ✔ ✄ ✔ ⑥ ❸ ➅ ① ② ✟ ③ ✑ ✏ ✞ ⑦ ✄ ⑧ ⑨ ❸ ✝ ⑤ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✌ ✏ ⑥ ✔ ✒ ✒ ✔ ③ ✌ ⑤ ✌ ✟ ✇ ① ✔ ❶ ⑥ ✑ ✁ ✌ ✏ ❶ ✔ ✁ ① ✟ ✁ ➂ ✑ ✄ ✟ ✏ ✑ ✍ ✌ ☎➆ ➇ ➈ ➉ ➊ � ➋ � ✉ ❽ ✟ ④ ✟ ✒ ✔ ⑤ ✠ ✟ ✄ ✏ ✔ ⑥ ✍ ✂ ✏ ✂ ✒ ② ✌ ✏ ➌ ➍ ✞ ✔ ✏ ✔ ✍ ✂ ✏ ✂ ✒ ② ✏ ✑ ✍ ✂ ✍ ✏ ✑ ④ ✑ ✏ ② ➌ ❸ ✁ ✑ ✒ ✒ ✑ ✂ ✄ ✏ ☛ ✁ ✟ ✟ ✄ ① ② ✟ ➌✡ ✄ ④ ✑ ✁ ✔ ✄ ✠ ✟ ✄ ✏ ✂ ✒ ⑤ ✔ ✒ ✒ ✇ ✏ ✑ ✔ ✄ ➌ ➎ ✂ ✌ ✏ ✟ ③ ✂ ✏ ✟ ✁ ✏ ✁ ✟ ✂ ✏ ✠ ✟ ✄ ✏ ➌ ➏ ✑ ✄ ✟ ✏ ✑ ✍ ✌ ☎➐ ➑ � � ➊ ➋ ➒ � � ➐ ➊ ➑➓ ✦ ✫ ✤ ✧ ➔ → ✭ ✭ ➣ ✫ ✬ → ↔ ✬ ✥ ✦ ↕ ✭ → ➙ ✦ ✭ ✤ ↔ ➛ ✬ ✧ → ↔ ➜ ✤ ↔ ✫ ✦ ✭ ✬ ✥ ✥ ➣ ✤✦ ➜ → ↔ ↕ ✤ ↔ ➛ ✬ ✧ → ↔ ➜ ✤ ↔ ✫ ✦ ✭ ➔ → ✭ ✭ ➣ ✫ ✬ → ↔ ✥ ➝ ➞ ↔ ➟ ➣ ✥ ✫ ✧ ✬ ✦ ✭ ✬ ➠ ✦ ✫ ✬ → ↔✦ ↔ ➟ ✦ ↔ ✬ ↔ ★ ✧ ✤ ✦ ✥ ✤ ✬ ↔ ➔ → ➔ ➣ ✭ ✦ ✫ ✬ → ↔ ➟ ✤ ↔ ✥ ✬ ✫ ➡ ✭ ✤ ➟ ✫ → ➔ ✧ → ➟ ➣ ★ ✬ ↔ ↕ ✦ ✭ ✦ ✧ ↕ ✤ ➛ → ✭ ➣ ➜ ✤ → ➢ ➤ ✦ ✥ ✫ ✤ ➤ ✦ ✫ ✤ ✧ ➥ ➤ ✩ ✬ ★ ✩ ★ → ↔ ✫ ✦ ✬ ↔ ✥ ✦ ➛ ✦ ✧ ✬ ✤ ✫ ➡ → ➢✧ ✤ ➢ ✧ ✦ ★ ✫ → ✧ ➡ → ✧ ↕ ✦ ↔ ✬ ★ ➔ → ✭ ✭ ➣ ✫ ✦ ↔ ✫ ✥ ➝ ➦ ✩ ✤ ➟ ➡ ✤ ✬ ✥ ✦ ✥ ✬ ↕ ↔ ✬ ➢ ✬ ★ ✦ ↔ ✫➤ ✦ ✫ ✤ ✧ ★ → ↔ ✫ ✦ ➜ ✬ ↔ ✦ ↔ ✫ ➥ ➤ ✩ ✬ ★ ✩ ✩ ✦ ✥ ➟ ✧ ✦ ➤ ↔ ✫ ✩ ✤ ✦ ✫ ✫ ✤ ↔ ✫ ✬ → ↔ → ➢➧ ✈ ✔ ③ ✞ ✔ ✠ ✍ ✔ ✁ ✁ ✟ ✌ ⑤ ✔ ✄ ① ✟ ✄ ✍ ✟ ✌ ✞ ✔ ✇ ✒ ① ⑩ ✟ ✂ ① ① ✁ ✟ ✌ ✌ ✟ ① ☎➨ ✡ ❶ ✠ ✂ ✑ ✒ ➩ ⑤ ✁ ✂ ⑩ ✑ ✁ ☛ ☎ ✍ ✞ ✟ ➫ ✄ ✑ ✏ ✁ ✁ ☎ ✂ ✍ ☎ ✑ ✄✖ ✚ ✙ ✖ ❶ ➭ ➭ ➯ ➲ ⑨ ✙ ✚ ✙ ✙ ⑨ ✕ ⑨ ✖ ✖ ➯ ➲ ❶ ✖ ✖ ➭ ➯ ✖ ✕ ⑨ ➳ ⑨ ➲ ☎ ✚ ✕







































































���� � �������	
���
� ��������	
���������
��
�� � ���
������

	�
� ����	��������

	������
������ ������!
�
���
�"����
�����#��$��%%%%&'()*+�,-.�/0/1�2�344)+�506787�9:;<=>?�:@�ABCB><DE�F50G&H+I4�/JK'44L+M�NHOPOH'Q4�O'�RPO+�0S(O*+OKHNT+RHNP(�U(+NOK'QHN4V<BWXDYXZB�[=>?\CXC�@:<�]>=DB<�>=W�̂X>_BYBCC̀X=a�bXcd?Be�fBYE:W�g>CBW�b:DX>?�bdXWB<hdYXcXi>YX:=�[?a:<XYEc.T'QP(H4P�jPkPl .m�	�!��#�
n �opK*H(P�qrPQsP TPQP4�LPQsPQ�t+QPuPOHvPw+4�x1y/2x1z,�{�v)|(H4r+R�'Q(HQ+}�01�~+|�/0//�JHO+�OrH4�PKOHN(+ ��rOOu4}��R'H�'Kw�50�50G0�01xx/0,1�/0//�/0/x/x, �
� � � �����	����
����� �����	
�
������� ������
����
 ��"�������
 � ����
��
�����
���
�����
��

���
 ��������
��
�����[_CY<>DYUPK(k�4OPw+�'M�uK+RHNOH'Q�PQR�RHPwQ'4H4�H4�Or+�'Q(k�IPk�O'�4'(�+�Or+�NrP((+Qw+4�R)+�O'*+RHNP(�RPOP��TPNrHQ+�(+PKQHQw�O''(4�PQR�O+NrQH�)+4�r+(u�HQ�uK+RHNOH'Q�PQR�RHPwQ'4H4�'MRH�+K+QO�Oku+4�'M�*+RHNP(�RPOP��3Q�OrH4�uPu+K.�tH*u(+��T+Or'R�|P4+R�t'NHP(�tuHR+K�uOH*H�POH'Q��tTtt���*+Or'R�H4�)4+R�IrHNr�*'RH�+4�Or+�t'NHP(�tuHR+K��uOH*H�POH'Q�tt���*+Or'R���H�+K+QO�Oku+4�'M�RPOP4+O4�I+K+�)4+R�O'��P(HRPO+�Or+�tTtt�2jjO+NrQH�)+��tTtt�2jj�4r'I4�--�1,�.�-y�.�-z�xG�.�PQR�-G��PNN)KPNk�HQ��H4N'Q4HQ

�� ��













Theoretical Analysis of Free Vibration
of a Sandwich Beam on Pasternak
Foundation with Temperature Gradient

D. K. Nayak , P. K. Jena , M. Pradhan , and P. R. Dash

Abstract A theoretical investigation is carried out for the natural frequencies of an
uniform sandwich beam supported on a sinusoidally varying Pasternak foundation.
It is influenced by an axial periodic load along with temperature gradient and asym-
metric in nature. Hamilton’s principle and generalized Galerkin’smethod are used to
obtain Hill’s equations in order to attain the objective. The influence of temperature
gradient, core loss factor, foundation stiffness and the foundation parameter on the
natural frequency of the beam is investigated. It is witnessed that increment in loss
factor and foundation stiffness enhances the natural frequency while the reverse is
experienced for increment in the temperature gradient and foundation parameter.

Keywords Natural frequency · Sandwich beam · Sinusoidally varying Pasternak
foundation · Periodic axial load · Temperature gradient

Terminology

t, c, b Refer to top layer, core layer and bottom layer, respectively.
Ai (i = t, c, b) Area of cross section of i th beam
B Beam width
c∗ ht + 2hc + hb
Ei (i = t, c, b) Elastic modulus of i th layer
Gs Modulus of shear layer in foundation
G∗c Complex modulus of rigidity of core
hi (i = t, c, b) Depth of i th layer
Ii (i = t, c, b) 2nd moment of area about related axis
l Span of beam
d Depth of shear layer in foundation
m Mass per unit span of beam
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Dynamic Stability Investigation of a Sandwich Beam Tapered 
along width and thickness with Temperature Gradient 
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  Abstract. The investigation to analyze a sandwich beam's dynamic stabilitywith asymmetric 

configuration, tapered along the thickness and width, and influenced by an alive axial load 
with temperature gradient is executed for several boundary conditions employing 
computational method. Use of Hamilton’s principle results in the equations of motion and 
related boundary conditions. Hill’s equations are achieved using non-dimensionalized 
equations of motion with the Galerkin’s method. Then, the influence ofseveral parameterson 
the dynamic stability for different boundary conditions are attained by applying Saito-Otomi 
conditions. The impact of differentparameters on the regions of instabilities observed and is 
showcased in a sequence of graphs using the appropriate MAT LAB program.  
 

Nomenclature 
i = 1for top elastic layer, i = 2 for intermediate layer and i = 3 for theelastic layer at bottom. 
Ai : The cross-section area of the beam 
Ei : Young’s Modulus of elasticity 

*
2G  
2 iG E  

: 
: 

Core’s complex shear modulus orG2 (1+j) 
The ratio of the in-phase shear modulus of theviscoelastic core 
and the young’s modulus of elasticity of the elastic layers. 

2hi : Thickness of the layers of the beam 
Ii : Cross-sectionalmoment of inertia about an appropriate axis 
l : Beam length 
t  : Time in dimensionless form 

( , )iU x t  : Displacement axially along the centre of thi  layer of beam 
Y  : Geometric parameter 
x  : x l  

0  : Reference temperature 

b : Width taper parameter 

1. Introduction 
To attain superior characteristics like better stiffness and less weight, sandwich beams are extensively 
developedfor different engineering structures such as aerospace, helicopter blades, etc. The blades in 
gas or steam turbines and aerospace applications are exposed to high temperatures, so the temperature 
gradient's impact must be considered during the design of beams. The beams can be economical with 
the variation of cross-section configuration. Karand Sujata [1] evaluated the stability of a cantilever 
type sandwich beam under the effect of periodic load having symmetric configuration. They witnessed 
that the geometric and shear parameterenhances the system’s stability, while the taper parameter had a 
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Static stability investigation of a tapered asymmetric sandwich 
beam supported on variable Pasternak foundation 

  M Pradhan*, S. Behera, D. K. Nayak, P. R. Dash 
Veer Surendra Sai University of Technology, Burla, Odisha, India – 768018 
osme.madhusmita@gmail.com 
*corresponding author 
Abstract The investigation to analyse a sandwich beam's static stability with asymmetric 
configuration, tapered along the thickness, placing on a Pasternak foundation having linearly 
varying stiffness and influenced by an alive axial load is executed for several boundary 
conditions employing computational method. Use of Hamilton’s principle results in the 
equations of motion and related boundary conditions. Hill’s equations are achieved from the 
non-dimensionalized equations of motion with the use of Galerkin’s method. Then, the effects 
of various parameters on the static stability for different boundary conditions are obtained and 
are showcased in a sequence of graphs using the appropriate MATLAB program. 

Keywords: Static stability; Taper parameter; Core loss factor; Pasternak foundation. 

1. Introduction 
 To achieve superior characteristics like greater stiffness-to-weight ratio, sandwich beams are 
extensively developed for different engineering structures such as aerospace, helicopter blades, etc. 
The beams on different foundations are also important and impact of foundations must be considered 
during the design of beams. The beams can be economical with the variation of cross-section 
configuration. Kar and Sujata [1] investigated the stability of a non-uniform configuration beam 
subjected to temperature gradient. The same authors [2] evaluated the stability of a cantilever type 
sandwich beam under the effect of periodic load having symmetric configuration. They witnessed that 
the geometric and shear parameter enhances the system’s stability, while the taper parameter had a 
detrimental effect on stability. They realized that the beam's taper profile, thermal gradient, and elastic 
foundation stiffness affected the stability. Asnani and Nakra [3] established the equations of motion 
for a multi-layered sandwich beam and acquired the vibration damping features of beams with 15 
layers and simply supported at the ends for cases such as constant weight, constant size, and flexural 
rigidity. Ray and Kar [4] inspected a sandwich beam with 3-layers and symmetric configuration for 
several boundary conditions. They detected that the core's loss factor, along with the shear parameter, 
improved the beam’s stability. Chand et al. [5] examined the stability of a rotational beam with a 
parabolic-tapered profile and variable temperature grade. The dynamic along with static stability of a 
tapered sandwich beam lying on a Pasternak foundation in temperature environment is investigated by 
Pradhan et al.[6]. Pradhan et al. [7] examined a tapered symmetric sandwich beam's stability 
condition, which is on a variable Pasternak foundation. Pradhan et al. [8] examined a tapered 
sandwich beam's stability condition, which is on a variable Pasternak foundation. Chand et al. [9] 
examined the stability of a rotational beam with a parabolic-tapered profile and variable temperature 
grade.Pradhan and Dash [10] inspected the stability of a non-uniform sandwich beam and viscoelastic 
support with variable temperature gradient.  

 The literature assessment informs that selective study has been performed for the stability of 
non-uniform beams with various conditions. Nevertheless, no research has been implemented before 
to analyse the static stability investigation of an asymmetric sandwich beam tapered along thickness 
placing on variable Pasternak foundation. This research work investigates the above-suggested 
configuration. 
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This paper inspects the in°uence of a spring attachment provided on the top elastic layer on the

stability of a pre-twisted, rotating sandwich beam having viscoelastic supports at the root under the
impact of a periodically varying axial load. The spring is deployed on the beam to achieve more
strength to weight ratio without compromising the stability. The beam is exponentially tapered,

and a tip mass is at the free end to represent the rotating members in various types of machinery as
closely as possible. The ruling equations and inter-related boundary conditions are attained by
applying Hamilton's principle. To obtain the solution, a matrix equation was developed through the

assumed-mode variational method. The resulting matrix equation was converted to a coupled Hill's

equation of parametric vibration through the modal matrix corresponding to the free vibration
problem. Finally, static and dynamic stability graphs were obtained for several system parameters
such as position and length of the attached spring on the top elastic layer, the mass of the spring

attachment, sti®ness of the spring attachment, angle of pre-twist, tip mass, taper parameter,
temperature gradient parameter, setting angle, viscoelastic spring sti®ness, etc. to analyze their

impact on the system's stability. Saito and Otomi conditions were used to obtain dynamic stability
plots. Greater stability is achieved due to the spring attachment on the top of the top elastic layer.

Keywords: Pre-twisted sandwich beam; viscoelastic supports; tip mass; spring attachment;
spring mass; spring sti®ness.

Notations

Ai0 (i ¼ 1, 2, 3) Cross-sectional area for ith layer at the root (x ¼ 0Þ
Ai (i ¼ 1, 2, 3) Cross-sectional area at any x for the ith layer

B Width of the beam

c ¼ h10 þ 2h20 þ h30 Gap between the mid-planes of the top and bottom

elastic layers

†Corresponding author.

International Journal of Structural Stability and Dynamics
Vol. 21, No. 10 (2021) 2150143 (39 pages)
#.c World Scienti¯c Publishing Company
DOI: 10.1142/S0219455421501431

2150143-1



Article

Noise & Vibration Worldwide
2021, Vol. 0(0) 1–12
© The Author(s) 2021
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/09574565211030712
journals.sagepub.com/home/nvw

Analysis of parametric instability of
a spring-attached pre-twisted beam with
viscoelastic end support

Dipesh K Nayak, Madhusmita Pradhan, Prabir K Jena and
Pusparaj Dash

Abstract
This study investigated the parametric instability of a single elastic beam with spring attachment on the top and viscoelastic
springs as end supports. The beam considered is pre-twisted with a pin connection at both ends that supports the beam.
The analytical solution of the problem is expressed in the matrix form achieved from the implementation of Hamilton’s
principle and General Galerkin’s method, from which both static and dynamic stability of the beam can be investigated. The
results of various influential dimensionless parameters such as stiffness, mass, length, position of the spring attachment, and
stiffness of the viscoelastic springs on both the stabilities are studied. This analysis concluded that the spring attachment on
the system leads to substantial contribution in improving the stability. The viscoelastic springs also contribute in upsurging
the beam’s stability. Three different profiles of the beam have been considered, and for each profile, three different types of
springs have been examined. The results revealed that the beam with parabolic profile and stiffness of the spring attachment
with parabolic variation is most effective towards strength-to-weight ratio.

Keywords
Spring attachment; parametric instability; pre-twist; tapered beam; viscoelastic springs

Introduction

Beams with elastic restraints are a subject of interest for
researchers, and in the past, many significant theoretical
explorations have been carried out for the stability analysis
of such beams. With the inclusion of pre-twist, the beams
become more related to actual problems. Abbas1 designed
a Timoshenko beam model with elastic end supports to
evaluate the natural frequencies using the finite element
approach. Auciello2 analysed the frequencies of a tapered
cantilever beam with a tip mass and flexible constraints.
Cortinez and Laura3 studied the vibration and buckling of
a rotationally restrained non-uniform beam with an at-
tached mass. Hibbeler4 used conventional methods to solve
problems of vibration of elastically restrained uniform
beams. Irie et al.5 used the transfer matrix approach to
analyse the stability and vibration of a non-uniform
Timoshenko beam under the impact of a tangential fol-
lower load. They illustrated the influence of support
stiffness on the eigenvalues of vibration. Kar6 investigated
the role of elastic end support and taper on the stability of
a linear-tapered, damped cantilever beam subjected to
a follower load. Kar and Sujata7 analysed the impact of
temperature and elastic support on a non-uniform canti-
lever beam’s dynamic stability. They revealed that the

stiffening of the end support stabilized the system. Kar and
Sujata8 determined the parametric instability of a uniform
cantilever beam with elastic support at the fixed end. Lau9

considered a tapered beam with a mass attached at the free
end and analysed its eigen-frequencies for different beam
dimensions and end mass. Lee10 determined the eigen-
frequencies of a beam with a rotational spring at one end
and a mass attached at the other end. Liao and Huang11

considered a rotating pre-twisted cantilever beam subjected
to a periodic load using a finite-element approach to de-
termine the parametric stability. Liu12 illustrated approxi-
mate expressions for the natural frequency of a cantilever
beam with different combinations of end flexibilities. The
successive integration of equilibrium differential equations
and the associated boundary conditions were studied by
Nassar and Horton13 to achieve the deflection of a beam
with rotational restraint. Nayak et al.14 analysed the

Department of Mechanical Engineering, Veer Surendra Sai University of
Technology, Sambalpur, India

Corresponding author:
Pusparaj Dash, Department of Mechanical Engineering, Veer Surendra Sai
University of Technology, Burla Sambalpur 768018, Odisha, India.
Email: prdash_india@yahoo.co.in



Original Paper Published: 07 October 2021

Parametric Stability Investigation of a
Spring-Attached and Viscoelastic-
Supported Pre-twisted Sandwich
Beam

Dipesh Kumar Nayak & Pusparaj Dash  

Journal of Vibration Engineering & Technologies  9, 1399–
1412 (2021)

129 Accesses Metrics

Abstract

Purpose

This paper analyzes the stability of a spring-

attached sandwich beam with pinned–pinned

support and viscoelastic springs at both the ends

subjected to an axial compressive periodic load. The

beam is asymmetric and pre-twisted. This system is

an entirely new system that will provide the highest

strength to weight ratio among all other systems in

use.

Methods

The analysis has been done employing Hamilton’s

principle. A set of Hill’s equations have been

derived from which the eigenvectors and natural

frequencies are obtained. Finally, both static and

dynamic stability analysis have been developed by

Saito–Otomi conditions.
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Tunable room temperature ferromagnetism in fullerene thin film induced 
by 1 MeV proton microbeam irradiation 
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A R T I C L E  I N F O   

Keywords: 
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A B S T R A C T   

We report tunable ferromagnetic properties of thin films of fullerene upon 1 MeV proton microbeam ion irra
diation, by varying the ion fluence. Focused microbeam scanning of 1 MeV proton ions have been performed on 
the fullerene thin films. Consequently, a stable and significant ferromagnetic ordering at room temperature has 
been observed in the fullerene thin films. The proton microbeam irradiation induces a maximum magnetic 
ordering in fullerene with optimum dosage and subsequently higher fluence irradiations yield, diminishing effect 
upon the observed ferromagnetic ordering due to the higher degree of damages. The X-ray diffraction and Raman 
analysis confirm the damage due to proton microbeam irradiation. The reduction in the saturation magnetic 
moment induced, is very sharp as a result of exposure to the larger ion fluence. The approximate distance be
tween defects has been simulated computationally, and its relation with observed ferromagnetism has been 
established. The irradiation has been performed at moderate ion flux (low microbeam current) to avoid the 
possible annealing effects of the ion irradiation.   

1. Introduction 

Ion irradiation over materials instigates significant and variable 
impact upon the properties of the materials viz; conductivity, phase 
transformation, surface energy, magnetization etc., depending upon the 
charge state, energy, ion flux, ion fluence & the angle of the impinging 
ion and the type of target sample [1,2]. The findings of weak ferro
magnetism in transition metal free carbon related materials, have been 
of immense interest in the recent past [3–7]. One of the initial reports of 
weak ferromagnetism in a fullerene-based derivative of the 
charge-transfer salt, Tetrakis Dimethyl Amino Ethylene with Curie 
temperature around 16 K, was reported by Allemand et al. [8]. The 
ferromagnetism was observed at very low temperature and was 
explained on the basis of the correlated presence of unpaired π electrons 
in the sample. The carbon rich extraterrestrial meteorite, (found in 
Diablo Canyan), has also been reported to have weak ferromagnetism, 
where part of its weak ferromagnetic ordering is attributed to the 
proximity effects, related to the magnetic impurities in the sample [9]. 
The onset of room temperature ferromagnetism due to the optimized ion 

irradiation in the metal free carbon related materials, has invited 
extensive interest of the scientific community in the last two decades 
[10–15]. Esquinazi et al. provided the first solid evidence of tunable 
ferromagnetic ordering in Highly Oriented Pyrolytic Graphite (HOPG), 
using 2.25 MeV proton beam irradiation [10]. The magnetism in carbon 
related materials viz; HOPG and carbon nanotubes etc., has largely been 
pinned on the magnetic correlations of the type of defects (vacan
cy/interstitial), presence of dangling bonds/adatom due to chemisorp
tion, physisorption or hydrogenation and unique edge states etc. [6,7, 
16–19]. 

It has been reported, that the lighter ions (e.g., H+& He+) are 
effective in creating defects in controlled manner and thus they induce 
almost similar magnetic response in graphite samples [20,44. The pro
ton and carbon ions are more versatile choice amongst lighter ions, as 
they can help in the realignment of under-coordinated bonds and these 
ions also have the additional advantage in ensconcing chemisorption 
and hydrogenation. Thus, the chemical nature of irradiating ions plays a 
very significant role in defect-based ferromagnetism. Further, it has 
been reported that the irradiation of the HOPG samples with the 
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transition metal elements viz; Fe+ ions, has failed to yield the desired 
result of inducing ferromagnetic ordering, as compared to that by the 
lighter ions [21]. The reason of this failure could be attributed to the 
fact, that the iron is much heavier than the proton or carbon atoms and 
creates 2–3 orders of extra damages in the materials with similar energy 
range even with very mild ion fluence. 

The Buckminster fullerene material (another carbon allotrope, apart 
from HOPG and diamond) has also proved to be a fascinating material of 
interest since its discovery, due to its conspicuous properties, biocom
patible nature and applications in possible electronic devices, in drug 
delivery, in cosmetics and as a gas sensor etc. [22–26]. The carbon 
allotrope in the form of fullerene (C60) has a mixture of sp2-sp3 hy
bridization, with various Raman active modes and with each carbon 
atom covalently bonded with each neighboring carbon atom (multiple 
hexagon and pentagons formation), forming a closed football like 
structure. Fullerene samples can be readily functionalized, which 
further tailors its properties for various possible applications. One of the 
earliest reports of stable room temperature ferro- /ferri- magnetism in 
photo-polymerized fullerene (C60), was reported as a consequence of 
exposure to photons of appropriate energy in oxygen atmosphere [27]. 
Wood et al. figured out, that the fullerene displays ferromagnetic 
properties under special sample environments (optimum high temper
ature and pressure) [28]. Although fullerene cage structure may not 
remain viable to above mentioned environments, and this may lead to 
the graphitization and functionalization of the fullerene [28]. Makarova 
et al. further reported, that the induced ferromagnetism can be 
controlled by laser exposure and electron beam irradiation and that the 
oxygen plays a contrasting role to the onset of ferromagnetic ordering in 
photo-polymerized and pressure polymerized fullerene derivatives [, 
[29,30]]. 

As the energetic stream of lighter ions, have proved to be useful in 
curating ferromagnetic ordering in carbon related materials, it is 
worthwhile to explore its effect on the fullerene thin films [10]. The ion 
beam irradiation upon fullerene, results in changing a variety of its 
properties. The observation of 7 MeV 12C2+ion irradiation upon 
fullerene thin film reveals that the conductivity of the sample increases 
as a function of ion fluence [31]. This experiment also establishes the 
role played by the variable ion fluences, in tuning the conductivity of the 
fullerene samples. Bajwa et al. have also explored the effect on the 
conductivity of fullerene thin film using swift heavy ion irradiation of 
110 MeV Ni ions and they have revealed, that the samples irradiated 
with lower ion fluences, exhibit lower conductivity as compared to that 
in the case of samples irradiated with higher ion fluences [32]. 

The observation of ferromagnetism in fullerene samples by ion 
irradiation, have been reported by various research groups [,][33,34]. 
Kumar et al. have performed a comparative magnetization study of swift 
heavy ion irradiation (92 MeV Si+) and low energy (250 keV Ar+) ion 
irradiation upon fullerene thin films [33]. In the above work, the 
co-authors have reported weak ferromagnetic ordering in both the cases 
and they have highlighted the decisive role of the electronic energy loss 
and the nuclear energy loss related damages, in the observed magnetic 
ordering in the fullerene samples [33]. Matthew et al. observed signif
icant ferromagnetic ordering in fullerene films by 2 MeV proton irra
diation at 5 K only [34]. Lee et al. irradiated pelletized fullerene samples 
with broad proton beam [energy 0.5–2 MeV] of optimized ion fluence 
and demonstrated a room temperature ferromagnetic ordering of 0.173 
A-m2/kg. Further, they have revealed, a magnetic field induced abrupt 
first order phase transition from ferromagnetism to diamagnetism [35]. 
These previous studies of the onset of ferromagnetic response in 
fullerene by ion irradiation, have revealed that the observed ferromag
netism has either been very feeble at room temperature or the corre
sponding Curie temperature has been significantly lower as compared to 
the room temperature or the observed magnetization undergoes phase 
transition with respect to higher magnetic field. Even the defects pro
duced by neutrons in HOPG flakes, have been found to induce very low 
ferromagnetic behavior and strong paramagnetic behavior at low 

temperature (1.8 K) [36]. The onset of ion beam induced room tem
perature ferromagnetism in carbon allotropes is in itself intriguing, apart 
from various possible futuristic applications. In the present work, we 
have found that 1 MeV proton microbeam enhances, the ferromagnetic 
ordering in the fullerene thin films significantly, even at room temper
ature. The observed ferromagnetism vanishes, if the samples are further 
irradiated to larger ion-fluences. The details of the observed room 
temperature ordering will be discussed in the subsequent sections. 

2. Experimental 

The fullerene thin films have been grown on SiO2/Si substrate, 
through vacuum thermal evaporation utilizing a state-of-the-art depo
sition system equipped with multiple effusion cells. The deposition 
chamber has base pressure of 1.2 × 10− 5 Pa, which rises up to 4.0 ×
10− 5 Pa during the evaporation. The doubly sublimed, purified fullerene 
(C60) procured from Lumtec, has been utilized for the thin film deposi
tion. The material is evaporated from one of the effusion cells at 
460–470 ◦C to maintain the targeted deposition rate of 1 Å/s, with the 
help of an in-situ crystal thickness monitor. During deposition, the sub
strate temperature has been maintained at room temperature i.e. 25 ◦C. 
The film thickness to be grown is targeted at 1 μm. The typical size of the 
substrates has been kept about ~ 3 mm × 6 mm, compatible with both 
the Vibration Sample Magnetometer (VSM) samples holders and the 
microbeam irradiation chamber. The samples were irradiated with 1 
MeV proton microbeam utilizing patterned microbeam scanning in the 
desired areas. The micro-beam line (Oxford Microbeam) attached to the 
90

◦

beam line of the 1.7 MeV Tandetron particle Accelerator (High 
Voltage Engineering, Europa, BV), was utilized at IIT Kanpur. The sys
tem provides focused microbeam (Z ≤ 6) with spot size ranging from 1 
− 20 µm. The focusing of the microbeam is achieved by electromagnetic 
quadrupole triplet based charged particle optics, working in 
Converging-Diverging-Converging (CDC combination). There are two 
high quality slits (objective and collimating) to control the beam spot 
and current at the sample. The micro-beam line also has the capability of 
ion scanning in desired shapes and sizes with the help of National In
strument (NI) 6259 PCI (Peripheral Component Interface) card and ION- 
SCAN software. The modulated X- and Y- output signals from the NI 
6259 PCI card, are then amplified by a scan amplifier to maneuver ions 
(Z ≤ 6). The signal from the scan amplifier is fed into an electromagnetic 
scanner, which maneuvers the focused microbeam ions on the target, in 
the desired shape and sizes. The samples were scanned with microbeam 
in a predefined area of (3.8 mm × 1.6 mm), chosen as per limitations of 
the sample size and scan amplifier constraints. The thickness of the 
deposited samples, has been assessed utilizing a surface Profilometer 
(DekTak 3, Brucker), to be about 1 µm. 

The samples have been mounted in the microbeam chamber for the 
microbeam scanning, with chamber pressure maintained at about 2 ×
10− 4 Pa. As the CDC combination of quadrupole electromagnetic lenses, 
focuses the proton microbeam very sharply (very high beam current 
density), the micro-beam target current has been maintained between 
20 and 22 nA to avoid possible annealing effects. A variable exposure of 
1 MeV proton microbeam has been performed in the fluence range from 
5.88 pC/µm2 to 88.2 pC/µm2. The Vibration Sample Magnetometer 
(VSM; Model EV-X DMS VSM, ADE Magnetics) has been utilized for the 
magnetic measurements at room temperature, at Advanced Center for 
Material Sciences, IIT Kanpur. The maximum applied magnetic field 
during the VSM measurement is ± 1.7 Tesla. The samples have been 
mounted on a non-magnetic quartz sample holder for VSM measure
ments. The VSM measurement has been repeated several times on 
sequentially irradiated samples to assess the effect of microbeam irra
diation. The samples have been handled cautiously, utilizing Teflon 
tweezers in order to avoid exposure to any foreign contaminants viz; 
iron, cobalt etc. The samples have always been transported using 
covered vacuum desiccators from the accelerator laboratory to the VSM 
Laboratory for avoiding photopolymerization and moisture related 

R. Kumar et al.                                                                                                                                                                                                                                  



Thin Solid Films 755 (2022) 139350

3

damages to the samples, if any. 
The room temperature Glancing Incidence (angle of incidence 0.8◦) 

X-ray diffraction (GIXRD), has been performed on some of the fullerene 
samples before and after irradiation on the GIXRD system (D8 Discover, 
Brucker), having rotating anode with 4.5 kW, Cu Kα source at UGC DAE 
CSR Kalpakkam node of Indore. A scintillation detector was used for 
GIXRD measurements. The effect of ion irradiation upon thin fullerene 
film has also been analyzed by Raman analysis (Renishaw InVIa Raman 
Microscope excited by Argon Ion laser of wavelength 514 nm). 

3. Results and discussion 

3.1. Magnetization studies of un-irradiated and microbeam irradiated 
fullerene samples 

The effect of 1 MeV proton microbeam scanning of appropriate flu
ence upon the thin films of fullerene, has been presented in Fig. 1. It 
shows the magnetization response to the applied field of both un- 
irradiated and irradiated fullerene samples. The un-irradiated sample 
shows, a very strong diamagnetic nature with negative slope, as ex
pected. The sample shows, very promising response to the ion beam 
scanning with a fluence of 29.4 pC/µm2, resulting in an appreciable 
ferromagnetic kink. This ferromagnetic kink is a manifestation of 
microbeam irradiation, in otherwise a strong diamagnetic fullerene 
sample. It is noteworthy, that the whole region of the sample has not 
been irradiated and only about 34% of the sample area, is exposed to the 
1 MeV proton microbeam. There is a bulk SiO2/Si substrate, underneath 
the thin fullerene film samples, and the overall sample has a strong 
diamagnetic nature. Further, this diamagnetic portion is subtracted 
using the slope of diamagnetic curves to explore the effect of ion beam 
irradiation. Five sets of similar sized samples have been utilized for ion 
beam irradiation by varying the irradiation fluence from 5.88 pC/µm2 to 
88.2 pC/µm2, in the quest of exploring the optimized fluence for 
inducing maximum magnetic ordering in the sample. The VSM mea
surements performed on these samples, have been presented in Fig. 2, 
after the removal of the diamagnetic background. 

It can be clearly seen in this figure, that at the lower fluence of 5.88 
pC/µm2, the observed saturation magnetic moment is 1.16 × 10− 7 A-m2, 
which is significantly higher than that for the un-irradiated sample. The 
maximum magnetization has been achieved at the fluence of 29.4 pC/ 
µm2. The observed coercivity in this sample is about 20 mT (militesla). 
The observed magnetization further decreases significantly, after 
increasing the ion fluence from 29.4 pC/µm2 to 39.1 pC/µm2. This larger 
fluence brought almost no change in the magnetization, as compared to 

the un-irradiated sample data. The saturation magnetization further 
decreases monotonically, for the fluences of 58.8 pC/µm2 and 88.2 pC/ 
µm2. This shows that the observed maximum ferromagnetic ordering in 
the fullerene thin film, favors an optimum ion fluence window. 

The saturation magnetic moment data vs the total charge irradiated 
in the microbeam scanning, has been shown in Fig. 3. The saturation 
magnetic moment has been derived from the data reported in Fig. 2. We 
can observe that the saturation magnetization is maximum for the total 
charge irradiation of 183.5 µC, corresponding to the ion fluence of 29.4 
pC/µm2. Fig. 3 also enunciates, that there is a threshold window of total 
charge irradiation, during which, the observed saturation magnetization 
is maximum. Fig. 3 also unravels the information, that below and above 
the threshold ion fluence window, the observed magnetization is much 
lower and that at the higher total charge irradiation, diminishes grad
ually. However more data points would be required to reveal the peak of 
the optimum fluence. 

3.2. Structural analysis of unirradiated and irradiated fullerene sample 

The GIXRD data for the unirradiated and the irradiated samples 
(where the induced magnetization was maximum), are shown in Fig. 4 
(a). This figure describes, that the unirradiated sample has all the 
characteristic peaks of fullerene, with the highest intensity peaks (0 0 2) 
and (1 1 2). The observed peaks matches well with JCPDS (card no. 
00–047–0787) data for fullerene. The GIXRD data for the unirradiated 

Fig. 1. Magnetic moment vs field measurement for unirradiated (C60) and 1 
MeV proton microbeam irradiated fullerene sample with fluence of about 29.4 
pC/µm2, showing a significant magnetization response of proton microbeam 
irradiation. 

Fig. 2. Magnetic moment of un-irradiated (C60) specimen and irradiated 
specimens with ion fluence irradiation range of 5.88–88.2 pC/µm2, after sub
tracting the diamagnetic contribution (inset showing the hysteresis in the 
sample irradiated with ion fluence of 29.4 pC/µm2). 

Fig. 3. Dependence of the saturation magnetic moment (in A-m2 and Bohr 
magneton (µB) unit) vs the total irradiated charge (µC), depicting a threshold 
fluence window for maximum magnetization. 
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sample (fluence 29.4 pC/μm2) shows remarkable decrease in the in
tensity of characteristic fullerene peaks, which is indicative of excessive 
ion beam induced damage. The data analysis of the observed peaks, 
indicate that the crystallite size for unirradiated sample is about 7 nm 
and that for irradiated sample (29.4 pC/μm2) is about 31 nm. The 
irradiated samples clearly show the signatures of significant damage to 
the fullerene structure even with mild fluences, with significant decrease 
in the intensity of the noteworthy peaks and only one peak (0 0 2) barely 
survives the ion fluence of 29.4 pC/µm2. Thus there is a significant 
damage due to ion beam irradiation in the fullerene thin film, which is 
also reflected in the Raman data of the same samples as shown in Fig. 4 
(b). Fig. 4(b) shows the characteristic Raman modes of the unirradiated 
thin film fullerene and the 1 MeV proton microbeam irradiated samples 
(29.4 pC/μm2). The unirradiated sample reveals the presence of Hg (7) 
mode at 1423 cm–1, Ag (2) mode at 1466 cm–1 and Hg (8) mode at 1573 
cm–1. The Raman modes disappear completely post 1 MeV proton 
microbeam irradiation, indicating significant damage to the cage 
structure. 

3.3. Simulation of the ion beam induced damages in fullerene sample and 
discussion 

In collision between an energetic proton and atoms in a solid, energy 
from the projectile is dissipated to the atoms (to the nucleus or electrons 
depending the energy of the projectile). Once the recoiling atoms of the 
target material acquire enough energy to leave their position within the 

atomic network, various defects at the atomic scale may appear. While 
many defects such as vacancy-interstitial pair may disappear within 
seconds of the ion beam impact, some may remain in the system and 
form a more complicated defect structure. The onset of ferromagnetic 
ordering, as a consequence of ion irradiation upon various samples 
under various circumstances (change of ion, energy etc.) has been 
attributed to the creation of vacancies, unpaired electrons of dangling 
bonds and chemisorbed atoms etc. [7,11]. Therefore, the understanding 
of the ion beam induced damage assessment, in the present case be
comes very crucial in order to gain an insight into the observed ferro
magnetic ordering. We have performed the Stopping Range of Ions in 
Matter (SRIM) simulation for 1 MeV proton in fullerene [37–39]. We 
have calculated the range of the 1 MeV proton in carbon C60 target using 
SRIM, which was found to be about 16.87 µm and our specimen film is 1 
µm thick. Therefore, the protons transmitted through the film, settle into 
the bulk silicon substrate [37]. The total energy loss of the proton 
microbeam in C60 film, has been calculated to be about 52 keV as per 
SRIM data analysis [37]. Esquinazi et al. [10] and Lehtinen et al. [11] 
have shown, that the proton beam created vacancies plays a major role 
in ion induced magnetic ordering in HOPG samples and the claims are 
supported by density functional theory as well. 

1 MeV proton ions create roughly 14 vacancies per ion in the 
fullerene thin films as per SRIM analysis. The distance between defects 
estimated from the vacancy density as a function of the total charge 
irradiated, has been shown in Fig. 5, which exhibits that the distance 
between defects (considering uniform distribution) decreases as the 
total irradiated charge increases. This indicates that the sample 
sequentially leads towards amorphization. The distance between de
fects, is around 3.4 nm, corresponding to the ion fluence of 29.4 pC/µm2 

(Fluence of maximum/significant ferromagnetic ordering). Correlating 
the data from Figs. 3 and 5, it can be observed, that the measured 
ferromagnetism in fullerene samples vary as per distance between de
fects. It can be noted that the induced magnetic response is similar in the 
lower and the higher side of the fluence. In the former case, the distance 
between defects, is very large and these random sparse defects do not 
contribute significantly to the onset of magnetic ordering. On the other 
hand, in the latter case i.e. in highest fluence irradiated samples, defects 
come so close that they completely amorphize the sample, which again 
negates any possible correlation between defects leading to the poor 
magnetization. The higher ion-fluence irradiation would create more 
defects in the fullerene structure e.g., collapse of cages, fragmentation, 
presence of dangling bonds and point defects. As ion-fluence is increased 

Fig. 4. (a) GIXRD data and (b) Raman data exhibiting significant damage in the 
irradiated sample with fluence 29.4 pC/μm2 as compared to the unirradi
ated sample. 

Fig. 5. Average distance between defects as a function of total charge irradi
ated, showing sharp decrease in the distance between defects as the total 
irradiated charge increases. 
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further, the structure of the fullerene maybe destroyed completely. If the 
level of damage increases beyond a certain limit as shown in Fig. 5, 
magnetic ordering of the sample decreases due to the complete 
amorphization/un-correlation of defects in the sample. The maximum 
saturation of magnetic moment corresponds to 183.55 µC of total charge 
irradiation with the fluence of 29.4 pC/µm2. The maximum magnetic 
moment induced by 1 MeV proton microbeam is of order of ̴ 10− 7 A-m2, 
at room temperature as shown in the Fig. 3. 

The proton irradiation leads to the hydrogenation/chemisorptions in 
carbon allotropes as well as vacancy creation. The hydrogen chemi
sorptions and the carbon vacancy are equivalent in terms of one orbital 
model and induce similar magnetic moment. The density of state cal
culations for chemisorbed impurity (resulting in localized π electron 
near zero-point energy) in hexagonal graphene reveals a strong localized 
density of state near zero point energy. The density of state for such 
quasi-localized state due hydrogen chemisorptions is stronger than that 
for vacancy defect in graphene layers [7]. The localization length of 
quasi-localized π electrons as a consequence of defects in graphene is 
around 3–10 nm [40]. Assuming this to be applicable to the hexagonal 
rings of fullerene, the π electron interaction can extend to nearest 
neighbor fullerenes, which may result in exchange interaction leading to 
the observation of net room temperature ferromagnetic ordering. Thus, 
the observed ferromagnetism in the sample can be related as a correlated 
exchange response between defects placed at moderate and optimum 
distances (3.4 nm) as observed from Fig. 5 for the optimum fluence/ 
maximum magnetization. 

Kumar et al. have reported the onset of magnetic ordering in 
fullerene samples, by 92 MeV Si+ions and the same by 250 keV Ar+ions 
irradiation with variable fluences [33]. The observed magnetic moment 
(~10–8 A-m2) was one order lower than that found in the present 
experiment (~10–7 A-m2). The reason of not getting appreciable ferro
magnetic ordering by Kumar et al. at lower energy of 250 keV Ar+ ions, 
could lie in the fact that at low ion energy, the lateral straggling effects 
are significant as compared to that by higher energy ions. The higher 
atomic number ions create more vacancy per incident ions as compared 
to lower atomic number (Z) ions. It has been calculated from SRIM 
simulations that, 1 MeV protons will create 14 vacancies/ion, while 92 
MeV Si+ion creates 2632 vacancies/ion in fullerene samples [37–39]. 
This difference could be the reason for better controlled defect gener
ating capability of proton ions and other lower atomic number (Z) ions, 
in fullerene, as compared to that by heavier ions in MeV range. S. 
Mathew et al. have also reported the magnetization in fullerene at low 
temperature (5 K) using 2 MeV proton beam [34] and their broad beam 
irradiation could not lead to room temperature magnetic ordering the 
thin fullerene film. Lee et al. have observed a remarkable field induced 
transition from ferromagnetic ordering to diamagnetic ordering in broad 
proton beam irradiated pelletized fullerene samples in the energy range 
0.5 MeV− 2 MeV with variable ion fluence [35]. The sample which 
showed a significant response to ion beam irradiation was with broad 
proton beam energy of 0.5 MeV and ion fluence of 1 × 1013 H+/cm2. It 
was further demonstrated that the observed ferromagnetism in fullerene 
pellets retains its induced ferromagnetic order in low magnetic fields 
only, and as the magnetic field is increased, there is an abrupt first order 
phase change from ferromagnetism to diamagnetism. Lee et al. have 
attributed the observed magnetization of 0.173 A-m2/kg, to the spin S =
1 contribution from defects related to the carbon vacancies and the 
hydrogen chemisorptions [35]. Though the observed magnetic ordering 
is smaller, but the nature of magnetic field-based phase switching is very 
interesting phenomenon. The microbeam utilized in the present exper
imentation, has an advantage of focused beam and desired pattern 
irradiation, thereby it produces a tunable, induced ferromagnetic 
ordering in the desired region. The observed ferromagnetic contribution 
from the irradiated thin fullerene volume (for 29.4 pC/µm2 ion fluence) 
in our experiments comes out to be about 32.2 A-m2/kg under optimal 
irradiation, which is very higher than that reported by Lee et al., for 
fullerene pellets (0.173 A-m2/kg). The main feature of the present result, 

lies in the fact that the observed magnetic ordering is significant even at 
room temperature in fullerene thin film and shows no signs of 
field-based phase switching. 

The effect of energy variation upon inducing magnetic ordering in 
samples, has not been explored in details, but possible inferences could 
be drawn from the work of others. A noteworthy example, is the com
parison of work of Xia et al. [13] and Shukla et al. [15]. Xia et al. have 
reported an order of magnitude lesser magnetic ordering (~10− 8 A-m2) 
using 70 keV carbon ion irradiation on HOPG as compared to 1 MeV 
carbon microbeam irradiation on HOPG reported by Shukla et al. 
(~10− 7 A-m2). Here the reason for this difference could be pinned on the 
fact that the keV- ranged carbon ions create, a significant amount of 
damage near the surface as compared to 1 MeV 12C+carbon ions in 
HOPG, due to the significant nuclear energy loss near the surface for 
keV- ranged ions, and electronic energy loss for MeV- ranged ions. One 
of the first reports of ion beam induced magnetic ordering in HOPG by 
2.25 MeV proton ion irradiation, yielded the magnetic moments of the 
order ~10− 9 A-m2 [10]. Very high energy ions have another disadvan
tage of self-annealing of defects along the ion track due to heating effects 
of the ion beam. This is very crucial aspect and cannot be ignored while 
performing experiments at higher ion fluxes. Thus, by these compari
sons, it is clear in the case of HOPG that the intermediate energy values 
of ions, turns out to be more useful in creating ferromagnetic ordering. 
The average magnetic moment induced in the sample, has been esti
mated in terms of the equivalent Bohr magneton (µB) per incident ion. 
The maximum magnetic moment induced is 31.6 µB/ion. Similar ex
periments by 70 keV and 1 MeV carbon ion irradiation upon HOPG 
produced the magnetic moment of about 41 µB/ion and 60 µB/ion, 
respectively [13,15]. 

The samples have been irradiated at normal incidence to increase the 
chances of channeling in the crystalline Si substrate, precisely to rule out 
relatively larger damage in Si and avoiding any possible effect of dam
age to the Si substrate in the observed ferromagnetic ordering. Usually 
to avoid channeling effects (to maximize the damage), the Si/SiC sub
strates are kept at off normal (by 7

◦

) orientations [41,42,]. The Silicon 
atom (Z = 14) is heavier than carbon atom in Fullerene (Z = 6) and as 
per SRIM calculations, 1 MeV proton ions would create lesser damage in 
Si than in Fullerene (The displacement energy for Si being larger than 
that for Carbon in fullerene). The damage in the silicon substrate is also 
limited due to higher order of channeling in normal irradiations. Thus, 
taking these precautions, it is inferred that the effect is primarily due to 
thin fullerene films only. 

One more crucial aspect to consider while tailoring the defect den
sity, is the heating effects of the ions beam upon the sample, as 
mentioned earlier. Since the in-situ annealing of the defects along the ion 
beam path might have detrimental effect on the magnetic correlations of 
the defects, the microbeam irradiation was performed, maintaining 
lower ion beam current in the range 20–22 nA throughout the experi
ment. An estimation of the temperature rise, due to ion beam irradiation 
solving the heat conduction equations, considering the possible dissi
pation through radiation and conduction in the sample, can be easily 
made. The calculations reveal, that the parameters of the microbeam (1 
MeV, 20 nA) in the present experiment, would create an equilibrium 
temperature of about 326 K near the end of the ion range, which is 
insignificant for the annealing of defects. This temperature is much 
smaller than the possible annealing temperature in Stoner-Waals type of 
defects in Fullerene [43]. Therefore, the self-annealing of defects and 
their transformation into other forms in the present work, does not arise, 
as the ion fluences were administered with lower beam currents 
resulting in mild temperature rise. 

4. Conclusions 

In conclusion, 1 MeV proton microbeam ion irradiation is capable of 
inducing a stable and significant room temperature ferromagnetism in 
fullerene with optimum dose of 29.4 pC/µm2. The results also reveal that 
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the observed ferromagnetic ordering, is maximum within a threshold 
window of fluence and the total charges irradiated. The observed 
magnetic ordering is negligible below and beyond the threshold window 
of fluence and total charge. We have found the induced magnetic mo
ments to be of the order of 31.6 µB/ion for 1 MeV proton microbeam 
irradiation in Fullerene thin film. The advantage of utilizing the inter
mediate energy (1 MeV) of proton microbeam resulted in room tem
perature ferromagnetic ordering in the fullerene thin film. The optimum 
energy for creating best possible magnetization in fullerene, can be 
sought in future analysis, as this is also a suitable and important 
parameter in the quest for maximum magnetization in Fullerene. The 
advantage of microbeam resulted in the controlled irradiation of the 
sample area. The observed magnetization at optimized ion-fluence, 
grants us a unique recipe for creating ferromagnetic ordering in 
desired zones only. Thus, the present experiment could lead the way in 
creating a desired magnetic pattern on the thin films of fullerene, which 
can find applications in the preparation of light weight magnet, memory 
devices and many other future applications etc. at the room 
temperature. 
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