STUDIES ON HIGH PERFORMANCE COMPOSITES BASED
ON POLY(ETHER KETONE) FOR ELECTROMAGNETIC
INTERFERENCE SHIELDING APPLICATIONS

SAMPAT SINGH CHAUHAN

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2018



©Indian Institute of Technology Delhi (IITD), New Delhi, 2018



STUDIES ON HIGH PERFORMANCE COMPOSITES BASED
ON POLY(ETHER KETONE) FOR ELECTROMAGNETIC
INTERFERENCE SHIELDING APPLICATIONS

by

SAMPAT SINGH CHAUHAN

Department of Materials Science and Engineering

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi
October 2018



Dedicated to my family



CERTIFICATE

This is to certify that the thesis entitled, “Studies on high performance composites based on
poly(ether ketone) for electromagnetic interference shielding applications” being submitted
by Mr. Sampat Singh Chauhan to Indian Institute of Technology Delhi for the award of degree of
Doctor of Philosophy is a record of bonafide research work carried out by him. Mr. Sampat Singh
Chauhan has worked under my guidance and supervision and has fulfilled the requirements for the
submission of this thesis, which to my knowledge has reached the requisite standard.

The results contained in this thesis are original and have not been submitted, in part or full, to any

other University or Institute for the award of any other degree or diploma.

Prof. Veena Choudhary Prof. Josemon Jacob
Department of Materials Science Department of Materials Science
& Engineering, Indian Institute of & Engineering, Indian Institute of
Technology Delhi, Hauz Khas, Technology Delhi, Hauz Khas,

New Delhi-110016 New Delhi-110016



ACKNOWLEDGEMENTS

| wish to express my heartiest gratitude to my supervisor, Prof. (Mrs.) Veena Choudhary for her
invaluable guidance and constant encouragement. Her caring attitude and co-operation have been
monumental throughout my research. Through her wealth of knowledge, direction, and leadership |
have been able to expand my knowledge in the area of Polymer Science and Technology.

| also wish to express my profound sense of gratitude to my co-supervisor Prof. Josemon Jacob for
his valuable suggestions, constant encouragement and motivation throughout the research work.
I am thankful to Prof. S.N.Maiti, Prof. A.K.Ghosh, Dr. B.K. Sathpathy, Dr. Leena Nebhani, Dr.
Sampa Saha and Dr. B Tripathi for their constant encouragement and help throughout my research
work.

| express my thanks to Dr. B. P. Singh of National Physical Laboratory, Delhi, and Dr. Mathew
Abraham, Mumbai, India, for providing facilities to carry out experiments in their lab.

It is a pleasure for me to express my gratitude towards all my lab mates, an unbroken bond of
friendship and brotherhood that prevails in the laboratory is due to the wonderful colleagues. Their
warm affection, support during tough times, nice scientific interactions, involvement and conscious
as well as unconscious help have rendered my research life a bountiful time. It was really fun to
work in their association. I would like to thank all my seniors Dr. Rajendra Malik, Dr. Sandeep Nath
Tripathi, Dr. Pawan Verma, Dr. Sanjeev Kumar, Dr. Manash, Dr. Manisha, Dr. Priyanka, Savita
Meena, Dr. Rishi Sharma, Dr. Rakesh Kr. Kachhap, Dr. Meenakshi Verma, Dr. Mohd. Tahir Zafar,
Dr. Astha Garhwal, Mrs. Achla, Dr. Bindu Manchanda, Mrs. Ranjana, Dr. Rajendra Kumar Singla,
Dr. Harjeet Singh Jaggi, Dr. Abhishek Gandhi, my colleagues, Shilpi, Vishavpratap Singh, Debanga
B. Konwar, Dr. Bhavna Sharma, Banpreet Kaur, Sabapathi, Swarna, Pragati, Harshita, my juniors,
Devendra, Sauraj, Abhishek, Reshu, Sumbul Hafeez, Ifra, Agni Kr. Biswa, Anindya Dutta, Ritima
Banerjee, Muthuchamy from 11T Delhi for their constant encouragement.

Words fail to express my sincere thanks to all of my friends. Life would have remained charmless
without such pretty wonderful friends. Their friendship has made my life colorful and enjoyable. |
am lucky to have friends like Arun Choudhary, Vishavpratap Singh, Mahendra Sharma, Debanga B
and Naresh Sharma.

My special thanks to Mr. Surender Sharma, Mr. Shivkant, Mr. Ashok Kapoor, Mr. Islam, Mr. Gajraj,

Mrs. Shalani Arora, Pramod and Sudhir Pandey for their immediate help whenever needed.



My family members deserve special attention for their support and persistent confidence in me, but |
don’t have words to express my gratitude for them. I am extraordinarily fortunate to have the
blessings of my father Shri Sultan Singh Chauhan and my mother Smt. Ushab Kanwar who always
bless me with the shower of their love, providing inner strength, patience, emotional support and
making sacrifices for my successful career. I am also thankful to my brother Mr. Jitendra Singh
Chauhan, my sisters Meena, Saroj and Suman and my brother in law Mr. Govind Singh and Mr.
Pratap Singh for their support to complete this task.

| express my heartiest thanks to my wife, Dr. Priyanka Singh for her constant support,
encouragement, and patience which enable me to pursue my career.

| am also thankful to my parent-in-laws Mr. Mahendra. P Singh and Mrs. Kusum Singh for their
support to complete this task. | also want to express my thanks to brother-in-laws Mr. Vinay and
Ajay for their constant support during work.

| am also thankful to my nephew Praveen, Manmohan, Vikram, Dependra, Ajay, Vijay and my
beautiful niece Deepika, Ekta, Dimple, Sonu, Anshika, and Harshita for allowing me to enjoy
lifetime happiness, always being cheerful and chirpy out all my tensions by their sweet smiles.
Finally, I would like to thank everyone who helped me in the successful compilation of thesis, as well

as expressing my apology that | could not mention personally one by one.

I would like to acknowledge the financial assistance received from “MHRD ” which has helped
me to pursue my Ph.D. without any stress.

Last but not the least | am thankful to the Almighty God in helping me to accomplish this task.

Sampat Singh Chauhan



ABSTRACT

This work is dedicated to the development of high performance EMI shields which exhibit effective
shielding performance as well as other physical properties, especially in applications regarding
aerospace, automobiles and next generation portable and wearable electronic devices. For this
purpose, composites were prepared using poly(ether ketone) as matrix and conducting (MWCNTS,
CNFs) and dielectric (BaTiO3) materials as fillers. Multiwalled carbon nanotubes (MWCNTS, aspect
ratio ~158), carbon nanofibers (CNFs, aspect ratio ~200), barium titanate (BaTiO3, average particle
size ~8.6 microns) were melt-blended with poly(ether ketone) (PEK) in a twin screw extruder
equipped with fractional mixing element that allow the fabrication of composites containing up to 10
wt% MWCNTS, 20 wt% of CNFs and 50 wt% of BaTiOs.

Morphological characterization of PEK/MWCNT composites was done using scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and X-Ray diffraction. A uniform
dispersion of MWCNTSs was observed in all the samples. Thermal characterization of PEK/MWCNT
composites was done using differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) whereas mechanical strength was investigated by using tensile, flexural and impact testing.
The percent crystallinity increased up to 1 wt% followed by slight decrease whereas thermal
stability increased with increase in MWCNTS loading (Tonset ~ 581 °C at 10 wt% loading). Tensile
modulus and tensile strength increased by 39% (4370 MPa to 6084 MPa) and 48% (80.4 MPato 119
MPa) respectively relative to PEK matrix whereas flexural modulus and flexural strength increased
by 27% (4163 MPa to 5304 MPa) and 19% (179 MPa to 213 MPa) respectively at 10 wt% loading.
Improvement in the mechanical properties was also investigated by Raman spectroscopy. Melt and
solid state rheological response of composites were investigated using parallel plate rheometer and

dynamic mechanical analysis respectively. Incorporation of carbon nanotubes in the polymer matrix



resulted in an increase of storage modulus of PEK corresponding to the elastic response of
composites.

Improved and efficient dispersion of nanotubes in the PEK matrix is reflected in the formation of an
electrically conductive network at a very low percolation threshold value of 1.28 wt% of MWCNTSs
with the highest conductivity of ~10" S/cm at 10 wt% loading. EMI shielding was measured in all
the available four bands [X band-8.2-12.4 GHz, Ku band-12.4-18 GHz, K band-18-26.5 GHz and
Ka-band i.e. 26.5-40 GHz). Highest total shielding effectiveness (SEt) of -40 dB with very high
shielding effectiveness due to absorption (SEa ~ -36 dB) was observed at 10 wt% loading of
MWCNTSs in PEK matrix in the frequency range of 26.5-40 GHz (Ka-band).

Microstructural behavior in terms of dispersion in PEK/carbon nanofibres [CNFs] was assessed by
using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and wide-
angle X-ray diffractometer. Reinforcement effect due to the homogenous dispersion of carbon
nanofibers is responsible for enhanced thermal, mechanical and thermomechanical properties. The
initial decomposition temperature of PEK increased by 27 °C i.e. from 554 °C for neat PEK to 581
°C at 20 wt% loading of CNFs. At 20 wt% loading of CNFs, tensile strength and modulus increased
by 39% (80.4 MPa to 112 MPa) and 65% (4.3 GPa to 7.2 GPa) whereas flexural strength and
modulus increased by 14% (179 MPa to 205 MPa) and 33% (4163 MPa to 5536 MPa) respectively.
Dynamic mechanical analysis (DMA) shows that room temperature storage modulus increases from
2099 MPa for neat PEK to 2752 for PEKF-20.

Neat PEK is insulating due to the low value of electrical conductivity (~10™* S/cm). However,
incorporation of CNFs up to 20 wt% leads to a significant increase in electrical conductivity and
reaches a value of 1.83x10°® S/cm. Highest value of total shielding effectiveness achieved at 20 wt%

loading in different bands was -14 dB (X band), -17 dB (Ku band), -30 dB (K band), -40 dB (Ka-
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band). Shielding effectiveness due to absorption in Ka-band (SEa ~ -37 dB) has been found to be
twelve times greater than that of shielding effectiveness due to reflection (SEg ~ -3 dB).

The effect of dielectric filler (BaTiO3; 0-50 wt%) on thermal, mechanical, thermo-mechanical,
electrical conductivity (o), dielectric properties and EMI shielding effectiveness (SE) of PEK was
also investigated. SEM studies show that BaTiOj3 particles were uniformly distributed in the PEK
matrix up to 40 wt% loading followed by the formation of agglomerates at higher loading (50 wt%).
Rockwell hardness and density increased up to 40 wt% loading followed by a decrease at 50 wt%
loading. Dynamic mechanical analysis (DMA) revealed that storage modulus increases with increase
in BaTiO3 loading with a maximum value of 3192 MPa at 40 wt% compared to 2099 MPa for neat
PEK. Dielectric constant of composites measured in the frequency range of 8.2-12.4 GHz increased
~3 times upon incorporation of 50 wt% of BaTiOs. This increment in dielectric constant is reflected
in improved electromagnetic shielding properties as loading of dielectric filler (BaTiO3) increases.
Total shielding effectiveness of -11 dB (~ 92% attenuation) at a loading of 50 wt% of BaTiOs
justifies the use of these composites for suppression of EM radiations. Summary and conclusions are

given at the end.
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