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Preface 

There are unwanted external electromagnetic (em) waves from various 

wireless sources, which not only interfere with other communication 

devices, but have detrimental effects on device performance. Effectively 

minimizing the electromagnetic radiations has  become mandatory for 

reliable communication of information. The challenges lie in achieving 

sufficiently good absorption over a broad range of frequencies. In this 

dissertation, shields are developed to effectively suppress leakages in X- 

band i.e. 8.2-12.4 GHz. For effective absorption of incident 

electromagnetic wave- firstly, the em wave should enter the absorber 

matrix and then effectively attenuate within the matrix. An impedance 

matching a t  air-absorber interface will minimize the reflections and lossy 

material will effectively reduce the amplitude within the shield. For metal 

back absorbers, a thickness of h / 4  will give a destructive interference 

condition a t  the interface thus further reducing the reflected em wave. 

Considering applications in airborne and handheld devices light weight 

and thin absorbers are desired. 

In this work magnetic absorbers are developed, considering the fact that 

permeability of magnetic material gives better impedance matching 

condition and reduces thickness. M type nanosized barium ferrites 

(BaFelaOlg) with high saturation magnetization and high crystalline 

anisotropy are synthesized as the magnetic inclusions and incorporated 

in different weight ratios in novalac polymer resin (NPR). The size of 

inclusions are verified from XRD and TEM and uniformity of distribution 

in matrix by SEM. BaFel2019 is substituted with aluminium and 

strontium to enhance anisotropy and hence absorption. The crystallite 

size of barium ferrite and substituted barium ferrite at 9000C annealing 

temperatures are found to be in nanometer range. The use of nanosized 

ferrite material reduces the weight of absorber and increases the 

interacting surface for em wave within the absorbing material. The 

ferrite-NPR nanocomposite is characterize for other relevant properties 



for absorbers viz. thermal stability, density, water absorbance and 

saturation magnetization. 

The two critical material properties for design of absorbers are complex 

permittivity and permeability. Nicolson Ross method is used to determine 

complex permittivity value and permeability value over the X-band, the 

results are verified using cavity perturbation technique. 

Using the complex permittivity and permeability values, design 

optimization is carried out for a conductor backed single layer microwave 

absorber, over the X-band, using transmission line model (TLM). 

Thickness optimization is further carried. Absorber with optimized 

thickness is fabricated and reflection loss is measured using free space 

technique. Single layer BaFe 1 2 0  19-NPR nanocomposite with 50 wt. % 

shows a maximum reflection loss of -37.06 dB at  9.5 GHz with -10 dB 

bandwidth of 2.05 GHz and -20 dB bandwidth of 0.60 GHz. 

A three layer design using the best performance single layer of BaFel2019- 

NPR nanocomposite and A13+ and Sr2+ ions substituted BaFel2019-NPR 

nanocomposite is designed using TLM, where optimization of the total 

and individual thickness of the layers and possible compositions of the 

layers are carried out to achieve broad band absorption. 

Field distribution in the single layer BaFel2019-NPR absorber is analyzed 

using a full wave FDTD modeling algorithm. 



DECLARATION 

I hereby declare that the thesis "Microwave Absorbers using M-type Barium 

Hexafem'te-Novolac Phenolic Resin Nanocomposite in X-Band - Design, 

Development and Analysis", being submitted to Department of Physics, Tezpur 

University, Tezpur, Assam in partial fulhllment for the award of the degree of 

Doctor of Philosophy in Physics, has previously not formed the basis for the 

award of any degree, diploma, associateship, fellowship or any other similar 

title or recognition. 

m e :  3 9  3 P t ,  a014 
Place: Tezpur 

(Sikhajyoti gLk6vDCi Ozah ?04, 

Department of Physics 

School of Sciences 

Tezpur University 



TEZPUR UNIVERSITY 
(A Central University by an Act of Parliament) 

Napaam, Tezpur-784028 
DISTRICT: SONITPUR: :ASSAM: :INDIA 

Ph. 03712-267008(0) 55513555 (EPABX) 9435084076 (M) 
Fax: 03712-267006 

Email: nidhi@@tezu.erne.tin 

CERTIFICATE OF THE PRINCIPAL SUPERVISOR 

This is to certify that the thesis entitled "Microwave Absorbers using M-type Barium 

Hexaferrite-Novoluc Phenolic Resin Nunocomposite in X-Band - Design, 

Development and Analysis", being submitted to Tezpur University in requirement of 

partial fulfillment for the award of the degree of Doctor of Philosophy in Physics is a 

record of research work carried out by Ms. Sikhajyoti Ozah under my supervision and 

guidance. 

All helps received from various sources have been duly acknowledged. No part of this 

thesis has been submitted elsewhere for award of any degree. 

Date: % 3 1,2014 
Place: Tezpur 

(Nidhi S. Bhattacharyya) 

Professor 

Department of Physics 

Tezpur University 



TEZPUR UNIVERSITY 
(A Central University by an Act of Parliament) 

Na paam, Tezpur-784028 
DISTRICT: S0NITPUR::ASSAM::INDIA 

Ph. 03712-267004 (0) 9957198489 (M) Fax: 03712-267006 Email: ad<ai~ezu.ernetin 

Certificate of the External Examiner and ODEC 

This is to certifL that the thesis entitled "Microwave Absorbers using M-type Barium 

Hmaferrite-Novolac Phenolic Resin Nanocomposite in X-Band - Design, 

Development and Analysis" being submitted by Ms. Sikhajyoti Ozah to Tezpur 

University in the Department of Physics under the School of Sciences in requirement 

of partial fulfillment for the award of the degree of Doctor of Philosophy in Physics has 

been examined by us on and found to be satisfactory. 

The committee recommends for the award of the degree of Doctor of Philosophy. 

Supervisor 

(N. S. Bhattacharyya) 

External Examiner 

( 

Date: Date: 



Acknowledgements 

Acknowledgements 

"I can no other answer make, but, thanks, and thanks." 

William Shakespeare 

I would like to express my deep gratitude to Prof. Nidhi S. Bhattacharyya, my research 

supervisor, for her patient guidance, enthusiastic encouragement and useful critiques of this 

research work. 

I would like to thank Prof. Satyajib Bhattacharyya, Dr. Pritam Deb and Dr Bhupen deka for 

their useful and constructive recommendations on this project. 

Iwould like to thank' Hon'ble Vice Chancellor of Tezpur University, 

Prof. Mihir Kanti Chaudhuri for giving inspiration and encouraging advice throughout my 

research work. 

I am highly grateful to Prof. A. Choudhury, Prof. J. K. Sarma, Prof. A. Kumar, Prof. N. Das, 

Dr. G.A. Ahrned, Dr. D. Mahanta, Dr. P. Deb, Dr. K. Barua, Dr. P.K. Karmakar, Dr. M.K. 

Das, Dr. P. Nath and Mr. R. Biswas of Department of Physics for their personal involvement, 

timely help, stimulating discussion to carry out research. I acknowledge the help received 

from the technical staff of Department of Physics. 

I am thankful to Shri R. S. Shinde, RRCAT, Indore, for his valuable suggestions. 

I would like to thank SAIF, Shillong, IIT Guwahati, Department of Chemical Sciences, 

Tezpur University for allowing me to avail the analytical facilities required in my research 

work. 

I am extremely indebted to Department of Information Technology, Govt. of India, for their 

financial assistance through the project to carry out the research work 

I would like to thank the office staff of Dept. of Physics, Mr. U. Patir and Mr. N. Sarma, 

technical staff of Central Workshop, Tezpur University, Mr. M. Handique, Mr. K. Rangpi, 

Mr. D. Gogoi, Mr. P. Rabha, Mr. S.K. Nath and Mr. M. Mali for their help and support. 

Thanks to the Library staff and administrative staff of Tezpur University for their help. 

A special thanks to all the research scholars of Department of Physics, Tezpur University for 

their company and wonderful time I enjoyed with them during my research work. Bondita, 

Anup, Deepak, Angshumanda, Swatiba, Ankurda, Mansiba, Sovanda, Mayuriba, Manjit, 

Anil, Madhulekha, Biswajit, Namita, Chandrani, Priyanka, Samiran, Kaushik, Saurav, 

Pawan, Ananya, thank you all for your support and encouragement. 

Thank you Priyanka Agarwal, Sayan, Banasri and Nibedita for your constant care and 

support throughout my journey, you all need special mention. 



Acknowletlgements 
-- -- ---------- 

Also 1 am gratefcl to all the resca~ch scl~ola~s oi' Tezpu: l~ t~ ivc r s~ ty ,  s1:ecially Prarth.ma and 

A~lislia for sharing 3 wc.r~de;.f.:il tune dariilg my research nork. Niliina, Rllomlria, 

Shyan;!ima, Moiislisha dt~d l3ipani:ila , thani: you for your love a id  care. 

I tilank my friends, Partha P Borrih, Partha P Rharali? Manash P. Gogoi, Plabita Gogoi, 

Dipika Rabidas and Arunav Kaii:a for thcir encou~.agenient altd good wishe~. 

Xly lab-mates Dehasklisdn, Tanuj, Pulin, Subasi~da, Kunidda, Lutu arid Dipankar, a big thiidc 

yea far a11 the wocderfu! times, acade~nic and otherwise, that we shared together 

No one walks aloi~e on :he joarncy of life. Al-~cl I clo no; know wl:ere to stari to thank zli those 

pcople who walkcd will[ !ne and helped me a!ong the way continuo~sly urging me in my 

worL and shared my insigl~ts. Aluliav and Jyotida, tha;~! ~ O L !  f;ir your constant inspiration and 

help througho:~t my researcl~ l ik.  Pragpan and Rocktotpal, thank you for your support and 

care. 

Pln wolds can repay foi the contiiiuous encouragement, nioral support, blessings and 

cverytl~ing else that I received tioin my parents, Kanbap Ozah and Suroma Ozah. Thank you 

Pa, ivlaa for keeping faith oil me. I an1 tha~lkful to iny brother Nabajyoti, Dhruhajyoti, 

Sauravjyoti for their lovc and suppa~t. You \;yere always there whenever needed. T h d s  to 

my sister Debaj yoti, Bhindec. Pankaj T11111uly. 130u, Ivy a ~ i d  my Khura, Prabin Ozah for your 

love. ~ L I U  and Nee, thank you far your concern. 

Sikhajyoti Ozah 



CONTENTS Page no. 

LIST OF TABLES 

LIST OF FIGURES 

LIST OF SYMBOLS AND ABBREVIATION 

CHAPTER-I 

Introduction to the Research Problem 

1.1 Introduction 

1.2 Electromagnetic Theory forAMagnetic Absorber 

1.3 Transmission Line Analogy for Microwave Absorber 

1.3.1 Transmission line modeling for single layer absorber 

1.3.2 Transmission line modeling for multilayer absorber 

1.4 Problem Definition 

1.5 Thesis Structure and Outline 

References 

Material Selection, Synthesis and Characterizations 
2.1 Introduction 

2.2 Material Selection and Synthesis 

2.2.1 Selection and synthesis of inclusions 

2.2.2 Selection of host matrix and fabrication of magnetic 
compos~te material 

2.3 Microstructural Studies 

2.3.1 X-ray diffraction 

2.3.2 Transmission electron micrographs of the ferrite particles 

2.3.3 Scanning electron micrographs of the ferrite composite 

2.4 Density and Water Absorbance 

2.4.1 Results and analysis of BaFelzOl9 -NPR nanocomposites 

2.4.2 Results and analysis of BaAlXFel2-,019-NPR and 

Bal-,SrXFq2019 -NPR nanocomposites 

iv-ix 

x-xii 

1-27 



CONTENTS Page no. 

2.5 Thermo gravimetric analysis (TGA) 

2.5.1 Results and analysis of BaFel20.19 -NPR nanocomposites 

2.5.2 Results and analysis of BaA1,Faz-,019-NPR and 

Bal-,SrXFel2019 -NPR nanocomposites 

2.6 In-plane DC Electrical Conductivity 

2.6.1 Results and analysis of BaFel2019 -NPR nanocomposites 

2.6.2 Results and analysis of BaA1,Felz-,019-NPR and 

Bal-,SrXFq20l~ -NPR nanocomposites 

2.7 Saturation Magnetization Study of the Composite Material 

2.7.1 Theory of operation of pulsed field magnetometer for 
magnetization study 

2.7.2 Results and analysis 

2.8 Conclusions 
References 

Microwave Characterization of M-type Ferrite-Novolac Phenolic Resin 
Composites Over the X-Band 
3.1 Introduction 

3.2 Nicolson-Ross Technique for Complex Permittivity and 
Permeability Determination in X-Band 

3.2.1 Measurements of complex permittivity and permeability 

3.3 Results and Analysis of Complex Permittivity and Permeability of 
BaFel2019 -NPR Nanocomposites 

3.3.1 BaFelzCh9 annealed at 700 OC, 800 OC, and 900 OC 

3.3.2 BaFelzCh9 annealed at 900 OC with different weight % 

3.4 Complex Permittivity and Complex Permeability of Al3+ and Sr2+ 
Substituted BaFel2019 -NPR Nanocomposites 

3.4.1 Results and analysis of complex permittivity and complex 
permeability of the BaAl,Felz-,019-NPR nanocomposites 



CONTENTS Page no. 

3.4.2 Results and analysis of complex permittivity and complex 
permeability of the Bal-,Sr,Fe12019 -NPR nanocomposites 

3.5 Cavity Perturbation Technique for Determination of Complex 
Permittivity and Permeability 

3.5.1 Results and analysis of the complex permittivity and 
permeability values from cavity resonator technique 

3.6 Conclusions 
References 

Design Fabrication and Absorption Studies of Single Layer Magnetic 
Microwave Absorber with Thickness Optimization Over the X-Band 
4.1 Introduction 

4.2 Free Space Reflection Loss Measurement Using Focusing Lenses 

4.3 Design and Fabrication of the Absorber 

4.4 Absorption Studies 

4.4.1 Absorption studies of BaFe12019 -NPR nanocomposites 

4.4.2 Absorption studies of BaAIXFel2-,019-NPR nanocomposites 

4.4.3 Absorption studies of Ba1-~Sr,Fe12019 -NPR 
nanocomposites 

4.5 Discussions 

References 

CHAPTER-V 

Three Layer Microwave Absorber: Design, Optimization, Fabrication 
and Reflection Loss Measurement Over the X-Band 
5.1 Introduction 

5.2 Design and Thickness Optimization of Three Layered Absorber 

5.3 Calculated Reflection Loss for Three Layered Magnetic Absorber 

5.3.1 ABC layer combination 

5.3.2 ACB layer combination 



CONTENTS Page no. 

5.3.3 BAC layer combination 

5.3.4 BCA layer combination 

5.3.5 CAB layer combination 

5.3.6 CBA layer combination 

5.4 Design Results for Three Layered Ferrite-NPR Composite for 
d=2mrn 

5.5 Results and Analysis of Measured Reflection Loss Value of Three 
Layered Microwave Absorber 

5.6 Conclusions 

References 

CHAPTER VI 

FDTD Full Wave Analysis for Magnetic Absorber 
6.1 Introduction 

6.2 Problem Formulation for Absorber 

6.2.1 Expression of E and H curl equations in partial differential 
form 

6.2.2 Expression of E and H partial differential equations in finite 
differential form in spatial and temporal coordinates 

6.3 Criteria for FDTD Implementation 

6.3.1 Stability criteria in FDTD 

6.3.2 Absorbing boundary conditions 

6.3.3 Source considerations 

6.3.4 Frequency dependent parameters 

6.4 Implementation in Computer Program 

6.4.1 Stability criteria 

6.4.2 Source consideration 

6.4.3 PML terminating condition 

6.4.4 Post processing of the results 

6.5 Full Wave FDTD Analysis of BaFel2019 -NPR Nanocomposite 
Absorber 



CONTENTS 
Page no. 

6.5.1 E z  field distribution within the absorber 

6.5.2 SII parameter analysis 

6.6 Conclusions 

References 

Chapter VII 

Achievements, Limitations and Future Directions 
Appendix-A 
Appendix-B 
Appendix-C 
Appendix-D 
Publications 



List of Tables 

Table No. Table Captions 

CHAPTER-I1 

Calculated crystallite size and lattice parameter of BaFi2019 
particles 

Average crystallite diameter and lattice parameters of BaAlxFeu- 
x 0 ~ 9  ferrite 

Page No. 

Average crystallite diameter and lattice parameters of strontium 
substituted barium ferrite L 

Density and percentage of water absorbance of BaFei2OleNPR 
nanocomposites 

Density and percentage of water absorbance of 50 wt. % BaAhFeiz 
x019-NPR and Ba1-~Sr~Fei2019-NPR nanocomposites 
In plane dc electrical conductivity of BaFei2019-NPR 
nanocomposites 
In plane dc electrical conductivity of BaAlxFeisxOl~NPR and Bal- 
xSrxFei2019-NPR composites with 50 wt. % 

Results of saturation magnetization of BaFe12019-NPR 
nanocomposites with 30 wt. %, 40 wt. % and 50 wt. % 

Results of saturation magnetization of B & ~ ~ F ~ I ~ - ~ O I ~ - N P R  and 
Bal-xSrxFe120i9-NPR nanocomposites with 50 wt. % 

3.1 Complex permittivity of developed BaFel20ieNPR composite at 81 
9.9GHz 

3.2 Complex permeability of developed BaFe1201a-NPR composite at 81 
9.86 GHz 

3.3 Complex permittivity of developed BaAlxFei2-xO~a-NPR and Bai- 82 
xSrxFe~201+NPR composite at 9.9 GHz 

3.4 Complex permeabibty of developed BaAlxFe12-xOl+NPR and Bai- 82 
xSrxFei2019-NPR nanocomposite at 9.86 GHz 

CHAPTER-IV 

4.1 Reflection loss of 30 wt. %, 40 wt. % and 50 wt. % BaFe12019-NPR 99 
nanocomposite with varying thickness 



Table No. Table Captions Page No. 

4.2 Reflection loss of BaAhFe~a~Ols-NPR nanocomposite (x=1.0,1.2, 
1.4 and 1.6) with varying thickness 

4.3 Reflection loss of Ba~-~Sr~Felz-~Olg -NPR nanocomposite (x=0.2, 
0.4,0.6 and 1.0) with varying thickness 

4.4 RLm results for 50 wt. % BaFelz019-NPR nanocomposite and A13+ 
and Sr2+ substituted barium ferrite-NPR nanocomposite for 
d=2mm 

CHAPTER-V 

5.1 Selection of femte-NPR nanocomposites for three layer design 
combinations 

5.2 Design combinations of fenite-NPR nanocomposites for three 
layer configuration 

5.3 Three layer design combination: individual thickness 
op tirnization 

5.4 Performance parameters of the designed ABC triple layer 
absorber with different thickness of the layers 

5.5 Performance parameters of the designed ACB triple layer 
absorber with different thickness of the layers 

5.6 Performance parameters of the designed BAC triple layer 
absorber with different thickness of the layers 

5.7 Performance parameters of the designed BCA triple layer 
absorber with different thickness of the layers 

5.8 Performance parameters of the designed CAB triple layer 
absorber with different thickness of the layers 

5.9 Performance parameters of the designed CBA triple layer 
absorber with different thickness of the layers 

5.10 Comparative results of three layered ferrite-NPR nanocomposites 
with different layer combination with total thickness, d=2 mm 

5.11 RLm, -20dB and -10dB bandwidth for BCA,BAC & CBA three 
layer absorber 

5.12 Performance comparison of calculated and measured RLc with - 
10 db and -20dB bandwidth of three layer microwave absorber 

5.13 Performance comparison of conductor backed single, double and 
triple layer microwave absorber 



Table No. Table Captions 

CHAPTER-VI 

6.1 Cell size in different directions for single layer composite 

Page No. 

171 



List of Figures 

Figure No. Figure Captions Page No. 

CHAPTER- I 

1.1 Absorption mechanism in single layer absorber 

1.2 Uruform plane wave propagating in y-direction within an absorber 
block 

1.3 Progressive attenuation of electric field strength into the depth of the 
absorber 

1.4 A circuit representation of a transmission line 

1.5 A circuit representation of a multisection transmission line 

1.6 Distributed parameters of a multilayer absorber structure 

CHAPTER- I1 

2.1 Molecular structure of barium ferrite structure 

2.2 Flow chart of synthesis technique of ferrite particles 

2.3 Polymerization of novolac phenolic resin (NPR) 

2.4 Block diagram of composite preparation 

2.5 (a) Three piece die mold and (b) Prepared ferrite - NPR nanocomposites 
for X band characterization 

2.6 XRD pattern of BaFel2019 particles annealed at (a) 700 "C, (b) 800 "C 
and (c) 900 "C 

2.7 XRD of BaALFe12-~0l9 (with x =I, 1.2,1.4 and 1.6) particles annealed at 
900 "C 

2.8 XRD of Ba1-~Sr~Felz0l9 (with x =0.2,0.4, 0.6 and 1.0) annealed at 900 OC 

2.9 TEM micrographs of BaFe12019 particles annealed at (a) 7 0 0 " ~ ~  (b) 800 
"C, and (c) 900 "C 

2.10 TEM micrographs of BaALUFe12-~0l9 particles with x=1.0 (a), 1.2 (b), 1.4 
(c) and 1.6 (d) 

2.11 TEM micrographs of Ba1-~Sr~Fe12019 particles with x=0.2,0.4,0.6 and 
1.0 

2.12 SAED pattern of (a) barium ferrite, (b) aluminum substituted barium 
ferrite and (c) strontium substituted barium ferrite particles annealed at 
900°C 

2.13 SEM micrographs of (a) B ~ F ~ ~ K ~ P N P R ,  (b) BaAll sFelo ~OIPNPR and 
(c) Bao &ro 4Fel20l~NPR nanocomposites 



Figure No. Figure Captions Page No. 

2.14 Thermo gravimetric analysis (TGA) curves of (a) BaFel20I9-NPR 
nanocomposite with ferrite particles annealed at T=700 "C, 800 "C and 
900 "C, (b) BaFel2OwNPR nanocomposite with 30 wt. %, 40 wt.% and 
50 wt.% and BaFe12019particles annealed at 900 "C and NPR 

2.15 Thermo gravimetric analysis (TGA) curves of (a) B ~ A ~ , F ~ I ~ - ~ O ~ + N P R  
composite with x=1.0,1.2,1.4 and 1.6 and (b) Bai-xSrxFe~fi9-NPR with 
x=0.2, 0.4,0.6 and 1.0 

2.16 Schematic diagram of plane of dc conductivity measurement 

2.17 Measured in - plane dc conductivity of BaFei2019 - NPR composite (a) 
with annealing temperature of the ferrite inclusions, (b) with 
percentage of BaFei20I9 ferrite content 

2.18 Measured in - plane dc conductivity of (a) BaAhFelaxOl+NPR 
nanocomposite with x=1.0,1.2,1.4 and 1.6, (b) B ~ I - ~ S ~ ~ F ~ I ~ ~ ~ ~ - N P R  
nanocomposite with x=0.2, 0.4, 0.6 and 1.0 

2.19 Pulsed -field magnetometer measurement set up 

CHAPTER- I11 

3.1 A schematic diagram of transmission/reflection method with 
rectangular shape material inserted 

3.2 (a) Block diagram and (b) measurement set up of X-band microwave 
characterization set up using transmission/reflection technique 

3.3 TRL calibration using Agdent WR90-X11644A calibration kit (a) Thru- 
calibration, (b) reflect-calibration and (c) Line-calibration and (d) X- 
band flange filled with sample of ferrite-NPR composite for X-band 
characterization 

3.4 Complex permittivity of 30 wt. % BaFei20i+NPR nanocomposite with 
BaFel2019 annealed at, T=700 "C, 800 "C and 900 "C, (a) real part (b) 
imaginary part and (c) dielectric loss tangent 

3.5 Complex permeability of 30 wt. % BaFel2019-NPR nanocomposite with 
BaFe12019 annealed at, T=700 "C, 800 "C and 900 "C, (a) real part (b) 
imaginary part and (c) dielectric loss tangent 

3.6 Complex permittivity of BaFei2019-NPR nanocomposite with 30 wt. %, 
40 wt. % and 50 wt. %, (a) real part (b) imaginary part and (c) dielectric 
loss tangent 

3.7 Complex permeability of BaFel2019-NPR nanocomposite with 30 wt. %, 
40 wt.% and 50 wt.%, (a) real part (b) imapary  part and (c) dielectric 
loss tangent 

3.8 Complex permittivity of BaA1xFe12-xO~9-NPR (x = 1,1.2,1.4 and 1.6) 
composite, (a) real part (b) imapary  part and (c)magnetic loss tangent 



Figure No. Figure Captions Page No. 

3.9 Complex permeability of B~ALF~I~-~OI~-NPR (x = 1,1.2, 1.4 and 1.6) 
composite, (a) real part (b) imaginary part and (c) magnetic loss 
tangent. 

3.10 Complex permittivity of Bal-xSrxFe1201+NPR (x = 0.2,0.4,0.6 and 1.0) 
composite, (a) real part (b) imaginary part and (c) dielectric loss 
tangent 

3.11 Complex permeability of B ~ I - ~ S ~ ~ F ~ I ~ O I ~ - N P R  (x = 0.2,0.4,0.6 and 1.0) 
composite, (a) real part (b) imaginary part and (c) magnetic loss 
tangent 

3.12 (a) TFo3 and (b) TI3102 rectangular resonant cavities with tuning screw 
and iris hole 

3.13 Complex permittivity and permeability measurement setup using 
cavity perturbation technique 

3.14 Resonant cavity plots for empty cavity (a) TElo3 and (b) TEIOZ 

CHAPTER- N 

4.1 Design structure of conductor backed single layer absorber 

4.2 Schematic representation of microwave absorption measurement 

4.3 Schematic diagram of free space microw ave absorption 
measurement using spot focusing horn lens antenna 

4.4 Free space microwave absorption testing of single layer ferrite-NPR 
composites over the. X-band 

4.5 Flow chart of single layer absorber program 

4.6 (a) Three-piece die-mould and (b) prepared samples, for free space 
measurement 

4.7 Calculated (a) reflection loss (b) real input impedance and (c) 
imaginary input impedance of 30 wt. % BaFel2019-NPR nanocomposite 
with thickness from 1 mm to 4 mm 

4.8 Calculated (a) reflection loss @) real input impedance and (c) 
imagmary input impedance of 40 wt. % BaFe12019-NPR nanocomposite 
with thickness from 1 mm to 4 mm 

4.9 Calculated (a) reflection loss (b) real input impedance and (c) 
imaginary input impedance of 50 wt. % BaFe12019-NPR nanocomposite 
with thickness from 1 mm to 4 mm 

4.10 Reflection loss parameter of BaFe12019-NPR composite with 30 wt. %, 
40 wt. % and 50 wt. % of BaFe12019 in NPR, (a) measured and (b) 
calculated 



Figure No. Figure Captions Page No. 

4.11 Scattering mechanism of em wave within a composite material with (a) 
lower wt. % and (b)higher wt. % of inclusions 

4.12 Attenuation constant spectra of BaFelz019-NPR nanocomposites with 
30 wt.%, 40 wt.% and 50 wt.% 

4.13 Calculated (a) reflection loss, (b) real input impedance and (c) 
imaginary input impedance of BaAlxFelz-xO19 - NPR nanocomposite for 
x = 1.0 with thickness from 1 mm to 4 mm 

4.14 Calculated (a) reflection loss, (b) real input impedance and (c) 
imaginary input impedance of BaAlxFelz-xOls-NPR nanocomposite for 
x = 1.2 with thickness from 1 mm to 4 mm 

4.15 Calculated (a) reflection loss, (b) real input impedance and (c) 
irnapary input impedance of BaAlxFe~zxOls-NPR nanocomposite for 
x = 1.4 with thickness from 1 mm to 4 mm 

4.16 Calculated (a) reflection loss, (b) real input impedance and (c) 
imagmary input impedance of BaAlxFelzxOls-NPR nanocomposite for 
x = 1.6 with thickness from 1 mm to 4 mm 

4.17 Reflection loss parameter of BaAlxFelaxOls-NPR (x = 1,1.2, 1.4 and 1.6) 
nanocomposite with 2 mm thickness, (a) measured and (b) calculated 

4.18 Attenuation constant spectra of BaAlxFe~2-x0~9-NPR (x = 1, 1.2, 1.4 and 
1.6) 

4.19 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary 
input impedance of Ba1-~Sr~Felz-~Ol9 -NPR nanocomposite for x = 0.2 
with thickness from 1 mm to 4 mm 

4.20 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary 
input impedance of Ba1-~Sr~Felz-~Ol9 -NPR nanocomposite for x = 0.4 
with thickness from 1 mm to 4 mm 

4.21 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary 
input impedance of Bal-xSrxFelz-xO19 -NPR nanocomposite for x = 0.6 
with thickness from 1 rnm to 4 mm 

4.22 Calculated (a) reflection loss, (b) real input impedance, (c) imapary  
input impedance of Ba1-~Sr~Felz-~Ol9 -NPR nanocomposite for x = 1.0 
with thickness from 1 mm to 4 mm 

4.23 Reflection loss parameter of B ~ I - ~ S ~ ~ F ~ I Z O ~ ~ - N P R  (x = 0.2,0.4,0.6 and 
1.0) nanocomposite with 2 mrn thickness (a) measured and (b) 
calculated 

4.24 Attenuation constant spectra of B ~ I - ~ S ~ ~ F ~ ~ Z O I ~ N P R  
(x = 0.2,0.4,0.6 and 1.0) composite 

115 

vii 



Figure No. Figure Captions Page No. 

CHAPTER -V 

5.1 A schematic diagram of ferrite NPR graded triple layer absorber 

5.2 Flow chart of three layer absorber design optimization 

5.3 Reflection loss of three layered ferrite-NPR nanocomposite for ABC 
combinations with total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, 
(d) 3.5 rnm, and (e) 4.0 mm 

5.4 Reflection loss of three layered ferrite-NPR nanocomposite for ACB 
combinations with total thickness (a) 2.0 rnm, (b) 2.5 mm, (c) 3.0 mm, 
(d) 3.5 mm, and (e) 4.0 mm 

5.5 Reflection loss of three layered ferrite-NPR nanocomposite for BAC 
combinations with total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, 
(d) 3.5 mm, and (e) 4.0 mm 

5.6 Reflection loss of three layered ferrite-NPR nanocomposite for BCA 
combinations with total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, (d) 
3.5 mm, and (e) 4.0 mm 

5.7 Reflection loss of three layered ferrite-NPR nanocomposite for CAB 
combinations with total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, 
(d) 3.5 mm, and (e) 4.0 mm 

5.8 Reflection loss of three layered ferrite-NPR nanocomposite for CBA 
combinations with total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, 
(d) 3.5 mm, and (e) 4.0 mm 

5.9 Comparative results of three layered ferrite-NPR nanocomposites with 
different layer combination with total thickness, d=2 mm 

5.10 Measured reflection loss value of designed triple layer absorbers 

CHAPTER- VI 
6.1 (a) Three dimensional p d i n g  in FDTD (b) Basic Yee cell in three 

dimensions 

6.2 Yee's mesh 

6.3 Three dimensional problem cell 

6.4 The reflection at the interface of two media 

6.5 Main modules of 3D FDTD simulation algorithm 

6.6 Gaussian pulses applied at the input source 

6.7 Flow chart of FDTD algorithm 

6.8 The FDTD simulated electric field components within the absorber at 
(a) 400 time steps (b) 500 time steps 



Figure No. Figure Captions Page No. 

6.9 The FDTD simulated electric field components within the absorber at 172 
(a) 600 time steps (b) 700 time steps 

6.10 The FDTD simulated electric field components within the absorber at 173 
(a) 800 time steps (b) 900 time steps 

6.11 The FDTD simulated electric field components within the absorber at 173 
(a) 1000 time steps (b) 1100 time steps 

6.12 The FDTD simulated electric field components within the absorber at 173 
1200 time steps 

6.13 Reflection loss (Sn) of the 50 wt. % BaFe12019-NPR composite at 174 
different ti&e step 

6.14 Reflection loss (S11) of the 50 wt. % BaFe12019-NPR composite from (a) 174 
FDTD at n=1100 and (b) Measured 



List of symbols and abbreviations 

EM1 Electromagnetic interference 

MAM microwave absorbing material 

RAM 

FNP 

NPR 

Radar absorbing material 

Ferrite nanoparticle 

Novolac Phenolic Resin 

CNT Carbon Nano Tube 

XRD 

SEM 

TEM 

X-ray Difraction 

Scanning Electron Microscopy 

Transmission Electron Microscope 

TLM Transmission line model 

TGA 

TRL 

VNA 

BW 

Thermo Gravimetric Analysis 

Through-Reflect-Line 

Vector Network Analyzer 

Bandwidth 

Radio Frequency 

Reflection loss 

Angular frequency 

Propagation constant 

Eeff Effective permittivity 

EO Free space permittivity 

Er Relative permittivity 

~ r ) l  Imaginary part of the complex permittivity 



Pr' 

tan& 

Real part of complex permittivity 

Free space permeability 

Effective permeability 

Relative permeability 

Imaginary part of complex permeability 

Real part of complex permeability 

Dielectric loss tangent 

Magnetic loss tangent 

Ampere 

decibel 

Electric field vector 

Electromagnetic 

Resonant frequency 

Giga Hertz 

Static conductivity 

Effective conductivity 

Conductivity due to alternating field 

Filling factor 

Co- efficient of thermal conductivity 

Quality Factor 

Characteristic impedance 

Free space wavelength 

Guide wavelength 



Farad 

Gauss 

Saturation magnetization in CGS unit 

Oersted 

Scattering parameter 

Characteristic impedance 

Free space wavelength 

Guide wavelength 



CHAPTER I 

INTRODUCTION TO THE RESEARCH PROBLEM 

1 .I Introduction 

1.2 Electromagnetic Theory for Magnetic Absorber 

1.3 Transmission Line Analogy for Microwave Absorber 

1.3.1 Transmission line modeling for single layer absorber 

1.3.2 Transmission line modeling for multilayer absorber 

1.4 Problem Definition 

1.5 Thesis Structure and Outline 

References 

- 1 .  

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-band - 
Design, Development and Analysis 



lt~troductiotr to the Research Problem Clzap ter 1 

1.1 INTRODUCTION 

There are unwanted external electromagnetic (em) waves from various wireless 

sources, which not only interfere with other communication devices, but have 

detrimental effects on device performance [I]. For reliable communication and 

detection of information, minimizing the electromagnetic radiations is 

mandatory. 

Electromagnetic interference can be minimized by either shielding the device by 

placing it inside a reflecting enclosure or absorbing the incident em radiations. 

The former way of shielding can cause secondary interfering reflections affecting 

other devices in vicinity and hence studies on EM1 shields of absorber type are 

chosen (throughout the thesis EM1 shields will refer to only absorption type) [2]. 
44' 

~ b & r ~ t i o n  mechanism works on the principle of conversion of the interfering 

wave energy into thermal energy [3]. 

Essentially two important conditions in an absorber are to be satisfied to 

suppress electromagnetic radiations - firstly, minimum reflection at the air- 

absorber interface and secondly, sufficient attenuation of the incident, wave 

energy 
Interface 

7rEM Wave 

within the absorber, refer to figure 1.1 [4]. 

Figure 1.1 Absorption mechanism in single layer absorber 

Reduction of reflection at the interface can be obtained by taking the conditions 

of impedance matching at the air-absorber interface i.e. Zai, = Zi, and thereafter, 
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attenuation within the absorber matrix using lossy material. The two conditions 

can be tailored by complex permittivity, E~=E~'-]E," and complex permeability, p, 

=p,'- jp," of the absorbing material at the desired frequency. Absorption shields 

are generally fabricated as composites, using dielectric or magnetic lossy 

materials as inclusions in an insulating polymer matrix [5, 61. The two main loss 

mechanisms for dielectric materials are conduction and dielectric losses. High 

conductivity leads to conduction losses and dipolar losses are due to polarization 

effects. On the other hand, magnetic composite absorption depends on magnetic 

hysteresis effect of the magnetic incIusions incorporated into the matrix [7-91. 

Permeability and permittivity of magnetic inclusions gves the matching 

condition and E" and p" accounts for the microwave energy loss in the materials. 

Absorber research took a major lunge with World War 11, where stealth 

mechanism was used to avoid radar detection of airborne vehicles and missiles. 

First reported absorption EMI shields dates back to 1936, when a quarter-wave 

resonant absorber based on carbon black and titanium dioxide was developed 

and patented in Netherlands [lo]. During World War 11, America developed 

"Halpern Anti Radiation Paint (HARP)" used on airborne and seaborne vehicles 

for stealthing from radar detection with 15-20 dB absorption in the X-band. 

Absorbing paint was made using rubber filled with carbon black, disc shaped 

alumjnum flakes and barium titanate [ll, 121. During the same time Germans 

developed "Wesch material and also produced Jaumann absorbers, a multilayer 

structure of alternating resistive sheets and rigid plastics [13]. In 1952, another 

narrow band resonant absorber Sahsbury screen was patented, consisting of 

resistive sheet placed at odd multiple of 1/4 wavelengths from a metal plate. 

Most of the absorbers developed were dielectric absorbers. In year 1952, first 

Dallenbach layer magnetic absorber, using ferrite materials was patented [14]. G. 

Rado and his group from Naval Research Laboratoy, USA [15] investigated 

extensively mechanisms of absorption in magnetic ferrites and alloys based 

. absorbers. Thin absorbers developed by this group were extensively used as 
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prototype stealth treatments for missile-like drones, aircraft, and shps, by the 

Joint Cruise Missile Program Office and the other services. 

Kunihiro Suetake, in 1969, patented thin microwave absorbing wall using 

magnetic materials [16]. A pyramidal structure using nickel-zinc ferrite [17] was 

developed which showed a broadband absorption. A group from Tokyo Institute 

of Technology extensively studied ferrite absorbers with matching thickness and 

frequency [18]. 

Subsequently a lot of work was carried out on absorbers with magnetic 

inclusions [19-291. Iron fillings were used as magnetic inclusions for EM1 shields 

by many research groups [30, 311. In spite of being an efficient absorbing 

material, iron metal was prone to corrosion and was heavy in weight. References 

[32-351 report use of the metallic magnetic powders, Fe-Si-A1 alloy, Fe, Co or Ni 

and their permalloys as magnetic inclusions in absorbing materials. Alternately, 

magnetic inclusions like iron oxide and carbonyl iron have been widely used by 

G. Viau, et al. and S. Sugimoto et al. [35, 361. The electric conductivity of these 

materials are generally high and at high frequencies the permeability decreases 

rapidly and becomes less as compared to permittivity [36,37J, thus the resonance 

frequency is low. 

Ferrites because of its high corrosion resistance, high value of complex 

permeability, good resistivity and good chemical stability are good candidate for 

magnetic absorbers [38]. Ni- Zn, cobalt ferrite and other substituted spinel ferrite 

have been used as magnetic inclusions in references [39-411. However, use of 

spinel ferrites get limited to lower frequencies, as the complex permeability drops 

at higher frequency, given by Snoek's limit [42]. 

Hexagonal ferrites has high crystalline anisotropy, high natural resonance 

frequency (not limited by Snoek's limit) and high saturation magnetization and 

has been extensively studied in past few decades as inclusions for development 

of magnetic absorbers for frequency applications >1GHz [43-47. M-type barium 

hexaferrites have been extensively used as microwave absorber material [48,49]. 
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It is well known that the dielectric and magnetic properties can be modulated by 

substituting Fe3+ and Ba2+ with other ions [50, 511. Fe3+ ions substituted with AP+ 

ions in barium and strontium ferrites have been reported [52] with enhanced 

absorption. Absorption properties of M-type barium ferrite have been further 

tuned at higher frequencies by varying particle size, shape and sintering 

temperature [53]. 

The density of the magnetic materials is too high to use them in large quantity as 

filler in polymer matrix, as it increases the weight of absorber. Absorbers are 

increasingly being used in airborne and handheld devices and reducing the 

weight of the absorbing material is an important concern for applications in 

defense and commercial purpose [54]. 

Nanosized materials are reported to have low density and high surface to volume 

ratio [55-571. Hence, nanosized inclusions in polymer matrix reduce the weight 

of absorber and also increase the interacting surface for em wave within the 

material. Carbon nanotubes (CNT) [58, 591 and expanded graphite nano flakes 

was used by different groups [60] as nano inclusions for developing light weight 

em shields. 

Nanosized ferrites as inclusions have also shown promise for development of 

light weight and thin magnetic shields. During 2000 to 2014, lots of work on 

absorbing material using nanosized ferrites and iron oxides were reported. FesO4 

nanoparticles and ferrite nanoparticles were used for development of magnetic 

absorbers in references [61, 621. In 2000, Shengping Ruan and his group studied 

microwave absorption of ZnCo-substituted W-type barium nano hexaferrite. An 

enhancement of absorption from -17 dB to - 28.5 dB was observed with a -10 dB 

bandwidth of 5 GHz, with reduction of particles size from 5 pm to 65 nm [63]. 

Vladimir B. Bregar conducted a comparative study on iron nanocomposite and 

ferrite nanocomposites and --29 dB absorption peak was observed for nanosized 

ferrite inclusions while nano iron inclusions showed --I1 dB absorption peak 

[64]. Study of absorption with Co, Mg and Cu doping in NiZn spinel ferrite 

nanocrystals in thermalplastic polyurethane (TPU) elastomer was carried out in 
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the reference [65] and reported an enhancement of absorption with doping and 

reduction in size of inclusions. Investigation on absorption properties of nano 

sized barium ferrite prepared by ball milling process was carried out by Jianxun 

Qiu and his group in 2005 [66]. The absorption was studied with different ball 

milling time and found that nanoscale milled barium ferrite improves microwave 

loss by 8 dB in comparison to the bulk and broadens the frequency bandwidth 

with loss above 10 dB, by 5.3 GHz. Microwave absorbing properties on doped Z- 

type barium hexaferrites (Ba3Co1.3Zno.3Cuo.4Fe24041)/poly-chloroprene (CR) 

nanocomposites was reported by Caffarena et al. [67]. The nanocomposite 

showed use as potential absorbers in X/Ku bands, with absorption band of I - 

10 dB at 10.0-12.5 GHz for absorber thickness of 2.5 mm and bandwidth of 13.0- 

16.0 GHz for 2.0 mm thick absorber. In 2008, Anil Ohan et al. studied barium 

ferrite nano inclusions in conducting polymer from 12.4 GHz to 18 GHz, a high 

shielding effectiveness of 28.9 dB was reported [68]. Dhawan et al. reported 

improvement of the magnetic and dielectric properties of polymer matrix by 

incorporating nanosized barium ferrite or Fe2O3 particles in the polymer matrix 

[69, 701. Esmail Kiani et al. reported a study on effect of doping on microwave 

properties of SrFe12-2~La~(Mno,5Zro,~)~O19 nanoparticles [71]. Seyed H. Hosseini 

and M. Moloudi's study on strontium substituted barium ferrite nanocomposite 

(BaxSrl-xFe~zO~9/Fe304/PAA nanocomposites), showed a reflection loss <-9 dB 

Achieving sufficiently good absorption over a broad range of frequencies is 

desired for many applications. Bandwidth of absorption can be enhanced by 

multilayering the shield structure. In 1984, a two layer absorber design with a 

ferrite layer at the air/absorber interface and a layer containing ferrite and short 

metal fibres as the absorber/metal interface was developed by K. Hatakeyama 

and T. Inui [73] with absorption of -20 dB over 8-12 GHz for a thickness of 

4.6 rnrn. A double layer absorber using nanosized strontium ferrite and iron 

microfiber was developed and its thickness optimization was carried out by Wei 

Chun-Yu, Shen Xiang-Qian, and Song Fu-Zhan from China [74], with a 
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maximum absorption of -63 dB for thickness ~f 2 mm. Several works on 

lnultilayer microwave absor5er for bandwjdth enhancement had been reported 

by M. R. Mesharam and his group [25, 751. A th,ree layer absorber with samples 

of M-type hexagonal ferrite powders, namely Ba(M11Ti)~Fela~019, with 

x=1.6,1.7,1.8 was developed and maximum absorption of 10 dB is observed from 

12.5 to 18 GHz. 

Another aspect to be considered while fabricating microwave absorbing material 

is the polymer base matrix Several reports on choice and influence of polymer 

matrix is reported in literature. Use of epoxy resin and conducting polymer as 

matrix was reported for development of EM1 shields in [68, 701. Reference [76] 

reports, that the use of phenolic resin matrix in carbon black composite instead of 

epoxy resin matrix enhances the electrical properties of the composite. NPR being 

good heat resistance has dimensional stability, flame and chemical resistance as 

well as low cost 1771 can be used as base matrix while developing microwave 

absorbing materials. 

The challenge lies in developing light weight, thin, corrosion resistant shields 

having sufficiently good absorption over a broad range of frequencies. 

1.2 ELECTROMAGNETIC THEORY FOR MAGNETIC ABSORBER 

Before designing absorbers, it is important to understand the mechanism of 

absorption. The absorption of microwaves in magnetic medium depends on the 

material's complex permittivity and permeability. The mathematical formulation 

of this Joss mechanism can be obtained using Maxwell's wave equations [78]. 

The modified curl equations in phasor form are 

V x g = j + j w D  

V  x E = - j o B  

where, D = EE, 

B =/.4Fi 

j= osE 
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D is the electric flux density and E = EOE, is the permittivity and B is the magnetic 

flux densit; and p = pop, is the permeability. j is the conduction current density, 

caused by application of an external field and os, the conductivity. Since in this 

work ferrite-polymer composites have been used i.e. us-0, conductivity term can 

be negIected in equation 1.1. 

Thus equation 1.1 becomes, 

where, E~ , is the permittivity of free space (E,= 8.86 x 10-12 F/m) and E, , the 

relative permittivity of the medium is a complex quantity expressed as 

where, E: is the real part of complex permittivity and E:' is the effective relative 

dielectric loss factor [79]. 
.. - . . 

Similarly, equation 1.2 gives, 

.V x E = - j ~ p ~ p , H  
' 

where, p,, is the permeability of free space (1, = 4rr x 10-7H/m) and p, , the 

relative permittivity of the medium is expressed as 

PT = P; -j&' 

where, p: is the real part of complex permeability and p:' is the effective relative 

magnetic loss factor [79]. 4 

When an oscillating electric field interacts with the dipole, the dipole rotates to 

align itself according to the polarity. During the alignment the energy is lost 

through the generation of heat (friction) and the acceleration and deceleration of 

the rotational motion. The degree to which sthe dipole is out of phase with the 

incident electric field is a characteristic to the material and depends on frequency 

of the oscillating electric field, which determines the magnitude of the imaginary 

part of the permittivity. The larger the imaginary part, more the energy is being 

dissipated through the alignment motion and hence, less energy is available to 

propagate .past the dipole. Thus, the imaginary part of the relative permittivity 

dipct\y l,klates to loss in the system. 
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Similarly, in case of magnetic materials, the field interacts with the magnetic 

dipoles. There are three maill loss mechanisms for magnetic materials, viz. 

hysteresis, eddy current and residual loss. Residual losses include the resonance 

losses which dominate at high frequencies. 

The equation, (1.5) is given as 

V X = ] w ( E '  - j&")E (I-9] 

v x ~ = ~ o r n ' ( l - ~ f l ) E  C (1.10) 
I ,  I 

The term tan6, = E / E describes the amount of energy supplied by an external 

electric field that gets dissipated in alignment motion of dipole and heat which is 

more evident in dielectrics. 

The phasor form'(frequency domain) of wave equations are 

v2E = p ~ b o ) ' E  (1.11) 

v2H = p & ~ ) ~ a  

= -w2&pR (1.12) 

Let, -w2&p=? (1.13) 

The equations (1.11) and (1.12) reduce to 

v2E - f E  = 0 (1.14) 

v 2 R - ? H = o  (1.15) 

2 " f J -  
where, y = JTZ$ =. j w f i m  = I 7 ErPr = a + j p  (1.16) 

y, is the propagation constant, a, is the attenuation constant tvhich defines the rate 

at which the fields of the electromagnetic wave attenuates as the wave 

propagates and P, is the phase constant defining the rate at which the phase 

changes as the wave propagates. 
+ 

If the electromagnetic wave propagates through the absorber in y-direction 

(figure 1.2), the uniform plane wave has only z-component of the electric field 

and w-component of the magnetic field which are both functions of y only. 
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Figure 1.2 Uniform plane wave propagating in y-direction within an absorber block 

The wave equations for the two field components (EZ,K) are 

dZEz -- YEz = O 
dY2 (1.17') 
d2RX -- 
d y  

?Fix = o  (1.18) 

The general solution to the wave equations (1.17) and (1.18) are 

Ez(y )  = Elew + E2e-W 

= E , ~ ( ~ + ~ P ) Y  + Eze-(a+iP)y 

= E7ea~~jfl~ + E ~ ~ - Q Y ~ - ~ ~ ~ Y  

and nx(y )  = H l e W +  H2e-W 

= Hle(a+jP)Y + H ~ ~ - ( ~ + ~ P ) Y  

= H ~ ~ ~ Y ~ ~ P Y  + H ~ ~ - ~ Y ~ - ~ P Y  (1.20) 

Assuming the uniform plane wave as travelling in +y direction, the electric field 

- 
E = EZZ,  = Eoe-wZz (1.21) 

The corresponding magnetic field, found from the source free Maxwell's 

equations 

V x E = - jwp8  

-- - -- 
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The intrinsic impedance ('I) of the wave is defined as the ratio of the electric field 

and magnetic field phasors (complex amplitudes) 

where, qo is the characteristic impedance of free space. 

Intrinsic impedance of the medium determines the amount of electromagnetic 

wave which will get reflected at the air-absorber interface and the amount which 

will propagate through the medium. Once the incident wave enters the absorbing 

material, the wave should exponentially decay with distance, y, by the fact~r,e-~y 

where a is the attenuation constant as shown in figure 1.3. Expanding equation 

(1.15), a can be expressed [80] as 

n I 7 3 4 5 

DEPTH INTO MATERIAL 

Figure 1.3 Progressive attenuation of electnc field strength into the depth of the absorber 

It is seen from the above equation that larger the values of complex permittivity 

and permeability, larger will be the attenuation of the microwave energy. 

However, larger value of complex permittivity and permeability results in more 

reflection due to impedance mismatch at the absorber interface thus restricting 
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the electromagnetic wave from entering the media [81]. Thus, a compromise has 

to be worked out while choosing the material for the absorber. 

Design of absorbers is critical in development of shields which can effectively 

soak the em wave incident on it. Transmission line model (TLM) is used for 

designing of absorbers 1821. The theory of TLM is discussed in the following 

section. 

1.3 TRANSMISSION LINE ANALOGY FOR MICROWAVE ABSORBER 

Plane electromagnetic waves propagating in bulk slabs can be modeled by 

transmission line equations [82]. TLM is a numerical technique based on 

temporal and spatial sampling of electromagnetic fields. The transmission lines 

are simulated as propagation domain, where the electric and magnetic vectors of 

propagating electromagnetic wave are made equivalent to voltages and currents 

on the network, respectively. 

1.3.1 Transmission line modeling for single layer absorber 

A transmission line carrying TEM wave is represented as distributed elements in 

a network having series impedance Z = R + jwL and shunt admittance 

Figure 1.4 A circuit representation of a transmission line 

Y = G + jwC per unit length [A as shown in figure 1.4. 

The voltage and current distribution along the transmission line are functions of 

both time and position and are mainly determined from the shape, dimension 

and the properties of the conductors and dielectrics [83]. For a uniform 

- - -- -- - - - - - - 
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transmission line having the constants R, L, C and G per unit length, the voltage 

and current equations can be written in the differential form as 

If the voltages and currents vary sinusoidally with time, the phasor notation of 

equations (1.27) and (1.28) become 

The analogous relation between electric and magnetic field components of plane 

a Ez ~ H x  wave to the transmission line parameters are pven as - + j o p H ,  = 0 and - + 
ay a y  

(a, + jo&)E, = 0. 

Differentiating equations (1.29) and (1.30) with respect to x and combining gives 

azv -- ( R  + j w L ) ( C  + j o C ) V  = 0 
ay2  

(1. 31) 

a21 -- ( R  + j w L ) ( G  + j w C ) I  = 0 
ayz  

(1.32) 

A possible solution for these equations is of the form 

V or  1 = Ae-YY + BeYY (1.33) 

where, yZ  = ( R  + j o L ) ( G  + j w C )  (1.34) 

When the variation with time is expressed explicitly, the first term of the 

expression (1.33) represents a wave travelling in forward direction and the 

second term represents a wave travelling in reverse direction. 

In hyperbolic function form, the solutions to equations (1.31) and (1.32) are 

V = A,cosh yy  + B,sinh yy  (1.35) 

I = AZcosh yy  + B2sinh yy  (1.36) 

Considering the location of the terminating impedance ZR the reference point 

(y = O), the other end is left of this reference point, i.e. in the -y direction as 
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shown in figure 1.4. Solving the constants, AI, 81, A2 and 8 2  and writing 1 = -yl , 

equations (1.35) and (1.36) becomes 

- V' = VRcosh y l  + ZoIR sinh y l  

V R  I, = 1,cosh y l  + -sinh y l  
zo 

The general expression for the input impedance of the transmission line is 

obtained by dividing equation (1.37) by equation (1.38) i.e. 

V, - V R C O S ~  y l + Z o l ~  sinh yl z.  = - In 
1s I ~ c o s h  yl+%sinh yl 

20  

The expression (1.40) pves the input impedance of the transmission line 

terminated by a load, Z R .  The input impedance of a single layer absorber can be 

expressed as, 

where, Er (=&r'-j&r'> is the complex permittivity, pr (=pr'- jpr"), is the complex 

permeability, and, 1, is the thickness of the absorber and, f, is the incident 

microwave frequency [84].The reflection coefficient and the reflection loss in dB 

is expressed as, 

1.3.2 Transmission line modeling for multilayer absorber 

The transmission line section in figure 1.4 is extended to multi section as shown 

in figure 1.5 then the input impedance at the ith layer is pven as 

Where Zoi is the characteristic impedance of the ith layer. 

- p p  
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Figure 1.5 A urcut representatton of a mul&sectton transrmsslon h e  

1 1 1 
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Figure 1.6 Dlstnbuted parameters of a muldayer absorber structure 

Slmilar to equation (1.43), the input impedance of a plane wave incident normal 

to the surface of a absorber or composite substrate backed by a metal as shown in 

figure 1.6, can be expressed as 

where, q, is the intrinsic impedance of the xth layer and is calculated from q = k, 
(Equabon (1.24)). 

For free space medium, p = po = 47r X 10-7(N /AZ) and E = E~ = 8.8541 x 

1 0 - 1 2 ~  / m, so the value of q = qo = 377 a. 
For a three layer absorber, i=3, 

ZZ +tl3tanh ~ 3 d 3  '' = q3 v3+Z2 tanh  y3d3 

The reflecbon coefficient and reflection loss in dB, of the normal incidence plane 

wave ~s expressed [81,85] as 
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1.4 PROBLEM DEFINITION 

Considering the fact that EM1 shields are finding numerous applications in 

military and commercial devices, and the background analysis of absorbers has 

brought in some important aspects: 

1. Minimum reflection of the incident em wave is required at the air absorber 

interface. 

2. Maximum attenuation of the em wave within the absorber. 

3. Absorber should be thin 

4. Reduction in weight of the absorber 

5. Corrosion resistive with low water absorbance and thermally stabile absorbers 

6. Absorption over a broad frequency range and 

7. Lastly, ease of processing and overall cost of development of the absorber. 

The leakages in X- band can be generated from widely used sources like precision 

approach radar (PAR) (9.0-9.2 GHz), military communication satellites (7.9 to 8.4 

GHz for uplink & 7.25 to 7.75 GHz for downlink), terrestrial communication and 

networking (10.15 to 10.7 GHz), motion detectors (10.525 GHz), traffic light 

crossing detectors (10.4 GHz), weather radars (9.3-9.5 GHz) [86-911 and many 

other local area networking or wireless devices. The thesis problem focuses on 

developing em shields that can effectively reduce leakages in the X-band i.e. 8.2- 

.12.4 GHz. 

Based on the requisites discussed above the research work is focussed on 

developing- microwave absorbers using nanosized M-type barium hexaferrite 

and substituted barium ferrite in NPR matrix. Design considerations will be 

carried out to reduce the thickness enhanced bandwidth of absorption for X-band 

applications. 
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Thus, the research is essentially directed towards: 

Synthesis and development of the nanosized ferrite and composite 

materials. 

Investigation of other necessary factor requirements of microwave 

absorber applications like homogeneity of filler in the base matrix, light 

weight, thermal, electrical, magnetic and environmental inertness. 

EM1 shielding/microwave absorber having the desirable microwave 

permi~vity, permeability, dielectric and magnetic loss properties for 

application over the X-band frequency. 

Design, thickness optimization and fabrication of single layer microwave 

absorber using developed magnetic composites in X-band. 

Design optimization and development of multilayer microwave structure 

for enhancing the absorption bandwidth. 

Analysis of field distribution w i h n  the absorber using finite difference 

time domain (FDTD) Technique. 

1.5 THESIS STRUCTURE AND OUTLINE 

The thesis structurally consists of seven chapters and four appendixes. A 

thorough understanding of electromagnetic wave propagation through the 

absorber and its equivalent Transmission h e  model is discussed in chapter I. 

M-type nanosized barium hexaferrite as reinforcers in novolac phenolic resin 

matrix is developed as magnetic absorber material and is dealt in chapter U. The 

synthesis of substituted barium ferrite compositions with Al3+ replacing Fe3+ and 

Sr2+ ions substituting Ba2+ ions, is also discussed. The chapter also. includes 

microstructural studies conducted for structural, size of the synthesized ferrite 

particles and ascertaining the homogeneous composite formation. Other essential 

propertiesrequired for absorbers like thermal stability, density, water 

absorbance, in - plane dc conductivity and saturation magnetization are included 

in chapter 11. 
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Chapter III includes studies on complex permittivity and permeability of the 

ferrite composites at microwave frequencies for different weight percentages of 

unsubstituted and substituted ferrite-NPR compositions. Nicolson-Ross 

technique is used for determining the complex permittivity and permeability 

values. The values are substantiated by cavity perturbation technique. 

Single layer Dallenbach absorber using ferrite-NPR composite with conductor 

backing is designed and fabricated and the thickness is optimized to achieve 

minimum reflection loss is discussed in chapter IV. Free space technique is used to 

measure the reflection loss. 

Chapter V describes enhancement of bandwidth by using multilayer structure 

where the thickness of individual layer as well as the total thickness and the layer 

combin'ations is optimized to achieve a broad absorption bandwidth. 

Theoretical background of the 3D FDTD technique is discussed in chapter VII. The 

technique has been adopted for single layer absorber. MATLAB code has been 

developed using the FDTD formulation to determine the field distribution 

throughout the absorber and Sn parameters are computed. 

Chapter VII summarizes the suitability of the developed ferrite-NPR 

nanocomposites as broadband absorber in X-band. The limitations and future 

direction of work that can be incorporated are also highlighted. 

Appendix A gives the detail of mathematical formulation for theoretical 

thickness limitation for broadband microwave absorption. MATLAB programs 

developed for optimizing multilayer microwave absorber parameters are also 

discussed in Appendix B. Appendix C gives the detail equations for PML 

boundary conditions as applied in the modeling. 3D FDTD code developed in 

MATLAB in which E and H updating code modules are given in Appendix D. 
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2.1 INTRODUCTION 

As evident from chapter 1, selection of materials for electromagnetic interference 

(EMI) shields are critical for effective absorption, keeping in mind that 

contradictory material parameters are required for achieving both impedance 

matching at the interface and subsequent attenuation in the shields [I]. In 

addition, light weight and thckness consideration also plays an important role in 

applications of shield in various handheld and combat devices [2,3]. 

Material selection, synthesis and preparation of shields are discussed initially in 

the chapter, followed by microstructural studies viz. X-Ray diffraction (XRD) and 

transmission electron micrograph (TEM); to find the formation, size and shape of 

the reinforcers. Homogeneous distribution of inclusions in the shield is found 

from scanning electron micrograph (SEM) images. Other properties Like thermal 

stability, density, behavior of material in humid conditions are deciding factors 

for choice of the materials for EM1 shields and are studied thereafter. 

In-plane dc electrical conductivity [4] and saturation magnetization studies are 

also carried out on the developed magnetic material to check the applicability of 

the magnetic properties for microwave absorption. 

2.2 MATERIAL SELECTION AND SYNTHESIS 

Particulate composites give an ease to combine constituent fillers with the host 

polymer matrix to achieve desired absorption. Introduction of magnetic materials 

reduce the thickness of the absorber [5-q. Magnetic metal inclusions like Fe, 

Fe(C0)s though increases dissipation of electromagnetic (em) wave, are corrosive 

in humid environment and heavy. Magnetic ferrites inclusions are more resistive 

to environmental variations, but bulk ferrites are mostly dense leading to 

increase in weight of the absorber. As reported in [B-131, nano-sized particles 

have high interfacial area, which creates a large interaction zone, leading to 

enhanced dielectric and magnetic properties and hence increases microwave 

absorption. Moreover, low densities of nanc~ferrites reduce the weight, without 

compromising on the absorption properties. 
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In the following subsections, choice and synthesis of fillers and polymer matrix 

and development of the absorber composite is discussed. 

2.2.1 Selection and synthesis of inclusions 

At microwave frequencies spinel and hexagonal ferrites are used [14-181. 

However, complex permeability of spinel ferrites follows Snoek's limit [19], 

restricting its use in the gigahertz range. M-type hexagonal (MFel20~) ferrite 

with high crystalline anisotropy, high saturation magnetization and chemical 

stability finds use as constituent material for development of electromagnetic 

wave absorbers [20-221. 

Variation in the magnetic properties, viz. saturation magnetization, coercivity, 

anisotropy and ferromagnetic resonant frequency, of barium ferrite (BaFei2019) 

can be varied by substituting either the Ba2+ by Sr2+, La3+ and Na+ and Fe3+ by 

Al3+, Mn2+ and Ti*+ etc [23-251. Al-substituted and Sr-substituted M-type 

hexagonal ferrite is reported to have larger anisotropy field [26] than BaFelzOl9, 

indicating high attenuation of the electromagnetic wave. 

M-type nano barium based hexagonal ferrite (BaFe12019) with substitutions is 

used for development of X-band absorbers. The molecular structure of M-type 

barium ferrite is shown in figure 2.1. 

- -- - - - - - - - 
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Figure 2.1. Molecular structure of M-type barium ferrite 

In the present work, following M-type magnetic fillers are synthesized 

BaFe12019, where the size and shape of ferrite particles are studied with three 

different annealing temperatures viz. 700 "C, 800 "C and 900 "C. 

BaAlxFe~2-xCh9 with stoichiometric substitution of Fe3+ ions by A13+, with 

x=1.0, 1.2,1.4and1.6at900°C. 

Ba1-~Sr~Fe12019 with stoicheometric substitution of Ba2+ ions by Sr2+, with 

x=0.2,0.4,0.6and1.0 at 900°C. 

M-type barium ferrite (BaFe12019) particles are prepared from nitrate precursors 

using co-precipitation technique. Barium nitrate (298%) and iron (111) nitrate 

nonahydrate (298%) precursors are used as the base materials to which sodium 

hydroxide is added dropwise to control the size of the particles. Aqueous 

solutions of barium and iron salts are prepared separately by dissolving the salts 

in reverse osmosis (RO) deionized water maintaining the molar ratio of barium to 

ferric nitrate as 1:12 with constant magnetic stirring condition. Figure 2.2 shows 

the flow chart of synthesis of M-type ferrite particles. 
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Ba(N03h.6H20 
+w + 

NaOH 
+ I ~ ~ ~ n o p e r t i c l  

Barium farite 

Oleic acid 
La 

Figute 2.2 Flow chart of synthesis technique of femte particles 

The iron and barium salt solutions are mixed together and heated at 70 "C with 

continuous magnetic stirring for one hour. 4M (25 rnl) solution of sodium 

hydroxide is prepared separately and slowly added to the salt solution drop 

wise. The pH of the solution is maintained to a level of 11-12. A few drops (- 0.1 

ml) of oleic acid (C17H33COOH) is added to the solution as a surfactant and 

coating material [27l. The system is cooled to room temperature. Subsequently, 

the precipitate is washed with distilled water and ethanol to get the precipitate 

free from sodium and nitrate compounds. Finally, the precipitate is dried at 100 

"C. The dried powder is crumbled and annealed at three different temperatures, 

700 "C, 800 "C and 900 "C for two hours to get barium ferrite particles and then 

micros tructurally analyzed. 

BaAlxFeiaxO~9 (x = 1.0,1.2,1.4 and 1.6), is synthesized by adding stoichiometrical 

solution of aluminium nitrate (298%) dissolved in RO deionized water at the 

mixing stage. Similarly, strontium substituted barium ferrite is synthesized by 

adding solution of strontium (11) nitrate (297%) in stoicheometric ratio at the 

mixing stage. The substituted precursor powders are annealed at 900 "C with a 

temperature stability of 21 "C for two hours to form substituted barium ferrite. 

Annealing temperature of 900 "C is chosen for synthesis of substituted ferrite, as 
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all the further studies conducted on BaFel2019 ferrite showed that 900 "C is the 

optimum temperature for synthesis. 

2.2.2 Selection of host matrix and fabrication of magnetic composite material 

Novolac phenolic resins (NPR) are condensed polymerization product of phenol 

and formaldehyde with water as byproduct. The polymerization takes place 

when the molar ratio of formaldehyde to phenol is less than one and it is brought 

to completion using acid-catalysis such as oxalic acid, hydrochloric acid or 

sulfonate acids. In the initial stage (A-stage), the polymer is of low molecular 

mass, soluble and fusible. As the condensation continues more molecules are 

involved and resin becomes rubbery, thermoplastic phase, which is only partially 

soluble (B-stage). The resin is then cured to fully cross-linked intractable 

material(C- Stage). Figure 2.3 shows the structure of NPR. NPR is amorphous 

thermoplastics which is solid at room temperature and softens and flows at 

temperatures 65 "C - 105 "C. They have good heat resistance, electrical insulation, 

dimensional stability and are flame and chemical resistant [28]. The hydroxyl and 

methylene linkages present in NPR chemical structure facilitates bonding for 

composite formation [29], and hence is selected as the base matrix. 

Figure 2.3 Polymerization of novolac phenolic resin (NPR) 
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Novolac type phenolic resin is mixed with 10% hexamethylene tetramine as 

harderner. (supplier Pheno Organic Limited, New Delhi). The synthesized ferrite 

and NPR powder are.mechanically blended at - 15000 rpm for different weight 

percentages of filler in the base matrix. Mathematically, if total weight of the 

composite is Z grams, X and Y are the weights of filler and polymer matrix, 

respectively, i.e. Z = X + Y, then, for N wt.% of fdler-NPR composite, amount of 

filler present in the composite is given by 

Filler =X= (N/100) x Z grams (2.1) 

and amount of NPR present in the composite is gven by 

Polymer matrix=Y= (Z-X) grams (2-2) 

Using the relation (2.1) and (2.2), a uniform mixture of ferrite and NPR powder is 

obtained with different wt.% of ferrite nanoparticles. The mixture is placed in a 

specially designed three-piece die-mould consisting of a cavity, upper and lower 

plunger with spacer and initially heated up to 95-100 "C. A pressure up to 1.5-2 

tons is slowly applied and the fixture with the sample is isothermally heated at 

150 "C for 2 hours and then allowed to cool at room temperature. The processing 

chart is given in figure 2.4. 

I Inclusions I I polymer matrix I 
Nnvnlar Phenolic I ." . "I-" I nanoparticles ( I P,;,, 

I Different filler ratios I 

Figure 2.4 Block chagram of composite preparauon 

(a) BaFerzO19 
(b) BaA1.Fe1t.019 
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Figure 2.5 (a) Three plece b e  mold and @) prepared femte -NPR nanocomposltes for X-band 

charactenzatlon 

Pellets of different dimensions are molded for drfferent characterization. A three 

piece die mould with spacer, with the provision of varying the thckness, dl of the 

sample is designed and fabricated for microwave characterization in the X-band 

with the sample dimension of 10.16 mm x 22.86 mm x d mm (figure 2.5). 

Three wt.% of BaFel2019-NPR composite viz. 30 wt.%, 40 wt.% and 50 wt.% is 

prepared. Beyond 50 wt.%, sinkage in filler is observed leading to cracks and 

brittleness in the composite. 

2.3 MICROSTRUCTURAL STUDIES 

The morphology of the synthesized ferrite samples are studied using XRD and 

TEM. SEM stu'dies are conducted on developed ferrite-polymer composite to find 

homogeneity of filler distribution in the host matrix. 

Propagation of electromagnetic wave, passing through the composite material 

depends not only on the intrinsic properties of the constituents, but also on the 

size of the inclusions and the change in structural configuration of the inclusion 

particles in the composite matrix. Microstructural studies pves the complete 

picture of the composite deciding its utility as substrate in the microwave 

technology. Micro-structural studies of the synthesized nanocomposites 

conducted are described in following sub sections. 
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Again in all the further studies conducted on BaFei2019-NPR composite system, it 

is seen that 50 wt.% grves the best result. Hence, Al3+ and Sr2+ substituted barium 

ferrite-NPR composites are only fabricated for the further studies. 

2.3.1 X-ray diffraction 

X-ray diffraction (XRD) patterns of the ferrite particles are carried using Rigaku, 

Miniflex 200 X-ray diffractometer with CLI K a  line of wavelength A= 1.541841 A, 

are recorded at 28 values from 10" to 70". Crystallinity and size of the particles 

are cdcidated hom the xR'D patterns using Debye-Scherrer's formula 130). The 

lattice parameters for the hexagonal magnetoplumbite phases are computed 

using the d-spacings value and the respective (h k 1) parameters. Interplanar 

distance, d is given by 

X-ray difiaction of BaFel2OI9 particles 

Diffraction patterns of BaFel2019 particles annealed at different annealing 

temperatures, are shown in figures 2.6a, 2.6b and 2.6~. The reflection planes: (1 0 

2), (1 1 O), (1 0 9, (1 1 4), (2 0 O), (2 0 3), (0 0 lo), (2 0 5), (10 12), (3 0 O), (2 1 9 ,  (2 0 

l l ) ,  (2 2 0), (2 O 14), (3 1 6) and (4 0 4) indicate presence of a hexagonal structure. 

It is found that all diffraction peaks can be perfectly indexed to the M-type 

hexagonal structure, and no characteristic peaks of impurities are detected in the 

XRD pattern. The lattice constants, a=5.88 A and ~ 2 3 . 2 2  A matches with those 

reported in JCPDS card number 43-0002 for barium ferrite particles. The average 

crystalline size is in nanometre range and is found to increase with annealing 

temperatures (table 2.1). The size variation can be achieved by the annealing 

conditions. 
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Figure 2.6 XRD patterns of BaFelaO19 particles annealed at (a) 700 OC, @) 800 OC and (c) 900 OC 

Table 2.1 Calculated crystallite size and lattice parameter of BaF12019 particles 

X-ray difiaction of BaAlrFe12-~01g particles 

BaFizOI9 

Annealed at 700 OC 

Annealed at 800 OC 

Annealed at 900 OC 

XRD pattern of BaAlxFe12-~OIs particles with x=1.0, 1.2, 1.4 and 1.6 are shown in 

figures 2.7a, 2.7b, 2 . 7 ~  and 2.7d1 respectively. Like BaFe120I9~ BaAlxFe~zxOIg also 

shows single phase M- type hexagonal structure. No characteristic plane of Al3+ 

Average 

crystallite 

size 

(nm) 

18.46 

23.80 

26.64 

ions is observed confirming that the A l 3 +  ions enter the lattice of barium ferrite 
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[31]. The lattice constants, a=5.65 A and c=22.89 A corresponds to the JCPDS card 

number 43-0002. Table 2.2 shows the lattice parameters and crystdine size. 

20 (degrees) 20 (-) 

Figure 2.7 patterns of BaAlXFel2.,O19 (with x =1, 1.2,1.4 and 1.6) particles annealed at 900 O C  

Table 2.2 Average crystallite size and lattice parameters of BaAl,Fel~.,O19 femte 

I 

The crystallite size of the BitALuFei~-~019 particles is in nanorange. It is observed 

composition 

BaAbFel1019 

Bad1 .~Fel0.8019 

BaAll4Felo 6019  

BaAll,6Fe10..1019 

that with increase in the AP+ substitution, the lattice constants a and c decreases. 

Femtes 
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Average crystallite Aluminium 

content 

1.0 

1.2 

1.4 

1.6 

Lattice parameter (A ) 
size (nm) 

5.92 

5.78 

4.15 

3.87 

a 

5.90 

5.89 

5.87 

5.83 

c 

23.23 

23.17 

23.08 

23.02 
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X-ray dipaction of Bal-xSrZe~~O~g particles 

XRD patterns of Ba1-~Sr~Fe12019 particles with x=0.2, 0.4, 0.6 and 1.0 are shown in 

figures 2.8a, 2.8b, 2 . 8 ~  and 2.8, respectively. 

a, t-) (-) 

Figure 2.8 XRD patterns of Bal.,Sr,Fe1z01~ (with x =0.2,0.4,0.6 and 1.0) annealed at 900 OC 

The lattice parameters for Ba1-~Sr~Fel2019 are, a = 5.72 A and c = 22.61 A and 

matches with those reported in JCPDS card number 84-1531. The crystallite size 

variation is observed as the Sr2+ ion substitutes Ba2+ (Table 2.3). 

Table 2.3: Average crystallite diameter and lattice parameters of strontium substituted barium ferrite 
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Sample 

Bao.sSronFe12019 

Bao 6Sr0.4Fe12019 

Bao.4Sr0.6Fe1z019 

SrFazO19 

Strontium 

content 

0.2 

0.4 

0.6 

1.0 

Average 

crystallite sizes 

(nm) 

10.4 

9.55 

7.85 

7.90 

Lattice parameter (A )' 

a 

5.76 

5.74 

5.71 

5.71 

c 

22.46 

22.58 

22.61 

22.80 
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2.3.2 Transmission electron micrographs of the ferrite particles 

Transmission electron microscopy (TEM) is the premier tool for understanding 

the internal microstructure of materials at the nanometer level. Electrons have an 

important advantage over X-rays in that they can be focused using 

electromagnetic lenses. One can obtain real-space images of materials with 

resolutions of the order of a few tenths to a few nanometers, depending on the 

imagmg conditions, and simultaneously obtain diffraction information from 

speclfic repons [32]. 

Transmission electron microg~aph is taken to see the microstructural properties 

Like shape and size using JEOL JEM-2100 transmission electron microscope 

(TEM;Akishima, Tokyo, Japan) operating at an accelerating voltage of 200 kV 

(Collidion Coated Copper Grids). 

TEM of BaFe1201gparticles 

Most of the particles appear hexagonal in shape for all the three annealing 

temperatures as seen in TEM images, figures 2.9a, 2.9b and 2.9~. The particle 

shape is hexagonal and its size is -50 nm and -60 nm for the samples annealed at 

temperature, T=700 "C and 800 "C. Extended rod like shape in one direction is 

observed for the particles annealed at 900 OC with crystal lattice plane anisotropy 

with particle size of -70 nm and explained in terms of surface energy. The 

surface energy of barium ferrite is different along different directions of the unit 

cell. The growth of the nanoparticles along [0001] direction is preferential i.e. the 

c-axis, as it is energetically favorable due to minimum surface energy at higher 

temperature and hence, the elongated rod shaped nanostructure formation is 

observed [33]. 
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Figure 2.9 TEM micrographs of BaFel2019 particles annealed at (a) 700°C, @) 800 OC, 

and (c) 900 OC 

TEM of BaAlJ'e1~-~019particles 

The TEM images of aluminium substituted barium ferrites particles are shown in 

show the particle shapes are hexagonal and the average particle size is -90 nm 

(figure 2.10a, 2.10b, 2 .10~ and 2.10d). 

Figure 2.10 TEM micrographs of BaAxFel~-,O1~ particles with x= 1.0 (a), 1.2 @), 1.4 (c) and 1.6 (d). 
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The shape tends to extend like rod in one direction along c-axis. The lattice plane 

anisotropy can be observed from the images. 

TEM of Bal-8rxFeuOlg particles 

The TEM images of strontium substituted barium ferrites particles annealed at 

T=900°C are shown in figure 2.11(a-d). Hexagonal rod shaped structure with 

length -90 nm is observed. 

Figure 2.11 TEM micrographs of Bal-,Sr.FetzOte particles with x=0.2,0.4,0.6 and 1.0 
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Figure 2.12 SAED pattern of (a) barium ferrite, @) aluminum substituted barium ferrite and (c) 

strontium substituted barium ferrite particles annealed at 900°C 

All the barium ferrite particles along with substitution shows crystalline nature 

with double diffraction pattern which can be observed from the selected area 

electron diffraction (SAED) patterns in figure 2.12 (a-c). 

2.3.3. Scanning electron micrographs of the ferrite composite 

Scanning electron microscopy (SEM) of particulate magnetic nanocomposite is 

taken by JEOL-JSM-6390. The surface of each samples are platinum coated before 

taking the micrographs. The micrographs are taken at 10-" A probe current and 

20 KV accelerating voltage at different resolutions. Figure 2.13 (a-c) shows the 

SEM micrographs of 50wt.% BaFe12019-NPR, BaA11.4Fe10.6019-NPR and 

Bao.sSro.4Fel2019-NPR nanocomposite, respectively. 

Most of the particles are homogeneously distributed over the matrix as seen from 

the SEM images. 

Figure 2 . 0  SEM micrographs of (a) BaFel2019-NPR, @) B ~ ~ ~ I . , F ~ I ~ G O I V - N P R  and (c) 

Ba,,.~Sr0.,Fel201~-NPR nanocomposites 
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2.4 DENSITY AND WATER ABSORBANCE 

Light weight microwave absorbers are easy to install and this in turn makes them 

suitable for free space applications. Density of a composite gives an idea of the 

compactness of the material and its weight. Measurement of density of the 

ferrite-NPR nanocomposites is carried out by using Archimedes's principle [34]. 

The samples of dimension 10.16 mrn x 22.86 mm x 2.0 mm are prepared and 

weight is measured in air, Wnrr .  The composite is suspended in water and 

apparent immersed weight of the sample is measured, referred as WaPp Then the 

experimental bulk density (ds) of the composite is measured by the Archimede's 

principle and is given by 

W a ~ r  
Or d s  = 7 X Dwater 

where 

W a l r  = Weight of the sample in air (gm) 

Ww = Weight of the sample in air - weight of the displaced water (gm) 

Dwater  = Density of water at room temperature (=0.997 g/cc at 25 "C) 

Water absorbance studies of the material help in determining the porosity of the 

material in humid and wet environmental conditions in which the system can 

work without affecting its microwave performance. The sample is inserted in 

water for 72 hours at room temperature. Thereafter pat dried at room 

temperature. The percentages of water absorption of the composites are 

determined according to the expression 

Water absorbance (%) = - wt-wO x 100 
wo (2.6) 

where, Wt and Wo are the weights of the wet and dry composites respectively. 

M~crowave Absorbers uslng M-type Barlum Hexaferrlte-Novolac Phenohc Resm Nanocomposlte m X-Band - 
Destgn, Development and Analysls 46 



Mntenal Selechon, Prepnrnhon and Charactenzahon ' r  \ , Chapter / I  

2.4.1 Results and analysis of BaFe1201g-NPR nanocomposites 

The bulk density of the magnetic nanocomposite increases with increase in the 

ferrite content in the NPR matrix (table 2.4). Composites with higher wt.% of 

barium ferrite contain less amount of NPR than composites with low wt.% of 

barium ferrite. Decrease of density for composites with higher NPR content is 

due to the increase in ultimate weight loss during curing process. Percentages of 

water absorbance of the BaFelG9-NPR nanocomposites are tabulated in table 

2.4. It is found that there is a slight increase of weight gain with increasing 

concentration in the composites due to presence of porosity in the samples. The 

maximum weight gain is only -0.03%. 

Table 2.4 Denslty and percentage df water absorbance of BaFel~O1~-NPR nanocomposltes 

2.4.2 Results and analysis of BaA1,Feu-,019-NPR and Bal-xSrxF~nOl~NPR 

nanocomposites 

The bulk density and water absorbance of the 50 wt.% B~ALF~IZ-~OIPNPR and 

Bal-xSrxFe120i9-NPR nanocomposites are tabulated in table 2.5. The bulk density 

of the magneto dielectric composite for both AP+ and Sr2+ substitution is -1.22. 

Maximum water absorbance of 0.03 % is observed and indicates its use in high 

humidity environment, without affecting the performance. The inclusions taken are 

annealed at 900 O C .  
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Table 2.5 , Density and percentage of water absorbance of 50 wt.% B~AI,F~I~-,OI~-NPR 

and Bal.,SrsFe~2O19-NPR nanocomposites 

T=900 "C and 50 wt.% 

T=900 OC and 50 wt.% 

2.5 THERMO GRAVIMETRIC ANALYSIS (TGA) 

The thermo gravimetric analysis (TGA) is performed to predict the thermal 

stability of a material. The TGA analysis pves the weight loss of the samples in 

the temperature range of 50°C to 900°C. The TGA for pure NPR, BaFelzO19 and 

(30, 40 and 50 wt.%) BaFelzOwNPR composites, 50 wt.%' B~ALF~IZ-~OI~-NPR 

composites with x=1.0,1.2,1.4 and 1.6 and Bal-xSrxFeuOl~NPR composites with 

x=0.2, 0.4, 0.6 and 1.0 are carried out on Thermal Analyzer, Model STA 6000, 

Perkin Elmer. 

2.5.1 Result and analysis of BaFel2019-NPR composites 

The thermal stability of the prepared samples of BaFe12019-NPR nanocomposite 

is measured in the air atmosphere as shown in figures 2.14a and 2.14b. TGA 

curve of NPR shows that there is small weight loss up to 160 OC. The major 

weight loss occurs due to growth of volatiles in between the temperature 390- 

685 "C [35]. The BaFe12019 particles show thermal stability throughout the 

temperature range with a very small weight loss after 550 OC. The TGA graph of 
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all the three samples with varying weight percentage of ferrite inclusions (30 

wt. %, 40 wt. % and 50 wt. %) shows thermal stability up to 400 "C. 30 wt. % and 40 

wt.% show continuous weight loss of 28% and 31%, respectively up to 685 "C. 

With increase in the BaFe12019 contents in the NPR matrix, thermal stability of the 

absorber samples increases. The thermal stability of the BaFe12019-NPR 

nanocomposite does not change with the annealing temperature of the ferrite 

particles as can be seen from figure 2.14a. 

2.5.2 Result and analysis of BaAIxFe12-,019-NPR and Bal-xSrxFel~0~9-NPR 

nanocomposites 

All the compositions of B ~ A E F ~ ~ Z - ~ O ~ ~ - N P R  and Bal-XSrxFelzOleNPR 

nanocomposites show thermal stability upto - 400 "C, figures 2.15a and 2.15b. 

With increase in the aluminium substitution, thermal stability increases and the 

major weight loss occur after 744 "C. The thermal stability of Bal-xSrxFe120~9-NPR 

nanocomposites decreases with increase in the Sr2+ substitution in the Bal- 

xSrxFe~2~9 particles. The major weight loss occurs at 800 "C and continues upto 

896 "C. 

Figure 2.14 Therrno gravirnetric analysis (TGA) curves of (a) BaFel2019-NPR nanocomposite 

with ferrite particles annealed at T=700 "C, 800 "C and 900 "C, (b) BaFel2019-NPR 

nanocomposite with 30 wt.%, 40 wt.% and 50 wt.% and BaFel?Ole particles 

annealed at 900 OC and NPR 
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Figure 2.15 Thermo gravirnetric analysis CTGA) curves of (a) BaA1,Fel: .01~~-NPR composite 

with x=1 .O, 1.2, 1.4 and 1.6 and @) Bal-,Sr,Fel~Ol~-NPR with x=0.2,0.4,0.6 and 1.0 

2.6 IN-PLANE DC ELECTRICAL CONDUCTIVITY 

In-plane dc electrical conductivity of the ferrite-NPR nanocomposite is measured by two 

probe method using Keithley 2400-C source meter interfaced with PC using GPIB port. 

Initially, resistance of the samples is calculated from current-voltages (I-V) characteristics 

at room temperature. The resistivity of a bulk samples is based on accurate measurement 

of resistance and the sample dimensions. For a homogenous bar of length, L and 

uniform cross section A, the resistance, R, is related to the resistivity, p by 

The reciprocal of p gives the conductivity (o) of the samples given as 

The schematic diagram of in- plane dc conductivity measurement is shown in figure 

2.16. 

Figure 2.16 Schematic diagram of plane of dc conductivity measurement 
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2.6.1 Results and analysis of BaFelz019-NPR nanocomposites 

The in-plane I-V characteristics of BaFe120rs-NPR composites with barium ferrite 

particles annealed at 700 OC, 800 OC and 900 OC and with varying weight% (30 

wt.%, 40 wt.% and 50 wt.%) of barium particle in the NPR matrix are shown in 

figure 2.17a and figure 2.17% respectively. From equation (2.7) and (2.8), the in- 

plane conductivity of the composites is calculated and tabulated in table 2.6. Pure 

NPR shows insulating behaviour. Figures 2.17a and 2.17% show thekariation of 

in-plane electrical conductivity of the BaFe12019-NPR nanocomposite with 

increasing annealing temperature of the BaFe12019 particles and with increasing 

BaFelfi9 particles in the NPR matrix, respectively. The dc conductivity of the 

composite samples increases with increase in the annealing temperature and 

increase in the ferrite contents. The electrical conductivity in ferrites is due' to the 

electron hoping mechanism that takes place between Fe2+ and Fe3+ io& in the 

octahedral sites [36]. The increase in the annealing temperature and 

concentration increases the number of free Fe2+ ions which lead to an increase in 

the dc conductivity. 

Figure 2.17 Measured in-plane dc conductivity of B ~ F ~ I ~ O I ~ - & ~ P R  composite (a) with anneahg 

temperature of the femte inclusions, @) with percentage of BaFel?O19 ferrite 

content 
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2.6.2 Results and analysis of BaAlXFe~axOls-NPR and Bal-xSr,Fe1201s-NPR 

nanocomposites 

The in-plane I-V characteristics of B ~ A L F ~ ~ Z - ~ & - N P R  nanocomposites with 

x=1.0, 1.2, 1.4 and 1.6 and Ba1-~Sr~Fei2019-NPR nanocomposites with x=0.2, 0.4, 

0.6 and 1.0 are shown in figure 2.18a and figure 2.18b, respectively. AP+ 

substiktion decreases the conductivity as the number of Fe3+ ions decreases in 

the octahedral sites. Moderate increase in conductivity is observed in case of Sr2+ 

substitution. 

Figure 2.18 Measured in - plane dc conductivity of (a) BaAlxFe12.,019-NPR nanocomposite wlth 

x=1 .O, 1.2, 1.4 and 1 .G, @) Bat-,SrXFe~zOt9-NPR nanocomposlte with ~ ~ 0 . 2 ,  0.4, 0.6 

and 1.0 

Table 2.7 shows that the maximum dc electrical conductivity of BaAl~Fel2-~019- 

NPR nanocomposite and Bai-xSrxFeiz0i9-NPR nanocomposite are 2.12 x 10-9 S/cm 

and 1.06 x lV7 S/cm, respectively. 

Table 2.6 In plane dc electrical conductivity of BaFel2019-NPR nanocomposltes 

-- - p~ - - ~  - 
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In plane 

conductivity 

sin (S/cm) 

3.34E-09 

3.86E-09 

5.03E-09 
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composition 

- 
Pure NPR 

30 wt.% 

BaFe1z019-NPR 

Annealing 

temperature 

of BaFa2%9 

femte particles 

700 "C 

800 "C 

900 "C 

Wt% of 

BaF~2019 

30 ~ t . %  
- 
40 wt.% 

50 wt?h 

In plane dc 

conductivity 

5" ( S / C ~ )  

2.4511 

5.04E-09 
. 

6.62E-09 

6.93E-09 

Sample 

composition 

BaFezOleNPR 
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Table 2.7 In plane dc electrical conductivity of BaAlXFe~2-,0~9-NPR and Bal.,SrsFe~20~9-NPR 

composites with 50 wt.% 

2.7 SATURATION MAGNETIZATION STUDY OF THE COMPOSITE 

MATERIAL 

Sample 

composition 

BaAlXFaz-,O~~ 

NPR 

Magnetization properties of the magnetic nanocomposites have been studied 

using Pulsed Field Magnetometer indigenously developed in RRCAT, Indore. 

2.7.1 Theory of operation of pulsed field magnetometer for magnetization 

A13+ 

content 

x=1.0 

x=1.2 

x=1.4 

~ = 1 . 6  

study 

The system consists of a solenoid and a pick up coil assembly. A furnace made 

with platinum wire wound on a quartz tube is placed in the pickup coil. A 

magnetic sample can be inserted in the furnace and a resistance thermometer is 

placed in contact with the sample to read its temperature. The schematic of the 

measurement set up is shown in figure 2.19. 

. . - .  . \ 
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In plane 

conductivity 

s. (S/cm) 

2.12E-9 

1.68E-9 

9.4E-10 

9.01E-10 

Sample 

composition 

Bal-,Sr,Fe1201~ 

NPR 

Sr2+ 

Content 

~ = 0 . 2  

~ 0 . 4  

~ = 0 . 6  

~ = 1 . 0  

In plane 

conductivity 

s," (Slcm) 

7.56E-8 

2.89E-8 

4.27E-8 

1.06E-7 
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PULSE FIELD 

Figure 2.19 Pulsed -field magnetometer measurement set up 

A pulsed magnetic field of sinusoidal shape is generated in the solenoid of the 

order of 2.5 kilo oersted (KOe) using a solid state relay circuit. The pickup coil 

detects the magnetization signal of the sample. The signal is processed to 

produce a steady output to be read on a digital meter. The temperature of the 

sample is controlled by a programmable temperature-controller. The 

magnetization signal and the temperature signal are digitized by a micro- 

controller at regular intervals and the data is sent to a computer. A special 

software is designed to plot the graph of magnetization at different temperatures. 

2.7.2 Results and analysis 

The saturation magnetization (47rMs) measurements are carried out for different 

(30-50) wt. % of the barium ferrite nanoparticles, annealed at 900 OC, reinforced in 

NPR matrix and AP+ and Sr2+ substituted barium ferrite nanocomposites with 50 

wt.% at room temperature. The applied field is 2.5 KOe. The 472Ms values of 

barium ferrite and substituted barium ferrite nanocomposites are given in table 

2.8 and 2.9. 
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Table 2.8 Results of saturation magnetization of BaFe12019-NPR nanocomposites with 30 wt.%, 

40 wt.% and 50 wt.% 

Table 2.9 Results of saturatton magnetlzahon of BaAlxFe~2.,0~9-NPR and Bal.,SrxFelzO19-NPR 

nanocomposltes wth 50 wt.% 

Sample 

composition 

BaFazOleNPR 

The saturation magnetization of M- type hexaferrite depends on the electronic 

configuration and the distribution of the substituted ions at different sites in the 

crystal structure. For 30 wt.% BaFe12019-NPR nanocomposite, the 47d& is found 

wt.O/o 

30 wt.% 

40 wt.% 

50 wt.% 

Sample 

BaA.l,Fa~-~Ol9 

to be 96.85 G and with increase in the barium ferrite inclusions, 4xMs increases 

upto 114.29 G. The lower value of saturation magnetization is observed for lower 

4 a s ( G )  . 

96.85 

99.92 

114.29 

wt.% of the barium-NPR nanocomposites. Ferrite nanoparticles dispersed in the 

NPR matrix in lower wt.% have large surface-to-volume ratio and less magnetic 

A13+ content 

x=l.O 

x=1.2 

x=1.4 

x=1.6 

moment. This led to reduction of net magnetic moment and hence the smaller 

Sr2+ content 

x=0.2 

x=0.4 

x=0.6 

x=1.0 

saturation magnetization. 

-s 

(GI 

104.20 

103.08 

102.92 

85.20 

W s  

(GI 

113.39 

110.34 

102.31 

96.14 

The BaAlFen019-NPR nanocomposite shows a 4 m S  value of 113.39 G and the 

Sample 

BalSrxFaz019 

saturation magnetization reduces with increase in the AP+ substitution. The 

lowest value of 4zMs for tlus series is 96.14 G with x=1.6. For substitution of 

A13+<1.9, the contributions to the anisotropy constant of Fe3+ ions on 4fi, 2a, and 

4fi are relatively small as the Fe3+ ions on a 12k site have a negative effect on 
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anisotropy constant, thus reducing the overall anisotropy effect [38]. The 

substitution of Fe3+ ions by Al3+ ions leads to a slight increase in the magneto 

crystalline anisotropic field and subsequently, reduction in saturation 

magnetization. BaFelz019 induced low anisotropy in the composite before Sr2+ ion 

substitution in Ba1-~Sr~Fel2019. However, in the series of Bal-xSrxFelz019-NPR 

nanocomposites, with increase in the Sr2+ substitution from 0.2 to 1, saturation 

magnetization decreases due to relatively high induced anisotropy. The 4zMs 

values vary from 104.20 G to 85.20 G for the Bal-xSrxFelz019-NPR 

nanocomposites. 

2.8. CONCLUSIONS 

Barium ferrite nanoparticles with aluminium and strontium substitution are 

synthesized from nitrate precursor by co-precipitation technique. Formation of 

single phase M-type barium ferrite is confirmed from XRD pattern. The average 

crystalline size of barium ferrite particles is in nanometre range and is found to 

increase with annealing temperatures. The size variation and control can be 

achieved by the annealing conditions. Barium ferrite particles with aluminium 

and strontium substitution also form single phase M-type hexagonal ferrite. TEM 

analysis of barium ferrite shows that the ferrite nanoparticles appear hexagonal 

in shape for all the three annealing temperatures. The size is -50 nm and -60 nm 

for the samples annealed at temperature, T=700 "C and 800 "C, is observed. 

Extended rod like shape in one direction is observed for the particles annealed at 

900 "C with crystal lattice plane anisotropy with particle size of -70 nm. The 

density measurement shows that compactness of both composite system 

increases with percentage increase in weight. The TGA curve shows that the 

developed composite is thermally stable up to 400 "C. DC conductivity increases 

with annealing temperature and wt. % of the ferrite nanoparticles. Aluminium 

substitution decreases the conductivity due to decrease in the Fe?+ ions but an 

increase in the conductivity results are observed b r  strontium substitution. The 

magnetic measurements confirm the magnetic nature of the composites at room 

temperature. The comparatively high values of saturation magnetization confirm 

its applicability as magnetic absorbers at microwave frequencies. 
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3.1 INTRODUCTION 

Extent of absorption within an absorber depends on electromagnetic wave 

interactions with the material properties, viz. complex pernuttivity ( E ~ = E ~ ' - ~ E ~ ~ )  

and complex permeability (p, = pi  - jp;). Accurate measurement of complex 

permittivity and permeability can help in accurate designing of absorber and 

hence its performance over a range of frequency band. 

There are several methods reported on study of the material parameters at 

microwave frequencies based on transmission lines and resonant structures 

developed from transmission lines [I-7. Nonresonant methods can be employed 

for broadband characterization of the dielectric and magnetic properties of 

material [a]. Resonant techniques generally determine complex permittivity and 

permeability at one spot frequency [9-111. 

Complex permittivity and permeability of the barium hexaferrite-novolac 

phenolic resincomposites over the X-band frequency are determined using 

Nicolson-Ross transrnission/reflection (TRL) technique [I-5, 121. Dielectric and 

magnetic loss tangent are calculated from the measured values of complex 

permittivity and permeability. Complex permittivity and permeability 

measurements are further verified using cavity perturbation technique 12, 9, 131 

and is discussed later in the chapter. 

3.2 NICHOLSON-ROSS TECHNIQUE FOR COMPLEX PERMITTIVITY 

AND PERMEABILITY DETERMINATION IN X-BAND 

Nicolson-Ross technique is a non-resonant, broad band technique based on 

transmission/ reflection line structure [I-8, 121. Figure 3.1 shows a typical 

measurement configuration for a transmission/reflection method. Let the 

segment (shaded region in figure) has characteristic impedance Zo A rectangular 

shaped sample of thickness, d, permittivity, E = E,,E, and permeability, p = p,,p,. is 

inserted into a segment of transmission line. The new characteristic impedance of 

the segment with the sample be Z. 
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Figute3.1 A schematic diagram of transmission/reflection method with 

rectangular shape material inserted 

Then, 

z=J14/,4 

where, relative permeability and permittivity, p, and E,, are compIex quantities, 

if the material is lossy in nature. For d+q the reflection coefficient, r, at the air- 

sample interface A is pven as, 
7 

If d is finite, the transmission coefficient, T, through the segment A B is given as 

where, w and c is the frequency of operation and speed of light in free space. 

The scattering coefficient S21 and SII are pven by following relations 

Let 

where, 

Using equations (3.4)-(3.8), 

For equation (3.9), the appropriate sign is chosen so that (TI 5 1. 
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- -  - -- - 

Similarly, using equations (3.4)-(3.8), 

Rearranging equation (3.2), gives 
2 

h = (ST = cl (say) 
E r  

Rearranging equation (3.3), let 

From equations (3.11) and (3.12), 

Right-hand side of equations (3.23) and (3.14) are complex terms. Separating real 

and imaginary parts, the complex permittivity and permeability values can be 

obtained. 

3.2.1 Measurements of complex permittivity and permeability 

The schematic diagram of the measurement set up for X-band permittivity and 

permeability characterization is shown in figure 3.21. The setup broadly consists 

of an Agdent E8362C vector network analyzer, Agdent WR-90 X11644A and an 

interfacing computer to collect the data. Figure 3.2b shows the photograph of the 

measurement set-up. 

Figure3.2 (a) Block diagram and @) measurement set up of X-band microwave 

characterization set up using transmission/reflection technique 
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Prior to measurements, the system is calibrated, using thru-reflect-line (TRL) 

method [14,15]. Schematic representation is shown in figure 3.3. 

In the thru calibration, the two ports are connected directly at the desired 

reference plane, whereas, for reflect calibration, the ports are terminated with a 

load such that high reflection occurs (figures 3.3a and 3.3b). The two ports are 

connected by a quarter wavelength segment in line calibration (figure 3.3~). After 

TRL calibration, the ferrite-NPR nanocomposites of dimension 10.38 mm x 22.94 

mm x 2.0 nun (chapter 11, Section 2.2.2) are inserted inside the sample holder of 

length 9.78 rnm (shown in figure 3.3d) and mounted on the zero reference plane, 

i.e., at the adapter of port 1. 

('I Reflection 

DC 

Figure 3.3 TRL calibration using A<$ent \YR9O-X11644A calibration kit (a) Thru-calibration, 

@) reflect-calibration and (c) Line-calibration and (d) X-band flange fdled with 

sample of ferrite-NPR composite for X-band characterization 

Scattering parameters (SII and Sn) measured, are transformed to the sample 

edges, as described in reference [12]. 
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The transformed SII and S21 parameters are substituted in the equations (3.6 to 

3.14) to determine the complex permittivity and permeability of the composites 

using Agilent 85071E material measurement software employing Nicolson-Ross 

method. The complex permittivity and permeability values of the composites 

with BaFeiz019, BaAlxFe~2-x0i9 and Bal-xSrxFe12C)19 nanoparticles as the ferrite 

inclusions in NPR matrix are measured in the frequency range 8.2 GHz-12.4 GHz. 

3.3 RESULTS AND ANALYSIS OF COMPLEX PERMITTIVITY AND 

PERMEABILITY OF BaFel2019-NPR NANOCOMPOSITE 

Complex permittivity and permeability of BaFei2029-NPR nanocomposite is first 

studied for BaFe12019 particles annealed at 700 "C, 800 "C and 900 "C. The 

parameters are initially studied for 30 wt.% composition. Higher wt.% 

compositions, viz. 40% and 50% are further studied for the best complex 

permittivity and permeability readings obtained. 

3.3.1 BaFe12Ou annealed at 700 OC, 800 "C and 900 OC 

The complex permittivity and dielectric loss tangent spectra for 30 wt.% 

composite of BaFe12019 fillers, annealed at T=700 "C, 800 "C and 900 "C, are 

plotted in figure 3.4a, 3.4b and 3 .4~ .  

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-Band - Design, 

Development and Analysis 67 



Microwave Characterization of M-Type Ferrite-Novolor Phenolic Resin Composite Over the X-band 

Figure 3.4 Complex permittivity of 30 wt.O,b BaFel2019-NPR nanocomposite with BaFel?O,v 

annealed at, T=700 O C ,  800 O C  and 900 O C ,  (a) real part (b) imaginary pan and (c) 

dielectric loss tangent 

The plots show that the composite reinforced with barium ferrite at 900 "C has 

higher values for both real ( E ,  ') and imaginary ( E ,  ") part of complex permittivity. 

The grain size of 900 "C barium ferrite, as seen from the TEM images [chapter 11, 

section 2.3.21 are larger than others annealed at lower temperature. Larger grain 

size leads to high polarizability, as the developed opposing effect to electric field 

component in the material decreases. Also, at higher annealing temperatures, the 

number of Fe2+ ions increases by conversion of Fe3+ into Fe*+ leading to high 

polarization [16]. The tans, spectra of the BaFelOa-NPR nanocomposites with 

varying annealing temperature show increase in the values with annealing 

temperature. tans, varies from 0.32 to 0.39 with annealing temperature, from 700 

"C-900 "C. 

The complex permeability spectra, as depicted in figures 3.5a and 3.5b, show 

higher value of permeability, ,u' and magnetic loss, p "  for higher annealing 

temperature. As the size of the BaFe12019 particles increase, the domain wall 

length increases which lead to greater domain wall vibration and hence greater 

value of ,u ' and ,u " is obtained [lq. 
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Figure 3.5 Complex permeability of 30 wt. O/O BaFelsO19-NPR nanocomposite with BaFelsO19 

ameded at, T=700 O C ,  800 OC and 900 OC, (a) red part @) imaginary part and (c) 

dielectric loss tangent 

The magnetic loss tangent spectra of the BaFe120leNPR nanocomposite show 

resonance, figure 3 . 5 ~ .  The maximum tansp of 0.5 at 9.54 GHz is obtained for 

annealing temperature, 900 OC. A shift in the resonance frequency towards the 

lower frequency side is observed with a n n e h g  temperature. 

High value of dielectric loss and magnetic loss, as seen from equation 1.26, 

chapter I, leads to higher absorption [18]. Henceforth, NPR filled with BaFe109 

annealed at 900 OC is used for higher wt% compositions. 
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3.3.2 BaFelzO19 annealed at 900 OC with different weight O/O 

BaFe12019 particles annealed at 900 "C, henceforth mentioned as BaFelzChs 

particles, are incorporated in NPR matrix to prepare the magnetic composite with 

30 wt.%, 40 wt.% and 50 wt.%. The maximum wt.% is kept as 50% due to 

practical limitations in preparation of composite, as mentioned in chapter 11. The 

real (&r ') and imaginary part ( E ,  ") of the relative complex permittivity ( E ~ =  Er '-jcr ") 

of the BaFel201~NPR nanocomposites in the frequency range 8.2 GHz to 

12.4 GHz are shown in figure 3.6a and 3.6b. Both the dielectric constant (E, ' )  and 

loss (Err')  are almost constant over the X-band for all  the three weight ratios. The 

dielectric constant increases with increase in ferrite contents. 

i l'o l'l ‘ l'2 

Figure 3.6 Complex permittivity of BaFe13019-NPR nanocomposite with 30 wt.%, 40 wt.% and 50 

wt.%, (a) real part @) itnagnary part and (c) dielectric loss tangent 
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The maximum complex permittivity is observed for the BaFe12019-NPR 

nanocomposite for 50 wt.%. er '  increases from -6 to -6.52 and ET" from - 1.88 to 

-1.95 as weight % increases from 30 wt.% to 50 wt.%. The dielectric properties 

increase due to the interfacial polarization and intrinsic electric dipole 

polarization [19,20]. The polarization in ferrites is mainly due to the presence of 

Fe2+ ions. Since, Fez+ ions are easily polarizable, with increase in the number of 

Fez+ ions, the dielectric constant increases with increase in ferrite inclusions [19]. 

The frequency dependent tans, variation of BaFe12019-NPR composites with 

varying wt.% is shown in figure 3 . 6 ~ .  The dielectric loss tangent shows slight 

variation over the frequency range. 50 wt. % shows the least value of - 0.3. 

Figure 3.7 Complex permeability of BaFel201&PR nanocomposite with 30 wt.%, 40 wt.% and 

50 wt.%, (a) real part @) imaginary part and (c) dielectric loss tangent 
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The complex permeability spectra for 30 wt.%, 40 wt.% and 50 wt.% composite are 

shown in figure 3.7a and 3.7%. The dispersion of complex permeability in the 

magnetic polymer composite is primarily due to the resonance of oscillating 

domain walls and the resonance of precessing magnetic moments in the domains, 

which is known as natural ferromagnetic resonance [ lq .  The peak in p,' and p," 

corresponds to natural resonance frequency C f r )  and shifts to lower frequencies 

with higher weight percentage. The maximum complex permeability is observed 

for 50 wt. % BaFe12019-NPR nanocomposite. 

All the three wt% BaFe1201e-NPR nanocomposites show magnetic loss 

tangent, tanb,, resonance peak (figure 3.7~). tanb,, values increase with increase in 

the barium ferrite inclusions in the polymer matrix. 

3.4 COMPLEX PERMITTIVITY AND COMPLEX PERMEABILITY OF AP+ 

AND Sr2+ SUBSTITUTED BaFe12019-NPR NANOCOMPOSITE 

The studies conducted on BaFel2019-NPR nanocomposite shows that 50 wt.% 

composite with BaFelzOl9 annealed at 900 OC, shows the best permittivity and 

permeability results. So the AP+ and Sr*+ substituted BaFel2019-NPR 

nanocomposite are prepared with 50 wt.% using the filler annealed at 900 OC. The 

complex permittivity and permeability are studied with stoichiometric variation 

of substitutions. 

3.4.1 Results and analysis of complex permittivity and complex permeability 

of the BaAlxFe12-x019-NPR nanocomposite 

The real and imaginary part of the relative complex permittivity (E~=E~'-~E~'I), for 

50 wt. % BaAlxFe~2-x0~9-NPR nanocomposite is studied in the frequency range 8.2 

GHz to 12.4 GHz. The aluminium content is varied as, x=l, 1.2, 1.4 and 1.6. The 

spectra are shown in figures 3.8a and 3.8b. Both &r' and &r" increases with increase 

in A13+ ion substitution. The maximum €r' is observed for the BaAlxFelaxO~eNPR 

composite with x=1.6. In BaA1xFelz-xO19, A13+ replaces the Fe"+ mostly in the 

octahedral sites (12k, 4f2, 2a), for x less than 1.9 [21]. With increase in the AF+ 
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ions, Fe3+ reduces and hence the dielectric properties increase. The number of free 

Fe*+ ions increases in comparison to Fe" ions, thus leading to increase in complex 

permittivity values. [19]. 

Figure 3.8 Complex permittivity of Bahl,Fel~,Ow--NPR (x = 1, 1.2, 1.4 and 1.6) composite, (a) 

real part @) imaginary part and (c) magnetic loss tangent 

Some fluctuations are observed in Er' over the X-band frequency range for all the 

samples. Electrons in a dielectric molecule, considered to be situated at different 

locations, experience different natural angular frequencies and damping. 

Iff;. is the bounded electrons, with frequency a, mass rn and damping 3.r in each 

molecule, interact with the electromagnetic wave of angular frequencyco, then the 

polarization P for a system with N molecules per unit volume, is given by [22] 
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When pumped with microwave power with varying a, the dipole moment and 

hence, the polarization of the molecules fluctuates in accordance with equation 

3.15. Now, the relative complex permittivity is determined by relation 

where, complex permittivity, E * = E O ( ~ + X ~ * )  and complex polarization, F=LDX~%", 

and ~ e *  and E' is the complex susceptibility and field, respectively. From equation 

3.15, both real and imaginary part of relative complex permittivity of the system 

will vary with the frequency of pumped electromagnetic wave. 

BaAlxFelz-xO19 in composites will also have electrons having different locational 

natural frequencies and damping, hence, different interacting frequency with 

pumped microwave, leading to variation in E' values of the composites. 

The resonant behavior in the relative complex permeability (pr=pr '-jpr ") is 

observed due to natural resonance phenomenon that takes place in the magneto- 

dielectric composite in the GHz range and plotted in figures 3.9a and 3.9b. 
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Figure 3.9 Complex permeabhty of BaAl,Fel~-,OI~NPR (x = 1, 1.2, 1.4 and 1.6) composite, (a) 

real part @) imaginary part and (c) magnetic loss tangent. 

As reported by Jianxun Qiu et. al. [21], for substitution of A1"<1.9, the 

contributions to the anisotropy constant of Fe3+ ions on 4fi, 2 4  and 4fi are 

relatively small as the Fe3+ ions on a 1% site have a negative effect on anisotropy 

constant, thus reducing the overall anisotropy effect. Thus, substitution of Fe3+ 

ions by AP+ ions leads to increase in the magneto crystalline anisotropic field. 

The ferromagnetic resonance frequency, f, of the composites follows the relation 

Where, y is the gyromagnetic ratio, Ha is the crystal anisotropy field. 

nus ,  the natural resonance frequency V;), corresponding to peak in pr ' and prrr1 

shifts towards higher frequency side. The value of ,urr and pr" increases with 

increase in the Al3+ in the BaAlxFe~z-x0~9-NPR nanocomposite. 

Dielectric and magnetic loss tangent of the BaAlxFeiz-xO~s-NPR nanocomposites 

are shown in figure 3 . 8 ~  and 3.9~. BaAlxFe~2-xO~s-NPR nanocomposite with x=1.4 

shows maximum value of dielectric loss tangent of -0.30 while, x=1.6 shows 

minimum tans, of -0.28. tansc, shows resonance and the resonance frequency 

shifts towards higher frequency side. The tans, intially increases with the AP+ 
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substitution from x=1.0 to 1.2 and then decreases and the composite with x=1.6 

gves the minimum value of resonant tan6,. 

3.4.2 Results and analysis of complex permittivity and complex permeability 

of the Bal-,SrXFe~2019-NPR nanocomposite 

The real (~r ' )  and imagmary part (~r") of the relative complex permittivity of 

50 wt.% Ba1-~Sr~Fel2019-NPR (x= 0.2, 0.4, 0.6 and 1.0) composite in the frequency 

range 8.2 GHz to 12.4 GHz, is shown in figures 3.10a and 3.10b. Both €r' and ~ r "  

are almost independent of frequency for all the samples. A marginal increase in 

&r' and &r" is observed with increase in Sr2+ ions. The maximum complex 

permittivity with &rr-8 and &r"-3, is observed when Sr2+ completely replaces Ba2+ 

ions in Ba1-~Sr~Fel2019-NPR composite i.e. for x=1.0. 

Figure 3.10 Complex permittivity oE Bal ,Sr,Fe1201pNPR (x = 0.2,0.4, 0.6 and 1 .O) composite, 

(a) real part @) inlagnary part and (c) dielectric loss tangent 

Microwave Absorbers using M-type Bariun~ Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-Band - Design, 

Development and Analysis 7 6 



Microwave Chmocteriznron of M-Type Femme-NmoIac Phenolic Resin Conrposite Over the X-bond Chapter I11 

Dielectric loss tangent, tans,, increases from -0.30 to -0.40 as Sr2+ ions increases 

from x= 0.2 to 1.0 in B ~ I - ~ S ~ ~ F ~ U O I ~ - N P R  composites. Figure 3.10~ shows the loss 

plot with frequency. 

Natural ferromagnetic resonance phenomenon is observed in ferrites at 

frequencies in gigahertz range. The resonance frequency 6) corresponds to the 

peak value of real (pr 7 and imaginary part (p,") of permeability. The variation of 

real and imaginary part of complex permeability with frequency is shown in 

figures 3.11a and 3.11b. 

Figure Complex perrneabihty of B~I- ,S~,F~I~OIFNPR (x = 0.2,0.4,0.6 

real part @) imaginary part and (c) magnetic loss tangent 

and 1 .O) composite, 

A shift of fr towards higher frequency side is observed with increase in the Sr2+ in 

the Bai-xSrxFeizOl+NPR composite [24,25]. Substitution of Ba2+ ions by Sr2+ ions 

lead to an increase of magneto crystalline anisotropic field from 17.6 kOe to 

- - 
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19 kOe [25], hence from equation 3.17 the ferromagnetic resonance frequency of 

the composites increases. 

Magnetic loss tangent, tansp, spectra peaks between 10 -10.5 GHz and composite 

with x=0.4 shows maximum value of 0.62, figure 3.11~. 

3.5 CAVITY PERTURBATION TECHNIQUE FOR DETERMINATION OF 

COMPLEX PERMITTIVITY AND PERMEABILITY 

Cavity perturbation method is an accurate resonant method for evaluation of 

complex permittivity and permeability but is generally limited to single 

operational frequency [9,13]. 

A TElo3 cavity resonator designed at 9.9 GHz and TE1o2 resonator at 9.86 GHz, are 

employed for complex permittivity and permeability measurements, 

respectively, shown in figures 3.12a and 3.12b. The iris hole diameter for critical 

coupling in both the cavities is found to be 8.42mm. A tuning screw is 

incorporated into the cavity to handle frequency shift (both +ve and -ve) from the 

design frequency due to mismatch when the cavity is perturbed. It is placed 

subsequent to the iris coupling so as to adjust the Q of the incoming 

electromagnetic wave. The tuning screw has the ability to adjust the frequency 

shift by f 5%, which is generally observed during the investigation. The loaded Q 

of the cavity is calculated using the formula given by 

Resonant frequency f, 
- - 

= 3dB hand width pi - fi ) 

where, f, is the resonant frequency, f2 and fi are the frequencies corresponding to 

3 dB point and f2 being the higher frequency. 
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Figure 3.12 (a) E l m  and @) E l o ?  rectangular resonant cavities with t u n q  screw and iris hole 

The sample is mounted using Teflon sample holder at the point of maximum 

electric field and minimum magnetic field, i.e. at the centre of a TEim rectangular 

cavity, for permittivity measurements. The test samples, used for the 

permittivity measurement, are of lmm x lmm x lmm. Complex permittivity is 

determined from the following equations referred in [26], 

where, 

fi andfo are the resonant frequencies with and without the samples, 

V,  and V,  are the volume of the sample and the cavity, 

Qo and QI are the Q-factor of the cavity without and with the sample. 

For complex permeability, TEio2 cavity resonator designed at 9.86 GHz is used. 

The sample is placed at the centre of the TE102 cavity having maximum magnetic 

field and minimum electric field. The samples are spheres of 1-2 mm diameter. 

Complex permeability is calculated from the relations [2], 

1 vc f o - f l  
/ L ! = I + - - ( ~ )  K Vs 
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2aZ where, K = - 
aZ+L2 

, and a and I are the broad dimension and length of the 

rectangular waveguide, respectively. 

Figure 3.13 Complex permittivity and permeability measurement setup using cavity perturbation 

technique 

3.5.1 Results and analysis of the complex permittivity and permeability 
values from cavity resonator technique 

The frequency response of the two cavities is shown in figures 3.14a and 3.14b. 

Using equation 3.18, the Q for the TEio3 reflection cavity is found to be 1833 and 

for TElo2 reflection cavity is found to be 1401. 
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Figure 3.14 Resonant cavity plots for empty cavity (a) E l 0 3  and @) E l 0 2  

The E; and ~ r "  and pi and pr" of different ferrite nanocomposites are determined 

using equations 3.19-3.22. The results for BaFei2019-NPR are tabulated in table 3.1 

and table 3.2, BaAlxFeizxOls-NPR and B ~ I - ~ S ~ ~ F ~ I ~ O I ~ - N P R  nanocomposite are 

tabulated in table 3.3 and table 3.4, respectively. 

Table 3.1 Complex permittivity of developed BaFe12019-NPR composite at 9.9GHz 

Sample 

Table 3.2 Complex permeability of developed BaFel2019-NPR composite at 9.86 GHz 

BaFel201~NPR composite (T=9000C) 

I BaFel201~NPR composite (T=900°C) I I I I 

At 9.9 GHz 

, 3 . 9  
2.6 
7.3 

30wt.% 

40wt% 
50wt.% 

Sample 

- 
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Cavity perturbation 
technique 

~r I E; I 

%discrepancy 
Nicolson Ross 

technique 

E~ I E; I tar& E; 

7.4 
7.8 

6.2 

5.83 
5.92 
7.01 

Cavity perturbation 
technique 

P: I cl; ( tm8m 

4.5 
5.4 
12.8 

E r 

1.73 
1.75 
1.81 

Nicolson Ross 
technique 

P: ( ; ( tans, 

tan8 

0.297 
0.295 
0.258 

P: 

6.07 
6.08 
6.53 

cl; tansm 

1.87 
1.90 
1.93 

0.311 
0.312 
0.296 
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Table 3.3 Complex perrmmmty of developed BaAlYFel2,019-NPR and Ba~xSr,FelzOlg-NPR 
composite at 9 9GHz 

Cavity perturbation Nicolson Ross I I technioue techniclue I I I I 

Table 3.4 Complex permeabhty of developed BaAhFelz x0~9-NPR and B ~ I X S ~ , F ~ I ~ O I T N P R  

The results are compared with the values obtained from Nicolson Ross method at 

the same frequency. The values from both the techniques agree well with 

% discrepancy and therefore, corroborate each other's accuracy. 

nanocomposite at 9.86 GHz 
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BaAIxFe~~,0~9-NPR 

At 9.86 GHz 
Cavity perturbation 

technique 

P: 1 P; I tans, 

%discrepancy 
Nicolson Ross 

technique . 
P; I P; I tans, cl: tan& 
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3.6 CONCLUSIONS 

Microwave characterization of ferrite-NPR nanocomposites are performed over 

the X-band. The complex permittivity and permeability are computed from 

measured values of S21 and Sii using Nicolson Ross method. The results obtained 

from this method are substantiated by cavity resonator method and found to be 

in close proximity. 

The BaFe12019-NPR nanocomposite with ferrite particles annealed at 900 OC pves 

the best microwave properties in comparison to .the other annealing- temperature. 
:c < 

weigh't! variation is carried out using BaFel2010le particles annealed at 900 OC and 

50 wt.% shows a high permittivity of -6.55 and permeability of -3.59 and 

dielectric and magnetic loss tangent -0.3 and -0.26, respectively among the three 

compositions studied. 50 wt.% aluminum substituted barium ferrite-NPR 

nanocomposites show enhancement of complex permittivity and permeability 

values. As Sr2'substitutes Ba*+ in the ferrite' composite, both the complex 

permittivity and permeability increases. Out of the three ferrite compositions in 

NPR matrix, studied, strontium substituted shows maximum loss tangent with 

SrFe12019-NPR nanocomposite, showing the maximum value of -0.4 and -0.35. 

From the dielectric and magnetic loss spectra for the composites it is seen that the 

developed ferrite-NPR nanocomposites have the potential characteristics for 

microwave absorption. 
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4.1 INTRODUCTION 

Absorption shields for electromagnetic (em) waves essentially require two 

conditions- firstly, low reflection at the air-absorber interface for maximum entry 

of the incident em wave and secondly, sufficient attenuation of the incident 

signal within the absorber matrix [I]. 

Practical absorber should have impedance matching with air at the interface, to 

fulfill the first requirement. Hence, from the transmission line theory, discussed 

in chapter I, section 1.3, for a single layer absorber backed by a perfect electric 

conductor (PEC) (figure 4.1), input impedance, Z,,is given [2-51 as 

where, q ,  = 377 R (4.2) 

Realization of impedance matching condition between the absorbing material 

and the free space interface can be achieved, if the ratio of ,&!ry&r' should approach 

to unity [I]. 

The reflection loss (dB) of the single layer absorber is found from the expression 

Equation (4.7) shows that calculated reflection loss value, RLc can be determined 

from the complex permittivity, permeability, frequency of operation and 

thickness of the composite material. 

RL,  = 201og 

The second condition can be realized by using lossy material to achieve high 

attenuation [6-81 of em wave. Within the absorber, microwave energy decays 

@ tanh DZnf / c ) JGd- l  

j;;j;[ tanh D Z " f / c ) & G d + l  
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exponentially with distance x, as e-ax, and the attenuation factor, a, is given by 

the analytical equation, 

where, f is the frequency of operation and c is the velocity of light. 

Large attenuation in a smaller thickness can be obtained with large a, which 

implies that E," and pr" must be large. Paradoxically, a large impedance mismatch 

at the air-absorber interface is observed for high lossy material [9]. 

Further, reduction in power of incident wave can be carried out by applying 

condition of destructive interference i.e. the path traversed by the wave is 

integral multiple of A/2. Hence, minimum thickness of the absorber for 

destructive interference is d=;Y4 (refer to the figure 4.1). 

Incident 
wave ----, 

Reflected wave 

w, 

C- 
PEC 

mla4ed 

Figure 4.1 Design structure of conductor backed single layer absorber 

In this chapter single layer Dallenbech structure is designed using transmission 

line model for all the ferrite-NPR nanocomposite systems. Reflection loss, 

complex input impedance and attenuation is calculated using the measured 

values of complex permittivity and permeability, studied in chapter 111. Prior to 

fabrications the absorbers are optimized with thickness and absorption 

performance. Reflection loss measurements are carried out using free space 

measurement technique developed in-house, which is discussed in the section 

which follows. 
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4.2 FREE SPACE REFLECTION LOSS MEASUREMENT USING FOCUSING 

LENSES 

The microwave power incident on the absorber sample is partly reflected from 

the interface surface and partly absorbed [lo, 111 as shown in figure 4.2. Thus 

where, Pin is the incident power density on the sample, PR is the reflected power 

density and PA is the absorbed power by the test sample. 

- 
Incident Wave 

q......... 

Reflected Wave 

Figure Schematic representation of microwave absorption measurement 

If RLm and A, are the measured reflection loss and the absorption loss in decibels 

(dB), respectively, then 

A= 10 log p~/pi, 

Thus, larger the absolute value of RLm, higher the microwave absorption 

efficiency. 
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Free space technique is generally applied for broadband transmission/reflection 

absorption measurements [12]. The set-up requires large open space with no 

objects in vicinity to reflect em wave and also samples of fairly large dimensions. 

In laboratory, absorption measurements can be carried out using anechoic 

chambers [13]. Alternately, free space measurement system can be developed 

using horn antennas with spot focusing lens as described in schematic, as shown 

in figure 4.3. The arrangement can be confined to smaller space in laboratory 

with smaller sample dimensions. 

A pair of spot focusing horn lens antenna focuses the microwave radiation to a 

single spot at the focal point of the lens, so a sample situated at the focal point of 

the spot focusing lens is sufficient to carry out the microwave absorption testing. 

In addition, the use of lens also reduces the edge effect from the samples during 

the measurement. A plano-convex lens is designed based on the application of 

phase equivalence to a generally curved aperture connected to a planar surface. 

Polyethylene with refractive index (n = 1.5 or E' = 2.25) is used to make the lens 

with a focal length and diameter VL), kept at 30.5 cm. The schematic diagram of 

free space absorption measurement using spot focusing horn lens is shown in 

figure 4.3. The photograph of free space microwave measurement set up is 

shown in figure 4.4. The required dimension of the absorber sheet for this 

measurement set up for free space studies is, 152 mm x 152 mm x 2 mm. The set 

up consist of two spot focusing horn lens antennas connected to Agdent E8362C 

vector network analyzer using extendable cables and a sample holder between 

the lens to hold the absorber. 
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Figure 4.3 Schematic dmgratn of free space microwave absorption measurement 

using spot focusing horn lens antenna 

Figure 4.4 Free space microwave absorption measurement setup of single layer ferrite- 

NPR composites over the X-band 

The conductor backed ferrite-NPR sample is placed at the focal point of the lens 

system at a height of 15.25 cm from the base. The system is calibrated using thru- 

reflect-line (TRL) method [14,15]. The reflection loss of the designed absorbers is 

measured using the expression (4.10). 

4.3 DESIGN AND FABRICATION OF THE ABSORBER 

' h e  single layer Dallenbach absorber is designed based on transmission line 

theory [2-51. A MAlLAB program is developed using equations 4.1 - 4.7, to 

estimate the RL, value of all the ferrite-NPR composites over the X-band. Design 
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optimization is carried out with minimum R L ,  least thickness and maximum 

-20 d B  bandwidth of absorption. Algorithm of the program is given below, 

Step 1: Read data from file. 

Step 2: For each frequency from 8.2 GHz to 12.4 GHz at the step size of 

0.02 GHz, calculate RLc for each frequency for a fixed thickness. 

Store data and calculate RL' for the other frequencies of the same 

thickness. 

Step 3: Repeat step 2 for other thickness and store the data. 

The flowchart of the program is given in figure 4.5. 

START a 
Optimize the thickness of the absorber from 1- 4 

For each frequency from 8.2- 12.4 GHz at the step of 
0.02 CHz, calculate the R L  

i 
Store the values of RLc, Z:, and Z k  to the data files I 

Figure 4.5 Flow chart of slngle layer absorber program 

Based on the theoretical results, a practical conductor backed single layer 

microwave absorber with dimension of 152 mm x 152 mm and thickness d mm is 

fabricated using the ferrite nanoparticles in NPR matrix. The ferrite-polymer 

mixture is placed in a three-piece die-mould consisting of a cavity, upper and 

lower plunger with spacer (figure 4.6a). The fixture with the sample is initially 

heated up to 95-100 "C. A pressure up to 1.5-2 tons is slowly applied and then 
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after the system is isothermalIy heated at 150 OC for 2 hours and allowed to cool 

at room temperature. Prepared samples are shown in figure 4.6b. 

Figure 4.6 (a) Three-piece die-mould and @) prepared samples, for free space measurement 

The thickness of the nanocomposite is varied within 1 mrn to 4 mm in steps of 

0.5 mm using spacers. The step limit of 0.5 mm is kept taking into account that 

whiIe fabrication, samples less than this breaks and become brittle. 

The theoretical limit of total thickness for a broadband response for multdayer 

magnetic absorber structure [16] is given by inequality 

where, R is the reflection coefficient, 1 is the wavelength and the 1 s t  is the static 

permeability and di is the thickness of the ith layer. Equation 4.12 can be 

modified for single layer, i.e. i=l, as 

As reflection, RLc=2010g(R), the above equation reduces to 

For frequency range 8.2-12.4 GHz, the wavelength difference dh=12.39 mm. For 

absorption level of -30 dB in the X-band, the minimum thickness of the absorber 

from equation (4.14) ranges from 0.5 mm, for ~ = 4 . 4  to 1.03 mm, for ,u=2.1. The ,u 

values are the practical maximum and minimum values observed for the ferrite - 

NPR nanocomposite system (refer to Chapter 111, section 3.3.2). The minimum 

thickness of the ferrite composite is kept as 1 rnm, taking into account the limit 
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that the sample breaks easily and difficult to handle. Strategic defense, 

applications require thickness of absorber not to exceed 4 mrn [17J, hence the 

maximum thickness is limited to 4 mm. The detail derivation is given in 

Appendix- A. 

4.4 ABSORPTION STUDIES 

Absorption studies are carried out over the X-band for all barium ferrite-NPR 

nanocomposite system and aluminium and strontium substituted barium ferrite- 

NPR nanocomposites. In absorption studies - calculated and measured reflection 

loss, real and imaginary input impedance and attenuation constant, are 

determined for all the samples. 

4.4.1 Absorption studies of BaFe12019-NPR nanocomposites 

Absorption studies is carried out for BaFeiaOla-NPR nanocomposites with 

30 wt. %, 40 wt. % and 50 wt. % of BaFe12Ol9 in NPR matrix. 

Calculated refection loss and complex input impedance 

The calculated reflection loss (RLc) spectra, real and imaginary input impedance, 

determined using equation 4.1 to 4.7, for 30 wt. %, 40 wt. % and 50 wt. % 

BaFe~sOla-NPR nanocomposites are shown in figures 4.7(a-c), 4.8(a-c) and 4.9(a- 

c), respectively. 
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Figure 4.7 Calculated (a) reflection loss @) real input impedance and (c) unagrnary input impedance 

of 30 wt.% I3aFen019-NPR nanocomposite with thickness from 1 mm to 4 mm 

Figure 4.8 Calculated (a) reflection loss (b) real input impedance and (c) rmagifl;lry input impedance 

of 40 wt.% BaFe12019-NPR nanocomposite with thickness from 1 mm to 4 rnm 
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Figure 4.9 Calculated (a) reflection loss @) real input impedance and (c) imagmary input impedance 

of 50 wt.% BaFel2011)-NPR nanocomposite with thickness from 1 mm to 4 mm 

It is seen from the RL, spectra, that all the compositions with thickness 1 mm has 

an absorption peak <-I5 dB. The real (Zinr) and imagmary (Zin") input impedance 

for 1 mm thickness composites, at the absorption peak frequency, as seen from 

figures 4.7(b-c), 4.8(b-c) and 4.9(b-c), do not match with the free space real and 

imaginary impedance of 377 SZ and 0 Q, respectively. Thicknesses greater than 

1 nun upto 3 mm show a shift of the absorption peak towards the lower 

frequency side, while 3.5 to 4 mm thickness, the shift is towards higher frequency 

side and Zinr and Zin" approaches the desired values of 377 Q and 0 Q at these 

frequencies. 

The calculated reflection loss, -20 dB bandwidth and real and imaginary input 

impedance values with varying thickness of the composite is tabulated in table 
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Table 4.1 Reflection loss o f  30 wt. '10, 40 wt. '10 and  50 wt. '10 BaFel2019-NPR nanocomposite with 

varying h c k n e s s  

The BaFelzOw-NPR composites with 2 mrn and 4 mm thickness show RLc > 

-27 dB, for all the compositions. For these thicknesses, the Zin '  and Zin"  show the 

closest value to the free space value, as seen from table 4.1. Samples with d=2 

mm, shows a -20 dB reflection loss bandwidth > 4 GHz, almost covering the 

whole of X-band. Therefore, 2 mm thickness is selected as the optimized 

thickness for fabrication of the BaFe12019-NPR nanocomposites and free space 

reflection loss study is carried out. 

BaFel201yNPR 

- 

30 w t . O / o  

40 w t . O / o  

50 Wt.O/u 

RLc=Madrnurn 
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f~ f requency  of maximum absorption, BW=bandwidth, 

Zi.'=real input impedance and ZinV'=imaginary input impedance 

d 

(mm) 

1.0 

1.5 

2 0  

2.5 

3.0 

3.5 

4.0 

2.0 

1.5 

2 0  

2.5 

3.0 

3.5 

4.0 

1.0 

1.5 

20 

2.5 

3.0 

3.5 

4.0 

calculated reflection 

f, (GHz) 

1240 

1240 

10.18 

8.20 

8.20 

1240 

1240 

1240 

1240 

10.06 

8.20 

8.20 

1240 

1240 

1240 

1240 

9.95 

8.20 

8.20 

1240 

1240 

d=thickness of 

RL, (dB) 

-9.72 

-23.73 

-27.15 

-27.36 

-24.38 

-21.87 

-33.03 

-10.37 

-23.85 

-30.73 

-25.n 

-22.85 

-24.73 

-40.39 

-1256 

-27.25 

41.05 

-25.n 

-21.06 

-28.24 

43.4 

loss, 

-20dB 

BW 

1.00 

4.04 

280 

1.16 

0.60 

1 .% 

1.30 

4.00 

270 

0.82 

1.30 

275 

2.80 

4.20 

250 

0.34 

3.00 

3.30 

the absorber, 

Zi.' (Q) 

189.85 

714.16 

431.n 

549.93 

290.09 

198.30 

284.01 

227.5% 

686.86 

372.15 

501.22 

263.26 

229.54 

316.31 

273.79 

58202 

389.70 

399.73 

22232 

244.95 

360.74 

Zin" (Q) 

369.1 7 

9.60 

49.82 

166.38 

-187.31 

81.98 

8438 

409.36 

-97.76 

-81.81 

-27.00 

-177.04 

101.41 

69.96 

385.77 

-138.82 

-11.93 

-222.90 

-151.05 

83.95 

29.12 
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Measured reflection loss 

Figure 4.10a shows the measured reflection loss (dB) spectra for 2 mrn thickness 

30 wt.%, 40 wt.% and 50 wt.% BaFel20wNPR nanocomposite. Measured 

reflection loss (RLm) of -24.61 dB is observed at 10.26 GHz for 30 wt. % composite. 

40 wt. % and 50 wt. % shows R L m  of -28.39 dB at 9.98 GHz and -37.06 dB at 9.5 

GHz, respectively. 

Figure 4.10 Reflection loss parameter of BaFel?Ols-NPR composite with 30 wt. O/O, 40 wt. % and 50 

wt. % of BaFe17019 in NPR, (a) measured and @) calculated 

Increase in ferrite concentration increases the scattering centres, subsequently 

reducing the em wave reflected from the composite system, hence increase in 

absorption (figure 4.11a and 4.11b) is observed for 50 wt.% of BaFelDwNPR 

nanocomposite. 

\ Ferrite \ Ferrite 

Figure 4.11 Scattering mechanism of em wave within a composite material with 

(a) lower ~ t . ~ / b  and @)higher wt.% of inclusions 

Microwave Absorbers using M-type Barium licxaferrite-Novolac Phenolic Resin Nanocomposite in X Band -Design, 

Development and Analysis 100 



Design, Fabrication and Absorption studies of Singlr Layer Mngnetic M i c r m m  Absorber 

The measured -20 dB bandwidth for 30 wt. % is 0.36 GHz, for 40 wt. % is 

0.48 GHz and for 50 wt. % is 0.60 GHz. 50 wt % BaFelzO19-NPR composite shows 

a dual -10 dB bandwidth (i.e., over 90% microwave absorption) of 1.04 GHz and 

1.01 GHz. RLc spectra for d=2 mm for all the three compositions is given in figure 

4.10b. The measured and calculated reflection loss shows close proximity in 

absorption peak and frequency, but -20 dB bandwidth in measured spectra is less 

than the calculated. 

Attenuation constant 

The attenuation constant (a) of the developed BaFelz019-NPR nanocomposites is 

calculated in the frequency range 8.2-12.4 GHz from Er and ,ur values of the 

composites using equation 4.8. 

The variation of attenuation constant with frequency of BaFe12019-NPR 

nanocomposites with 30 wt.%, 40 wt.% and 50 wt.% of BaFei2019 in the NPR 

matrix is shown in figure 4.12. Increase in the number of ferrite particles in the 

composite increases the dielectric and magnetic losses resulting in increase of 

attenuation constant. 50 wt. % of BaFel2019-NPR nanocomposite shows 

maximum attenuation ranging from 15.5dB/cm to 24.5dB/cm over the frequency 

range 8.2 to 12.4 GHz. The attenuation spectra follow the resonant behaviour of 

complex permeability of the ferrite. 

Figure 4.12 Attenuation constant spectra of BaFe12019-NPR nanocomposites with 30 wt.%, 

40 w t O / o  and 50 wt.% 
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Analysis 

The BaFe12019-NPR nanocomposites with 50 wt.% shows maximum reflection 

loss for 2 mm thickness. Attenuation constant increases with increase in the 

barium inclusions in the composite and it is maximum for 50 wt.% of the 

BaFe12019-NPR nanocomposites. Therefore, for all the substituted barium ferrite 

compositions, investigated hereafter, 50 wt.% composition is selected. 

4.4.2 Absorption studies of B~AI,F~~Z-~OI~-NPR nanocomposites 

Transmission line theory is used to design 50 wt.% of BaAlxFe~axO19-NPR 

composites as single layer absorber with x=1.0, 1.2, 1.4 and 1.6. Thickness 

optimization is carried out using the MATLAB program discussed in section 4.3. 

Composite with best performance and least thicknesses are fabricated into sheets 

for reflection loss measurement (section 4.3). 

Calculated reflection loss and complex input impedance 

The input impedance and reflection loss of the designed single layer absorber is 

optimized with thickness for all the stoichiometric composition of 50wt.% 

BaAlxFe~2-x~9-NPR nanocomposites. The kckness of the absorber sample is 

varied from 1 mm-4 mm in step of 0.5 mm. All the four BaAlxFe~2-x0~9-NPR 

composites for d >1 mm, show -10 dB reflection loss bandwidth over the X-band, 

as seen from the RL, spectra figures 4.13a, 4.14a, 4.15a and 4.16a. Sample with 

thickness 2 mm shows absorption > -20 dB, over the X-band for all the 

compositions. 

The real part of input impedance, Z i n ' ,  is plotted in figures 4.13b, 4.14b, 4.15b, 

4.16b and imaginary part, Z i n ' ,  in figures 4.13c, 4.14c, 4.15c, 4.16~. The calculated 

reflection loss (RL,) with -20 dB bandwidth, real and imaginary input impedance 

for all the compositions with varying thickness is given in table 4.2. 
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Figure 4.W Calculated (a) reflection loss, @) real input impedance and (c) irnapary input 

impedance of BaA&Fe12.,0,9 - NPR nanocomposite for x = 1.0 with thickness from 

lmmto4mm 
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Figure 4-14 Calculated (a) reflection loss, @) real input impedance and (c) hagnary input 

impedance of BaAlxFel? ,OI~)-NPR nanocomposite for x = 1.2 with thickness from 

Figure 4.15 Calculated (a) reflection loss, @) real input impedance and (c) imaginary input 

impedance of BaNxFelz ,Ol<)-NPR nanocomposite for x = 1.4 with thickness from 

lmmto4mm 
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Figure 4.16 Calculated (a) reflection loss, (b) real input impedance and (c) irnaglnary input 

impedance of Bahl,Fel~,Ol~&JPR nanocomposite for x = 1.6 with duchess from 

1mmto4mm 
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Table 4.2 Reflecuon loss and Input Impedance of BaA1,Fel. ,OIO-NPR nanocompostte (x=1 0, 1.2, 

1.4 and 1 6)  with vary% thckness 
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BaA1,Fel~-xOl~NPR 

4.0 

RLc=Maximum calculated reflection loss, d=thickness of the absorber, 

5=frequency of maximum absorption, BW=bandwidth, 

Z,,'=real input impedance and impedance Zin"=imaginary input 

-25.39' 9.99 1.5 169.37 -0.45 
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As seen from table, Z,,' and Z,,", of the BaAlxFelaxO~9 -NPR nanocomposites 

with 2 mm thicknesses is closer to the complex impedance of free space, thus 

reducing reflection at the air absorber interface. Hence, a broad -20 dB absorption 

bandwidth of - 4 GHz with absorption of -- 30 dB is seen for 2 mm thickness for 

all the compositions. An increase in the absorption with increasing AP+ ions in 

the BaAlxFe~2-xOi9 compositions is observed. Maximum absorption of -41.42 dB 

with -20 dB bandwidth of 4 GHz is obtained for BaA1xFe~2-xO~9-NPR composite 

with x=1.6 for 2 mm thickness among all the other combinations of thickness as 

well as compositions. 

Measured reflection loss 

Measured reflection loss, RL, (dB) versus frequency for 2 mm thick 

BaAlxFe~2-x019-NPR nanocomposites with x=1.0, 1.2, 1.4 and 1.6 in the range 8.2- 

12.4 GHz is shown in figure 4.17a. The spectra show that the composite with 

x=1.0 shows RL, of -27.56 dB at 9.99 GHz. With increasing Al3+ ions in the ferrite 

composition, the absorption increases. Rl, for x=1.2,1.4 and 1.6 of BaAlxFe~2-xO~9 - 

NPR nanocomposite are, -29.99 dB at 11.65 GHz, -32.28 dB at 9.54 GHz and - 

40.06 dB at 9.56 GHz, respectively. The maximum absorption is obtained for the 

reported samples with x=1.6 with -10 dB bandwidth of 4.0 GHz i.e. more than 

90% of absorption of the incident wave, over the entire X-band and -20 dB 

bandwidth of 0.84 GHz. All the four samples show dual absorption band nature. 

BaAlxFe~2-x~9-NPR nanocomposite with x=1.2 shows the maximum absorption 

of - 29.99 dB at 11.65 GHz i.e. in the higher frequency side. Figure 4.1% shows 

the RLc spectra for d=2 mm for the BaAlxFe12-xOls-NPR nanocomposites with 

x=1.0,1.2, 1.4 and 1.6. 
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Figure 4.17 Reflection loss parameter of BaALFelz.,Ol[rNPR (x = 1, 1.2, 1.4 and 1.6) 

nanocomposite with 2 mm thickness, (a) measured and @) calculated 

Attenuation constant 

The variation of attenuation constant with frequency of BaAlxFei2-x0i9-NPR 

composites with x=1.0,1.2,1.4 and 1.6 is calculated using equation 4.8 and shown 

in figure 4.18. Increase in the Al3+ ions in the ferrite composition, BaAlxFelzxO19, 

shows an enhancement in dielectric and magnetic losses, (Chapter 111, Section 

3.4.1) which results in increase in the attenuation. Increase in attenuation constant 

with frequency in the X-band is observed for all the composites. The attenuation 

peak is obtained for the BaAlxFe~2-x019-NPR composite with x=1.6 is 23.89 dB/cm 

at 10.99 GHz, 22.46 dB/cm at 10.99 GHz and 21.51 dB/cm at 9.47 GHz. BaAlxFela 

xO19-NPR composite with x=1.2 shows attenuation peaks of 21.82 dB/cm and 

24.69 dB/cm at 10.03 GHz and 11.65 GHz, respectively. For x=1.0 and 1.4, the 

maximum attenuation constant is 20.33 dB/cm at 11.05 GHz and 22.32 dB/cm at 

11.60 GHz, respectively. 
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Figure 4.18 Attenuation constant spectra of Bahl,Fe1a,0l~NPR (x = 1, 1.2,1.4 and 1.6) 

Analysis 

A slight frequency shift is observed in all the compositions for calculated and 

measured results. Attenuation constant and impedances just@ the maximum 

absorption of the B&F~I~-~OI~-NPR composites. The lower absorption peak of 

BaAh.sFei0.4019-NPR composite could be due to mismatch in the matching 

thickness, dm, of the absorber. For x=1.2 composition an absorption peak of - 

29.96 dB is observed at 11.65 GHz (Figure 4.17a), this can be due to large 

attenuation peak of 24.69 dB/cm at the same frequency and corresponding 

calculated reflection loss notch of -20.58 dB at the same frequency. While the 

lower absorption peak for x=1.2, of -10.24 dB (-90% absorption) is observed at 

10.01 GHz corresponding to the calculated absorption peak of -27.25 dB and 

attenuation of 21.82 dB/cm at 10.00 GHz. 

4.4.3 Absorption Studies of B ~ I - ~ S ~ F ~ I O I N P R  nanocomposites 

Theoretical and measured absorption studies are carried out on single layer 50 

wt. % Ba1-~Sr~Fa2019-NPR nanocomposites with x=0.2,0.4,0.6 and 1.0. 

Calculated refreetion loss and complex input impedance 

The R L c  spectra for 50wt. % Bai-xSrxFe~201+NPR nanocomposites with x=0.2, 0.4, 

0.6 and 1.0 is shown in figure 4.19a, 4.20a, 4.21a and 4.22a, respectively. All the 

four strontium substituted Bai-xSrxFe12019-NPR nanocomposites show -10 dB 

reflection loss bandwidth over the X-band with thickness, d >1.5 mm. The 
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complex input impedance of the composite for all the four compositions are 

calculated and shown in figure 4.19(b-c), 4.20(b-c), 4.21(b-c) and 4.22(b-c). 

low- 
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Figure 4.19 Calculated (a) reflection loss, @) real input impedance, (c) im- input impedance of 

Bal.,SrxFe12.,01~ -NPR nanocomposite for x = 0.2 with thickness from 1 mm to 4 mm 
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Figure 4.20 Calculated (a) reflection loss, @) real input impedance, (c) imaginary input impedance of 

Bal ,Sr ,Fe~~,~~ -NPR nanocomposite for x = 0.4 with thickness from 1 mm to 4 mm 

Figure 4.21 Calculated (a) reflection loss, @) real input impedance, (c) imaginary input impedance of 

Bal,SrXFmz-,Ol9-NPR nanocomposite for x = 0.6 with thickness from 1 rnm to 4 rnm 
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Figure 4.22 Calculated (a) reflection loss, (b) real input impedance, (c) irnagiflaxy input impedance of 

Ba1Sr,Fa2,019 -NPR nanocomposite for x = 1.0 with thickness from 1 mm to 4 mm 

The details of maximum calculated reflection loss, -20 dB bandwidth and real and 

imaginary impedance of the Ba1-~Sr~Fei201+NPR composites with varying 

thickness are given in table 4.3. 
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Table 4.3 Reflection loss of Ba1.,Sr,Fel~~019 -NPR nanocomposite (x=0.2,0.4, 0.6 and 1.0) with 

varying thickness 

R Lc=Maximum calculated reflection loss, d=thickness of the absorber, 

f,=frequency of maximum absorption, BW=bandwidth, 

Z,,'=real input impedance and ZinU=imaginary input impedance 

From the table 4.3, it is observed that for composite with li= 2 rnm and 4 mrn, 

both Zln' and ZIC approaches to the free space impedance, 377 L2 and 0 L2 at the 
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maximum absorption peak. The sample with d=2 rnrn shows better -20 dB 

bandwidth as compared to 4 mm thickness for all the compositions. Fabrication is 

carried out for all strontium substituted barium ferrite-NPR nanocomposite with 

thickness of 2 mm. 

Measured reflection loss 

The RL, for 2 mm thick 50wt. % B~I -~S~~F~I~OM-NPR nanocomposites with x= 0.2, 

0.4, 0.6 and 1.0 are shown in figure 4.23a. Bal-xSrxFelKhe-NPR nanocomposite 

with x=0.2 shows -34.27 dB at 10.00 GHz. As Sr2+ substitutes Ba2+ ion in the ferrite 

nanocomposite, absorption increases and the absorption peak shows a shift 

towards lower frequency side. SrFei2019-NPR nanocomposite (x=1.0) shows 

maximum RL, value of - 43.06 dB at 9.70 GHz with -10 dB bandwidth of 1.8 GHz 

and -20 dB bandwidth of 0.40 GHz. 

Composite system with strontium substitution of x=0.4 shows five absorption 

peaks > -20dB spread over the X-band at 9.15 GHz, 9.28 GHz, 

10.37GH~~11.46 GHz and 11.7 GHz. . Figure 4.23b shows the RLc spectra for 

d=2 mm for the Bal-xSrxFe120i9-NPR nanocomposites with x= 0.2, 0.4,0.6 and 1.0. 

Figure 4.23 Reflection loss parameter of Bal.,Sr,FelnOlyNPR (x = 0.2, 0.4, 0.6 and 1.0) 

nanocomposite with 2 mrn thickness (a) measured and @) calculated 
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A ffenuation constant 

Using equation 4.8, attenuation constant for strontium substituted barium ferrite- 

NPR nanocomposite is determined. Figure 4.24 shows the attenuation constant 

plots with frequency. The attenuation constant increases with x in Bal- 

xSrxFenCh9-NPR nanocomposites. The frequency of attenuation peak 

corresponds to the complex permeability peak observed in Chapter 111, Section 

3.4.2. Maximum attenuation of 45.53 dB/cm is observed for x=1.0 at 9.82 GHz. 

Figure 4.24 Attenuation constant spectra of Bat,Sr,Fel~O19-NPR (x = 0.2, 0.4, 0.6 and 1.0) 

composite 

Ana Zys is 

Bal-,SrxFe12019-NPR nanocomposites show an enhancement in the absorption 

results with substitution of Ba2+ ions by Sr2+. SrFelz019-NPR composite with 

2mm thickness gives a wide -10 dB absorption bandwidth in X-band with 

maximum absorption. The impedance matching condition and maximum 

attenuation is achieved for the SrFeifi9-NPR composite with 2 mm thickness. 

4.5 DISCUSSIONS 

The absorber thickness relates to the frequency of operation in a single layer 

absorber which is basically resonant in nature [18]. Maximal microwave 

absorption occurs at matching thickness, dm, when dm equals to an odd multiple 

of A, / 4, where, A, = A. / (1 c, 1 lp, 1) 'I2, the condition for phase cancellation [19]. 

The absorption studies carried out on single layer conductor back ferrite 
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nanoparticles in NPR matrix, shows that 2 rnm layer thickness shows better 

results as compared to 1 mm, 3 mm and 4 rnm for all the compositions. A slight 

deviation in the calculated and measured reflection loss values for all the ferrite- 

NPR nanocomposites is observed. TLM models voltage and current distribution 

within absorber with the shape, dimensions and the properties of the material. 

Thus the calculated reflection loss from equation 4.7, is determined from overall 

scattering parameter values. Thus, the approximations in TLM may lead to 

deviation of maximum absorption frequency and the absorption peak as 

compared to the measured reflection loss values. Moreover, for fabricated 

A 
absorber the condition of thickness for destructive interference, dm = f, is not 

fulfilled throughout the frequency range and consequently measured bandwidth 

reduces. Increase in attenuation can be attributed to dielectric relaxation and 

interfacial polarization [lo, 191. Dielectric relaxation occurs because of the 

orientation polarization of intrinsic dipoles. 

The measured reflection loss using free space technique for 50 wt.%, is tabulated 

in table 4.4 for all the compositions with 2 mm thickness. 

Table 4.4: RLm results for 50 wt 9 0  HaFe13019-NPR nanocomposlte and ,\lii and Sr'+ substituted 

banum femte-NPR nanocomposlte for d=2 rnm 

- - 
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Ferrite 

BaFelzOlpNPR 

BaAl,Fe1z,019- 

NPR 

Bal-xSrxFe~zO~~ 

NPR 

fr (GHz) 

9.5 

9.99 

11.65 

9.54 

9.46 

10.00 

11.69 

9.80 

9.70 

Composition 

-- 

x=1.0 

x=1.2 

x=1.4 

x=1.6 

x=0.2 

x=0.4 

x=0.6 

x=1 .O 

RLm (dB) 

-37.06 

-27.56 

-29.99 

-32.28 

-40.06 

-34.27 

-34.58 

-36.91 

-43.06 

-20 dB BW 

0.60 

0.29 

0.36 

0.37 

0.78 

0.20 

0.51 

0.28 

0.40 

-10 dB BW 

2.05 

0.77 

1.2 

0.9 

4.0 

1 .O 

1.3 

0.5 

1.8 
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As aluminium replaces the magnetic ion in BaAlxFe~axO~9 -NPR composite, 

anisotropy increases which results in increase of absorption. As can be seen for 

BaAlxFe~2-x019-NPR nanocomposite with x=1.6 showing a maximum absorption 

of -40.06 dB at 9.56 GHz with -10 dB bandwidth of 4.0 GHz and -20 dB 

bandwidth of 0.78 GHz. Strontium is also reported to have higher anisotropy 

than barium, hence increase in Sr2+ ion enhances absorption. Maximum 

absorption of 43.06 dB is obtained at 9.70 GHz with -10dB bandwidth of 1.8 GHz 

and -20 dB bandwidth of 0.40 GHz for the Ba1-~Sr~Fel2019-NPR composite when 

x=1.0 i.e. with SrFe12019 inclusions. 

The above discussions corroborate the effect of thickness parameters in designing 

a single layer absorber is very crucial. Barium ferrite-NPR nanocomposites and 

Al3+ and Sr2+ substituted barium ferrite nanocomposites show a potential to be 

developed as thin single layer absorber in X-band. Single layer absorbers are 

limited in use over a broad frequency range because of the impedance matching 

taking place at one frequency. Enhancement of bandwidth can be achieved by 

multilayering and choosing the right combination of single layer ferrite 

nanocomposites to give a better matching and attenuation condition. 
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CHAPTER V 
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5.1 INTRODUCTION 

Military and civil applications require absorbers which can absorb em wave over 

large bandwidth. Single layer absorbers, however, are restricted to a narrow 

frequency of operation. In addition, thickness and light weight are other issues to 

be considered while designing the absorber [I]. For single layer absorbers, it is 

usually hard to simultaneously meet the requirement of broad absorption 

frequency range with reduced thickness 121. 

Magnetic single layer absorbers, studied in chapter IV, are of thickness 2 mm and 

give good absorption peak >-30 dB at single frequencies in X- band, but -20 dB 

absorption bandwidth is - < 1 GHz and -10 dB bandwidth is not spread over the 

X-band. 

Wide absorption band can be obtained by multilayered shields [2-7. 

Multilayering reduces the reflection by gradually tapering the impedance from 

that of free space to a highly lossy state. Controlling the magnetic and dielectric 

loading of individual layers can lead to enhanced absorption bandwidth. Double 

layer microwave absorber reported in [8-101 shows enhancement of bandwidth. 

Three layered absorber gives a larger option to manipulate layer configuration, 

its thickness and material properties to obtain the matching condition over the 

band [11-131. 

Bandwidth of the microwave absorber can be further enhanced by augmenting 

number of layers without compromising on the total thickness of the absorbing 

structure [14]. A three layer structure is designed using transmission line model 

to achieve absorption over the frequency range 8.2 to 12.4 GHz. [15, 161. The 

layers are chosen from the single layer absorption studies conducted on barium 

ferrite and substituted barium ferrite nanocomposites from chapter IV. 

Optimization of layer arrangements, thickness of individual layers and overall 

thickness of multilayer structure is carried out to achieve broadband absorption. 

The best design results are fabricated as conductor backed Dallenbach three 

layered structure and tested for free space microwave absorption over the X- 

band. 
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5.2 DESIGN AND THICKNESS OPTIMIZATION OF THREE LAYERED 

ABSORBER 

The schematic diagram of a conductor backed three layered absorber is shown in 

figure 5.1 The input impedance, Zi,, and computed reflection loss, RL,, are 

determined for the conductor backed multilayer magnetic absorber discussed in 

chapter I, subsections 1.3.2. For a three layered structure, Z,, and RL,, are as 

below 

91 tanhyldl+qztanh Y2d2 +q3tanh Y3d3 

23 = tl3 
q212+91 tanh (yldlltanh ( Y Z ~ Z )  

9 t a n h ~ l d l + q ~ t a n h  yzd2 tank y3d3 
q3+q2q2:ql tanh (y1dl)tanh (yzdz)  

RL, = 2010g 

tanh y d +q tanh y d 
q2q::ql tan; (ylld:)tanh (&22)+q3tanhy3d3 

.rll  tan Y I  +tlztanhy d 
tanhy3dg -'lo 

q3+q2772+ql ;nh?;ldl)tanh (;z:z) 
tanh y d +q tanhy d 

"$::ql tan; (:ldAtanh (:222)*q3 tanh y3 d3 
rl tanhy d +rl tanhy d tanhy3d3 +'lo 

q3+q2772:q1 tan; (:ld:)tanh (&&) 

where, tll = tlo Jhl/ Erl 
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Figure 5.1 A schematic diagram 
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The layer 1 with thickness dl and material parameters , pT1, ql ,  y1 is in vicinity 

to the metal plate, layer 2 with thickness d2 and material parameters E , ~  , p,-2,772, y2 

is the sandwiched layer and layer 3 with thickness d3 and material parameters 

E , ~ ,  pr3, q3,  y3 is the interface layer. Thus, the composition (intrinsic properties), 

and the total layer thickness, d, as well as individual layer thickness is optimized 

to achieve the best performance i.e. minimum RL, and broad bandwidth. 

The broad bandwidth desired is that -10 dB absorption bandwidth should cover 

the entire frequency range from 8.2 - 12.4 GHz. Considering this, from the single 

layer ferrite-NPR nanocomposites studied in the last chapter table 4.4, the 

following single layers are chosen and tabulated in Table 5.1. 

Table 5.1 Selecuon of femte-NPR nanocomposites for three layer design comblnauons 

BaFelzCh9-NPR nanocomposite with 50 wt.%, designated as layer A, is chosen as 

it shows maximum absorption of -37.06 dB at 9.65 GHz, as compared to other 

weight % barium ferrite-NPR series and -10 dB bandwidth of 2.05 GHz. 50 wt.% 

of BaAlxFe12-,019-NPR composite with x=1.2 (layer B) shows a maximum 

absorption of -29.99 dB at 11.65 GHz. This composite is chosen as it shows 

absorption at higher frequency side in X-band. Layer C is designated to 50 wt.% 

Ba1-~Sr~Fel20leNPR with x=0.4. A reflection loss of >-20dB is observed for this 

single layer absorber spread over the X band with multiple absorption peaks at 

9.15 GHz (-23.54 dB), 9.28 GHz (-22.03 dB), 10.37 GHz (-24.70 dB), 11.46 GHz 

(-34.46 dB) and 11.70 GHz (-36.08 dB). 

Ferrite 
composition 
50 wt.%, BaFelzO19- 
NPR 
BaAll zFe108019- 
NPR 

Bao bSro 4Fe12019- 
NPR 
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Designation 

A 

B 

C 

fr 

(GHz) 

9.5 

11.65 

11.70 

RLm (dB) 

-37.06 

-29.99 

-34.58 

-10 dB BW 
(GHz) 

2.05 

1.2 

1.3 

-20 dB 
BW(GHz) 

0.60 

0.36 

0.51 - 
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Design optimization is carried out for three layered absorber taking following 

considerations: 

All possible combinations of the three layers are considered as shown in table 

5.2. The nomenclature of the layers are carried out according to their 

compositions e.g. the combination ABC corresponds to A assigned to layer 1 

i.e. the layer adjacent to metal backing, B is assigned to the middle layer 2 

and C is the absorber layer 3 at the interface with air. 

Total thickness, d, where, d = dl + d, + d3 , is combination of dl , d, and d3 

is the thickness of layers 1, 2,3, respectively (refer to figure 5.lb). 

A variation in dl , d, and d3 are carried out for fixed d value. The thickness 

combinations are shown in table 5.3. 

The choice of final combinations for fabrication is made considering least 

thickness, maximum absorption and broad -20 dB bandwidth. 

Table 5.2 Deslgn combmattons of femte-NPR nanocomposltes for three layer configuratton 

A MATLAB program is developed for carrying out design optimization, taking 

into consideration equations 5.1 to 5.8. The total thickness, d, of the absorber is 

varied from 2 mm to 4 mm in step of 0.5 mm. Minimum thickness of the 

individual layer is taken as 0.5 mm considering the limitation in fabrication of the 

absorber. 

Air-absorber interface layer 

A-interface 

B-interf ace 

C-interface 
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Sample code 
1-11-111 layer 

CBA 
BCA 
ACB 
CAB 
ABC 
BAC 
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Table 5.3 Three layer deslgn cornbinauon: indtvidual thickness optirmzatlon 
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t 
Total 

thickness, 

d (mm) 

2 

25 

Total 
thickness, d 

(mm) 

3.0 

Thickness of individual 
layers (mm) 

dl 

0.5 

0.5 

1 .O 

0.5 

0.5 

0.5 

7.5 

1 .O 

1 .O 

0.5 

0.5 

0.5 

0.5 

Thickness of individual 
layers (mm) 

dr 

0.5 

1 .O 

0.5 

0.5 

1.0 

1.5 

0.5 

1 .0 

0.5 

0.5 

1 .O 

1.5 

2.0 

d3 

2.0 

1.5 

1.0 

0.5 

0.5 

1 .O 

1.5 

0.5 

0.5 

3.0 

2.5 

2.0 

1.5 

dl 

0.5 

0.5 

0.5 

0.5 

2.0 

1.5 

1 .O 

1 .O 

1.5 

0.5 

0.5 

0.5 

0.5 

d3 

1 .O 

0.5 

0.5 

1.5 

1.0 

0.5 

0.5 

0.5 

1 .O 

2.5 

2.0 

1.5 

1 .O 

dz 

0.5 

1 .O 

1.5 

2.0 

0.5 

0.5 

0.5 

1.5 

1 .O 

0.5 

1 .O 

1.5 

2.0 



Three-Layer Mrcrou~azw Absorber Deslgn Ophmrzatron, Fabrrcatlon and Reflectron Lo55 Meazurement Chapter V 

The algorithm of the program for three layer absorber design is given as below 

followed by flowchart in figure 5.2. 

Step 1: Read data (el, E~Z, fi3, prl, ,u~z, pr3,f) from files. f ( Step 2: Every combination vary the total thickness from 2 mm to 4 I 
I mm in step of 0.5 mm. I 

Step 3: For every given thickness d, vary the individual thickness of 

the three layers (>= 0.5 mm) for all possible layer 

configurations. 

Step 4: Determine the RL,(min), Zreor, Ztmos, -20 dB bandwidth and 

-10 dB bandwidth. 

Step 5: Store data. 

START 0 
I Read E,, p, and f values from the data files I 

J 
For each combination, vary the total thickness, d, ranging from 2-4 mm, optimize 

the individual thicknesses, dl, dz, and d3 of the single lavers, a s  d= dl+d~+d3 

J 
Optimize the total thickness of the three layered absorber, from 1-4 mm in a step 

of 0.5 mm with individual thickness optimizations i 

4 
For each frequency from 8.2- 12.4 GHz a t  the step of 

0.02 GHz, calculate the RL, Z:, and Z:; 
I + 

Store the values of RLc, Z;, and ZiL to the data files 1 
I 

Figure 5.2 Flow chart o f  three layer absorber deslgn optmkation 
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5.3 CALCULATED REFLECTION LOSS FOR THREE LAYERED MAGNETIC 

ABSORBER 

Three layered design results i-e. calculated RL, and -20 dB bandwidth, for all the 

six combinations given in table 5.2 with all possible thickness combinations given 

in table 5.3, where total thickness, d varies from 2 mm - 4 mm, in step of 0.5 mm 

are discussed in the sections below. 

5.3.1 ABC layer combination 

The RL, plots for ABC combinations with varying thicknesses are plotted in 

figures 5.3(a-e). 

4 8 
9 10 11 12 13 

Frequency (GHz) 
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Figure 5.3 Reflection loss of three layered femte-NPR nanocomposite for ABC combinations with 
total thickness (a) 2.0 mm, @) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mrn 
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The maximum absorption peak, -20 dB and -10 dB absorption bandwidth for 

varying individual layer thickness is tabulated in table 5.4. Maximum absorption 

row for all thicknesses are shaded. The three layered absorber with d=2 mm with 

layer thickness, A=0.5 mm, B=1.0 mm and C=0.5 mm, shows a maximum 

absorption of -40.01 dB at 9.9 GHz with -20 dB bandwidth of 4 GHz. 

Table 5.4 Performance parameters of the deslgned ABC triple layer absorber with different 
thickness o f  the layers 
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5.3.2 ACB layer combination 

The RL, plots for ACB combinations with varying total thickness from 2 - 4 mm, 

is plotted in figure 5.4(a-e). The maximum absorption peak, -20 dB and -10 dB 

absorption bandwidth are tabulated in table 5.5. 
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Figure 5.4 Reflection loss of three layered femte-NPR nanocomposite for ACB combinations with 
total thickness (a) 2.0 mm, @) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm 
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Table 5.5 Performance parameters o f  the designed ACB triple layer absorber with different 

thickness o f  the layers 

The three layered absorber for ACB configuration, d=2 mm with interface layer 

B= 0.5 mm, sandwich layer C= 0.5 mm and layer near to metal A =1.0 mm , 

shows a maximum absorption of 40.57 dB at 10.23 GHz with -20 dB bandwidth 

of 4.2 GHz. 

5.3.3 BAC layer combination 

The RL, plots for BAC combinations with varying total thickness and individual 

layer thickness is shown in figures 5.5(a-e). 
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Frequency (GHz) 
-1 0 

(el l 

- ,  - . , - .  k - 4 10 l'l 12 13 

Figure 5.5 Reflection loss of three layered femte-NPR nanocomposite for BAC combinations with 

total thickness (a) 2.0 rnm, @) 2.5 mm, (c) 3.0 rnm, (d) 3.5 rnm, and (e) 4.0 rnrn 

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and 

optimized individual layer thickness is tabulated in table 5.6. 

The three layered absorber for BAC configurations, d=2 mm, with interface layer 

C= 0.5 mrn, sandwich layer A= 0.5 mrn and layer near to metal B =1.0 mrn shows 

a maximum absorption.of -39.24 dB at 10.05 GHz with -20 dB bandwidth of 

4.2 GHz. 
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Table 5.6 Performance parameters of the deslgned BAC triple layer absorber with dfferent 

thickness of the layers 

5.3.4 BCA layer combination 

The RL, plots for BCA combinations with varying total thickness from 2 mm - 

4 mm, is plotted in figure 5.6 (a-e). 
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Figure 5.6 Reflection loss of three layered ferrite-NPR nanocomposite for BCA combinations with 

total thickness (a) 2.0 mm, @) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm 

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and 

optimized individual layer thickness is tabulated in table 5.7. The three layered 

absorber for BCA configuration, for d=2 mm, with interface layer A= 0.5 mm, 

sandwich layer, C= 1.0 mm and layer near to metal plate, B=0.5 mm, shows a 

maximum absorption of -57.18 dB at 10.22 GHz with -20 dB bandwidth of 

3.8 GHz. 
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Table 5.7 Performance parameters of the designed BCA triple layer absorber with different 
thickness of the layers 

= Total thickness, RLc = Reflection loss, f, = Resonant frequency, BW=Bandwidth I 

5.3.5 CAB layer combination 

The RL, plots for CAB combinations with varying total thickness from 2 mm - 

4 rnm, is plotted in figures 5.7(a-e). 
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-32 
1 - 1 - # . I . ,  

8 9 .to 11 12 13 

Frequency (GHz) 
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Frequency (GHz) 

Frequency (GHz) 

Figure 5.7 Reflection loss of three layered ferrite-NPR nanocomposite for CAB combinations with 

total thickness (a) 2.0 mm, @) 2.5 mm, (c) 3.0 mm, (d) 3.5 rnm, and (e) 4.0 rnm 

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and 

optimized individual layer thickness is tabulated in table 5.8. 

The three layered absorber with CAB configuration, for d=2 mm, with interface 

layer B= 1.0 mm, sandwich layer, A= 0.5 mm and layer near to metal plate, C 

=0.5 mrn shows a maximum absorption of -64.58 dB at 10.22 GHz with -20 dB 

bandwidth of 3 GHz. 
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Table 5.8 Performance parameters of the designed CAB triple layer absorber with different 

thickness of the layers 

d = Total thickness, RLc = Reflection loss, f, = Resonant frequency, BW=Bandwidth 

5.3.6 CBA layer combination 

The R k  plots for CBA combinations with varying total thickness and individual 

layers are plotted in figures 5.8(a-e), respectively. 

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and 

individual layer thickness is tabulated in table 5.9. The three layered absorber 

with CBA configuration, with d=2 rnrn, d ~ l . 0  mm, d ~ 0 . 5  mm and d ~ 0 . 5  mm, 
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shows a maximum absorption of -84.14 dB at 10.21 GHz with -20 dB bandwidth 

of 3.6 GHz. 
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Figure 5.8 Reflection loss of three layered femte-NPR nanocomposite for CBA combinations with 
total thickness (a) 2.0 rnm, @) 2.5 mm, (c) 3.0 rnm, (d) 3.5 mm, and (e) 4.0 rnrn 

Microwave Absorbers using M-type Barium Hexafenite-Nwolac Phenolic Resin Namcomposite in X Band - Design, 
Development and Analysis 145 



Thretr-Layer Micrmue  Absorber: Design Optimization, Fabrication and Refiction Loss Measurrmenf Chapter V 

Table 5.9 Performance parameters of the designed CBA triple layer absorber with different 

thickness of the layers 

= Total thickness, RLc = Reflection loss, fi = Resonant frequency, BW=Bandwidth 
I 

From the above results, it is seen that all the six layer combination with varying 
thickness, the absorbers with total thickness of 2 mm is pving the maximum 
absorption with broad bandwidth of absorption. 

5.4 DESIGN RESULTS FOR THREE LAYERED FERRITE-NPR COMPOSITE 
FOR d=2 mm 

Table 5.10, tabulates maximum R L c  and -20 dB bandwidth, for d=2 mrn with 

corresponding real impedance, Zi, and imaginary impedance, Zi, . Figures 
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5.9 (ax) show the RL, and real and imaginary input impedance plots for all the 

combinations, for 2 mm thick three layered absorber. 

Z Z  I 
4- CBA 

Figure 5.9 Comparative results of three layered ferrite-NPR nanocomposites with different Iayer 

combination with total thickness, d=2 mrn 

Table 5.10 Comparative results of three layered ferrite-NPR nanocomposites with dfferent layer 

combination with total thickness, b-2 rnm 
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From table 5.10, it can be seen that both Z,,' and Z,,", corresponding to the 

maximum absorption peak frequency of 10.2 GHz, approaches to impedance 

matching condition of free space. Layer combination CBA i.e. with 

Bao 6Sro 4Fe12019-NPR as the first layer and, BaFelz019-NPR as the interphase layer 

and thickness ratio, 1.0:0.5:0.5 shows the closest value of 380 R and 13.12 R 

approaching to the free space values of 377 Q and 0 Q and absorption of -84.14 dB 

with -20 dB bandwidth of 3.6 GHz. The combination BCA (BaAll sFelo401eNPR 

as the first layer and BaFe12019-NPR as the interphase layer) and BAC 

(Bao 6Sr0 4Fe12019-NPR as the interphase layer and BaAll 6Felo 4019-NPR as the first 

layer), shows sufficiently good absorption peak with a broad -20 dB absorption 

bandwidth. BCA shows maximum absorption of - 57.18 dB with a -20 dB 

bandwidth of 3.8 GHz. BAC show absorption of -41.02 dB with a -20 dB 

bandwidth of 4.2 GHz. ACB is also showing a comparable absorption of 

-40.75 dB with -20 dB bandwidth of 4.2 GHz. But while comparing the -30 dB 

bandwidth with the BAC design, it is seen that BAC is showing a much broader 

bandwidth than the ACB design. The -30 dB bandwidth for ACB is 0.6 GHz and 

that is for BAC is 1.7 GHz. CBA shows maximum absorption of -84.14 dB at 

10.21 GHz with -20 dB bandwidth of 3.6 GHz. 

Layer configuration BCA, BAC and CBA are chosen to be fabricated as three 

layer sheet for measuring reflection loss using free space technique. The choice is 

done taking maximum absorption peak followed by maximum -20 dB 

bandwidth. 

5.5. RESULTS AND ANALYSIS OF MEASURED REFLECTION LOSS VALUE 
OF THREE LAYERED MICROWAVE ABSORBER 

The three layered absorbers with layer configurations, BCA, BAC and CBA are 

fabricated with dimensions 152 x 152 mm and thickness 2 mm. The individual 

layers with thickness, dl, d2 and d3, as mentioned in table 5.10, is made seperately 

by mechanical mixing and thermal treatment method and then combined using 

the thermal treatment at 150 OC such that keeping the layer configuration in mind 

e.g. for BCA combination the layers B i.e. 50 wt.% BaAl16Feio4019-NPR 
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nanocomposite is next to the metal plate and 50 wt.% BaFe12019-NPR 

nanocomposite as the air-absorber interfacing layer and 50 wt.% Bao.sSrosFelzOie 

NPR nanocomposite as the sandwiched layer. The free space microwave 

absorption measurement is performed similar to single layer absorption using 

Agdent E8362C VNA and spot focusing horn lens antenna system described in 

Chapter IV. The RLm for BCA, CBA and BAC three layered absorbers are plotted 

with frequency in figure 5.10. 

A -4- CBA 
I I I I 

10 11 

Frequency (GHz) 

Figure 5.10 Measured reflection loss value of designed triple layer absorbers 

Table 5.11 RLm, -2OdB and -1OdB bandwidth for BCA,BAC and CBA three lavered absorber 

The reflection loss values with corresponding frequencies and -20 dB and -10 dB 

Performance 
of absorption 

R L I  (dB) 
atf* (GHz) 

-20 dB 
bandwidth 

-10 dB 
bandwidth 

bandwidth of the three layered absorber with BCA, BAC and CBA confurations 
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BCA 

-32.8 dB (9.12 GHz) 

-40.2 dB (10.31 GHz) 

-31.1 dB (11.51 GHz) 

(9.00-9.3) GHz 

(10.10-10.42) GHz 

(11.31-11.64) GHz 

(8.5-9.5) GHz 
(9.7-10.9) GHz 

(11.1-12.4) GHz 

BAC 

-25.9 dB (9.13 GHz) 

-36.1 dB (10.33 GHz) 

-35.7 dB (11.55 GHz) 

(9.0Cb9.20) GHz 

(10.20-10.50) GHz 

(11.23-11.76) GHz 

(8.8-9.5) GHz 

(9.8-12.4) GHz 

CB A 

42.1 dB (9.12 GHz) 

-33.4 dB (10.29 GHz) 

-29.2 dB (11.48 GHz) 

(8.9-9.30) GHz 

(9.9-10.5) GHz 

(11.2-11.70) GHz 
(8.2-12.4) GHz 
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are given in table 5.11. All the three absorber samples show three maximum 

absorption peaks. The BCA, BAC and CBA design absorber show overall -20 dB 

absorption bandwidth of 0.96 GHz, 1.03 GHz and 1.5 GHz, respectively and 

overall -10 dB absorption bandwidth for the same layer combinations as 3.5 GHz, 

3.3 GHz and 4.2 GHz, respectively. The maximum absorption peak obtained for 

CBA is -42.10 dB at 9.10 GHz, for BAC is -36.10 dB at 10.31 GHz and for BCA is 

-40.20 dB at 10.31 GHz. Table 5.12 gives the measured and calculated 

performance of three layer absorber. Though the maximum absorption values 

and - 20 dB bandwidth values differes, a close proximity is found for -10 dB 

bandwidth and the frequency corresponding to the maximum absorption peak. 

As mentioned earlier the absorber is modeled as transmission line using some 

approximations, which may effect the computed values of microwave 

absorption. The fabrication limitations may reduce the absorption of the layered 

absorber. The measured reflection loss value of the three layer design structure 

shows that absorption frequency band can be enhanced and tuned by proper 

selection of the ferrite-NPR nanocomposition. 

Table 5.12 Performance companson of calculated and measured RLc with -10 dB and -20 dB 

bandwidth of three layer rmcrowave absorber 

5.6 CONCLUSIONS 

The best performance of ferrite-NPR nanocompositions for single and three 

layered structure in the X-band range is compared, table 5.13. Considering the 

fact that thickness of both the structure is same, an enhanced -10 dB bandwidth is 

observed for the layered structures almost covering the entire X-band. 
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Three 
layer 
combinati 
on 

BCA 
CB A 
BAC 

Measured Calculated 

RLc,, 
(dB) 

-57.17 
-64.58 
-39.24 

RLm,,, 
(dB) 

40.20 
-42.10 
-36.10 

fi 
(GHz) 

10.31 
9.10 
10.31 

-10 dB 
BW 
(GHz) 
3.5 
4.2 
3.3 

f, 
(GHz) 

10.22 
10.22 
10.05 

-20 dB 
BW 
(GHz) 
0.96 
1.50 
1.03 

-10 dB 
BW 
(GHz) 
4.2 
4.2 
4.2 

-20 dB 
BW 
(GHz) 
3.8 
3.0 
4.2 
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Table 5.13 Performance cornpanson of conductor hacked slngle, double and tr~ple layer microwave 

absorber 

The CBA layer combination shows -42.10 dB aborption with -20 dB bandwidth of 

1.5 GHz and -10 dB bandwidth i.e. 90% of incident power being absorbed over 

the whole X-band. The results shows that three layer ferrite-NPR nanocomposite 

systems can be used as an efficient broad band absorber over the entire X-band. 

Performance 
parameters 

MinRL(dB) at 
GHz 
-10dB 
absorption 
bandwidth 
-20dB 
absorption 
bandwidth 
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NPR 
-37.06 dB 
(9.5 GHz) 

2.0 GHz 

0.60 GHz 

BaAl~sFe~o 4 0 1 9 -  

NPR 
-40.06 dB 
(9.46 GHz) 

4.0 GHz 

0.78 GHz 
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NPR 
-43.06 dB 
(9.70 GHz) 

1.8 GHz 

0.36 GHz 
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CHAPTERVI 

FDTD FULL WAVE ANALYSIS FOR MAGNETIC ABSORBER 

6.1 Introduction 

6.2 Problem Formulation 

6.2.1 Expression of E and H curl equations in partial differential form 

6.2.2 Expression of E and H partial differential equations in finite 

differential form in spatial and temporal coordinates 
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6.3.3 Source considerations 
6.3.4 Frequency dependent parameters 
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6.4.2 Source consideration 
6.4.3 PML terminating condition 

6.4.4 Post processing of the results 

6.5 Full-Wave FDTD Analysis of BaFe12019-NPR Nanonanocomposite Absorber 

6.5.1 EZ field distribution within the absorber 

6.5.2 SII parameter analysis 

6.6 Conclusions 
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6.1 INTRODUCTION 

Kane Yee in 1966 [I] was first to develop the algorithm for finite-difference time- 

domain method to determine initial boundary value problems involving 

Maxwell's equations in the isotropic media. The descriptor "Finite-difference 

time-domain" and its corresponding "FDTD" acronym orignated by Allen Taflove 

in a 1980 121. The FDTD method discretizes the time dependent Maxwell's 

equation vector components using central difference approximations for space 

and partial derivatives for time. The EM wave solution in FDTD is found in space 

grid. The time-stepping algorithm, often called as leap frog arrangement is 

followed, in which at any point in space - the updated value of the E-field in time 

is dependent on the stored value of the E-field and the numerical curl of the local 

distribution of the H-field in space and similarly the updated value of the H-field 

in time is dependent on the stored value of the H-field and the numerical curl of 

the local distribution of the E-field in space. The method can solve Maxwell's 

equations on any scale with almost all kinds of environments [3-61. FDTD has 

inherent advantage being simple and versatile [q, and allows the user to speclfy 

the material properties at all points within the computational domain. Thus, 

FDTD scheme has been extensively applied to anisotropic materials and also to 

dispersive materials [8-101. However for electromagnetic interference shielding 

materials, different approaches have been adopted. Jianfeng Xu et. al. reported a 

study on full wave analysis of magneto dielectric absorbing sheets [Ill, in this 

approach a microstrip h e  is specially designed on the absorbing sheet for the 

FDTD analysis. Pyramidal absorbers were modelled using FDTD technique by A. 

Khajehpour and S. A. Mirtaheri employing Debye model [12]. A study on ferrite 

absorber implementing FDTD technique was carried out by Youji Kotsuka, 

Mitsuhiro Ammo [13]. Approximations were made to achieve the matching 

characteristic by punching out small holes in the conventional rubber ferrite. 

The 3D FDTD formulation is developed here, for the em wave progressing 

through a single layer metal backed magnetic absorber using BaFei2019-NPR 

-- - -- 
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nanocomposite. Since there is no external electric or magnetic field perturbation 

and the magnetic substrate used is homogeneous as depicted from figure 2.13 

[section 2.3.3 of chapter 111, the permittivity and permeability properties are taken 

as isotropic. 

The chapter initially explains FDTD method to simulate wave propagation in the 

nanocomposite systems. The implementation of numerical features like the 

computational domain, stability criteria, boundary conditions, subsequent 

gridding and time stepping for updating for electric and magnetic fields is 

discussed consequently. The material properties, E, and k,  of the BaFel201eNPR 

nanonanocomposites with 50 wt.%, measured and analyzed in chapter 111, is used 

for the simulation. The propagation and attenuation of the source pulse within 

the material is investigated from the scattering parameter study. The FDTD 

results are compared with experimentally obtained reflection loss results 

discussed in chapter IV. 

6.2 PROBLEM FORMULATION FOR ABSORBER 

The FDTD method provides a direct time domain solutions of Maxwell's 

equations in differential form by discretizing both the physical region and time 

interval using a uniform grid (figure 6.la). An electromagnetic wave interaction 

Free Space 

Absorber 

Excitation at 
source, E, 

- Metal Rack 

Figure 6.1 (a) Three dimensional gridding in FDTD @) Basic Yee cell in three dimensions 
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structure is mapped into the three dimensional space lattice by assigning 

appropriate values of permittivity to each electric field component, and 

permeability to each magnetic field component, known as Yee cells and shown in 

figure 6.lb. 

The general form of Maxwell's equation for the magnetic media having isotropic 

permittivity and permeability 1141 is given as, 

2 = v x g  
at (6.1 a) 

D ( 0 )  = E O E , E ( ~ )  - (6.1 b) 
an 

- p z = V x E  - (6.1 c )  

where, _E is the electric field, _H is the magnetic field E, relative complex 

permittivity and Eois the free space permittivity. p  is the permeabhty and is 

expressed as p  = popr where pO is the free space permeability and &is the 

relative complex permeability of the medium. 

The computational domain for em wave interaction with absorber is defined in 

figure 6.la. In this problem, the magnetic ferrite nanocomposite layer with a 

metal backing is placed at the +ve X-direction, with a radiating source, shown as 

shaded regon in the Y-Z plane. The numbers of cells in the direction of 

propagation i.e. along +ve X-direction are kept more than the Y- and Z- direction. 

Again, the number of cells in free space within the computational domain, is kept 

larger as compared to the number of cells in the absorber layer and the metal 

backing. This formulation approximates the far field source and normal incidence 

of the em wave on the absorber surface. 

The 3D FDTD scheme for the magnetic absorber can be realized in two modules: 

a) Maxwell's curl equations are expressed in terms of partial differential 

forms. 

b) These scalar equations are expressed in h t e  differential form in spatial 

and temporal coordinates 
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c) The electric field and magnetic field gets updated, both at every space grid 

coordinates and time stepping. 

6.2.1 Expression of E and H curl equations in partial differential form 

The Maxwell's curl equations 6.1 (a) and (c) are quite similar. As po and t o  dlffer 

by several orders of magnitude, &and also differ by several orders of 

magnitude. This is circumvented by normalizing the Maxwell's curl equations 

considering the following change of the variables as 

All the E and components of isotropic magnetic systems from the Maxwell's 

equations 6.1 (a) and 6.1 (c) can be expressed in scalar form as, 

aDz - 1 aHy aH --- --- 
at a h  ill) 
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6.2.2 Expression of E and H partial differential equations in finite differential 

form in spatial and temporal coordinates 

Figure 6.2 Yee's mesh 

t 

Finite difference approximation solution of the Maxwell's partial differential 

equations 6.4 (a-c) and 6.5 (a-c) are found by discretizing the problem space over 

a h t e  three dimensional computational domain in spatial and temporal 

coordinates in accordance to the Yee's mesh as shown in figure 6.2 and is written 
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The modified finite difference equa tions for the scalar equations 6.5(a) through 

6.5(c) are, 

6.3 CRITERIA FOR FDTD IMPLEMENTATION 

At first the computational domain is to be defined, over which the FDTD will be 

implemented. Figure 6.3 shows the computational domain. The gridding of the 

3D structure (figure 6.1 (a)) is carried out considering the stability conditions. The 

geometry of the concern structure is expressed in terms of material properties. 

Perfectly matching layer (PML) boundary conditions are initially defined within 

the actual computational domain. A Gaussian pulse is applied as the input 

stimulus and at discreet time steps, the E and the H field components are 

updated in leap frog manner. The spatial field distribution can be visualized from 
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the simulated E components in three dimensions. To extract the scattering 

parameters, Fourier transformation of the transient response is taken. 

Free Space 

Absorber 

Metal Back 

Figure 6.3 Three dunensional problem cell 

Important numerical features viz. stability criteria, absorbing boundary 

condition, source consideration and frequency dependent parameters, required 

for the 3D FDTD scheme implementation are described in the following sub- 

sections. 

6.3.1 Stability criteria in FDTD 

In order to ensure that the central-difference algorithm is numerically stable, 

there exists a maximum value for the time step and also space discretization 

which can be used. An electromagnetic wave propagating in free space cannot go 

faster than the speed of light. To propagate a distance of one cell of dimension 

Ax, minimum time required is L\f = &/c,,,. Kunz and Luebbers [15] recommend 

that to ensure stability, there should be at least four cells per minimum 

wavelength. For good stability, some particularly sensitive problems [6], up to 

twenty cells per wavelength are required at the frequency of interest in order to 

get the required accuracy. Depending on the cell size, the size of the time step, At, 

can be determined from the Courant's stability criterion. For the three 

dimensional case, the Courant's stability criterion is defined as [7,15-171 
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where, c m u  is the maximum velocity of light within the computational volume. 

Typically, cmnx is taken as the velocity of light in free space unless the entire 

volume is filled with magnetic material. Ax, Ay and Az are the Cartesian space 

increments which must be within an order or magnitude of each other. In n 

dimensional simulation, the maximum time step can be defined in simplified 

form as 

6.3.2 Absorbing boundary conditions 

Effective absorbing boundary conditions (ABC) are required for truncation of an 

infinite or unbound simulation region. A two dimensional boundary condition, 

called the perfectly matched layer (PML) was proposed by Berenger in 1994. This 

condition enables efficient absorption of outgoing radiation [18, 191. Katz et al. 

reported that the PML ABC is easily extensible to three dimensions [20]. 

Implementation of PML ABC was demonstrated by Saario in his Ph. D. thesis, 

:considering the issues such as problem definition, efficient memory utilization 

and execution speed [ lq .  

The basic scheme of the PML is that if a wave is propagating in medium A and it 

impinges upon medium B, the amount of reflection is dictated by the intrinsic 

impedances of the two media, q~ and qs (figure 6.4) 

where, 

and are determined by the permittivity E and permeability ,U of the two media. 
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*.. .. ..-- - 
reflected 

Figure 6.4 The reflectton at the mterface of two me& 

The propagating pulse in the absorbing medium covering the computational 

domain should die out before it reaches the external boundary. For this 

"fictitious" dielectric constant and permeability of the absorbing media is 

considered to be lossy and is added to the implementation codes. Thus, the flux 

density formulations of the Maxwell's curl equations with "fictitious" E and ,u 

are, 

* a E  E,v-==VXK (6.12) 
dt 

There are two conditions to formulate a PML [21,22]: 

1. The impedance going from the background medium to the PML must be 

constant, 

The impedance is one because of our normalrzed units (free space). 

2. In the direction perpendicular to the boundary (the X direction, for instance), 

the relative dielectric constant and relative permeability must be the inverse 

of those in the other directions, i,e., 
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The 3D PML ABC [16] is included in developing the algorithm for the absorbing 

boundary treatment and the detail formulation is given as Appendix C. 

6.3.3 Source considerations 

The excitation can be of any shape, but, normally a Gaussian pulse is considered. 

This type of pulse has a frequency spectrum that is also Gaussian and thus 

provides frequency domain information from dc up to a desired cut-off 

frequency by adjusting the width of the pulse [23, 241. In order to simulate a 

voltage source excitation, from a far field source, the pulse is initiated as vertical 

electric field, Ez, in a rectangular regon at a far distance from the problem 

geometry, as shown in figure 6.3. The form of the input signal in a continuous 

form is 

~ T - T O ) ~  

E, = f ( t ) = e  7i (6.17) 

where, T is the current time-step, To the pulse -delay time-step and TI  the width of 

the pulse in time-steps. The width of the Gaussian pulse sets the required cut-off 

frequency. The pulse width is normally chosen to have at least 20 points per 

wavelength at the highest frequency, sigmficantly represented in the pulse. The 

numerical dispersion and truncation error is minimized. Initially, in the 

simulation, all the electric and magnetic fields are set to zero. The Gaussian pulse 

applied at the source has only a field component, i.e. E,. A change in the electric 

field at the source with respect to time causes a change in the magnetic field in 

the y-direction. 

6.3.4 Frequency dependent parameters 

The final transient E field values, obtained after the FDTD simulation, are used to 

get wide band frequency response. The Fourier transform of the E field E(t)  at a 

frequency$ is done by the equation [16] 

- - - - - - - 
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The lower limit of the integral in equation (6.18) is 0, because the FDTD program 

assumes all casual functions. The upper limit is tr, the time at which the FDTD 

iteration is halted. Equation (6.18) can be rewritten in a finite ddference form as 

where T is the number of iterations and At is the time step and hence tr =T.' At. 

Equation (6.19) is now divided into its real and imaginary parts as 

6.4 IMPLEMENTATION IN COMPUTER PROGRAM 

The existing finite difference approximation equations for single layer BaFe12019- 

NPR nanocomposite is .used for developing the code. Performance of absorber is 

analysed by SII parameter at different time steps. In the formulation, focus is 

made on the reflection loss in terms of SII parameter and internal field 

distribution. The single layer absorber is modelled with a metal backing. As SII 

parameter depends on the geometry and material parameters of the absorber, 

thus, different cell dimensions in different directions are used. 

The materials are defined in the FDTD code with their relative permittivity and 

permeability. From equation 6.1 (a), the electric field in the media is given by 

expressions, 

E,[i, j.k] = gax[i, j ,  k]  * D,[i,  j ,  k]  (6.21 a) 

Ey [ i ,  j .kl = gay[i, j ,  kl  * Dy[i7 j ,  kl (6.21 b) 

E, [i, j .kl= g d i ,  j ,  kl * D, [i, j ,  kl (6.21 C) 

where, 

gaxli. j ,  kl = 'IE,. (6.22 a) 
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where, ET is the relative complex permittivity of the media. The metal backing can 

be modelled by considering gax, gay and gaz to be zero at the PEC, in the 

propagation direction. 

The complete flowchart for FDTD algorithm is shown in figure 6.5, highlighting 

the electric field and magnetic field updating modules. A MATLAB program is 

developed to implement this algorithm for study of single layer absorber and E 

and H updating code modules are listed in Appendix D. Other considerations in 

the algorithm for implementation in the code are summarised in the following 

subsections. 

Substrate parameters PML boundary conditions 

Figure 6.5 Main modules of 3D FDTD simulation algorithm 

6.4.1 Stability criteria 

The absorber nanocomposite, fabricated using BaFel201~NPR nanocomposite of 

dimension, 22.86 mm x 10.16 rnm x 2 mm. The Yee's mesh is generated for the 

geometry by dividing the geometry into grid of different dimensions in different 

- - 

Microwave Absorbers using M-type Bariuq Hexaferrite-Novolac Phenolic Resin Nanonanocomposite m X- Band - 
Desigh, Development and Analysis 168 



Numerical At~alysis: FDTD , Chapter Vl 
-- 

directions in the computational domain. The computational volume is only 

partially filled with the nanocomposite material. In choosing the time step, the 

smallest g r~d  dimension (Ax, Ay or Az) is used in the Courant stability criterion, 

given by equation 6.8. Table 6.1 gives the time steps for different element sizes 

modelled. 

6.4.2 Source consideration 

The width of the Gaussian pulse for the specified cut-off frequency is determined 

from the equation 6.17. The pulse delay, To, is set at 50 time steps. The width of 

the pulse, TI, is set as 20 time-step in order to achieve larger bandwidth. This 

pulse width of 20 time step and A t  = 0.031 picoseconds, gives a 15 GHz 

bandwidth. 

O 5  \ ,Incident wave pulse 

.O.OI 1 Time steps 

Figure 6.6 Gaussian pulses applied at the input soutce 

The Gaussian pulse has optimum pulse-width and desired cut-off frequency and 

is used as excitation. The radiating source is excited with an Ez component in the 

Y-Z plane, as shown in figure 6.3. 

6.4.3 PML terminating condition 

The PML ABC is employed in the current program. Figure 6.7 illustrates the 

effectiveness of a 15 point PML with the source offset of one cell,from the centre 

in the x, y and z directions. The RHS PML in the X-direction is replaced by a 
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perfectly electric conductor (PEC) plate and the propagated em wave is truncated 

at the termination end, figure 6.3. The outgoing pulse gets partially reflected 

when the pulse gets within fifteen points of the edge, which is inside the PML, 

where the distortion starts to occur. 

6 . 4 . 4  P o s t  process ing  o f  the r e s u l t s  

After completion of the simulation process, the full wave distribution of the E 

and H wave can be viewed in all the planes of interest. To calculate the SII, 

information at a single point is needed. In this case, the reference point is taken as 

the point just adjacent to the interface of the material to free space. After the 

simulation is over, the frequency response is calculated over the entire range of 

frequencies using Fourier transform. SII parameter is calculated by gathering the 

voltage information at the point of interest. When the voltage is known, the 

values of EZ field at the reference point can be found. For first 350 time steps, the 

field values at the point are considered as input and the rest is considered as the 

reflected signal. The SII in decibels is then expressed as, 

6 . 5  FULL-WAVE FDTD ANALYSIS OF BaFe12019-NPR NANONANOCOMPOSITE 
ABSORBER 

The FDTD full wave analysis is applied to single layer absorbing material 

developed using BaFel20l~NPR nanocomposite with a metal backing. The 

design parameters used for implementation of FDTD simulation is given in table 

6.1. The FDTD simulation implementation realizes as follows: 

The FDTD simulation generates data which helps in visualizing the time 

' progression of vector fields throughout the three-dimensional solution space. It 

gives a physical insight of complex field interactions at different stages of field 

propagation. In the present analysis, snap shot of E field distribution is taken at 

diffe~ent time step. 

The interaction of the em field with the single layer BaFelz019-NPR 
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nanocomposite is analyzed by finding the scattering parameters by taking 

Fourier transformation of the transient E field component. 

Table 6.1 Cell slze in different dlrections for single layer nanocomposite 

The 3D algorithm applied for the nanocomposite material on substrate is given 

by the flow chart shown in figure 6.7. 

YES 

Substrate 

50 wt. % 
BaFe,2OI9 in NPR 

I Define problem geometry I 

Ax 
(mm) 

0.259 

dimension of the nanocomposite 
(I x b x d) (mm) 

22.86 x 10.16 x 2 

+ 
Define PML parameters 

( Initialize parameters I 

Ay 
(mm) 

0.285 

l l r a n r i c z a n d  H data for post pmcessing 

Define incident E field excitation fi 

Az 
(mm) 

0.25 

Calculate D vector 

4 

At 
(picosec.) 

0.41 

I Evaluate E field from D vector I 
Record E field data - 
Calculate H field e 

I Record H field data I 
4 

Increment time (n) in step of At 

+ - 

n < maximum time step 
I 

Free memory * 
Exit dl 

Figure 6.7 Flow chart of FDTD algor i thm 
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6.5.1 Ez field distribution within the absorber 

Figures 6.9 to 6.12 give the mode of propagation of EZ component of electric field 

in the X-Y plane i.e. along the propagation direction within the problem 

geometry at different time steps. 

E,(I j,krH), !#me step = 400 

€,(I j.kr&, time step = 500 

Figure 6.8 The FDTD simulated electric field components within the absorber at (a) 400 time 
steps and @) 500 time steps 

E,(i j.krH). tlme step = 600 

20 40 50 120 
I coordinate 

(b) E,(~j.k,&), time dep = 700 

I coordinate 

Figute 6.9 The FDTD simulated electric field components within the absorber at (a) 600 time 
steps and @) 700 time steps 
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la, 

Figure 6.10 The FDTD simulated electric field components w i t h  the absorber at (a) 800 time 

steps and @) 900 time steps 

I coordrnate 

Figute 6.11 The FDTD simulated electric field components within the absorber at (a) 1000 time 

steps and (b) 11 00 time steps 

E,Cij,k,st), time step = 1m 

i coordinate 

Figure 6.12 The FDTD simulated electtic field components within the absorber at 1200 time steps 
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6.5.2 S l l  parameter analysis 

Sii parameters of the absorber using BaFei2019-NPR nanocomposite is calculated 

in the FDTD program using the equation 6.23. The Sii obtained at different time 

steps are shown in figure 6.13. The Sn parameters at times step 1100 and 1200 is - 

25 dB at 9.5 GHz and -20 dB at 11.9 CHz. The simulated results at time step 1100 

is compared with the measured results and shown in figures 6.14a and 6.14b. 
0 ,  1 

4 , 1 I I I 
8 9 10 11 12 13 

Frequency (GHz) 

Figure 6.13 Reflection loss (SI1) of the 50 wt.% BaFel2Ol9-NPR nanocomposite at different time 

step 

Figure 6.14 Reflection loss (SII) of the 50 wt.% BaFel2019-NPR nanocomposite from (a) FDTD at 

n=1100 and (b) measured 
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A comparable reflection loss parameter (Su) of -25 dB is obtained from the FDTD 

data analysis at time step=1100, whereas for BaFe12019-NPR nanocomposite with 

50 wt.%, the measured reflection loss obtained is -37.06 dB at 9.5 GHz. 

6.6 CONCLUSIONS 

The FDTD technique is implemented for analysis of single layer absorber using 

BaFe12019-NPR nanonanocomposite, having isotropic permittivity and 

permeability over the layer. This technique successfully analyses the full-wave 

electric field distribution and reflection loss of absorber. The electric field pattern 

shows that due to change in permittivity and permeability values in the magnetic 

material, the field distribution changes. A comparable reflection loss parameter is 

obtained for both the measured and FDTD results for the BaFe12019-NPR 

nanonanocomposite with 50 wt.%. The technique can be implemented for 

substituted barium ferrite single layer absorber and multdayer absorber with 

parameter modifications. 
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CHAPTER VII 

ACHIEVEMENTS, LIMITATIONS AND FUTURE 
DIRECTIONS 

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X Band - 
Design, Development and Analysis 



Aclrieverr~errts, Lirrritntiorrs arld F~rtrlrc Directiorrs Chapter VIJ 

Vast use of the gigahertz spectra leads to electromagnetic pollution in the 

environment wluch interference with devices causing problems such as jamming 

of signal, inaccuracy in target detection in warfare, difficulty in communication 

and also reduced camouflaging. For effective shielding for absorbers, there 

should be impedance matching (for zero reflection) at the air-absorber interface, 

amplitude attenuation and phase cancellation (thickness dependence). All the 

above characteristics are co-related with the material parameter: complex 

permittivity, E and permeability, p, and the frequency of operation. 

The present research problem concentrated on development of absorbers with 

consistent absorption over X-band range, reducing simultaneously both 

dimension and weight, making it corrosion resistant and lastly cost effective. 

M-type barium ferrite nanoparticles are synthesized from nitrate precursor using 

co-precipitation technique. The size variation is achieved by controlling the 

annealing conditions. Formation of single phase  t type barium ferrite is 

confirmed from XRD pattern. The average crystalline size of barium ferrite 

particles is in nanometre range. TEM analysis of barium ferrite shows the ferrite 

nanoparticle is hexagonal in.shape. Extended rod like shape in one direction is 

observed for the particles annealed at 900 OC with crystal lattice plane of 

anisotropy along c-axis with particle size of -70 nm. Barium ferrite particles with 

aluminium and strontium substitution also form single phase M-type hexagonal 

ferrite. Nanosized ferrites are reinforced in novalac phenolic resin (NPR) in 

different weight ratios. Density measurements showed the compactness of the 

composite system increases with percentage increase in weight, as quantity of 

filler increase. The TGA curve shows that the developed composite is thermally 

stable up to 400 OC. DC conductivity increases with annealing temperature and 

wt.% of the ferrite nanoparticles. The magnetic measurements confirm the 

magnetic nature of the composites at room temperature. The comparatively high 

values of saturation magnetization confirm its applicability as magnetic 

absorbers at microwave frequencies. 

Microwave characterization of ferrite-NPR nanocomposites are performed over 

the X-band. The complex permittivity and permeability are computed from 

measured values of S21 and S11 using Nicolson Ross method. The results obtained 

from this method are substantiated by cavity resonator method and foand to be 
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in close proximity. BaFel2019 particles annealed at 900 "C and 50 wt.% shows a 

high permittivity of -6.55 and permeability of -3.59 and dielectric and magnetic 

loss tangent -0.3 and -0.26, respectivelv. Out of the three ferrite compositions in 

NPR matrix studied, strontium substituted shows maximum loss tangent with 

SrFe12019-NPR nanocomposite showing the maximum value of -0.4 and -0.35. 

The absorber thickness relates to the frequency of operation in a single layer 

absorber which is basically resonant in nature with maximal microwave 

absorption occurring at matching thickness, dill, when dl,, equals to an odd 

multiple of A, / 4, where, A, = A,, / ((erl lprl)1'2, the condition for phase 

cancellation. The absorption studies carried out on a conductor backed single 

layer absorber developed incorporating the ferrite nanoparticles in NPR matrix, 

shows that 2 mrn layer thickness shows better results as compared to 1 mm, 

3 rnrn and 4 mm for all the compositions. 

As aluminium replaces the magnetic ion in BaAlxFe12-,019 -NPR composite, 

anisotropy increases which results in increase of absorption and x=1.6 shows a 

maximum absorption of -40.06 dB at 9.56 GHz with -10dB bandwidth of 4.0 GHz 

and -20 dB bandwidth of 0.78 GHz. Maximum absorption of -43.06 dB is obtained 

at 9.70 GHz with -10dB bandwidth of 1.8 GHz and -20 dB bandwidth of 0.40 GHz 

for the Bal-,SrxFe12019-NPR composite when x=1.0 i.e. with SrFe12019 inclusions. 

Multilayering shows enhancement of bandwidth with CBA design i.e. with 

Bao 6Sr04Fel2019-NPR as the first layer and, BaFe12019-NPR as the interphase 

layer, shows -42.10 dB aborption with -20 dB bandwidth of 1.5 GHz and -10 dB 

bandwidth i.e. 90% of incident power being absorbed over the whole X-band. 

The FDTD technique implemented for analysis of single layer absorber using 

BaFe12019-NPR composite, successfully analyses the full-wave electric field 

distribution and return loss of absorber. The electric field pattern shows that due 

to change in permittivity and permeability values in the magnetic material, the 

field distribution changes. 

The studies on ferrite nanocomposites developed for X-band absorption 

described in references [63, 65, 67, 72, mentioned in chapter I], show that the 

three layered absorbers developed in the present study (table 5.13) has reflection 

loss of -42.10 dB with -10 dB bandwidth covering the entire X-band (4.2 GHz) 

and has a thickness of 2 mrn. Ni-Zn ferrite doped with Co, Cu, or Mg in 

Microwave Absorbers uslng M-type Banum Hexaferrlte-Novolac Phenollc Res~n Nanocomposite m X Band -Design, 
Developtnent and Analysls 182 



Achreverrrerrts, L~rr~rtntrc.., ...., . ....... ,..,,..,.., Chapter VI1 

polyurethane [65] reports an absorption of -43.71 dB but the thickness is -6 mm 

with a -10 dB bandwidth of 2.4 GHz. Similar studies, conducted in reference [63] 

on Zn Co-substituted W-type barium hexagonal ferrite-rubber composite has a 

thickness of 1 mm with -10 dB absorption bandwidth of 5 GHz, however, the 

maximum absorption reported is -28.5 dB (at 10.5 GHz). Other absorbers 

developed in references [67, 721 show maximum absorption of -14 dB and -9 dB, 

respectively. Co, Cu, Zn substituted barium hexaferrite-polychloroprene 

nanocomposite reported in [67] ha?a -10 dB bandwidth of 2.6 GHz with 

thickness 6 mm. The results shows that M-type barium ferrite-NPR and Als+ and 

Sr2+ substituted M-type barium ferrite-NPR nanocomposite system can 

effectively be used as an efficient broad band absorber in X-band. The absorbers 

are light as compared to their bulk counter parts and thickness of 2 mm is 

sufficient to give good absorption. 

Moreover, the composite system is sufficiently resistant to change in 

environmental conditions like temperature and humidity. The constituents of 

composite, viz. nanosized barium ferrite and NPR are corrosive resistant and of 

low cost. The synthesizing technique is simple and can be easily incorporated for 

mass scale production with some modifications. The cost of development 

inclusive of the other expenses like electricity etc. for absorber of 15.2 cm x 15.2 

cm with thickness of 0.2 cm is about Rs. 1240/-($20.42). The cost does not include 

the measurement equipment and labour cost. 

The absorption can further be enhanced and tuned by selecting the various 

combinations. The right combinations of layers can be made highly selective 

absorber to be used as band stop filter. 

EM1 shielding materials developed is confined to X-band only, absorber to cover 

- C band and Ku band, has to be developed with enhanced bandwidth, for which 

some structural modifications and change in reinforcers have to done. Reducing 
\ 

the thickness and making the absorber flexible are other issues to be considered. 

An absorber with more flexibility and higher tensile strength are to be developed 

for use as absorbing and leakage sealing tapes. This can be carried out by using 

flexible polymer matrix like e EPDM, LLDPE etc. 
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A. Theoretical thickness limit for broadband microwave absorption in the 

frequency range 8.2 GHz to 12.4 GHz 

The minimum thickness limit of a dielectric microwave absorber for 

broadband absorption in a particular frequency ranges, fland f2, 

corresponding to wavelength, &and A2 is gwen as, 

I$owlnl~(l)ldAl 5 2n2 zi di ( A 4  

Where, diis the thickness of the ith layer of the absorber, R(A) is the frequency 

dependent reflectance and dA = A, - A2. 

Introducing decibel scale of the reflectance i.e. RLc=2010g(R(A) 1 and since 

InlR(A) I =2.3031oglR(A) I, the equation (A.l) is modified to 

RL l$ow 2.303 dl1 5 Xi psidi ( A 4  

For RLc =-30 dB absorption over the wavelength ranges Al = 36.58 mm and 

1, = 24.19 mm, the minimum total thickness limit of the absorber is derived 

as 

RLc 2.303 7 (A1 - A2 ) I pSid 
40rr (A.3) 

For a magnetic absorber, psi > 1. 

Hence, for absorption level of -30 dB in the X-band, the minimum thickness of 

the absorber can be determined from equation (1.82) and ranges from 0.5 mm 

for permeability, ~ s ~ 4 . 4  to 1.03 mm for permeability, ~ s ~ 2 . 1 .  



Appendix B 

Appendix B 

B. MATLAB program for reflection loss optimization with 
varying individual layer thickness of multilayer absorber 
system 

The input impedance and reflection loss of a conductor backed multilayer microwave 

absorber can be calculated using Transmission Line Model. The following program is 

developed based on the reflection loss expression for three layer microwave absorber. 

load ('C:\Users,\hp\ Desktop\trl.txtt); %loading 'trl. t x t ' p e  containing 
freqtlenq, real and imagtnary permittivity 
and real and imagnanj permeability of 
ferrite-NPR nanocompositecomposite 

f=trl(:,l); %frequency in X band 
c=3*10A8; %free space microzvave velocity 

%Real permittivity of I S t  layer ferrite-NPR 
composite 
%Real permittivity of 2 n d  layer ferrite- 
NPR composite 
%Real permittivity of 1st layerferrite-NPR 
composite 
%Imaginanj permittivity of 1st layer 

fem'te-NPR nanocomposite 

%Imagznanj permittivity of 2 n d  layer 

fem'te-NPR composite 

%Imaginary permittivity of 3rd layer 

ferrite-NPR composite 

%Real permeability of 1st layerfem'te-NPR 

composite 

%Real permeability of 2 n d  layer ferrite- 

NPR composite 

%Real permeability of 3rd layer fem'te- 

NPR composite 

%Imagnay  permeability of 1st layer 

ferrite-NPR nanocomposite 
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%Imaginanj pemeabzlihj of 2 n d  layer 

ferrite-NPR nanocomposite 

%Imaginanj permeabilihj of 3 r d  layer 

ferrite-NPR nanocomposite 

%thickness of Is! 2nd and 3rd layer, dl, dz 
and d3 
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THREE-DIMENSIONAL PERFECTLY MATCHED LAYER (PML) 

EQUATIONS 

The Maxwell's equations for TM mode 

If a wave is propagating in medium A and it impinges upon medium B, the 

amount of reflection can be calculated by the intrinsic impedances of the two 

media as, 

Where, 

Now the two dimensional Maxwell's curl equations ((1.a) to (l.d), in Fourier 

domain are, 



The permittivity E and permeability y is replaced by fictitious dielectric 

constant and permeabilities. Thus, 

aEz joH, .& ( x ) . ~ ;  ( y )  = -co - 
3) 

The two conditions to form PML: 

A. The impedance going from the background medium to the PML must be 
constant, 

B. In the direction perpendicular to the boundary the E ' F ~  and p * ~ ~  must be 
inverse of those in the other directions, i.e. 

* 1 
EF. = 7 

ElY 

Now, 

The following selection of parameters satisfies equations (A.7.a) and (A.7.b) , 

So, equation (A.6) becomes, 

I + a ( x )  1  j w ~  

E ~ ,  I + U ( X ) I ~ W E ~  



Implementing a PML only in the X direction, equations ((C.5.a)-(C.5.d)) 

aEz joHx .pLX ( x )  = -co - 
% 

aEz jwH, .pi3 ( x )  = co - 
ax 

And use the values of equations (A.9.a) and (A.9.b), 

Again to put into the FDTD formulation, following modifications are 
performed, 

D;+I 12 ( i ,  ,) - D;-112 (i, j )  a, ( i )  D,"+'/~ (i, j )  + D,"-"' (i7 j )  +- 
Z - +- 

At 2 

D:+"' (i, j )  = gi3(i).D,"-'I2 (i, j )  + 
gi2(i).0.5.[H;(i+l/2, j ) - ~ ; ( i - l / 2 , j ) - ~ : ( i ,  j + l / 2 ) +  H:(z ,  j-112)I 

Using the Courant stability, 

The parameters are defined as, 



An identical treatment to equation no (A.1O.c) gives, 
~~'(i+ll~j)=fn(i+1/2)~~(i+ll~j)+j~(i+1/2).0.5~~~"~(i+l,j)-~~~(i,j)] 

(C.13) 

where, 

Equation (A.1O.b) require a somewhat different treatment as, 

aE, o ( x )  1 aE, -+L-- 
CY EO j~ CY 1 

aE, - E:+"* (i, j  + 1) - E:"'~ (i, j )  curl- e 
-- - - - 

?Y - hx Ax 

co .At co .At o, (x).At H,""(i, j + 1 / 2 )  = H,"(i, j + 1 / 2 ) + - c u r l - e - t -  ( i ,  j + 1 12) 
Ax Ax Eo 

co .At 
= H,"(i, j+1 /2)+-cur l -e - t  a, (x).At 

Ax 
( i ,  j + 1 1  2 )  

*&O 

Equation (A.1O.b) is implemented as the following series, 

curl - e  = [E:"" ( i ,  j )  - E:+"' (i ,  j  + I ) ]  (C.15.a) 
1 ~ ' / ~ ( i , j + l / 2 ) =  ~ ; ; " ~ ( i ,  j + 1 / 2 ) + c u r l - e  (C.15.b) 
H,""(i , j+112)= H~(i,j+1/2)+0.5.curl-e+~l(i).1l;="~(i, j + 1 / 2 )  (C.15.c) 



with 

Instead of varying conductivities, we calculate an auxiliary parameter, 

Then, 

xn(i) = .333 * 
length - pml 

Similarly considering y- direction, 

i = 1,2, .. . . .,length - pml 

Equation (A.11) is replaced by the following, 

D:"' (i ,  j )  = gi3(i).a3( j).D;-'I2 (i ,  j )  

+gi2(i).gj2(j).(~.5).[~~(i+l/2, j ) - ~ ; ( i - 1 1 2 ,  j ) -H;( i ,  j + 1 / 2 ) +  ~ : ( i ,  , - 1 / 2 ) ]  

Hy will be implemented as, 

curl -e = [E:+"' (i  + I ,  j )  - E:+"' (i ,  j ) ]  

( i + l / 2 ,  j )= l&"' ( i+ l / 2 ,  j)+curl-e 



H,""(i+1/2, j )  =ji3(i+1/2).H,"(i+1/2, j )  

- fi2(i + 1 /2).(0.5).curl - e + jl(j).Ii;"' ( i  + 112, j )  (C.20.c) 

Finally, H, in the X direction becomes, 

curl - e = [E:"' (i,  j )  - E:*"' (i,  j + I ) ]  (C.21.a) 
1 ~ ~ ; : " ' ( i , j + 1 / 2 ) = 1 ~ ~ ' ~ ~ ( i ,  j+112)+curl-e (C.21.b) 

~ , " " ( i ,  j+1/2)  = j 3 ( j +  112).H,"(i, j+1/2)  

+ j 2 ( j  + 11 2).(0.5)curl-e + fil(i).~:"~(i, j + 1 / 2) (C.21.c) 

In three dimensional problem, 

o,(x) 0y(Y)  o : ( z )  jw. I+- 
aH, aH [ ) [ I  + =)[I + x) DZ = c O ( m  - G) 

Rewriting equation (A.22), 

where, 

Equation (A.23) becomes, 

" * 

Equation (A.24) is implemented into FDTD as, 

(C. 22) 

(C. 24) 

HC(i+ll2,  j,k+1/2)-H,"(i-112, j ,k+1/2)  
curl - h = 

-H,"(i, j+112,k+1/2)+H,"(i, j -1/2 ,k+1/2)  1 (C.25.a) 

D,""" (i ,  j ,  k + 112) = gi3(i).gj3(j).D:-'I2 (i ,  j ,  k + 112) 

+ gi2(i).gj2(j).oS.(curl - h + gkl(k).I: (i,  j ,  k + 112)) (C.25.c) 
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3D FDTD CODE MODULES FOR Dz, EZ AND Hz UPDATE FOR SINGLE 

LAYER MAGNETIC ABSORBERS 

The variables used in the code are defined in chapter VI. After initialization of 

variables and specifying the calculation domain, the Dz, Ez and Hz fields are 

updated using FDTD update equations. Here the codes for updating Dz, Ez 

and Hz fields are illustrated in the following sections, 

Dl. Code for updating Dz and Ef ield 

D2. Code for updating Hz fields 
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