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Abstract

Electromagnetic interference (EMI) is a growinglgem in the modern world and as the number
of devices and their operating frequencies increasdo the issues associated with EMI.

The aim of this study is to understand and quatiié&ymain parameters that govern the Shielding
Effectiveness of ‘carbon fibre’ based materialghia form of nonwoven veils. Frequencies from
2.6 to 40 GHz were analysed, and it was foundttieamost conductive veils (0.240.05 Q /sq)
provided over 120dB of attenuation.

Investigations into how parameters such as filmgtle veil basis weight and metal coatings affect

the shielding performance are also included.



Andrew N Austin Edinburgh Napier University

Acknowledgements

My supervisors; Dr Mike Jeschke, Dr Mike Barker @rdJohn Sharp for their

commitment and support throughout the project.

Technical Fibre Products: research, technical aadketing divisions for their input,

training, and experience.

Dr Neil Shearer for his expertise and support inegating electron micrographs.



Andrew N Austin Edinburgh Napier University

Contents
A B S T R A C T e et e e e e e e e e e e et eeeeeaa—eeeetettieeeettereerertaeaieraaaaaas 1
ACKN OW LED GEMENT S .ottt e et e e e e et e e e et e e e eeesast s eesesta s eesesta s eeseeranas 2
OO ]\ I =1 ST 3
INDEX OF TABLES. .. .ottt ittt ettt e e e e e e e e e ettt e e e s e aaa e e e s e saba e eesesaaaa s eeseebaaeeseeraneeeeesaes 4
INDEX OF FIGURES ... oottt ettt e et e e e et e e e e e et e e e e e e aa e e e s e st s eeseeban e eseebaneeseeranes 4
1 LN L@ 1010 Lo 1 [ ]\ 7
1.1 [ L0 N =T 72 [ 7
1.2 27X (et =10 10N o T 7
1.3 ELECTROMAGNETIC INTERFERENCE AND COMPOSITE STRUCTUBE. ......ccivitvneeieeiiieeeeerrnseeeesnnnnnns 8
1.4 CARBON FIBRE NONWOVEN MATERIALS ....uitiiiteiteeitetteestesiteesaesstsesnessassanssaestassasstesaassnsesnees 9
2 LITERATURE REVIEW ..ottt e et e e e et e e e e e e e e e et e e e s aeraaaeeaees 10
2.1 ELECTROMAGNETIC WAVES. ...t uiitniittittetteiteeeteetteetaesst s st ssaassanseaa st s san et s st e eassterassteranas 10
2.1.1  Fundamental PriNCIPIES ........eeiiiiiiiiii et e e e e e 10
2.1.2  EleCtromagnetiC ENEIQY ....cciiiiia ittt eee e e e e e e e e e e e ananane 13
2.1.3 Wave Propagation through a medium ... 14
2.1.4  Near and Far fIelaS.........iiiiiieii et e e e st e e s e e e e e 15
2.2 SHIELDING EFFECTIVENESS THEORY. 1.u.iiettuteeiietiteeeeetssseeesssssneessrssssnessssssneessessnsessssrnseesees 17
2.2.1 Current parameter and test method understandingeeee.....veeeeeeeeiieieeeeeeeiiecceeeeee, 19
A = L= 1 =T ox (o] o S
Y272 TR A o 1o ] o] 1o o [P EEPRPRRR
2.2.4 Total Shielding Effectiveness
2.3 A REVIEW OFSHIELDING EFFECTIVENESSTEST METHODS .. ceuitniiitiiieiiciieiteeieeieeieeeaasanees 23
2.3.1 MIL-STD-285 & IEEE 299-1991/2005
2.3.2 ASTM D4935 (Near field).......cccceevvvvveri e
2.3.3 Waveguide Transmission Line (as used in this StUAy)..........ciiiiiiiiiiiiiiieee 27
2.3.4 Far field testing (Redheffer) ... ... 28
2.3.5 Stirred Mode Reverberation Chambers (SMRC) e vvieeeeeeeie e e e e 29
2.3.6  Quasi-optical free space focused Gaussian beamadeth..............cccccvveviieiiiiiiiiieeiceee 30
2.4 NONWOVENS AND SIMILAR MATERIALS ..vvuutiiiettteeeeettteeeessssaseessssasessrestanessessaneesssssseeseesnnn 32
3 o = LAY = I 33
3.1 L0 ] 51U o 1T 33
3.2 Y 1Sy 1A= 2 [ TN 33
3.3 NETWORK ANALYSER CALIBRATION ...iuuiiuiiitiiieiteiteitsitieetesstsestsssnsssnsesnestnessnestnesseessererans 36
3.4 SAMPLE PREPARATION METHOD ... iuuitniitiiteetietteeaesttesassssssasstassansstestssssstssaassssesnessnessnes 36
3.5 SURFACE RESISTANCHDC) METHOD. ...ccetttttttaaaaaaaaaeaaa e eiiitttteeseeeeeeaaaaaaaaasasaaaaannnsnnbesbensseeeeeeas 38
3.6 SCANNING ELECTRONMICROSCOPEHSEM)METHODS.......ceiiiiiiiiiiiiiiitieeieeeeeeee e e e e e e e e e e eaennnneees 39
3.7 OPTICAL SCANNING ANALYSIS METHODS. .....ituiuniitniiiniitetieeinettesisstessnsesnessnesnessnessneesnessneees 40
4 RESULTS AND DISCUSSION ..ouiiiiiiti ettt e e e e e et s e e e e et s e e s e e s e e e e e saaa s eesennanss 42
4.1 EFFECTS OF CHANGING THE BASIS WEIGHT ...uuiiiittiieeiieti s eeseeti s eeseetaa s eesseesssaeesssssansessesnanseens 42
I R [ 0 oY [ o T o T 42
4.1.2 RESUILS aNd AiSCUSSION .....ccvveiiiiiiiiieeeeeetee e e e e et e e e e e e s e e s e e s eaba e s sseresbaeeesresaaseeseerens 43
4.2 EFFECTS OF METAL COATING THE CARBON FIBRE.......ccutuiiieiettiieeieetiseeseesisesseessssseessesnneeeeses 46
s N [ 01 (o Yo U o T o T 46
4.2.2 RESUIS ANd DiSCUSSION .. .ceuuiiii et eeeem et e e et e et e e et e et e e e st s s e sa s s st e seanssssanassees 48
4.3 EFFECTS OF CHANGINGFIBRE LENGTH. . iuuituiitiiiieiteiteetestestesstsssssssssssnsssnsstnsrsnsstessasssiesnnees 54
G 70 A [ 011 {0 1o [ T3 1o o T 54
4.3.2 RESUIS ANA ISCUSSION .....cetiiiiee it ee et e et e e et e et e e et e e s e e s saesesb e s eaa e e raaeeeaaas 56
4.4 EFFECTS OF MULTIPLE METAL COATINGS ON CARBON FIBRE........uiiuuiiiiiiiniiiniiieiieiieeinesrnenns 61
o N [ 011 {0 1o [ o3 1o o 61
4.4.2 RESUILS QN0 DISCUSSION ...ccvvvniiiiiiiie i s ceeeeate e e e sttt e e esetaaeeeeeaaaesessssbaaseeseeranseeseeranseeeees 61
4.5 EFFECTS OF PARTICULATE ADDITION TO THE VEIL MATRIX cvvuuieeitutieerestieerestinsessesrnneeeeessnes 64
0t R [ 01 (Yo 1o T o T 64



Andrew N Austin Edinburgh Napier University

4.5.2  RESUILS PrE@mMbBIE. .. ..uuiiiiiiiiiieiee e e ettt e e e e e et e e s e e s s s et br e eeeeaaaeaeeseeseeaaannnnnnnnrnne 66
Statgraphics, Design of Experiment and RESPONSBGRE .........uuvurriiiiiiiiieieeeeeeeeie s s eeeeeeaeeeeeeeeeeas 66
4.5.3 Particulate addition: RESUILS ........ciiieii et e e e e e s eabaaas 67
Y S B 1 -Yo1 1= (o] o (R 72
4.6 L YO = I NN ] = TR 73
5 SUMMARY AND CONCLUSIONS ...t e e e et e e s s e e e e esanaeees 74
FUTURE WORK ...ttt ettt ettt et e et e et e e et e e e et e s e sat s s st e e saa e e st s e saaeenansns 75
6.1 I RO Y] = T ] T 75
6.2 MEASUREMENTS IN THEFAR FIELD . .uuiitiiitiiiiitieeee et ee s e s s s et s et e s s st s s sbessa s st e sneasneenas 76
6.3 1Y/ F ] ) =T N 1N 76
LG T8 A Y = 1 o= 1o I N 77
6.3.2  COMSOl MURIPNYSICS...eeeiiiiiiiieie e cemmmm e e e e e e e e s e e s e e e e e eaaaaaaaaaeas 78
6.4 N 1= N N 79
6.5 L2 1 [O1 ST = = o N 80
7 N d LT T L = T 81
7.1 TYPICAL ‘EVERYDAY' ELECTRIC AND MAGNETIC FIELDS.....uuituiitniiiniiiniiiiiieitesieeaesnseesnsssnnns 81
7.2 NETWORKANALYSER ‘THROUGH CALIBRATION METHOD. ...cvuiitiiiniiiiiieneeieiieeaneeiesaneesnsasnnes 81
7.3 C SV FILE PROCESSING. .1t tttuittittteete it et et e e et e st s eassaa s e e e st e san e et et ba e eaa s et s ran s et s ranesansenss 82
7.4 PRODUCTION OF NONWOVEN MATERIALS IN THE LABORATORY  (METAL PARTICLE
IMPREGNATION WORK). ....ttttttttteeeeeettaataeaaaaasaaaaaaaasansaaasansesbeeseeeeeeeeaaeaaaaaaaaasasaasaaaannnssasneeeeaeaaaaaaaaaaasaens 83
8 (2] (@11 YN ad = 2T 85
9 L = I L O 85

Index of tables

TABLE 1: THE RELATIONSHIP BETWEEN SE AND SIGNAL ATENUATION (AS A FUNCTION OF

POWER). 40 DB US EQUIVALENT TO 99.99% OF THE SIGNAOWER ATTENUATION. ....17
TABLE 2: A LISTING OF THE PARAMETERS THOUGHT TO INFUENCE THE ELECTRICAL
PROPERTIES OF THE NONWOVEN VEIL. .....cuutiiiiiiiitiiiiiiiiiiieeee e 32

TABLE 3: ALISTING OF THE PARTICLE TYPEFTRADE NAMETHE ‘AS SUPPLIED’ DISPERSION
CONCENTRATION AND ANY ADDITIONAL INFORMATION SUCH AS THE AVERAGE
PARTICLE SIZE (D50). .. ceeeiiuttteetee ittt ettt e s sttt e e s sttt e e s amnne e e s s asbbe e e e e s e anbbneeeeeaannees 65

Index of figures

FIGURE 1: AN A4 SHEET OF CARBON FIBRE NONWOVEN MAHIAL. THE FIBRES ARE

BOUND BY A POLYMERIC COMPOUND RATHER THAN ENTANGLEMENT. 9
FIGURE 2: AN OVERVIEW OF THE LITERATURE REVIEWS CONENT. 10
FIGURE 3: THE ELECTROMAGNETIC SPECTRUM. 11
FIGURE 4: A TRANSVERSE ELECTROMAGNETIC WAVE. 11
FIGURE 5: THREE DIFFERENT REGIONS THAT REFERENCE EMVAVES BEHAVIOUR AS A

FUNCTION OF DISTANCE FROM THE SOURCE. 15
FIGURE 6: SHIELDING EFFECTIVENESS AND THE THREE MEANISMS — REFLECTION,

ABSORPTION AND INTERNAL REFLECTION. 19

FIGURE 7: A DEMONSTRATION OF THE SHIELDING MECHANI® INTERNAL REFLECTION.
THE VERTICAL LINES WITHIN THE SHIELD REPRESENT IDERISED INTERNAL
STRUCTURES IN WHICH THE INCIDENT EM WAVE CAN INTERAT. 22

FIGURE 8: AN ADAPTATION OF THE MIL-STD-285 METHOD.THIS SETUP WOULD BE USED
FOR ENCLOSURES DESIGNED TO EXCLUDE RF EMISSION FRGAXTERNAL SOURCES.

24

4



Andrew N Austin Edinburgh Napier University

FIGURE 9:(LEFT) THE MIL STD-285 METHOD: THE TRANSMITTING HORN ANIMATERIAL
UNDER TEST ARE SEEN(RIGHT)THE IMAGE SHOWS THE SHIELDED ROOM IN WHICH
THE WHOLE TEST SETUP IS WITHIN. THE WALLS ARE CLAIN A COPPER ALLOY
LINING AND EMI GASKETS HAVE BEEN APPLIED TO THE DO® TO PREVENT ANY
EXTERNAL INTERFERENCE FROM AFFECTING THE RESULTS. 52
FIGURE 10: A SCHEMATIC DIAGRAM DETAILING THE ASTM 2935 TEST METHOD. THE
IMAGES ON THE RIGHT SHOWS THE FLANGED COAXIAL WAVEGIDES SPLIT INTO

TWO PIECES. 26
FIGURE 11: A SIMPLE SCHEMATIC OF THE NEAR FIELD THSMETHOD; PHOTOGRAPHS
PORTRAY THE NETWORK ANALYSER AND COAXIAL CABLES. 27
FIGURE 12: A SIMPLE SCHEMATIC OF THE ‘REDHEFFER’ FAFIELD TEST SETUP. 28
FIGURE 13 A SCHEMATIC OF AN SMRC. 29
FIGURE 14: A SCHEMATIC OF AN ALTERNATIVE FREE SPACEEASUREMENT USING THE
‘QUASI-OPTICAL FREE SPACE FOCUSED GAUSSIAN BEAM MEOD’ 31
FIGURE 15: A MATRIX WEB OF FIBRES FORMING A CARBORIBRE NONWOVEN VEIL. 32
FIGURE 16: AN IMAGE OF THE ROHDE AND SCHWARZ NETWQORANALYSER. 34
FIGURE 17: A SIMPLE CIRCUIT DIAGRAM OF THE TEST SHIP. 34
FIGURE 18:(LEFT) X-BAND WAVEGUIDE TRANSITION, (RIGHT)S-BAND WAVEGUIDE
TRANSITION. 35

FIGURE 19. THE PHYSICAL DIMENSIONS OF THE APERTURE EACH WAVE GUIDE USED. 35
FIGURE 20: A SKETCH AND PHOTOGRAPH OF THE SURFACEERISTANCE TEST METHOD

USED. 38
FIGURE 21: LEFT) A SCANNING ELECTRON MICROGRAPH OF A DAMAGED CARBOIRIBRE 39
FIGURE 22: TOP LEFT) EDX-RAY MAPPING OF CARBON IN FIGURE 18LEFT). 39

FIGURE 23: GREY SHADES ARE GENERATED BASED ON THESNNED CHARACTERISTICS
OF A NONWOVEN SAMPLE. THIS ALLOWS THE FORMATION QURITY OF THE

NONWOVEN TO BE ANALYSED QUANTITATIVELY. 40
FIGURE 24: THE INTERPRETATION OF DIFFERENT TREND$AT ARE OBTAINED FOR
SAMPLES WITH DIFFERENT FORMATION PROPERTIES AND CHRACTERISTICS. 41
FIGURE 25: AN SEM IMAGE OF SINGLE FIBRE USED CONSURT THE MATRIX THAT MAKES
UP THE CARBON FIBRE NONWOVEN VEIL. 42
FIGURE 26: THE SHIELDING EFFECTIVENESS OF CARBONBRE NONWOVENS AT
DIFFERENT BASIS WEIGHT (OR GRAMMAGE). 43

FIGURE 27: THE DEPENDENCE OF SKIN DEPTH ON FREQUEKNEOR CARBON MATERIALS. 44
FIGURE 28: A FRACTURED METAL COATED CARBON FIBRE FHE CARBON FIBRE CORE AND

NICKEL COATING CAN BE CLEARLY SEEN. 46
FIGURE 29: THE EFFECT OF METAL COATING WEIGHTS ONHE NUMBERS OF FIBRES, IN A
GIVEN a7

FIGURE 30: NEGATIVE IMAGES OF 23% AND 83% NICKEL G&TED VEIL. ALTHOUGH NOT
EASY TO PERCEIVE, THE 83% NICKEL COATED VEIL ON THRIGHT IS MORE POROUS.47
FIGURE 31: THE FORMATION QUALITY OF 34GSM NICC AT ARIOUS METAL COATING

LEVELS. 48
FIGURE 32: THE GRAPH SHOWS HOW THE SURFACE RESISTTY CHANGES FOR DIFFERENT
AMOUNTS OF NICKEL COATING ON THE CARBON FIBRE. 49
FIGURE 33: THE SE OF 23% NICKEL COATED CARBON FIBBEAT A RANGE OF BASIS
WEIGHTS. 50
FIGURE 34: THE SE OF 40% NICKEL COATED CARBON FIBBEAT A RANGE OF BASIS
WEIGHTS. 50
FIGURE 35: THE SE OF 60% NICKEL COATED CARBON FIBBEAT A RANGE OF BASIS
WEIGHTS. 51
FIGURE 36: THE SE OF 83% NICKEL COATED CARBON FIBRBEAT A RANGE OF BASIS
WEIGHTS. 51

FIGURE 37: POTENTIAL SE MECHANISMS AND THEIR CONTBUTION TO THE TOTAL SE 53

FIGURE 38: THE FORMATION QUALITY OF THE 34GSM NICBT A RANGE OF FIBRE
LENGTHS. 56

FIGURE 39: THE SURFACE RESISTIVITY OF 6, 12, 15 ANIBMM FIBRES AT A RANGE OF BASIS
WEIGHTS. THE 4GSM 6MM MATERIAL COULD NOT BE MANUFACURED DUE A LACK

OF TENSILE. 57
FIGURE 40: THE SE OF 6MM, 10 — 100 GSM NICC 58
FIGURE 41: THE SE OF 12MM, 4 — 100 GSM NICC. 58
FIGURE 42: THE SE OF 15MM, 4 — 100 GSM NICC. 59
FIGURE 43: THE SE OF 18MM, 4 — 100 GSM NICC 59

5



Andrew N Austin Edinburgh Napier University

FIGURE 44: THE DECREASE IN SURFACE RESISTIVITY WITHICREASING BASIS WEIGHT 61

FIGURE 45: THE SE OF CUNI COATED CARBON FIBRE AT \RFAOUS BASIS WEIGHT. 62
FIGURE 46: THE DEPENDENCE OF SKIN DEPTH ON FREQUEKEOR COPPER COATED
MATERIALS. 63
FIGURE 47: SILVER PARTICLES ENCAPSULATED BY THE NOMOVEN STRUCTURE
(MAGNIFICATION X250) 64
FIGURE 48: AN EXAMPLE OF A SE RESPONSE PLOT BASEMNOHE VARIABLES GRAMMAGE,
METAL PARTICLE LOADING AND BINDER. 66

FIGURE 49: THE RESPONSE SURFACE PLOTS THE COPPERZALLOY PARTICULATES. THE
GRAPHS WERE PRODUCED USING STATGRAPHICS AND ‘DESIGN EXPERIMENT’

METHODOLOGY. 67
FIGURE 50: THE SE RESPONSE SURFACES FOR ALUMINIUMMADED VEILS. 68
FIGURE 51: THE SE RESPONSE FOR IRON LOADED VEILS. 69
FIGURE 52: OPTIMISED SE RESPONSE FOR SILVER LOADEBILS. 70
FIGURE 53: OPTIMISED SE RESPONSE FOR STAINLESS STEBADED VEILS. 71
FIGURE 54: THE OPTIMISED SE VALUES THAT EACH METARDDITION (ONCE OPTIMISED)

BRINGS. 72
FIGURE 55: ADVANCED TRL CALIBRATIONS CAN BE USED TGREMOVE THE MISMATCH

RIPPLE (PINK) AND NOISE WITHIN THE TEST SETUP 75
FIGURE 56: OPERATIONS IN MATHCAD: PLOTTING THE MECANISMS OF SE AT DIFFERENT

FREQUENCIES. 77

FIGURE 57: IN THIS SIMPLE COMSOL MODEL, A TRANSVERSELECTRIC WAVE
ILLUMINATES A MATERIAL (PLACED AT THE CENTRE OF THETEST CELL). THE MODEL
APPROXIMATES THE TYPES OF NEARFIELD BOUNDARY CONDIDNS THAT ARE

PRESENT IN NEARFIELD WAVEGUIDE TESTING. 78
FIGURE 58: THE EFFECTS OF ALIGNING THE FIBRE MATRIXHAT MAKES UP THE

NONWOVEN VEIL. 79
FIGURE 59: TYPICAL EM FIELDS EVERY DAY ITEMS (BASELDN A DISTANCE 30CM) 81
FIGURE 60: THE HANDSHEET MAKER: ALLOWING FOR THE MNUFACTURE SAMPLES IN

THE LABORATORY. 83



Andrew N Austin Edinburgh Napier University

1 Introduction

1.1 Project Aim

The aim of this study is to understand how the ipatars of a nonwoven material govern
Shielding Effectiveness (SE), in the microwave @rexacy range. There are a variety of
factors, such as fibre length, metal coating theda) caliper, porosity and more that may
have a significant effect on the SE. Complicatimg picture somewhat is the fact that

many different SE analysis methods exist, all ofchttan produce different results.

1.2 Background

Electromagnetic interference (EMI) is an ever -@aging problem due to the sheer
numbers of electronic applications that exist mhatgs world. There are many examples of
systems that encounter EMI resulting in inadeqpatéormancé These include: mobile
phones, electronic flight control systems, medezplipment, wireless networks,
automotive electronics, and many more. For thisaranany applications are housed in

shielded environments.

EMI related effects typically don’t manifest therhv&s into major problems for two main
reasons. Firstly, over the last few decades eleicti@rcuits and devices have been housed
within metallic structures, which act naturallyedsctromagnetic shields. Secondly the
typical field strengths associated with most evagyitems are relatively smaland so a

separation distance of few meters is often sufiicie minimise the effects of EMI.

However under-estimating the effects of EMI cardleacatastrophic failures as
highlighted below.

* There have been multiple incidences of EMI influaggassenger aircraft’s
operation, including vast course and pitch chanigleowt instructiof. Often when
the flight captains of such aircraft asked for pagers to check that all of their
electronic devices (e.g. mobile phones) were tuofedhe EMI related effects

stopped immediatefy

A See appendix 8.1 and Reference 15
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» Five Blackhawk helicopters crashed shortly afteirtintroduction in the 1980’s.
The causes of these crashes were all due to EMEketflight control systems and

strong radar/radio transmittérs

» Early Harrier aircraft suffered catastrophic prabsewhen landing vertically
onboard aircraft carrietsCases of EMI radiating from the carriers radar
equipment, and nearby sea vessels, triggeredrtrafés emergency ejector seat,

killing the pilot.

* Trans World Airlines flight 800 exploded mid aillkig all 230 people on board.
No direct evidence as to why this disaster occuwasl retrieved; however EMI

and HIRF is believed to play a réle

More recently EMI has also been shown to cause wlioget health issues associated with
people living near strong emitters (such as mqatthiene signal boosters and overhead
power lines). There is no doubt amongst scientiistshigh intensity electromagnetic

radiation emitted by phone masts can cause candegenetic damage

In addition to this, cases of the extremely lowgfrency (ELF) radiation associated with
overhead power lines have recently been re-catsgbas “Possibly carcinogenic to

humans” by the International Agency for ResearciCancer (IARC).

1.3 Electromagnetic interference and composite stru ctures

Many composite structures (from car wing mirrordNesa’s space shuttles) are replacing
traditional metallic structures in an effort to saveight. However this upgrade alone is
not without penalty, often manifesting itself iretblectrical properties of the structure.
The conductive properties of composite materiadstygpically very poor compared to pure
metals. This loss in conductivity often compromites composite, especially when

dealing with electromagnetic fields.

To compensate for this, a variety of highly condeetilms, meshes and coatings have

been developed to finish composite parts and ktbestelectronic performance. The

8
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overall result is a composite structure that ndy @much lighter than the original metal
structure, but also just as conductive, allowirgntito meet all of the application
requirements (such as Electromagnetic Shielding) .

The nonwoven veils discussed in this report fibithitis category of composite enhancing

products.

1.4 Carbon fibre nonwoven materials

A nonwoven material can be defined as a web oésibvhich has been bound together to
form a porous she®tTraditionally, nonwovens have been synonymouk veiktile and
fabric based materials. However in more recentsicabon fibre, and metal coated
carbon fibre nonwoven materials have been deve|agégting highly conductive,
lightweight finishes. The figure below shows exaagpbf woven and nonwoven carbon

fibre materials. Nonwoven materials will be covenednore detail in section 3.2.

'\\ -,"

»"

Figure 1: A comparison of woven(left) and nonwoven materialgright). Nonwoven materials tend to

be bound more by a polymeric compound rather than etanglement.

Nonwoven carbon fibre materials find applicationgreas such as; Fuel cells, Lithium ion
batteries, Wing de-icer elements, EM Shielding, @osite lightning strike protection and

Radar signature management.
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2 Literature Review

This literature review will discuss the current argtanding in relation to four main areas.

The four areas will follow a logical order, showeldow:

The The interaction Ways to Materials in thi
electromagnetic » of waves with »  quantify this aentagm IS
wave materials interaction study

—l —l —l
EM waves and EM shielding theory Test methods Nonwoven
fundamentals Materials

Figure 2: An overview of the literature review’s catent.

2.1 Electromagnetic waves

2.1.1 Fundamental principles

There are many examples of electromagnetic wawes &silight, micro-waves, radio-
waves, X-rays and many more. Such waves can beldsigd into an electromagnetic

spectrum (figure 1), of many different wavelengths.

10
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- Increasing energy

Increasing wavelength g

0.0001 nm 0.01 nm 10nm 1000 nm 001 cm 1 em 1 m 100 m
! 1 L 1 1 1

Gamma rays Krays Ultra- Infrared Radio waves

violet

Radar TV FM AM
Visible |Eg|'1f

400 nm 500 nm 500 nm 700 nm

Figure 3: The Electromagnetic Spectrun’.

Electromagnetic waves are transverse and consigtoofundamental components — an
electric vector and a magnetic vector. One compicemot exist without the other.
These two oscillating vectors are always genernpéedendicular to one another and to the

direction of wave propagation as represented below.

Figure 4: A Transverse Electromagnetic wav.

Electromagnetic waves are generated when a chargeaf electron) undergoes non-zero
acceleration. During this acceleration the movihgrge radiates an oscillating magnetic

field, which in turn generates an oscillating alectield.

11
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This concept can be difficult to visualise but & wonsider the opposite process in which
an electromagnetic wave strikes an atom, it catisevibrate and undergo acceleration. It
therefore makes sense that if we were to reversettie opposite would be true (due to
the time symmetry), and an Electromagnetic wavelavba generated.

The electric and magnetic field components are leauffigure 4) and propagate at the
speed ¢ (c = 3.00 x 1@n/s) in a vacuum. The speed of propagation istiiwably linked
to frequency and wavelength by the relationship:

c=fA Where: f = frequencyand A = wavelength

And to reiterate:

1. An oscillating electric field generates an oscillating magnetic field

2. An oscillating magnetic field generates an oscillating electric field

A mathematical solution to this waveform can beregped as:

E= RE, codk,z- at) for the electric component.
H = yH, cosk,z— at) for the magnetic component.
2n
Where: k = R =The wave number

E, = Amplitude of the electric field
H ,=Amplitude of the magnetic field

a = 27f = Angular frequency

As is known, both the electric and magnetic fieddsillate in a sinusoidal manner an

expression for the relative magnitude between theseeomponents can be derived as the

ratio'%_| . This ratio is better known as the wave impedani¢ohms).

12
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2.1.2 Electromagnetic energy

All of the energy within an Electromagnetic (EM)weais contained within the two
electric and magnetic field components and asudtre® can define the energy density

using them:

The energy density in an electric field () is

U,==¢E? Where: E = Magnitude of Electric Field

&, = Permittivity of a Vacuum

The energy density in a magnetic field,() is

2
U, = %H— Where: H =Magnitude of Magnetic Field
Ho

MU, =Permeability of a Vacuum

Therefore the total electromagnetic energy dermsitybe expressed as

U=U_,+U,
2
U :EgOEZ +1H_
2 2 14

And as the known the energy associated with eabthis equal:
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2.1.3 Wave Propagation through a medium

The propagation of electromagnetic waves throughnaedium is governed by two

parameters — the characteristic impedagcand the propagation constant
z, in free space is 377 ohms, however if the wav@ggation was contained in a coaxial

line cable (as is the case in later testirg)is 50 ohms.

The propagation constant governs the wavelengttitendttenuation of the wave moving

through a medium. It is defined as:

y=a+|p Whereag = attenuation constant

[ = phase constant.
E U
= opf NErFr

Hence we can defing and S5 as:

1
gn 2 g,, 2 E
a = w UE' 1+(—,j -1 LB = e 1+(—,j +1
£

Wheres' = real permittivity

£" = imaginary permittivity

0_ £"
Tand=— ==
WE &

. £
Consider — =

-
g e’
For low loss (low conductivity) media = 0,a =0, and thery = |£.

14
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Hence we can set the following conditions:

—(1 Low-loss dielectric (low conductivity) material
£

5—,>>1 Lossy (highly conductivity) material
£

2.1.4 Near and Far fields

When does the near field become the far field?
As an electromagnetic wave travels away from itgs® different behaviours dominate at
different distances. Three separate boundariebeatefined: the near field (Fresnel), the

far field (Fraunhofer) and the transition regioas shown in figure 5).

Radiating far-field
region

Radiating near-field:
region |

Fresne
region

Reactive near-field
region

Transition

Antenna

Fraunhofer
region

Figure 5: A waves behaviour as a function of distaze from the source, can be defined by three

different regions'?.

The Near Field

The near field region is split into ‘reactive’ amddiating’ regions. Within this near field

zone all polarisation types may exist (i.e. vettibarizontal and circular).

15
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At the (extremely close) ‘reactive nearfield zotie relationship between E and H field is
very complex to predict and either E or H field ntmyminate. Therefore to calculate the
power density at this point, separate measurenoéiisand H are required, as well as an
additional phase relationship measurement betweetwo. This ‘reactive’ zone also has
unknown amounts of energy stored close to the aatsrsurface which can lead to error

in measurements. This is because the energy Ipxedicted by standard calculations (i.e
the inverse square law) aren’t applicable at tlusecdistance and so energy levels can rise

more quickly than anticipated.

The remaining radiative zone contains no reactoragonents; however the relationship

3 05
between E and H remains complex. The radiative pooars at a distamﬂﬁz(%j .

The Transition Zone

The transition zone represents the distance bettheemear and far field and has
characteristics of both. It is usually recommentted both E and H fields are measured in

order to obtain a good approximation of the elentagnetic wave.
The Far Field
As the wave propagates further from its sourcemisedance Z becomes a constant value

of 377 ohms and the wave front can be accuratgdyosmated as planar. The wave can

be characterised by a single polarisation typeacadrthorizontal or circular.

2
This far field point occurs at a distance approx'e:’r)aftz/‘L from the signal source, where

‘D’ represents the largest radiating dimensionhaf antenna.

Beyond this far field transition point the wavependence remains at 377 ohms and does

not change unless the wave interacts with a boyrafatifferent impedance.

16
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2.2 Shielding Effectiveness theory

The traditional methods for preventing the emissind/or reception of EM waves involve
a range of strategies: from destructive interfeesiechnique’s to advanced material
structures (such as radar absorbent materials (R&M)EMI based faraday cages).

Background
Shielding Effectiveness refers to a materials abibtattenuate an initial EM signal and is

measured in decibels (dB). Decibels are not a dineit (such as Watts, Joules, Volts etc),

but are used as they describe the ratio of onasitiemeasurement to another.

wn
AL
[

Shielding Effectiveness (E-field)
Strength of Incident wave (V/m)

SE,(dB) = 20Iog% E,
i Er = Strength of Transmitted wave (V/m)

By replacingg, , E; withB,, B the corresponding magnetic field can be calculated

Due to the logarithmic nature of the dB scale important to realise that 20dB does not
represent twice the Shielding Effectiveness as 10 dB

Shielding Effectivenes:  Signal attenuation

(dB) (%)
10 90
20 99
30 99.9
40 99.99

Table 1: The relationship between SE and signal athuation (as a function of power). 40 dB us
equivalent to 99.99% of the signal power attenuatio.

Therefore 40 dB represents a common threshold wghrds to many application

standards.

17
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For the majority of this report positive valuesSE will be used to represent higher levels ofldhig.
However in other texts and areas of this reportateg notation is also used due to predefined sofw

definitions.

The SE parameter can also be defined as the rapiovedr received at the load with and

without the test specimen in place, as shown below:

SEleIog&
P

S

Where PR, is the power received at the load without the sper, andP, is the power

received at the load with the specimen. As hasdyrdeen defined, SE can be better

understood by considering each mechanism in tern.

18
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2.2.1 Current parameter and test method understanding

The following equations assume that the shieldingena is both smooth, homogenous
and a perfect conductor. This starting point wi\ygde an equation, which can be later

modified to accommodate nonwoven veil charactesstore accurately.
A materials plane will always reflect or absorb émergy from an EM wave. The degree

of reflection and/or absorption can be expressdti@Shielding EffectivenesSE)and is
illustrated in figure 6.

SE = reflection(R) + absorption(A) + Internal reflection(IR)

Incident Field

Figure 6: Shielding Effectiveness and the three maanisms — reflection, absorption and internal
reflection”.
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2.2.2 Reflection

If the mismatch between the impedance of the artha impedance of the shielding

materialis large then the greater the shielding by reflection.

R= 20Iog(ij Where:  Z,, = Impedance of air

material

Z = Impedance of the shielding material

Material

For highly conductive materials Z can be expressed

Z = | o = Conductiviy

Material
g

a =27t Where f = frequency
M = Magnetic Permeability

However for materials that exhibit low levels ohductivity the impedance must be

expressed as:

Z =

Material

& = Electric permittivity

Typically electric fields are high in impedance,igiresults in a mismatch with a low
impedance (or high conductance) shield. Therefayke levels of reflected attenuation

would be seen.

Magnetic fields are low impedance, which matchesstiielding material.

Therefore limited reflected attenuation would bensee
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2.2.3 Absorption

Absorption(A) occurs as the EM field attempts to pass througlshiedding material and
is dependant on the

1.Electrical conductivity of the shielding material

2.Magnetic permeability of the shielding material

The resulting attenuation is exponential and quiaatiby skin deptid .)Skin depth is

defined as the distance an EM wave travels intaeddshntil only 37% of its original

power remains.

D

A=20loge®

Where: 0= i
\/ Tfuo

D = Thickness of shield

Absorption is the dominant mechanism of shieldirigew electrical conductivity and
magnetic permeability of the shield are high.

2.2.4 Total Shielding Effectiveness

Substituting the expressions®fand Ainto the below expression:

SE = reflectionR) + absorptior{A) + Internal reflection (IR)

We find:

SE= 20Iog(i) +20loge™” + 20Iog‘1— e—zo/a‘

Material

The first term describes the reflection loss, theosd term the absorption loss and the

final term any internal reflection loss. Internaflections occur when an EM wave
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penetrates into the bulk of a material and is tieeradiated/scattered by internal structures

within the shield, as illustrated in figure 7.

EM shield

Internal reflections

4#

Figure 7: A demonstration of the shielding mechani® Internal Reflection. The vertical lines within

the shield represent idealised internal structuresn which the incident EM wave can interact.

It is important to realise that the internal refien loss term need only be considered when

the distanc® is large compared to the skin de@th

22



Andrew N Austin Edinburgh Napier University

2.3 A review of Shielding Effectiveness Test method s

Current test method standards

The theory above is well accepted and understoodieider problems often arise putting
this theory into practise. Design of a valid SEe@xpent is difficult because there are
many external factors that contribute to the resithined: sample size, sample shape, the

geometry of the test setup, and the source of ENatian.

Further to this many of the established, legitidisgasurement standards have
limitations, which have lead to unrestrained madifions and practises. For these reasons

no industry wide test consensus exists.

Despite the lack of a unified test method, manystmdards and regulations have been
written. They often specify particular test methéatsdifferent EMI related products e.g.
conductive gaskets, paints, coatings, films, ptastind enclosures. Some of these can be

seen below:

Enclosures and planar materials

— MIL-STD 285 — Shelters Withdrawn

— ASTM E1851 — Shelters (duplicates MIL-STD 285)
— |EEE STD 299 — Shelters (replaced MIL-STD 285)
— ASTM D 4935 - Planar Materials/¥ithdrawn

— Reverberation Chamber Tests, TEM Cells

— NSA 65-6, 73-2A, 94-106 — Tempest Shelters

— SCTE 48-1-2006 — GTEM Cell Tests

— EN50147-1 — Anechoic Chambers

— IEC 61000-5-7 - Enclosures

— VG 95373 Part 15 — Small Enclosures

Gaskets

— |IEEE STD 1302 — Guide to EMI Gasket Test Methods
— SAE ARP 1705 — EMI Gasket Transfer Impedance

— SAE ARP 1173 — EMI Gasket Radiated Field
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— MIL-DTL 83528 — Conductive Elastomer EMI Gasket Raed Field and DC Volume

Resistivity

As gasket based shielding technology is less rateeathe current development area, this

report will focus on enclosure and planar typetest method.

2.3.1 MIL-STD-285 & IEEE 299-1991/2005

The most well known shielding standard is MIL-STB52ntroduced in 1956. It describes
a radiated field test in which the signal sourcel@sed outside an enclosure and the
receiving device is located inside. The latestieersf this standard covers frequencies
from 100 KHz - 10 GHz and can be see in figure @ &n

When testing a material for its shielding propestieis important to design an experiment
that mimics the application as closely as posshbde.instance designing a material to
exclude incoming RF waves (i.e maximum reflectioss), the transmit antenna should

always be placed outside the enclosure.

Shislding enclosure

Figure 8: An adaptation of the MIL-STD-285 method. This setup would be used for enclosures
designed to exclude RF emission from external sowes”.

However when trying to design an enclosure fordtwgtainment of RF waves, maximum
absorbance loss is desired (to prevent self inmtae). Then the transmitting and
receiving antenna should be swapped, such thatahsmitting antenna is inside the

enclosure — mimicking the application.
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Figure 9: (Left) The MIL STD-285 method: The transmitting horn and material under test are seen.
(Right) The image shows the shielded room in which the whetest setup is within. The walls are clad
in a copper alloy lining and EMI gaskets have beeapplied to the door to prevent any external
interference from affecting the results.

This standard was later replaced by IEEE STD 298t 48hich extended the frequency
range to 50 Hz — 100GHz. IEEE STD 299 — 2005 maesupdated the 1991 standard by
providing values of uncertainty within EM measurese Despite these adaptations, the

latest standard is still regarded as a derivatiweeoriginal concept.
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2.3.2 ASTM D4935 (Near field)

The American Society for Testing and Materials (MyThas developed several SE
standards. In 1989, ASTM developed D4935, whictbkstbthe SE of planar materials to
be determined over 30 MHz to 1.5 GHz. This wassewiin 1999 to include the scope of
applications that the method can be applied tahieudetails of the ASTM method can be

seen in figure 10.

Electromagnetic waves are generated by the netammakyser and transmitted across the
flanged coaxial waveguide. Test samples are plaetdeen the waveguides and the

shielding effectiveness can then be then inferred.

Network Analyser

Q
Reference specimen o

g——
Load specimen

Flanged coaxial waveguide

Figure 10: A schematic diagram detailing the ASTM @935 test method. The images on the right

shows the flanged coaxial waveguides split into twaeces.

However in 2005 the committee ASTM D09.12 withdiéw standard as they lacked the
technical expertise to maintain it. There are alsacerns regarding reflections and
grounding of the materials under test, which cde&dl to inaccuracies.

The information within this standard is still wiglelsed to determine the SE of planar

materials.
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2.3.3 Waveguide Transmission Line (as used in this study)

This method is based on the same theory as the ABZ985 standard above. The
method replaces the large coaxial waveguidégure 10(right) with rectangular
waveguide horns. The waveguides are connectediétwaork analyser via a 50 ohm
coaxial cable. They are then connected at thaietlges allowing for a measurement
range between 1 — 100 GHz (provided different waidss are possible).

Port Port .
S Rohde& schwarz  |g- Coaxial
Specimen
Wave_gwde Waveguide
transition (b) S=
transition (a)

Figure 11: A simple schematic of the near field tésnethod; photographs portray the network

analyser and coaxial cables.

Further details of this test setup will be providedhe experimental aspect of this report
(chapter 4). The test method is relatively effitienperform (compared for example to

stirred mode chamber testing) and allows S-parandeta to be obtained quickly.

The main difficulties with this type of test setage:

» Alignment of the waveguide-sample-waveguide intfes crucial, but difficult to
obtain, particularly if precision waveguide dowatge not fitted.

» Electrically thin samples may only be tested asait®uracy of the test setup falls
dramatically when the waveguides are separatedpgignificant distancg.

* Any reflections from the sample, can generate adétg wave leading to resonant

effects and unwanted noise in the results

® Design of a valid test cell can allow for thicleamples (even liquids) to be tested.
€ Advanced ‘TRL’ calibration methods help this efféat do not entirely remove it.
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* Any air gaps between the sample and the waveguadls will ‘dilute’ any

measurements of the sample permittivity.

2.3.4 Far field testing (Redheffer)

The free space, far field equivalent of this testhmod is still being developed at Napier
University. The concept makes use of a pair of spgiocusing horn lens antennas, mode
transitions, coaxial cables and a Network analg@geishown in figure 12).

Metwork Analyser

'\—\_:—"'_'-'_'_'—\_

Sample under test

Receiving ) ( ( Transm.ittirllg
spot focusing spot focusing
antenna antenna
Figure 12: A simple schematic of the ‘Redheffer’ fafield test setup.
The main errors associated with this type of tegisinvolve
)] ‘Diffraction effects’ around the edge of the sample
i) Multiple reflections between the lens antenna aodertransitions

However a plano-convex focusing lens can be usedronise the diffraction effects
from the sample and its surroundings and, time dogaing (a feature of the network
analyser) can be used to correct for reflectiveteamasmissive errors arising from multiple

reflections.
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Through, Reflect and Line (TRL) calibrations casaabe used to remove multiple

reflections effectively.

2.3.5 Stirred Mode Reverberation Chambers (SMRC)

An SMRC is a shielded room in which an EM fieldyenerated and stirred using a
metallic paddle. The paddle is designed to varybthendary conditions of the chamber

and hence create the entire mode conditions presargtatistically uniform field.

Stirred mode chambers replaced the more commoely sisielding methods such as the
MIL-STD-285 (which often suffer from repeatabiliynd precision).

Metallic stirring

Shielded enclosure addle
; p
Monopole
B Antenna
(Object
Ground Plane | jrundertesy

Transmitting

Antenna Monopole

Antenna
(reference)

Figure 13: A schematic of an SMRC.

Mechanical stirring of the field modes can be repthby frequency stirring. This involves
either sweeping the source over a particular baditivar frequency modulating the signal
that is projected into the chamber. Distinct fretyepeaks are created that are replicated
within the ‘object under test’. The shielding prapes of the object under test can then be

deduced by measuring the reduction in amplitudbese peaks.
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To ensure that the field within the chamber is ewlaniform, there must be at least 60
modes present. To achieve this, the quality fastdhe chamber must be high. A longer
wavelength (or smaller chamber) results in a dese@guality factor. This derives a low
frequency condition — below which quasi-staticdgehre created. Such conditions create
non-uniform field strengths at different points it the chamber, making testing less

accurate.

Typical testing frequencies are 10 kHz — 100 GHe @isadvantages to SMRC methods
are associated with the processing times it takesalyse a particular sample. Depending

on the sample bandwidth, testing of a single specinan last from an hour up to a day.

2.3.6 Quasi-optical free space focused Gaussian beam method

Rather than to try and correct for the errors dased with the Redheffer far field setup,
this method removes them altogether. This is a€uidwy changing the geometry of the

test setup and by generating EM waves from coragghorns, with a Gaussian profile.

Gaussian beams are advantageous as they are:

* Fully calculable along their length.
e Can be focussed by concave mirrors.
* The outer regions of the propagating ray decaysmaqtially into negligible

amplitudes.

These features effectively remove the diffractioobtems often encounted in free space

shielding measurements.

The geometry of this quasi-optical method can lee felow.
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Reflective Aluminium reflectors. Corrugated horn
. Twx .

Reflector to sample distance must generating a

be controlled for each frequency R‘“ Gaussian profile

tested

p

— | IHH)

Wave front made
— planar after
Rxx reflection

Figure 14: A schematic of an alternative free spacmeasurement using thequasi-optical free space

focused Gaussian beam method’

As the testing frequency increases, the focusintgefGaussian beam can be achieved to
higher levels. Further to the geometric changesveang profile — time domain gating can
also be used to improve the accuracy of this setup.

The main disadvantages of this type of setup irezolv
» Tight tolerances on the geometrical setup and r@idn of the horns, mirrors and
sample.

* The large physical dimensions of the test setupnniea the samples sizes also

need to be much bigger, compared to waveguide igpobs.
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2.4 Nonwovens and similar materials

The nonwoven veil has a diverse range of paramatieo$ which will impact on its ability

to shield EM waves. These parameters include;

Fibre length Thickness (Caliper)

Fibre orientation Formation quality

Metal coating thickness Fibre diameter

Coating type Binder systems

Density Particulate addition

Table 2: A listing of the parameters thought to infuence the electrical properties of the nonwoven e

It would be ambitious to try and quantify all oke factors within the timescales of this
report. Therefore this report will focus on; Filkeagth, Metal coating thickness, Metal

coating type, and Formation quality.

The stochastic matrix structure of the veil (figaf® makes parameterisation challenging
and often couples parameters together (for exawgilgolarisation via fibre alignment

often impacts on the veils thickness and density.

1

2.00mmQ 29g_R1_Std 25.0kV 15.1mm x250 SE(M)

Figure 15: A matrix web of fibres forming a carbonfibre nonwoven veil.
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3 Experimental

The previous section discussed a range of SEaagisthat are used throughout the
microwave industry. This section concentrates enprticular test setup used in this
study.

3.1 Introduction

In order to generate a broad range of resultsriatyaf techniques were used including:
» Shielding Effectiveness measurements
* Resistivity testing (DC)
e Thickness and basis weight determination
» Scanning Electron Microscopy (SEM)
« Energy-dispersive X-ray spectroscopy (EDS)

These analysis methods will now be discussed irerdetalil.

All of the materials discussed and analysed irfahewing sections were coated at
Electro-Fiber Technologies (EFT) and manufacturéd veils at Technical Fibre Products
(TFP). Some studies took more than one trial topdeta, in which cases dispersion
characteristics and machine settings were kepgdhee. This ensured consistent

processing conditions which made for confident gsial

3.2 SE test Method

A Rohde & Schwarz network analyzer (ZVA40) was usefdrobe the scattering (S)
parameters associated with the reflection, absor@nd transmission of EM waves by
different shielding media. These parameters weee ts obtain the total amount of
shielding attenuation provided at 4 main frequeraryges 2.6 — 3.95GHz (S-band), 8.2 —
12.4GHz (X-band), 15 — 22 GHz (K-band) and 25 — A2@Q-band).
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Figure 16: An image of the Rohde and Schwarz NetwkrAnalyser.

Port Port .
S1 Rohdes schwarz  |g. Coaxial
ZVAO0 ] cable
Specimen
paveguide Waveguide

transition (b) transition (a)

Figure 17: A simple circuit diagram of the test saip.

To carry out a measurement of SE, the specimarstsseécured between the two
waveguide transitions. A signal is then generatedhfport ‘S2’, which propagates
through the coaxial cable, waveguide transitiords gpecimen and arrives at port ‘S1’ a
short time later.

As the propagating wave meets the material undgrttee wave is reflected, absorbed or
transmitted. The extent to which each interacti@cinanism contributes to the total SE
loss is dependant on the material properties o$fleeimen such as conductivity,

permeability, permittivity, thickness etc. Reflegtimeasurements can be characterised by
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selecting the network analyser to read ‘S11’ or2’§fort data. Similarly transmission
measurements are achieved by selecting ports ‘@2%12’.

The network analyser was setup to generate a hagder transmission line using the

dominantTE, mode. This differs from standard transverse EMdidue to the fact that at

least one significant field component is alignethvihe direction of propagation.
Rectangular wave guide flanges were used to aclinese

TN
LR

[ TH NI | SUTE N | ST B < | P B L L R |

Figure 18:(Left) X-band waveguide transition (Right) S-band waveguide transition.

The samples to be tested were cut to the relevameguide size, such that their
dimensions exceeded the waveguide aperture sitms.be

a)
34mm
d)
5 Sm%
C_1
72mm
13mm
b)
tommg ] 9 asmm
Ezanﬁ Y.ﬁm

Figure 19. The physical dimensions of the aperturef each wave guide used.
a) S-band waveguide aperture (WG10)
b) X-band waveguide aperture (WG 16)
¢) Q-band waveguide aperture (WG22)
d) K-band waveguide aperture (WG 19).
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3.3 Network Analyser Calibration

The Network Analyser allows for a wide range oiflmation methods for different types

of measurement.

The method used in this experiment was a simpletigh’ calibration. This allowed
normalisation of the setup, which compensatesréauency dependant attenuation and

phase shifts in the signal path.

A more advanced TRL (Through, Reflect, Line) cation method was identified which
helped remove some of the signal noise recordéukimesults. Future work will

incorporate this more advanced calibration method.

For a guide to the calibration method please sperajfix 7.2.

3.4 Sample preparation method

A specimen from each sample was first cut to threecb size, depending on the frequency
band to be tested. For repeatable results thatl tmibveraged, 3 specimens of each

sample were cut in the Machine direction (MD) &ssdalirectiof (CD).

This must be repeated for each frequency band.

MD CD
Q-band = 7.11mm x 3.55mm x3 x3
X-band = 23mm x 10mm x3 x3
K-band = 5.8mm x 13mm x3 x3
S-band = 72mm x 34mm X3 x3

These are the dimensions of the waveguide apeataaié The sample templates
seen irfigure 18 are slightly bigger than these sizes to enable eds¢éignment
Also for square specimens, only one direction tifrayiis needed, as the sample

can be rotated 90 degrees to simulate either M@ Drdirections.

P The Machine direction (MD) refers to the directiorwhich the material was manufactured. 90 degrees
this is the Cross direction (CD). Naturally theréib tend to align themselves (slightly) in the MD.
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1. Each sample is placed between the waveguides, vahecheld together using
the Vice at ‘hand tight’ pressure. Make sure thatgample is aligned perfectly

with the waveguide.

2. Then navigate to ‘File= 'Trace Data= 'Export Data’. Name the data
appropriately (i.e. specify the grammage, matefiajuency band and whether

the measurement was MD or CD) and store it ass&’ ‘fde.

It important to ensure that the power band averaget to 1 kHz. This sets the
sampling frequency to 200 measurements per sampieeorded.

3. This should be repeated 3 times in the MD directiod 3 times in the CD
direction before moving onto the next sample ogdiency range.

4. To recall the data, open the Excel ‘.csv’ file. Tdata will be separated by a

comma ¢sv = comma separated value). See appendix 8.3 fiibreiudetails.

A) Select column ‘A’ of the spreadsheet so that altalues are highlighted.
The click on the ‘Data’ tab at the top of the Exspteadsheet
= Text to column
B) = Select ‘delimited’ and then ‘next’
C) = In the ‘delimiters’ section then check the senacobox.
D) = Then click finish.

The data should now be presented ing@parate columns.
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3.5 Surface resistance (DC) method

1k weight

l l E/Sg)meter

Nonwoven material
under test under test

Figure 20: A sketch and photograph of the surfaceasistance test method used.

As all of the materials are thin (typically ~ 20@cnons), an assumption has been made

that surface resistivity results can be used torapipnate the bulk resistivity.

This two wire test method is first calibrated sticht any resistance in the cables is

corrected for. A sample of the nonwoven to be teiste¢hen cut to 16nT and placed
underneath the probe. A 1kg weightis placed ohtbe probe to provide a consistent

pressure whilst a recording of the resistancekisria

To check for sample anisotropy the sample is thieamtated through 90 degrees and a
further measurement taken. Additionally the bottide of the test sample is also
characterised to check for any polar manufactudigigcts. A minimum of 5 samples were
characterised and the results averaged in ordaotode repeatability and standard

deviation.

An example of surface resistivity results is showsection 4.2.
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3.6 Scanning Electron Microscope (SEM) methods

Scanning electron micrographs

In various parts of this report electron microgmplhthe nonwoven materials have been
generated in order to gain a better understanditigeacnonwoven’s fine structure. This
technique was particularly useful when analysirgydtstribution of particles within a
nonwoven structure (as section 4.5 Other qualitative factors such as the average

number of fibre to fibre (node) contacts could discestablished.

10urm Electron Image 1 Burn Electron Image 1

Figure 21: (eft) A scanning electron micrograph of a damaged carbofibre

(right) A scanning electron micrograph of a copper coatedarbon fibre

Energy-dispersive X-ray spectroscopy (EDS)

As a more guantitative method (c.f micrographs @/pEDS enables detailed elemental
analysis and mapping of the nonwoven structures @halysis method was important as it

proved whether or not nonwovens were free fromamiriation, oxidation and reaction.

- _ || L
0 1 2 3 4 5 ] T E 9 10 1 o 1 2 3
Full Scale 674 cts Cursor: 0.000 kew| | Full Scale 970 cts Cursor: 0.000 ke

Figure 22: (Top left) EDS X-Ray mapping of carbon in figure 18 (eft).
(Top right) EDS X-Ray mapping of copper figure 18right) .
(Bottom left) EDS X-Ray elemental analysis of carbon fibre

(Bottom right) EDS X-Ray elemental analysis of a copper coatedrban fibre
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3.7 Optical scanning analysis methods

HP Scanner TWAIN 3800 — Image Analysis

The manufacture of any product always has a degjreariability, and the same rule
applies for the nonwoven materials that are comed this study. The main contributing
factor to this variability is the formation quality the fibres. A ‘poorly’ formed material
typically has much lower performance parameterspaoed to a material that has been
formed ‘correctly’. A ‘poorly formed material’ isne with an uneven distribution of fibres
and fibrous clumps across its area. A ‘correctlyrfed material’ has a much more even

distribution and is does not contain any fibre ghsm

Any variability is minimised by keeping the mach®cessing conditions exactly the
same. However due to the stochastic nature of #reufacturing process, some sample
variability will always be present, and an analysishis is required before any cross
comparisons between sample sets are made. Omaratiag analysis was the method
chosen to do this.

The formation of a sample is analysed by retriexdrggh resolution image of the desired
sample. The scanners slide input function (Traresgaviedia adapter [TMA]) is activated
so that the analysed image represents a meastire samples true formation and not just
a surface image scan. The image is then scanredrayscale and pixelated. The
pixilation generates a spectrum of different gregdes that can be averaged to represent

an area of the image (as below).

Figure 23: Grey shades are generated based on theaaned characteristics of a nonwoven sample.

This allows the formation quality of the nonwoven ¢ be analysed quantitatively.
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This image is then filtered using a posterisatimtpss - decreasing the amount of grey
shades and simplifying the data to be analyseds#dram is then used to plot the

percentage of pixels that exist against of a aedeey shade (defined by a number).
Once plotted a graph similar to the examples shioviigure 24 can be generated.

An interpretation of the likely graph formation®aiso defined in each histogram. A
sharper Gaussian peak represents a better fornwdtidoe as a smaller range of grey
scales is evident. This peak shifts to the lefteavier basis weight material as darker

grey scale values are present due to the reductimansmitted light at the scanning stage.

Poorer formation | Better formation
g g
E . m”m )
. ..
Value Value
| Lower basis weight Higher basis weight
A L
a ﬂJ
e e [“llu ! ..||||| ““Il...v_m I
Value Value

Figure 24: The interpretation of different trends that are obtained for samples with different
formation properties and characteristics.

By ensuring that the formation quality of differesatmples is similar — one can confidently

make comparisons based on intrinsic material @iffees rather than those that are based
on variability.
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4 Results and Discussion

4.1 Effects of changing the basis weight

The main aim of this experiment was to understaw the basis weight of a carbon fibre

veil influenced the total transmission loss (S21d hence generate SE data.

4.1.1 Introduction

The carbon fibre veil is the simplest material edesed in this report as there is the least
amount of variables or components that may skeimpact on the resultherefore it is
the best candidate to test the hypothesis: how 8&egry with basis weight?

8 r_z]icrons

Figure 25: An SEM image of single fibre used constict the matrix that makes up the carbon fibre

nonwoven veil.

The specific grade of carbon fibre used is Polyaciyrile (PAN) which is formed by
extruding and processing an acrylonitrile-basegmpel. This is the same variety of
carbon used in this study. At later points withe teport (sections 4.2 onwards), PAN
carbon forms the core fibre which is then coated variety of metals.
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4.1.2 Results and discussion

Shielding effectiveness of 12mm carbon at various grammages
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Figure 26: The Shielding Effectiveness of carbonbire nonwovens at different basis weight (or

grammage).

There is a direct relationship between the basigiw®f the material and the SE obtained.
It can be clearly seen that heavier materials dhmare effectively than lighter materials at
all frequencies. Each shielding response also dstraies frequency specific trends
resulting in higher levels of shielding at highexduencies. This effect is greater for

materials that are 34gsm and above.

Increasing the basis weight results in greaterd@Bxfo main reasons: a) The heavier basis
weights have more fibres per unit area. This resltice average pore size of the material
allowing it to approximate the surface of an unemkilm more effectively. b) The

heavier basis weights are more conductive andese ik a greater mismatch in the
reflection term of SE equation. The result is mm@féective loss and hence more overall
shielding.
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Skin depth

Skin depth is a measure of how deep electrical wcimh may take place within a
material. As an EM wave interacts with a conducthegerial, it causes an alternating

current to flow within that material. This AC cunteflow is greatest at the materials

surface and falls as a negative exponerfgdl as)one approaches the materials core.

This is not true of DC currents, as the whole cresstional area of the conductor is used
to pass current.

Although the magnetic permeability has not beensuesl experimentally, for non-
ferromagnetic materials (such as carbon fibreait be assumed that its value is equal or
close to 1 at all frequencies. Values of conduttiviere obtained, allowing for the
following graph of skin depth’s Vs frequency tojtletted.

Skin depth Vs Frequency for a Carbon Fibre
40.0

35.0 \
30.0

25.0

20.0 a4 Carbon

\ --------- Best fit
15.0

10.0 4

Skin depth (um)

=59.016x°"°
5.0 A
R?=1

0.0 T T T T T T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Frequency (GHz)

Figure 27: The dependence of Skin depth on frequendor carbon materials.
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The graph shows that for frequencies 5 - 40 GH=zkire depth lies between 25 and 9um.
These distances are comparable to the veils théskfparticularly are lower basis weights)

and so the skin effect is should be considered.

As the skin effect forces charge to the outer rsadiaces, it then makes sense to make
these surfaces as conductive as possible. By diisgthe amount of energy lost in the
material is reduced, and the amount of shieldingeffigction increases. This will be
looked at in more detail in the next part of theame.
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4.2 Effects of metal coating the carbon fibre

4.2.1 Introduction

This investigation will look at how the weight oitkel on the surface of the carbon fibre

influences surface resistivity and SE of the nonavoveil.

Cu_CC 25.0kV 15.3mm x5.00k SE(M)

Figure 28: A fractured metal coated carbon fibre -the carbon fibre core and nickel coating can be

clearly seen.

If we were considering exactly the same matrix wiififerent weights of metal then we
would expect to see that a greater coating of nvedald result in higher levels of
conductivity and therefore more shielding. Howetes experiment requires a careful
approach. The matrix structure changes in a numibeays for each metal concentration

considered.

For instance different weights of metal coatind vabult in a different number of fibres
for a specific basis weight (see below). As we miogm a heavily coated carbon fibre
network to a lighter one, to obtain the same basight, a greater number of carbon fibres

is needed (as the contribution of mass from thehoeiating has decreased).
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No of fibres
is a given Carbon Only
Volume. ) --""'/ 20% Ni wt on Carbon

-
-

/ 83% Ni wt Carbon

Basis weight

Figure 29: The effect of metal coating weights orhe numbers of fibres, in a given
Volume, for a range of basis weitgh

This means that higher metal content veils willggssmore porous structures, as seen in
figure 30.

23% wt Ni

Figure 30: Negativeimages of 23% and 83% nickel coated veil. Althoughot easy to perceive, the 83%

83% wt Ni

nickel coated veil on the right is more porous.

In this investigation a range of carbon coatedsweis manufactured with different
amounts of nickel coating by weight. The carbomeffowere coated using a metal coating
facility (part of the TFP group) and then manufaetlinto veils on TFP’s pilot line.
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Nickel content Basis weight tested Fibre Length
23% 4,10, 17, 34, 50, 75 and 1@ m? 12mm
40% 4, 10, 17, 34, 50, 75 and 1@ m* 12mm
60% 4, 10, 17, 34, 50, 75 and 1@ m* 12mm
83% 4, 10, 17, 34, 50, 75 and 1@ m* 12mm

Table 2 The range of nickel coated concentrations and basights that have been tested.

4.2.2 Results and Discussion

Firstly the materials were tested for formationlgyao check if direct comparisons could
be made (figure 30). Provided the formation quadis similar the materials were then

analysed for Surface Resistance (figure 32) an(fi§tres 33-34).

Formation Quality

The formation of 23,40,60 and 83% wt Ni coated fibre veils

W 23% wt Ni 34gsm
E40% wt Ni 34gsm
W 60% wt Ni 34gsm
083% wt Ni 34gsm

Percentage of Pixels

O Q@ A D 0 9O NN H DD A
RIEENINZEIN N SN N SN A DA LA )

Grey Scale No.

Figure 31 The formation quality of 34gsm NiCC at various met&coating levels.

The formation quality of each metal concentrationdach basis weight was shown to be
comparable — afsgure 28demonstrates for the 34gsm mater{asaphs for other basis
weights aren’t shown for brevityJhe profiles are similar, as was accommodatethyor

ensuring similar manufacturing conditions for eacdterial.
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The minor differences are that the heavier nickelted fibres are shifted in the graph to
the right (compared to the lighter ones) indicatnmore porous structure as discussed

earlier in section 3.7.

Average Surface Resistance Vs Metal Coating weight for a range of

grammages

7.0
- T
= 6.0
©
%) =
€ 5.0
5 T
o
= 1 _
@ 30 ] ——4gsm
o L = -=-10gsm
L
o ——17 gsm
§ 2.0 1 34 gsm
5 50 gsm
"N 10 . + = T ——759gsm

—_— . 2 ——100 gsm

o
o

23% 40% 60% 83%
Metal coating (% wt)

Figure 32 The graph shows how the Surface Resistivity changéar different amounts of Nickel

coating on the carbon fibre.

A thicker metal coating on the surface of the filbonproves surface resistivity (for 40%,
60% and 80% samples). However the 23% nickel cddises display lower than
expected Surface Resistivity values, upsettingdbmminant trend. This is intriguing as
one would expect the surface resistance of the 28kel coated carbon to be much

worse than the 83% material, and this is not tlse.ca

The metal level influences the Surface Resistioftthe lighter basis weights more
significantly than that of the heavier ones. Thignost easily demonstrated by comparing
the extremes of the data set on the graph (i.emhgersus 100 gsm) - 100 gsm trend line
is relatively flat compared to the 4 gsm equivalent
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Shielding effectiveness of 23% Ni coated fibres
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Figure 33 The SE of 23% Nickel coated carbon fibres at a rargof basis weights.

Shielding effectiveness of 40% Ni coating
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Figure 34: The SE of 40% Nickel coated carbon fibres at a rargyof basis weights.
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Shielding effectiveness (dB)

Shielding effectiveness of 60% Ni coating
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Figure 35. The SE of 60% Nickel coated carbon fibres at a rargof basis weights.

Shielding effectiveness (dB)

140

Shielding effectiveness of 83% Ni at various grammage
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Figure 36. The SE of 83% Nickel coated carbon fibres at a rargof basis weights.
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The 23% wt nickel coated fibre veil shows consisstrielding across X, K and Q bands. S
band shielding values are consistently lower (1@)3tian the other bands for the heavier

basis weights.

At 40% wt the SE of the lower basis weights (4, Igsm) remain constant (+5dB) as
frequency increases. However their are some resefffacts to be found at the heavier
basis weights (e.g. the 50 gsm X band and 100 g&and).

At 60% wt the lower basis weights (4, 10, 17gsnovsithe SE falling (slight) as the

frequency increases. This time we see a resongutt @ the 100 gsm X band.

The 83% wt S band regions show drastically improstadiding across all basis weights,
thereby minimising the step usually observed betw®and X bands.

Metal content can influence the SE, particularlgiatrete frequencies (highlighted
above). It can be concluded that for many of thktér basis weights, changing the metal

content does not appreciably affect the total SE.

As has already been demonstrated and discusseeasing the metal content also has a
major knock-on effect to the average pore sizéefeil. The consideration that more
metal = more conductivity = more shielding, doeshmdd true. This clearly demonstrates
the importance of the other parameters that sinigldi dependant on. To analyse this

further, we must first consider the shielding metsias that dominate in a single veil.
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- The Shielding Effectiveness mechanisms of 3 differe
Total Shielding materials
Effectiveness
A Shielding
Shielding by
by absorption
Reflection
Shielding L
by Shielding
Reflection by
Reflection
Shielding Shielding
by by internal
absorption Reflection
Shielding Shielding / Shielding
by internal by internal by
reflection reflection absorption

Figure 37: Potential SE mechanisms and their contbiution to the total SE

Of the nickel coated carbon materials tested i $kction, the most dominant mechanism
of shielding is reflection, determined by measunethwod the S-parameters S11 and S22.
Additionally it can be shown that this result igpexgted theoretically. As the wave passes
between two different media — that of air in theseguide and that of the veil under test,
the following description between the two media bardefined:

Wherelr = Reflective coefficient

N
+
AN

z, = Intrinsic impedance of ar 'U%
ri

z, = Intrinsic impedance of the ve# /J%
r2

This shows thaf” is dependant on the ratios gf ande, , and as the impedance of air is

much higher than the impedance of the veil, higireles of reflection are generated.
If the veil’s intrinsic impedance were to be petéetmatched to that of the propagation

media (i.e z = z,) then the reflectiod — @nd no reflection is generated.
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4.3 Effects of changing Fibre length

4.3.1 Introduction

If a single carbon fibre that is 12mm long is congpkto two 6mm fibres connected
together using a typical (resistive) binder, thenb2fibre proves to be electrically more
conductive. It is evident that this is due to thetfthat the binder acts as an insulating

spacer between the two fibres.

Clearly identifying a ‘conductive binder’ would Ipesolve this issue. Unfortunately
identifying a water based binder that satisfiehxstanductive requirements is somewhat
of a challenge. Various institutions are develoghmgr own ‘conductive binder’ systems
using nano-engineered polymers (e.g. using Carlamotubes/Fibre [CNF/CNFJ.he use
of such materials has also been studied parall¢ht® worK®

An alternative solution to this problem is to useder fibres which reduce the numbers of
insulative bridges required. Arguments along tHess assume that the conductive trends
of a single fibre to fibre junction remain simil@hen integrated into one macroscopic

object.

However the dispersion of longer fibres using TR&Rigent technology is challenging.
Longer fibres tend to entangle causing clumps withe material, decreasing
conductivity. Therefore an interesting constragnset: the most conductive fibre network
that can exist involves a balance between dispegiality and the maximum fibre length.

This limits fibre lengths to between 6 and 24 melusive.

By optimising the veil for conductivity the SE shdumprove. This study will determine
whether there is any noteable difference in thedootive and shielding properties of veils

manufactured using different fibre lengths.
The experiment investigated four different fibradéhs over a full range of basis weights

(see below)The nickel coated carbon fibres were manufacturenonwoven materials

using TFP’s pilot line facility.

54



Andrew N Austin Edinburgh Napier University

Fibre Length Basis weight tested Nickel content
6 mm 4, 10, 17, 34, 50, 75 and 1@ m? 44%
12 mm 4,10, 17, 34, 50, 75 and 1@ m’ 40%
15 mm 4,10, 17, 34, 50, 75 and 1@ m’ 42%
18 mm 4,10, 17, 34, 50, 75 and 1@ m’ 43%

Table 3 The range of fibre lengths and basis weights tlaaetbeen tested. As there was
a requirement to use out of Specification fibeeslight Nickel content variation

was unavoidable.

55



Andrew N Austin Edinburgh Napier University

4.3.2 Results and discussion

The results obtained by measuring the formationityu&urface Resistivity and SE are

discussed below.

Formation quality

The formation quality of 6,12,15 and 18mm fibre
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Figure 38 The formation quality of the 34gsm NiCC at a rangeof fibre lengths.

The graph shows that the formation quality of taegles was similar. However the
sharper peaks of 6mm/12 mm compared to 15mm/18nom better dispersion
characteristics at lower fibre lengths. The 18mprtsfile is widest, resembling the poorest

formation fibre length as expected.
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Surface Resistivity

Average Surface Resistance Vs Fibre length for arange of grammages
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Figure 39 The Surface Resistivity of 6, 12, 15 and 18mm fibseat a range of basis weights. The 4gsm

6mm material could not be manufactured due a lackfatensile.

The graph shows the familiar trend - higher baggtts display lower surface resistivity.
This again can be attributed to the increased nsrifdibres embedded within the

matrix, allowing electrical charge to be conduateate efficiently.

The effects of fibre length on Surface Resistigtg more difficult to visualise. This is
partially due to the dispersion differences betwtenfibre lengths.
Fibre length does not significantly influence Suda&esistivity at heavier basis weights,

although its effects are more noticeable at 4 @hgsin materials.

If the 4gsm material is ignored, we can see thatrhZibres display the highest values of
Surface Resistivity within all basis weights. Corsedy 6 and 15 mm fibre lengths
consistently show higher levels of conductivityddherefore they should be selected
when the highest levels of conductivity are reqiiiferom earlier predictions this result

was not expected.

SE
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Shielding effectiveness of 6mm Ni at various grammage
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Figure 40 The SE of 6mm, 10 — 100 gsm NiCC

Shielding effectiveness of 12mm at various grammage
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Figure 41 The SE of 12mm, 4 — 100 gsm NiCC.
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Shielding effectiveness of 15mm Ni at various grammage
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Figure 42 The SE of 15mm, 4 — 100 gsm NiCC.

The Shielding effectiveness of 18mm Ni at various grammage
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Figure 43 The SE of 18mm, 4 — 100 gsm NiCC
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From the graphs above, it is difficult to percearey significant differences in the SE for 6,
12, 15 and 18mm fibres. For instance, the maximbser/ed change in SE for different
fibre lengths was 10£5dB, whereas differences sidyaeight can influence the SE by as
much as 100+£5dB. Having said this, certain resoesudo exist (eg the 12mm, 100gsm K-

band values) which could serve as performance tsbos

If sample variability and mismatch rippfeseen running throughout the data sets) are also
taken into account, this study shows that for nfr@sfuencies and basis weights, the fibre
length has a trivial effect on the total shieldpegformance of the veil. It is believed that
poorer formation quality of the longer fibre vessoffsetting the inherent electrical

advantage (discussed in the introduction of thuggt

E The ‘mismatch’ ripple will be discussed furthersiection 7.1.
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4.4 Effects of multiple metal coatings on carbon f  ibre

4.4.1 Introduction

Copper/nickel (CuNi) coated carbon fibre veils eatty represent TFP’s premium product
for conductive applications such as EM shielding.

This investigation considers CuNi coated fibres/fgafy weight) that were manufactured
into nonwoven veils, on the pilot line. A rangebafsis weights were produced from 4 —
100 grams per square meter (gsm). These matergs subsequently tested for Surface
Resistivity and SE.

4.4.2 Results and Discussion

The results obtained by measuring the Surface Ragisand SE of the CuNi veils are

shown below in figure 44 and 45 respectively.

Surface resistivity

Surface Resistance of CuNi for a range of basis weights
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Figure 44: The decrease in Surface Resistivity witlcreasing basis weight

The graph shows the decrease in surface resistigsitiie basis weight increases. This
effect is attributed to the increased numberslwes embedded within the matrix,
allowing electrical charge to be conducted moreieffitly (and therefore at lower
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resistance. The 100gsm material displays slightjizdr levels of resistance than would be

expected.
The Shielding effectiveness of CuNi at various gramage
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Figure 45. The SE of CuNi coated carbon fibre at various basiweight.

The CuNi coated carbon veils show frequency spesliielding performance, with the
higher basis weight veils shielding most effectyvdlhe graph contains a ‘valley’ which
separates the veils into 2 main groups — 4, 10sth7and 34, 50, 75, 100gsm.

At heavier basis weights (particularly 100 gsm)mopim shielding is obtained at X band
frequencies (8.2 — 12.4 GHz). However lower basgyhts peak shielding performance
occurs at S band frequencies (2.6 - 3.95 GHz).dWwel basis weight materials resemble
that of traditional metal films, with shielding pemmance decreasing as frequency

increases. It is believed that this effect is gactlused by the skin effect.
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Skin depth Vs Frequency
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Figure 46: The dependence of Skin depth on frequendor copper coated materials.
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4.5 Effects of particulate addition to the veil ma  trix

4.5.1 Introduction

It was postulated that the addition of micron sinestal particulates into the surface of the
veil may increase conductivity and yield EM shialglbenefits. Preliminary studies have
validated this and it was shown that the degremotiuctivity and shielding increase was
dependant on 4 main factors:

* The type of particulate
* The amounts of particulate
* The particulate orientation particularly in the €ad thin or flake like material

* The method in which the particulate is incorporatgd the veil

/84
200um

it | B g
AgIP-50-41 25.0kV 14.9mm x10.0k SE(M) 5.00um  AgIP-50-41 25.0kV 14.9mm x2.50k SE(M)

Figure 47: Silver particles encapsulated by the namoven structure (magnification X250)
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In this study five different types of particles westudied (table 4). The particles were used
in their ‘as supplied’ form, which means that wieemsidering the results one should keep

in mind the original metal contents defined below.

] i As supplied Metal content - . ]
Metal Particle loadings _ Additional information
(% by weight)
Copper Zinc alloy Copper/Zinc Alloy Flakes
100%
(GoldBronze 3001) d50 =20um
Aluminium .
10% Aluminium Flakes d50 = 12 m
(StarBrite 5102)
Iron
90% Iron Flakes d50 = 1& m
(L-11859)
Silver ) ]
44% Silver particles d50 = & m
(TI-412A)
Stainless Steel .
70% Steel particles d50 = 3 m
(RMT 442)

Table 4: A listing of the particle typetrade name, the ‘as supplied’ dispersion concentration and an

additional information such as the average particlesize (d50).

These materials were prepared and applied to themeen veil in the laboratofyand
then analysed for their SE. Finally the amountarfiple addition was optimised using a

statistical package called ‘Statgraphics’.

F Further details of particle addition and the makirfi the basesheet can be found in appendix 8.4
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4.5.2 Results preamble

Statgraphics, Design of Experiment and Response Sur  faces

Statgraphics is a modelling tool that enables geeaf ‘designed experiments’.

A designed experiment (such as a ‘Box-Behnken’pksaus to vary 3 parameters
simultaneously and interpret the results on a singgponse variable (such as SE). The
advantage of using such a design means that far femmples have to be manufactured,

and response plots can be created. The 3 pararchtessn to be analysed were:

1. Metal particle loading weight (as supplied from thanufacture).
2. Veil basis weight.

3. Binder concentration.

The effects of each of these parameters on théleEd€sponse variable) can then be

plotted as a response surface (figure 49). An elacgn be seen below:

Estimated Response Surface
Binder=8.35

X band Shielding

Figure 48: An example of a SE response plot based the variables grammage, metal particle loading

and binder.

The scales for the axis of this graph (and the dmatsfollow) are:
Metal particles are measured in grams,(g)

Grammage measured in grams per square meter (gsm)
Shielding in decibels (dB).
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4 5.3 Particulate addition: Results

In this study Shielding Effectiveness has beemgelffias a negative quantity. Therefore a
more negative value infers a greater amount ofdihg (converse to the graphs earlier in

this report). This was unavoidable due to predefidefinitions within Statgraphics.

Copper Zinc alloy (GoldBronze)
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Figure 49: The response surface plots the Copper &G alloy particulates. The graphs were produced

using Statgraphics and ‘design of experiment’ methdology.

All three response surfaces show optimised reatibeavy veil grammage and metal
loading. The R-squared values show how accuratelset models represent the data.
Shielding is highest in the Q-Band, moderate ataXdB and poorest at S-Band.

The binder is the least significant variable aret¢ifore it has been chosen to be fixed
constant whilst the other 3 parameters (Shieldihetal particle addition and Grammage)

are all varied.
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Aluminium (StarBrite)
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Figure 50: The SE response surfaces for Aluminiunobhded veils.

StarBrite shows a similar distribution with regatdweil grammage, with increases in
shielding found at higher grammage. However thégearoading influences X and S-
band shielding the most when around 7grams (0.7gadrAl) of Starbrite is applied. This

could due to optimum dispersion conditions at gagicular loading. The high R-squared

values for all 3 frequencies show strong trendedation.
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Iron (L-11859)
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5 band Shieldng

S-Band: B-squared = 78 3401 percent

Figure 51: The SE response for Iron loaded veils.

Iron SE performance shows a strong dependencyeospicific frequency band it is
analysed over. Q-band shielding performance isfggntly stronger than X and S-bands,
contrasting the Goldbronze samples. Heavier Iradiloys produce higher shielding
values at all frequencies, as expected. R-squale@s for these mappings are lower

compared to the other samples, resulting in theorese surface fits being less accurate.
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Silver (Tl-412A)
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Figure 52: Optimised SE response for Silver loadedeils.

Silver exhibits the highest shielding performancthin these groups at all frequencies.
Up to 95 dB can be see in the Q-band range. R-equeaues are also very high

indicating a strong response surface fit.
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Stainless Steel (RMT 442)
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Figure 53: Optimised SE response for Stainless stdeaded veils.

Stainless Steel shows lower levels of performahegding, which are similar to those of
Iron. R-squared values are lower than 90% indiggpimorer response surface fits.
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Group Comparison

The optimised reponse of a variety of metal types and loadings
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Figure 54: The optimised SE values that each metatdition (once optimised) brings.

4.5.4 Discussion

Figure 54 highlights the performance increaseithpossible by adding silver particles.
Aluminium (StarBrite) shows the second highestlslimg value in the Q and S-bands.

This is an impressive result as the aluminium sasphly contain 10% metal particulates.

Veil grammage and metal loading are the key inftesnon the SE. Both higher grammage
base veils and higher metal loadings show increlesedis of shielding. Although binder
content wasn'’t as a significant parameter, it bldl an influence. Particularly when
applied at such a sufficiently high or low quantityat more extreme effects were

observed. These extreme effects range from SEiadketéon to complete sample failure.

In the future it would be desirable to repeat gxperiment with particle dispersions that
were similar in nature, i.e. similar particle sizarrier system and metal content amounts.
It is true that metal contents could have beeresicl ensure equal loadings, however
aluminium quantities made that option not possiAtiditional improvements to this
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experiment would involve the testing of more cortogcbinder systems, as it is believed

this would have a positive impact on the conduttivi

4.6 Error analysis

Common to all the shielding data in this studyréhe a mismatch ripple that produces
variations in the absolute SE value at any oneutaqgy. It has been shown that this
variation is repeatable and for each sample islparéunction of the experimental setup
and not that of the material under test.

In this study a simple ‘through port’ calibratiechnique was used, which doesn't correct
for simple phase changes caused by the addititmeahaterial under test, or the slight
movement of a wire. Additionallyeflections from the waveguide walls, sample
resonances and transmission loading all contritautiee error associated with the SE
values. More advanced calibration techniques haea identified (TRE) and they will

be discussed in the future work of this reporttieacs.

© TRL (Through, Reflect and Line) refer to a moreatted calibration method which accounts for phase
errors, producing results with less variance. $etian 7.1.

73



Andrew N Austin Edinburgh Napier University

5 Summary and Conclusions

This study has reviewed the current understandimegpry and practises that exist in the
domain of electromagnetics, electromagnetic smeldind shielding test methods.

Although a sound theoretical understanding of ebaeagnetics, and to a lesser extent
EMI, has existed for some time, there is much ile&gmation available in relation to the
shielding test methods. To research this effelgtiwate visits and meetings were required,

often with Defence organisations such as Selexl€athnd BAE Systems.

The study then presented a collection of experimant results, relating to modified
nonwoven materials, including quantifying the eféeaf: Basis weight, Fibre length,
Metal coatings and particulate addition, on eleatrconductivity and Shielding
Effectiveness. Although certain parameters (sudibas length) were shown not to give a
performance benefit, other variants displayed iased electrical conductivity and
Shielding Effectiveness (such as the particulatdifiea veils).

Optical scanning analysis, scanning electron meopg and energy-dispersive X-ray
spectroscopy provided a strong qualitative analykigh was particularly valuable in

gaining an insight into particle condition and disition within the nonwoven structure.

Finally, this work has helped recognise a whole bdgotential electromagnetic
applications that nonwoven materials could be agpe for. These not only include
shielding applications, but also a range of curocamtying requirements (including

resistive heating and lightning strike protection).
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6

There are plenty of opportunities to further the'kva this field. Work that is of particular

interest to this project are listed below, howehery are by no means the remaining areas

Future work

of research and development.

6.1 TRL Calibration

Advanced ‘Through Reflect Line’ calibration standmallows for more accurate SE

values to be inferred by removing signal noisessph@hanges and transmission loading.

Some preliminary work has shown the benefits ohsadibration — the rippled pink lines

becoming the smoother blue lines.

120

Shielding effectiveness of Electroplated nickel at various grammage

100

80

60

M x50 gsm STD CAL

%29 gsm STD CAL

M %10 gsm STD CAL
¢ 50 gsm TRL CAL

40

A

Shielding effectiveness (dB)

20 A

0.0

5.0 10.0 15.0 20.0 25.0
Frequency GHz

Figure 55: Advanced TRL calibrations can be used toemove the mismatch ripple (pink) and noise

within the test setup
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6.2 Measurements in the Far field

Far fields plane waves are more realistic of tla werld applications in which
nonwovens are incorporated. Therefore it is delgrabuse a test method that replicated
these conditions as closely as possible. In thidystve only considered near field sources

asFigure 4 described.

However far field data is more difficult to obtaspecula reflections signal interference
and edge effects are all much more difficult totooin Additionally to ensure that the test
is carried out in the far field larger test setaps required. This isn’t too greater a problem
at frequencies 5 GHz and above, but for longer Vesngth (lower frequencies) (1 GHz

and below) test setups rapidly become very large!

6.3 Modelling

Most of the work in this report has concerned fteah SE measurement. The modelling
of nonwoven materials both before and after theyiracorporated into applications would
evolutionise the product development process. Hewthis is by no means an easy feat,

even by modeller’s standards.

The mapping of S-parameters (S12, S21, S11, SRPjhe material properties, 1 , £
requires careful inspection and manipulation. Aaaof algorithms is often used to
perform this operation. Institutions such as BAEtegns and Manchester University have
spent year’s refining these complex operations.eCnmaterial’s S-parameters and bulk
properties have been quantified, the modellindhat thaterial becomes a distinct

possibility.

At this point, manipulation of S-parameters intatenial properties is beyond current
understanding, and so whilst | continue my reseaxpertise in modelling will be
pursued by consideration of ideal materials (swcB@afilms), which have bulk properties

which are already well defined.
Initial work has begun using too software packagsthcad 14 and Comsol Multi-

physics. Although some initial results are presgigre, a complete research programme

would need to be committed in order to gain an etetand usable model.
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6.3.1 Mathcad 14

Mathcad 14 allows for a variety of mathematicaldsb&inctions to be defined,
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manipulated and plotted and in a logical and edfitway. To date, shielding effectivhess

expressions have been defined and plotted in Mdthised on isotropic conductive films

(copper). Tailoring the mathematical expressiomgatds TFP’s materials may be quite

straight forward, provided the bulk propertiestod tnaterial has been quantified

accurately.
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Figure 56: Operations in Mathcad: plotting the mectanisms of SE at different frequencies.

It should be realised that Mathcad 14 is an effeciind efficient graph plotting tool. It

allows us to model responses and parameter evioJuiid it is not an integrated modelling

package such as Comsol. It does however providdfactive stepping stone into the

modelling world.
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6.3.2 Comsol Multiphysics

Modelling of the nearfield (waveguide) technique.

2el0  Slice: Elechic field, y com ponent [V/m]

-4000

Figure 57: In this simple Comsol model, a transverselectric wave illuminates a material (placed at
the centre of the test cell). The model approximasgethe types of nearfield boundary conditions that i@

present in nearfield waveguide testing.

This model was designed to replicate the shieldiifigctiveness test method that is
currently being used to generated nearfield resultisis report. As the electric field
passes through the materif( to righ the magnitude of the field is reduced as once
would expect for a shielding material. Such redurctor attenuation) is proportional to the

relative bulk properties of the material ( 1/ £) which can be defined within the model,

as can frequency, temperature and many more factors
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6.4 Alignment

By altering the manufacturing process, the poléinseof fibre within the nonwoven
structure is possible. Preliminary results haveashalignment ratio’s of up to 100/1
This could benefit certain applications in whicaduencies of a certain polarisation are
unwanted and require filtering. Figure 58 companesaligned materials against two

isotropic materials

Shielding effectiveness of Aligned CuNi at various grammage
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h M 17 gsm CD
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50
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MY e, e
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Shielding effectiveness (dB)

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
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Figure 58: The effects of aligning the fibre matrixthat makes up the nonwoven veil.

As can be clearly seen in the diagram above, abgament has produced a greater SE in
the same plane as the signal (MD) - approximatdlydB boost in the SE can be seen. By
the same principle, the converse is true of theerrads$ aligned at 90 degrees to the signal

plane (CD). This demonstrates the kinds of potétiiet fibre alignment can bring.

H Based on tensile testing ratios: materials amngtin the machines direction than the cross doect
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6.5 Thickness effects

The thickness of the sample can have a large ingratiie mechanisms that govern
shielding. To understand this more precisely aystath the SE of different thickness
materials is required. Both thicker and thinnerwowen sub straights would be

interesting to look at (for aerospace and mobilenghapplications respectively).

One challenge in testing thicker nonwoven matergathat they are compressible and so
ensuring that the manufactured, tested and appfiediict thickness remained constant is
important. For thinner nonwoven materials (which ba achieved via various calandering
operations) there are equal concerns. There aréhinaalendaring process can damage
the properties of the fibres, for example the stgfanicro-cracking of the metal coatings
my compromise performance. However this will remamanswered until preliminary

testing has taken place.
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7 Appendices

7.1 Typical ‘everyday’ electric and magnetic fields

Electric fields Magnetic fields

Electric appliance |Electric field Electric appliance | Magnetic field

strength (V/m) strength (uT})
Stereo receiver 180 Hair diver 0.01-7
Iron 120 Electric shaver 008 -0
Befrizerator 120 Vacuum cleaner 2-20
Mlixer 100 Fluorescent light 035-2
Toaster 80 Microwave oven 4-3
Hair drver 80 Portable radio 1
Colour TV 60 Electric oven 0.15-05
Coffee machine 60 Washing machine 0.15-3
Vacuum cleaner 30 Computer <0.01
Electric oven 8 Eefrigerator 001-025
Light bulb 5 Colour TV 0.04-2
Guideline limit 2000 Guideline limit 100 T
value value

Figure 59: Typical EM fields every day items (basedn a distance 30cni)

7.2 Network Analyser ‘Through’ calibration method.

Set frequency range to be tested

Set the power to 10dBm

In channel select ‘Measure bandwidth’. Choose aguvdand average of 1 KHz
Connect the coaxial cable to both the network a®algnd waveguides. Clamp the
waveguides together using the vice.

On the Network Analyser, in channel select ‘CALStart CAL

Select the calibration kit used and connector k ltiax Short (m)...

A measurement should be initiated, with the Netwanlalyser performing
multiple calibration sweeps.

8. A green check mark should result in the check box.

9. To finish the calibration click Apply.

10.The Network Analyser should now display a 0dB shie] level.

PwonNpE

No o

Once calibrated as above, the network analysernedbrd 200 results per
measurement. This enables 3600 results to be taesample for the whole

frequency range.
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7.3 CSV file processing

The guide below describes the method that shoultbpied when trying to format raw

data from the network analyser into an excel spsk@et. The step is necessary as raw

data is initially presented as ‘comma separatederdCSV) files. These images

complement the in text guide.

A) E3 Microsoft Excel - 5B2b.csv

|E9 Ele Edit Yew [nsert Format Took Dasta Window Help
IR A G =
A1 | =/ #ersion 1.00

A B | c [ b [ E | F
[# ersion 7.00
id
freq[Hz), Tk 1_521[dB];
5. 2000000 D00000D0E +009;-3.6501035158981549E+001;
5.2210000N0000000E+]09,-3.7607 3331857 1224 E+001;
8. 2420000 00000000E+]09,-3.801 462654059927 E+001;
5 2630000 00000000 -+109;-3.7 1593531497 27 20E+001;
5. 2840000 P00000D0E +009;-3.579988496 160918E+001;
5. 3050000 N0000000E-+]09;-3.503091 0623827 52E+001;
10 |8 326000000000000E+HI03;-3.53927 160061641 3E+101;
11 |8 347000000000000E +003;-3.668524133685455E+001;
12 |5.3680000D0000000E+009-3.753437911575575E+001;
13 |8.3690000N0000000E+HI09; -3.697 776260650024 E+101;
14 |5.410000000000000E+HI03;-3.567 597 731650300E+101;
15 |B.4310000P0000000E +003;-3. 4696584 16866532E+001;
16 |5.4520000D0000000E +009-3. 4400569 16339781 E+001;
17 |8.473000000000000E+H109;-3.50496314961 2965E+101;
18 |8.4940000D0000000E+HI09;-3.567 419357695510E+101;
19 |B.515000000000000E +003;-3.561700820926992E+001;
20 |8 5360000P0000000E +03;-3.527 355688552554 E+001;
21 |8.5570000D0000000E +H109;-3.501861790485108E+101;
22 |8.5780000D0000000E+H109;-3.481540107336321 E+0101;
23 |8.5990000P0000000E +003;-3. 4642543576607 47 E+001;
24 |8.B200000P0000000E +003;-3.446248622910979E+001;
25 |8.6410000D0000000E +HI09;-3.3781949835394086E+101;
26 |8.6620000D0000000E+HI09;-3.33393507 27 19262E+101;
27 |8.BB30000P0000000E +003;-3.3686215235139642E+001;
28 |8.7040000p0000000E +003;-3.457 035083588621 E+001;
29 |8.7250000D0000000E +H109,-3. 496754657 162920E+101;
30 |8.7460000D0000000E+HI09,-3.47 151867 7616148E+101;

0 || |on | e[| =

o

B)

[ 7]x]

Convert Text to Columns Wizard - Step 1 of 3

The Text Wizard has determined that vour data is Delimited.
If this is correct, choose Mext, or choose the data bype that best describes wour data.

riginal data type
Choose the File bype that best describes wour data:
- Characters such as commas or tabs separate each field.
- Fields are aligned in columns with spaces between each Field,

" Fixed width

Preview of selected data:

|1 Version 1.00 ﬂ
| 1

|3 [freg[Hz] ;Trel SZ1[dE]

|4 . Z200000000000000E4+009 7-3_ 650103515981 543E+001 7

|E . 221000000000000E4+005 ;-2 760733318E871224E+001 ; -
: 2

Cancel = Back | Mext = I Finish |

C) Convert Text to Columns Wizard - Step 2 of 3 (7] D)

J File Edit ‘iew Insett Format Tools Data ‘Window Help

This screen lets you set the delimiters your data contains, You can see DEH SRy 4@ - &= s
how wour text is affected in the preview below, = | =]

A B [ ¢ [ D [ H

i 1 |#%ersion 1.00
L [ Treat consecutive delimiters as one [ 2 [#
[v Tab Iv Semicalon [ Comma %freq[Hz] Trel_521[dE]
- " - 4 |B20E+H9 -3.65E+01 I

[ space [~ Other: I_ Text gualifier: I j (5 |8.22E405  -3.76E401
| 6 | 0.24E+19 -3.80E+01
| 7 |5.26E+H19 -3.72E+1
Dl s [ 8 |8.28E+09  -3.58E401
| 9 |8.31E+H19 -3.50E+01
| 10| 8.33E+19 -3.54E+01
| 11 | 8.35E+19 -3.67E+
i Versionm 1.00 = | 12 | 8.37E+H19 -3.75E+01
I | 13[8.39E+09 -3.70E+01
freglHz] Trel 521 [dE] | 14[8.41E+09]  -3.57E+D
. Z200000000000000E+009 3. 650103515981549E4+001 %gﬁg:‘ég 'gﬂgﬂ
. 221000000000000E+00% 3. 760733318571224E+001 - 7|6 47E408 -3 50E+01
A # 18 |649E409  -3.59E+01
| 18 | 8.52E+19 -3.55E+01
| 20 | 5.54E+H19 -3.53E+01
Cancel = Back Finish | 21N 8.56E+09)  -3.50E-+1
| 22 | B.53E+H19 -3.48E+01
| 23 | 8.60E+19 -3.46E+01
| 24 | B.E2E+H19 -3.45E+01
| 25 | B.64E+19 -3.35E+01
| 26 [BBBE+0Y -3.33E+01
| 27 | B.63E+19 -3.39E+1
| 28 | B FOE+D9 -3.46E+01
| 28 | 5.73E+HI9 -3.50E+01
ANIA7FAF409 A ATE41
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7.4 Production of nonwoven materials in the laborat ory

(Metal particle impregnation work).

The manufacture of laboratory produced samplesfetal particle inclusion is provided

below.

A 12" hand sheet maker is used to drain a fibrasgaision over a porous membrane. The
fibres are deposited onto this membrane whilsténgaining solution is drained away.

This solution is largely made up of water, viscpsitodifier and binding ingredients.

Hand Sheet maker

~— Fibre/Solution
L— dispersion

N
N
"4

Porous

/ membrane

V.

A cross section of the
porous membrane
[Red denotes fibres
deposited].

Drain
Valve

A\ 4

Flow

Figure 60: The handsheet maker: allowing for the maufacture samples in the laboratory.

The resulting web of fibres is then transferred tirying oven, activating the polymer
binder. By altering the amounts of fibre addedhi® handsheet maker, its possible to
control the basis weight of the material. Oncelahige sheets are then coated with the
relevant metal type using a syringe and roll metiod then re-dried in a solvent oven.
The full procedure is detailed below.

The following components were added to the 12 madsheet maker:

Industrial blender — 21ml texipol/3 litres of wate x2 Blended for 1 minute

Philips blender — 7ml texipol/1 litre of water x1Blended for 1 minute
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The 6mm Nickel coated carbon fibre is added andddd in the Philips blender along
with Texipol solution for 1 minute. A 5% additiot Kurraray (PVOH) binder was added
to help give the samples some wet strength sahkgtcould be successfully transferred to

the oven for drying.

The hand sheet is then coated using a syringedingchnique. It was necessary to
produce a suspension of metal, which could thesybiaged on to the base sheet. A
polyester binder (Hexion WD30) was added to a Tehgplution to produce this

suspensioltbinder added to fuse the particles into the sladtetr application).
Addition of a wetting agent (Hydropalat 883) to sometal powders (Goldbronze
3001/3002) was necessary as the surface tensite gblution was preventing the

powders to enter suspension.

The coated handsheet was then dried in the sobvemt for ~ 1 hour at 108 .
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