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I I

1.0 I NTR ODUCTION

This is the t inal report on the development ot a t e c h n i q u e  t or

the measurement of the admitti vitv cit advanced composit ’ m a t e r i a l s

(principall y graphite/epoxy laminates) in  t h e ’ frequency r an ge  c i t  “0 Ml!; i t ’

4 • ( 1 CU r .  M e a s u rem e nt s  t’e’p c i r t e d  he’ U s ’ c ’o\ er  t h e ’ ~~~~~ c i t  5 MIH is’ 2 . t~ C l i : .

1.1 Rev iew of the  P rob l em

The advanced cc i rnp c i s  i t  e • t i b e t ;  m at  r ix  • l a m i n a t e  ma t t’r i a is t m d  
P

their principal appli~’.u t  ion in sheet  t orm and . in e1e’~’ t t i c a l  t erms ,

cons t i t u t e  she ’l i s  c i t  I m i t e  e l e c t  r i c a l  t h i c k n e s s  w h os e’ ,td~~it  t ~~‘ m t  m~~~
are su b s t a n t  Ia l i v  g re at  ,‘r than  d i t ’l e ’c t  r i c s ,, s~ . g .  t’ i h e ’rg I~ t s s ’t h u t
are seve ral orders c i t  magn it tide lowe’t t han mt’t,i is (e ’ . . a l enti l nun)  .
F u r t h e r m o r e , in t h e i r  t v p i ~’a I l a v i i p  ge ’ A ’mt ’ t  my • t her mar he ’ st i c i n g  lv

an! sot rop i c and inhomcigent’ous hec . l t tS~ ’ c i t  t h e’ is’ t Iii tons na t  s i r  0

In the  f r e q u e n cy  band add t o s sed  t i e r , ’ (
‘ ‘i MIt , ’ t o  2 .0 CU ;~

r ep re sen t a t i ve  samples ctt’e Sti t t Ic  it’Ut  lv l a r ge  so t h a t  t he j u t  e’t .ic I l Oul

j of the  sample and .tu~’ e lec t  n c  cx~’ i t a t  io n must  he’ t rt ’a t e ’d on a

d i s t r i b u t e d  ( i .e .  w av e’ phenomenon) has is. l i lt ’ re ’ s s t l t  i s  t h a t  t li e ’
measurement of admit t t ’’i t v (p r i n ~~r l i v  c o n d u c t  iv  i t  v ) is  in v ar  i at ’ iv

indirect in the sense that what is a c t u a l  lv  measu red  is th ,’ e’ \O U . 1 —

tion signa l (E or H wave’ perturbed by the  pr e’se’nce ’ c i t  t h e ’ samp l e’ . t t t , h

its support. i t  is these p e r t u r b a t i o n s  r e f l e c t  ions or t t ’ , l n s mj s o i o ns )

• which must be interpreted and re la t ed  t o  t h e  m a t e r i a l  p~u r ~ume’t ’t’ t under

L 

investiga t ion.

In many methods aimed .t t t he m,’a sur ern~’n t c i t  ~
‘ e’tl~l e to t  iv  it V .1

principal source ot annoyance and m a c  cur a cv  Is the’ spur  ions cont  ~ic t

resistance t h a t  may at ’ ise at the  boundar y betw ee n t h e ’ .uds’ , i t i 5 ’ ,’d

composite samp le and the rest c i t  t h e  ap p . t r a t  us .  T hi s  t i . t ~~ been a

recurring problem in methods based on direct “ c c i i  t e n t  v s .  vo l t a g e ’-

drop ” or in methods based on trausmiss ion be’t ~ ’ee’n t wo chiautl ’ t’t s

part it toned by a sample sheet . A pr Inc  ipa 1 ids’ .t n t  a ge ’ ci t he ’ me ’ th o d

• descri bed here is that i t  largel y c i rcum v ent s  t h i ~ co ot  ac t  i t ’s i s t  ant ’ ,’

problem .

5 
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I . 2 Out I m c  0 1 ,t t 1 1 0 1’ W 01’ k

t h e ’ , e u l a l v t i c , e l  b a s is  t o t  t h e  s l ot t e ’J ’— s t r i p l i n e  c o mp o s it e ’ 1 1 p d t e ’ t ’j , t l

t O s t  et  h ’ es h e’en dov e  loped In A p p en d i x  1—A c i t  RADC—i ’R — 78— l5t i  . “ E l e c t  i~~ ’ —  t
:l1,4~~fl , ’ I t~ ’ P t  ‘pc ’ 1’ t H’s ci Ad van5 ’ed i,’oiup5,s i t t ’ M a t  cc  a is Me’a sit re’r.ie ’t i  I

M ode ’ i i  L u g ’’ . Ju n e  I’~ ,
‘
~~~ . At  t h e’ tni e c i t  t h a t  r e p o r t  , I lit’ t e’as lb i i t t ~ ’

o f  I l i e ’ ( t  ~‘ti i ~ ~, s ; t i t ’ h a d  H’e’n shown u s In g  ~t i i  imp nov 1 sod 1 iUe’ t’c iu i s  1s t lug

s ’ I C — i  j i ch i  p,t ’,• I t O O  c it  s lo t  ted X — h a n d  w a v e  g u i d e  as t h e ’  o ut e r

o~iJ ti ~’ t , ‘ t c i :  , t  ~iis t ,‘r t e~1 A’O~ LX  t .s l I m e  (.1105,’ inner  con d u c t  or  c o n s i s t  s
o i .t~~~~ t i  t p c i t  , ‘:p~’,’ s i t  c ‘~ a t  or  i ,i I s andwIch e d  aga I u st  t h e ’ s lo t us t u g

a d t ~ I ,‘~‘t s  t ~‘ ‘~p .i ~
- , ‘ i -  t O  111,1 j i l t  a in 1ti~~st I  a t  I till . i ’ieasuremt’n t S matt e  on a

u n i s i  11 i ’ s’ I I ~~~~ ~ am ~’ h o  01 s~r~ip lui  t o  s ’pc ixV  c¼ ’siPpcis i t o  mat  e’t I a 1 v on  i t  it ’d
I ,~~o I A ’ l . l i \  — r an  sm iss i o n — i t  ~t c oat (ute’ of the A l ( ’\’ t t ’ t ’ . The s t a n d i n g
.. . s cc’ da t  ,e e’tl,ii-i It ’~l th e ’ t ’\’ .11 siat  i on  c i t  t i l t ’ i t ’ t l  (, \ ‘t .in d I mag i n ar y  I. ~ )

11 1 ci the’ nl op,tg,i I cm 1 ,IcI or () I ,~ Icing t he 11 t ie’ , tt’on wil l A l l  t h t ’
c t  t ’C I V e ’ ls ’n t ~ i t  ad 111,4 1 ~‘~‘n , lu ~

, iv l i v  cos t  Id be t’a Ic u l a t  e’d

In t h i s  i s p o t :  • a I s ’ns ~e ’r s i x — t o o t  s l ot t . ’ d — s t t ’i p l l u t’ Is descr ibed ,
oh e nab l e d  r,lt ’ .ss u r t ’n len t  s o t  s,’oui d ’5tc t iv i t v o’~’~’r t h e ’ t.l ui~~e’ f r o m ~‘) MM:

: s ’ 2 . 0  CU ,’ . : ‘h i t ’ Iongt’r I i n c  p e r m i t t e d  t h e’ t’St ahi  I s~ il l le ’ l i t  01  ue’ar iv

c u l l  o \‘c It ’ c i t  ‘~ t and  i t i .~ ‘ave at  t i l e’ I s ’i.’ e ’ r f r equenc it ’ ~ .

I .  ~ l a t t5 ’nsh ~~n t o  s ’v r . t i l  RA~\’ mj~o s it e~~t a c e n i a l  ~ t sud~’

k r ‘;‘~‘r t e d  h e r e ’ i s  j n e’x t e u ~~j o~ c it  cifle ’ c i t  t h e  SCVe ~t’,4l

d i ,‘c I t o i ls  t OF  I I l V e st  i iZ. l t  I 011 e’s t a h l  ish t ’d by RADC r e p o r t  : T R — 7 c ’— 2 0~
“ -1 Te, ’I p : i , ’ I ogv I ’ I ,tn f o r  F l  c ot  I , ’~ ).1~~ 1le ’ I I t ’ & ‘h , s r , io  i C t  I S t  i t ’S 0 t AAl v , l t l c e ’d
( s ifl ips ’5 t i e s ” , dp i  l”  ia  Ii 1)  • ‘ t ’lp is  r e p A ’ l i  cis ’l p S  i s t  ~.‘d c i t  a s t l U v t ’v c i t  t he’
Nl\A ”,.’li ci t ’O I I ,nli.itil,’ I u A’ t’lI,i r ,uc t crist I A’S of ad~’ao cod compos I t O i l au~1

:‘ res  or  u hod a number  of r e’commended st iidi ~s in t h e’ ar eas  o f :  a)

m m  tnsic cle’ctr t ~ i I  p r o p er t i e s ;  h)  shielding e’t fe ’e’t i\~eness ci t
,e d ’  ,in ce ’d : onspos i t e s and c~ f i ’  id ,lna I vs is method b r  st m t  ur e’S
in v o l v i ng  a dv , in5 ’~’d composites. See • in pa r t  tcui,sr , p a r ag r ap h  . 1 . 2, 1

c i t  that ne ’po r t whit ch pl-ov i de ’5! t i l e  I mpetus  I or the u.’c irk  r e p o r t e d  here’.
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2.0 TECHNIC ~,j  P I S C U S S I O N

2 . 1  Review of t h e ’ S 1o t t e d — S t r i ~p~jne  M et h o d

2 . 1 . 1  Theory

The bas i c  geomet ry  of the  s l o t t e d  s t rip l i n e  compos i t e  m a t e r i a l

tester is shown in Figure 1_ I .

I’ robe
E — F i e l d  Pro’T~~

’
~~ ~~~~~~~ D i e i l~’c t r i c

~~~~
‘ 

~~~~~~~‘ ‘L” ’ ’ ~~~~~~~~~~Ct impo s I Ic

r e t  
iXi t er l’ond n o t  or

• —— Composi te

Figure 2— 1 SLOTTED STRIPL INE CEI~’1ETRY

The line i ,s d r i ve n  f r o m  an RF source  at one end and l o f t  “op en—

circuited ” at the other. The finite conductivity of the  composite

conductor produces a “lossy standing wave pattern ” ~u I c i n g  the line

which is sensed by the probe. The E—Ftel d squared-magnitude l ’

is given by:

Klcosh(2 ax + 2 i 0  + cos (2~~x +2~)] (2-1)

where . K = a “Gain constant ” depend ing upon 
p

source strength in (volts/meter)
2

_ _  • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— ___________ ‘V ‘~r’:rr. ‘, ~~~~~ •

x d i s t a n c e ’ I ron line ’ end (opposi te

t~~p, ’ source) in meters

~ r c , t L :‘art  0! t h e  ! ‘r o p a t ’ l t  Ion t a c t o r , ~ ,

in  nepers  /me ’te ’r

C im a g i n a ry  p a r t  of t h e  p r o p i u ~~a t  ion i , t s ’t O r

, i n r a d i , u n ’~~n~t ’t c r

U = ‘C 
‘‘ t i’ r m t n a t  ion  I a c t  or ’’ in f loper s  ( e q u a l  t o

?e ’ U O  f o r  a pur e ’  t ’pt ’tl circuit termitlat ion)

= ,u “termination f a c t o r , In  r ad i a n s  ( e q u a l  to

or .u pw,’ c open circuit tr’rniinat i o n )

-
‘ ~C p r o p a g a t i o n  f a c t o r  a l ong  t h e  l i ne .

Probe4 f H 

Voltmeter

Si  ~~t i , s  1 p -

~~~~~~~~~~~~ ~~~
j  Loss~’ - Transrn i s~~~o~~~,jne

L j  Tuning  
_________

Stubs 
- ___________

Open Circuit

a Expt ’  r iment  a l  Set — u p

K c o sh ( 2

Dis t ance  f r o m  Open End 0
b) S t and ing  Wave P a t t e r n

Figure 2 — 2  S’~ A~’I’)1NG WAV E MFASI’ R EME N l ’  SE T-UI’

4
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A schematic representation of the test circuit and a sketch of

a typical lossy—line standing wave pattern are given in Figure 2—2.

Reference to the plots of actual data in Appendix A—i shows good

conformity to the typical pattern sketched in Figure 2—2. From the

plotted data the real (cL) and imaginary (~
) par ts  of the complex

propagation factor (y = ~ + jo), are readily determined .

In samples of high conductivity along the axis of the line

(e.g. aluminum, graphite/epoxy and boron/epoxy with fibers

parallel to line axis) the skin depth Is small compared to the

sample thickness, “a”. The admittivity 191 of these samples in

the direction of propagation along the line is given by [ 2]  : 
Si

2

19 1 a = 2 mhos/me te r (2—2)
— ~ + ] + 4ct ~ }a

where, w = operating radian frequency

C
d 

p e r m i t t i v i t y  of dielectric spacer

2 2
~o 0

—7 henries
Ii = permeability of free space = 4’rrxlO
o meter

= real part of line propagation constant

in nepers/meter

= imaginary part of line propagation constant

in radians/meter 
p

a = thickness of the dielectric spacer in meters

The procedure described above was used in all cases reported here

except the case of a graphite/epoxy sample with unidirectional fibers

transverse to the direction of propagation along the line. In this

case, the transverse conductivity is sufficiently low and the

resulting skin depth sufficiently deep to permit the assumption of

uniform current distribution over the cross—section of the sample.

Under these circumstances the line can be modelled as a simple

transmission line (see Figure 2—3).

5
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Accord tnglv , the propagation f a c t o r  ) will he :

— ‘ ,~~~ v — , ‘ (R + jitiL) (f~~~

i ~u~R(’ — i, l + f )  ,~~ ~sR(’/ 1 f o r  R ~~
“

and

or

Equal  Ions (2  —
~~ 

) and ( .‘— I ’) can t h en  he us ~ .l I o re’ I a I t ’  t h e

at (Otluat ion c on s t a n t  Ct t o  the’ samp l e ’ c on d u c t  I V I t  V o • g iv  lug

its;

‘5 = 
‘
~ ( 2 — i )

.‘‘
_
C I U

For th i s  c ant ’ • only t he at e tu ta  t Ion  s ’, ’i t s ;  t a n t  iseod Ito eva l t i :i  t e d  I roni

t 110 s ta n d I n g  wave’ chit a.

2. 1 . .‘ A d v a nt aj ~ ’s and l i n t  t a t  I on .‘i t h e  M et h o d

‘h it ’ met hod eI( ’sci’ Ihed  h ere ’ has; it ntn iibe’t’ o t  :it I rac ’t I y e  I e a t  i i t o ’ ;

its w e l l  an  a I ow I t n t  t at  t o ns  wit I cli siiou lii ho not  (‘(1 .

Asset  s

I — ‘flt ~ met  hto~t is re’ htit I vi ’ I v  I t o e  ol c on t a c t  r e s ist  i tnee

pi- oh l ens n I nee poor e’OIt  I t i c ’ I a t  t lie di ’ ly e  end of ( l i e

I i  t ic ’  on!  v a t  I c’ef n th e’ out  put  1 eve I — hu t  not I he’

F e 1:tt i ye standIng wave p at  I t’l’n up on  wit I cli I 110

nu ’at4cIr ( ’t t ic ’f l t  8 arc ’ h ;isod

— Except t ot’ I lie des; I t ait I I  I t  v ~ I t tin t t ig  the’ pi’ohe

de t e ct  nt  • t he  met hod is ;  app I I  cab Ic ’ over  an ex t  i’einc I v

1ti’ ositl h and 01 I t ’ t ’ i 1 * I , ’ I t c ’ i i ’i; ~, i — i  • “ .‘ dec ’ ;t do s In  I l i i  s t ep oi I ‘I

For it g iv e n  I I i t s ’ I engt  it ansi ct - on ~~~~~~ 01 1 oitit I goons ’ I t  V

iii’ I ( tWOt ’ t r eeit t t ’nev  I t n t  t I s  Ui ’ t liv I lie’ rs ’qsi I t’ e’me ’n( t hat

a t  1 east  on e I’u I I ev e  1.’ ol  s t a n d i n g  wav e  p ;I t  I o t i s  is

_ _  _ _ _  ~~~~~~~~~~~~~~~~~~~ “-~~~~~~ - —‘- - -S— -- ~—~~~~~~~~~~~~ •



~ _
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I t t . ’ ‘ i  , ‘ ‘ ; s .  ‘ 5 6 ’ , t t on i, n~~’i ’ U I  g u t  on ~
‘ — .‘ and ~

‘ -- 1)

,\ t I t  .‘q w ’ i s  i t ’ s :  w It i ’i .‘ I I t . ’ , - i t  s ’ t , i u l  i i  e t t l  I i i  ~I I ‘ 1

- i r e ’nnsl I I ts ’  ;antp is ’ l i n t  I n n t d , ’  l i i i ’ i t t i t  i t  . .‘it~in . ’( , ‘t

.c I I l t l  , ‘a, ’lt ‘ ‘ i t ’ ’ i,’ , i ~~’ i ’ i  ‘ ‘ t i O t  i t  • l i t  i ’ I t i ’t  i i i , ’ , i , ’n  i i i , t ’,’ I ’, ’
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t e l  wi t ; , ‘ls ws ’it l , l  .1 1 s t  i i i  It t in’ p i t t  I , ’ l t l .  l i i i ’

- , , ‘ , i t ’  I , ’ I 1 i ’ ’~ 
I i i ’ i s ,  \ I - t ’ ~~0’ ’ 1, , ; s  :1 t : t j  i ,‘~~ , ‘ ‘ i i i  ,i I be t s

‘ 6 ’ 6 ’\ j ’ i  ‘ ‘ n .  ~I i ’ s
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l i o n s  ( I t  I : ;  I t  , ‘ , ; i i  l ’e ~.e. ’n ( h a t  I i  . ‘ i l I s i ’ ; i , ’ s ’ I ’ ,- t t i ’~ s,’~~I I

i t t  s ’ is, i ’ ’ ’ ’’ , ‘! , i  st , ’. i , I , ’ . 1 1 0  1 ~. i ’ I i  l~ ’ at  I - i s i s a l ’  I , - .
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h ot  w~~ , ’i i  I l l 1 ;i is , i  l I t  h a y . ’ h oot s  sna i l , ’ s , I  l i t  ( I i . ’  isn’t h u s h  .
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1, — At ext remt’lv h i gh I re ’qtioi t~’ i t ’S , (o . ~~~. , ~~~~~~~ a; ’ i ’r ox i n ; ,u  s’t ~ ’
‘t , ( )  I : I I . •~ s ; . ’ s ’ and i i ; ; ,~ ,‘ro~.s — n e ’ s ’ t  b i t  ~~~~~ i.-d t o  .iv . ’i d

l i i  ~ h , ’ r node ’s w i l t  ~aks ’ t Ito aus a 1 st  t c , c l  m,s ,l c 1 1 . •

s t  i’ t  p 1 m e ’  , ‘ I in I S o t  r~t 1, I c  h u t  I i ,  ; ; :s - O s  i t , ’ ; ; - ’ 5 5 1 , 1 1  0 1

q u es t  I ~‘n , s1 ; I i ’

2 — The method is no t  S u i t e ’sl t o  o b t a i n i n g  “h u l k ’’ cu i tidsis ’t j v l t v

f i gures  f o r  mul t i — p h ct ’o s s — l a m t n a t e ’sl s amples .

3 — A certain minimum lev e l  n I  me’ c’hani c;i I p r ec i s  i c t i t  Is

required both In t l i e ’ c’ , t I s s - s  t rue  t ion of t he’ t e’st. ‘. i no and

in the format ion of  t c’st samples • T h in  le ’ve ’l 01

precision is esse’t t t i a l l v  the same as t h a t  r e q u i re d  ot

any “ s lot t e d — I  inc ’ t y p e ’ of RF t r a n s mI s s i o n  l i n e  or

wavegtiide measuring equipment . The i r r e g u l a r it  Is’ s in

the standing wave pat t o r n ’  shown In t h e  A p p e n d i x  are

direct lv  a t t r i b u t a b l e ’ to t he use’ of  ; :t : i n d: i r d  ex t  t’t id e’d

a 1 uminism stock ( w i t h  no sur I :ic ,e nsae ’h In I t ig Its I lit’

const ruc t  I on of t he  l i n e)  . Read l i v  d i s co  ru ed mech at~ Ic at

5 .11  1:11 i n ns  in 1 It to  cr o s s— s o o t  ion s’t ’t ~ t’ e’s ponde’d d l  I t ’s ’ I lv

t o  pert urha t ions i t s  the  st ;tt idi ng wave p at  t e’rn .Iw. iv

from the classic i’osss’—Iine form .

2. 1. 3 ç~~~~~~~~~~~~ pcessthj~~~~f Measured  Data

lii RAUC TR—7 i~—l56 (Appendix 3—B) a compute’r—ass ist .,’d nt~’thod

was described which was in tended to  sspe ’r ;tt  t’ on t he  recorded s t a n d i n g

wave data taken I rons the  s l o t t e d — s t r f p l i n e’ mcasuretssents and make

a ‘‘m i n l m u m — m e a n— s q u i i r c d— et ’t ’ot’ ‘‘ I i t o l  ~~~~ ion  t, - ‘ — I I  u l ’ , ’s’ ’ • t o  t h e

data by ad ju s tment  of the  p ar a m et e r s  a , j~ , ,s , and ~~ f r o m  t h a t

equat ion . ‘l’li Is pro c  ens  won Id then hay e produced a “he’s t “ es t in sat e

of the propaga t ion f a c t  or (‘omponet l ts  f rom wit f e b  t its ’ s’stt sduc ( Iv  i t  v

could be eva lua ted  us In g  equat  Ion ( 2 — 2 )  . Tb is approach  Is most

u se fu l  at low f r equen c  it ’ s where on lv  OflO c~’i,’ it’ of s t an d i n g  wave

data  may he ava i lab i t’  • W i t i s  ne ’ve’ra 1 i,’’s’c I c’s ni u l a t  a , however • I he ’

er ror  fume t ion t o be m i t t  I m l  zed has many s t a t  I otsa us ’ p o i n t s  ( In  a

~~~ u , 4 — space ’) and the  m m m i  ~a t  ion pr utce ’ss i  (ossent  f a i l s ’  t h a t

of “steepest descent ”) may produce f a ls e  values .  ‘I’he e lab o r a t i o n

of the  p rogr am in  ot’dt ’ t t o  ~Is ’a I w i t  Is t It Is pr ois l out was I o I t  t O  i t s ’

~~1 
_ _  

_ _ _ _
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of questionable value . At frequencies where’ two or more cyc les

nt  s t an d i n g  w ave ’ data can he ob t a ined , the  e st i n s a t f ”n  of a i i t t (I  ~

is  suffic t e n t  lv  ‘asv by .i g r a phical inspec t iott of the plotted

d, i  t •i , Us ’  t h a t  r e’cuu r so t o  cocupu t or ;d t t a  1 s’s i s  i s  I e’ It to  be an

unnecessa ry  r e f  ineme ’ttt

In sec t  ion  2 .  1 o f  t h i s  r epor t , the  l u l l  proce ss  of conduc t i v i ty

ova twi t ion i s  g i von I o r - r ep r e s e n t  .i t I Ve~ da t .c , and w i l l  he seen to

inv o l ve , .ct  w o r s t  , the s o l u t i on  i t t  a t r a u t s c e ’n d e n t a  1 e q u a t i o n  of

t h e  f o r m :

cos it v = x , ( 2 — 9 )

by hand ca l  s’ ii h i t  ion .  Pr ograit in sab ii’ hand  —li  Id ca icu  I at or s  of t lie

1’I— ”iS , Hl’ — 2 ’ ~ or 1IP— 29 t \ ’ p s ’ : i i s ’ t i t l I v  i s i s ’q t i ’t l c  I or t h e ’ t ; i s ’.~ 01 da t a “~
reduction .

p
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2.2 Deta iled Descri pt ion of the “6—foot ” S l o tt ed  1,i~~e

2.2.1 The Basic Line

The end view of the b— f oo t  s lot ted line (wit hout samp le)  is shown in
Figure 2-4.
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~Is t~~~-I~~ I t i cut p

Al uns i ttti tts has ;s ’ P l a t ~’ ‘,,,,,~ ~ ‘

H

Fi gure 2-4 END VIEW OF’ TIlE tt ’ SI.OT’l’Ei) 1 1N K

A cro ss—secti on of the s lo t t e d  l i n e , wit h sample mounted Is shown in
- 

. Figure 2—5 .
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Teflon Insulator (.020” or .040 Thick)

- -- 
Composite  Samp le

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ H
H i g h  I m p a c t  Po lv s  t s- rent ’ Suppor t  (1/ 16 ’’ ‘ph i  ck )

F igure ’  2 — 5  (‘R O S S— S E I , l ’  h ’~N OF 1~l Ni-: • WIT H SAMPLE

The polystyrene supports ar e  1 /2”  wide  and are  spaced along the 6 ’ length

of the s l o t t ed  l int ’ at  2 ” i n t e r v a l s .  The l e ng t h  of t he  p o l y s t y r e n e

suppor t s  is a dj u s t e d  to  .iu ,’commodate , the t h i c k n e s s  s-if t he  compos i t e

sample , so tha t  t h i s ’ compos i te  samp le Is held f i r m l y  a g a i n st  the  under-

side of the  channel .  See Figures  2 — 6  and 2 — 7 .

The composi te  sample ’ is approx imate ly  1” wide  and 60” to 66 ” long.

One end of the sample is cut at  a 45° bevel and painted with conducting

silver paint. The purpose of the conduc t ing  p a i n t  is t o  provide for

un i fo rm cur ren t  flow over th e ’ entire width of the sample. See Figure 2 . 8 .
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\ Comp os i t e
‘~‘~~nd t i s ’t ing P a i n t  Sample

l o 5 ’k i n g  N u t  —~~ 

- A l u m i n u m  hlase ’ P l a t e

Fi g u re  2 — 5  “ FEED ”— END OF 6’ SLOTTED l INE

( Si ’ s’ t t o n e d — s  ide v i e w )

A modified tIG—680/U type—N coaxial connector is used to connect the high—

frequency power source to the composite sample. The coaxial connector
is threaded into an end plate which is bolted to one end of the slotted

line. See Figure 1_9~

The 10” long slotted line , referred to in section 1.2 , is shown in Figure
2—1 0.

2.2.2 Drive Circuit

A block diagram of the drive circuit is shown in Figure 2—11.
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Slotted
1O— 2 ..O t) ,~ I7 - 

10 dS ‘..— - - - _‘ I

~~\Cryst a 1
— — -— ____________________________________ 

Detector

External Leveling

linput Powerl
I Monitor
~Di g it a 1
Lvol tmeter

F j s~ t i  c ‘~~I.l n I O C K  I) i:\ G R,A~’I OF D R I V E  C I R C U I T

rh o double  s t u h  tuner is adjusted (with the external leveling deactivated)

t o  maxc :~ i z 5’ t i t e  response at the  probe on the slotted line. The oscillator -

power level is adjusted (with external leveling connected) to the desired

level. A high- t requencv broadband amplifier may be used to increase the

power to the slotted line .

2 . 2 . 3  rho Probe and Probe Circuitry

The probe circui t is shown in Figure 2—12.
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Stub Tuner

7 Turns  # 18
I Wir e  on 1/ 8”

Crystal Detector Enductor D1~~tic’ter 2 . lph
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Meter

I 
~~~~ - ‘II IP?obe -- _ - 

— - —

I 

- - 

~~\ ns er tj on U n i t

I’robe Carriage’

Fi gure 2— L2 PROBE C I R C U I T

Many of the small parts of the probe (carriage) were “borrowed ” from

the probe carriage of a General Radio 874—LBA coaxial slotted l itti’. A

probe body was designed to use these “borrowed” Genera l Radio parts.

The dep th of penetra tion of the probe is adjustable. The entire probe

carriage rides on tc ‘if the aluminum channel on 4 teflon guiding and

load—bearing “b ui- “ Figure 2—13 shows the probe carriage , ins er t ion
unit , and tuning s Lu b .
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The output of the HP 4l5E standing wav e indicator (and the digita l volt—
meter—DV M ) is prop ortional to the square of the electric field in the
slotted line. See Figure 2— 18.

The reading on the DVM and the distance of the probe from the end of the
composite samp le are the data that are recorded on the graphs in the
appendix of this repor t.

4

2.2.5 Processing of STANDING Wave Data

The discussion of the experimental instrumentation given above in
paragraph 2.2.4 described the manner in which the square—law detector

provided data in the form of K I E 2
I vs distance along the line. This

data was then p lotted in the manner illustrated by Figure 2—2 and

Figure A—l through A—14 in the Appendix. Figure A—3 is reproduced

here as Figure 2—19 to show a representative plot of standing wave
data. This data was collected at 300 MHz on a unidirectional sample

of graphite/epoxy composite material. The plot extends over about

4 cycles (two wavelengths) of pattern on the line . The lossy standing—
wave pattern is clearl y evident. Wavelength , A , on the line is

readily measured (as indicated) from the cyclic nature of the pattern

at the “open ” end of the plot.  The phase constant is then
calculated as:

2~— 

A

The broken line on the plot represents the sketched estimate of the
term , K cosh (2ay) , where “y ” is the distance in meters toward the
Aenerator from the “open circuit ” end of the line (157 centimeters

on the distance scale) . Two widely separated points on this

broken line can be used to solve for the gain constant K and the

atte nuation constant ~ as f ollows (see Figure 2—1 9 ) :
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we have ,

H1 ~ K coshi ( 2 t  
~~~~ ~

H,, ~ K ~‘osIs(2t ~
‘ 2

’
~

Then

H
s’osh s ( 2 ~ ‘2~ 

- 
~ 

~~~~ 
~ e’0sti(2,~

This la s t  t r anse ’t ’ndent a I equa t (ot t  is th en  s o t  ~‘cd i t  0 t it  ( v e t  v on a

pocket ca lcu Lit et ’ to v i e  LI ,~ . ‘I ’he ’ s’ot id ue’ t Iv  f t  \‘ , , i s  t l t t ’t t t ’~ ’ .t I n a t  ~ 5h

according to  eq ua t ion ( 2 — 2 ’) , g iven p r ey  lot is  lv . In  t h e  c isc 01 Ft  gu t

2 — 1 9 ) ,  t he results  were:
8 .89 r a di a ns/meter

8

Ct .80 nepers/meter

~ 5 . 0 3  x 1O 4 mhos/met e”r .

2 . 3  Measured Results

2 . 3 . 1  Graphite /E poxy (Longitudina l)

Fig ures A—l through A — I l  sh ow p l o t t e d  d a t a  t aken ot t the  s i x — t o o t

slotted line on a unidire ct ion a l graphi te /ep oxy samp le 1, 1 t I t e r s p~t r a h  l t ’ l

to propagation direction ) over the range t rom 75 MU: to 2.0 CU:. A

p lot of measured conductivit y versus f r e q u e ncy  t o r  t h i s  sam p l e  is

shown in Figure 2— 20. The plot shows a gradua l ‘Lv dt ’s ’r t ’:i s lug  s’onduc t  I v  It~
with increasing frequency for  wh ich  no explanation seems ct t i t’ eist  1”

avai lable .

2 . 3 . 2  Alumin um

Figu res A— 12 and A— 13 I n the Appendix show st a n d i t s g — w a v e  ~I • t t  .t

ta ken on an ,i t t i n t  num st r i p i t t  p 1,1 ~~~~ 01 I t i e ’ s’omr~’s I t ‘ st  I ~~. 1 , 0  
~‘ I ~‘t s

serve two useful funct ions.  F i r s t l y ,  t hey confirm the v a l i d i t y  ot

the basic method by means o their much “eIee ’per ‘‘ and t u g ~.‘ t ~ ’e I ro l ls ’  ¶ 1

~~~~~~
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a l l  along the line .ts compared w i t h  t h ose o f t he  graphite samp 1~ a t

the  same frequencies . These r , ’~ - - It depths indicate a c o n d u c t  lv l t v

of the order ot ~ l0~ for a l u m i nu m . Secondly , the irregularit y lii

the standing wave peaks ( h i g her  peaks in t he  0. t o  0.8 meter portion

of the distance scale’) suggest ed a lack of un i f o r m i ty  in the cro ss—

sect (on a l  d imens ions  the  l i n e  which was la te r  cont  irmed . A sinti lar

“spa tial cIt ect ” Is not  i ce ’ab i t ’  i tt the patterns of Figures A — i .  A— ~, A—~

and :\—7 where  a cvc  i i , ’ I lu c tu a t  ion in the patterti i s n ot  icea h i e wi t h a

pe riod ot  about 5 cr~ at t he  l et t  hand end of the plots. T h i s  S cm.

dimension was found to  check wel l  w i t h  the s p a c i n g  of the  plastic ‘springs ”

which held the sample a ga i nst the slot .

2 .3 .3 .  Boron

Figure A— 14 shows the  s t a t t d  lug wave p a t t e r n  taken  on t h e  10—in ch

slo tted strip line t o r  a sample ot  bo ron / epoxy  c o m p os i t e .  I t  should b~’

noted that the  resu l t  ins.~ ca h ’uj a ted  conduc t  iv i t  v o~ ~‘ ~ 7 x I mhos /met er

is significantly higher  t t t a ~ ~‘a1ues o h t . t i u c ¼ I  by othe r  me thods , wh er e ’as

the  measured conduct iv  It ii’s ¶ or the  gr ap h i t e  sample  . i r t ’ ~j u  i t  e con s i st e n t

with measu reme’nts by o t h e r s  ( 1 ’ ) , (4 ’~ at ¶ t t ’ p t t t ’uc I i ’s abov e  ,ThtI b e low

those repor ted hcr~
-’

2 . 3.4 Transverse Craj~Idte Fpoxv

A sample of gt’aphit~~’epe-ixv w i t h  f i b e r s  t r i u sv c r s c  to the  ~l i r o~’t i c i t

of propagation was t e st e d  in t h e  10—inch l ine at  1.0 CII:. In t h is

case the at t e’nuat ion was so h igh  t h a t  r e t  l ected  w~ os were  ~ t’gl ig ih l~’

and a direct measurement ot  “a ” was i sossibl e  on the - tue . Tht’ d a t a

was as f o l l o w s :

— d ( c i  ‘~~
‘ r i c ~ pa-  I t t t s  I ~

- k n5 ’s s 2 . ~~~~ x 1 P :lt~’ t e t s

t s amp i t ’ t h i i ’  k ni ’SS = • 1 x 10 m e t  c r s

= Spat ’ t’r p e r m i t  t Iv ltv = I • QS x l0~~ 
l 

t a r a d s  m et e r

2~~~l .0 Cl ( . ’) ~~. 25 x 10 r , lL i l ,m n s / s e ’con li

a — ~5Q • 3 u e p er s 1 n t ot t ’ r

The result as g i  vest by equ~t t  t o ~ t 2 —  w as :

L - --
~~~~~
.
~~~~~~~~

—---- -

- - ,~~~~~~~~~ --



w
- 

It 
~ 7 .9l  mhos/meter  . - 

—

2a ’ ta

As a ch eck , t h e  measurement was repeated .11 I c r  increasing the d ie lec t r i c

space r thickness by a I a ct o r  ot -‘ t o  1.02  x 10 tvo rer s .  The data in

this case’ w - 1 5

a — 1. 02  ~ IC  meters

t — ts . iS x 10 meters

— 1. 95 x io h l  t a r , i~1/mc t er

— 2 ’~ x 10 t a d  I an - ‘sec .

— 1S • 5  nepe rs - m e t er  .

1”he result in t h i s  case was :

- - — ts . 2~ mhie’ss/meter.

~i t a

The agreement her e  was good de s pi t e  the  f o u r — t o — o n e  change in spacer

thickness .

2 .4 Snnu~arv I” i scuss ion ot t he Y e t  hod

The work  reported iit ’t c  i s  p er h ap s  bes t  v iewed as a fairly thorough

d e m o n s t r a t i o n  ot  the  t e’as ib i I i t v  ot  t h e ’ slotted si rip line method over

.i broad range ot frequenc it’s and sample  conduc t  i vi t  tes .  In the process ,

the measured rt’su i t s  gave  a c l ea r  m d  t e a t  ion of the areas in which the - -~

method cou ld  he I m p r o v e d  to tht ’ level where consistentl y accurate

r e s u l t s  con Id he oh t .11 u sed r o u t  Inc lv.

2 . -. . 1 R e s u l t s  o i  F~j~er i m c s ~ t a l  Line ’ s

The 10—inch  Line

Tb i s  l ine wj5 et feet (ye ’ above 1.0 CU: where at least one full

eve  Ic of st and I ng w a v e  pat t ern  was at t a I nab i t ’ . Furthern ior~ the

mechan i ca l  p r o c  Is t on  ot t h e  l i n t ’ prot’  i.Je~t e I , i s s ic Ios~~v — s t  andlng—wa ve

p at  terms at  frequt’nc l o s  be tween  I .  C and •‘ .O Cl i :.  (See Figu re’ A— 14’)

The detect  or probe ’ ot t t i t  is I u s e ’ was untuned , howev e r , which re sulted

10

p 1.

____________ ~~~~~~~~~ ~~~~~~~~~~~~ ~~ 
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in considerable loss of sen~ itlvity. This loss was not serious in

the case of the highly conductive g raphi t e/ epoxy  and boron/epoxy

longitudinal samples , but prevented extended pattern measurement in

the case of the h ighly lossy transv erse grap hite/epoxy measurement.

Tuning the probe would have greatly increased the detector output

and also suppressed harmonics (if present) in the signal generator

which could greatly contaminate the standing wave pattern.

Due to the shor t  c i r c u m f e r e n t i a l  d i s t ance  around the samp le s t r i p

wi th in  this line , it could be used readi ly  up to about 5.0 GHz w i t h o u t

danger of higher propagating modes. .1

The Six—Foot Line

The six—foot line was highl y e f f c t i v e  Fro 1n 75 MHz to 2.0 GHz.

I t s  lack of mechanical  prec is ion , p r i n c i p a l l y  wi th  regard to uniformity -
‘

of c ross—sect ion  caused some no t iceable p e r t u r b a t i o n  of the  s tand ing—

wave pat tern along the line . Its “carcass”, however , was simply a
slotted length of stock aluminum channel extrusion . In a line with

a more rigid structure , machined wi th  a precision consistent  w i t h

standard slotted line instruments , these p e r t u r b a t i o n s  would not occur .

There still remained some spurious radia t ion from the slot which

interacted with the probe carr iage oj l the six—foot line. It is f e l t

that this interaction could be subs tan t ia l ly  reduced by a deeper slot

into which to the inner and outer (shi eld) cond uctors of the probe

could extend .

2.4.2 Recommendations for Refinement of the Method

2.4.2.1 Basic Line Cross—Section

A sketch of a proposed improved line cross—section is shown in

Figure 2—21. In comparing this with the cross—section of the experimental

line , a number of features are worth emphasizing:

a) The entire structure is more rigid . This coupled

with machining of the sample bed and probe carr iage

track will provide the uniformity in cross—section

necessary for pure lossy—line standing—wave patterns .

31
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b) The circumferent ial d i s tan c e  a round  the  s:imph ’ stri p I s

r edu ced  a 1 lowing I or opt ’r ;l  t Ion  a t  it tgher ft’cquenc les .

‘1 ‘l’he s l ut  Is t’oiss I dei’,tb lv  t l t ’ i ’ ( ’t ’r t o  l)e( t i ’ t~ , ‘~ ‘ u i t  .ilii t t i e ’

t ie’ld and sh ie ld  th ~ p r o b e .

2. 1 . 2 . 2 Probe l’to sI~~

Two im p r o v e m en t s  i r e ’ su g g e s t e d  I i i  e’Onite ’,’t t i m  w i t  Ii l i i i ’ j ’ u u!~~ ’ m d
Its c a r r i ag e ’ . ‘ -

a) ‘t a k e  a , t v ; i i s t  , tg ’ u l  I he ’ sit t o l d  i i sg  I oat  i t r e e  ol  a tie ’ t ’ 1s~~r 4
slo t by c a r r y i n g  hot  ii I l i t ’ l u i t o t  l i S t )  ~) I l t  . 1  , ‘ . ‘i t t t m i t ’ t  o n ;  

4

ot tht’ probe doo~~ie ’ u  l i s t s  I is’ l o t  . i’ robo ~~~~ Ii

ad us t men t shot i  l e t  I I 11 be t O t  1 1 t t e ’ et , It e ’Wt ’\’ e ’ I - j
h)  In  any g iven  hand ot ope ’r ;s t  Ion , t he I n i t  i i t g  c i  r c t i  I t t o t

t he prol~e ~liou Id haVe a I i ig  I e ,i,t I t i t ~ I .t ls i t ’ t e ’~ ; e u t t . I t t t  pe ik . 
L

— 
SI net’ t h e ’ u v s  t en t  I t so i t  I s  e’apah Ic  o u t ~ ’ra I i o n  ov. ’ i a

broad  h . i u i t l  , l i i  Is p l ’o c . I t i t  l ot s  p~ 
‘v, ’ u t t  s i t . i , t ~~ , ’ t  I , ‘ t i t  t i l l s  I t i ~~

t o  si gnal h ; m r n t e n i l , - o  , i ;  Is puss Its It , w i t  Ii ‘‘~ ; t  t i t s — t  t u s t u i ) ’ , . ‘‘

I
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MISSION
of

Rome Air Development Center
RAVC p-tano and v~ecwte~ 4e~s eoAch, dev~2opment, ~te.~st and
4 eLec ted acqu)~Won pstog’tam6 ~n 6uppo~~ o~ Command, Con..ti~o.t
Corm,w.w2ca..t~on6 and 1n.teU~genae (C 3i } aatLv~tLe.4. Tec hn,aol
and e g ~neeiu ng suppoit.t wiLhi~n a’i ea.6 o~ .teahn~co2 compeLence
A.4 rltovided .to ES-V Pkog4am 0~~ ceA (P06 ) and otitej t ES-V
eLemen.t4. The p~~nc.ipo2 LechnLcaL mJ~o~on 0Ae46 a/te
commuøAcat’.(~ono , eLec Aomagnet~c gu~dance and con.tj toe, 4Uk-
veLUa.nc.g. o~ gitou.nd and ae.n~o6pace objec-ts, Ln.te)_ligence dc~t~aoUec2~on and hand~~ng, Ln~oizrna.tLon 4y6.tem .technoLogy,
4ono4p hefl2c p *opagot on, 4oZ2d 4 ta.te 4c~ence4, nu ckOtiflve
phy44 c6 and eLee.t’Lon2a keLi.a6iJJ.ty, ma~ntai nabW...ty and
compa -t~biJ2.ty.
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