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1.0 ABSTRACT 

The o b j e c t i v e s  o f  t h i s  program are t o  determine t h e  m i l l i m e t e r  wave 
d i e l e c t r i c  p r o p e r t i e s  o f  var ious  s i n g l e  c r y s t a l  and ceramic m a t e r i a l s  and 

coo lan t  f l u i d s  i n  o rder  t o  assess t h e i r  t ransmiss ion  p r o p e r t i e s  f o r  h igh  power 
Gyrotron window a p p l i c a t i o n s .  Chemical and m i c r o s t r u c t u r a l  ana lys i s  a r e  
c a r r i e d  out for i d e n t i f y i n g  t h e  key mater i  a1 parameters c o n t r o l  1 i ng t h e  
m i l l i m e t e r  absorp t ion  i n  these m a t e r i a l s  i n  support o f  f u t u r e  advanced 
mate r i  a1 s development e f f o r t s .  
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Th is  r e p o r t  presents the  r e s u l t s  obta ned f o r  t h e  program, " M i l l i -  

meter Wave D i e l e c t r i c  Proper ty  Measurements o f  Gy ro t i on  Window Mater ia ls , "  
M a r t i n  M a r i e t t a  subcont rac t  No. 12Y-51926C, co e r i n g  t h e  p e r i o d  o f  performance 
01/26/83 through 02/29/84. The d i e l e c t r i c  p r o p e r t i e s  o f  var ious  standard and 
advanced ceramics were c h a r a c t e r i  zed as a f u n c t i o n  o f  frequency over t h e  range 
30 GHz-110 GHz, and se lec ted  m a t e r i a l s  were s tud ied  a t  temperatures up t o  
1200°C. I n  a d d i t i o n ,  s i n g l e  c r y s t a l  sapphire and several  f luorocarbon f l u i d s  
were a l s o  studied. These r e s u l t s  a re  summarized i n  t a b u l a r  and graphic format 
i n  Sect ion 4.0 o f  t h i s  repo r t .  A m a t e r i a l s  c h a r a c t e r i z a t i o n  e f f o r t ,  aimed a t  
bas ic  understanding o f  t h e  parameters and mechanisms c o n t r o l l i n g  the  observed 
d i e l e c t r i c  l o s s  i n  t h e  best candidate window m a t e r i a l s  was i n i t i a t e d  du r ing  
the  l a s t  qua r te r  o f  t h e  program. Th is  e f f o r t  i nc luded  chemical and micro- 
s t r u c t u r a l  a n a l y s i s  f o r  de termin ing  g r a i n  s i z e  d i s t r i b u t i o n ,  p o r o s i t y  and t h e  
presence, l o c a t i o n  and chemical s t a t e  o f  minor and t r a c e  elements w i t h i n  these 
m a t e r i a l s .  I n  a d d i t i o n  t o  standard q u a n t i t a t i v e  a n a l y s i s  methods, X-ray 
D i f f r a c t i o n  (XRD), Scanning E l e c t r o n  Microscopy (SEM), Scanning Transmission 

E l e c t r o n  Microscopy (STEM), and Energy D ispe rs i ve  X-ray Ana lys is  (EDAX) are  
used t o  measure the  phys i ca l  and chemical p r o p e r t i e s  o f  m i c r o - c r y s t a l l i n e  and 
i n t e r g r a n u l a r  secondary and i m p u r i t y  phases. 

The r e s u l t s  ob ta ined f o r  t h e  m i l l i m e t e r  wave d i e l e c t r i c  p r o p e r t i e s  of 
t h e  A1203 m a t e r i a l s  s tud ied  i n  t h i s  program i n d i c a t e d  t h a t ,  as expected, 
s i n g l e  c r y s t a l  sapphire has t h e  lowest l o s s  tangent. The l o s s  tangent f o r  z- 
c u t  o p t i c a l  grade sapph i re  samples (Crys ta l  Systems Heml i te )  was found t o  be 

2.5 x l o m 4  a t  90-100 GHz. The best ceramic alumina samples (Coors AD-995, 
Ampex 99.5%, Wesgo AL-995) have losses approximately 50% l a r g e r ,  w h i l e  the  
f i ne -g ra ined  alumina samples (Coors AD-999, Union Carbide hot-pressed alumina) 
showed s u r p r i s i n g l y  h igh  losses ( f a c t o r  o f  5 t o  10 l a r g e r )  when compared t o  
sapphire. The d i e l e c t r i c  constants f o r  a l l  t h e  A1203 m a t e r i a l s  s tud ied  are  
e s s e n t i a l l y  independent o f  frequency over t h e  range o f  measurements w h i l e  the  
l o s s  tangents decreased monoton ica l l y  w i t h  decreasing frequency. The increase 
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i n  d i e l e c t r i c  constant w i t h  temperature was found t o  be approximately l i n e a r  
over t h e  range 25-1200°C w h i l e  t h e  l oss  showed a d r a s t i c  i nc rease  a t  tempera- 
t u r e s  beyond 800°C. P r e l  i m i  nary chemical and m i c r o s t r u c t u r a l  a n a l y s i s  c a r r i e d  
ou t  on these ceramic samples y i e l d e d  d i f f e r e n c e s  i n  t r a c e  element composit ion, 
g r a i n  s t ruc tu re ,  and secondary and i n t e r g r a n u l a r  phases. Establ ishment o f  t h e  
c o r r e l a t i o n  o f  these m a t e r i a l  p r o p e r t i e s  w i t h  t h e  observed d i e l e c t r i c  response 
i s  essen t ia l  i n  o rder  t o  p rov ide  t h e  necessary i n f o r m a t i o n  f o r  developing 
advanced cerami c a1 umi na mater i  a1 s w i t h  p r o p e r t i e s  approachi ng those f o r  
sapphire. A systemat ic i n v e s t i g a t i o n  i s  c u r r e n t l y  underway t o  i den t i f . y  t h e  
bas i c  mechani sms and key mater i  a1 and process ing  parameters c o n t r o l  1 i ng t h e  
m i l l i m e t e r  wave absorp t ion  i n  t h i s  c lass  o f  m a t e r i a l .  

It i s  a l s o  no t  c l e a r  a t  present whether t h e  measured l o s s  i n  sapphire 
i s  i n t r i n s i c  t o  t h e  m a t e r i a l  o r  s t i l l  dominated by t r a c e  i m p u r i t i e s  or c r y s t a l  
de fec ts .  Consequently, t h e  u l t i m a t e  achievable value f o r  t h e  m i l l i m e t e r  wave 
absorp t ion  o f  alumina i s  no t  known. D i e l e c t r i c  measurements are planned on a 
s e r i e s  o f  w e l l  - cha rac te r i zed  sapphire samples o f  d i f f e r e n t  o p t i c a l  q u a l i t y  
grades as a f u n c t i o n  o f  bo th  frequency and temperature i n  o rder  t o  e s t a b l i s h  
t h e  i n t r i n s i c  m i l l i m e t e r  wave d i e l e c t r i c  response i n  s i n g l e  c r y s t a l  sapphire. 

O f  t he  o the r  candidate ceramic window m a t e r i a l s  examined, hot-pressed 
sp ine l  was found t o  have loss tangents comparable t o  sapphire and b e t t e r  than 
t h e  bes t  alumina m a t e r i a l .  ALON and Be0 have l o s s  tangents comparable t o  
alumina a t  35 GHz but  are s u b s t a n t i a l  l y  h igher  than alumina a t  90-110 GHz. 

The var ious  s i l i c o n  n i t r i d e  samples s tud ied  a l l  showed l o s s  tangents which a re  
an order  o f  magnitude l a r g e r  than alumina and i t  i s  l i k e l y  t h a t  ex tens ive  
m a t e r i a l s  development need t o  be undertaken be fo re  they  can be improved t o  be 
comparable t o  t h e  o the r  candidate window mate r ia l s .  

Three d i f f e r e n t  types o f  f luorocarbon f l u i d s  were s tud ied  i n  t h e  
c u r r e n t  program, (3M F l u o r i n e r t  FC-43, FC-75 and FC-104). T h e i r  d i e l e c t r i c  
p r o p e r t i e s  were determined a t  8.36 G H z ,  35 GHz, 60 GHz and 95 GHz, The 
r e s u l t s  were very s i m i l a r  f o r  FC-75 and FC-104, w i t h  loss tangent values o f  
0.008 a t  8.35 GHz, decreasing t o  approximately 0.003 a t  95 GHz. By con t ras t ,  

3 
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t h e  f a 1  1 - o f f  i n  1 oss tangent w i t h  i ncreas i  ng frequency was subs tan t i  a1 l y  
f a s t e r  i n  FC-43, w i t h  values o f  0.007 a t  8.36 GHz and 0.001 a t  95 GHz. 
Exposure o f  these f l u i d s  t o  l i q u i d  water d i d  no t  s i g n i f i c a n t l y  change t h e i r  
m i l l i m e t e r  wave d i e l e c t r i c  p roper t i es ,  nor d i d  an inc rease i n  temperature from 

23°C t o  50°C. 

f 
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3.0 EXPERIMENTAL METHOD 

Two separate measurement methods were u t i l i z e d  f o r  de termin ing  t h e  
m i l l i m e t e r  wave d i e l e c t r i c  p r o p e r t i e s  of t h e  samples studied. Labora tory  
capabi 1 i ti es f o r  each o f  these approaches have been es tab l  i shed a t  se lec ted  
frequency i n t e r v a l s  w i t h i n  the  range 30-110 GHz. Standard free-space t r a n s -  
m iss ion  and r e f l e c t i o n  br idges ,  u t i l i z i n g  e i t h e r  c o l l i m a t e d  o r  focused beams, 
a re  used t o  measure the  d i e l e c t r i c  p r o p e r t i e s  o f  p lana r  d i sk  samples. For 
cases where l a r g e  samples are  no t  a v a i l a b l e  and f o r  l i q u i d s ,  a c a v i t y  
p e r t u r b a t i o n  approach, u t i l i z i n g  var ious  r i g h t  rec tangu la r  and c y l i n d r i c a l  
c a v i t y  resonators,  i s  used. B r i e f  descr i  p t i  ons of these two measurement 
methods are  given i n  t h e  f o l l o w i n g  discussion. 

3.1 Free-Space Transmi s s i  on and Ref 1 e c t i  on Method 

For t h i s  method, a p l a t e  o f  t he  sample m a t e r i a l  o f  un i fo rm th ickness  
i s  placed between a se t  o f  h igh  d i r e c t i v i t y  t r a n s m i t t e r  and r e c e i v e r  horns. 
The observables are t h e  power t ransmiss ion  and r e f l e c t i o n  c o e f f i c i e n t s  and/or 
t h e i r  r e l a t i v e  phase changes referenced t o  the  i n c i d e n t  power. I n  p r i n c i p l e ,  
measurements o f  any two o f  these f o u r  parameters w i l l  be s u f f i c i e n t  f o r  
de termin ing  t h e  d i e l e c t r i c  constant and t h e  l o s s  tangent o f  t he  sample. 

o rder  t o  minimize d i f f r a c t i o n  e f f e c t s ,  t he  p lana r  dimensions o f  t he  samp 
must be made l a r g e  compared t o  t h e  free-space wavelength o f  t h e  i n c i d e n t  
e lec t romagnet ic  r a d i a t i o n  and t y p i c a l  dimensions o f  t h e  order  o f  10 h o r  
g rea te r  a re  genera l l y  requ i red  f o r  very accura te  measurements. A t  35 GH 

I n  

e 

¶ 

samples wi th un i fo rm th i ckness  o f  t h e  order  o f  9 cm on each s i d e  are  necessary 
t o  meet t h i s  c r i t e r i o n .  I n  add i t i on ,  f o r  very low loss m a t e r i a l s ,  i t  i s  
d e s i r a b l e  t o  have as l a r g e  a sample th i ckness  as p r a c t i c a l  so t h a t  t h e  a t -  
t enua t ion  w i t h i n  t h e  sample can be made s u f f i c i e n t l y  h i g h  t o  be measurable t o  
t h e  requ i red  degree o f  accuracy, 

2 2  The power t ransmiss ion  and r e f l e c t i o n  c o e f f i c i e n t s  (IT1 , l R I  ) f o r  a 
2 plane wave i n c i d e n t  on a low l o s s  d i e l e c t r i c  sheet, ( t a n  6 << l ) ,  w i t h  t h e  

5 
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e l e c t r i c  f i e l d  vec tor  p o l a r i z e d  perpend icu la r  t o  t h e  plane o f  inc idence can be 
we1 1 approximated by t h e  f o l  1 owing expressions : 

2 2 2  2 2  2 a ( 1 - A )  + 4 A a  s i n $  

( 1  - A a ) + 4A a s i n  ( 4  + x )  2 2 2  2 2  2 ] f q Z  = - 

2 1/2 -(271dk tan6) /ho(k  - s i n  e )  2 A = e  ( 3 )  

+ = (2ad/ho)(k  - s i n  2 e )  1/2 , x - - tan" [ ( k / k - l ) ( k  - sin20)"1/2 cos0 t a n d l  

( 4 )  

2 2 1 /2  [ ( k  - s i n  B ) / cos  81 
[ ( k  - s in28) /cos  €11 

- 1 
2 1 /2  .+ 1 a =  

where 8 i s  t he  angle of inc idence,  k and tand are the  d i e l e c t r i c  constant and 
the  l o s s  tangent of t he  sheet, A, i s  t h e  free-space wavelength o f  t h e  i n c i d e n t  
r a d i a t i o n ,  and d i s  t he  th ickness  of t he  sheet. 

The angle x i s  t he  phase s h i f t  caused by the  d i e l e c t r i c  loss o f  t h e  
m a t e r i a l  and i s  on l y  a t  most o f  t h e  order  o f  2 degrees f o r  k = 3 and tand = 

0.05 a t  a l l  angles o f  inc idence.  Consequently, it can be neglected f o r  most 
appl i cat ions .  

Al though t h e  two simultaneous t ranscendenta l  equat ions given by (1) and 

( 2 )  can be used t o  determine k and tans  a t  any a r b i t r a r y  angle o f  inc idence,  i t  
i s  more convenient t o  adopt an a l t e r n a t i v e  procedure where the  f a c t o r  (+  f X) 
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can be determined d i r e c t l y .  
0 and va ry ing  t h e  wavelength u n t i l  t h e  t r a n s m i t t e d  power i s  a maximum ( o r  when 
t h e  r e f l e c t e d  power is a minimum), o r  a l t e r n a t i v e l y ,  f i x i n g  t h e  wavelength and 
va ry ing  t h e  angle o f  inc idence u n t i l  t h e  same cond i t i ons  are observed, For 

these cases, t h e  f a c t o r  ( 4  + x )  i s  equal t o  Nx where N i s  an i n t e g e r  i n c l u d i n g  
zero. An i t e r a t i v e  procedure can then be used by f i r s t  assuming tan6 = 0 and 
compute an i n i t i a l  value f o r  k v i a  E q .  (4).  Th i s  p r e l i m i n a r y  value then can be 
s u b s t i t u t e d  i n t o  e i t h e r  Eq. (1) o r  (2 )  t o  c a l c u l a t e  tan&, which can then be used 
t o  f i n d  a more accurate k, and so on. Convergence i s  s u f f i c i e n t l y  r a p i d  f o r  
most cases so t h a t  one such i t e r a t i o n  i s  u s u a l l y  s u f f i c i e n t  t o  o b t a i n  f i n a l  
values o f  k and tan6 which are cons is ten t  w i t h  t h e  accuracy of he measurements. 

Th is  can be accomplished by e i t h e r  f i x i n g  the  angle 

The m a j o r i t y  o f  t h e  p l a t e  samples s tud ied  i n  the  program are  s u f f i -  

c i e n t l y  t h i c k ,  so that  many r e f l e c t i o n  and t ransmiss ion  minima and maxima are  
present over each o f  t h e  frequency bands, 33-50 GHz, 50-60 GHz, and 90-110 
GHz. Consequently, t h e  observed frequencies o f  these extrema, as w e l l  as t h e  
frequency i n t e r v a l  between them, can be used t o  compute t h e  d i e l e c t r i c  constant 
o f  t h e  sample. I n  add i t i on ,  t h e  l o s s  tangents are low enough t o  a l low i nde-  
pendent de terminat ions  o f  k and tan6 from t h e  measurements o f  frequency and 
t r a n s m i t t e d  power r e s p e c t i v e l y ,  w i t h o u t  hav ing  t o  r e s o r t  t o  t h e  i t e r a t i v e  
procedure p r e v i o u s l y  o u t l i n e d .  Under these cond i t i ons ,  k and tan6 can be 
computed d i r e c t l y  from t h e  magnitude o f  t h e  t ransmiss ion  c o e f f i c i e n t  and t h e  

frequency correspondi ng t o  t h e  observed transmi s s i  on maxi ma ( o r  r e f  1 e c t  i on 
minima), f N ,  by t h e  f o l l o w i n g  expressions: 

2 2 k = (c/2dAfN) + s i n  e ; 

k = (Nc/2dfN) 2 + s i n  2 ; 

tan6 = - ln (AN) [2 (k  - s i n  2 8 ) /Nnk I  ; 

AN = (1 /2 )  / [ (1  - a 2 2  ) / a  4 I T I 2  + 4/a*]1/2 - (1 - a2)/a21Tl 1 ; 

7 
C 5743A/ bw 



Roc kwell lnternationa I @A!!! Science Center 

SC5357.2TR 

3.2 Resonant Cav i t y  P e r t u r b a t i o n  Method 

The bas ic  exper imental  system f o r  t h i s  approach cons is t s  o f  a f i x e d -  
frequency c a v i t y  resonator  i n t o  which a small  sample o f  r e g u l a r  geometry i s  
i nse r ted .  The d i e l e c t r i c  cons tan t  and loss tangent o f  t h e  sample are  respec- 

t i v e l y  computed from t h e  observed s h i f t  i n  resonant frequency and t h e  change 
i n  q u a l i t y  f a c t o r ,  Q, o f  t h e  c a v i t y .  Various r i g h t  c y l i n d r i c a l  and r i g h t  
rec tangu la r  r e f  1 e c t i  on t ype  c a v i t y  resonators ope ra t i ng  a t  f requencies o f  8.4 
GHz, 35 GHz, 60 GHz and 95 GHz are used i n  t h e  c u r r e n t  study f o r  de termin ing  
t h e  d i e l e c t r i c  p r o p e r t i e s  of small rod-shaped ceramic samples and of t h e  
1 i quids. 

Th is  exper imental  method has been descr ibed i n  d e t a i l  i n  a previous 

r e p o r t ,  ("High Temperature M i l l i m e t e r  Wave C h a r a c t e r i z a t i o n  o f  t h e  D i e l e c t r i c  
P roper t i es  o f  Advanced Window Mater ia ls , "  f i n a l  r e p o r t  AMMRC TR 82-28, 
Cont rac t  No. DAAG46-79--007, Army M a t e r i a l s  and Mechanics Research Center, 
May, 1982). 

3.3 Chemical and M i c r o s t r u c t u r a l  Ana lys is  

I n  order t o  i d e n t i f y  p o s s i b l e  mechanisms g i v i n g  r i s e  t o  h i g h  d i e l e c -  
t r i c  losses i n  t h e  m a t e r i a l s  s tud ied ,  chemical and m i c r o s t r u c t u r a l  a n a l y s i s  

a re  c a r r i e d  out t o  determine t h e  presence and l o c a t i o n  o f  minor and t r a c e  
elements and t h e i r  chemical s t a t e s  w i t h i n  t h e  m a t e r i a l .  I n  a d d i t i o n  t o  stan- 
dard q u a n t i t a t i v e  a n a l y s i s  methods, x-ray d i f f r a c t i o n  ( X R D ) ,  scanning e l e c t r o n  
microscopy (SEM), scanning t ransmiss ion  e l e c t r o n  microscopy (STEM) , and energy 
d i s p e r s i v e  x-ray a n a l y s i s  (EDAX) are  used on s e l e c t  ceramic samples t o  char- 
a c t e r i z e  the  m i c r o - c r y s t a l  1 i n e  and i n t e r g r a n u l a r  p r o p e r t i e s  o f  secondary and 
i m p u r i t y  phases. 

8 
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4.0 EXPERIMENTAL RESULTS 

4.1 A1 umi na 

The measured room temperature m i l l i m e t e r  wave d i e l e c t r i c  p r o p e r t i e s  
o f  t he  alumina samples are summarized i n  Table I .  I n  a d d i t i o n  t o  samples f rom 
commerci a1 sources (Coors , Wesgo , Ampex) , an Union Carbide hot-pressed sampl e 
was a l s o  s tud ied .  I n  general  , t h e  observed d i e l e c t r i c  constants decreases 
s l i g h t l y  w i t h  i n c r e a s i n g  frequency, w h i l e  t h e  l o s s  tangents are s i g n i f i c a n t l y  
l a r g e r  a t  t h e  h ighe r  f requencies.  Where more than one sample o f  a p a r t i c u l a r  
t ype  o f  m a t e r i a l  was ava i l ab le ,  good agreement was obtained f o r  t he  l o s s  tan- 
gents t o  w i t h i n  t h e  s t a t e d  measurement accuracy. 
99.5% samples are  v i t u a l l y  i d e n t i c a l  i n  terms o f  loss tangent values, w h i l e  
t h e  Wesgo AL-995 sample was somewhat higher.  By con t ras t ,  t h e  Coors AD-999 
and t h e  Union Carbide hot-pressed samples showed s u r p r i s i n g  h igh  loss.  The 
frequency dependence o f  t h e  l o s s  tangents a t  room temperature f o r  t h e  low-loss 
m a t e r i a l s  (Coors AD-995, Ampex, Wesgo AL-995) are shown i n  F i g .  1. , where t h e  
3.5 GHz values repor ted  by Westphal and S i l s ,  ( " D i e l e c t r i c  Constant and Loss 
Data," Technical  Report AFML-TR-72-39, A p r i l  1972), are a1 so  shown. Except 
f o r  a d i f f e r e c e  i n  magnitude, t h e  general frequency behavior i s  very s i m i l a r  
f o r  a l l  t h r e e  cases. 

The Coors AD-995 and Ampex 

t 

The temperature dependences f o r  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  Coors 

AD-995 a t  35 GHz a re  summarized i n  Table 11. The observed increase i n  bo th  
t h e  d i e l e c t r i c  cons tan t  and loss tangent are s i m i l a r  t o  those repo r ted  by 
Westphal and Si ls  a t  3.5 GHz, (Figs. 2 and 3). 
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Table I 

A1 urn1 na Data  Summary: 
Room Temperature D i e l e c t r i c  Proper t ies  (23°C) 

(Sheet 1 o f  2) 

Sample Type: Coors AD-995 Sin tered  Alumina, Batch 8360, F i r i n g  No. 158-150 

Sample Type: Coors AD-995 Sintered Alumina, Batch 8260, F i r i n g  No. L58-150 

30-40 GHz 55-60 G H t  90-100 GHZ 

(cm) (gniccT ( t o  ,008) ( t 10 )  yo .010 (210) (~0.005) (25) 

1 3.8176 3.870 9.720 29 9.712 34 9.108 38 

4 3.8176 3.871 9.724 29 9.715 34 9.709 38 

Sample No. Thickness Densit k tan6 ( x 1 ~ - 5 )  k tan6 ( x 1 ~ - 5 )  k tand ( x 1 ~ - 5 )  

2 3.0176 3.873 9.730 29 9.718 34 9.714 38 
3 3.8176 3.872 0.715 29 9.71 1 34 9.705 38 

Sample Type: Coors AD-995 and AO-999, Sintered Alumina, Thin Samples 

30-40 GHz 55-60 GHz 90-100 GHz 
Sample No. Thickness Oensit k tan6 ( x 1 ~ - 5 )  k tan6 (xlO-’) k tanb ( x ~ ~ - 5 )  

(cm) (gm/ccj (to.01 ( t o  .o 1 ) (20.01) (c20) 

AD-995-1 0.7798 3.905 9.75 <40 9.74 <40 9.73 40 
AD-995-2 0.7813 3.902 9.74 <40 9.73 (40 9 -72 45 
AD-995-3 0.6335 3.875 9.72 (40 9.71 (40 9.71 43 
AD-999* 0.6368 3.882 9.71 100t40 9.71 120+40 9.71 133 

Sample Type: Wesgo AL-995 Sintered Alumina 

30-40 GHz 55-60 GHz 90-100 GHz 

Sample No. Thickness Oensit k tan6 (~10’~) k t a d  ( x 1 ~ - 5 )  k tan6 ( x 1 ~ - 5 )  
(cm) (gm/ccl 

46 9.581 52 
(212) (20 .007) (+ lo )  

1 5.0000 3.837 9.602 43 9.593 
(t0.014) ( + l o )  (+0.010 

2 0.6491 3.845 9.61) (40 9.60 
(Lot: 3006 (20.01 ) ( t o  .01) 

(Lot: 3006 (+O .o 1 ) (t0.01) 

Batch: 3175) 

3 0.6527 3.856 9.68 (40 9.67 

Batch: 3177) 

(40 9.58 45 
(20.01) (53 1 

(40 9.67 50 
(t0.01) ( t 20 )  

‘Samples were also received where the measured densi t les were 3.934 gm/cc, but t h e i r  dimensions (1.317 cm 
diameter, 0.324 ctn thickness) were too small f o r  the d i e l e c t r i c  measurement requirements. 
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Frequency k t a n 6  

30-40 GHz 9.495 f 0.046 0.0030 t 0.0005 
55-60 GHz 9.501 2 0.040 0.0033 0.0008 

0.0036 f 0.0015 90-100 GHz 9.512 f 0.037 

SC5357.2TR 

t 

Sample Type: Ampex 99.5% Sintered Alumina 

30-40 GHz 55-60 GHz 90-100 GHZ 
Sample No. Thickness Densit k tan6 ( ~ 1 0 ' ~ )  k tan6 ( x ~ o - ~ )  (+o~oos ~ taM ( x 1 ~ - 5 )  

(cm) (sm/ccj (+0.008) ($101 io.010 (+10) (25) 

1 2.9736 3.870 9.673 29 9.660 33 9.642 37 

Table I 

A? umi na Data Summary: 
Room Temperature Dielectric Properties ( 2 3 O C )  

(Sheet 2 o f  2 )  

1 Sample Type: Union Carbide. Hot-pressed Alumina (A1203-CR-10-18) I 
Sample Diameter = 7.52 cm 
Sample Thickness = 0.6528 cm 
Sample Density = 3.863 gm/cc 

Table I1 

Temperature Dependence o f  Dielectric Properties for  
Sintered Alumina 

Sample Materi a1 : Coors AD-995 
Sample Shape: Thin rod, 0.0495 cm diameter 
Measurement Method: Cavity perturbation 
Frequency: 35 GHz 

Temperature k t a n s  ( x ~ ~ - 5 )  
("0 ( to .  03 ) (215) 

23 9.72 32 
470 10.24 50 
7 50 10.59 81 
915 11.00 99 
1000 11.16 120 
1110 11.49 145 
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F i g .  2 Measured change i n  d ie lec t r ic  constant as function o f  temperature 

f o r  Coors AD-995 alumina a t  35 GHz. 
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Fig. 3 Measured loss tangent as a func t ion  of temperature f o r  
Coors AD-995 a1 umi na. 
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Chemical and m ic ros t ruc tu ra l  ana lys is  were c a r r i e d  out on the  Coors 
AD-995 Coors AD-999, Wesgo AL-995 and the  Union Carbide hot-pressed samples 
i n  an e f f o r t  t o  c o r r e l a t e  the  observed d i e l e c t r i c  p roper t i es  w i th  ma te r ia l s  
p roper t i es  fo r  i d e n t i f y i n g  p o t e n t i  a1 causes of the  observed d i f f e rences  ( the  
Ampex samples were received too  l a t e  f o r  i n c l u s i o n  i n  t h i s  p o r t i o n  o f  t he  e f -  
f o r t .  Analys is  are c u r r e n t l y  being c a r r i e d  out. 
t o  be s i m i l a r  t o  the  Coors AD-995 mate r ia l ) .  SEM photographs o f  f r a c t u r e  sur-  
faces f o r  these samples are shown i n  Figs. 4-7. The g ra in  s t ruc tu res  f o r  the  
Coors AD-995 and Wesgo AL-995 are very s i m i l a r ,  cons i s t i ng  o f  smal ler  g ra ins  
(5-10 pm) d i s t r i b u t e d  i n  a much l a r g e r  g ra in -s ize  (- 30 pm) mat r ix .  
samples showed the presence o f  voids, w i t h  the  number dens i ty  as we l l  as 
average s i ze  being s i g n i  f i c a n t l y  small e r  f o r  t he  Coors AD-995 sample. This i s  
most l i k e l y  the  reason f o r  the observed lower densi ty ,  and hence the  lower 
d i e l e c t r i c  constant,  o f  t he  Wesgo AL-995 when compared t o  the  Coors AD-995 
sample. The Coors AD-999 and Union Carbide hot-pressed ma te r ia l  are both 
f ine-gra ined w i t h  no evidence o f  voids. Average g ra in  s i ze  i s  o f  t he  order o f  
0.5-2.0 pm f o r  Coors AD-999 and 2-4 pm f o r  the  Union Carbide ma te r ia l .  
purposes of d i r e c t  comparison, SEM photographs fo r  a l l  4 samples taken a t  
i d e n t i c a l  magn i f i ca t i on  are shown i n  F ig.  8, where the  d i f fe rences  i n  
mic ros t ruc tures  are d ramat i ca l l y  ill ust ra ted .  

We expect t h e i r  p roper t i es  

Both 

For 
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Fig. 4 Photograph taken by scanning electron microscope for Wesgo At-995 
alumina sample showing a significant presence of voids. 

t 

Fig. 5 Photograph taken by scanning electron microscope for Coors AD-995 
alumina. The presence o f  voids are less in both number density and 
size when compared to the results obtained for Wesgo AL-995 sample. 
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Fig. 6 Photograph taken by scanning electron microscope for Coors AD-999 
a1 wmi na sample. 
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Fig. 7 Photograph taken by scanning electron microscope for Union Carbide 
hot-pressed a1 umi na sample (A1 203-CR-10-18). 
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Fig. 8 SEM photographs of all four samples studied taken under identical 
magnifications for direct comparison purposes. 
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The Union Carbide ma te r ia l  has occasional l a r g e  gra ins (50-100 pm) 
which are f a i r l y  un i fo rmly  d i s t r i b u t e d  throughout the  sample. A t y p i c a l  reg ion 
showing the  presence o f  these l a r g e  gra ins i s  i l l u s t r a t e d  i n  Fig. 9. I n  
add i t i on ,  as seen i n  Fig. 7 ,  the  s t r u c t u r e  fo r  t he  Union Carbide mater ia l  i s  
s i g n i f i c a n t l y  d i f f e r e n t  i n  regions near the  edge, or outer  sk in ,  o f  t h e  
sample. Although the  presence o f  f i n e  gra ins i s  s t i l l  ev ident ,  t he re  i s  an 
add i t i ona l  amorphous phase present which may poss ib ly  be one o f  the  c o n t r i b u t i n g  
f a c t o r s  t o  the  observed d i e l e c t r i c  p roper t ies .  Microprobe chemical ana lys is  by 
EDAX f o r  t h i s  ma te r ia l  a l so  showed some i n t e r e s t i n g  resu l t s .  Figures 10-12 are 
EDAX spectra taken respec t i ve l y  f o r  regions corresponding t o  those shown i n  F i g .  

7 as we l l  as f o r  a po l ished surface i n  a reg ion  near the  center  o f  t he  sample. 
The p o l i s h i n g  d i d  not in t roduce any no t iceab le  contamination, wh i l e  t h e  edge of  
the  sample showed s i g n i f i c a n t  presence o f  o ther  cat ions.  I n  view o f  these 
r e s u l t s ,  f u r t h e r  d i e l e c t r i c  loss  measurements were c a r r i e d  out by focus ing down 
the  i nc iden t  microwave beam i n  an attempt t o  determine whether the  l oss  tangent 
f o r  t h i s  ma te r ia l  i s  s i g n i f i c a n t l y  d i f f e r e n t  between the  center  o f  the  sample 
and the  edge of t he  sample near i t s  ou ter  skin.  A spot s i z e  o f  approximately 
2 cm i n  diamter was used a t  35 GHz, and the  t ransmi t ted  power was measured as 
the  spot was moved across t h e  7.5 cm diameter sample. 
i n d i c a t e d  t h a t ,  indeed, the  sample showed t h e  l e a s t  l oss  i n  the  center ,  wh i le  

the  regions near the  edge was approximately f i v e  times more lossy.  The d i s -  
t r i b u t i o n  of loss was a x i a l l y  symnetric and, t o  w i t h i n  the  l i m i t  of spa t ia?  
reso lu t i on ,  var ied  l i n e a r l y  w i t h  the  d is tance from the  center  o f  t he  sample. 
The weighted average f o r  t he  l oss  tangent over t h e  e n t i r e  surface o f  the  sample 
was found t o  be i n  c lose  agreement w i t h  the  values given i n  Table I. Since 
chemical ana lys is  c a r r i e d  out on the  s t a r t i n g  powder used i n  f a b r i c a t i n g  t h i s  
hot-pressed sample i nd i ca ted  t h a t  i t  i s  extremely pure w i th  very low l e v e l s  o f  

i m p u r i t i e s ,  the  evidences from the d i e l e c t r i c  and SEM/EDAX measurements suggest 
t h a t  contaminat ion i s  occur r ing  a t  or near the  ou ter  surfaces o f  t he  sample due 
t o  the  hot -press ing procedure. 

The r e s u l t  obta ined 



k 

Fig. 9 SEM photographs o f  Union Carbi 
l a r g e  grains. 
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de sample showing the  presence o f  

Fig. 10 Microprobe chemical ana lys is  by EDAX f o r  Union Carbide hot -  
presses alumina ( A I  0 CR-10-18) taken near center o f  sample f o r  
a f rac tu red  surface? 3-The gold peaks are from the coat ing and 
not from the sample. No o ther  minor i m p u r i t i e s  are observed. 
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Fig. 11 Microprobe chemical ana lys is  by EDAX f o r  Union Carbide hot-pressed 
alumina (A120 -CR-10-18) taken near outer  edge o f  sample f o r  a 

case. I n  a d d i t i o n  t o  the  A1 and Au peaks, s i g n i f i c a n t  l e v e l s  o f  Na, 
S i ,  C1, K, and Ca are detected. 

f rac tu red  sur  ? ace under i d e n t i c a l  experimental cond i t ions  as previous 

1 0 e Z! 4 ti E!: U .:%. <: 0 .  O O t i E Z U  X E S  

Fig. 12 Microprobe chemical ana lys is  by EDAX f o r  Union Carbide hot-pressed 
alumina (A1 03-CR-10-18) taken near center o f  sample on a po l ished 
surface. T ie  inst rument  s e n s i t i v i t y  and i n t e g r a t i o n  t ime are iden- 
t i c a l  wi th the  two previous spectra. Comparison w i t h  the  r e s u l t s  
obtained f o r  t he  f r a c t u r e d  sur face i nd i ca ted  t h a t  p o l i s h i n g  d i d  not 
in t roduce s i g n i f i c a n t  contaminat ion o f  the  surface. 
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STEM a n a l y s i s  (F igs .  13-16) i n d i c a t e d  t h a t  both t h e  Coors AD-995 and 
Wesgo AL-995 m a t e r i a l s  have l a r g e  pockets o f  g lass a t  t h e  g r a i n  j u n c t i o n s ,  w h i l e  
t h e  Coors AD-999 and Union Carbide m a t e r i a l s  showed no evidence of a g lassy  
phase. The g lass  pockets i n  t h e  Coors AD-995 and Wesgo AC-995 samples conta ined 
A l ,  Ca, and t r a c e s  o f  Fe i n  a d d i t i o n  t o  S i ,  w i t h  t h e  c o n c e n t r a t i o n  f o r  Ca and Fe 
being q u a l i t a t i v e l y  s l i g h t l y  h i g h e r  f o r  t h e  Wesgo m a t e r i a l .  
m a t e r i a l  conta ined l a r g e  p a r t i c l e s  w i t h  be ta  alumina s t r u c t u r e  showing t r a c e s  o f  
K and p o s s i b l y  Pb. The Union Carbide m a t e r i a l  e x h i b i t e d  pores a t  t h e  t r i p l e  
p o i n t s  w i t h  t r a c e s  o f  Fe and C r  detected near some o f  t h e  pores. 

The Coors AD-999 

X-ray d i f f r a c t i o n  p a t t e r n s  taken on powders obta ined by m i l l i n g  t h e  
alumina samples w i t h  an agate mor ta r  and p e s t l e  a re  shown i n  Figs. 17-20 f o r  t h e  
4 d i f f e r e n t  alumina m a t e r i a l s .  For comparison, the  XRD p a t t e r n  f o r  t h e  alumina 
s t a r t i n g  powder used i n  p r e p a r a t i o n  o f  t h e  Union Carbide hot-pressed sample (CR- 
10-18) i s  shown i n  Fig.  21. The alumina s t a r t i n g  powder showed no d e t e c t a b l e  
l e v e l s  o f  secondary c r y s t a l l i n e  phases, w h i l e  t h e  ceramic samples have XRD peaks 
corresponding t o  Si02, MgA1204 and CaA1204. This  i s  expected s i n c e  t h e  Coors 
and Wesgo alumina use f l u x e s  of e i t h e r  CaOMgSi02 o r  MgO i n  t h e  s i n t e r i n g  pro-  

cess, and s i l i c a  i s  always present  t o  some ex ten t .  A comparison o f  t h e  Coors 
AD-995 r e s u l t s  w i t h  those f o r  t h e  Wesgo AL-995 r e s u l t s  showed t h a t  t h e  concen- 
t r a t  i on of c r y s t a l  1 i ne S i  02, MgAl 204 and CaA1204 phases are a1 1 qual i t a t  i v e l  y 

lower i n  t h e  Coors AD-995 sample. This  t r e n d  i s  i n  agreement w i t h  t h e  p r e v i o u s l y  

descr ibed STEM r e s u l t s  o f  t h e  ca lc ium c o n c e n t r a t i o n  i n  t h e  i n t e r g r a n u l a r  g lassy 
phase. A c a r e f u l  search by SEM and EDAX revealed t h e  presence o f  m i c r o n - s i z e  
s p i n e l  and c a l c i u m  a luminate  g r a i n s  i n  bo th  t h e  Coors AD-995 and Wesgo A1-995 
m a t e r i a l ,  thus v e r i f y i n g  t h e  XRD f i n d i n g s .  Typ ica l  r e s u l t s  a re  g iven i n  Figs. 22 
and 23 showing t h e  presence o f  these secondary c r y s t a l l i n e  phases. The Coors AD- 
999 sample showed a h i g h e r  c o n c e n t r a t i o n  of s i l i c a  and CaA1204 w i t h  no d e t e c t a b l e  

s p i n e l .  
phase a t  t h e  g r a i n  j u n c t i o n s  o r  g r a i n  boundar ies.  Subsequent SEM a n a l y s i s ,  
however, d i d  reveal  l o c a l i z e d  reg ions i n  t h e  sample where s u b s t a n t i a l  s i l i c a  were 
present.  The most 1 i k e l y  e x p l a n a t i o n  f o r  t h e  apparent d iscrepancy between t h e  
STEM r e s u l t s  and t h e  XRD r e s u l t s  f o r  t h e  Coors AD-999 m a t e r i a l  i s  t h a t  t h e  
m a t e r i a l  i s  inhomogeneous and t h e  STEM a n a l y s i s  were c a r r i e d  out  i n  reg ions 

T h i s  was very s u r p r i s i n g  s i n c e  STEM a n a l y s i s  found no s i g n i f i c a n t  g lass 
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Fig. 13 Scanning transmission electron micrograph o f  typical intergranular 
structure f o r  Wesgo AL-995 alumina showing the presence o f  glassy 
phase. 
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Fig. 14 Scanning transmission electron micrograph o f  typical intergranular 
structure for Coors AD-995 (batch 8360, firing No. L58-150) alumina 
showing the presence of glassy phase. 
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Fig. 1 5  Scanning transmission electron micrograph o f  Coors AD-999 alumina 
sample. Large particles with beta alumina-like structures are 
present. 
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Fig. 16 Scanning transmission electron micrograph o f  Union Carbide hot- 
pressed alumina sample (A1203-CR-10-18) showing the absence o f  any 
detectable glassy phase. 
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WESGO 995 Alumina 
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Fig.  17 Powder x-ray d i f f r a c t i o n  p a t t e r n  o f  Wesgo AL-995 alumina sample 
showing presence o f  s i  1 i c a ,  s p i n e l ,  and ca lc ium a1 uminate as 
c r y s t a l  1 i ne secondary phases. 
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COORS 995 Alumina 

Fig.  18 Powder x-ray d i  f f r a c t  i on p a t t e r n  o f  Coors AD-995 a1 urni na sampl e. 
The concent r a t i  ons o f  s i  1 i ca, sp i  ne1 and ca l  c i  urn a1 umi na te  a r e  
lower  by comparison t o  the Wesgo AL-995 m a t e r i a l .  
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COORS 999 Alunlna 
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Fig.  19 Powder x-ray d i f f r a c t i o n  p a t t e r n  of Coors AD-999 alumina sample. 
The concent r a t  i ons o f  s i  1 i ca and cal c i  urn a1 urni na t  e secondary 
c r y s t a l l i n e  phases are much h igher ,  but t h e r e  i s  no evidence f o r  
t h e  presence o f  s p i n e l .  
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UNION CARBIDE Altmina 
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Fig. 20 Powder x-ray p a t t e r n  o f  Union Carbide hot -pressed alumina sample, 
showing no peaks assoc ia ted  w i t h  s p i n e l  o r  ca lc ium a luminate and 
low c o n c e n t r a t i o n  o f  s i l i c a .  
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Alunfna Powder 

Fig.  21  X-ray d i  
f a b r i c a t  
any peak 

f r a c t  
on o f  
assoc 

on p a t t e r n  o f  a lumina s t a r t i n g  powder used i n  
Union Carbide sample. There i s  no evidence o f  
a ted w i t h  c r y s t a l  1 i ne phases o t h e r  than A1 203. 
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Fig. 22 SEM and EDAX data for crystalline spinel found in the Wesgo AL-995 
material. 
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F i g .  23 SEM and EDAX data for crystalline calcium aluminate found in the 
Coors AD-995 material. 
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r e l a t i v e l y  f r e e  o f  s i l i c a .  The Union Carbide m a t e r i a l  showed t h e  lowest  l e v e l  
o f  Si02 w i t h  no evidence o f  e i t h e r  Ca o r  Mg secondary c r y s t a l l i n e  phases. 

A1 though t h e  r e s u l t s  o b t a i  ned f rom these chemical and m i c r o s t r u c t u r a l  
s t u d i e s  o f  ceramic alumina are  p r e l i m i n a r y  i n  nature,  and f u r t h e r  in-depth 
sys temat ic  a n a l y s i s  need t o  be c a r r i e d  ou t  before t h e  mechanisms c o n t r o l  l i n g  
t h e  m i l l i m e t e r  wave l o s s  p r o p e r t i e s  can be q u a n t i f i e d ,  some t e n t a t i v e  
observa t ions  can be made from t h e  data presented. I n  general ,  t h e  measured 
m i l l i m e t e r  wave l o s s  i n  ceramic alumina i s  h i g h e r  than t h a t  i n  s i n g l e  c r y s t a l  
sapphi re throughout  t h e  frequency range stud ied.  I f  t h e  data f o r  sapphi re i s  
a good i n d i c a t i o n  o f  t h e  i n t r i n s i c  l o s s  c o n t r i b u t i o n  from the  low frequency 
wing o f  t h e  i n f r a r e d  l a t t i c e  t r a n s i t i o n s  f o r  A1203, then t h e  excess absorp- 
t i o n s  i n  ceramic alumina can be a t t r i b u t e d  t o  e x t r i n s i c  l o s s  mechanisms 
assoc ia ted  w i t h  secondary phases and i m p u r i t i e s .  Since pure secondary phases 
such as fused s i l i c a ,  s p i n e l ,  MgO, etc., are very low l o s s  m a t e r i a l s ,  i t  i s  
n o t  t h e i r  presence which increases t h e  l o s s  i n  alumina, b u t  t h e  l e v e l  o f  i m -  
p u r i t i e s  which are i n c o r p o r a t e d  i n t o  these c r y s t a l l i n e  as w e l l  as o t h e r  amor- 
phous i n t e r g r a n u l a r  phases which a r e  most probably  t h e  main c o n t r i b u t o r s  t o  
t h e  e x t r i n s i c  loss.  For ins tance,  t h e  presence o f  small  concent ra t ions  o f  
i m p u r i t i e s  such as Mg, Ca, Na, etc., can inc rease t h e  m i l l i m e t e r  wave l o s s  i n  
fused s i l i c a  by over an order  of magnitude. 
i n  de termin ing  l o s s  i s  n o t  n e c e s s a r i l y  t h e  t o t a l  c o n c e n t r a t i o n  o f  a d d i t i v e s  
and i m p u r i t i e s  b u t  depends on t h e i r  chemical form and t h e i r  d i s t r i b u t i o n  
w i t h i n  t h e  m a t e r i a l .  Hence t h e  occurrence of h i g h  concent ra t ions  o f  secondary 
c r y s t a l l i n e  phases w i t h i n  an alumina sample (such as those observed i n  t h e  
Coors AD-995 and Wesgo AL-995 samples) w i l l  be d e t r i m e n t a l  t o  t h e  l o s s  prop- 
e r t i e s  o n l y  i f  t h e  c a t i o n s  assoc ia ted  w i t h  these secondary phases are  a l s o  
i n c o r p o r a t e d  i n t o  o t h e r  chemical composi t ions which a r e  absorbing. The d i s -  
t r i b u t i o n  o f  c a t i o n  a d d i t i v e s  and i m p u r i t i e s  w i l l  most p robab ly  depend on t h e  
alumina m i c r o s t r u c t u r a l  p r o p e r t i e s  such as g r a i n  s i z e  as w e l l  as on t h e  phys i -  
c a l  and chemi c a l  p r o p e r t i e s  a t  t h e  i n t e r g r a n u l  a r  boundaries. 

Consequently, the  key parameter 

c 
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The m a t e r i a l s  p r o p e r t i e s  o f  t h e  Wesgo AL-995 and Csors AD-995 alumina 

are  s u f f i c i e n t l y  s i m i l a r  i n  terms o f  g r a i n  s ize ,  g r a i n  morphology, secondary 
c r y s t a l l i n e  phases and i n t e r g r a n u l a r  amorphous phases such t h a t  t h e  p h y s i c a l  
and chemical d i s t r i b u t i o n s  o f  t h e  c a t i o n s  present  are a l s o  expected t o  be 
s i m i l a r .  Hence t h e  observed d i f f e r e n c e s  i n  d i e l e c t r i c  p r o p e r t i e s  can be 
reasonably a t t r i b u t e d  t o  minor d i f f e r e n c e s  i n  t h e  measured m a t e r i a l s  prop- 
e r t i e s .  The h i g h e r  d i e l e c t r i c  constant  observed f o r  t h e  Coors AD-995 m a t e r i a l  
i s  c e r t a i n l y  due t o  lower  p o r o s i t y ,  w h i l e  t h e  h igher  l o s s  f o r  t h e  Wesgo AL-995 
m a t e r i a l  i s  most probably  due t o  t h e  h i g h e r  concent ra t ions  o f  i m p u r i t i e s  
present.  The pr imary de tec ted  c a t i o n s  f o r  these m a t e r i a l s  are S i ,  Mg, Ca and 
Fe. The STEM and XRD r e s u l t s  a l l  showed t h a t  t h e i r  concent ra t ions  are  h i g h e r  
i n  the  Wesgo m a t e r i a l  when compared t o  t h e  Coors M a t e r i a l  i n  both secondary 
c r y s t a l l i n e  phases and i n t e r g r a n u l a r  phases. We t h e r e f o r e  expect t h a t  
improvement i n  d i e l e c t r i c  l o s s  i n  t h i s  c l a s s  o f  alumina can be achieved by 
f u r t h e r  l o w e r i n g  t h e  c o n c e n t r a t i o n  o f  these ca t ions .  

A1 though we have seen evidence 
a b l y  e x p l a i n  t h e  observed l o s s  tangent  
a1 umi na sampl e, t h e  general  observat  i on 
ceramic alumina sample remains p u z z l i n g  
observed i n  t h e  samples s t u d i e d  are  a l l  

o f  contaminat ion which could conceiv-  
n t h e  Union Carbide hot-pressed 
o f  h i g h  l o s s  i n  t h e  f i n e  gra ined 

While t h e  range o f  g r a i n  s i z e s  
very much smal le r  than t h e  wavelengths 

o f  observat ions so t h a t  t h e r e  should no t  be any d i r e c t  e f f e c t s  on m i l l i m e t e r  
wave bu l  k d i e l  e c t  r i  c p r o p e r t i e s  , t h i  s s i  ze d i f f e r e n c e  coul  d i n f  1 uence t h e  
d i s t r i b u t i o n  o f  i m p u r i t i e s  i n  such a way as t o  enhance t h e  l o s s  i n  t h e  f i n e r  
g ra ined m a t e r i a l s .  One p o s s i b l e  e x p l a n a t i o n  would be t h a t  i m p u r i t i e s  tend t o  
concent ra te  a t  t h e  g r a i n  boundaries. S ince t h e  i n t e r g r a n u l a r  sur face  area 

gra ined m a t e r i a l ,  t h e  ne t  amount o f  i m p u r i t i e s  a t  t h e  g r a i n  sur faces  would be 
l a r g e r  i n  t h e  f i n e  gra ined m a t e r i a l  even though t h e  t o t a l  b u l k  concent ra t ion  
may be much less.  These i m p u r i t i e s  cou ld  be i n  chemical s t a t e s  which have 
h i g h  microwave absorp t ion ,  o r  a l t e r n a t i v e l y ,  cou ld  induce d e f e c t s  o r  changes 
i n  sur face  s t o i c h i o m e t r y  o f  t h e  A1203 gra ins .  

- assoc ia ted  w i t h  f i n e  gra ined m a t e r i a l  i s  much l a r g e r  than t h a t  f o r  t h e  coarser  

The m o d i f i e d  sur faces  then can 
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cause a broadening o f  t h e  i n f r a r e d  l a t t i c e  t r a n s i t i o n s  f o r  A1203 thus  
i n c r e a s i n g  t h e  absorp t ion  i n  t h e  low frequency wing o f  t h e  band. I f  t h i s  
s p e c u l a t i o n  i s  c o r r e c t ,  i t  would imp ly  t h a t  i m p u r i t i e s  need t o  be c o n t r o l l e d  
t o  a much lower  c o n c e n t r a t i o n  l e v e l  i n  f i n e  gra ined alumina i n  order  t o  
achieve t h e  same l o s s  tangent  values as f o r  t h e  l a r g e r  g ra ined m a t e r i a l .  

4.2 S i n g l e  C r y s t a l  Sapphi r e  

The Z-cut s i n g l e  c r y s t a l  sapphi re samples used i n  t h i s  s tudy were 

manufactured by C r y s t a l  Systems, Inc.  and are  d i s k s  7.620 cm i n  diameter and 
0.2261 cm t h i c k .  The c r y s t a l s  a re  o r i e n t e d  such t h a t  t h e  measured d i e l e c t r i c  
p r o p e r t i e s  correspond t o  t h e  case where t h e  m i l l i m e t e r  wave e l e c t r i c  f i e l d  i s  
perpend icu la r  t o  t h e  c r y s t a l  ax is ,  (o r  t h e  lower  d i e l e c t r i c  constant  d i r e c -  
t i o n ) .  Four samples were measured, and they  showed i d e n t i c a l  p r o p e r t i e s .  The 
da ta  obta ined are  shown i n  Table 111. Since t h e  t h i c k n e s s  o f  each i n d i v i d u a l  
sample was not  l a r g e  enough t o  a l l o w  l o s s  d e t e r m i n a t i o n  t o  be c a r r i e d  o u t ,  
a d d i t i o n a l  experiments were performed by s t a c k i n g  a l l  f o u r  samples t o g e t h e r  i n  
o rder  t o  inc rease t h e  t o t a l  o p t i c a l  pa th length .  The agreement i n  t h e  measured 
d i e l e c t r i c  constant  f o r  t h e  i n d i v i d u a l  samples and w i t h  t h e  samples stacked 
t o g e t h e r  i n d i c a t e d  tha t  e f f e c t s  caused by p o s s i b l e  presence o f  a i r  gaps were 
n e g l i g i b l e .  Al though t h e  measurement e r r o r  f o r  t h e  l o s s  tanget  i s  s t i l l  some- 
what la rge ,  t h e  data i n d i c a t e d  t h a t  t h i s  m a t e r i a l  has t h e  bes t  m i l l i m e t e r  wave 
loss c h a r a c t e r i s t i c s  o f  a l l  o f  t h e  window candidates examined i n  t h i s  program. 

4.3 Other Ceramics 

D i e l e c t r i c  measurements were c a r r i e d  out  on a p l a t e  sample o f  alum- 
inum o x y n i t r i d e  (ALON) f u r n i s h e d  by Raytheon Co., and on severa l  h o t  pressed 
samples o f  ceramic b e r y l l i u m  ox ide  (BeO) fu rn ished by Union Carbide/Oak Ridge, 
w i t h  t h e  f ree-space t r a n s m i s s i o n  and r e f l e c t i o n  method between 35 G H z  and 110 

G H z .  I n  a d d i t i o n ,  measurements were a l s o  c a r r i e d  out  on smal l  rod samples o f  
var ious  ceramics u s i n g  t h e  c a v i t y  p e r t u r b a t i o n  technique a t  35 G H z .  

36 
C5743A/bw 



Rockwell International 
Science Center 

SC5357.2TR 

Table I11 
S i  ng le  Crysta l  A1 umi num Oxi de (Sapphi r e )  Data Summary 

Manufacturer: Crystal Systems. HEMITE, Standard Opt lca l  Grade 
Crysta l  Orientat ion:  
Sample Diameter: 7.620 em+ 
Sample Thickness: 0.2261 cm* 
Sample Densl ty:  3.919 gnfcc* 

E l e c t r i c  F i e l d  Perpendicular  to Crystal C - A X I S  

I 33-50 GHz 50-75 GHz 90-100 GHz I Sample No. k tanb ( x ~ O - ~ )  k tan6 ( x ~ O - ~ )  k tan6 (xlO") 

1 Through 4 I 9.389 
(20.005) 

9.387 
(t0.050) 

9.380 
(20 .005 ) 

I All  4 Samples 9.386 20 9.385 9.385 25t15 
Stacked (t0.003) (t0.003) ''O (t0.003) I 

Temperature Dependence S t u d i e s  a t  90-100 6Hz 
( A l l  4 Samples Stacked)  

I Temperature ("C) k t a m  I 
0.00025 f 0.00015 

100 9.42 0.00025 f 0.00015 
200 9.47 0.00025 f 0.00015 

25 9.39 

*All 4 samples s t u d i e d  have i d e n t i c a l  p r o p e r t i e s .  

The ALON sample obtained from D r .  Thomas Har tne t t  of  Raytheon was 
approximately 10.6 cm i n  diameter and appeared t o  be o f  extremely h igh  o p t i c a l  
q u a l i t y .  The Be0 samples were hot  pressed i n  the  temperature range 130OOC t o  
140OOC with MgO added as a s i n t e r i n g  a id .  
f rom Ceradyne Inc., were not i d e n t i f i e d  o ther  than f a i n t  penc i l  marks o f  1, 2 
and 3 w r i t t e n  on the  samples. 
the  samples ranged from mi l ky  wh i te  t o  l i g h t  tan. 
p roper t i es  fo r  t h e  ALON sample and the  Be0 samples are summarized i n  Tables I V  
and V I ,  respec t ive ly .  The ALON mate r ia l  showed a l oss  comparable t o  the  best 
alumina a t  35-45 GHz, but  increases much more r a p i d l y  as a f u n c t i o n  o f  f r e -  
quency. I t s  value i s  approximately 2.5 l a r g e r  than alumina i n  the  90-100 GHz 
frequency region. For the t h ree  Be0 samples studied, there  are s i g n i f i c a n t  
d i f f e rences  i n  both the  values o f  d i e l e c t r i c  constant and loss  tangents among 
the samples, wi th  sample No. 3 showing the  h ighest  d i e l e c t r i c  constant value 
and lowest loss,  and sample No. 2 showing the  lowest d i e l e c t r i c  constant value 

The th ree  samples, as de l i ve red  

The o v e r a l l  c o l o r  appearance o f  t he  center  o f  
The measured d i e l e c t r i c  
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and h ighest  loss. I n t e r e s t i n g l y  enough, sample No. 3 was o f  t he  darkest c o l o r  
w i t h  s i g n i f i c a n t  number o f  gray spots d i s t r i b u t e d  throughout the  sample, wh i l e  
sample No. 2 has the  l i g h t e s t  and most un i form appearance. The same r a p i d l y  
i nc reas ing  t rend  i n  t h e  l oss  tangent as a f u n c t i o n  o f  frequency s i m i l a r  t o  
ALON, i s  observed f o r  a l l  t h ree  samples, wh i l e  the  value a t  35-45 GHz i n  t h e  
best sample i s  again comparable t o  the  other  very l ow  loss  ceramic mater ia ls .  

The data obtained f o r  hot-pressed sp ine l  and var ious d i f f e r e n t  types o f  
s i l i c o n  n i t r i d e  ceramics are given i n  Tables I V ,  V and V I .  The s i n t e r e d  s i l i c o n  
n i t r i d e  samples furn ished by Or .  Charles D. Greskovich o f  General E l e c t r i c  a re  
doped w i t h  oxygen and b e r y l l i u m  (- 1%) and have been ox id ized  a t  1355OC and 
1415OC f o r  several  hundred hours. The GTE AY6 and PY6 s i l i c o n  n i t r i d e  samples 
were s in te red  w i t h  6% Y2O3 w i t h  2% A1203 added i n  the AY6 mate r ia l .  
samples were f u r t h e r  heat - t rea ted  a t  approximately 130OOC i n  oxygen f o r  100 h t o  
reduce the  concent ra t ion  o f  ca t ions  i n  the  i ntegranul  a r  amorphous glassy phase. 
The measured d i e l e c t r i c  p roper t i es  are shown i n  Tables V and V I ,  wh i l e  t h e  
temperature dependence o f  t he  loss  tangents i n  the GTE AY6 and PY6 mate r ia l s  a r e  
given i n  Fig. 24. Both GE and GTE s in te red  s i l i c o n  n i t r i d e  ma te r ia l s  have 
d i e l e c t r i c  constants somewhat smal ler  than t y p i c a l  commercial hot-pressed 
mater ia ls .  The loss  tangents are approximately a f a c t o r  o f  two lower than 
t y p i c a l  values i n  commercial hot-pressed s i  1 i c o n  n i  t r i  de, but are s t i  11 an 
order o f  magnitude h igher  than those observed i n  s i l i c o n  n i t r i d e  fab r i ca ted  by 
chemical vapor depos i t i on  processes. 

These 
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Fig.  24 Measured loss tangents as a f u n c t i o n  o f  temperature for GTE 
AY6 and PY6 s i n t e r e d  s i l i c o n  n i t r i d e  a t  35 GHz. 

39 
C5743A/ bw 



Rockwell International 
Science Center 

SC5357.2TR 

Table I V  
Hot-pressed Ceramic Spi ne1 (MgOA1203) Data Summary 

Manufacturer:  Furn ished by Raytheon 
Sample Shape: Th in  rod,  0.0602 cm d iameter  
Measurement Method: C a v i t y  p e r t u r b a t i o n  
Frequency: 35 GHz 

Temperature k t a n s  ( x 1 ~ - 5 )  I ("C) (f0.03) (+15) 

25 8.35 
490 9.03 
7 40 9.45 
900 9.73 

1020 9.94 
1100 10.20 
1180 10.44 

23 
38 
60 
a2 

104 
183 
312 

A1 umi num Oxyni t r i  de (ALON) Data Summary 
Manufacturer :  Raytheon ( h i g h  o p t i c a l  qual i t y  ) 
Sample Diameter: 10.6 crn 
Sample Thickness: 0.373 cm 
Sample Densi ty :  3.68 gm/cc 

35-45 GHz 55-60 GHz 90-110 GHz 

k tan6  ( x 1 ~ - 5 )  k t an6 ( x 1 0 - ~ )  k tang  ( x 1 0 - ~ )  
9.190 31 k 15 9.181 67 2 15 9.175 96 2 15 

(20.005) (20.005) (-10.008) 
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Table V 
S i n t  red S i l i c o n  N i t r i d e  (Si3N4) Data Summary 
Manufacturer:  GTE Labora tor ies ,  Inc. 
Sample Type: 

Measurement Method: Cav i ty  p e r t u r b a t i o n  
Frequency: 35 GHz 

AY6 (Si3N4/6 w/o Y203/Z w/o A1203) 
PY6 (Si3N4/6 W / O  Y203) 

Room Temperature Proper t ies  (23°C) 

Temperature k tan6 ( x 1 ~ - 4 )  
("C) (50.05) ( + l o )  

AY 6 

PY 6 

7.98 
7.91 

7.74 
7.68 

23 
22 

31 
19 

Temperature Studies 

Tem e r a t u r e  PY6 AY 6 
f o c  ) k t / k r  kt /kr 

440 1.025 1.040 
765 1.055 1.074 
916 1.070 1.099 

1035 1.082 1.105 
1100 1.090 1.120 
1180 1.104 1.130 
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Hot-pressed B e r y l l i u m  Oxide (BeO) Data Summary 
Manufacturer:  
Sample Type: Hot-pressed w i t h  MgO added a t  13OO0C, 1350°C and 140OOC 

Union Carbide (ob ta ined through Ceradyne Inc.) 

35-45 GHz 55-60 GHz 90-110 GHz 

Sarnpl e Thi  ckness k t an6 ( x 1 0 - ~ )  k tan6  ( x 1 0 - ~  k t a n d ( x 1 0 - ~ )  
No. (4 ( t o .  01 ) (iO.01) ( to. 02 ) 

SC5357.2TR 

Table V I  
Room Temperature (23OC) D i e l e c t r i c  P r o p e r t i e s  a t  35 GHz 

f o r  S i n t e r e d  Si3N4 (1% BeO) 

M a t e r i  a1 k t a n s  (x1~-4) 
(fO. 10) 

G.E. S i n t e r e d  S i 3 N 4  

1. Oxid ized a t  1355°C 7.35 
f o r  213 hours 

22 f 5 

2. Oxid ized a t  1415°C 7.62 17 t 5 
f o r  280 hours 

I 1 1.834 6.62 54 i 15 6.62 82 2 15 6.61 106 15 
2 1.834 6.43 90 15 6.42 112 2 15 6.41 135 2 15 
3 1.819 6.78 28 t 15 6.78 45 f 15 6.77 75 f 15 , 

z 

The data obta ined f o r  hot-pressed s p i n e l  a t  35 G H z  as a f u n c t i o n  o f  
temperature are  g iven i n  Table I V .  
t h a n  t h e  best  ceramic alumina and comparable t o  t h e  measured values i n  s i n g l e  
c r y s t a l  sapphire. The general  behavior  of t h e  d i e l e c t r i c  p r o p e r t i e s  as a 
f u n c t i o n  o f  temperature i s  s i m i l a r  t o  t h a t  observed f o r  alumina as g iven i n  
Table 11, except t h a t  t h e  r a t e  of inc rease i s  somewhat f a s t e r .  S ince t h e  

The room temperature l o s s  tangent  i s  lower  

f requency dependence o f  t h e  l o s s  tangent  for t h i s  m a t e r i a l  was shown by Afsar  
and But ton  t o  be very s i m i l a r  t o  alumina i n  t h e  100-400 GHz frequency range, 
(M.N. A fsar  and K.J. But ton,  "Digest  o f  m and Sub-mn Wave M a t e r i a l s  
I n f o r m a t i o n  and Measurements," FBMNL, MIT, Cambridge, MA, 1983) i t s  losses a r e  
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not  expected t o  inc rease d r a s t i c a l l y  as a f u n c t i o n  o f  frequency. 
quent ly ,  i n  c o n t r a s t  t o  t h e  behavior  found f o r  ALON and BeO, t h e  loss i n  t h i s  
m a t e r i a l  should compare f a v o r a b l y  w i t h  alumina throughout  t h e  e n t i r e  m i l l i -  
meter f requency reg ion.  

Conse- 

4.4 F1 uorocarbon F1 u i  ds 

Three d i f f e r e n t  types  o f  nonpolar  f luorocarbon f l u i d s  were s tud ied.  
They are  manufactured by t h e  Commercial Chemical D i v i s i o n  o f  t h e  3M Corpora- 
t i o n  and are  i d e n t i f i e d  under t h e  t r a d e  names F l u o r i n e r t  FC-43, FC-75 and FC- 
104. Measurements were c a r r i e d  ou t  on samples taken d i r e c t l y  f rom sealed 
c o n t a i n e r s  as d e l i v e r e d  f rom t h e  manufacturer t o  min imize contaminat ion.  The 
samples are  loaded i n t o  smal l  q u a r t z  c a p i l l a r y  tubes and t h e  c a v i t y  p e r t u r b a -  
t i o n  method was used t o  determine t h e i r  d i e l e c t r i c  p r o p e r t i e s  a t  8.36 GHz, 35 
GHz, 60 GHz and 95 GHz. C a l i b r a t i o n  runs were performed f o r  a l l  cases on empty 
sample tubes and on t h e  tubes f i l l e d  w i t h  a known standard l i q u i d  (CC14). 

The data shown i n  Table V I 1  i n d i c a t e d  t h a t  t h e  FC-75 and FC-104 samples 
a r e  very s i m i l a r  i n  t h e i r  d i e l e c t r i c  response, w i t h  FC-75 showing s l i g h t l y  l e s s  
loss. By c o n t r a s t  t h e  FC-43 f l u i d  has a l a r g e r  d i e l e c t r i c  cons tan t  and s i g n i f i -  
c a n t l y  l e s s  l o s s  a t  t h e  h i g h e r  f requencies.  
water  increased t h e  observed l o s s  a t  8 GHz s l i g h t l y ,  but  d i d  no t  a f f e c t  t h e  l o s s  
a t  m i l l i m e t e r  wave f requencies.  A s l i g h t  decrease i n  d i e l e c t r i c  constant  was 
observed f o r  FC-75 over t h e  temperature range 23-50°C, which i s  most probably  
due t o  d e n s i t y  changes. The l o s s  tangent,  however, remained v i r t u a l l y  t h e  same 
as i t s  room temperature value. 

Exposure of FC-75 f l u i d  t o  l i q u i d  
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Table V I 1  
Fluorocarbon F l u i d  ( F l o u r o i n e r t )  Data Summary 

Manufacturer :  3M Company 

r Room Temperature D i e l e c t r i c  P r o p e r t i e s  (23'C) 

8.36 GHz 35 GHz 60 GHz 95 GHz 

(t0.005) (+0.0005) (t0.005) (t0.05) (tO.01) (+0.001) (t0.02) (tO.001) 
Sample Type k tan6 k tan6 k tan6 k tan6 

FC-43 1.854 0.0069 1.850 0.0045 1.86 0.003 1.86 0.001 
(98-0204-1103-3) 

FC-75 1.794 0.0075 1.781 0.0051 1.78 0.004 1.75 0.003 
(98-0204-0303-0) 

FC-104 1.779 0.0083 1.767 0.0066 1.77 0.005 1.77 0.004 
(98-0204-0103-4) 

FC75 + H20 
(72 hr exposure t o  1.793 0.0083 1.783 0.0053 1.78 0.004 1.78 0.003 

1 i q u i d  water )  

Temperature Dependence Studies f o r  FC-75 a t  35 G H z  

Temperature k tan6 

23 "C 1.781 0.0051 
30°C 1.763 0.0050 
40°C 1.749 0.0049 
50°C 1.735 0.0050 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  ob ta ined f o r  t h e  m i l l i m e t e r  wave d i e l e c t r i c  p r o p e r t i e s  o f  
t h e  A1203 m a t e r i a l s  s t u d i e d  i n  t h i s  program i n d i c a t e d  t h a t ,  as expected, 
s i n g l e  c r y s t a l  sapph i re  has t h e  lowest  l o s s  tangent.  The best  ceramic alumina 
samples (Coors AD-995,  Ampex 99.5%, Wesgo A L - 9 9 5 )  have 1 osses approx imate ly  a 
f a c t o r  o f  2 l a r g e r  a t  90-100 GHz, w h i l e  t h e  f i n e  gra ined alumina samples 
(Coors AD-999, Union Carbide hot-pressed a1 umi na) showed s u r p r i s i n g l y  h i  gh 
losses when compared t o  sapphi re .  P r e l i m i n a r y  chemical and m i c r o s t r u c t u r a l  
a n a l y s i s  c a r r i e d  ou t  on these ceramic samples y i e l d e d  n o t i c e a b l e  d i f f e r e n c e s  
i n  t r a c e  element composi t ion,  g r a i n  s t r u c t u r e ,  and secondary and i n t e r g r a n u l a r  
phases. Establ ishment  o f  t h e  c o r r e l a t i o n  o f  these m a t e r i a l  p r o p e r t i e s  w i t h  
t h e  observed d i e l e c t r i c  response i s  e s s e n t i a l  i n  o rder  t o  p rov ide  the  neces- 
sary i n f o r m a t i o n  f o r  develop ing advanced ceramic a1 umi na m a t e r i  a1 s w i t h  
p r o p e r t i e s  approaching those f o r  sapphi re .  
i s  s t r o n g l y  recommended. 

Fur ther  research towards t h i s  goal 

I n  a d d i t i o n ,  it i s  no t  c l e a r  a t  present  whether t h e  measured l o s s  
tangent  i n  sapphi re i s  i n t r i n s i c  t o  t h e  m a t e r i a l  o r  s t i l l  dominated by t r a c e  
i m p u r i t i e s  o r  c r y s t a l  de fec ts .  To address t h i s  i ssue,  accuracy needs t o  be 
f u r t h e r  improved f o r  t h e  m i l l i m e t e r  wave measurements and sample p u r i t y  needs 
t o  be determined and c o n t r o l l e d .  I t  i s  recommended t h a t  a systemat ic  s tudy be 
c a r r i e d  ou t  w i t h  we1 1 - c h a r a c t e r i z e d  m a t e r i  a1 s over as wide a f requency range 
as p o s s i b l e  so t h a t  t h e  d i e l e c t r i c  response can be a c c u r a t e l y  determined. I m -  
provement i n  t h e  measurement accuracy can be ob ta ined by u s i n g  t h i c k e r  Sam- 

p les ,  and d i e l e c t r i c  measurements need t o  be c a r r i e d  out  f o r  bo th  c r y s t a l  
o r i  e n t a t i  ons. 

O f  t h e  o t h e r  cand ida te  cerarni c mater i  a1 s exami ned , hot-pressed sp i  ne1 
was found t o  have l o s s  tangents comparable t o  sapphi re and b e t t e r  than t h e  
bes t  alumina m a t e r i a l .  The var ious  s i l i c o n  n i t r i d e  samples a l l  showed l o s s  
tangents which a r e  s i g n i f i c a n t l y  h igher ,  and i t  i s  l i k e l y  t h a t  e x t e n s i v e  
m a t e r i a l s  development e f f o r t s  need t o  be undertaken b e f o r e  they  can be 
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s i g n i f i c a n t l y  improved t o  be comparable t o  alumina o r  sapphire.  ALON and Be0 

have l o s s  tangents comparable t o  t h e  best  alumina m a t e r i a l  a t  35 G H z ,  but  are 
s u b s t a n t i a l l y  h i g h e r  than alumina a t  90-110 G H z .  

The f luorocarbon f l u i d s  a l l  showed a decreas ing t r e n d  i n  l o s s  tangent 
values w i t h  i n c r e a s i n g  frequency over t h e  range 8.6 t o  95 G H z ,  i m p l y i n g  t h e  
presence o f  a low- f  requency d i s p e r s i o n  peak. The observed f a s t e r  fa1 1 - o f f  i n  
t h e  m i l l i m e t e r  wave r e g i o n  f o r  t h e  FC-43 f l u i d  may be due t o  t h e  f a c t  t h a t  
t h i s  d i s p e r s i o n  i s  o c c u r r i n g  a t  a lower f requency than those f o r  t h e  FC-75 and 
FC-104 f l u i d s .  
range below 8 G H z  so t h a t  l o s s  mechanism i n  t h i s  c l a s s  o f  l i q u i d s  can be 
b e t t e r  understood. 

It would be d e s i r a b l e  t o  have data a v a i l a b l e  i n  t h e  frequency 
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