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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 a re  t o  determine t h e  m i l l ime te r -wave  
d i e l e c t r i c  p r o p e r t i e s  o f  va r 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 
c o o l a n t  f l u i d s  t o  p rov ide  t h e  database f o r  assess ing t h e i r  p o t e n t i a l s  and 
1 i m i t a t i o n s  i n  h i g h  power g y r o t r o n  window a p p l i c a t i o n s .  Chemical and m ic ro -  
s t r u c t u r a l  analyses are  c a r r i e d  out  on m a t e r i a l  systems showing t h e  most prom- 
i s e  f o r  c o r r e l a t i o n  o f  d i e l e c t r i c  p r o p e r t i e s  w i t h  m a t e r i a l  p r o p e r t i e s ,  and f o r  
e s t a h l  i sh ing  key processes and parameters c o n t r o l  1 i ng m i  11 imeter-wave ahsorp- 
t i o n  i n  suppor t  of advanced m a t e r i a l s  development e f f o r t s .  

1 
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2.0 SUMMARY 

T h i s  f i n a l  r e p o r t  p resen ts  t h e  r e s u l t s  ob ta ined  f o r  t h e  program, 
" M i  11 imeter-Wave D i e l e c t r i c  P r o p e r t y  Measurement o f  Gyrotaon Window Mate- 
r i a l  s," under t h e  sponsorship o f  M a r t i n  M a r i e t t a  Subcontract  No. l lY-51926C. 
The p e r i o d  o f  performance o f  t h i s  e f f o r t  extends from 01/26/83 th rough  
10/31/84. The scope, exper imenta l  techniques employed, and t h e  measurement 
r e s u l t s  ob ta ined  i n  t h e  f i r s t - y e a r  e f f o r t  over t h e  p e r i o d  01/26/83 t o  02/29/84 
have been desc r ibed  i n  d e t a i l  i n  t h e  p rev ious  t e c h n i c a l  r e p o r t ,  " M i l l i m e t e r -  
Wave D i e l e c t r i c  P roper t y  Measurement o f  Gyrotror l  Window M a t e r i  a1 s," O R N L I S U B J  

83-51926/1, Rockwell Report No. SC5357.2TR. The c u r r e n t  r e p o r t  i s  devoted 
p r i m a r i l y  t o  t h e  r e s u l t s  from t h e  t e c h n i c a l  e f f o r t  over t h e  subsequent t i m e  
p e r i o d  03/01/84 through 10/31/84. 

I n  t h e  p rev ious  t e c h n i c a l  r e p o r t  (ORNL/SUS/83-51926/1), d i e l e c t r i c  
p r o p e r t i e s  o f  va r ious  s tandard and advanced window m a t e r i a l s  and a s e r i e s  o f  
f l  uorocarbon f l  u i d s  were presented i n  tabu1 a r  and g raph ic  format.  The window 
m a t e r i a l s  s t u d i e d  i n c l u d e d :  va r ious  commercial grade alumina (Coors AD-995, 
Coors AD-999 and Wesgo AL-995) ; f i n e - g r a i n  hot -pressed a l u n i n a  ( f a b r i c a t e d  by 
ORNL), standard o p t i c a l  grade s i n g l e  c r y s t a l  sapph i re  ( C r y s t a l  System Hem- 
l i t e ) ;  aluminum o x y n i t r i d e  (Raytheon); magnesium aluminum s p i n e l  (Raytheon); 
b e r y l l i u m  ox ide  ( O R N L ) ;  and s i n t e r e d  s i l i c o n  n i t r i d e  (GT&E AY6 and PY6).  The 
f l  uorocarbon f l  u i d s  c h a r a c t e r i z e d  i n c l  uded 311 Corpo ra t i on ,  F1 u o r i  n e r t  FC-43, 
FC-75 and FC-104, r e s p e c t i v e l y .  D e t a i l s  o f  these r e s u l t s  and o f  those f o r  
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 t h e  alumina samples may 
be found by r e f e r r i n g  t o  t h e  p rev ious  r e p o r t .  

In t h e  t e c h n i c a l  e f f o r t  d u r i n g  t h e  p e r i o d  o f  performance 03/01/84 
th rough  10/31/84, a d e t a i l e d  sys temat i c  i n v e s t i g a t i o n  was c a r r i e d  out t o  
e s t a b l i s h  t h e  m i l  1 imeter-wave d i e l e c t r i c  p r o p e r t i e s  o f  s i n g l e  c r y s t a l  sapphi r e  
as a f u n c t i o n  o f  frequency (30-140 GHz), c r y s t a l  o r i e n t a t i o n  and sample qua l -  
i t y .  Measurements were c a r r i e d  out  on samples rang ing  from t h e  lowest  o p t i c a l  
grade ( C r y s t a l  System Hemcore) t o  t h e  bes t  o b t a i n a b l e  grade ( C r y s t a l  System 
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Hemex). 
i n  sapphi r e  and a t  understanding t h e  mechani sms and p rocess ing  parameters g i v -  

i n g  r i s e  t o  a d d i t i o n a l  e x t r i n s i c  d i e l e c t r i c  l o s s  i n  ceramic A1203. 
t h i s  con tex t ,  measurements f o r  a number o f  t h e  ceramic A1203 p r e v i o u s l y  s tud-  
i e d  were extended t o  140 GHz, and seve ra l  new commercial f o r m u l a t i o n s  were 
t e s t e d .  These r e s u l t s  were compared t o  t h e  sapph i re  da ta  i n  terms o f  abso lu te  

magnitude o f  l o s s ,  as w e l l  as r e l a t i v e  f requency dependences. These data,  
t o g e t h e r  w i t h  d e t a i l e d  chemical and m i c r o s t r u c t u r a l  s t u d i e s  c a r r i e d  ou t  on 

s e l e c t  A1203 samples, were used t o  o b t a i n  i n f o r m a t i o n  on t h e  e f f e c t s  o f  impur-  
i t i e s ,  p o r o s i t y ,  g r a i n  s i z e  and s i z e  d i s t r i b u t i o n ,  secondary and i n t e r g r a n u l a r  

phases, and g r a i n  boundary p r o p e r t i e s  on t h e  d i e l e c t r i c  l o s s  i n  ceramic Al203. 

This  e f f o r t  was aimed a t  e s t a b l i s h i n g  t h e  i n t r i n s i c  d i e l e c t r i c  l o s s  

W i t h i n  

Since f r a c t u r e  toughness and r e s i s t a n c e  t o  l ong - te rm f a t i g u e  f a i l u r e  
a r e  key r e q u i  rements i n  g y r o t r o n  window a p p l i c a t i o n s ,  an e x p l o r a t o r y  proyram 
was c a r r i e d  ou t  on t h e  ceramic Zr02-A1203 m a t e r i a l  system. 
v a r i o u s  c o n c e n t r a t i o n s  o f  Zr02 t o  A1203 has been shown t o  c o n t r o l  g r a i n  growth 
and t h u s  t o  min imize t h e  presence o f  bimodal d i s t r i b u t i o n s  i n  g r a i n  s i ze ,  as 
w e l l  as t o  improve t h e  m a t e r i a l ' s  f r a c t u r e  toughness. Th is  l a t t e r  phenomenon 
i s  achieved v i a  t r a n s f o r m a t i o n  toughening, whereby mechanical s t resses  induce 
a phase change i n  t h e  Zr02 g r a i n s  f rom t e t r a g o n a l  s t r u c t u r e s  t o  m o n o c l i n i c ,  
w i t h  an accompanying volume expansion o f  about 3%. Th is  expansion generates 
compressive s t r e s s e s  which w i l l  min imize s t r e n g t h  degrada t ion  due t o  s u r f a c e  
c racks  and f laws. To determine t h e  f e a s i b i l i t y  o f  u s i n g  t h i s  m a t e r i a l  system 
i n  g y r o t r o n  window a p p l i c a t i o n s ,  t h e  m i l l i m e t e r - w a v e  d i e l e c t r i c  p r o p e r t i e s  o f  
a s e r i e s  o f  samples w i t h  Zr02 c o n c e n t r a t i o n s  up t o  60% f a b r i c a t e d  a t  Rockwell  

Science Center and Oak Ridge N a t i o n a l  Labora to ry  were measured. I n  a d d i t i o n ,  
two samples o f  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (PSZ) manufactured by N i l c r a  

Ceramics, Inc. were c h a r a c t e r i z e d .  The p r imary  purposes o f  t h i s  i n v e s t i g a t i o n  
were t o  e s t a b l i s h  t r e n d s  i n  t h e  changes o f  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  Zr02 c o n c e n t r a t i o n ,  and t o  compare i t s  expected performance t o  s i n g l e  
c r y s t a l  sapph i re  and ceramic A1203. 

The a d d i t i o n  o f  

3 
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The d i e l e c t r i c  p r o p e r t i e s  o f  a s e r i e s  o f  low-loss cand ida te  c o o l i n g  
f l u i d s  were a l s o  s tud ied .  These f l u i d s  were chosen by TRW, Inc., as a l t e r n a -  
t i ves t o  the  p r e v i o u s l y  c h a r a c t e r i  zed f 1 uorocarbon f 1 u i  ds i n  gy ro t ron  w i  ndow 
cool  i ng appl  i c a t i  ons, based on t h e i  r h i  gher f l a s h  temperature and lower  poten-  

t i a l  h e a l t h  hazard i n  combustion. 
database f o r  t he  mi l l imeter -wave p r o p e r t i e s  o f  low loss f l u i d s  so t h a t  choices 
w i l l  be a v a i l a b l e  t o  des igners o f  h igh  power gy ro t ron  windows t o  meet s p e c i f i c  
system performance c r i t e r i a .  

The purpose o f  t h i s  task  was t o  expand t h e  

The measurement r e s u l t s  ob ta ined f o r  sapphi r e  i n d i  ca ted  t h a t  thei r 

l oss  tangents a re  s i g n i f i c a n t l y  lower  than any ceramic m a t e r i a l  over the  f re -  

quency range 30-140 GHz. D i e l e c t r i c  p r o p e r t i e s  a long the  p r i n c i p a l  c r y s t a l  
axes were found t o  be independent o f  t he  o p t i c a l  grades o f  t h e  samples s tud-  
i e d .  P r e l i m i n a r y  i n d i c a t i o n s  show t h a t  t he  mi f l imeter -wave losses w i l l  be 

f u r t h e r  reduced a t  c ryogen ic  temperatures.  

The bes t  commercial alumi na m a t e r i a l  s (Coors AD-995, Ampex 99.5%, 

Ampex 99.9%) a re  a f a c t o r  o f  two t o  t h r e e  t imes more absorb ing  than sapphire.  
In -depth  a n a l y s i s  o f  t he  chemical and 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  of a s e r i e s  
o f  commercial and s p e c i a l l y  f o r m u l a t e d  alumina samples w i t h  w ide ly  v a r y i n g  
d i e l e c t r i c  p r o p e r t i e s  have e s t a b l i s h e d  t h a t  i m p u r i t i e s  o c c u r r i n g  w i t h i n  i n d i  - 
v idua l  g ra ins  o f  a lumina a re  pr ime c o n t r i b u t o r s  t o  the  m i l l i m e t e r - w a v e  loss .  
They a re  m r e  l i k e l y  t o  occur  i n  f i n e - g r a i n e d  m a t e r i a l s  and i n  fo rmu la t i ons  
w i t h  h i  gh i n i t i a l  c o n c e n t r a t i o n s  o f  a d d i t i v e s .  These r e s t r i c t i o n s  make very 
d i f f i c u l t  t h e  task  o f  deve lop ing  h igh  s t reng th ,  low a b s o r p t i o n  alumina mate- 
r i a l s ,  and f u r t h e r  developmental e f f o r t s  a r e  r e q u i r e d  be fo re  the  performance 
o f  t h e  bes t  commercial a luminas can be exceeded. 

Measured h i g h  d i e l e c t r i c  cons tan ts  f o r  t h e  Zr02-Al203 m a t e r i a l  system 
r e s t r i c t  t h e i r  use fu lness  i n  window a p p l i c a t i o n s  t o  composi t ions w i t h  Z r O Z  be- 
low 15 v/o. The loss tangents,  however, a re  excess i ve l y  h igh ,  even i n  t h i s  
c o n c e n t r a t i o n  range f o r  t he  samples s tud ied .  Whether t h e  improved s t r e n g t h  
p r o p e r t i  es (30-50%) a r e  e n t i  r e l y  o f f s e t  by t h e  degradat ion  i n  1 oss p r o p e r t i e s ,  

4 
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and whether these losses  can be reduced by s u i t a b l e  c o n t r o l  of m i c r o s c r y s t a l  - 
l i n e  p r o p e r t i e s  a re  y e t  t o  be determined. 

The a lkane f l u i d s  proved t o  have abso rp t i ons  f a r  lower  than t h e  
o r g a n i c  o i l s  and t h e  f luorocarbon f l u i d s .  
a v a i l a b l e  f o r  t h i s  group o f  f l u i d  ( v i s c o s i t y ,  f l a s h  temperature, heat  capac- 

i t y ,  e t c . )  makes them a t t r a c t i v e  as a l t e r n a t i v e  candidates t o  t h e  f luorocarbon 
f 1 u i  ds i n  coo l  i ng app l  i c a t i o n s .  

The range o f  phys i ca l  p r o p e r t i e s  
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EXPERIMENTAL 14ETHOD 

e l  e c t  r i c p r o p e r t i e s  o f  sol i d  sampl es were de- 
t r a n s m i s s i o n  and r e f l e c t i o n  method o r  by a 

c a v i t y  p e r t u r b a t i o n  method. I n  t h e  former case, a p lane p a r a l l e l  sample i s  
p laced i n  t h e  pa th  o f  e i t h e r  a c o l l i m a t e d  o r  a focused microwave beam. The 
d i e l e c t r i c  p r o p e r t i e s  a re  then' deduced f rom t h e  power r e f l e c t i o n  and t ransmis -  
s i o n  c o e f f i c i e n t s  and t h e i r  v a r i a t i o n  w i t h  f requency, and t h e  t h i c k n e s s  of t h e  
sample. I n  t h e  l a t t e r  case, where l a r g e  sarlples a re  no t  a v a i l a b l e  and f o r  

l i q u i d s ,  a rod sample o r  a c y l i n d r i c a l  tube c o n t a i n i n g  t h e  f l u i d  under mea- 
surement i s  p laced i n s i d e  a resonant c a v i t y  s t r u c t u r e .  The d i e l e c t r i c  COR-  

s t a n t  and loss t angen t  o f  t h e  sample are then c a l c u l a t e d  from t h e  measured 
resonant  f requency and t h e  change i n  q u a l i t y  f a c t o r  ( 9 )  of t h e  c a v i t y  r e -  
sponse. These methods have been desc r ibed  i n  p rev ious  r e p o r t s  where t h e  
exper imenta l  technique,  c a l i b r a t i o n  procedure and measurements r e s u l t s  on a 

wide v a r i t y  o f  m a t e r i a l s  over t h e  f requency range 30-110 GHz and temperature 
range up t o  t o  1600°C were d iscussed i n  d e t a i l  One major improvement made 
f o r  t h e  c u r r e n t  program was t h e  ex tens ion  o f  t h e  measurements t o  140 GHz. 
T h i s  c o n s i s t e d  p r i m a r i l y  o f  adding s u i t a b l e  power sources, horns and antennas 
and o t h e r  m i l l ime te r -wave  components, and o f  r e d e s i g n i n g  t h e  exper imenta l  
setup t o  a l l o w  f o r  b e t t e r  a l ignment  t o  meet t h e  more s t r i n g e n t  t o l e r a n c e  
requirements imposed by t h e  s h o r t e r  wavelength. Th is  enhanced c a p a b i l i t y  
a l l owed  measurements t o  be performed i n  t h e  130-140 GHz frequency range i n  
a n t i c i p a t i o n  o f  f u t u r e  h ighe r  f requency d i e l e c t r i c  c h a r a c t e r i z a t i o n  r e q u i r e -  
ments i n  t h e  g y r o t r o n  development program. 

M a t e r i a l s  p r o p e r t i e s  measurements were c a r r i e d  ou t  w i t h  a v a r i e t y  o f  
s tandard  and advanced analyses methods, i n c l u d i n g  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 t ransrnissi  on e l  e c t r o n  microscopy 
(STEM), energy d i s p e r s i v e  x- ray a n a l y s i s  (EDAX), and microprobe ana lys i s .  
These methods were used on s e l e c t  samples t o  determine t h e i r  m i c r o s t r u c t u r e  
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and composi t ion,  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  e lenents.  
t i e s  w i t h  d i e l e c t r i c  p r o p e r t i e s  t o  o b t a i n  a more fundamental understanding o f  

t h e  mechanisms govern ing t h e  d i e l e c t r i c  loss i n  ceramic m a t e r i a l s .  

Emphasis was p laced on c o r r e l a t i o n  o f  bas i c  m a t e r i a l s  p roper -  
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4.0 EXPERIMENTAL RESULTS 

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

A d e t a i l e d  m i l l i m e t e r - w a v e  d i e l e c t r i c  p r o p e r t  es c h a r a c t e r i  z a t  on 
program was c a r r i e d  out  on s i n g l e  c r y s t a l  sapph i re  over t h e  f requency range 
30-140 GHz. The o b j e c t i v e s  f o r  t h i s  task  are t o  e s t a b l i s h  t h e  i n t r i n s i c  d i e -  
l e c t r i c  l o s s  i n  sapphi re and t o  determine t h e  degradat ion caused by c r y s t a l  
i m p e r f e c t i o n s  such as a i r  bubble con ten t ,  and c r y s t a l  d e f e c t s  and i m p u r i t i e s .  
The da ta  w i l l  a l s o  determine t h e  u l t i m a t e  ach ievab le  values f o r  l o s s  i n  A1203 

ceramic m a t e r i a l  i n  general .  

For these purposes , measurements were c a r r i e d  out  on sapphi r e  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 ,  rang ing  frcwn t h e  lowest  o p t i c a l  grade ( C r y s t a l  
System Hemcore) t o  the  bes t  o b t a i  nab1 e grade ( C r y s t a l  System Hemex). Samples 
were f a b r i c a t e d  i n  s u f f i c i e n t l y  l a r g e  s i zes  (app rox ima te l y  7.75 cm i n  d iameter  
and 5 crn t h i c k )  t o  p r o v i d e  t h e  necessary measurement accuracy f o r  use 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  measurement method. I n  a d d i t i o n ,  f o r  
each o f  t h e  Hemcore and Hemex grade, two d i f f e r e n t  samples, one w i t h  t h e  sam- 
p l e  face  p a r a l l e l  t o  t h e  c r y s t a l  o p t i c a l  a x i s  ( a - c u t )  and one w i t h  t h e  sample 
face  p e r p e n d i c u l a r  t o  t h e  o p t i c a l  a x i s  ( c  or z -cu t ) ,  were used. When t h e  sam- 
p l e  face  is  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  e lec t romagne t i c  wave propaga- 
t i o n ,  t h e  c -cu t  c r y s t a l  w i l l  e x h i b i t  i s o t r o p i c  d i e l e c t r i c  p r o p e r t i e s  f o r  r o t a -  
t i o n s  about t h e  c r y s t a l  ax i s .  Th is  o r i e n t a t i o n  i s  commonly r e f e r r e d  t o  as 
E l c ,  where t h e  e l e c t r i c  f i e l d  o f  t h e  incoming r a d i a t i o n  i s  p e r p e n d i c u l a r  t o  

t h e  o p t i c a l  or c -ax i s .  For  t h e  a-cut  sample, bo th  t h e  a- and c-axes w i l l  be 
i n  t h e  p lane  d e f i n e d  by t h e  face  o f  t h e  sample. A l i n e a r l y  p o l a r i z e d  e l e c t r o -  
magnet ic wave no rma l l y  i n c i d e n t  on t h e  sample, depending on t h e  r o t a t i o n a l  
o r i e n t a t i o n  o f  the sample, w i l l  have i t s  e l e c t r i c  f i e l d  v e c t o r  a l i g n e d  p a r a l -  
l e l  or p e r p e n d i c u l a r  t o  t h e  c r y s t a l  c -ax i s .  Consequently, use o f  a- and c - c u t  
samples t o g e t h e r  a l l ows  complete d e t e r m i n a t i o n  o f  t h e  d i e l e c t r i c  p r o p e r t i e s  of 
s i n g l e  c r y s t a l  sapph i re  f o r  o r i e n t a t i o n s  o f  t h e  e l e c t r i c  f i e l d  bo th  p a r a l l e l  
and p e r p e n d i c u l a r  t o  t h e  c r y s t a l  c-ax is ,  as w e l l  as a redundancy check f o r  t h e  
1 a t t e r  case. 
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The r e s u l t s  ob ta ined  a re  g iven i n  Table 1. To w i t h i n  t h e  quoted e x -  
pe r imen ta l  u n c e r t a i n t i e s ,  t h e  r e s u l t s  f o r  t h e  d i e l e c t r i c  cons tan t  and t h e  l o s s  
tangen ts  a re  v i r t u a l l y  i d e n t i c a l  f o r  t h e  two grades o f  sapphire.  Consequently, 
d i f f e r e n c e s  i n  o p t i c a l  q u a l i t y  i n  t h e  sample s t u d i e d  (ma in l y  a i r  bubble con- 
t e n t  and c r y s t a l  d e f e c t s )  are no t  s i g n i f i c a n t  i n  terms o f  m i l l ime te r -wave  d i e -  
l e c t r i c  p r o p e r t i e s .  Since t h e  cos t  f o r  Hemex grade sapphi re i s  severa l  t imes 
t h a t  f o r  Hemcore grade sapphire,  t h i s  c o n c l u s i o n  can p o t e n t i a l l y  l e a d  t o  sub- 
s t a n t i a l  savings i f  sapph i re  becomes t h e  p r e f e r r e d  choice i n  m i l l ime te r -wave  
g y r o t  ron window appl i c a t i  ons. 

For  comparison, 1055 tangents f o r  sapphi re i n  ,the Elc o r i e n t a t i o n  
ob ta ined  i n  t h e  c u r r e n t  work are shown as a f u n c t i o n  o f  f requency i n  F i g .  1, 
t o g e t h e r  w i t h  t h e  va r ious  e a r l i e r  low frequency (8-9 G H z )  r e s u l t s  r e p o r t e d  by 
Westphal e t  a13y4 and t h e  cont inuous h i g h  frequency (100-400 Gtiz) r e s u l t s  ob- 
t a i n e d  by A fsa r  and But ton5 u s i n g  d i s p e r s i v e  F o u r i e r  t r a n s f o r m  spectroscopy 
techniques. 
exper imenta l  f i t s  t o  t h e  IR spec t ra  and e x t r a p o l a t i o n  t o  t h e  low frequency 
wings o f  t he  IR band. Current  data can be seen t o  have t h e  same general  f r e -  
quency dependence as p r e d i c t e d  by Slack, b u t  i s  app rox ima te l y  a f a c t o r  o f  3 
h i g h e r  i n  magnitude. It i s  a l s o  a p p r o x i n a t e l y  a f a c t o r  o f  2 lower  than t h e  
exper imenta l  da ta  o f  A fsa r  and But ton,  which were obta ined on nomina l l y  t h e  
same t y p e  o f  sapphi r e  sample ( C r y s t a l  System Hem1 i t e ) .  Low f requency resi.11 t s  
a re  s u f f i c i e n t l y  u n c e r t a i n  t h a t  t hey  do no t  enable d i s c r i m i n a t i o n  o f  t h e  h i g h  
frequency da ta  sets .  Th is  d iscrepancy between t h e  c u r r e n t  work and the  da ta  
o f  A fsa r  and Bu t ton  i s  a p p a r e n t l y  present  o n l y  i n  sapphi r e ,  s i n c e  comparisons 
o f  t h e  Wesgo AL-995 and Coors AD-999 da ta  showed good agreement, as shown i n  
F i g .  1. A d e t a i l e d  rev iew of c u r r e n t  da ta  f o r  sapph i re  f a i l e d  t o  uncover any 
p o s s i b l e  source o f  sys temat i c  e r r o r  which might  have been over looked. I n  
f a c t ,  most  e f f e c t s  considered would tend t o  l ower  t h e  loss value, making t h e  
disagreement even more apparent.  

A lso shown a re  r e s u l t s  o f  model c a l c u l a t i o n s  o f  Slack' based on 
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C6795A/ s n 



Tab le  1 
Measured Room Temperature (23°C) D i e l e c t r i c  P r o p e r t i e s  o f  S i n g l e  

Crystal Sapphi  r e  Manufactured by C r y s t a l  Systems, Inc.  

tan b (XlU-’) k t a n  b ( X l O - ’ )  
(tn.002) ( 2 5 )  

30-40 GYz 55-61) GHz SO-100 GHz 
Thickness Density k t n n  b (XlO-’) k t a n  5 ( X l O - ’ )  k 

Sample Type C Orientation (cm) (gm/cc) (to.oo6) (!O.OOS) (t0.003) ( + 5 )  

Hemcore, c-cut: E l c  5.0902 3.980 9.3Y2 5 10 9.392 < Il l  9.391 15 9.385 20 
Hemcore, a-cut:  Ek 5.0902 3.980 4.392 c lo 9.397 < 10 3.391 12 9.389 23 

Ellc 11.585 < 10 11.585 c io  1 1. hRO 16 11.578 ?% 

Hemex, c-cut: Fk 5.0846 3.981 9.390 < 10 9.390 c 10 Y.3R9 11 9.388 1 (1 
H e m i x ,  a-cut:  E &  5.0825 3.980 9.3’40 < 10 9,309 < 10 9.383 13 9.3H7 17 

Ellc 11.582 < 10 l l . ’ , H D  < IO I I  . S 7 7  16 11.576 70 
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Fig . 1 Summary o f  room temperature mi 11 imeter-wave measurement results f o r  
the loss tangent of  single crystal sapphire and various polycrys- 
t a l  1 ine A1 203 samples. 

The agreement obtained for the loss tangent i n  the different grades 

o f  sapphire studied indicated t h a t  sample quality i s  not  a significant issue. 

The self-consistency obtained f o r  the loss tangents as measured in the a- and 

c-cut samples indicated t h a t  polarization effects  were not present in the cur- 

rent experiment. The error bars shown in F i g .  l represent the best estimate 
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o f  t h e  t o t a l  u n c e r t a i n t y  from random and sys temat i c  e r r o r s  i n  t h e  measure- 
ments. Since sapph i re  t o  da te  has been shown t o  possess the  lowest  loss t a n -  
gent i n  candidate window m a t e r i a l s ,  e s t a b l  ishment o f  t h e  abso lu te  magnitude o f  
t h e  l o s s  i n  t h e  m i l l i m e t e r - w a v e  r e g i o n  of i n t e r e s t  i s  c r i t i c a l  i n  t h e  o v e r a l l  
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  and development program aimed a t  g y r o t r o n  window 
a p p l i c a t i o n s .  A s t r o n g  recommendation i s  t h a t  f u r t h e r  e f f o r t s  be undertaken 
t o  r e s o l v e  t h i s  apparent d i  scFepancy. 

4.2 Commercial P o l y c r y s t a l l i n e  Alumina 

D i e l e c t r i c  c h a r a c t e r i z a t i o n s  were a l s o  c a r r i e d  out on d i s k  A1203 sam- 
p les ,  us ing  t h e  free-wave measurement method. They c o n s i s t e d  o f  130-140 GHz 

measurenents o f  A1203 samples p r e v i o u s l y  s t u d i e d  up t o  100 GHz (Coors AD-995, 
Coors A b 9 9 9  and Ampex 99.5%) and s t i l l  a v a i l a b l e  f o r  f u r t h e r  t e s t i n g ,  and a 
new h i g h  p u r i t y  99.9% s i n t e r e d  A12Q3 sample manufactured by Ampex (Ampex 
99.9%). The da ta  obta ined,  t o g e t h e r  w i t h  low frequency r e s u l t s  f o r  t h e  two 
samples p r e v i o u s l y  s t u d i e d ,  a re  shown i n  Table 2. The Anpex 99.9%, Ampex 
99.5% and Coors AD-995 (99.5%) samples e x h i b i t e d  s i m i l a r  l o s s  c h a r a c t e r i s t i c s  
th roughou t  t h e  e n t i  r e  f requency range, w h i l e  t h e  Coors AD-999 sample showed 
losses  which were c o n s i s t e n t l y  a f a c t o r  o f  4 h ighe r .  The a n a l y s i s  o f  t h e  
s t a r t i n g  powder f o r  t h e  Ampex 99.9% sample be fo re  f i r i n g  i n d i c a t e d  t h a t  t h e  
t o t a l  i m p u r i t y  c o n c e n t r a t i o n  was below 0,05%, w i t h  t h e  breakdown as f o l l o w s :  
s i l i c a  = 0.012%; CaO = 0.008%; NaO = 0.008%; BaO = 0.004%; Fe203 = 0.003%; a l l  
o t h e r  i m p u r i t i e s  6 0.001%. A hydrocarbon b i n d e r  i s  used t o  c o n s t i t u t e  t h e  
powder which i s  expected t o  be comp le te l y  v o l a t i l i z e d  d u r i n g  s i n t e r i n g .  A l -  
though measurement u n c e r t a i n t i e s  a re  l a r g e  by comparison, t h e r e  i s  some i n d i  - 
c a t i o n  t h a t  t h e  lower  observed loss i n  t h e  Ampex 99.9% m a t e r i a l  r e f l e c t s  t h e  
h i g h e r  p u r i t y  o f  t h e  m a t e r i a l .  
t i o n  o f  i m p u r i t i e s  and t h e i r  e f f e c t  on d i e l e c t r i c  p r o p e r t i e s  f o r  these 
m a t e r i a l s  i s  g i ven  i n  S e c t i o n  4.6. 

A more d e t a i l e d  d i s c u s s i o n  r e g a r d i n g  d i s t r i h u -  
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Table 2 

Measured Room Temperature (23°C) D i e l e c t r i c  Proper t ies  of Commercial 
Polycrystall i n e  A203 Samples 

30-40 Gtiz 55-60 GHZ qr)-lI)O G H z  130-140 GHz 
Thickness Densi ty  k t a n  0 ( X l I J - ’ )  k t a n  b ( X l O - ’ )  k t a n  0 (Kin- ’ )  k t a n  6 ( X I O - ’ )  

Sample Type (cm) ( sm/cc )  (+ I01  ( ? l o )  ( t 5 \  ( t 5 )  

Ampex 99.5% 3.0658 3.870 9.669 31  9.66% 34 9.635 38 9.633 45 

____ 

?(I .\)OR +0.010 ;tr1.005 i 0  .IN15 

Ampex 99.951 

 COO^^ AD-995 

2.5425 3.907 9.755 75 ’3.750 17 3.75n 36 9.747 4 2  

3.8176 3.870 9.720 24 9.717 34 9.708 3R 9.70? 45 

in.003 fll .ou5 f 0  .OO3 t0.003 

t0.0OH _to .[I 10 to .no5 to .  005 

Coors RD-999 0.6368 3.882 Y .71  100t40 9.71 120+40 9.71 133t20 9.71 15 0 t 7 0 
t0.01 k O . 0 1  to .O1 to.01 - 
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4.3 E x p l o r a t o r y  Alumina Formula t ions  

I n  an e f f o r t  t o  b e t t e r  understand t h e  mechanisms c o n t r o l l i n g  t h e  

d i e l e c t r i c  loss i n  p o l y c r y s t a l l i n e  A1203, and t o  uncover means f o r  improv ing  
e l e c t r i c a l  and mechanical p r o p e r t i e s ,  severa l  advanced f o r m u l a t i o n s  were fab- 

r i c a t e d  and tes ted .  Because o f  t h e  e x p l o r a t o r y  n a t u r e  o f  t h e  i n v e s t i g a t i o n  
and i n  c o n s i d e r a t i o n  o f  c o s t  e f f e c t i v e n e s s ,  smal l  samples were f a b r i c a t e d  and 
c h a r a c t e r i z e d  by c a v i t y  p e r t u r b a t i o n  techniques.  Two o f  t hese  f o r m u l a t i o n s  
were f a b r i c a t e d  a t  OKNL and t h r e e  a t  Rockwell  I n t e r n a t i o n a l  Science Center. 
The ORNL samples c o n s i s t e d  o f  a f i n e - g r a i n e d  A1203 c o n t a i n i n g  0.2 w/o MgO and 
an A1203 composite w i t h  approx imate ly  20 v/o f i b r o u s  S i c  i n c o r p o r a t e d  as a 
m a t r i x .  Both m a t e r i a l s  showed 30% - 50% improvement i n  f r a c t u r e  toughness 
over  commercial p o l y c r y s t a l l i n e  A1203. The samples f a b r i c a t e d  and s t u d i e d  a t  
Rockwell Science Center were made by i n i t i a l  c a l c i n i n g  o f  G i b b s i t e  powder 
(C331) a t  700"C, f o l l o w e d  by ho t -p ress ing  ( H P )  a t  800°C t o  seal  t h e  sample i n  
a N i  c a n i s t e r .  Hot i s o s t a t i c  p r e s s i n g  (HIP) i s  t hen  per formed a t  130OOC t o  
f u l l y  c o n s o l i d a t e  t h e  sample. T i02 i s  i n t roduced  a t  2 m/o l e v e l  t o  i n h i b i t  

g r a i n  growth by a d d i t i o n  o f  t i t a n i u m  i sop ropox ide  i n  t h e  powder p repara t i on .  
Samples f a b r i c a t e d  i n  t h i s  manner were o f  n e a r - f u l l  d e n s i t y  ( p  = 3 . 9 ) ,  bu t  

showed h i g h  a b s o r p t i o n  a t  m i l l i m e t e r  waves. 
a l k a l i  i m p u r i t i e s ,  p r i m a r i l y  sodium, subsequent samples were prepared w i t h  

much pu re r  D i s p u r a l  powder, r e s u l t i n g  i n  some improvement i n  l o s s  
c h a r a c t e r i s t i c s .  F i n a l l y ,  a h i g h  p u r i t y  sample was prepared and ho t  

i s o s t a t i c a l l y  pressed w i t h  no a d d i t i v e s  present .  For t h i s  sample, t h e  
process ing  s teps  c o n s i s t e d  o f  c a l c i n a t i o n  a t  7U0°C, i s o s t a t i c  p r e s s i n g  t o  form 
a green body, and then  h o t  i s o s t a t i c  p r e s s i n g  a t  1 2 5 O O C .  The r e s u l t i n g  sample 
showed l o s s  tangent  va lues  comparable t o  t h e  bes t  low l o s s  commercial A1203 

Since C331 i s  known t o  c o n t a i n  

samples. However, t h e  d e n s i t y  achieved was o n l y  3.5. -+,. 

Resu l t s  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  measured a t  room temperature 
and a t  35 GHz f o r  t hese  e x p l o r a t o r y  samples a r e  g i ven  i n  Table 3. 

h i g h  va lues are  ob ta ined  f o r  t h e  ORNL A1203-SiC sample. They are most l i k e l y  
caused by t h e  conduc t ing  n a t u r e  o f  t h e  S i c  f i b e r s ,  which, when imbedded i n  an 

Anomalously 
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i n s u l a t i n g  d i e l e c t r i c  m a t r i x ,  c rea tes  a m i x t u r e  w i t h  a r t i f i c a l  l y  h i g h  
d i  e l  e c t  r i  c constants .  

Table 3 

E x p l o r a t o r y  A1203 M a t e r i a l s  a t  35 GHz 
Measured Room Temperature (23°C) D i e l e c t r i c  P r o p e r t i e s  o f  

D i e l e c t r i c  Constant 
Sampl e Compos i t i  on ( f3%)  Loss Tangent 

I ORNL I 
1. F ine  g r a i n  A1203 

(0.2 w/o MgO) 

2. A1 203-SiC Composite 
(20 v /o  S i c  f i b e r )  

Rockwell  Samples 

9.8 0.0009 2 0.0002 

20.6 0.21 f U.05 

1. Hot i s o s t a t i c a l l y  pressed 9.7 0.0011 -L: o.ouu2 

2. Hot i s o s t a t i c a l l y  pressed 7.8 0,0002 t 0.0001 

A1203 (2  v /o  T i O i )  

A1 203 ( u l  t r a - h i  gh p u r i t y  
s t a r t i n g  powder and no 
a d d i t i v e s  ) 

Other da ta  i n d i c a t e d  t h a t  t h e  observed l o s s  i s  q u a l i t a t i v e l y  r e l a t e d  t o  t h e  
l e v e l  o f  a d d i t i v e s  i n  t h e  samples. However, w i t h  h igh  p u r i t y  s t a r t i n g  mate- 
r i a l  and no s i n t e r i n g  a ids ,  f u l l  d e n s i f i c a t i o n  w i t h  c a l c i n a t i o n  and ho t  i s o -  
s t a t i c  p ress ing  was n o t  achieved. A much more i n -depth  m a t e r i a l s  development 
program appears t o  be necessary be fo re  t h e  d i e l e c t r i c  loss p r o p e r t i e s  i n  p o l y -  
c r y s t a l l i n e  ceramic A1203 can be improved over  those  achieved i n  s e l e c t e d  com- 
m e r c i a l  forms such as Coors AD-995, Wesgo AL-995, o r  t h e  Ampex 99.5 and 99.9% 

A1 203. 
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4.4 Z i  rconia-Toughened A1 umina 

S t reng ths  i n  ceramics a re  governed by f l a w  types and t h e i r  s i z e  d i s -  
t r i b u t i o n s ,  and by t h e  r e s i s t a n c e  o f  t h e  m a t e r i a l  t o  crack extens ion.  The 
a d d i t i o n  o f  Z rOZ as a second phase i n  an A1203 ceramic has been shown t o  d ra -  
m a t i c a l l y  improve t h e  average s t r e n g t h  p r o p e r t i e s .  The chemica l l y  compat ib le  
Zr02 c o n t r o l s  g r a i n  growth i n  A12O3, and thus  minimizes l o c a l i z e d  s t resses  
which can a r i s e  w i t h i n  and around l a r g e  g r a i n s  embedded i n  a f i n e r .  g r a i n e d  
m a t r i x .  The e f f e c t  o f  su r face  cracks on s t r e n g t h  degradat ion can a l s o  be min- 
im ized  by t h e  presence o f  Zr02. The s t ress - induced  phase t r a n s f o r m a t i o n  f r o m  

t e t r a g o n a l  t o  m o n o c l i n i c  phase i n  Zr02 i s  accompanied by a molar  volume i n -  

crease (3%)  which, i n  t u r n ,  p laces t h e  s u r f a c e  under compressive s t resses  and 
inc reases  t h e  f r a c t u r e  toughness o f  t h e  m a t e r i a l .  
A1203 ceramic system o f f e r s  t h e  p o t e n t i a l  f o r  ach iev ing  very h i g h  s t r u c t u r a l  
r e l i a b i l i t y ,  and f l e x u r a l  s t r e n g t h s  t h r e e  t o  f o u r  t imes h i g h e r  than t h e  aver-  
age values (40  t o  50 k p s i )  f o r  pure alumina have been achieved. 

Consequently, t h e  Zr02- 

Such m a t e r i a l s  would be ex t reme ly  a t t r a c t i v e  f o r  g y r o t r o n  window 
a p p l i c a t i o n s ,  p rov ided  t h e i r  m i l l ime te r -wave  d i e l e c t r i c  p r o p e r t i e s  are n o t  
s u b s t a n t i a l l y  degraded. To address t h i s  quest ion,  a s e r i e s  o f  samples were 
f a b r i c a t e d  a t  bo th  ORNL and Rockwell  Science Center and c h a r a c t e r i z e d  a t  
35 GHz t o  determine t h e  magnitude o f  d i e l e c t r i c  constant  and l o s s  tangent,  and 
t h e i r  dependences on Z r O Z  concen t ra t i on .  I n  a d d i t i o n  t o  these custom samples, 
two p a r t  i a1 l y  s t a b i  1 i zed commerci a1 Zr02 samples (PSZ)  were o b t a i  ned from 
N i l c r a  Ceramics (USA) Inc., a TS and a MS grade. These a r e  e s s e n t i a l l y  pu re  
Zr02 w i t h  8 t o  9 m/o MgO added t o  o b t a i n  a m i x t u r e  o f  monoc l i n i c ,  t e t r a g o n a l  
and cub ic  phases. The f l e x u r a l  s t r e n g t h  i s  somewhat h i g h e r  f o r  t h e  MS grade 
m a t e r i a l  (109 Kpsi a t  room temperature by f o u r - p o i n t  bend t e s t s  f o r  t h e  MS 
grade, and 94 Kpsi f o r  t h e  TS grade),  w h i l e  t h e  TS grade e x h i b i t s  much b e t t e r  
thermal  shock res i s tance .  It i s  hoped t h a t  t hese  samples w i l l  have p r o p e r t i e s  
r e p r e s e n t a t i v e  o f  100% ceramic Z r02  i n  t h i s  study. 
ORNL samples were r e s t r i c t e d  t o  20 v /o Zr02, t h e  p r imary  purpose f o r  t h i s  
s e r i e s  be ing  t o  s tudy t h e  dependence o f  m a t e r i a l s  p r o p e r t i e s  on p rocess i  ng and 

The composi t ions of t h e  

16 
C6795A/sn 



Rockwell Jnternational 
Science Center 

SC5357.4FH 

on s i n t e r i n g  a i d  c o n c e n t r a t i o n  (Y203). 
spanned t h e  Z r O Z  c o n c e n t r a t i o n  f rom 7.5 v/o t o  60 v/o. 
bend t e s t  f l e x u r a l  s t r e n g t h  f o r  t h e  7.5 v /o  f o r m u l a t i o n  was approx ima te l y  
75 kps i ,  w h i l e  t h e  va lue  f o r  t h e  60 v/o f o r m u l a t i o n  was 150 k p s i ,  or approx- 
i m a t e l y  t h r e e  t imes  t h a t  f o r  pu re  alumina. 

Rockwell  Science Center samples 

T y p i c a l  f o u r - p o i n t  

Room temperature d i e l e c t r i c  p r o p e r t i e s  f o r  t hese  samples a t  35 GHz 
A l l  measurements were performed on r o d  samples u s i n g  

I n  a d d i t i o n ,  t h e  PSZ m a t e r i a l s  were a l s o  
a re  g i ven  i n  Table 4. 
t h e  c a v i t y  p e r t u r b a t i o n  technique.  
c h a r a c t e r i z e d  w i t h  t h e  free-wave t r a n s m i s s i o n  and r e f l e c t i o n  method, u s i n g  
cube-shaped samples approx imate ly  2 i n .  on each side. The d a t a  i n d i c a t e d  t h a t  
t h e  a d d i t i o n  o f  Zr02 s u b s t a n t i a l l y  a l t e r e d  t h e  d i e l e c t r i c  p r o p e r t i e s  of t h e s e  
m a t e r i a l s  f rom those  f o r  pure A1203, and s u b s t a n t i a l  i nc reases  i n  bo th  t h e  
d i e l e c t r i c  cons tan t  and t h e  loss tangent  va lues occured w i t h  i n c r e a s i n g  I f 0 2  

c o n c e n t r a t i o n .  Consequently, t h e  i n c r e a s e  i n  m i l l i m e t e r - w a v e  a b s o r p t i o n  i n  
t h e  a s - f a b r i c a t e d  m a t e r i a l s  o f f e r s  no n e t  advantage o v e r  t h e  b e s t  pure commer- 
c i a l  alumina. It must be emphasized t h a t  t h e  f a b r i c a t i o n  process f o r  these 
samples was n o t  c o n t r o l l e d  t o  t h e  e x t e n t  t h a t  t h e  m a t e r i a l s  parameters a r e  
e x a c t l y  d u p l i c a t e d  from sample t o  sample. Consequently, any general  conc lu-  

s i o n s  r e g a r d i n g  sys temat i c  v a r i a t i o n s  o f  d i e l e c t r i c  p r o p e r t i e s  w i t h  concentra-  
t i o n  need t o  t a k e  i n t o  account t h e  p o s s i b i l i t i e s  t h a t  o t h e r  parameters, such 
as i m p u r i t y  l e v e l ,  p o r o s i t y ,  r e l a t i v e  compos i t i on  and phase assemblages, etc. ,  
may vary among t h e  samples i n  t h i s  se r ies .  

D i e l e c t r i c  c o n s t a n t  and l o s s  tangen t  va lues a r e  shown g r a p h i c a l l y  i n  

Figs.  2 and 3 as a f u n c t i o n  of ZrU2 c o n c e n t r a t i o n .  
t r e n d s  o f  i n c r e a s i n g  d i e l e c t r i c  p r o p e r t i e s  w i t h  i n c r e a s i n g  Zr02 concen- 
t r a t i o n .  Prev ious c a u t i o n s  n o t w i t h s t a n d i n g ,  these t rends  a re  almost c e r t a i n l y  
assoc ia ted  w i t h  compos i t i on  e f f e c t s .  

The d a t a  showed general  
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Tab le  4 
Measured Room Temperature (23°C) D i e l e c t r i c  P r o p e r t i e s  of 

Z i  r c o n i  a-A1 umi na Ma te r i  a1 s a t  35 GHz 

D i e l e c t r i c  Constant 
Sample Composi t i on (+3%) Loss Tangent 

ORNL Samples 

1. ALZRY 28-1 
20 v/o Z r O z - 2  m/o Y 2 0 3  

2 .  ALZRY 19-4 
20 v /o  Zr02.2 m/o Y 2 C 3  

3. ALZRY 20-5 
20 v /o  Z r 0 2 - 1  m/o Y ~ 0 3  

4. ALZRY 27-3 
20 v /o  Zr02.1 m/o Y203 

Rockwell  Samples 

1. 7.5 v/o ZrO2.2.5 m/o Y203 

2. 18.7 v /o  Zr02.3 m/o Y L O ~  

3. 30 v/o ZrO2.3 m/o Y 2 0 3  

4. 30 v/o ZrO2.3 m/o Y203 

5. 40 v /o ZrOz.3 m/o Y 2 0 3  

6. 50 v/o ZrO2.3 m/o Y 2 0 3  

7. 60 v /o Zr02-6.5 m/o Y203 

N i  1 cra  Ceramics (USA) Inc.  Sarnpl es 

1. P a r t i a l l y  S t a b i l i z e d  Z r O L ,  TS 

2. P a r t i a l l y  Stabilized Zr02,  MS 

13.3 

12.4 

13.2 

12.5 

11.5 
11.6 

12.7 

15.4 

17.2 

17.3 

19.9 

22.2 

28.5 

27.2 

0.0032 i 0.0005 

0.0048 -f 0.0005 

0.0037 f 0.0005 

0.0065 f 0.0095 

0.0008 f 0.0002 
0.0011 -f 0,0002 

0.0025 k 0.0005 

0.0053 t 0.0005 

0.0120 -f 0.0020 

0.0085 f 0.0015 

0.0125 i 0.0025 

0.0090 t 0.0020 

0.0022 f 0.0002 

0.0033 5 0.0002 
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VOLUME FRACTION OF ZIRCONIA 

F ig .  2 Measured room temperature d i e l e c t r i c  cons tan t  va lues a t  35 GHz f o r  
Zr02-A1203 samples as a f u n c t i o n  of Zr02 c o n c e n t r a t i o n .  

F ig .  3 Measured room temperature l o s s  tangen t  values a t  35 GHz f o r  Zr02- 
A I  *03 sampl es as a f u n c t  i on o f  Zr02 concent r a t  i on. 
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Al though it i s  probable t h a t  l o s s  tangents can be lowered by f u r t h e r  
m a t e r i a l s  research, t h e  observed inc rease  i n  d i e l e c t r i c  constant  w i t h  Zr02 
c o n c e n t r a t i o n  p laces c e r t a i n  i n h e r e n t  r e s t r i c t i o n s  on p o t e n t i a l  window appl i - 
c a t i o n s  i n  t h i s  c l a s s  o f  m a t e r i a l .  Since t h e  e l e c t r i c a l  p a t h l e n y t h  w i t h i n  a 
m a t e r i a l  i s  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  d i e l e c t r i c  constant ,  a v e r y  
h i g h  va lue i m p l i e s  l a r g e r  i n t e r f a c e  r e f l e c t i o n s  which need t o  be c a n c e l l e d  i n  
resonant c o n d i t i o n s  w i t h  s m a l l e r  p h y s i c a l  pa th leng ths .  Consequently, a b s o l u t e  
dimensional  t o l e r a n c e s  become more s t r i n g e n t  and, i n  extreme cases, t h e  window 
th i cknesses  r e q u i r e d  f o r  a g i ven  bandwidth becone so smal l  as t o  be i m p r a c t i -  
c a l  from a s t r u c t u r a l  v iewpo in t .  Consequently, u s i n g  m a t e r i a l s  w i t h  Zr02 con- 
c e n t r a t i o n  i n  excess o f  10-15 v/o probably  i s  no t  f e a s i b l e ,  a l though t h e  
g r e a t e s t  s t r e n g t h  and f r a c t u r e  toughness a re  ob ta ined  i n  t h e  60-70 v/o range. 
Even a t  these low concen t ra t i ons ,  s i g n i f i c a n t  improvements i n  s t r e n g t h  p roper -  
t i e s  (30-50%) can s t i l l  be achieved. Loss t angen ts  observed i n  t h e  e x i s t i n g  
m a t e r i a l s  f o r  t h i s  c o n c e n t r a t i o n  range a re  e x c e s s i v e l y  h igh,  and t h e  b a s i c  
q u e s t i o n  remains whether t h i s  excess l o s s  i s  assoc ia ted  p r i m a r i l y  w i t h  i n t r i n -  
s i c  p r o p e r t i e s  o f  mixed composi t ion ceramic systems, o r  whether i t  can be min- 
im ized  by c o n t r o l  o f  i m p u r i t i e s  , m i c r o s t r u c t u r e  and s t o i c h i o m e t r y .  

4.5 Low-Loss F1 u i d s  

The d i e l e c t r i c  p r o p e r t i e s  o f  a s e r i e s  o f  low- loss candidate c o o l i n g  
f l u i d s  were determined a t  8.4 and 35 GHz f o r  temperatures up t o  1 2 5 O C .  These 
f l u i d s  were chosen as a l t e r n a t i v e s  t o  t h e  f l u o r o c a r b o n  f l u i d s  i n  g y r o t r o n  win- 
dow coo l  i ng appl  i c a t i  ons based on t h e i  r h i g h e r  f l a s h  temperature and 1 ower 
p o t e n t i a l  h e a l t h  hazard. They were s u p p l i e d  by TRW and c o n s i s t e d  o f  two pe- 
t r o l e u m  hydrocarbon o i l s  and two alkanes. The d i a l a  o i l  and t r a n s c r e s t  o i l  
a r e  e s s e n t i a l l y  i d e n t i c a l  i n  chemical composi t ion and are m a i n l y  napthenes. 
The n-dodecane and te t radecane  a re  known t o  have ve ry  low mi l l ime te r -wave  
abso rp t i on .  7 

The measurements were performed by resonant c a v i t y  techniques us ing  
carbon t e t r a c h l o r i d e  as a r e f e r e n c e  standard.  Measurements were made a t  
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8.4 GHz a t  room temperature and a t  35 GHz over  t h e  range 2 5 - 1 2 5 O C .  
t i o n ,  comparison s t u d i e s  were a l s o  c a r r i e d  out  a t  8.4 GHz t o  determine the  
e f f e c t  o f  water con tamina t ion  on 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  t h e  f l u i d s .  The 
da ta  ob ta ined  a re  summarized i n  Tables 5 and 6. The d i e l e c t r i c  p r o p e r t i e s  
were found t o  be independent o f  f requency over t h e  range s tud ied ,  w i t h  t h e  
a lkanes showing s i g n i f i c a n t l y  l e s s  a b s o r p t i o n  than t h e  pet ro leum o i l s .  O f  t h e  
f o u r  m a t e r i a l s  s tud ied ,  t e t radecane  has t h e  lowest  l o s s  tangent  (0.003 t o  
0.004), w i t h  t h e  o i l s  e x h i b i t i n g  l osses  approx ima te l y  an o rde r  o f  magnitude 
h i g h e r .  The presence o f  water i n  t h e  samples a t  t h e  100-200 ppm l e v e l s  causes 
a s l i g h t  change i n  t h e  d i e l e c t r i c  cons tan t  ( -  0.03%),  as w e l l  as an increase 
i n  t h e  l o s s  tangent  ( 3  t o  6 x l o m 4 ) .  

t h e  loss tangent  values f o r  t h e  p e t r o l e m  o i l s ,  b u t  i t  i s  s i g n i f i c a n t  i n  the  

ve ry  l ow- loss  a1 kanes. The d i e l e c t r i c  constants  were found t o  decrease 
l i n e a r l y  w i t h  i n c r e a s i n g  tenpera tu re .  As shown i n  F ig .  4, t h e  r a t e  o f  change 
i s  a lmost i d e n t i c a l  f o r  t h e  t h r e e  cases s t u d i e d  and most l i k e l y  i s  due t o  
thermal  expansion i n  t h e  f l u i d s .  The l o s s  tangents remained cons tan t  over t h e  
temperature range s t u d i e d  f o r  t h e  a1 kanes, b u t  i nc reased  s i g n i f i c a n t l y  i n  
t r a n s c r e s t  o i  1 . 

I n  add i -  

Th i s  i n c r e a s e  i s  n e g l i g i b l e  compared t o  

It can be concluded from t h e  da ta  t h a t  t h e  alkanes are s u p e r i o r  bo th  
t o  t h e  pet ro leum o i l s  s t u d i e d  i n  t h i s  e f f o r t ,  and t o  t h e  f l uo roca rbon  f l u i d s  
s t u d i e d  p r e v i o u s l y  i n  terms o f  l o s s  c h a r a c t e r i s t i c s  i n  t h e  m i l l i m e t e r - w a v e  
reg ion .  The loss t angen t  g e n e r a l l y  decreases, and t h e  f l a s h  temperature i n -  
creases w i t h  i n c r e a s i n g  mo lecu la r  weight  i n  t h e  a lkane s e r i e s .  Th is  i s  o f f s e t  
by t h e  f a c t  t h a t  t h e  v i s c o s i t y  increases w i t h  mo lecu la r  weight,  so t h a t  a 
t r a d e o f f  s tudy needs t o  be performed t o  a r r i v e  a t  t h e  op t ima l  cho ice  o f  f l u i d  
f o r  s p e c i f i c  c o o l a n t  a p p l i c a t i o n s .  

D i e l e c t r i c  p r o p e r t i e s  o f  normal alkanes i n  t h e  microwave and f a r - I R  
reg ions  have been s t u d i e d  by Stumper7 as a f u n c t i o n  of f requency and tempera- 
t u r e .  The a b s o r p t i o n  observed i n  t h e  fa r - IR  has been a t t r i b u t e d  e i t h e r  t o  a 
r e o r i e n t a t i o n a l  r e 1  a x a t i o n  process o f  weak permanent d i p o l e s  a t tached  t o  t h e  
ends o f  t h e  molecules,  o r  t o  t r a n s i e n t  d i p o l e s  induced i n  t h e  nonpolar mole- 
cu les  by l o c a l i z e d  e l e c t r i c  f i e l d s .  The a b s o r p t i o n  bands f o r  these l i q u i d s  
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Table 5 

Measured Room Temperature (23OC) D i e l e c t r i c  
P r o p e r t i e s  of Low-Loss F l u i d s  a t  8.4 GHz 

Materi a1 k (i 0,005) t a n  b (+  0.0002) 

n-dodecane (71  ppm H20) 2.004 0.0007 

Tet radecane  ( A l d r i c h ,  99%) 2.028 0.0004 

D i a l a  o i l  (165 ppm H20) 2 .221  0.0026 
T r a n s c r e s t  o i l  ( d r i e d )  2.218 0.0023 
T r a n s c r e s t  o i l  ( u n d r i e d )  2.220 0.0025 

n-dodecane (163 ppm H20) 2.009 0.0010 

Dia la  o i l  (77 ppm H L O )  2.214 0.0020 

Table  6 

Pleasured D i e l e c t r i c  P r o p e r t i e s  o f  Low-Loss F1 u i d s  
a t  35 GHz as Function o f  Temperature 

25°C 7 5 O C  125°C 

T r a n s c r e s t  O i  1 (Dried)  

k (t 0.01) 2.220 2.152 2.083 
t a n  b (t 0.0005) 0.0022 0.0036 0.0047 1 n-dodecane ( 7 1  ppm H20) 

k (k 0.01) 2.003 1.952 1.875 
t a n  6 (e  0.0002) 0.0006 0.0006 0.0005 

1 Tetradecane  ( A l d r i c h ,  99%) 

k (i 0.01) 2.024 1.974 1.917 
t a n  6 (+ 0.0001) 0.0003 0.0003 0.0003 
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4 Measured d i e l e c t r i c  cons tan t  values f o r  l ow- loss  f l u i d s  as a f i i n c t i o n  
o f  temperature.  

c a l l y  peak between 2000 and 5000 GHz, w i t h  t h e i r  low frequency wings i n  
m i l l i m e t e r - w a v e  r e g i o n  decreas ing w i t h  i n c r e a s i n g  mo lecu la r  weight.  The 

general  t r e n d s  i n  t h e  d e n s i t y ,  v i s c o s i t y  and m i l l i m e t e r - w a v e  abso rp t i on  prop- 

e r t i e s  f o r  t h e  alkanes are i l l u s t r a t e d  i n  Table 7. C l e a r l y ,  f l u i d  f l o w  prop-  
e r t i e s  need t o  be considered i n  a d d i t i o n  t o  m i l l i m e t e r - w a v e  loss p r o p e r t i e s  i n  
c o o l i n g  a p p l i c a t i o n s .  It i s  a l s o  wor th n o t i n g  t h a t  t h e  room temperature d i e -  
l e c t r i c  p r o p e r t i e s  ob ta ined  f o r  n-dodecane a t  30-40 GHz by Stumper a r e  i n  good 
agreement w i t h  t h e  r e s u l t s  o f  t h e  c u r r e n t  s tudy.  

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

The p r e l i m i n a r y  s tudy  i n i t i a t e d  i n  t h e  p rev ious  y e a r ' s  e f f o r t  and 
desc r ibed  i n  ORNL/SUB/83-51926/1 (Rockwell  Report  SC5337.2TR) was cont inued i n  
t h e  c u r r e n t  program. 
e r t i e s  g i v i n g  r i s e  t o  d i f f e r e n c e s  i n  observed m i l l ime te r -wave  abso rp t i on  f o r  

Th i s  s tudy was aimed a t  i d e n t i f y i n g  t h e  m a t e r i a l s  prop- 
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Table 7 
Room Temperature (20OC) D i e l e c t r i c  Loss a t  100 GHz and V i s c o s i t y  

Data f o r  Normal Alkanes as Obtained f rom L i t e r a t u r e *  

Loss Tan e n t  2 n-a1 kanes ( g d c c )  (CP) (X10” ) 
Dens i t y  V i s c o s i t y  

Pentane (CbHi2) 0.626 0.240 12 
Hexane ( C b H i 4 )  0.659 0.326 10 

Nonane ( C g H 2 0 )  0.718 0.711 7 
n-decane (CiuH22) 0.730 0.92 5.5 
n-dodecane ( C i 2 H 2 6 )  0.749 1.35 (25°C) 4.5 

Heptane (C7H16) 0.684 0.409 8 

n-hexadecane (CibH34) 0.773 3.34 4.0 

* Loss tangen t  va lues a r e  f rom V. Stumper, Advances i n  
Mo lecu la r  R e l a x a t i o n  Processes 7, 185-208 (1975). Dens i t y  
and v i s c o s i t y  va lues a r e  f rom C F C  Handbook o f  Chemist ry  
and Pyys i  cs, Chemi c a l  Rubber Co. , C1 eve1 and, OH. 

p o l y c r y s t a l l i n e  alumina. I n  t h e  p rev ious  e f f o r t ,  average g r a i n  s i z e  and s i z e  
d i s t r i b u t i o n ,  chemical composi t ion,  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  
p r o p e r t i e s  o f  s e l e c t  A1 203 samples were determined by a combi n a t i  on o f  SEM, 
x- ray  d i f f r a c t i o n ,  STEM and energy d i s p e r s i v e  x-ray ana lys i s .  The sample 
chosen f o r  s tudy  c o n s i s t e d  o f  two AI203 t ypes  which e x h i b i t e d  low l o s s  (Coors 
AD-995 and Wesgo Al-995) and two which e x h i b i t e d  s i g n i f i c a n t l y  h ighe r  loss 

(Coors AD-999 and Union Carbide/ORNL hot-pressed A1203). 
e f f o r t ,  a n a l y s i s  o f  these samples was performed i n  much g r e a t e r  d e t a i l ,  and i t  
was extended t o  a number o f  new samples. 

I n  t h e  c u r r e n t  

I n  summary, t h e  average g r a i n  s i z e  o f  t h e  b e t t e r  m a t e r i a l s  was found 
D i r e c t  e v i -  t o  be s u b s t a n t i a l l y  l a r g e r  (50-30 pm i n  comparison t o  0.5-5 pm). 

dence was found f o r  t h e  d e t e r i o r a t i o n  o f  p r o p e r t i e s  i n  t h e  Union Carb ide rnate- 

r i a l  due t o  t h e  presence o f  Contaminants f rom t h e  h o t  p r e s s i n g  process; spe- 
c i f i c a l l y ,  sodium, s i l i c o n ,  c h l o r i n e ,  potassium and ca lc ium. The x- ray 
a n a l y s i s  o f  t h e  Union Carb ide hot -pressed sample i n  t h e  SEM showed s i g n i f i c a n t  
d i f f e r e n c e s  i n  t r a c e  element compos i t ion  a t  t h e  sample i n t e r i o r s  away from t h e  
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con tamina t ion  i n t r o d u c e d  a t  t h e  su r faces  f rom t h e  h o t  p r e s s i n g  procedure. 
Th is  g r a d i e n t  c o r r e l a t e d  d i r e c t l y  w i t h  t h e  observed v a r i a t i o n  o f  loss proper -  
t i e s  w i t h i n  t h e  sample. 
r i a l s  w i t h  r e l a t i v e l y  low losses,  as were calc ium-alumino s i l i c a t e  g lassy  

phases a t  t h e  g r a i n  j u n c t i o n .  The c o n c e n t r a t i o n  o f  secondary c r y s t a l l i n e  
phases such as qua r t z ,  ca l c ium a lumina te  and s p i n e l  v a r i e d  s i g n i f i c a n t l y  f rom 

t h e  h i g h  o f  a l l  t h r e e  i n  t h e  Wesgo A1-995 t o  reduced c o n c e n t r a t i o n  i n  t h e  
C o w s  AD-995, and complete absence o f  some i n  t h e  samples showing t h e  h i g h e r  
losses.  Since pu re  secondary phases i n  genera l  a r e  n o t  ve ry  absorb ing,  t h e i r  
c o n t r i b u t i o n s  t o  t h e  t o t a l  loss are  n o t  expected t o  be s i g n i f i c a n t  a t  t h e  
t y p i  c a l  concent r a t  i ons found i n these  m a t e r i  a1 s ( (1%). Consequently , i t  can 
be concluded t h a t  t h e  presence and d i s t r i b u t i o n  o f  a d d i t i o n a l  i m p u r i t i e s  
w i t h i n  these  and t h e  p r imary  A1203 g r a i n s  a re  c o n t r o l l i n g  t h e  l o s s  p r o p e r t i e s .  

The sys temat i c  a n a l y s i s  o f  t h e  m i c r o s t r u c t u r e s  o f  t h e  m a t e r i a l s  us ing  
a n a l y t i c a l  e l e c t r o n  microscopy was c a r r i e d  o u t  w i t h  a comparison o f  two o f  t h e  
m a t e r i a l  s a1 ready exami ned : Coors AD-995, which had 1 ow-1 oss p r o p e r t i e s ,  and 

Union Carbide hot -pressed A1203, which d i d  no t .  Another m a t e r i a l ,  Ampex 995, 
which had v i r t u a l l y  i d e n t i c a l  l o s s  tangent  values t o  t h e  Coors AD-995, was 
a1 so exami ned. 

La rge -sca le  p o r o s i t y  was a l s o  apparent i n  t h e  mate- 

The Ampex 995 and Coors AD-995 samples have comp le te l y  d i f f e r e n t  t o p -  
ographies i n  c o n t r a s t  t o  t h e  f a c t  t h a t  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 r e  v e r y  
s i m i l a r .  The Coors sample i s  c h a r a c t e r i z e d  by f a i r l y  l a r g e  g r a i n s  o f  essen- 

t i a l  l y  pu re  a-AlzO3, w i t h  t h e  i m p u r i t i e s  concen t ra ted  a t  t h e  g r a i n  boundar ies 
and t h e  g r a i n  j u n c t i o n s .  An example o f  t h i s  m i c r o s t r u c t u r e  i s  shown i n  F ig .  

5,  where pockets  o f  g l a s s  a r e  found as t r i a n g u l a r - s h a p e d  reg ions .  
g lasses vary i n  composi t ion,  b u t  c o n s i s t  p r i n c i p a l l y  o f  a m i x t u r e  o f  S i02 and 
CaO w i t h  t h e  A1203 (Si02-CaO). 
compos i t i on  3A1203.6( SiOz.CaO) .Na20 and extends a long  t h e  g r a i n  boundar ies.  
The g l a s s  phases do n o t  always c o n t a i n  Si02, and t h e  soda c o n c e n t r a t i o n s  a l s o  
va ry  w ide ly .  The g r a i n  boundar ies seem t o  c o n t a i n  mos t l y  Ca as an i m p u r i t y  
and, indeed, many o f  t h e  boundar ies a r e  f r e e  f rom i m p u r i t i e s  t o  t h e  l i m i t  o f  

These 

The g l a s s  pocket i n  Fig.  6, f o r  example, has a 
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FSg. 5 Glassy t r i p l e  p o i n t s  i n  Coors-AD-995 alumina. 
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B r i g h t  f i e l d ,  dark f i e l d  p a i r  o f  a g lassy t r i p l e  p o i n t  and sur- 
rounding g r a i n  boundaries i n  Coors AD-995. 
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Fig.  6, b u t  c l e a r l y  t h e  boundary phases a r e  a s i n k  f o r  most o f  t h e  i m p u r i t i e s .  
The o n l y  element de tec ted  i n  t h e  g r a i n s  themselves, o t h e r  than  A1 and oxygen, 
i s  su lphur ,  which m a i n t a i n s  a c o n c e n t r a t i o n  i n  t h e  hundreds of  p a r t s  p e r  
m i l l i o n  range i n  some g r a i n s  and g lassy  pockets a l i k e .  

On t h e  o t h e r  hand, t h e  Ampex 995 ceramic shows a lmost  no evidence o f  

a g lassy  phase a t  t h e  boundar ies (F ig .  7 ) ,  a l t hough  an a n a l y s i s  o f  t h e  g r a i n  

boundar ies and j u n c t i o n s  shows t h a t  Ca does, i n  f a c t ,  segregate the re .  The 
c o n c e n t r a t i o n s  o f t e n  reach 1% o r  more o f  t h e  volume o f  A1203 analyzed, which 
always c o n t a i n s  m a t e r i a l  ad jacen t  t o  t h e  boundary. S i m i l a r l y ,  f r a c t i o n a l  pe r -  
centage c o n c e n t r a t i o n s  o f  su lphu r  and Sn can o f t e n  be de tec ted  a t  g r a i n  j unc -  
t i o n s ,  and a re  o f t e n  found t o  be d e p l e t e d  a t  t h e  g r a i n  boundar ies i n  compari-  

son t o  t h e  g r a i n s  themselves. 
t i o n s  a r e  n o t a b l y  h i g h e r  t h a n  t h e  c o n c e n t r a t i o n s  i n  t h e  g r a i n s  themselves, 
which never exceed t h e  hundreds o f  p a r t s  per  m i l l i o n  range and a re  o f t e n  
unde tec tab l  e. 

The su lphu r  c o n c e n t r a t i o n s  a t  t h e  g r a i n  j u n c -  

The Union Carb ide hot -pressed sample, which i n  c o n t r a s t  has much 
poorer  l o s s  p r o p e r t i e s ,  i s  l i t t e r e d  w i t h  smal l  vo ids.  They va ry  between 1 O O U  
and 10,0008 i n  d iamete r  and a r e  o f t e n  f a c e t e d  (F ig.  8). There i s  no evidence 
f o r  p o r o s i t y  a t  t h e  g r a i n  j u n c t i o n s  ( F i g .  9 > ,  and c a r e f u l  examinat ion of t hese  
t r i a n g u l a r  reg ions  shows them n o t  t o  be glassy,  b u t  i n s t e a d  t o  e x h i b i t  
d i f f r a c t i o n  c o n t r a s t  f rom t h e  su r round ing  g r a i n s  ( F i g .  10). There i s  l i t t l e  
evidence f o r  seg rega t ion  o f  i m p u r i t i e s  t o  e i t h e r  t h e  g r a i n  boundar ies o r  
j u n c t i o n s ,  b u t  some o f  t h e  g r a i n s  themselves show Ce and Ca c o n c e n t r a t i o n s  i n  
t h e  range o f  0.1 atomic% and potassium c o n c e n t r a t i o n s  an o r d e r  o f  magnitude 

lower.  There a r e  e x c e p t i o n a l l y  h i g h  c o n c e n t r a t i o n s  o f  s u l p h u r  i n  t h e  g r a i n s ,  
as h i g h  as 2 atomic% in some cases, which i s  t h r e e  o r d e r s  o r  magnitude l a r g e r  

t h a n  i n  e i t h e r  t h e  Coors AD-995 o r  Ampex 995. There were a l s o  c o n c e n t r a t i o n s  
o f  severa l  a tomics o f  Sc i n  some g r a i n s  which, a long w i t h  potassium, was com- 

mon o n l y  t o  t h i s  m a t e r i a l .  
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Fig.  7 B r i g h t  f i e l d  micrograph o f  t h e  m i c r o s t r u c t u r e  o f  Ampex 995 showing 
t h e  absence o f  any boundary phase. 
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Fig. 8 Bright f i e l d  micrograph o f  the microstructure o f  the Union Carbide 
hot-pressed A1203 showing the presence o f  small voids. 
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Fig. 9 Br ight  f i e l d  micrograph from the Union Carbide A1203 showing the 
t r iangular  holes a t  the grain corners. 
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Fig. 10 Br ight  f i e l d  micrograph from the Union Carbide A1203 showing the 
f a i n t  d i f f r a c t i o n  contrast from the grain junction. 
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From these  r e s u l t s ,  t h e  cons is tency  between t h e  m a t e r i a l s  w i t h  l o w e r  
l o s s  tangent  va lues would seem t o  be t h e  absence o f  f i n e  p o r o s i t y  (which i n  

t h e  case o f  Coors AD-995 i s  rep laced  by l a r g e  v o i d s  a t  t h e  g r a i n  boundar ies of  
t h e  o rde r  o f  seve ra l  m ic rons )  and t h e  presence o f  o n l y  very low c o n c e n t r a t i o n s  
of i m p u r i t i e s  w i t h i n  t h e  g r a i n s  themselves. Pure secondary phases by them- 
se lves apparen t l y  do n o t  c o n t r i b u t e  t o  any s i g n i f i c a n t  i n c r e a s e  i n  loss, b u t  
t h e i r  presence i n  h i g h  c o n c e n t r a t i o n s  undoubtedly w i l l  l e a d  t o  h i g h e r  l e v e l s  
o f  i n t r a g r a n u l a r  and g r a i n  boundary i m p u r i t i e s ,  which can cause excess ive 
m i l l i m e t e r - w a v e  abso rp t i on .  

Because o f  t h e  l a r g e  g r a i n  surface-to-volume r a t i o s  i n  f i n e  g r a i n  
m a t e r i a l s ,  a d d i t i v e s  and 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  much lower  con- 
c e n t r a t i o n  l e v e l s  t o  achieve t h e  same l o s s  p r o p e r t i e s  as l a r g e r  g ra ined  mate- 
r i a l s .  However, such low  l e v e l s  o f  a d d i t i v e  may n o t  be compa t ib le  w i t h  f u l l  
d e n s i f i c a t i o n  o f  t h e  ceramic d u r i n g  process ing,  as i l l u s t r a t e d  by t h e  d i f f i -  
c u l t i e s  encountered i n  p roduc ing  f u l l y  dense samples u s i n g  u l t r a - p u r e  s t a r t i n g  
powder and no s i n t e r i n g  aids.  

M a t e r i a l s  a n a l y s i s  was a l s o  c a r r i e d  ou t  on s e l e c t  samples o f  t h e  ex- 

p l o r a t o r y  A1203 f o r m u l a t i o n s  and Zr02-A1203 samples. 
c o n s i s t e n t  w i t h  t h e  above general  observat ions.  The g r a i n  s t r u c t u r e s  f o r  t h e  

Rockwell  u l t r a - h i g h  p u r i t y  h o t  i s o s t a t i c a l l y  pressed A1203 sample and t h e  ONRL 
f i n e - g r a i n  A1203 sample a re  shown i n  F i g .  l l a  and l l b ,  r e s p e c t i v e l y .  
d e n s i f i c a t i o n  was n o t  achieved w i t h  t h e  Rockwell  sample, b u t  e x c e l l e n t  l o s s  
c h a r a c t e r i s t i c s  were obtained, which most p robab ly  i s  due t o  t h e  observed low 
c o n c e n t r a t i o n s  o f  i n t r a g r a n u l a r  i m p u r i t i e s .  The ORNL sample i s  n e a r l y  f u l l y  
dense, b u t  e x h i b i t e d  h i g h e r  l oss ,  t o g e t h e r  w i t h  many smal l  voids.  I n  f a c t ,  
t h e  l o s s  tangen t  va lues f o r  t h i s  sample were found t o  be s i g n i f i c a n t l y  h i g h e r  
than  t h e  much l a r g e r - g r a i n e d  commercial samples such as Coors AD-995, even 
though t h e  o v e r a l l  d e t e c t e d  i m p u r i t y  l e v e l s  were much l e s s .  

The r e s u l t s  o b t a i n e d  a r e  

F u l l  

F i g u r e  12a shows t h e  m i c r o s t r u c t u r e  o f  t h e  near f u l l y  dense Rockwell  
h o t  i s o s t a t i c a l l y  pressed sample. The d i s t r i b u t i o n  o f  T i  w i t h i n  t h e  sample 
r e s u l t i n g  from t h e  added T i 0 2  f o r  a c h i e v i n g  d e n s i f i c a t i o n  i s  shown i n  F ig .  
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I 

Fig. 11 (a) SEM o f  ul t ra-high A1203 sample fabricated a t  the Science 
Center by hot i sos ta t i c  pressing; (b) SEM o f  ORNL f ine grain 
A1 203 sample. 
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Fig. 12 (a) SEM o f  hot isostatically pressed A120 sample containing 

(b) elemental x-ray mapping by EDAX showing distribution of 
Ti within sample illustrated by (a) 

Ti02 as densification aid fabricated at t il e Science Center; 
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12b, ob ta ined  by elemental  x-ray mapping w i t h  EDAX. T i  was found t o  occur as 
a secondary ox ide  c r y s t a l l i n e  phase o c c u r r i n g  a t  t h e  g r a i n  boundary, as w e l l  

as i n c o r p o r a t e d  w i t h i n  i n d i v i d u a l  g ra ins .  As expected, t h i s  sample showed 
h i g h  d i e l e c t r i c  l oss .  
s t a t e d  s e n s i t i v i t y  of d i e l e c t r i c  l o s s  p r o p e r t i e s  i n  f i n e - g r a i n e d  A203 t o  t r a c e  
a d d i t i v e s .  

These r e s u l t s  a re  good i l l u s t r a t i o n s  o f  t h e  p r e v i o u s l y  

Chemical and m i c r o s t r u c t u r a l  analyses were a l s o  c a r r i e d  ou t  on t h e  
ORNL s e r i e s  o f  Zr02-A203 samples (ALZRY 28-1, 19-4, 20-5 and 27-3). 
samples showed a v a r i a t i o n  i n  d i e l e c t r i c  cons tan t  between 12.4 and 13.3, and 
l o s s  tangents between 0.0032 and 0.0065. 
t a l  1 i ne phases i n  these samples a re  a-A203, t e t r a g o n a l  , monocl i n i  c and cub4 c 

Zr02, Yo,15 Zr0.8501.93 and Si02. f3-A203 was de tec ted  i n  sample ALZRY 27-3, 
which i s  p robab ly  t h e  cause f o r  t h e  h i g h e r  loss tangent  va lue observed i n  t h i s  

sample (0.0065). 
e s t  loss. Chemical a n a l y s i s  by EDAX performed on a f r a c t u r e d  s u r f a c e  revealed 
r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  of Fe, Na, Ca, C1 and potassium (F ig .  13) .  The 

These 

XRD i n d i c a t e d  t h a t  t h e  p r imary  c r y s -  

Of t h e  remain ing t h r e e  samples, ALZRY 19-4 showed t h e  h i g h -  

S C 8 5  30571 

F ig .  13 Microprobe chemical a n a l y s i s  by EDAX o f  f r a c t u r e d  s u r f a c e  f o r  ORNL 
Zr02-A203 sample ALZRY 19-4. 
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Fe was found t o  occur  as i n t e r g r a n u l a r  i n c l u s i o n s  and t o  be d i s t r i b u t e d  on t h e  
sur face and w i t h i n  t h e  g ra ins .  T y p i c a l  d i s t r i b u t i o n  o f  Fe i n  t h i s  sample i s  

shown i n  F i g .  14. 

The d i s t r i b u t i o n  o f  ,902 g r a i n s  w i t h i n  t h e  A1203 m a t r i x  f o r  samples 
ALZRY 19-4, 20-5 and 28-1 a r e  shown i n  Figs. 15, 16a and 16b ,  r e s p e c t i v e l y .  
The c o n t r a s t  between t h e  w h i t e  Zr02 g r a i n  and t h e  da rke r  A1203 i s  ob ta ined  by 
backsca t te red  e l e c t r o n  imaging on t h e  SEN. The Zr02 g r a i n s  occur  a t  t h e  g r a i n  

boundar ies and t r i p l e  p o i n t s ,  and a re  embedded i n s i d e  t h e  A I 2 Q 3  g ra ins .  Typ i -  
c a l  Zr02 g r a i n  s i z e s  a r e  about 0.5 pm. Since even t r a c e  con tamina t ion  o c c u r r -  
i n g  w i t h i n  t h e  A1203 g r a i n s  have been demonstrated t o  l e a d  t o  h i g h  abso rp t i on ,  
i t  i s  n o t  s u r p r i s i n g  t h a t  t hese  samples show t h e  l e v e l  o f  l o s s  t h a t  t hey  do. 
Indeed, as t h e  c o n c e n t r a t i o n  o f  Zr02 i n  t h e  sample i s  increased,  one would 
q u a l i t a t i v e l y  expect t h e  loss f i r s t  t o  i nc rease ,  and t h e n  t o  decrease as the 

m a t e r i a l  approaches pure Zr02. This  i s  c o n s i s t e n t  w i t h  t h e  general  t r e n d  o f  
t h e  da ta  shown i n  Fig.  3, keeping i n  mind t h a t  t h e  l o s s  tangen t  va lues 
o b t a i n e d  f o r  PSZ samples are i n  t h e  range 0.002-0.003. 
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Fig. 14 (a) SEM o f  fractured surface o f  ORNL Zr02-A1203 sample ALZRY 19-4 
showing inclusions; (b) elemental x-ray mapplng by EDAX showing 
distribution o f  Fe within sample illustrated in (a) .  

38 
C6795A/sn 



Rockwell International @A!! Science Center 

SC5357.4FR 

I 

Fig. 15 SEM showing the d is t r ibut ion  o f  ZrO2 (white) i n  A1203 matrix 
for ORNL sample ALZRY 19-4. 
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Fig. 16 (a)  SEM showing the d is t r ibut ion  of Zr02 (white) i n  A1 0 matrix 

ZrO2 (white) i n  A1203 matr ix for ORNL sample ALZRY 28-1. 
f o r  ORNL sample ALZRY 20-5; (b) SEM showing the d i s t r i  2 ?  u ion of 
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5 .O CONCLUSIONS AND RECOMFIENDATIONS 

The measurement r e s u l t s  ob ta ined  f o r  s i n g l e  c r y s t a l  sapphi r e  over t h e  
f requency range 30-140 GHz i n d i c a t e d  t h a t  t h e  d i e l e c t r i c  cons tan ts  along t h e  
p r i n c i p a l  axes are v i r t u a l l y  independent o f  frequency. T h e i r  l o s s  tangents 
are s i g n i f i c a n t l y  lower  than any ceramic m a t e r i a l  s tud ied  i n  t h i s  program, and 
a r e  l e s s  than a t  f requenc ies  below 60 GHz and between 1-2 x l o e 4  over  t h e  
f requency range 90-140 GHz. These values were found t o  be independent of t h e  
q u a l i t y  o f  t h e  c r y s t a l  samples s tud ied ,  i m p l y i n g  t h a t  v a r i a t i o n s  i n  a i r  bubble 
con ten t  and c r y s t a l  d e f e c t s  f o r  h i g h  o p t i c a l  q u a l i t y  m a t e r i a l s  a re  no t  s i y n i f -  
i c a n t  i n  terms o f  m i l l i m e t e r - w a v e  d i e l e c t r i c  p r o p e r t i e s .  

The commercial alumina samples a l l  showed a more gradual f a l l - o f f  i n  
l o s s  tangent  va lues w i t h  decreas ing frequency when compared t o  sapphi r e ,  and 
have magnitudes two t o  t h r e e  t imes h i g h e r  i n  t h e  90-140 GHz range f o r  t h e  bes t  
m a t e r i a l s .  The lowest  loss commercial m a t e r i a l s  s tud ied  t o  da te  are the  Coors 
AD-995, Ampex 99.5% and Ampex 99.9% alumina, where l o s s  tangen ts  between 3- 
5 x a re  observed between 30-140 GHz. 

Comparison o f  t h e  r e s u l t s  ob ta ined  i n  t h e  c u r r e n t  s tudy w i t h  those  
ob ta ined  by A fsa r  and Bu t ton  on s i m i l a r  m a t e r i a l s  i n d i c a t e d  t h a t  good agree- 
ments are ob ta ined  f o r  t h e  Coors AD-999 and Wesgo Al-995 alumina. However, a 
s u b s t a n t i a l  d i f f e r e n c e  i s  observed f o r  s i n g l e  c r y s t a l  sapphire,  w i t h  t h e  c u r -  
r e n t  r e s u l t s  be ing  a f a c t o r  of two t o  t h r e e  t imes lower  in t h e  f requency range 
100-140 GHz. This d i f f e r e n c e  i s  due p o s s i b l y  t o  p o l a r i z a t i o n  e f f e c t s  which 
may be present ,  b u t  not  accounted f o r ,  i n  t h e  p rev ious  s tudy by A fsa r  and 
But ton.  

S ince t h e  low d i e l e c t r i c  loss  i n  sapphi re has made i t  a p r imary  can- 
d i d a t e  f o r  h i g h  power g y r o t r o n  window a p p l i c a t i o n s ,  t h i s  d iscrepancy must be 
resolved,  and a se t  o f  r e l i a b l e  da ta  must be e s t a b l i s h e d  over t h e  m i l l i m e t e r -  
wave r e g i o n  o f  i n t e r e s t  f o r  t h i s  m a t e r i a l .  It i s  recommended t h a t  a c o o r d i -  
nated exper imenta l  e f f o r t  be undertaken w i t h  independent i n v e s t i g a t o r s  iisi ng 
v a r i o u s  measurement techniques on i d e n t i c a l  c o n t r o l  l e d  samples t o  produce a 
s e t  o f  self -cons i  s t e n t  da ta  of known absol u t e  accuracy. 
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I n  p r i n c i p l e ,  t h e  observed l o s s  i n  s i n g l e  c r y s t a l  sapph i re  can be 
reduced s u b s t a n t i a l l y  by o p e r a t i n g  a t  low (c ryogen ic )  temperatures.  Exper i  - 
mental da ta  i n  t h e  m i l l i m e t e r  f requency r e g i o n  below room temperature a r e  n o t  
c u r r e n t l y  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  However, p r e l i m i n a r y  da ta  taken on a 
sample o f  sapph i re  ( C r y s t a l  System Hemex) and a sample of alumina (Coors AD- 

995) a t  l i q u i d  n i t r o g e n  temperatures are very encouraging. 
l o s s  o f  app rox ima te l y  25% was observed i n  t h e  ceramic m a t e r i a l ,  w h i l e  t h e  l o s s  
tangent  i n  sapph i re  decreased t o  below 5 x a t  100 GHz, which i s  t h e  l i m i t  
i n  measurement s e n s i t i v i t y  w i t h  t h e  e x i s t i n g  i n s t r u m e n t a t i o n  on t h e  s i z e s  o f  
samples used. These obse rva t i ons  are c o n s i s t e n t  w i t h  t h e  assumpti on t h a t  t h e  
i n t r i n s i c  l o s s  i n  sapphi r e  i s  ve ry  temperature-dependent, w h i l e  t h e  excess 
e x t r i n s i c  loss i n  ceramic alumina i s  not.  I f  these obse rva t i ons  a re  v e r i f i e d ,  

t hen  o n l y  a marg ina l  improvement i s  expected i n  alumina, b u t  a v e r y  substan- 
t i a l  improvement can be expected i n  s i n g l e  c r y s t a l  sapphire.  With t h e  a n t i c i -  

pated low l o s s  a t  c ryogen ic  temperature f o r  sapphi re ,  measurements methods 
need t o  be improved t o  p r o v i d e  t h e  necessary s e n s i t i v i t y .  I n  view o f  t h e  
p o t e n t i a l  advantages which can be a t t a i n e d  w i t h  low temperature o p e r a t i o n s  f o r  
sapphi r e  i n  window appl i c a t i  ons , i t  i s  recommended t h a t  an exper imenta l  p ro -  
gram be undertaken t o  determine 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  t h i s  m a t e r i a l  a t  
temperatures down t o  l i q u i d  n i t r o g e n  temperature.  Concur ren t l y  an eng ineer ing  
development program needs t o  be i n i t i a t e d  t o  address t h e  i s s u e s  a s s o c i a t e d  
w i t h  t h e  des ign o f  cooled g y r o t r o n  windows. 

A r e d u c t i o n  i n  

The e x p l o r a t o r y  m a t e r i a l s  devel  opment e f f o r t  f o r  improv ing  t h e  d i e -  
l e c t r i c  and s t r e n g t h  p r o p e r t i e s  o f  ceramic alumina proved t o  be ext remely 

v a l u a b l e  i n  terms of unders tand ing  t h e  l o s s  mechanisms i n  ceramics a t  m i l l i -  
meter waves. Whi le  t h e  e f f o r t  d i d  n o t  produce m a t e r i a l s  w i t h  s imu l taneous ly  
o p t i m i z e d  s t r e n g t h  and m i l l i m e t e r - w a v e  l o s s  p r o p e r t i e s ,  b a s i c  i n s i g h t s  t h a t  
can p o t e n t i a l l y  l e a d  t o  new methodologies and f a b r i c a t i o n  approaches f o r  ad- 

vanced m a t e r i  a1 s devel  opment were obta ined.  
m i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n  s t u d i e s  have i n d i c a t e d  t h a t  i n t r a g r a n u l a r  
i m p u r i t y  i s  one o f  t h e  dominant causes of h i g h  m i l l i m e t e r - w a v e  abso rp t i on ,  and 
i s  most l i k e l y  t o  occur i n  f i n e - g r a i n e d  alumina and i n  m a t e r i a l s  w i t h  h i g h  
i n i t i a l  c o n c e n t r a t i o n s  o f  a d d i t i v e s  and contaminat ions.  

The combi n a t i  on of d i e l e c t r i c  and 
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To achieve h i g h  s t r e n g t h  and low l o s s ,  f a b r i c a t i o n  methods which can 
r e s u l t  i n  f u l l y  dense f i n e - g r a i n e d  alumina w i t h  ve ry  low i m p u r i t i e s  must be 
developed. I n  p r a c t i c e ,  t h i s  i s  d i f f i c u l t  t o  accomplish, s i n c e  t h e  t r a d i -  
t i o n a l  way f o r  o b t a i n i n g  h i g h  d e n s i t y  and f o r  c o n t r o l l i n g  excess ive g r a i n  
growth i s  through a d d i t i o n s  o f  s i n t e r i n g  a i d s  and chemica l l y  compat ib le  second 
phases. Th is  i s  o f t e n  n o t  c o n s i s t e n t  w i t h  t h e  l a t t e r  requirement o f  low 
i n t r a g r a n u l a r  i m p u r i t i e s .  Consequently, s i g n i f i c a n t  m a t e r i a l s  research 
appears necessary b e f o r e  s u b s t a n t i a l  improvements i n  performance can be 
achieved over t h e  bes t  comnerci a1 a1 umi na candidates.  

T h i s  t r e n d  o f  i n c r e a s i n g  abso rp t i on  w i t h  t h e  c o n c e n t r a t i o n  o f  secon- 
dary phases i s  demonstrated i n  t h e  Zr02-A1203 m a t e r i a l  system, where i t  was 
shown e x p e r i m e n t a l l y  t h a t  i n c r e a s i n g l y  h i g h e r  s t r e n g t h  w i t h  Zr02 r e s u l t e d  i n  a 
corresponding i n c r e a s e  i n  loss  tangent values. I n  a d d i t i o n ,  t h e  r e l a t i v e l y  
h i g h  d i e l e c t r i c  cons tan ts  observed i n  t h i s  m a t e r i a l  imp ly  t h a t  m ix tu res  w i t h  
Zr02 c o n c e n t r a t i o n s  above 10-15 v/o are not  p r a c t i c a l  f o r  g y r o t r o n  window 
a p p l i c a t i o n s .  However, s u b s t a n t i a l  improvements i n  s t r e n g t h  p r o p e r t i e s  can 
s t i l l  r e s u l t  i n  t h i s  c o n c e n t r a t i o n  range, prov ided t h a t  low absorp t i on  can be 
ma in ta ined  by proper  c o n t r o l  o f  t h e  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 .  

The exper imenta l  s tudy c a r r i e d  out on l ow- loss  f l u i d s  showed t h a t  t h e  
n-a1 kanes have m i l  1 i rneter  a b s o r p t i o n  we1 1 be l  ow t h e  napthene o i  1 s and the  
f l u o r o c a r b o n  f l u i d s  such as FC-43, FC-75 and FC-104. The range o f  f l u i d  prop- 
e r t i e s  ( v i s c o s i t y ,  d e n s i t y ,  heat c a p a c i t y )  p resen t  i n  t h e  alkanes o f f e r s  a 
wide choice f o r  meet ing t h e  requirements i n  s p e c i f i c  window c o o l i n g  
appl  i c a t i  ons. 
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