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FECMANICAL R E L I A B I L I T Y  OF CURRENT ALUMINA AND BERYLEIA CERAMICS 
USED IN MICROWAVE WINDOWS FOR GYROTRONS 

__-- 
--__ 

P. F. Recher and M. R. Fe rbe r  

ABSTRACT 

The mechanica l  r e l i a b i l i t y  was e v a l u a t e d  for  t h e  alumina 
and b e r y l l i a  ceramfcs  now used as microwave windows in t h e  high- 
power (>ZOO kW) high-frequency (r60 GHz) gyrotrcm trrhes be ing  
developed f o r  plasma h e a t i n g  i n  f u s i o n  s y s t e m s .  Ana lys i s  of t h e  
stresses g e n e r a t e d  i n  t h e  v a r i o u s  window c o n f i g u r a t i o n s  and tube  
o p e r a t i n g  c o n d i t i o n s  i n d i c a t e d  t h a t  s i g n i f i c a n t  t e n s i l e  stresses 
are  gene ra t ed  i n  t h e  ceramic window by d i e l e c t r i c  h e a t t n g .  As a 
r e s u l t ,  we c h a r a c t e r i z e d  t h e  s t a t i c  and dynamic f a t i g u e  behavior  
and t h e  i n e r t  s t r e n g t h  d i s t r i b u t i o n s  for t h e s e  two ceramics  ( i . e . ,  
Wesgo 995 alumina and TSrermalox 99 S tandard  b e r y l l i a ) . .  The 
f a t i g u e  s t u d i e s  inc luded  t h e  behav io r  i n  the f luo roca rbon  f l u i d  
used f o r  window c o o l i n g  a t  22 and 48°C and i n  both a i r  ( 6 %  
r e l a t i v e  humfdi ty)  a n d  d i s t i l l e d  w a t e r  a t  22°C. 

a b i l i t y  dfagrams for t h e s e  materials. Such diagrams reveal ed 
t h a t  t h e  u s e  of t h e s e  p a r t i c u l a r  g rades  of t h e s e  ceramic  
materials w i l l  be l i m i t e d  by t h e i r  t i m e  t o  f a i l u r e  a t  the ten-  
s i l e  stresses imposed on them i n  g y r o t r o n s  o p e r a t i n g  a t  6 0  (3-k 
o r  g r e a t e r  and a t  l eas t  290 klJ i n  t h e  con t inuous  saave (Cbl) 
TI302 mode ( i . e . ,  radial  power d i s t r i b u t i o n  i n  beam e x h i b i t s  t w o  
maxima). 90 th  t h e  Fa t igue  behav io r  and i n e r t  s t r e n g t h s  can be 
improved by t h e  use of  ceramics  wi th  inc reased  d e n s i t y  0 9 7 %  of 
t h e o r e t i c a l )  and a riniforni f i n e  (<IO p u )  g r a i n  s i z e .  use of 
t h e s e  advanced materials would perm1 t s i g n i F i c a n t  i n c r e a s e s  i n  
t h e  mechanica l  r e l i a b i l i t y  of t h e  g y r o t r o n  microwave window. 

These d a t a  were then  ana lyzed  i n  o r d e r  t o  c o n s t r u c t  reli-  

INTRODUCT ION 

The mechanical  c h a r a c t e r i s t i c s  of two commercial ceramics  employed as 

wi?dow m a t e r i a l s  i n  microwave h e a t i n g  d e v i c e s  (gy ro t  rons> were determined 

and  used t o  desc r lbe  t h e  p o t e n t i a l  of t h e s e  m a t e r i a l s  f o r  long-term 

a p p l i c a t i o n s .  The r e s u l t s  of t h i s  s tudy  w i l l  be d i s c u s s e d  ia the  

f o l l o w i n g  sequence:  



1. f l e x u r a l  f r a c t u r e  s t r e n g t h s  - i n f l u e n c e  of s u r f a c e  f i n i s h ,  i n e r t  
~ . - _ _ _ _  _____ 

s t r e n g t h  d i s t r i b u t i o n s  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e s  (i .e. ,  slow 

c r a c k  growth o c c u r s ) ,  and t h e  i n f l u e n c e  of  both t h e  ra te  of stress 

a p p l i c a t i o n  and t h e  environoient on s t r e n g t h ;  

2 .  s t a t i c  f a t i g u e ;  and 

3. p r e d i c t i o n  of tnechanical  r e l i a b i l i t y .  
..I.._..-_._-_- __ 

. ._ . -___ __ 

S t e p s  I and 2 c o n s t i t u t e  t h e  a c t u a l  e x p e r i m e n t a l  seqraerice fol lowed i n  

d e r i v i n g  t h e  d a t a  r e q u i r e d  f o r  formulating t h e  meehanlcal  r e l i a b i l i t y .  

Deta i l s  on t h e  Eac tors  a f f e c t i n g  mechanical  r e l i a b i l i t y  a i d  on t h e  

methodology are publ i shed  e l sewhere  T h i s  r e p o r t  d e s c r i b e s  the  long-term 

mechanical  r e l i a b i l i t y  of bo th  a b e r y l l i a  and an  alumina ceramic and 

demons t r a t e s  t h e  s i g n i f i c a n t  e f f e c t s  t h a t  l o a d i n g  rates and envfronment 

have  on t h e i r  measured f r a c t u r e  s t r e n g t h  v a l u e s .  These r e s u l t s  g raph i -  

cal . ly  i l l u s t r a t e  t h e  need t o  know b o t h  e x p l i c i t  t e s t  c o n d i t i o n s  repre- 

s e n t e d  by t h e  d a t a  sets  used f o r  d e s i g n  purposes  and to  have d a t a  f o r  a 

v a r i e e y  of test  cond-i t i o n s  t h a t  s i m u l a t e  t h e  v a r i o u s  c o n d i t i o n s  expected 

i n  s e r v i c e .  

EXPE KIMENTAE APPROACH 

The materials examined inc luded  s a m p l e s  o b t a i n e d  from a s i n g l e  

i s o s t a t i c a l l y  p r e s s e d  and s i n t e r e d  b i l l e t  O E  Thermalox 995 s t a n d a r d  

BeO" and t h r e e  d i s k s  of pressed  and s i n t e r e d  AL 995 A1703. f  

c e r m l c  had an  average  d e n s i t y  of 2.904 g/cm3 (96.5% of t h e o r e t i c a l ) ,  

s p h e r i c a l  pores  (1 t o  3 p n ~  i n  d i a m e t e r )  both w i t h i n  g r a i n s  and a l o n g  g r a i n  

b o u n d a r i e s ,  and  an average  g r a i n  s i z e  of about  35 inn. The A12Q3 ceramic 

had an average  d e n s i t y  of 3.84 g/c:m3 ( 9 6 . 4 %  of t h e o r e t i c a l )  wiLh about  

2-pm average  in[-er-  and i n t r a g r a n u l a r  pores d i s t r i b u t e d  i n  a m i c r o s t r w -  

tiire c o n s i s t i n g  of r eg ions  of 5- t o  8-pin g r a i n s  i n  a 30---1m g r a i n  s i z e  

m a t r i x .  Typlca l  m i c r o s t r u c t u r e s  fo r  t h e  t w o  inaterials i n v e s t i g a t e d  are 

i l l u s t r a t e d  i n  F ig .  1. 

The Re0 

* A producc oE Brush-IJclLman Corp.,  Elmore9 Ohio. T e s t  samples 
propar:!d by Ceradyne Corp., Santa  Ana, C a l l € .  
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Fig. 1. Waetcire sairfacc.~ OF a I i r m L n a  and h e r y l l f a  cera1nics c u r r e n t l y  
used f o r  microwave windows in gyroLr1,n ! : u b ~ ; ~  (a>  A bimodal g r a i n  s i z e  i s  
e v i d e n t  i n  the alumina,  3n w h i r h  r e g i o n s  con[-aiya!r~g Ti- t o  8-urn g r a i n s  ,'ire 
d i s t r i b u t e d  i n  a matrix of larger 7-30-p average) g r a i n s .  ( 7 , )  A un i fo rm 
g r 3 l n  s i z e  averaging ;i.hont 75  pm fs ohsccvet l  f n  the heryllia. Rot11 
materials exh t l7 l t  1- t o  3-7.7m-d4am pores,  which a re  c l i s r r i b u t e d  i n t e r -  and 
i n t r a g r a n u ' l a r l y .  



L 

F r a c t u r e  s t r e n g t h  and s t a t i c  f a t i g u e  d a t a  were obtai-ned by employing 

fou r -po in t  f l e x u r e  tes ts  f o r  tes t  span r a t i o s  ( i . e . ,  of d i s t a n c e s  between 

i n n e r  atid o u t e r  load p o i n t s )  of 19.05:31.75 m and 6.35:19.05 mn. To 

examine t h e  e f f e c t s  of s u r f a c e  f i n i s h  on t h e  s t rengt :h  of t h e  h e r y l l i a  

ceramic, a l i m i t e d  number or' f r a c t u r e  s t r e n g t h  tests w e r e  conducted w i t h  a 

th ree - -po in t  f l e x u r e  f i x t u r e  having a load span  o f  38, l  m. The f l e x u r e  

tes t  b a r s  had c r o s s - s e c t i o n a l  dimensions of 2.54  by 2 . 7 9  mm and w i t h  edges 

clmmfered a t  45" (chamfer -0.06 m i n  wid th ) .  The tensi le  s u r f a c e s  con- 

s i s t e d  of 500-grit  diamond-ground s u r f a c e s  f o r  t h e  B e 0  specimens and 

e i t h e r  as-f l r e d  or  180-grit diamond-ground s u r f a c e s  f o r  t h e  A12Q3 specimens.  

Except when the  e f f e c t s  o €  the type of s u r f a c e  f i n i s h  were e v a l u a t e d ,  

mechanical  p r o p e r t i e s  were determined wi th  Be0 bars  diamond ground i n  a 

d i r e c t i o n  p a r a l l e l  t o  t h e  t e n s i l e  a x i s  and w i t h  A1203 b a r s  t h a t  had as- 

f i r e d  t e n s i l e  s u r f a c e s .  T e s t  environments included liq1li.d n i t r o g e n ,  a i r  

(22 "C ,  65%--702 r e l a t i v e  h u m i d i t y ) ,  water (22"C) ,  and FC-75 f luo roca rbon  

f l u i d "  (22°C) f o r  f r a c t u r e  s t r e n g t h s  and FC-7S f l u i d  he ld  a t  bo th  22 and 

48°C f o r  s t a t i c  f a t i g u e  tests.  The s o l u b i l i t y  P i m l t  f o r  water of  about  

7 ppm i n  t h e  f l u o r o c a r b o n  f l u i d  was confirmed a n a l y t i c a l l y .  

RI~SIJL'TS AND DISCUSSION 

The f r a c t u r e  s t r e n g t h s  of ceramics are i n f l u e n c e d  by s u r i a c e  € i n I s h ,  

environment ,  and l o a d i n g  rates as w e l l  as by s t ress  s t a t e  ( i . e . ,  u n i a x i a l  

v e r s u s  b i a x i a l ) .  Secarise the impor t an t  e f f e c t s  of these € a c t o r s  vary f o r  

d i f f e r e n t  ceramic m a t e r i a l s ,  we determilied t h e i r  e f f e c t s  on the  s t r e n g t h s  

o f  t h e  h e r y l l i a  and alumina ceramics used  t o  f a b r i c a t e  g y r o t r o n  tube 

windows. The r e s u l t s  of s u r f a c e  and t c s r  c o n d i t i o n s  on t h e  f r a c t u r e  

s t r e n g t h s  are p resen ted  i n  t h e  fo l lowing  s e c t i o n s  of t h i s  r e p o r t .  

T N J X I J E N C E  OF SURFACE FINISH 

The €pact l i re  s t r e n g t ' w  In t h ree -po in t  f l e x u r e  f o r  t h e  h e r y l l  i a  ceramic 

wece not s i g n i f i c a n t l y  i n f l u e n c e d  by the d i r e c t i o n  of s u r f a c e  g r i n d i n g ,  

as  shown i n  Table 1. FIowever, t he  f r a c t u r e  s t r e n g t h s  of a s - - f i r e d  alumina 

ceramic were s l i g h t l y  i n c r e a s e d  by s u r f a c e  g r i n d i n g  (Table 7 ) . 
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Table 1. Znf luence of various surface conditfons 
o n  the  f l e x u r e  s t r e n g t h  of p o l y c r y s t a l  9 .I ne 

alumtna and beryl  Pia 

Material F l e x u r e  atreeigt h 
(N Pa 1 

As-fired surface 2.51 ? 12 

S u r f a c e  ground i n  
direction p a r a l l e l  to 
t e n s i l e  a x i s  

282 2 1 2  

S u r f a c e  ground i n  d i r e c t i o t i  174 t 12 
p a r a l l e l  t o  t e n s i l e  axis 

Except f o r  t h e  d a t a  obtained f o r  spet-[mens immersed i t i  13q>11d 

n i t r o g e n ,  t h e  i n f l u e n c e  of d e c r e a s i n g  the race of application o f  stress In  

E our-potnt f l e x u r e  t e s t s  of the  alumina ceraiafc w i t h  as-fir td t e n s i l e  SIPPT- 

f a c e s  is q u i t e  dramatic ( F i g .  2 ) .  S i i a J I a r  e f f e c t s  are cibiafned w i t h   he 

b e r y l l i a  ceramic (Fig.  3 ) .  I n  additton, bo th  f i g u r e s  show tha t  changes 

i n  test environment d r a m a t i c a l l y  a l t e r  the f r a c t u r e  stt-enmgt7ns o f  these 

m a t e r i a l s .  The dynamic f a t i g u e  d a t a  were Fitted by lincxar r e g r e s s i o n  ma1y- 

sis  t o  the s t anda rd  expression 

where  of i s  the Fracture streixgth, 6 i s  ?hi. strt3:;sirrg ra! P a p p l  i ed ,  

the st ress  c o r r o s i o n  s u s c e p t i b i l i t y  factor ,  a n d  A is a c o n s t a n t .  S m a l l  

v a l u e s  o €  7, of m x n - s c ,  r e f l e c t  g r e a t e ~  s u s c e p t l b i l f r y  t o  s low crack 

growt i l l  and hence more r a p l d  degradat i o n  of s t r e n g t h  w l t h  t i m e  tax;d~r 1 ~ ~ 3 -  

vi t s  
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F i g .  2 .  Dynamic f a t i g u e  b e h a v i o r  of p o l y c r y s t a l l i n e  alumina. Four- 
p o i n t  f l e x u r e  s t r e n g t h  a t  2 2 ° C  i l l u s t r a t e s  dependence on hoth environment 
and s t r e s s i n g  r a t e ,  i n d i c a t i v e  of s low crack grocath. Such crack growth 
o c c u r s  even i n  the Fluorocarbon F l u i d  used as a wlndow c o o l a n t  i n  the 
g y r o t r o n  tube .  
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INERT FRACTURE STRENGTH DISTRIBUTIONS 

To o b t a i n  t h e  s t a t i s t i c a l  parameters  r e q u i r e d  t o  deser fbe  t h e  

v a r i a b i l i t y  of f r a c t u r e  s t r e n g t h  of t h e s e  b r i t t l e  materials due so’8ely t o  

the v a r i a b i l i t y  of c r i t i c a l  f law-s ize  p o p u l a t i o n s ,  flexure s t r e n g t h s  were 

measured in a l l q u l d  n i t r o g e n  ba th  t o  avoid  slow crack growth e f fec ts  

d u r i n g  load ing .  The r e s u l t s  o f  t h e s e  tests are shown i n  F ig .  4 as R plot 

t h a t  d e s c r i b e s  the p r o b a b i l i t y  t h a t  a specimen will f a i l  when a known 

stress i s  a p p l i e d .  The d a t a  p o i n t s ,  which r e p r e s e n t  t h e  d i s t r i b u t i o n  of 

s t r e n g t h s  ob ta ined  i n  fou r -po ln t  f l e x u r e ,  are then  f i t t e d  by a PSfiear 

r e g r e s s i o n  analysis t o  

where Pf i s  t h e  p r o b a b i l i t y  of f a i l u r e ,  m i s  t h e  TJeibull  modulus ref lect‘eng 

t h e  b r e a d t h  of t h e  f l aw  size r ange ,  arc i s  the i n e r t  s t r e n g t h ,  and 0, 3.s a 

c o n s t a n t .  A l a r g e  va lue  of rn re f lec ts  a very  narrow f l aw  s i z e  range and 

t h u s  a minimal v a r i a b i l i t y  i n  s t r e n g t h .  

W L - D W G  82-114tOR 

FRACTURE STRESS ( ks I 1 
x) 24 28 32 33 40 44 48 

I 

0 

c - r -2 

-3 

0 99 

0 9  

005 =! 
003 i? 

-4 
1 1 1 - 1  

FRACTURE STRESS (MPal 
150 175 200 225 250 275 300 325 

F i g .  4 .  D i s t r i b u t i o n  of fou r -po in t  flexure s t r e n g t h  under c o n d i t  Ions 
i n  which slow crack growth is  e l i m i n a t e d .  This d i s t r i b u t l o n  shows the 
e f f e c t  of t h e  s t a t i s t i c a l  n a t u r e  of c r i t i c a l  f l a w  parameters .  
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STATIC FATIGUE BEHAVIOR 

S t a t i c  SatPgue tests were conducted i n  four-point  f l-exure i n  a b a t h  

cou ta . lnhg  t h e  f l u o r o c a r b o n  f l u i d  a t  22 o r  4 8 " ~ .  The t i m e  

requi red  f o r  t h e  f l exure  b a r  t o  f a i l  inpon a p p l i c a t i o n  of a known stress 

l e v c l  i s  t hen  used t o  c o n s t r u c t  the f a t i g u e  p l o t s  (Fig.  5). The da ta  a t  

22°C for t h e  N 2 0 3  ceramic e x h i b i l  c o n s i d e r a b l y  more scatter than  do t h e  

Be0 d a t a  (Pig.  5 ) ,  which undoubtedly r e f l e c t  the less uniform bimodal 

m i c r o s t r u @  t u r e  of the N 2 0 3  ceramic. 

The Be0 data ar 22°C give  t h e  f i r s t  f i r m  ev idence  of a f a t i g u e  l i t a i r  

i n  a p o l y c r y s t a l l i n e  ceramic. A t  a p p l i e d  stresses of l e s s  than 40% of t h e  

wean i n e r t  strength of t h e  BeO, no f a t i g u e  ( s l o w  c r a c k  growth) occur red  i n  

the FC-75 f l u o r o c a r b o n  a t  22°C. Keep i n  mind t h a t  thjs does not  r e f l e c t  

the s t a t i s t i c a l  mature of f a i l u r e ,  on ly  that  t h e  fatigue l i m i t  is reached 

a t  a p r o b a b i l i t y  of f a i l u r e  l e v e l  of approxfmately 0.5 (about  one out of 

t w o  samples fail). 

--Int= -0.1200 +27.94 

-0.143 CT 25.26 
n = 17.0 i 10 

Fig. 5. S t a t t c  f a t i g u e  b e h a v i o r  of ceramics i n  f l i iorocarbon f l u i d  
( - 7  ppm H20), sliowiiig t i m e  t o  f a i l u r e  dependence on a p p l i e d  f l e x u r e  s t r e s s  
l e v e l  a t  22°C.  Norc t h a t  t h e  B e 0  d a t a  e x h i b i t  a f a t t g u e  l i m i t .  Both cu rves  
represent t i m e  t o  f a f l u r e  f o r  a 0.5 p r o b a b i l i t y  o f  f a i l u r e .  



9 

On t h e  o t h e r  hand, t h e  f a t i g u e  problem Is made more severe by 

i n c r e a s i n g  t h e  t empera tu re  oE t h e  f l u o r o c a r b o n  bath.  The ave rage  t i m e  t o  

f a i l u r e  a t  a g iven  a p p l i e d  stress a t  48°C i s  about  one tenth that a t  22"6, 

as s e e n  i n  F ig .  6. 
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F i g .  6 .  I n c r e a s e  in t empera tu re  i n c r e a s e s  slow c r a c k  growth rates in  

B e 0  t e s t e d  i n  f luo roca rbon  f l u i d .  Such i n c r e a s e s  in t empera tu re  could 
occur  i n  t h e  g y r o t r o n  tube  as a r e s u l t  of d i e l e c t r i c  h e a t i n g  of the ceramic 
and c o o l i n g  f l u i d .  

Analysis of t h e  d a t a  obtained i s  p o s s i b l e  by l i n e a r  r e g r e s s i o n  

methods except  a t  longe r  tlmes t o  f a i l u r e  i n  t h e  case of BeO, i n  which 

n o n l i n e a r  behav io r  occur s .  

r a t i o g  a f a t i g u e  l i m i t  and € i t r i n g  t h e  d a t a  by i t e r a t i v e  methods. The 

l i n e a r  portLons of t h e  t i m e  t o  € a i l u r e  t ver sus  a p p l i e d  stress CI d a t a  fn 

Pig. 5 were  analyzed by two d i f f e r e n t  approaches. To d e r i v e  t h e  stress 

This n o n l i n e a r  r e g i o n  was t r e a t e d  by ~ I I C O K ~ O -  



c s x r o s i o n  s u s c e p t i b i l i t y  exponent n and t h e  A parameters  used i n  t h e  l i f e -  

time p r e d i c t i o n ,  the fo l lowing  was used:  

A more general form, 

can be used t o  d e s c r i b e  the stress c o r r o s i o n  process (e .g . ,  a c t i v a t i o n  

volume). The terms b l ,  bo, and A’ are constants. ‘fie n v a l u e s  determined 

by s t a t i c  fatfigtie (Fig.  5 )  and b y  dynamfc f a t i g u e  (F-fg. 2 )  are i n  

excellent agreement f a r  the alumina ceramic t s s t e d  i n  the f luo roca rbon  

f S.uid, 19.2 and 2 2 . 1 ,  r e s p e c t i v e l y .  

Tine s t a t i c  f a t i g u e  l i m i t  i n  I:he B e 0  was d e s c r i b e d  by u s i n g  t h e  

g e n e r a l  i n t e g r a l  r e p r e s e n t a t i o n  of faclgue l i f e :  

where the  crack v e l o c i t y  V i s  de termined  by i t e r a t i o n  p r o c e s s e s  by 

where KT i s  a c rack  t € p  stress i n t e n s i t y  f a c t o r  atid i s  less than  KTC, the? 

c r i t - ica l  s t ress  i n t e n s i t y  f a c t o r ;  Y i s  a geometr ic  f a c t o r ;  and R2, R3, L ,  

and K* are c o n s t a n t s  ob ta ined  by i t e r a t i o n ;  L and K* c h a r a c t e r i z e  t h e  

f a t i g u e  l imi t .  

FATIGUE R E L I A B I L I T Y  DIAC:KA?4 

When combined wi th  the  p r o b a b i 1 i t y - o f - f a i l u r e  da t a ,  t h e  measured 

s t a t l c  f a t igue  behavior  can be used  to  predict t h e  f a t i g u e  behavior  f o r  

v a r i o u s  l e v e l s  of p r o b a b i l i t y  of f a i l u r e  ( i - e . ,  1 - p r o b a b i l i t y  o f  survtv- 

a h i l i r y ) .  M e  can r e c o g n i z e  t h a t  t h e  p r e d i c t i o n s  are i n f l u e n c e d  by t h e  



number of d a t a  p o i n t s  in  the  sets (I.e. the conf idence  P S m J t a  Cor each 

p r o b a b i l i t y  l e v e l  w i l l  dec rease  wfth i n c r e a s i n g  number of data p n f n t s )  

However, i t  i s  extremely u s e f u l  to observe what happens when desired prc9b- 

a b i l i t y  of f a i l u r e  levels are p r e s c r i b e d  e 

T h i s  i s  accomplished by app ly ing  the a n a l y s i s  f o r  trhe t Ime to f a i l u r e  

t a t  v a r i o u s  a p p l i e d  stress ua l eve ls ,  

t -  

where the values 

t h e  e x p e r i m e n t a l  

of t h e  r e q u i r e d  p a r a m e t e r s  (Table  2) are ob ta ined  from 

d a t a  i n  F i g s .  4 and 5 except for the values of t h e  

critical stress i n t e n s i t y  f a c t o r  KTC, which w e r e  obtained from ehe 

applied-noment double-cant f l eve r  t e s t  specimens I 

Tab le  2. Fracture mechai~fcs p a r a m e t e r s  der ived f o r  the 
window materials 

The resultant-  design diagrams for t h e  Thermalox 995 s t a n d a r d  Be0 and 

t h e  AL 995 alumina are shown i n  F i g s .  7 and ‘3, respectively. Tnrorporated 

into each diagram are e s t i m a t e d  levels of  t h e  tensile stress generated fn 

a window of a CbJ g y r o t r o n  tube operating a t  60 GHz i n  the m u 2  mode a t  R 

2 0 0 - k ~  power l e v e l  e * 
TJse of t h e  fat igue data f o r  t h e  f l e x u r e  bars ~ i t h  the r s l c Y I 1 a t e d  

s e r v i r ~  stress l eve ls  in a window disk w i l l  y ip ’ fd  a somewhat: grea te r  
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Fig. 7. Design diagram for Bpn cesarnIc r e p r e s e n t s  t i m e  t o  failure 
v e r s u s  appl i?d Elemi-e s t r e s s  level for v a r i o u s  probability of faJ lure 
l e s e l s  a t  22°C.  me service stress J e v e l  was determined by analysis of 
r a d i a l  and axial tensile stresses generated i n  a double-disk wfndow struc- 
ture (each disk bejing about $6 r m  in diameter and 2.5 m t h i c k ) ,  i n  which 
f luortzcarbon coolant passes b e t m e n  t h e  tm p a r a l l e l  d i s k s .  The g y r o t r o n  
operating conditions consisred o f  200 kW of powrs at 60 GHz. 
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Fig. 8. Qesign diagram €or aliimina ceramic based on s t a t i c  fatigue 
h e h a v i o t  dt 2 2 ° C .  S e r v i c e  t e n s i l e  s t r e s s e s  analyzed f o r  c o n d i t i o n s  corn-- 
p ~ r a h l e  t o  those  u s e d  € o r  SeO windows. 



1.3 

r e l i a b i l i t y  €o r  t h e  d e s i g n  l i f e  of a window d i s k .  This  is r e l a t e d  t o  two 

f a c t o r s .  F i r s t ,  t h e  s e r v i c e  stresses have been c a l c u l a t e d  i n  a manner 

r e q u i r i n g  t h a t  t h e  energy  l e v e l  and energy  d e n s i t y  remain c o n s t a n t  w i t h  no 

s p u r i o u s  i n c r e a s e s  i n  local energy d e n s i t y  as might occur  i n  act:ual t ube  

o p e r a t i o n .  Second, t h e  f a t i g u e  d a t a  are based on samples having  both 

smaller s u r f a c e  area and volume than  t h e  a c t u a l  window. Because both  t h e  

s t r e n g t h  d i s t r i b u t i o n s  and t h e  t i m e  t o  f a i l u r e  i n c r e a s e  wi th  d e c r e a s i n g  

s u r f a c e  area o r  volume, t h e  r e l i a b i l i t y  djagrams w i l l  p r e d i c t  s l i g h t l y  

l o n g e r  t i m e  t o  f a i l u r e s  ( a t  each chosen p r o b a b i l i t y  oE f a i l u r e  l e v e l )  t h a n  

may  occur  i n  an a c t u a l  window. 

For  e i t h e r  material ,  t h e  d e s i g n  diagrams i n d i c a t e  that about  one o f  

two windows w i l l  f a i l  i n  approximate ly  one month under such c a l c u l a t e d  

s e r v i c e  stresses at  a t empera tu re  of 22°C. 

i n  1000 windows can f a i l ,  t h e n  t h e  s e r v i c e  l i f e t i m e  would be less than  1 h .  

Obvious ly ,  n e i t h e r  of t h e s e  r e s u l t s  i s  s a t i s f a c t o r y  iE l ong  l i f e t i m e s  and 

h i g h  s u r v i v a b i l i t y  are d e s i r e d  €o r  t h e  window. In  a d d i t i o n ,  t h e  p r e s e n t  

r e s u l t s ,  which show d e c r e a s i n g  f a t i g u e  life w i t h  increasl lng tempera ture  of 

t h e  f luo roca rbon  f l u i d  {P ig .  61,  p o i n t  ou t  t h a t  t h e  above p r e d i c t e d  l t f e -  

t imes w i l l  d e c r e a s e  w i t h  any i n c r e a s e  i n  t h e  t empera tu re  a t  t h e  

ceramic-coolant  i n t e r f a c e  due t o  m i C K O W a V e  h e a t i n g .  

On t h e  o t h e r  hand, I f  only 1 

These m a t e r i a l s  are, however, adequate  f o r  shor t - te rm t e s t i n g  du r ing  

t h e  development of 60-GHz t u b e s ,  a l though  r e l i a b l e  1-ong-term tube  o p e r a t i o n  

may not  be achieved  w i t h  such materials. 

One t h e r e f o r e  weds t o  look f o r  materPals improvements that  can be 

ach ieved  i n  t h e  near  term. Recent f i n d i n g s  on the  f a t i g u e  behavior  of 

a n f s o t r o p i e  noncubic p o l y c r y s t a l l i n e  alumina i n d i c a t e  t h a t  g r e a t e r  

f a t i g u e  r e s i s t a n c e  can be o b t a i n e d  by r educ ing  t h e  g r a i n  s 1 z e . b  It is  

a l s o  w e l l  known that: t h e  c r i t i c a l  f r a c t u r e  s t r e n g t h  of p o l y c r y s t a l l i n e  

ce ramics  can be inc reased  by i n c r e a s i n g  t h e i r  d e n s i t y  of r educ tng  thefr 

g r a i n  s i z e .  Thus, s u b s t a n t i a l  improvements i n  t h e  mechanical r e l i a b i l i t y  

o f  t he  window can be ob ta ined  by a d d i t i o n a l  r e f inemen t s  i n  p rocess ing  t h e  

materials t o  ach ieve  both  d e n s i t i e s  g r e a t e r  than  97% of t h e o r e t i c a l  and 



uniform g r a i n  s i z e s  of  lpss than II) pm. Tn f a c t ,  a s m a l l  e f f o r t  i n  

p r o g r e s s  has shown tha t  "no ceramics  having densities g v e a t e r  t h a n  392 

o f  t h e o r e t i c a l  and g t d i n  s i z e s  of less than 5 ]xi can r e a d i l y  be achieved 

by h o t - p r e s s i n g  f i n e  (submicron) Reo powders o b t a i w d  by b a l l  m i l l i n g  

and the m e  of less than 4 w t  7 MgO a d d i t i ~ n s . ~  

t o  determine the  mechanfcal  r e l f a b i l i t y  of windows made from srash improved 

m a t e r i a l s .  

S t u d i e s  a r e  under way 

SUMMARY 

1. The mechanical p r o p e r t i e s  p e r t i n e n t  t o  the g y r o t r o n  window 

r e l i a b i l i t y  of bo th  the  'She-rmalox 995 s t a n d a r d  Be0 and t h e  MA 995 

A 1 2 0 3  ceramics have been determined.  These properties i n c l u d e  she c r i t i -  

c a l  ( i n e r t )  f r a c t u r e  s t r e n g t h  distributz-Lon, s t a t i c  f a t i g u e  behav io r  i n  t h e  

l i q u i d  f luo roca rhon  environment used as a window c o o l a n t  a t  22 and 4 8 " C ,  

and dynamic f a t i g u e  i n  a i r  and water a t  2 2 ° C .  

2 .  These r e s u l t s  show thal: environmental ly  a s s i s t e d  slow c r a c k  growth 

( fa t l igue)  o c c i ~ r s  i n  both of t h e  p o l y c r y s t a l l i n e  ceramics i n  t h e  f luo ro -  

carbon f l u i d ,  which c o n t a i n s  on ly  7 ppm H2Q ( t h e  s o l u b i l i t y  l i m i t ) .  The 

f a t i g u e  ra te  is i n c r e a s e d  n e a r l y  t e n f o l d  by i n c r e a s i n g  t h e  test  tempera- 

ture f rom 22 to 48°C. 

3 .  Design diagrams based on t h e  above d a t a  r e v e a l  t h a t  t h e s e  

materials are probably n o t  s a t i s f a c t o r y  f o r  l ong  s e r v i c e  l i f e  and h igh  

s u r v i v a b i l i t y  l e v e l s  a t  t h e  e s t i m a t e d  s e r v i c e  stress l e v e l s  determined 

by a n a l y s i s  of microwave h e a t i n g  i n  t h e  'Eo2 mode. 

materials are probably adequa te  f o r  tube design devel-opment and shor t - t e rm 

t e s t i n g  excep t  a t  o p e r a t i n g  f r e q u e n c i e s  g r e a t e r  I:han 6Q GHz. 

However, such 

4. I n  the  near term, advanced materials could be ob ta ined  by 

improving t h e  p rocess  f o r  BeQ and "l,O, ceramics. 

s i t l e s  g r e a t e r  than 97% of t h e o r e t i c a l  and uniform g r a i n  s i z e s  of less 

t h a n  1 0  %mi ofEer t h e  p o t e n t i a l  f o r  s i g n i f i c a n t l y  improving t h e  iiiechanical 

r e l i a b f l i t y  of the gyrotron window. 

Materials having den- 
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Both the s u p p o r t  of  and t e c h n t c a l  I n t e r a c L i o n s  w - l t h  @. M. Z o r i ~ i g  of 

t h e  OKNL F U S ~ Q ~ I  Energy D i v i s i o n  have c o n t r i b u t e d  s u b s t a n t i a l l y  t o  the 

progress  of t h i s  study. The authors acknowledge the c o n t r i b u t i o n s  by 

S .  B. Waters and t. L. H a l l  i n  conduc t ing  these experiments and by 

H.  Kimery on the analysis of stresses g e n e r a t e d  by d i e l e c t r i c  hrzakfng. 

A p p r e c i a t i o n  i s  expressed t o  F. E *  Stookshrrry f o r  m a n u s c r i p t :  preparation 

and to 14. L. T,eComte fo r  Final prepara t ion-  
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