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ABSTRACT 

The sub jec t  program i s  pr imar i ly  an explora tory  and demonstration s tudy of 
t h e  use of s i l i c a t e  glass-based adhesives f o r  bonding si l icon-base r e f r a c t o r y  
ceramics (S ic ,  Si3N4). The projec ted  app l i ca t ion  i s  1250-2050°F re lax ing  
j o i n t  s e r v i c e  i n  high-performance energy conversion systems (Ref. 1 ) .  The 
f i v e  program t a s k s  and t h e i r  cu r ren t  s t a t u s  a r e  a s  follows. 

Task 1 - Long-Term J o i n t  S t a b i l i t y .  Time-temperaturetransformation 
(TTT) s t u d i e s  of candidate g l a s s  adhesives, ou t  t o  2000 hours -simulated 
s e r v i c e  exposure, a re 'approximate ly  50 percent  complete. 

Task 2 - Environmental and Service  E f f e c t s  on J o i n t  R e l i a b i l i t y .  S t a r t  
up delayed due t o  l a t e  de l ive ry  of candidate g l a s s  f i l l e r s  and ceramic 
specimens. 

Task 3 - Viscoe las t i c  Damping of Glass Bonded Ceramics. ... Promising 
r e s u l t s  obtained over approximately t h e  same ran  e of  g l a s s  v i s c o s i t y  
requi red  f o r  j o i n t  t e l a x a t i o n  funct ion  ( 107.5-1 oB*5 po i se )  . Work i s  
approximately 90 percent  complete. 

Task 4 - Crack A r r e s t  and Crack Diversion by J0int.s.  - .  No-work s t a r t e d  
due t o  l a t e  a r r i v a l  of mater ia ls .  

Task 5 - Improved Jo in ing  and Fabr ica t ion  Methods. S i g n i f i c a n t  work has 
been conducted i n  t h e  a r e a s  of  r e f r a c t o r y  pre-glazing and the  app l i ca t ion  
and bonding of =-density candidate g l a s s  f i l l e r s  (by both hand-artisan 
and s l ip-spray  techniques) .  Work i s  approximately 5 0  percent  complete. 
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INTRODUCTION 

The sub jec t  program has t h e  ob jec t ive  of providing a general  technology base 
f o r  t h e  improved jo in ing of s i l icon-based ceramic components of high p e r f o r  
mance energy systems. Jo in ing processes adaptable t o  ceramic tube  hea t  
exchangers and ce ramic . tu rb ine  assemblies w i l l  be emphasized. The cur ren t  
con t rac tua l  e f f o r t  of Solar  Turbines In te rna t iona l ,  an Operating Group of 
In te rna t iona l  Harvester Company, under DOE Contract DE-AC05-79ET15359 repre- 
s e n t s  a follow-on of spec ia l i zed  ceramic jo in ing work i n i t i a t e d  under DOE 
Contract EY-76-C-05-5251 (Ref. 1 ) .  P a r t i c u l a r  jo in ing concepts under inves t i -  
ga t ion  f o r  s i l i c o n  carbide ( S i c )  and s i l i c o n  n i t r i d e  (Si3N4) include: ( a )  
r e l a x a t i o n  j o i n t s  ( g l a s s  bonding agents) ;  and ( b )  compliant- interlayer  j o i n t s  
(p r imar i ly  m e t a l l i c  bonding agen t s ) .  See References 1 and 2. 

The program work i s  divided i n t o  f i v e  main tasks :  

Task 1 - Inves t iga t ion  of Long-Term J o i n t  S t a b i l i t y  

Task 2 - Determination of Environmental and Service  E f f e c t s  on 
J o i n t  R e l i a b i l i t y  

Task 3 - Viscoe las t i c  Damping of Glass Bonded Ceramics 

Task 4 - Crack ~ r . r e s t  and Crack Diversion by J o i n t s  

Task 5 - Improved Jo in ing  and Fabr ica t ion  Methods 

The. o v e r a l l  t echn ica l  e f f o r t  . of the.  'program i s  scheduled over a period o f '  16 
,, months with 'submission of t h e  d r a f t  f i n a l  t echn ica l  r e p o r t  a t  t h e  end of t h e  

16th month ( s e e  Fig. 1, Program Schedule).  
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BACKGROUND AND PROGRAM PLAN 

The s u b j e c t  program i s  p r i m a r i l y  a con t inua t ion  of development of t h e  
s p e c i a l i z e d  and novel Relaxing-Joint Concept (Ref. 1) '  f o r  j o in ing  s i l i c o n -  
based ceramics ( S i c  and Si3N4). A s  opposed t o  t h e  r i g i d ,  immobile, permanent- 
t y p e  j o i n t s  a f fo rded  by s i l i c a t e - b a s e d  c r y s t a l l i n e  cements o r  s i l i con-meta l  
brazes ,  t h e  r e l ax ing - jo in t  concept employs s p e c i a l  s i l i c a t e - g l a s s  adhesives,  
which i n  s p e c i f i c  v i s c o s i t y  ranges  (approx. lo8 -10l0 p o i s e ) ,  permi t  appreci-  
a b l e  (and r e v e r s i b l e )  t r a n s l a t i o n  of shea r - jo in t  f ay ing  s u r f a c e s  under va r i a -  
b l e  l i g h t  s e r v i c e  loadings.  This  p o t e n t i a l  f o r  r e v e r s i b l e  j o i n t  t r a n s l a t i o n s  
(1/4" - 1/2") s e rves  t o  a l l e v i a t e  peak assembly s e r v i c e  s t r a i n s ,  and thereby  
reduces t h e  p r o b a b i l i t y  of  ceramic component f a i l u r e  under both s t eady- s t a t e  
and c y c l i c  s t ress - tempera ture  regimes. (The re lax ing-  j o i n t  concept  i s  des- 
c r i b e d  i n  more d e t a i l  i n  Appendix A. I n  a t y p i c a l  tube-sleeve t e l e scop ing  
shear - jo in t ,  depic ted  schemat ica l ly  i n  Figure 2 f o r  a Solar-designed HX 
module, t h e  v i t r e o u s  s i l i c a t e - g l a s s  adhesive i s  processed and app l i ed  much 
l i k e  an i n - s i t u  m e t a l l i c  braze ,  with t h e  important  except ion t h a t  g l a s s  
"glide-paths" a r e  provided e x t e r n a l  t o  t h e  o r i g i n a l  f ay ing  s u r f a c e s  t o  permi t  
r e v e r s i b l e  j o i n t  t r a n s l a t i o n s  of up t o  1/2 inch.  (Fig.  2 and Ref. 1 )  

It was l ea rned  i n  p r i o r  work (Ref. 1 )  t h a t  no s i n g l e  g l a s s  composition o r  
composite v i t r e o u s  adhesive can o p e r a t e  over  t h e  e n t i r e  range of d e s i r e d  
j o i n t  s e r v i c e  temperature ( v i z .  1050°F - 2050°F), p rovid ing  t h e  d e s i r e d  
range of g l a s s  v i s o c i t y  f o r  t h e  r e l ax ing -  j o i n t  f u n c t i o n  ( v i z .  ; . lo8 -10 l o  
p o i s e ) .  Rather,  it i s  more p r a c t i c a l  t o  s e l e c t  i n d i v i d u a l  g l a s s  bonding 
agen t s  t o  provide t h e  proper  v i s c o s i t i e s  over  narrower,  ad jo in ing  tempera- 
t u r e  increments of  t h e  broader  temperature range,  a s  o u t l i n e d  below. See 
Table 1. 

I n  a d d i t i o n  t o  t h e  unique j o i n t  func t ion  of r e l a x a t i o n  movement, o t h e r  
important  func t ions  and a t t r i b u t e s  of glass-bonded j o i n t s  demonstrated i n  
p r i o r  work (Ref. 1 )  inc lude :  ( a )  r e t e n t i o n  of glass/ceramic bond i n t e g r i t y  
fo l lowing  repea ted  r e l a x a t i o n  cyc les ;  ( b )  gas-pressure s e a l i n g  a b i l i t y  a t  RT 
and a t  e l eva t ed  j o i n t  s e r v i c e  temperatures;  and ( c )  t h e  p o t e n t i a l  f o r  
t r a n s f e r r i n g  l i g h t  s e r v i c e  loads  between t h e  joined ceramic components. I n  
t h e  c u r r e n t  program e f f o r t ,  which i s  l a r g e l y  exp lo ra to ry ,  ( s e e  Ref. 21, 
a d d i t i o n a l  g l a s s - j o i n t  func t ions  under eva lua t ion  inc lude :  ( d )  t h e  p o t e n t i a l  
f o r  v i s c o e l a s t i c  damping of v i b r a t i o n  i n  ceramic assembl ies  (Task 3; Ref. 2 )  
and t h e  p o t e n t i a l  f o r  a r r e s t  of fast-growth cracking  i n  ceramic assemblies  
(Taolc 41 R c f .  2 ) .  3te F i y u b  1, P r u y r d n ~  Schedule. 



1 1  O HEATING METHOD: INDUCTION 

I /  0 
ATMOSPHERE: AIR 

PREGLAZED G L A S S  ADl lESlVE 

. O  
Hot Jo in ing  and Telescoping Assembly 

of S i c  Tube-Sleeve J o i n t  0 
[Heating Method: Induct ion  - 
~ r e s s u r i ' z a t  ion:  Dead Weight Load- 
i ng  ( l i g h t )  - Atmosphere: A i r ]  

Preglazing Operat ion. on Preoxid ized S i c  Ceramic 

( ~ a y i n g  Surfaces o f  Tube-Sleeve J o i n t ] .  

I lCATlNG METHOD: INDUCTION 
P R E S S I I R I Z A T I O N  nEAn-WEIGHT LOADING (L IGHT)  

ATMOSPHERE:  AIR 

HEATING METIIOD: INDUCTION 

HEATING ATMOSPHERE: AIR 

Formation o f  Preglazed G l  ide  Paths (A) on Tube-Sleeve J o i n t  
(Preoxid ized S i c  Ceramic) Heat ing Method: Induct  ion 
Atmosphere: A i  R 

Figure  2. J o i n i n g  Process  Sequence f o r  Glass-Bonded Ceramic Tube J o i n t  
(Simple Telescoping Design) 



Table 1 

Candidate Glass  Adhesives (Ref.  1 )  

The f e a s i b i l i t y  of t h e  Relaxing J o i n t  Concept (App. A )  and i t s  a p p l i c a b i l i t y  
t o  a c t u a l  ceramic assembly jo in ing  were w e l l  demonstrated i n  t h e  i n i t i a l  DOE 
c o n t r a c t  work (Ref. 1 )  and i n  a  r e l a t e d  manufacturing design and development 
c o n t r a c t  on ceramic h e a t  exchangers (DOE sponsored)  conducted concur ren t ly  a t  
So la r  (Ceramic Heat Exchanger wi th  Relaxing J o i n t ;  Ref. 3 ) .  

Predominant emphasis i n  program planning f o r  t h e  c u r r e n t  work e f f o r t  (Ref. 2 )  
i s  i n  c h a r a c t e r i z a t i o n  and c o r r e c t i o n  of s i g n i f i c a n t  j o in ing  problems i n h e r e n t  
wi th  g l a s s  adhesives,  revea led  i n  t h e  i n i t i a l  c o n t r a c t  work (Ref. 1 ) .  These 
jo in ing  problems and r e l a t e d  program t a s k s  a r e  o u t l i n e d  below. 

Specific Glasses 
Evaluated (Ref. 1 ) 

Corning 0080 
Corning 6750 

Corning 7760 
Corning 7800 
Corning 7740 (Pyrex) 
Ferro RV-3324 

Corning 1720 
Corning 1723 

TPG- 1 to TPG-9. ( SOLAR) 

Basic Silicate- 
Glass System 

Soda-Lime 

Borosilicates 

Alurninos~licates 

Two-phase or 
"TPG" Glasses 
(Developed at 
Solar, Ref. 1 ) 

2.1 TASK 1 - LONG-TERM JOINT STABILITY 

'Controlled fine physical mixtures of aluminosilicates and high-silica glasses 
(e.g., Corning Vycor or Fused Silica) 

Service 
Temp. Range (OF) 

1050 - 1250°F 

1250 - 15OO0F 

1600 - 1850°F 

1800 - 2050°F 

Long-term s t a b i l i t y  of glass-bonded ceramic j o i n t s  i s  of paramount importance 
t o  energy-systems which inco rpora t e  and depend upon them; c e r t a i n l y  o u t  t o  
10,000 s e r v i c e  hours ,  min. S t a b i l i t y  i n  t h i s  con tex t  means r e l i a b l e  long- 
term r e t e n t i o n  of j o i n t  i n t e g r i t y ,  shear  s t r e n g t h ,  v i t r e o u s  s t r u c t u r e ,  
r e l a x a t i o n  func t ion  and gas-seal ing a b i l i t y .  A l l  s i l i c a t e  g l a s s e s  a r e  s t ruc -  
t u r a l l y  metas tab le  a t  j o i n t  s e r v i c e  tempera tures ,  and have t h e  p o t e n t i a l  t o  
g radua l ly  l o s e  t h e i r  g l a s sy ,  v i t r e o u s  s t r u c t u r e s  on long-term s e r v i c e  holding,  
e i t h e r  through i n t e r n a l  c r y s t a l l i z a t i o n  of equ i l i b r ium phases ( d e v i t r i f i c a -  
t i on )  and,/or a l t o r a t i o n  sf t h e i r  iniLicl l  slrigle-glass s t r u c t u r e  t o  one o r  
more new g l a s s  forms (phase s e p a r a t i o n ) .  Both t y p e s  of t ransformat ion  by 
d e f i n i t i o n ,  a c t  t o  change v i t a l  v i scos i ty / t empera tu re  c h a r a c t e r i s t i c s  (F ig .  

a. 

3 )  upon which r e l a x a t i o n  func t ion  and gas-sea l ing  func t ion  a r e  h i g h l y  depend- 
e n t  (Refs .  1,  2  and 4 ) .  Volume changes accompanying t h e s e  t ransformat ions ,  



TEMPERATURE (lo2 F) 

Figure  3 .  Viscos i ty  Versus Temperature f o r  G las ses  

t y p i c a l l y  g l a s s  shr inkage  (Ref.  41, a l s o  can adverse ly  a f f e c t  t h e  s t ruc -  
t u r a l  i n t e g r i t y  of bo th  t h e  g l a s s - f i l l e r s  themselves and t h e  glass/ceramic- 
i n t e r f a c e  bonds. Consequently, maintenance of g l a s s - j o i n t  s t a b i l i t y  and 
f u n c t i o n  over t h e  long-term a r e  s t r o n g l y  dependent upon long-term r e t e n t i o n  
of  i n i t i a l  g l a s sy  s t r u c t u r e  a t  s e r v i c e  temperatures ,  with only  minimal 
s t r u c t u r a l  mod i f i ca t ion  t o l e r a t e d  i n  s e r v i c e .  I n  e a r l y  exp lo ra to ry  s t u d i e s  
of  g l a s s  s t a b i l i t y  ( i so the rma l  hold ing  a t  proposed s e r v i c e  temperatures ,  ou t  
t o  500 hours ,  Ref. 11, t h e  v a r i o u s  candida te  g l a s s e s  showed extreme var ia -  
t i o n  i n  apparent  s t a b i l i t y .  o f  mic ros t ruc tu re  and v i s c o s i t y .  S p e c i f i c a l l y ,  
most of t h e  b o r o s i l i c a t e s  and soda-lime g l a s s e s  showed cons ide rab le  p o t e n t i a l ,  
f o r  s t a b i l i t y ;  while  t h e '  a l u m i n o s i l i c a t e s  and t h e i r  two-phase g l a s s  der iva-  
t i v e s  exh ib i t ed  cons iderably  less s t a b i l i t y ,  w i th  v i s c o s i t i e s  s o  g r e a t l y  in-  
c r eased  a f t e r  500 hours  hold ing  t h a t  re laxa t ion- funct ion  was e s s e n t i a l l y  l o s t  . . 
(Ref.  1 ) .  

I n  t h e  c u r r e n t  program p lan  (Task 11, t h e  more promising candida te  g l a s s  ad- 
hes ives  from p r i o r  work (Table 2 )  a r e  be ing  sub jec t ed  t o  i so thermal  s e r v i c e  
tempera ture  exposures i n  p rog res s ive  s t e p s  o u t  t o  2000 hours ,  w i th  c l o s e  
monitor ing of any s t r u c t u r a l  changes ( through petrography and SEM/EDX analy- 
sis) a s  wel l  as any a s s o c i a t e d  v i s c o s i t y  changes. Time-temperature-trans- 
formation (TTT) diagrams w i l l  be  cons t ruc t ed  f o r  each cand ida t e  g l a s s .  The 
most s t a b l e  and promising g l a s s e s  w i l l  then  be chosen f o r  f u r t h e r  charac te r -  
i z a t i o n  and p o s s i b l e  modi f ica t ion  i n  subsequent t a s k s .  (See Sec t ion  4, 
Planned Future Work.) I f  no s u i t a b l y  s t a b l e  g l a s s e s  a r e  found f o r  c e r t a i n  



Table 2 

Long-Term S t a b i l i t y  Testing; Isothermal Air-Exposure Reqimes 

segments of t h e  des i red  1 050-2050°F range of s e r v i c e  temperaturs,  t h e  most 
s t a b l e  commercial g la s ses  defined above w i l l  se rve  a s  bases f o r  development 
of modified (new) g l a s s  adhesives t o  f i l l  t hese  open segments. 

Work on Task 1 s t a b i l i t y  s t u d i e s  has been s i g n i f i c a n t l y  delayed by l a t e  
a r r i v a l  of required candidate g l a s s e s  from Corning ~ i a s s  Works and Ferro 
Corp. ( s e e  Table 2 ) .  These g lasses ;  i n  f r i t  and c u l l e t  forms, a r r i v e d  t h r e e  
t o  f i v e  months l a t e r  than o r i g i n a l l y  scheduled ( s e e  Program Schedule, Fig. 1 ) .  

I 

Candida te  
G l a s s  F i l l e r  
( C o l l e t  Form) 

Corning 0080 

Corn ing  6750 

Corning 7740 

Corn ing  7800 

Corn ing  7760 

F e r r o  Corp. 
RB-3324 

Corn ing  1720 

F e r r o  Corp. 
RV-3320 

Thermal exposure regimes out  t o  1000 hours a r e  now complete, with 2000-hour 
exposures cu r ren t ly  underway. (See Table 2 . )  However, because of t h e  mater- 
i a l  de lays ,  micros t ructura l  information f o r  TTT diagrams i s  only ava i l ab le  
( t o  da te )  f o r  t h e  500-hour exposures ( s e e  Section 3 ) .  

Proposed ' 

S e r v i c e  
Temperature  

Range* 
(OF) 

1120-1270 

1060-1230 

1240-1480 

1250-1440 

1180-1400 

1300-1450 

1500-1655 

1850-2200 

G l a s s  Type 

Soda-Lime 
(73% S i l i c a )  

 aria-Lime 
(61% S i l i c a )  

B o r o s i l i c a t e  
(81% S i l i c a )  

B o r o s i l i c a t e  
(75% S i l i c a )  

B o r o s i l i c a t e  
(79% S i l i c a )  

B o r o s i l i c a t e  
(79% S i l i c a )  

Alumino- 
S i l i c a t e  
(62% S i l i c a )  

88% S i l i c a  

2050 

- 
Corn ing  Vycor 

J 

I s o t h e r m a l  Exposure Temper- 

* Range c o r r e s p o n d i n g  t o  10'-10 p o i s e  ( v i s c o s i t y )  
**  Only RV-3324 a n d  7760 

1. 96% S i l i c a  S t a b i l i t y  
B a s e l i n e  - 

a t u r e s  & Times 

Temperature  
(OF) 

1050 
1250 
1450 
1650 

1050 
1250 
1450 
1650 

1850* 
2050** 

1250 
1450 
1650 
1850 

1650 
1850 

( A i r  Furnace)  

Time 
(Hr)  

100, 200, 500, 
1000, 2000 

100, 200, 500 
1000, 2000 

100, 200, 500, 
1000, 2000 

100, 200, 500, 
1000, 2000 



2.2 TASK 2 - ENVIRONMENTAL AND SERVICE EFFECTS ON JOINT RELIABILITY 

Combined environmental and s t r e s s  condi t ions  of  j o i n t  se rv ice  may adversely 
affect .  consistency of j o i n t  performance. For example, repeated mechanical 
r e l a x a t i o n  o r  viscous s l i d i n g  of t h e  g l a s s  adhesive, c y c l i c a l l y  back and 
f o r t h ,  may gradually develop l o c a l  s t r u c t u r a l  d e f e c t s  ( i n t e r f a c i a l  and in tern-  
a l l y )  which could e f f e c t i v e l y  lower v i s c o s i t y ,  shear s t r eng th ,  and/or resis- 
t ance  t o  .gas leakage. Thermal cycl ing  of t h e  re laxing j o i n t  i n  se rv ice ,  t h e  
most severe  r e l a t e d  t o  t h e  system "on-off" cycles ,  can alsoimpose ( t r a n s i e n t -  
l y )  high l o c a l  and general  s t r a i n s  on t h e  g l a s s  adhesive and j o i n t  i n t e r f a c e  
due t o  d i f f e r e n t  thermal expansion c o e f f i c i e n t s ,  high ceramic modulii ,  and 
v a r i a b l e  heat ing r a t e s  of t h e  j o i n t  components. Desired viscous behavior of 
t h e  g l a s s  adhesive t y p i c a l l y .  occurs only within 100 t o  200°F"of t h e  inaxhum 
s e r v i c e  temperature t o  r e l i e v e  t h e  mechanically and thermally induced s t r a i n s .  
A t  a l l  lower temperatures, e s p e c i a l l y  during "on-off 'I thermal cycl ing ,  t h e  
g l a s s  adhesive and j o i n t  i n t e r f a c e  a r e  vulnerable  t o  overs t r e s s  and conse- 
quent d i s t o r t i o n  and s t r u c t u r a l  damage. 

These a r e  e s s e n t i a l l y  s h o r t  term o r  t r a n s i e n t  phenomena. In  add i t ion  t o  t h e  
unknown inf luences  of repeated viscous movements ( r e l a x a t i o n )  and t r a n s i e n t ,  
thermally induced s t r a i n s  upon j o i n t  i n t e g r i t y ,  t h e r e  a r e  a l s o  t h e  poss ib ly  
adverse e f f e c t s  of long-term service-loading and long-term isothermal ser-  
v i c e  holding per iods ,  sometimes with high i n t e r n a l  p ressu r i za t ion .  Long- 
term, d i f f u s i o n  con t ro l l ed  reac t ions ,  such a s  g l a s s  d e v i t r i f i c a t i o n  and/or 
phase separa t ion ,  a s  wel l  a s  "passive" glass/ceramic i n t e r a c t i o n  (Ref. 1 )  
r e s u l t i n g  i n  i n t e r n a l  gas generat ion a t  t h e  i n t e r f a c e  a r e  typica l .  of possi- 
b i l i t i e s  here. 

To ob ta in  useful  information on a l l  t hese  p o t e n t i a l  t roub le  a reas ,  l d g i c a l l y  
connected with j o i n t  longevity,  t h e  following exploratory t e s t s  a r e  planned. 

Redeterminations of p e r t i n e n t  g las s - jo in t  r e l a x a t i o n  r a t e s ,  e f f e c t i v e  
v i s c o s i t i e s ,  shear  s t r e n g t h  and ' gas t i g h t n e s s  of s e l e c t e d  g lass /  
ceramic j o i n t  systems (recommended i n  Task 1 )  fol lowing both 500 
hour and 1,000 hour isothermal holding per iods  i n  ambient-pressure 
a i r  a t  nominal s e r v i c e  temperatures. 

Redeterminations, a s  above, fol lowing 10 o r  more mechanically 
induced j o i n t  r e l a x a t i o n  movements a t  one maximum o r  near maximum 
se rv ice  temperature, s imula t ing  10 "on-off" cycles.  Here only t h e  
e f f e c t s  of c y c l i c  viscous g l a s s  s l i d i n g  (push-pull)  would be i so la-  
t e d  and evaluated;  e.g., 20.1 inch of r e l a t i v e  movement, forward 
and reversed each cyc le ,  over a t y p i c a l  j o i n t  over lap  d i s t ance  of 
0.5 - 1.0 inch. The e f f e c t s  of repeated r e l a x a t i o n  movements 
should be compared f o r  t h e  a s - f i r ed  condit ion versus app l i ca t ion  
a f t e r  a c r i t i c a l  isothermal holding period,  a s  determined i n  t h e  
f i r s t  t e s t  s e r i e s  above. 

Redeterminations, a s  above, fol lowing 10, o r  more thermal cycl ings  
between RT and t h e  nominal maximum se rv ice  temperature, with speci- 
men ends f ixed  t o  develop t h e  p o t e n t i a l l y  high t r a n s i e n t  s t r a i n s  



t y p i c a l  of s e r v i c e  "on-off" cycles.  Again, t h e  a b i l i t y  of t h e  
r e l axa t ion  j o i n t  t o  accommodate these  t r a n s i e n t  s t r a i n s  should be 
evaluated and compared f o r  t h e  as- f i red  condit ion versus applica- 
t i o n  a f t e r  a c r i t i c a l  isothermal holding period; a s  determined i n  
t h e  f i r s t  t e s t  s e r i e s  above. 

I n i t i a t i o n  of Task 2 work (which depends upon mate r i a l  recommendations from 
Task 1 )  has been unavoidably delayed because of t h e  5-month l a t e  s t a r t  of 
Task 1 s tud ies .  (See above.) Rather than s t a r t i n g  t h e  8 t h  month, a s  origin-  
a l l y  scheduled, ( s e e  Fig. 1 ) ,  Task 2 w i l l  now l i k e l y  s t a r t  t h e  12th o r  13th 
month. 

2.3 TASK 3 - VISCOELASTIC DAMPING OF GLASS-BONDED CERAMICS 

Ef fec t ive  damping of resonant  v i b r a t i o n s  i n  l a r g e  ceramic assemblies w i l l  be 
imperative t o  a t t a i n  long s e r v i c e  l i f e  ob jec t ives ,  inasmuch a s  c r y s t a l l i n e  
ceramics and ceramic cements (Si-base) t y p i c a l l y  possess l i t t l e  o r  no a b i l i t y  
f o r  self-damping a t  a l l  proposed use temperatures. Their  t o t a l l y  e l a s t i c  
response t o  v ib ra t ion  e x c i t a t i o n  (e.g.,  from gas flows i n  hea t  exchangers) 
w i l l  r e s u l t  i n  the  h ighes t  poss ib le  amplitudes and su r face  ( f a t i g u e )  s t r e s s e s .  
Metals and polymers a r e  e a s i e r  t o  design f o r  because they d i sp lay  s t rong 
a n e l a s t i c  behaviors and inherent  energy damping c a p a c i t i e s  associa ted  with 
l o c a l  and general  p l a s t i c  deformation, atomic d i f fus ion ,  i n t e r n a l  f r i c t i o n ,  
magnetostr ict ion,  e t c .  (For  these  reasons,  inhe ren t  damping a b i l i t i e s  of 

/ 
compliant-metal i n t e r l a y e r  b u t t  j o i n t s  a r e  expected t o  be very s u b s t a n t i a l . )  
I n  complete c o n t r a s t ,  t h e  monolithic r eac t ion  s i n t e r e d  type of ceramic hea t  
exchanger (module o r  hot-pressed t u r b i n e  blades repor tedly)  r i n g  long and 
loudly  l i k e  a b e l l  when tapped, ( s e e  Refs. 5, 6). Fortunately,  glassy-struc- 
t u r e d  ceramics, such a s  g lassy  porcela ins  (Ref. 7 )  o r  t h e  g l a s s  adhesives 
developed on t h e  c u r r e n t  program, a l s o  e x h i b i t  a n e l a s t i c  behaviors and a r e  
bel ieved t o  possess i n t e r e s t i n g l y  high c a p a c i t i e s  f o r  damping i n  t h e i r  soften- 
ing temperature ranges e l  a t  e levated  temperatures with corresponding 
v i s c o s i t i e s  on t h e  order  of lo8 - 1 o1 O po i se ) .  (Ref. 7 . )  The p o t e n t i a l s  
f o r  s t rong damping c h a r a c t e r i s t i c s  afforded i n  t h i s  temperature region 
( s i m i l a r  to the planned opera t ional  temperatures for re lax inq  j o i n t s  ) a r e  
be l ieved due t o  t h e  anomolously'high a c t i v a t i o n  energies  requi red  f o r  viscous 
flow and/or r e l axa t ion  movements i n  t h e  g lass ,  r e s u l t i n g  i n  l a r g e  q u a n t i t i e s  
of energy ( i r r e v e r s i b l y )  d i s s ipa ted  pe r  cycle ,  when i n  a v i b r a t i o n  mode. 
For example, t h e  t y p i c a l  a c t i v a t i o n  energies  f o r  viscous flow near the  g l a s s  
so f t en ing  po in t s  a r e  on t h e  o rde r  of 200-250 kcals/mole; while those  f o r  
a lka l i - ion  d i f fus ion  i n  g l a s s  a r e  only 20-30 kcals/mole and t h e  energy assoc- 
i a t e d  with ruptur ing  t h e  s t rong silicon-oxygen bond i s  109 kcals/mole, 
(Ref. 7 ) .  

Taking e f f e c t i v e  advantage of t h e  ( a n t i c i p a t e d )  high damping c a p a c i t i e s  of 
" so f t "  viscous g l a s s  adhesives i n  t h e  se rv ice  temperature range requ i res ,  
f i r s t  of a l l ,  t h a t  t h e  glass-bonded re laxing j o i n t s  be placed i n  zones of 
high dynamic s t r a i n .  This can r e a d i l y  be accomplished i n  most ceramic heat  
exchanger designs employing tube-sleeve re laxing j o i n t s ,  ( s e e  Ref. 3 ) .  



The planned exp lo ra to ry  experiment c o n s i s t s  b a s i c a l l y  of measuring and 
comparing r e l a t i v e  damping 1evel.s ( u s i n g  t h e  loga r i thmicdec remen t  method; 
s e e  Sec t ion  3 )  of a f r e e l y  r e sona t ing  and decaying S i c  heat-exchanger t u b e  
(nom. 3 f t .  long  x 1.0 i nch  diameter ;  Refs. 2 and 3 ) ;  with t h e  monol i th ic  
NC-430 ceramic tube  a s  primary base l ine .  This  w i l l  be  compared a g a i n s t  ( a )  
t h e  same monolith t ube  wi th  glass-bonded S i c  s l eeve  at tachment  (mid-length 
p o s i t i o n ;  no t u b e  j o i n t )  and ( b )  t h e  same tube ,  ( b u t  mid-length-position 
s p l i t )  wi th  glass-bonded, mid-length-position t u b e  j o i n t  and glass-bonded 
S i c  s l e e v e  attachment.  See Sec t ion  3 .  The g l a s s  f i l l e r  t o  be used; Corning 
7800; i s  a 1450°F (max.) adhesive which appeared most s t a b l e  and promising 
i n  p r i o r  work (Ref.  1 ) .  A secondary b a s e l i n e  specimen s e l e c t e d  i s  t h e  s p l i t  
S i c  t ube  wi th  mid-length-position j o i n t  with S i c  s l e e v e  at tachment ,  ( same 
geometry a s  ( b )  above) ,  b u t  permanently bonded wi th  c r y s t a l l i n e  s i l i con-meta l  
braze. These specimens r e p r e s e n t  a t y p i c a l  range of p o s s i b l e  ceramic HX 
tube  connect ions (Ref.  3 ) .  I n  t h e  exp lo ra to ry  t e s t i n g  t o  a s s e s s  g l a s s - j o i n t  
damping p o t e n t i a l s ,  t h e  p r i n c i p a l  c o n t r o l  v a r i a b l e  is t o  be test temperature,  
wi th  a s s o c i a t e d  va r i ance  i n  g l a s s - f i l l e r  v i s c o s i t y .  V ib ra t ion  frequency and 
i n i t i a l  amplitude w i l l  be he ld  wi th in  narrow ranges. Resources pe rmi t t i ng ,  
f u r t h e r  c h a r a c t e r i z a t i o n  of g l a s s - j o i n t  damping p o t e n t i a l s  w i l l  encompass 
t h e  e f f e c t s  of  va ry ing  t h e  resonant  f r equenc ie s  and v i b r a t i o n - s t r a i n  ampli- 
t u d e s  of similar tube-sleeve j o i n t  specimens, employing s e l e c t e d ,  promising 
g l a s s e s  from Tasks 1 and 2. 

Because t h e  s u b j e c t  Task 3 work could  be  s t a r t e d  wi th  r e l a t i v e l y  l i t t l e  
g l a s s  adhesive arid a v a i l a b l e  NC-430 s i l i c o n  c a r b i d e  tub ing ,  a l r eady  in-house 
and r e s i d u a l  from p r i o r  programs c i t e d  (Refs .  1 and 3 ) ;  t h e  bulk of Task 3 
s t u d i e s  were a c t u a l l y  i n i t i a t e d  and completed t h i s  per iod .  (See Sec t ion  3 
and Fig. 1.) Th i s  was done e a r l y  i n  t h e  program, whi le  awai t ing  t h e  ( l a t e )  
d e l i v e r y  of  g l a s s  and c e r a m i c , m a t e r i a l s  r equ i r ed  t o  i n i t i a t e  Tasks 1, 2 and 4 
(g .v . ) ,  

2.4 TASK 4 - CRACK ARREST AND CRACK DIVERSION BY JOINTS 

Both i n t r i n s i c  damping (d i scussed  above) and crack  a r r e s t  and/or d i v e r s i o n  
could  become impor tan t  f u n c t i o n s  of p rope r ly  designed j o i n t s ;  e s p e c i a l l y  i n  
ceramic assemblies  where c a t a s t r o p h i c  l a rge - sca l e  f a i l u r e s  must be  avoided. 
Again, on ly  t h e  adhes ive  ( f i l l e r )  m a t e r i a l  and'  s t r u c t u r e  of a glass-bonded 
o r  metal-bonded ceramic j o i n t  a r e  capable  of  s a f e l y  absorbing and d i s s i p a t i n g  
t h e  ene rg i e s  of exces s ive  s e r v i c e  v i b r a t i o n  and/or a c rack  propagat ing  e l a s -  
t i c a l l y  through t h e  ceramic s u b s t r a t e .  The-mechanics of f r a c t u r e  i n i t i a t i o n  
and propagat ion  i n  ceramics (and  m e t a l s )  a r e  extremely complex. However, 
c r acks  of c r i t i c a l  s i z e  i n  b r i t t l e ,  h igh  modulus ceramics normally w i l l  
propagate  autogeneously under c o n s t a n t  s e r v i c e  stress; t h e  f a s t  c racking  
mechanism t y p i c a l l y  r e c e i v i n g  f a r  more than  enough energy from t h e  r e l e a s e  
of e l a s t i c  s t r a i n  (from cont inuing  crack  propagat ion)  than  needed t o  produce 
new f r a c t u r e  su r f ace .  There i s ,  un fo r tuna te ly ,  very  l i t t l e  p o s s i b i l i t y  of 
a r r e s t i n g  t h e  propagat ion  of an  a c t i v e ,  c r i t i c a l - s i z e  c rack  o r  f law i n  a 
monol i th ic  ceramic s t r u c t u r e ,  s h o r t  of t o t a l  c a t a s t r o p h i c  f a i l u r e .  



I t  i s  p laus ib le ,  however, t h a t  c e r t a i n  f i l l e r - t y p e  joining mate r i a l s ,  such a s  
viscous g lasses  o r  d u c t i l e  metal adhesives, i f  proper ly  designed and posi t ion- 
ed, could i n t e r a c t  with a moving crack f r o n t  t o  a r r e s t ,  d i v e r t  o r  otherwise 
immobilize t h e  cracking mechanism. Conceivably, both b u t t  j o i n t s  and shear  
type j o i n t s  could be u t i l i z e d  f o r  such purpose. 

It was conceived t h a t  t h e  e f fec t iveness  of a given f i l le r -adhes ive  i n  a r r e s t i n g  
and/or d i v e r t i n g  an e x i s t i n g  crack i n  a joined ceramic assembly would depend 
l a r g e l y  on c e r t a i n  des i red  physica l  a t t r i b u t e s  and mechanical p r o p e r t i e s  of 
the  f i l l e r ;  v iz .  

1. A s i g n i f i c a n t l y  lower e l a s t i c  modulus than t h e  ceramic, t o  mi t iga te  
t h e  s t r e s s - i n t e n s i t y  f a c t o r  of t h e  crack ( a s  it e n t e r s  t h e  f i l l e r ) ,  
Ref. 2. 

2. A lower minimum intera tomic  bond s t r e n g t h  than t h a t  of t h e  ceramic; 
t o  promote r e t e n t i o n  of t h e  crack (propagation path)  within t h e  f i l -  
l e r  and/or along t h e  f i l l e r / ce ramic  j o i n t  i n t e r f a c e .  (This  cons t i -  
t u t e s  crack d ivers ion;  Ref. 2.)  

3.  A high p o t e n t i a l  (un l ike  t h e  ceramic) t o  s a f e l y  absorb cracking- 
re leased energy through viscous flow o r  p l a s t i c  flow of t h e  f i l l e r ,  
ahead of t h e  crack f r o n t .  

A l l  t h r e e  of t h e  above favored a t t r i b u t e s  may e x i s t  simultaneously i n  a given 
f i l l e r ;  o r  j u s t  one o r  two. Because so  much depends upon t h e  composition and 
physical  na ture  of t h e  f i l l e r  i t s e l f ,  no explora tory  t e s t i n g  i n  t h i s  a r e a  i s  
planned u n t i l  t h e  most promising s p e c i f i c  f i l l e r  adhesives ( f o r  a l l  o the r  
described j o i n t  funct ions)  a r e  defined and i d e n t i f i e d  i n  Tasks 1,  2 and 4 
( s e e  Fig. 1 ) .  Completion of t h e  c r i t i c a l  Task 1 s tudy has been defer red  
approximately 5 months due t o  l a t e  r e c e i p t  of candidate g l a s s  adhesives ( s e e  
above). 

2.5 TASK 5 - IMPROVED J O I N I N G  AND FABRICATION METHODS 

I n t e g r i t y  of ceramic-joint s t r u c t u r e  i s  a v i t a l  foundation t o  a l l  of t h e  
normal and s p e c i a l  re laxing- jo in t  funct ions  c i t e d  i n  t h e  preceding d iscuss ion 
(Tasks 1 through 4 ) .  P r io r  s t u d i e s  (Ref. 1 )  have ou t l ined  t h e  need f o r  
improved j o i n t  processing and f a b r i c a t i o n  i n  c e r t a i n  a reas ,  i n  order  t o  
obta in  a des i red  cons i s t an t  high l e v e l  of glass/ceramic bond i n t e g r i t y .  For 
example, good wett ing,  flow and bonding of t h e  f i l l e r  g l a s s  t o  t h e  s i l i con-  
based ceramic i s  s t rong ly  dependent upon t h e  pre-formation of a na tu ra l ,  
s t rongly  bonded s i l i c a - r i c h  oxide on t h e  ceramic faying surfaces .  This  
pre-oxidation s t e p  i s  rou t ine ly  accomplished by a i r fu rnace  oxidat ion a t  
2400-2500°F (24 (+)  hours);  but  it i s  time-consuming; it r i s k s  p a r t i a l  
melt ing and exudation of f r e e  s i l i c o n  metal binder i n  t h e  base ceramic; a n d ,  
of most importance t o  j o i n t  funct ion ,  produces only a vanishingly t h i n  
l a y e r  of na tu ra l  s i l i c a  oxide, seve ra l  angstroms t h i c k  (Ref. 1.)  A s  developed 
above, t h i s  t h i n  s i l i c a  l aye r  i s  only marginal ly adequate t o  promote des i red  



f i l l e r - g l a s s  wett ing and bonding. Moreover, it i s  no t  t h i c k  enough t o  serve 
a s  an e f f e c t i v e  physical  b a r r i e r  between f i l l e r  and ceramic, t o  prevent 
undes i rable  glass/ceramic i n t e r a c t i o n  and r e s u l t a n t  CO o r  N2 gas formation a t  
t h e  bond i n t e r f a c e  (Ref. 1 ) .  The cur ren t  task  work involves development and 
evaluat ion  of s p e c i a l  r e f r a c t o r y ,  h igh-s i l i ca  g l a s s  coat ings  (approximately 
2-3 m i l s  t h i c k )  appl ied  a s  a  pre-glaze (2250-2350°F) p r i o r  t o  f i l l e r - g l a s s  
app l i ca t ion ;  a s  a  hopefully super io r  s u b s t i t u t e  f o r  ceramic pre-oxidation. 
Desired ob jec t ives  inc lude  ( a )  r e l i a b l y  super ior  g l a s s  wet t ing  and ceramic 
bonding, ( b )  avoidance of s i l i c o n  metal melting (wi th in  t h e  ceramic) and ( c )  
prevention of jo in t -d is rupt ive  reac t ion  gases, forming a t  t h e  f i l l e r / ce ramic  
j o i n t  i n t e r f a c e .  

Another work a r e a  i s  t h a t  t o  develop high-density, e s s e n t i a l l y  poros i ty- f ree  
and gas-bubble-free f i l l e r  g l a s s  i n  t h e  bond regions.  P r io r  work with low- 
packing-density g l a s s  s l u r r i e s  (Ref. 1 ) revealed t h a t  a f t e r  normal s i n t e r -  
bonding, t h e  r e s u l t a n t  90-95 percent  dense f i l l e r s  were adequate i n  providing 
mechanical bond s t r e n g t h  and j o i n t  r e l a x a t i o n  funct ion ,  b u t  were suscep t ib le  
t o  premature f a i l u r e .  under high-gas-pressure s e a l i n g  condi t ions  a t  e levated  
s e r v i c e  temperatures (Refs.  1 and 3 ) .  The process s o l u t i o n  sought i n  cu r ren t  
t a s k  work i s  t h e  i n i t i a l  app l i ca t ion  of approximately 100% dense f i l l e r  g l a s s  
t o  t h e  ceramic faying su r faces  ( a s  i n  Fig. 2 ) ,  by one of two poss ib le  glass-  
industry.methods: ( 1 )  Hand-artisan (glass-blower) app l i ca t ion  of bulk high- 
dens i ty  g l a s s  ( rod ,  c u l l e t ,  o r  f r i t )  o r  ( 2 )  s l ip-spray app l i ca t ion  of very 
f i n e  f i l l e r - g l a s s  powders t o  t h e  faying su r faces  ( t o  achieve high-packing; 
d e n s i t i e s )  , followed by r o u t i n e  sinter-bonding and glazing.  (Refs. 1 and 2 1. 
I n  both methods, pre-glazing t h e  faying surfaces  with t h e  r e f rac to ry ,  high- 
s i l i c a  coat ings  discussed above might a l s o  be c a r r i e d  out  p r i o r  t o  f i l l e r  
g l a s s  app l i ca t ion ,  t o  promote improved f i l l e r / ce ramic  bonding and t o  circum- 
ven t  reaction-gas bubble formation a t  t h e  bond i n t e r f a c e .  



PROGRAM STATUS 

3.1 TASK 1 - LONG-TERM JOINT STABILITY 

A l l  candidate g l a s s  f i l l e r s  scheduled f o r  re laxing j o i n t  app l i ca t ion  i n  t h e  
sub jec t  program (Ref. 2 and Tables 2 and 3 )  have now been received,  and placed 
i n  various isothermal a i r  furnace exposure regimes t o  evaluate  long term 
s t r u c t u r a l  s t a b i l i t y  of t h e  i n i t i a l  g lassy  s t ruc tu res .  See Table 2 f o r  a 
l i s t i n g  of each g lass  f i l l e r ,  along with t h e  range of proposed s e r v i c e  
temperatures f o r  each f i l l e r  (corresponding t o  a requi red  v i s c o s i t y  range f o r  
r e l axa t ion  funct ion  of 1 01° -1 o8 po i se )  and t h e  exposure t e s t  regimes cur ren t ly  
underway. A l l  g l a s ses ,  except Corning 6750 which was received very l a t e ,  
have now passed t h e  500-hour exposure marks (Table 2) .  and a r e  cu r ren t ly  
being evaluated f o r  s t r u c t u r a l  s t a b i l i t y  by metallographic-petrographic ex- 
amination and SEM/EDX a n a l y s i s  of o r i g i n a l  g l a s s  versus (any) g l a s s  t rans-  
formation products formed. P a r t i a l  TTT diagrams have been const ructed  f o r  
Corning 7800 and 7740 b o r o s i l i c a t e  g lasses  (Figs .  4 and 5 ) .  These i l l u s t r a t e  
t h e  super ior  s t r u c t u r a l  s t a b i l i t y  of t h e  7800 g lass  over 7740 g iass ;  par t icu-  
l a r l y  a t  1450°F which i s  near t h e  high temperature end of t h e  normal boros i l i -  
c a t e  s e r v i c e  temperature range. .After  500 hours a t  1450°F, t h e  o r i g i n a l  
g lassy  s t r u c t u r e  of 7740 g lass  i s  approximately 42 percent  transformed, 
while t h e  ,7800 g l a s s  i s  only approximately 15 percent  transformed. Last  
yea r ' s  work showed t h a t  t h e  e f f e c t i v e  v i scos i ty .  of 7800' g l a s s  i s  l i t t l e  
changed by t h i s  exposure; while 7740 g lass  experienced a major s h i f t  upward 
i n  v i s c o s i t y  (Ref. 1 ) . 7800 g l a s s  a l s o  appears super ior  t o  7740 a t  1650°F 
(Cf. Figs. 4 and 5 ) .  It i s  hoped t h a t  7800 g lass  ( t h e  most promising i n  
l a s t  yea r ' s  s tudy)  w i l l  show no more than 15 t o  25 percent  t ransformation a t  
any se rv ice  temperature exposure ou t  t o  2000 hours. 

From t h e  se rv ice  s t a b i l i t y  viewpoint, t h e  l e a s t  promising b o r o s i l i c a t e  g l a s s  
f o r  1400-1450°F app l i ca t ion  would appear t o  be Corning 7760. Out t o  500 
hours exposures a t  1050°F and 1250°F, neg l ig ib le  t ransformation of 7760-glass 
s t r u c t u r e  was discerned ( s i m i l a r  i n  t h i s  low-temperature aspect  t o  Corning 
7740and 7800, above). However, a f t e r  500 hours e x p o s u r e . a t  1450°F, 260% 
transformation was obtained,  making 7760 appear somewhat l e s s  s t r u c t u r a l l y  
s t a b l e  a t  1450°F than 7740. This was unfortunate,  inasmuch a s  Corning' 7760, 
received t h e  h ighes t  ranking i n  associa ted  s t u d i e s  (Task 5) f o r  b e s t  adapt- 
a b i l i t y  t o  hand-artisan app l i ca t ion .  t o  ceramic surfaces  and f o r  high r e s i s -  
tance  t o  w i t h i n - f i l l e r  and bond-interface cracking on process cool-down.(see 
Task 5; t h i s  s e c t i o n ) .  Fortunately,  t h e  Ferro RV-3324 b o r o s i l i c a t e  g lass  
(Tables 2 and 3 )  proved t o  be v i r t u a l l y  equal  i n  mer i t  t o  7760 i n  these  same 
ca tegor ies ,  a s  well  a s  exh ib i t ing  remarkable s t r u c t u r a l  s t a b i l i t y  i n  exposure 
t e s t s  t o  da te .  This i s  discussed below. 



Table 3 

Listing of Candidate Glass Adhesive Materials; Relaxing-Joint Concept 
(Task 1 - Ceramic-to-Ceramic Shear Joints) 

Glass 
Designation 

0080 

6750 

7740 

7760 

7800 

1720 

RV-3324 

RV-3J2O 

Source 
( I l f r . )  

Corning 

Corning 

Corning 

Corning 

Corning 

Corning 

Perro 

Ferro 

Glaes Type 

Soda-Lime 

Soda-Lime 

Boroslllcste 

Borosilicate 

Soda-Barium 
Borosillcate 

Alumlno- 
Silicate 

Boroslllcate 

High-Silica 

96% Silica 
(Vycor) 

Pused Silica 

7913 1 Corning 
(Ref. only) 

7940 1 Corning 
(Ref. only) 

1 

Si02 

73.0 

61.0 

81.0 

79.0 

74.8 

62.0 

79.0 

88.0 

96.5 

99.9 

(Viscosity Data) 
Temperatwe ('C) Relative to - 

Nominal Compoaltlon ( %  wt) 

Thermal 
Expansion 
CoeP- 

f lcient 

cm/cm/~) 
(0-300-C) 

93.5 

88.0 

32.5 

34.0 

50.0 

42.0 

7.5 

5.5 

A1203 

1.0 

11.0 

2.0 

2.0 

5.6 

17.0 

Relaxing 

loto poise 

-604 
(-112O0F) 

-571 
1-1060°F) 

-671 
(-1240.F) 

4 3 8  
(-1 180.f) 

-677 
(-1250.~) 

-816 
(-1500'F) 

-1250.F 
(7) 

-1850eP 
(7) 

- 

Density 
(gm/ 
crm3) 
RT 

2.47 

2.59 

2.23 

2.24 

2.36 

2.52 

2.18 

2.20 

Softening 
Point 

107.6 porse 

696 
(1285-F) 

676 
(124g°F) 

82 1 
(1510°F) 

780 
( 1436.F) 

795 
(1463.F) 

915 
(1679*FI 

1530 
(2786-F) 

1580 
(287b°F) 

B203 

- 

1.0 

13.0 

15.0 

9.6 

5.0 

Joint Conccpt 

lo8 poise 

-688 
(-1270-F) 

-666 
(-1230.F) 

-804 
I-1480-F) 

-760 
(-1400.P) 

-782 
(-144O0F) 

-90 1 
(-1655*F) 

-145O0F 
(7) 

-2050eF(+) 
(7) 

Working 
mint 

lo4 poise 

1005 
(1841-FI 

1040 
(l90O0F) 

1252 
(2286.F) 

1198 
(2188-F) 

1189 
(2172O~) 

1202 
(2196.P) 

Elastic Modulus 

Proprietary 

I 
Proprietary 

' 

kg/* 
x 10 

7.1 

6.5 

6.3 

8.9 

6.9 

7.4 

Na20 

17.0 

15.0 

4.0 

2.0 

6.4 

1.0 

0.5 

- 

(E)/RT 

psi 
x 106 

10.2 

9. I 

9.0 

12.7 

9.8 

10.5 

, 

50 
- 

- 

- 

2.0 

0.5 

- 

- 
- 

(0. I% 

3.0 

- - 

Hz01 

MqO 

4.0 

- 

- 

7.0 

- 

Be0 

- 

9.0 

2.2 

- 

I - 

CaO 

5.0 

- 

0.9 

8.0 

F(-) 

- 
3.0 

- 
- 

- 

- 



Petrographic and SEM/EDX studies  of the  abwe borosi l icate  glasses indicate 
t h a t  they generally transform by a phase-separation reaction i.e., i n to  two 
new glasses: ( 1 )  a somewhat higher s i l i c a ,  lower boric  oxide glass  than the 
or ig ina l  glass, and ( 2 )  a soolewhat lower s i l i c a ,  higher boric oxide glass  
than the  original.  So long a s  thm original ,  untransfonued glass  (and t o  some 
extent, the  compositionally dimilar first new glass  above) remains a s  the  
continuous, matrix glass  and the  consti tuent volume remains high (250% Vol.), 
then l i t t le  change i n  e f fec t ive  ' f i l l e r  viscosi ty  1s anticipated. (Ref. 8.) 
Note the  c r i t i c a l  50% volvdae transfonuation'iinbs on the  TlT diagrams c i t e d  
above. Of course, t h i s  assumptioh w i l l  have ' to  be confirmed i n  subsequent 
baseline relaxation-rate tekts and related viscosi ty  determinations (Task 2 ) .  

The subject exploratory study hzis unbovered one par t icu lar  area of concern; 
viz., t h a t  considerably more riipid glass  trazis'formation occurs a t  (and l ikk ly  
above) 16500F, than (14500F; t rue  f a r  allscandidate b o k s i l i c a t e  and aluminc- 

w i t h ' t h e  possible ('and hoped fo r )  



exception of RV-3324, see Figurr, 6. IRV-3324 glass was specifically formr~ 
lated by Ferro Corp. to  provide superior long-term s tabi l i ty  of glassy 
structure, Ref. 1). 

The p a c t i c a l  significance of t h i s  still-tentatiwa general observation is  
that  no camercial candidate glass may be suitable for long-term joint service 
i n  the general vicinity of 165D.F and possibly above ( i.e., t o  the conjugate 
temperature). Note the partial Trl! diagr- for  the representative aluminc- 
s i l i ca te  glass, Corning 17208 whioh is naainally a 1500-16500F glass based 
upon viscosity and demonstration of relaxation function for the as  f ired 
condition. (Fig. 7 and Ref. 1.) It is evident from 1720's strong transfom- 
ation tendencies a t  1650°F and 1850°F that long-term structural s tabi l i ty  is  
doubtful for  these and adjacent temperatures. Unlike the borosilicates, the ) I 
candidate aluminosilicate is reported to trawform by precipitation of -1- 
ibrim, high-almina, crystalline campoundst v h .  t o  mullite and/or anorthite. 
(Ref. 1.) Continuous rigid, internal xiet*oLks of these crystals, precipitated - 
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during a c t u a l  o r  simulated se rv ice ,  should (and do) e f f e c t  marked increases  
i n  f i l l e r  v i s c o s i t y  ( t r u e ,  based on p r i o r  experience, Ref. 1 )  and would i f  
extens ive ,  be  f a r  more detr imental  t o  long-term s t a b i l i t y  than phase-separa- 
t ion .  

In  view of t h e  above emerging s i t u a t i o n ,  at tempts w i l l  be made next  period 
t o  develop new h igh-s tab i l i ty  g lass  f i l l e r s  t o  accommodate s t ab le - jo in t  
se rv ice  and re laxa t ion  function over the  temperature range of approximately 
1500-2050°F. P r io r  work (Ref. 1 ) has shown t h a t  des i red  f i l l e r  v i s c o s i t i e s  
i n  t h i s  temperature range can be obtained by s l u r r y i n g  and s i n t e r i n g  of 
con t ro l l ed  fine-powder admixtures of a very s t a b l e ,  high s i l i c a ,  very high 
v i s c o s i t y  g l a s s  (e.g.,  fused s i l i c a ,  Vycor, o r  RV-3320) t o  a matrix of a 
lower-than-desired v i s c o s i t y  g l a s s  (e .g. ,  7740 o r  1720). This r e s u l t s  i n  an 
in t imate  physical  mixture of two f i n e l y  dispersed g lasses ;  termed "TPG" o r  
"two-phase g lasses" .  ( See Ref. 1.) Unfortunately, a s  discussed above, both 
7740 and 1720 a r e  now known t o  be q u i t e  s t r u c t u r a l l y  uns table  i n  t h e  above 
temperature i n t e r v a l  of i n t e r e s t ;  which l i k e l y  expla ins  why t h e  i n i t i a l  
v i s c o s i t i e s  of p r i o r  TPG g l a s s e s  proved uns table  on long-term se rv ice  holding 
(Ref. 1 ) .  I n  t h e  planned TPG-glass s tudy of t h e  cu r ren t  program, emphasis 
w i l l  be on con t ro l l ed  f i n e  powder mixtures of t h e  os tens ib ly  very s t a b l e  
RV-3324 g l a s s  with Vycor, fused s i l i c a  and RV-3320. 

3.2 TASK 2--  DETERMINATION OF ENVIRONMENTAL AND SERVICE EFFECTS ON 

JOINT RELIABILITY 

No work was conducted on Task 2 t h i s  r epor t ing  period.  I n i t i a t i o n  of Task 2 
work must l o g i c a l l y  await  f i n a l  recommendations on p re fe r red  g l a s s  adhesives 
from Task 1 ( s e e  Fig. 1 ) .  

3.3 TASK 3 - VISCOELASTIC DAMPING OF GLASS BONDED CERAMICS 

Excessive in-service  v i b r a t i o n  of ceramic components and ceramic assemblies 
i s  a v a l i d  design concern, p a r t i c u l a r l y  f o r  high performance, and hopefully 
f a i l - s a f e ,  energy systems which cannot t o l e r a t e  any major ceramic f a i l u r e s .  
Unlike most engineering metals  which possess inheren t  damping c a p a b i l i t i e s  
and p l a s t i c i t y ,  engineering ceramics a r e  predominantly e l a s t i c  i n  response, 
e x h i b i t  neg l ig ib le  self-damping a t  a l l  s e rv ice  temperatures t o  1800°F ( s e e  
Fig. 8 ) ,  and a r e  q u i t e  s e n s i t i v e  t o  excessive v ib ra t ion .  Therefore, g r e a t  
c a r e  must be exercised i n  system design t o  avoid resonant  frequencies and 
assoc ia ted  high amplitudes during service .  Obviously, t h i s  avoidance of 
c r i t i c a l  amplitudes i s  d i f f i c u l t  t o  guarantee e n t i r e l y  i n  complex energy 
systems involving ceramics. 

I t  has been repor ted  t h a t  some glassy  ceramics, such a s  q lassy  p ~ r c e l a i n s ,  
e x h i b i t  appreciable v i s c o e l a s t i c  self-damping over c e r t a i n  ranges of tem- 
pe ra tu re  and v i s c o s i t y  (Ref. 7 ) .  One primary ob jec t ive  of Task 3 i s  t o  
determine whether o r  not  s p e c i f i c  g l a s s  adhesives (from Task 1 )  w i l l  a l s o  
confer s i g n i f i c a n t  self-damping t o  joined ceramic s t r u c t u r e s .  Base2 upon 
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Figure 8. Log Decrement f o r  RSSC Tubes with 7800 Glass 
Bonded Sleeve 

upon the  referenced study with porcela ins ,  maximum v i s c o e l a s t i c  damping 
might be expected over roughly t h e  same v i s c o s i t y  range a s  requi red  f o r  
proper j o i n t  r e l a x a t i o n  funct ion ,  namely a v i s c o s i t y  range of approximately 
lo8 t o  101° poise  (Refs. 1 and 7 ) .  Three r e l a t e d  tubu la r  t e s t  specimen 
conf igura t ions  were adopted f o r  t h e  study of ceramic j o i n t  damping a t  b a s i c  
resonant  frequency. 

Type NC-430 (RSSC) s i l i c o n  carbide tubes  of t h e  v a r i e t y  used i n  a r ecen t ly  
completed ceramic hea t  exchanger s tudy (Ref. 3 )  were u t i l i z e d  f o r  specimen 
mater ia l .  Residual Corning 7800 g l a s s  (Ref. 1 )  was adopted f o r  t h e  demon- 
s t r a t i o n  g l a s s  adhesive, because it was t h e  most s t a b l e  and promising g l a s s  
i d e n t i f i e d  i n  p r i o r  work a t  Solar  (Ref. 1 ) .  The base l ine  specimen (No. 1 )  
cons is ted  of a monolithic s i l i c o n  carbide  tube  alone,  without a tube j o i n t  o r  
s leeve  attachment (nominal dimensions; 1.00in. OD x 0.24 i n .  wal l  x 36.0 i n .  
l eng th ) .  The second specimen (No. 2) cons i s t ed  of t h e  same b a s i c  monolith 
tube, bu t  with a s h o r t  NC-430 tube  s leeve  attachment, g l a s s  bonded over the  
tube a t  t h e  mid-length pos i t ion .  (Nominal dimensions of t h e  tube  sleeve:  
1.02 i n .  I D  x 0.15 i n .  wa l l  x 3.0 i n .  length;  concentr ic  tube j o i n t  gap 
clearance [ g l a s s  f i l l e d l  = 0.0 10 i n .  ) . 
The t h i r d  t e s t  specimen (No. 3 )  had the  same ex te rna l  appearance and nominal 
dimensions a s  t h e  second specimen described above. It was, however, a glass- 
bonded. tube j o i n t  with. s leeve ,  inasmuch a s  t h e  36-inch long bas ic  tube was -- 
f i r s t  c u t  i n  h a l f ,  p r i o r  t o  being reassembled and glass-bonded together ,  along 



with  t h e  tube  s l e e v e  at tachment  ( s e e  schematic,  Fig. 9 ) .  J o i n t  s e p a r a t i o n  
between t h e  tube  ha lves  was s e t  a t  0.062 inch.  The concen t r i c  t u b e  j o i n t  gap 
c l ea rance  ( g l a s s  f i l l e d )  was 0.010 inch ,  a s  i n  t h e  second specimen. Each of 
t h e  t h r e e  tube  specimens was t e s t e d  i n  sequence, by be ing  suspended a t  t h e  
nodal p o i n t s  wi th in  a furnace  chamber and then  s t r u c k  wi th  a rubber  m a l l e t  t o  
induce a resonant  v i b r a t i o n  of a cons t an t  i n i t i a l  amplitude, which was then  
a l lowed . to  decay f r e e l y .  See F igure  9 f o r  a schematic diagram of t h e  experi-  
mental se tup .  This  t e s t  comprised a self-damped o s c i l l a t o r  with no d r i v i n g  
f o r c e  (Ref.  9). Note t h a t  t h e  g l a s s  adhes ives  were p laced  i n  t h e  c e n t r a l  
r eg ions  of h ighes t  dynamic s t r a i n ,  t o  r e a l i z e  m o s t . e f f e c t i v e  damping f o r  each 
t e s t  temperature and specimen conf igu ra t ion .  

The logar i thmic  decrement method was employed t o  c h a r a c t e r i z e  t h e  r e l a t i v e  
danping c a p a b i l i t i e s  of t h e  t h r e e  specimens a t  d i f f e r e n t  i so thermal  t e s t  
temperatures  i n  t h e  range, RT t o  1800°F ( s e e  Refs. 2 and 9 and Figs.  8 and 
9 ) :  Logarithmic decrement, 6 ,  i s  de f ined  a s  t h e  r a t i o  of ( a )  energy absorbed 
o r  damped o u t  p e r  dynamic cyc le ,  over  ( b )  t h e  maximum ( i n i t i a l )  c y c l i c  s t r a i n  
energy. Expressed mathematically: 

Eq. 1 

where n = number of c y c l e s  experienced dur ing  t h e  decay test pe r iod  

o = t h e  i n i t i a l  dynamic amplitude 

X n = t h e  dynamic amplitude, n c y c l e s  l a t e r :  

The r e s u l t s  of damping t e s t s  conducted t h i s  pe r iod  a r e  given i n  Table 4 and 
i l l u s t r a t e d  i n  t h e  comparison damping curves  ( 6 ve r sus  T) of F igure  8. 

The fol lowing obse rva t ions  have been made r ega rd ing  t h e  above t e s t  d a t a .  

The b a s e l i n e ,  monol i th ic  ceramic t u b e  (Specimen No. 1 )  e x h i b i t s  
very l i t t l e  self-damping p o t e n t i a l  a t  any t e s t  temperature (RT - 
1800°F), and r i n g s  l i k e  a b e l l  a t  a l l  test temperatures  t o  1800°F 
( s e e  Fig. 8). 

The two specimens wi th  g l a s s  bonded ceramic s l eeve  at tachments  
(Specimens No. 2 and 3 )  a l s o  e x h i b i t e d  minimal self-damping a t  t h e  
lower range of t e s t  t empera tures  ( v i z .  RT t o  12009F). However, a t  
1300°F and above, s i g n i f i c a n t  self-damping was obta ined;  which i s  
t e n t a t i v e l y  a t t r i b u t e d  t o  v i s c o e l a s t i c  absorp t ion  of v i b r a t i o n  
energy by t h e  7800 g l a s s  adhes ives  (Fig.  8). For t h e  monol i th ic  
t ube  wi th  s l e e v e  at tachment  (Specimen No. 21, damping reached an 
apparent  maximum a t  1500°F; with t h e  va lue  of l o g  decrement a t  
1500°F more than  two o r d e r s  of magnitude g r e a t e r  than  t h e  RT value! 
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Figure 9. Schematic of Ceramic Tube \ ~ a m ~ i n g  Tes t  (Glass-Bonded 
Tube Specimen Suspended a t  Nodal Points ,  Within Furnace) 

. The v i s c o s i t y  of 7800 g l a s s  a t  1300°F i s  about 109.5 poise ;  a t  
1500°F about 107.5 poise. This i s  about t h e  v i s c o s i t y  range expec- 
t e d  f o r  e f f e c t i v e  v i s c o e l a s t i c  damping (Ref. 7 ) . Very l i k e l y ,  a t  
temperatures <1300°F, t h e  7800 g l a s s  i s  too  s t i f f  f o r  e f f e c t i v e  
v i s c o e l a s t i c  response; and >>1500°F, t h e  g l a s s  becomes t o o  f l u i d  t o  
t r a n s f e r  v i s c o e l a s t i c  shear. 

. The tube- jo in t  specimen wi th  glass-bonded s l eeve  attachment (No. 3 )  
exhibi ted  very s i m i l a r  improvement i n  damping t o  t h e  monolith with 
s leeve  (No. 21, except  t h a t  damping e f f i c i ency  genera l ly  continued 
t o  improve up t o  t h e  t o p  t e s t  temperature of 1700°F (Fig.  8 ) .  
This i s  bel ieved due t o  minor slumping of t h e  tube  cen te r  L1550°F, 
so t h a t  t h e  t u b e j o i n t  end su r faces  (L1550°F) undoubtedly contacted 
the  tube-sleeve i n s i d e  diameter surf  ace.  Consequently, v i s c o e l a s t i c  
,damping was l i k e l y  r e in fo rced  by su r face - f r i c t ion  damping. 

Based upon the above, 2 appears t h a t  s i g n i f i c a n t  v i s c o e l a s t i c  dampinq of - 
ceramics can & achieved with a r e l a t i v e l y  s m a l l 2 u a n f i t y  of viscous g l a s s  
adhesive at se rv ice  temperatures which provide  the proper  range of g l a s s  
v i s c o s i t y  ( approximately 1 0 .  t o  l m p o i s e ) .  The concept appears f e a s i b l e  .. . 

f o r  both t h e  ceramic monolith and joined ceramic assemblies. 

A f i n a l  s e r i e s  of damping t e s t s  was conducted with a f o u r t h  tube- j o i n t  
specimen; s imi la r  i n  design t o  No. 3 except t h a t  t h e  c e n t r a l  tube  j o i n t  and 
s leeve  attachment were argon-brazed with pure s i l i c o n  metal ins t ead  of being 



Table 4 

Damping Test Results on Glass Bonded Ceramics (Task 3)' 

Resonant 
Frequency Test Logarithmic 

Specimen Monitored Temperature Decrement 
Descripton (HZ ) (OF) ( 6  

No. 1 
Monolithic Tube; RSSC 36 0 RT 1.0 10'~ 
(NC-430); Baseline 1200 1.0 x lo-3 
(no glass) 1400 1.0 x 10'~ 

180 0 2.0 x 10'~ 

NO. 2 347 RT 1.0 x lo-3 
Monolithic Tube, RSSC 1200 1.0 x 10'~ 

(NC-430) With Glass 1300 4.0 x 10'~ 

Bonded* NC-430 Sleeve 1350 3.0 x 10'~ 
Attachment 1400 6.0 x lo-2 

1450 8.0 x 10'~ 
1500 1.2 x 10-I 
1550 7.0 x 10'~ 

NO. 3 333 RT 3.5 x lo-3 
Tube With Glass Bonded* 
Center Joint (RSSC; 
NC-430) and Glass Bonded* 
NC-430 Sleeve Attachment 

*Corning No. 7830 Glass 

1200 
1300 
1350 
1400 
1450 
1500 
1550 
1600 
1650 
1700 

4.0 x 10'~ 
1.0 x 10'~ 
4.0 x lo'* 
1.0 x 10-I 
1.7 x 10" 
2.2 x 10-I 
2.3 x 10-I 
1.4 x 10-I 
1.7 x 10-I 
3.1 x 10" 



1 g l a s s  bonded. This  was t o  confirm t h a t  a l l  s i g n i f i c a n t  self-damping measured 
i n  p r i o r  t e s t s  (Specimen Nos. 2 and 3 )  was, i n  f a c t ,  due t o  t h e  g l a s s  adhes ive  
a lone ,  wi th  no s e n s i b l e  c o n t r i b u t i o n  from t h e  c r y s t a l l i n e  s i l i con-meta l  
i n f i l t r a n t  and bonding agent  of t h e  NC-430 t u b e  ma te r i a l s .  The d a t a  shown i n  
Table 5 suppor t s  t h e  above assumption up t o  t h e  mel t ing  temperature of s i l i c o n  
(2550°F).  

No work was conducted on Task 4 t h i s  r e p o r t i n g  pe r iod  due t o  l a t e  a r r i v a l  of 
cand ida t e  g l a s s  adhesives.  

3.5 TASK 5 - IMPROVED J O I N I N G  AND FABRICATION METHODS 

L a s t  y e a r ' s  s tudy  of  g l a s s  bonding (Refs.  1 and 2 )  demonstrated t h a t  (brush-  
a p p l i e d )  powder s l u r r y  methods of g l a s s  a p p l i c a t i o n  and a i r  f i r i n g  i n v a r i a b l y  
r e s u l t  i n  f i l l e r  g l a s s  j o i n t s  possess ing  high concen t r a t ions  of p o r o s i t y  and 
entrapped a i r  bubbles.  These high-porosi ty  ceramic j o i n t s ,  a l though exh ib i t -  
i n g  adequate bond s t r e n g t h ,  good p re s su re  s e a l i n g  a t  room tempera ture ,  and 
p r e d i c t a b l e  r e l a x a t i o n  func t ion ,  t end  t o  f a i l  prematurely under s i t u a t i o n s  
r e q u i r i n g  gas p re s su re  s e a l i n g  a t  e l eva t ed  s e r v i c e  temperatures .  This  i s  
be l i eved  due t o  s e q u e n t i a l  co l l apse  of i n - l i n e  p o r o s i t y  (F ig .  l o ) ,  i n  e f f e c t  

Table 5 

Damping T e s t  of Silicon-Brazed Ceramic (Task 3 )  
b 

Specimen 
Descr ip t ion  

No. 4 
Tube With Si-Brazed 
Center  J o i n t  (RSSC; 
NC-430) and Si -  
Brazed NC-430 
Sleeve  Attachment 

Resonant 
Frequency 
Monitored 

(Hz 1 

350 

Tes t  
Temperature 

(OF) 

RT 
1400 
1800 
2000 
2200 
2400 
2500 
2525 
2550 

Logarithmic 
Decrement 

( 6  ) 

1.0 x 1 0'3 
5.0 x 1 0 ' ~  
4.0 x 1 0 ' ~  
4.0 x 1 0 ' ~  
5.0 x 1 0 ' ~  
4.0 x 1 0 ' ~  
7.0 x 1 0 ' ~  
2.5 x 10'3 
7.0 x 1 0 ' ~  

Comments 

Rings l i k e  b e l l  

Stops 

I 
S i l i c o n  Braze 
Melts;  Ringing 
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Figure 10. Advantage of Bubble-Free Glass Adhesive for Long-Life Pressure 
Sealing (L = Effective Joint Life, a s  a Pressure Seal) 

forming a leakageline conduit Wough the joint glass i n  1/50 t o  1/100 the 
time (L) predicted for  bulk extrusion of the glass f i l l e r ,  based on Newtonian 
flow due to differential pressure (see Equation in  Fig. 10). To cirvuavent 
this problem, work this year is  concentrating on two alternative methods of 
glass application to the joint areas prior to telescoping assembly (Figs. 2, 
11 ) , hopefully to provide high-density , porosity-free zones of glass f i l l e r  
adhesive. The f i r s t  involves ba l l  milling the glass f r i t  to very fine, 
homogeneous powders (-300 mesh) and precise high-pressure spraying a water- 
base s l i p  of these powders onto the faying surfaces. This i s  followed by 
a i r  f i r ing a t  tempratures corresponding to r] = lo4-to5 w i s e  to form a very 
dense surface glaze. The second method involves hand artisan or glass 
blower related techniques t o  hand apply bulk, high-density glass t o  the 
joint regions (Ref. 2). Unfortunately, a t  low glass viscosities and corres- 
ponding high temperatures where both methods of glass application and bonding 
are faci l i ta ted (e.g., r )  = 104-1 05 poise), a l l  candidate glasses have the 
potential to react with bare Sic faying surfaces t o  form carbon monoxide 
(CO) gas a t  the joint interface (Refs. 1 and 2). (An analogous reaction 
occurs w i t h  Si3Nq surfaces t o  form N2 gas.) These bubbles either remain 
a t  the interface, which acts  t o  inhibit good f i l l e r  wetting and bonding, 
and/or evolve and become entrapped in the glass f i l l e r  proper, t o  canproenise 
gas pressure sealing capability a t  service temperature, a s  explained above. 
Typically, large entrapped bubbles can be minimized by hand working the 
glass a t  lower temperatures ( r )  = 105.5-6.5); but then the glass becanes 
quite s t i f f  and much mare difficult t o  apply, and tiny interface bubbles 
still tend to form on bare Sic. Telescoping Sic tube joints (NC-430) made 
a t  these lower temperatures tend to f a i l  by .SiC/glass interface shear a t  
low differential pressures in sealing t e s t s  (even a t  RT). One solution, 
which also has the added benefit of prmoting good sic/glass wetting and 
bonding, i s  the preoxidation of Sic faying surfaces (e-g. 2400-2500°F, 





24 hours, a i r  atmosphere). The bas ic  problem here  i s  t h a t  the  na tu ra l  Si02 
oxide f i lm formed on t h e  Sic fay ing  su r faces  during recommended pre-oxidation 1 

i s  j u s t  Angstroms t h i n ,  and only marginally serves  a s  a physica l  b a r r i e r  t o  
t h e  SiC/glass r eac t ion  a t  app l i ca t ion  temperatures which generate CO gas 
(Ref. 1 ) .  There i s  a l s o  t h e  r i s k  of melting t h e  f r e e  s i l i c o n  metal binder i 

i n  t h e  si l icon-base ceramics during pre-oxidation, which can d i s r p p t  t h e  
p ro tec t ive  oxide. 

Task 5 work t h i s  period has concentrated on augmenting the  p o t e n t i a l  
e f fec t iveness  of t h e  n a t u r a l  su r face  oxide f i lm a s  a r eac t ion  b a r r i e r ;  by 
l ay ing  down a much th icke r  r e f r a c t o r y  g laze  (approx. 2-3 m i l s )  on t o p  of it, 
a g laze  based upon a high s i l i c a  commercial g l a s s  such a s  Ferro RV-3320, 
Vycor, o r  fused s i l i c a .  These g lazes  a r e  applied by a s l ip-spray technique 
and f i r e d  a t  2250-235Q°F, well  under t h e  melting point  of t h e  s i l i c o n  metal 
binder of NC-430. Work t o  d a t e  i n d i c a t e s  t h a t  b o r o s i l i c a t e  f i l l e r  g las ses  
such a s  Corning 7740 and 7800 can be appl ied  t o  t h e  sub jec t  pre-glazed sur- 
f aces  a t  p re fe r red  high process temperatures, corresponding t o  7) = 105 poise  
poise ,  with neg l ig ib le  bubble generation. Based upon t h e  s i g n i f i c a n t l y  
increased d i f f i c u l t y  i n  phys ica l ly  removing these  same f i l l e r  g las ses  from 
t h e  glazed S ic  su r faces ,  it i s  apparent t h a t  SiC/glass bond s t r eng th  can 
a l s o  be improved. The ac id  t e s t  of t h e  p r a c t i c a l  e f f i c i ency  and u t i l i t y  of 
these  high s i l i c a  g lazes  w i l l  be  made next  period,  when e levated  temperature 
gas pressure  s e a l i n g  t e s t s  w i l l  be conducted with Corning 7740 and 7800 
bonded tube-sleeve j o i n t s  ( a s  shown i n  Fig. 111, comparing glazed versus 
unglazed j o i n t  processing. Test  temperatures w i l l  correspond t o  7) = lo8 
poise  and 7) = lo9 poise ,  i n  t h e  proposed se rv ice  ( r e l a x a t i o n )  range. These 
t e s t  j o i n t s  a r e  t y p i c a l  of planned ceramic tube hea t  exchanger j o i n t s  (Ref. 
3 ) .  I f  t h e  glazes work wel l ,  and enable at tainment of predic ted  s e a l  l i f e ,  
t h i s  w i l l  represent  a s i g n i f i c a n t  advancement i n  t h e  g l a s s  bonding of ceram- 
i c s .  
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SUMMARY AND PLANNED FUTURE WORK 

Task 1 s t u d i e s  t o  cha rac te r i ze  t h e  long-term s t r u c t u r a l  s t a b i l i t i e s  of var ious  
candidate g l a s s  adhesives a r e  now approximately 50 percent  complete. Work 
was delayed by l a t e  a r r i v a l  of g l a s s  and ceramic t e s t  mater ia ls .  Next per iod ,  
time-temperature-transformation (TTT) diagrams f o r  a l l  candidate g lasses  
should be completed ( o u t  t o  2000 hours, 1250-2050°F). Selec t ions  of t h e  most 
s t a b l e  and promising g lasses  f o r  r e l a x a t i o n  j o i n t s  w i l l  then be made, enabling 
i n i t i a t i o n  of p r i n c i p a l  work on Tasks 2,  4 and 5 (Fig.  1 ) .  Present  indica-  
t i o n s  a r e  t h a t  most commercial candidate g lasses  w i l l  need t o  be  modified t o  
provide des i red  l e v e l s  of s t r u c t u r a l  s t a b i l i t y  a t  se rv ice  temperatures 
>1650°F. - 
Task 3 s t u d i e s ,  t o  cha rac te r i ze  the  p o t e n t i a l s  of glass-bonded ceramic j o i n t s  
f o r  v i s c o e l a s t i c  damping, were e s s e n t i a l l y  completed t h i s  period. Both glass-  
bonded ceramic tube j o i n t s  and simple glass-bonded s leeve  attachments ( t o  
monolithic ceramic tubes )  were shown capable of conferr ing  one t o  two o rde r s  
of magnitude inc reases  i n  self-damping, a t  e levated  temperatures correspond- 
ing  t o  g l a s s  v i s c o s i t i e s  of 1 0 ~ 0 5  t o  109.5 poise. 

Task 5 s t u d i e s ,  t o  improve g lass - jo in t  processing and q u a l i t y ,  were i n i t i a t e d  
t h i s  period. Major e f f o r t  was i n  two areas :  ( 1 ) development of r e f r a c t o r y  
pre-glazing techniques, pr imar i ly  t o  f a c i l i t a t e  f i l l e r - g l a s s  wett ing and 
bonding a t  des i red  high-process temperatures, without a t t endan t  problems of 
gaseous reac t ion  products; and ( 2 )  ba l l -mi l l ing  and s l i p s p r a y i n g  and s in te r -  
ing  of f i l l e r  g l a s s e s  ( a s  opposed t o  previous s l u r r y  methods) t o  ob ta in  
highdensi ty,  poros i ty- f ree  g l a s s  bonds. Future work next  per iod ,  evaluat ing  
t h e  long-term gas p ressure  sea l ing  a b i l i t y  of t e s t  j o i n t s  w i l l  a s s e s s  t h e  
( a n t i c i p a t e d )  s u p e r i o r i t y  o i ' t h e s e  advanced jo in ing processes. 
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APPENDIX A 

'SYNOPSIS OF THE CERAMIC RELAXING JOINT CONCEPT 

Advanced engineering s t r u c t u r e s  f o r  energy conversion r e q u i r e  ceramic compon- 
e n t s  t o  be  joined t o  o t h e r  ceramic components, a s  wel l  a s  t o  m e t a l l i c  suppor t  
s t r u c t u r e s .  J o i n t s  i n  high-modulus ceramic systems can be t r e a t e d  a s  both  
problems and oppor tun i t i e s .  Problems a r i s e  because i n t e r f a c i a l  i n t e r a c t i o n s  
a t  t h e  mechanical and chemical l e v e l  a r e  d i f f i c u l t  t o  c o n t r o l  and because non- 
uniform load  t r a n s f e r  between non-p las t ic  members may l e a d  t o  high s t r e s s  con- 

- 

c e n t r a t i o n s .  The i n n a t e  b r i t t l e n e s s  of ceramics can be accentua ted  t o  a 
s e r i o u s  degree i n  j o i n t  r eg ions  due t o  normal changes i n  design s e c t i o n ,  
random sur face-poin t  o r  l i n e - a s p e r i t y  c o n t a c t s ,  misalignment o r  m i s f i t  of 
f ay ing  s u r f a c e s ,  and s i m i l a r l y  unavoidable real-world circumstances of pro- 
duc t ion .  On t h e  o t h e r  hand, j o i n t s  a l s o  r e p r e s e n t  p e r i o d i c  i n t e r r u p t i o n s  i n  
t h e  c o n t i n u i t y  of an o therwise  monol i th ic  unyie ld ing  e l a s t i c  s t r u c t u r e ;  hence 
t h e  oppor tuni ty  aspec t .  The oppor tuni ty  i s  v i t i a t e d  by t h e  u s e ' o f  mechanical 
bonding o r  convent iona l ,  h igh  modulus, c r y s t a l l i n e  r e f r a c t o r y  cements. How- 
ever ,  wi th  proper  j o i n t  design and bonding m a t e r i a l s ,  advantage can be taken 
of t h e s e  s t r u c t u r a l  d i s c o n t i n u i t i e s  t o  reduce both t h e  l o c a l  s t r e s s  con- 
c e n t r a t i o n  a t  t h e  j o i n t  (mentioned above) a s  wel l  a s  t h e  nominal s t r e s s  l e v e l s  
i n  t h e  main s t r u c t u r a l  components. For example, t h e  s p a t i a l  i n t e r v a l s  pro- 
vided between j o i n t  i n t e r f a c e s  can be f i l l e d  wi th  low-to-intermediate s t i f f -  
nes s  bonding m a t e r i a l s  possess ing  c o n t r o l l e d  compliancy c h a r a c t e r i s t i c s  (e .g . ,  
v i scous  g l a s s e s  o r  h e a t - r e s i s t a n t  d u c t i l e  metal  , a l l o y s )  . P r o p e r l y  designed,  
t h i s  t y p e  of j o i n t  might wel l  be employed t o  reduce l o c a l  s t r e s s  concentra- 
t i o n  and t o  s a f e l y  accommodate ( a l l e v i a t e )  otherwise i n o r d i n a t e  serv ice-  
imposed s t r e s s e s  and s t r a i n s  through p l a s t i c  o r  v i scous  flow ( r e l a x a t i o n )  
of t h e  j o i n t  f i l l e r ;  whi le  concur ren t ly  ope ra t ing  i n  t h e  convent iona l  sense  
by provid ing  a cont inuous medium f o r  se rv ice- load  t r a n s f e r ,  gas s e a l i n g ,  ' 
h e a t  t r a n s f e r ,  e t c .  Jo in ing  systems inco rpora t ing  t h e  above f e a t u r e s  a r e  
b a s i c a l l y  t h e  novel "compl ian t - in te r layer"  and " r e l a x a t i n g  j o i n t "  concepts  
c u r r e n t l y  be ing  explored and eva lua ted  i n  t h e  s u b j e c t  program, f o r  p o s s i b l e  
f u t u r e  a p p l i c a t i o n  t o  high performance energy systems. 

The primary program o b j e c t i v e s  a r e  t h e  l o g i c a l  s e l e c t i o n ,  succes s fu l  demon- 
s t r a t i o n  and design c h a r a c t e r i z a t i o n  of va r ious  "viscous re lax ing"  and 
"compliant- inter layer"  m a t e r i a l s ,  i n  both shear  j o i n t  and b u t t  j o i n t  configur-  
a t i o n s  r e p r e s e n t a t i v e  of high performance energy systems. The s p e c i f i c  
ceramics of i n t e r e s t  a r e  s i l i c o n  c a r b i d e  ( S i c )  and s i l i c o n  n i t r i d e  (Si3N4), 
joined both t o  themselves and t o  d i f f e r e n t  m e t a l l i c  supe ra l loy  ( suppor t ing)  
s u b s t r a t e s .  The o v e r a l l  range of  j o i n t  t empera tures  cons idered  i s  1250 t o  
2050°F. Because jo i l l t s  . t yp i ca l ly  a r e  p laced  a t  s i t e s  below t h e  maximum 
s e r v i c e  temperature,  t h i s  range i s  expected t o  cover s e r v i c e  tempera tures  up 
t o  2500°F. 



Equally important funct ions  of t h e  viscous and/or compliant jo in ing media 
are :  ( a )  continued long-term physica l  separa t ion  of t h e  ceramic faying 
su r faces ,  t o  e f f e c t i v e l y  preclude m i s f i t  and a s p e r i t y  contac ts ;  and ( b )  
uniform t r a n s f e r  of se rv ice  loads  ac ross  t h e  j o i n t  region. Gas s e a l i n g  i s  
a l s o  a v i t a l  j o i n t  function.  For shear  type j o i n t s ,  var ious  s i l i c a t e  g lasses  
of con t ro l l ed  v i s c o s i t i e s  a r e  being s tudied  a s  candidate adhesive mater ia ls .  
For b u t t  type j o i n t s ,  t h e  above g l a s s e s  a s  well  a s  various m e t a l l i c  a l l o y s  
possessing des i red  y i e l d  s t r e n g t h  and creep re laxa t ion  c h a r a c t e r i s t i c s  and 
inheren t  oxidat ion/corrosion p ro tec t ion  a r e  under .primary evaluat ion  a s  
candidate  compliant- interlayer  material*. 

J o i n t s  which connect ceramic components a r e  extremely complex s t r u c t u r e s  from 
t h e  p o i n t  of view of design. Thermal r e s i s t a n c e ,  s t r e s s  concentra t ion  and 
load t r a n s f e r  a r e  t h r e e  important design f a c t o r s  t h a t  a r e  major sources of 
uncertainty.  Design of  metal s t r u c t u r e s  p resen t s  f a r  l e s s  severe problems 
than design with ceramics because t h e  p l a s t i c i t y , o f  meta ls  reduces t h e  design 
uncer t a in t i e s .  In  c o n t r a s t ,  t h e  l ack  of p l a s t i c i t y  i n  ceramic-to-ceramic 
j o i n t s  maintains t h e i r  high thermal r e s i s t a n c e ,  high stress concentra t ion  
f a c t o r s ,  and poor load t r a n s f e r .  Work a t  Solar  has shown t h a t  s u i t a b l e  f i l l e r  
m a t e r i a l s  i n  ceramic-to-ceramic j o i n t s  can reduce these  adverse design f a c t o r s  
s i g n i f i c a n t l y ,  a s  w e l l  a s  decrease t h e  r i s k  of f a i l u r e .  J o i n t s  can be made 
t o  t r a n s f e r  s teady-s ta te  loads bu t  t o  r e l a x  when excessive loads a r i s e ,  such 
a s  during t r a n s i e n t s .  

The diagram i n  Figure A-1 i l l u s t r a t e s  t h e  p r i n c i p l e s  of t h e  r e l ax ing  shear  
j o i n t  a s  appl ied  t o  concentr ic  j o i n t s  between tubes  (so-ca l led  s l eeve  j o i n t s ) .  
The viscous adhesive (e.g.,  a g l a s s )  has a viscosi ty/ temperature r e l a t i o n s h i p  
a s  shown. A t  t h e  lower end of t h e  useful  temperature range f o r  a r b i t r a r i l y  
handling thermal t r a n s i e n t s  up t o  10°C/second, t h e  maximum permiss ib le  adhes- 
i v e  v i s c o s i t y  i s  10'' poise,  i f  t h e  s t r e s s  i n  t h e  system i s  t o  be re t a ined  
below a peak s a f e  design l e v e l  of 10,000 p s i .  The a r b i t r a r y  "design s t r e s s "  
l e v e l  of 10,000 p s i  was se lec ted  t o  be rep resen ta t ive  of Type NC-430 s i n t e r e d  
s i l i c o n  carbide  tubes  ( t e n t a t i v e l y  chosen f o r  ceramic hea t  exchanger appl i -  
c a t i o n ,  Ref. 3 ) ;  which when t e s t e d  i n  r a d i a l  cornpression a t  Solar  y ie lded t h e  
fol lowing Weibull p l o t  da ta  (Ref. 3 ) .  

S t r e s s  Limi ta t ions  a t ' p r o j e c t e d  Low Fa i lu re  Rates 

Tube Fa i lu re  S t r e s s  ( k s i )  
Temperature f o r  F a i l u r e  Rate ( % )  

i O F )  0.5% 0.1% 

J u s t  above t h e  higher (oppos i t e )  end of t h e  use fu l  tempera t i re  range, t h e  
v i s c o s i t y  of t h e  g l a s s  becomes t o o  low t o  maintain gas-pressure s e a l i n g  f o r  
t h e  a r b i t r a r y  design l i f e  of 10,000 hours (chosen f o r  i l l u s t r a t i o n ) .  The 
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REDUCTION CIF'SHEAR AND NORMAL STRESSES - 
RELAXING ADHESIVES 
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ADHESIVE FOR 800 - 1000°C JOINTS 

Figure A-1. S t r e s s  Reduction a t  Shear J o i n t s  

l i m i t i n g  v i s c o s i t y  on t h i s  end i s  approximately lo8 poise;  i . e . ,  t o  resist 
g l a s s  ext rus ion from t h e  j o i n t  by t h e  gas pressure  d i f f e r e n t i a l  across  t h e  
j o i n t  s e a l  (Fig .  A-1). Both v i s c o s i t y  boundaries can be moved t o  some ex ten t  
by a v a r i e t y  of methods inc luding system design t o  change t h e  design require-  
ments and by j o i n t  design t o  optimize adhesive performance. 

The proper funct ion  and advantage of t h e  glass-bonded re laxa t ion  j o i n t  concept. 
a r e  a s  follows. When heated i n t o  the  , range of temperatures t o  provide 1 08- 
10 poise  g l a s s  v i s c o s i t y ,  t h e  j o i n t  f aying su r f  aces  must have the  c a p a b i l i t y  
of r ap id  t r a n s l a t i o n  ( t e l e scop ing)  t o  new low s t r e s s  pos i t ions ,  when ac t iva ted  
by somewhat higher opera t ing  shear  s t r e s s e s  and corresponding shear  s t r a i n s .  
Revers ib i l i ty  of such r e l a x a t i o n  funct ion  i s  both imperative and implied. 
Consequently, through t h e  r e l a x a t i o n  funct ion ,  opera t ing  shear  s t r e s s e s  and 
s t r a i n s  on t h e  j o i n t  and associa ted  ceramic components a r e  never allowed t o  
r i s e  t o  hazardous l e v e l s .  Secondary but  necessary funct ions  of a viscous 
glass-bonded re laxa t ion  j o i n t  a re :  ( a )  r e t e n t i o n  of glass-bond i n t e g r i t y ;  
( b )  continuous separa t ion  of ceramic faying su r faces ;  and ( c )  maintenance of 
gas pressure  sea l ing  a b i l i t y .  




