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RELIABILITY OF METAL/GLASS-CERAMIC JUNCTIONS MADE BY SOLID STATE 
BONDING 
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Resume - L '  assemblage pa r  d i f fus i .on  d i  t p a r  thermo-compressi on permet de  -- 
r e a l i s e r  d e s  l i a i s o n s  ceramique-metal e t anches  .?i l ' h e l i u m .  Ce procBd6 engendre 
cependant des  c o n t r a i r ~ t e s  r 6 s i d u e l l e s  d ' o r i g i n e  ther'rnique sous  l ' a c t i o n  
d e s q u e l l e s  l e s  d 6 f a u t s  de l a  ceramique peuvent s e  propager  e t  conduire  5 l a  
r u p t u r e  d i f f e r &  de  1 'assemblage.  Ce phBnomkne e s t  m i s  en evidence  s u r  des  
assemblages v i t r o c ~ r a m i q u e / A l / I n v a r  oC une me i l l eu re  f i a b i l i t 6  e s t  a s su r6e  par  
une r educ t ion  des  d e f a u t s  de s u r f a c e .  

Abs t r ac t  - The s o l i d  s t a t e  d i f f u s i o n  bonding l e a d s  t o  he l ium-t ight  ceramic- 
metal  junctj .ons.  However t h i  s technique  induces  r e s i d u a l  s t r e s s e s  due t o  
expansion mismatches which may cause  ceramic f l aws  t o  propagate  hence junc t ion  
delayed f a i l u r e .  Th i s  phenomenon i s  evidenced on g lass-ceramic/Al / Invar  
j u n c t i o n s  from which a b e t t e r  r e l i a b i l i t y  is ensured by a r e d u c t i o n  of s u r f a c e  
f l aws .  

I - INTRODUCTION 

The f a b r i c a t i o n  of e l e c t r o - o p t i c a l  components o f  kii.gh q u a l i t y  and r e l i a b i l i t y  l e a d  u s  
t o  achieve  metal-cerami c j u n c t i o n s  by s o l i d  s t a t e  d i f f u s i o n  bonding. The dimensional 
s t a b i l i t y  r e q u i r e d  f o r  such components d i c t a t e d  t h e  s e l e c t i o n  o f  near-to-zero thermal 
expansion c o e f f i c i e n t s  f o r  t h e  m a t e r i a l s  t o  be  jo ined  namely a g lass-ceramic  and a 
f e r ro -n i cke l  a l l o y .  The j u n c t i o n  i s  expected  t o  be hel ium-t ight  and t o  remain s o  
a f t e r  20 000 hours '  o p e r a t i o n  i n  a d d i t i o n  i t  should  hold  tempera ture  up t o  200°C and 
r e s i s t s  thermal shock from t h i s  p o i n t  down t o  -50°C. I n  o r d e r  n o t  t o  a f f e c t  t h e  
g lass-ceramic  p r o p e r t i e s  t h e  j o i n i n g  p roces s  tempera ture  should  n o t  exceed t h e  
t r a n s i t i o n  p o i n t  shown t o  be around 82O0C, t h e r e f o r e  techniques  such a s  b raz ing  o r  
g l a s s  s o l d e r i n g  a r e  t o  be avoided. 

S o l j d  s t a t e  d i f f u s i o n  bonding u s i n g  aluminjum a s  i n t e rmed ia t e  materi  a1  h a s  been 
proved i n  t h e  p a s t  t o  be ve ry  e f f i c i e n t  i n  t h e  j o i n i n g  o f  g l a s s ,  s apph i r e  o r  alumina 
t o  metal  / I / ,  / 2 / .  Thi s  technique  was l a t e l y  extended t o  non-oxide ceramics  and shown 
t o  a l low h e a t  and thermal  shock r e s i s t a n t  j u n c t i o n s  / 3 / .  h'owever t h e  h igh  ther'rnal 
expansion of aluminium and o f  me ta l s  r e l a t i v e l y  t o  ceramics i s  expected t o  y i e l d  
r e s i d u a l  s t r e s s e s  t h a t  may cause c a t a s t r o p h i c  f a j l u r e  a f t e r  coo l ing  o r  a f t e r  thermal 
cyc l ing .  

The p r e s e n t  s tudy was under taken a f t e r  t h e  o b s e r v a t ~ o n  o f  de layed f a l l u r e s  o f  
g lass-ceramlc/meta l  j u n c t l  ons  W I  t h o u t  a p p l l c a t l  on o f  add1 tl ona l  s t r e s s .  I t  a1 m s  a t  
t h e  d ~ t e r m l n a t i o n  of t h e  s t r e s s  f l e l d  thermal ly  induced a f t e r  t h e  joining proces s  and 
then  a l lowlng  f o r  t h e  s e n s l t ~ v l t y  t o  slow c rack  growth o f  t h ?  g l a s s -  cerarnlc t h e  
s u r f a c e  d e f e c t s  were suspec t ed  t o  p l ay  a major r o l e  on t h e  ~ u n c t ~ o n  r e l l a b l l l t y .  
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I1 - EXPEKIMENTAL 

1. J o i n i n g  technique .  The s o l i d  s t a t e  d i f f u s i o n  bonding c o n s i s t s  i n  i n t e r p o s i n g  a 
metal  g a s k e t  between t h e  ceramic and meta l  s u r f a c e s  t o  be  bound. The s a i d  g a s k e t  i s  
t hen  p l a s t i c a l l y  deformed by r a p i d l y  squeezing t h e  assembly a t  a tempera ture  ranging 
from 0.5  t o  0.9'Tm (Tm = mel t ing  p o i n t  of t h e  i n t e rmed ia t e  m e t a l ) .  The bonding i s  due 
t o  v a r i o u s  i n t e r f a c e  r e a c t i o n s  depending upon t h e  m a t e r i a l s  and t h e  j o i n i n g  
parameters .  

I n  ou r  c a s e  a low expansion g lass-ceramic  ( a  2 ~ o - ~ . o c - ~ )  was s e a l e d  t o  
invar- type  f e r r o  n i c k e l  a l l o y  u s i n g  an  aluminium r i n g  o f  hexagonal c r o s s  s e c t i o n .  The 
s u r f a c e s  t o  be i n  c o n t a c t  were ground f l a t  up t o  a p o l i s h  accep tab le  f o r  
he l ium-t ightness  and c l eaned .  P r i o r  t o  j o i n i n g  t h e  components x e r e  t he rma l ly  t r e a t e d  
i n  o r d e r  t o  r e l a x  t h e  r e s i d u a l  s t r e s s e s  and t o  g e t  some primary r e c r y s t a l l i z a t i o n .  

The bonding achj  eved a t  about  50OoC i n  f l owing  n i t r o g e n  added wi th  1 0  7 hydr &en, -P 
under a compressi v r  l oad  r ang ing  from 20 t o  60 W a .  The s t r a i n  r a t e  ( -  lo-' m . s  ) i s  
h igh enough t o  break t h e  s u r f a c e  alumina on t h e  r i n g .  Bonding then occu r s  between 
f r e s h  alumi n j  um and t h e  glass-cerami c v i a  oxido-reducti  on and f r i c t i o n  adhesion 
p roces ses  on one s i d e  and between aluminium and metal  v i a  d i f f u s i o n  on t h e  o t h e r  
s i d e .  There might be  some d i f f u s i o n  between aluminium and t h e  glass-ceramic b u t  i t  i s  
ha rd ly  d e t e c t a b l e  by conven t iona l  mi croprobe a n a l y s i s  . I n  comparable exper iments  
conducted e lsewhere  /4/  some d i f f u s i o n  Nas o u t l i n e d  on a very  s h o r t  range  v i a  SIXS 
a n a l y s i s .  Th i s  i n t e r f a c e  r e a c t i o h  a s p e c t  i s  under f u r t h e r  i n v e s t i g a t i o n  and wi 11 be 
d i scussed  elsewhere.  

The schemat ic  of t h e  technique  i s  shown on F ig .  1, t h e  d e t a i l s  o f  t h e  p roces s  have 
been p re sen ted  e lsewhere  / 5 / ,  t h e  a s p e c t  r a t i o  o f  t h e  aluminium r i n g  was v a r i e d  from 
1 t o  = 20 by t h e  deformat ion process-  and an  e l e c t r o - o p t i c a l  assembly t h u s  made i s  
a l s o  shown /6/. 

20 to 60 MPa 

Fig .  1 - Schematic o f  t h e  bonding technique  and view o f  an e l e c t r o - o p t i c a l  assembly. 

2. R e l i a b i l i t y  o f  t h e  j unc t ion .  I t  h a s  been observed t h a t  from a popu la t ion  o f  40 
j u n c t i o n s  achieved accordi.ng t o  t h e  same bonding procedure 7 o f  t hose  pe r i shed  by 
delayed f r a c t u r e  o f  t h e  g lass-ceramic  a f t e r  d i f f e r e n t  pe r iods  o f  t ime - from 1 t o  600 
hour s  - though a l l  40 were found t o  be  hel ium-t ight  a f t e r  j o in ing .  The remarkable 
f a c t  i s  t h a t  a l l  t h o s e  7 were ob ta ined  from glass-ceramic  p a r t s  t h e  s u r f a c e s  o f  which 
had been on ly  ground whereas a l l  po l i shed  s u r f a c e s  y i e l d e d  j u n c t i o n s  w i th  l i f e t i m e s  
over  1 0  000 hours .  Table I summarizes t hose  obse rva t ions ,  a l l  s u r v i v o r s  could  r e s i s t  
t h e  200°C thermal shock t e s t .  

Zerodur from s c h o t t  : 70 t o  75 w t  % 6 e ~ ~ ~ r v n t i t e  and g l a s s  f o r  ba lance .  
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Table I - Junc t ions  l i f e t i m e s  observed a f t e r  bonding vs  s u r f a c e  p repa ra t ion  

S t a r t i n g  from t h e s e  c o n s i d e r a t i o n s  we came up wi th  t h e  i d e a  t h a t  delayed f r a c t u r e  
could  p e r t a i n  t o  some c rack  growth phenomenon - a s  p rev ious ly  observed f o r  soda- 
l ime-s i l i ca  g l a s s e s  i n  mois ture-conta ining atmosphere /7/ connected with t h e  presence 
of  d e f e c t s  r e s u l t i n g  from t h e  s u r f a c e  f i n i s h  o f  t h e  glass-ceramic.  The obse rva t ion  of  
a f r a c t u r e d  specimen such a s  shown i n  F ig .  2 j s c o n s i s t e n t  wi th  t h i s  i d e a ,  it can be  
seen than t h e  f r a c t u r e  i n i t i a t e d  from the  s u r f a c e  and propagated i n  t h e  body 
dev ia t ing  towards t h e  c e n t e r  ho le  o f  t h e  specimen by contour ing t h e  zone under lying 
t h e  i n t e r f a c e .  

\ 
qlass -- ceiamic 

Fig.  2 - Fractography of  t h e  glass-ceramic and c r o s s  s e c t i o n  of t h e  f r a c t u r e d  
metal/glass-ceramic junc t ion .  

Since  no add i t ionna l  s t r e s s e s  have been app l i ed  on to  t h e  specimens a f t e r  j o i n i n g  one 
should  suspec t  r e s i d u a l  s t r e s s e s  r e s u l t i n g  from t h e  process  t o  be r e spons ib le  f o r  t h e  
crack propagat ion i n  t h e  glass-cerami c .  

3. Mechanical c a r a c t e r i z a t i o n  o f  t h e  glass-ceramic.  Since  t h e  above-mentionned 
s t r e s s e s  a r e  expected t o  be complex, d i f f e r e n t  t e s t i n g  techniques  have been used t o  
determine t h e  f a i l u r e  s t r e s s  of  t h e  glass-ceramic.  Table I1 g i v e s  t h e  va lues  obta ined 
vs  the  t e s t j n g  mode and comparable r e s u l t s  a l lowing f o r  t h e  s u r f a c e  f i n i s h  a r e  a l s o  
given. I t  is t o  be noted t h a t  t he  s t r e n g t h  l e v e l  is  reduced by a  f a c t o r  of  2 when t h e  
su r face  i s  a s  ground i n s t e a d  of  pol ished.  Op t i ca l  microscopy r evea led  d e f e c t s  of up 
t o  30 pm and 10 wm i n  s i z e  r e s p e c t i v e l y ,  which i s  c o n s i s t e n t  w i th  t h e  d i f f e r e n c e  of  
s t r e n g t h  l e v e l .  
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i Testing mode 1 Surface preparation i Failure stress i Weibull i 
I I 1 MPa I ~arameters I 

i ~ompreasion i Pollshed i 614 t 14 1 
I I I I I 
I 3pt bending 1 Ground 1 157 2 21 1 7.8 43 1 
I I I I I 
I biaxlal  I I 1 I 
I 4pts bending I Ground 1 83'11 1 6.7 80 1 
J I I I 

Table I1 - St reng th  c h a r a c t e r i s t i c s  of  t h e  glass-ceramic v s  s u r f a c e  p repa ra t ion .  

The c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r  KIC has  been determined us ing  t h r e e  techniques ,  
Vickers  i n d e n t a t i o n  - d i r e c t  / 8 /  and p o s t  f l e x u r e  s t r e n g t h  /9/ - and double t o r s i o n  
/ l o / ,  va lues  between 0 , 6  and 1 , 1 5  MPa.fiwere obta ined.  

The s e n s i t i v i t y  t o  slow c rack  growth has  been i n v e s t i g a t e d  us ing  t h e  double t o r s i o n  
technique /7 / , /10/  wi th  80  x  40 x  5  mm3 p l a t e s  (F ig .  3 )  i n  atmospheres con ta in ing  
from 1 6  % t o  100 %,humidity. D i r e c t  v i s u a l i z a t i o n  of  c rack  extension was performed. 
Resu l t ing  V = A KI curves  t h a t  expres ses  t h e  crack propagat ion r a t e  da v s  s t r e s s  

A + -" 
i n t e n s i t y  f a c t o r  K- der ived  from-the formula : , 

I 

K = P W  [ 
I 

w d  dn 
where P is  t h e  app l i ed  load and v t h e  Poisson r a t i o  ( s e e  Fig .  3 f o r  t h e  o t h e r  terms)  - - 
a r e  a l s o  presented.  

F ig  3 - Double t o r s i o n  specimen used f o r  t h e  determinat ion o f  KI  and KI ( V )  cu rves  
obta ined i n  va r ious  mols ture  - con ta in ing  environments.  

A and n  va lues  were c a l c u l a t e d  by l i n e a r  r e g r e s s i o n  and found t o  be 0 , 7 1  and 1 6 , 8  
r e s p e c t i v e l y ,  t hese  parameters  t h u s  c h a r a c t e r i z e  the  s e n s i t i v i t y  of  t h e  considered 
glass-ceramic i n  a  mois ture  c o n t a j  n ing  environment. Wether t h e  l a t t e r  is s a t u r e d  o r  
n o t  does  n o t  a f f e c t  t o  a  g r e a t  e x t e n t  t h e  c rack  propagat ion r a t e ,  t h i s  is  c o n s i s t e n t  
with t h e  f a c t  t h a t  t h e  chemical p o t e n t i a l  a t  t h e  crack t i p  is r a t h e r  c o n s t a n t  whatever 
t h e  o v e r a l l  OH-concentration. 

A t  t h i s  s t a g e  it is p o s s i b l e  t o  p r e d i c t  t h e  l i f e t i m e  of  t h e  junc t ion  us ing  t h e  Weibull 
d i s t r i b u t i o n  parameters ( s e e  Table 11); i n  t h e  formalism de r ived  from G r i f f i t h ' s  Law. 

- & .-:--.= - '? 

T 3CI'vl ''2 '12 KI- P W ~ [ ~ I  ' 

p / ~  UPPER SURFACE 

- 

- Humidity 

:lo-6 

- 108 1 
-0.7 - 0.6 6.5 -0.4 -0.3 -0.2 

I I I I I  

LOG KI 



Thus Time t o  F a i l u r e  ( t )  v s  P r o b a b i l i t y  o f  r u p t u r e  a t  c o n s t a n t  a p p l i e d  s t r e s s  (0,) can  
be expressed a s  fo l low : 

2 oon-2 I n  - 1 n-2 
t = 1-P ] m 

onn. Ah-2)KIC n-2 [s m+ 1 

where m and o a r e  t h e  Weibull parameters ,  A and n t h e  c r ack  growth parameters  and P 
t h e  probabi l i  & o f  rup tu re .  

-6 2 T a k i n g m = 7 , 8 ,  o = 4 3 , 4  A = 0 , 7 1  n = 1 6 , 8  K I C = 0 , 6 1 ~ p a . &  S = 2 4 0 . 1 0  m 

a l l ow t o  p l o t  Strength-Probabili ty-Time (SPT) diagrams a s  shown on Fig .  4. which 
p e r t a i n  t o  po l i shed  glass-ceramic  specimens. They show f o r  example t h a t  under a 
t e n s i l e  s t r e s g  o f  40 MPa t h e  g lass-ceramic  h a s  1 0  % f a i l u r e  p r o b a b i l i t y  a f t e r  1000 
hour s  (1 4.10 s ) .  

The knowledge o f  t h e  s t r e s s  l e v e l  and d i r e c t i o n  then  appeared o f  prime importance t o  
a s s e s s  t h e  r e l i a b i l i t y  o f  t h e  j unc t ion .  

111 - STUDY OF THE RESIDUAL STRESS FIELD AFTER JOINING 

The f i r s t  approach c o n s i s t e d  i n  cons ide r ing  t h e  Evans' r e l a t i o n s h i p  a p p l i e d  f o r  
thermal  e l a s t i c  s t r e s s e s  i n  a body submit ted  t o  a thermal  shock : 

E a A T  
o =  - 

1- v 

Strength (MPa) 

Fig.  4 - SPT diagrams f o r  t h e  g lass-ceramic .  

I t  can be shown t h a t  thermal  s t r e s s e s  induced by t h e  expansion mismatch a f t e r  bonding 
i n  t h e  j o ined  assembly may be expressed a s  fo l low / 5 / .  

where E = Young's modulus 
o f  t h e  metal 

a = mean expansion coe f .  

e = t h i c k n e s s  

and h = c o n t a c t  width  

AT = T p roces s  - T r e f e r e n c e  

K = geometry f a c t o r  bound t o  t h e  metal  s u b s t r a t e  thickness. 

This  a n a l y t i c a l  formula a l l ows the  c a l c u l a t i o n  of t h e  maximum s t r e s s  thermal ly  induced 
a t  t h e  i n t e r f a c e .  Depending upon t h e  th i ckness  o f  t h e  metal  s u b s t r a t e  - from 0 . 5  mm 
t o  1 mm - t h a t  a f f e c t s  t h e  va lue  o f  K ,  we have c a l c u l a t e d  strpss va lues  ranging from 
50 t o  160 MPa ( t h e  t h i c k e r  t h e  metal  t h e  h ighe r  t h e  s t r e s s ) .  Though t h i s  approach 
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g i v e s  some i d e a  o f  t h e  s t r e s s  l e v e l  i t  d o e s n ' t  g i v e  any i n d i c a t i o n  on both  t h e  
d i s t r i b u t i o n  and t h e  d i r e c t i o n  o f  s t r e s s e s  and d o e s n ' t  t ake  account  o f  t h e  behaviour 
o f  t h e  i n t e rmed ia t e  aluminium l a y e r  - which seems more c r i t i c a l  f o r  i n  some c a s e s  t h e  
c a l c u l a t e d  s t r e s s  is ove r  t h e  y i e l d  s t r e s s  o f  t h e  metal  i t s e l f .  

F i n i t e  element a n a l y s i s  was then  c a r r i e d  o u t  f o r  f u r t h e r  ref inement  o f  s t r e s s e s  
e v a l u a t i o n  us ing  t h e  v a l u e s  o f  E ,  vand  a shown i n  Table I11 f o r  t h e  t h r e e  components 
t o  be bound. The a n a l y s i s  was done f o r  b id imensional  and a x i s y m e t r i c a l  modes, w i th  
l i n e a r  d isplacement .  The l i m i t  c o n d i t i o n s  were taken a s  fo l low : 

- e l a s t i c  behaviour f o r  metal  and ceramic s u b s t r a t e s  w i th  no tempera ture  dependence. 

- allowance was made f o r  t h e  p l a s t i c  behaviour o f  aluminium, considered  a s  i s o t r o p i c  
and non temperature-dependent.  

- t h e  s t r e s s  is  pu re  thermal  w i th  AT = 50OoC. 

The b a s i c  mesh corresponding t o  t h e  a c t u a l  e l e c t r o - o p t i c a l  component i s  shown on 
Fi.g. 5 a long  wi th  t h e  r e s u l t i n g  i s o s t r e s s  l i n e s .  The s t r e s s  a n a l y s i s  t hen  showns t h a t  
normal s t r e s s e s  a r e  found nea r  t h e  o u t e r  c y l i n d r i c a l  s u r f a c e  o f  t h e  g lass-ceramic  
s u b s t r a t e  whereas compressive s t r e s s e s  a r e  o u t l i n e d  around t h e  c e n t r a l  bore.  

Table I11 - 

I I I I 

I I Young's I Poisson's I Thermal expansion 
I Meterlala I modulus I ratlon I co~fflclent ol (20-500) k-I 
I I E ( G P a )  I v I 
I I I 
I Invar 1 135 1 0,32 [ 6.5.10-~ 
I I I I 
I A 1  1 78 1 0.3 1 24.108 

Phys ica l  p r o p e r t i e s  o f  t h e  t h r e e  m a t e r i a l s  t o  be s o l i d  s t a t e  bonded. 
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Fig.  5 ( L e f t )  - S t r e s s  f i e l d  a n a l y s i s  o f  t h e  e l ~ c t r o - o p t i c a l  assembly a f t e r  s o l i d  
s t a t e  bonding main s t r e s s  i n  MPa, nega t ive  f o r  compressive.  ( R i g h t )  T e n s i l e  main 
s t r e s s  c a l c u l a t e d  a long  t h e  e x t e r n a l  g e n e r a t r i x .  

The a n a l y s i s  of p r i n c i p a l  s t r e s s e s  l o c a t e d  a t  t h e  i n t e r f a c e  r evea l ed  h igh  l e v e l s  of 
s t r e s s  i n  t h e  aluminium l a y e r ,  which a r e  c o n s i s t e n t  w i th  t h e  p l a s t i c i t y  hypo thes i s  on 
s t r e s s  r e l a x a t i o n .  A s  f o r  t h e  g lass-ceramic  s u b s t r a t e  v a l u e s  ranging from 20 t o  80 MPa 
were found depending upon t h e  s t r e s s  mode and t h e  l o c a t i o n .  The re fo re ,  a l though t h e  
s t r e s s  l e v e l  i s  reduced by t h e  c r eep  o f  aluminium, t h e  g lass-ceramic  appea r s  t o  be t h e  
s i e g e  o f  r e s i d u a l  s t r e s s e s  l i k e l y  t o  induce slow crack growth. 

A s  a  conc lus ion  we could  conf i rm t h a t  t h e  obse rva t ion  o f  de layed f r a c t u r e  o f  
g lass-ceramic  s u b s t r a t e s  a f t e r  j o i n i n g  i s  c o n s f s t e n t  wi th  t h e  f a c t  t h a t  under t h e  
s imul taneous  a c t i o n  of humidity i n  ambiant a i r  and r e s i d u a l  s t r e s s e s  a  slow c rack  
p ropaga t ion  i s  enhanced. The i n f l u e n c e  o f  t h e  s u r f a c e  p r e p a r a t i o n  i s  o f  prime 
importance on t h e  crack i n i t i a t i o n  and a  c a r e f u l  p o l i s h  may be s u f i c i e n t  t o  improve 



l i f e t i m e  t o  a l a r g e  ex ten t .  The r e l i a b i l i t y  of junct ions  achieved by s o l i d  s t a t e  
bonding can be b e t t e r  assessed through a f i n e r  s t r e s s  f i e l d  ana lys i s .  
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