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previously observed retrograde sintering was jud ged to be due to
entrapped air originally present in the compacts before sintering .
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proportional to glass content. This test confirmed that liquid—
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PREFACE

This quarterly report describes work perfor med in the Process and Appl ied
Materials Research Laboratory of RCA Laboratories under Contract No. N00019—77—

C—0l76. Dr. Paul Rappaport* was the Laboratory Director and Dr. George L.

Schnable is the Project Supervisor and Group Head . Dr. Thomas T. Hitch is the

Project Scientist and , with Kenneth R. Bube, comprises the principal researc h

team. James Willis is the Government Project Monitor.

It is a pleasure to acknowledge the help of R. J. Paff , who has con t r i -

buted to this study by his use of x—ray diffraction technique s for phase iden-

tification , and to B. Seabury for his work In scanning eleCtron microscop y .

We also acknowledge the able assistance of E. J. Conlon and A. Z. Miller in

the preparation of samples and in the day—to—day pursuit of th is studs’. Dis-

cussions throughout the work with Dr. G. L. Schnahle and his reviews of the

manuscript were most valuable.

We also acknowledge helpful discussions with a number of the scientists

studying thick—film technology In several companies and governmen t laboratories .

Discussions with members of the Naval Research Laboratories team working in

coordination with RCA , including Dr. Jim Murday, Dr. Paul Becher , and Dr. Bi l l

Bascom; with the Project Monitor , Mr. James Willis; and with his supe rv iso r ,

Dr. Herbert J. Mueller , have been particularly useful.

*Dr. Rappaport has since left RCA Laboratories for t h e position of l)Irector ,
Solar Energy Research Institute , Golden , CO. hits successor is Joseph 11. Scott.
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SECTION 1

INTRODUCTION

This is the second quarterly report on a contract that is the fourth in a

series of one—year programs at RCA , sponsored by the Naval Air Systems Coimnand .

The object of the study series has been to improve the understanding of hybrid

film materials and , part icularly, of the property of adhesion strength in thick—

film conductors.

In each of the first three years of study, investi gation was confined prin-

cipally to one or two new classes of conductor inks. Gold conductors were stud-

ied in 1974 [1]; copper and silver were added in 1975 [2]; and gold—p latinum—

type conductors were first studied in 1976 [3].

In each of these studies a broad spectrum of commerc ial inks was chemicall y

analyzed , printed , and fired with a matrix of processing variations; adhesion

strength and other physical properties were then measured on the fired films.

Analysis of the ink powder morphology , the bonding phase—to—metal phase inter-

face microstructure in the fired films , and other data allowed classification

into three classes: frit—bonded , reactively bonded , and mixed—bonded inks.

These classifications relate ink chemistry to the behavior of adhesion strength

as influenced particularly by firing temperature .

A second part of each of the contrac t studies investigated the fundamental

properties of materials characteristic of those used in thick—film paste formu—

hat  ions. The wetting and spreading of glass on metal and ceramic surfaces , the

sintering of metal powders with or without the presence of g lass , and the meas-

urement of the adhesion of the film prepared by innovative method s are only

some of the properties that have been measured.

The a c h i e vemen ts of the first three years of study have produced a broad

base of da ta  on t h i c k — f i l m  cond uctors , the ir adhesion , and some of  the p r o c e s st s

1. I . I . Hitch and K. R. Bube , “Basic Adhesion Mechanisms in Thick and Thin
F i l m s , ” Fina l Repor t , NASC Co n t r a c t  No. N 0001 9—C—74—O27 0 , 31 January 1975.
1. 1. H i t c h  and K . R. B ube , “ Basic Adhesion Mec han isms in T h i c k  a nd Thin
F t  ins ,” F m u . Repor t , NASC Con t r a c t  No. N 0 00l9—7 5—C—0 145 , 30 J a n u a r y  1976.

3. K.  R.  Bube and T. T. H i t c h , “Basic Ad hesion Mechanisms in Thick and Thin
F i l m s , ” F ina l  Repo r t , NASC Cont ract No. N00019— 7 6— C— 025 6 , 31 January 1977.
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important to their behavior. Although most data are more phenomenolog ical than

theoretical , several individual inks and certain model film materials have been

descr ibed rather thoroughly. A t RCA , as a result of these stud ies, the chem-

ical constituents and some physical properties of the conductor pastes , model

ink powders, and substrates have been classified and thus related to the adhe-

sion strength. In addition , the theories of sintering and wetting, which are

pertinent to the development of film properties in thick—film conductors , have

been examined . However , no attemp t to predict the properties of ink materials

has been attempted .

To test Our understanding of thick—film cond uctor materials , it is desir-

able to formulate theor ies for their behavior , which will model the development

of adhesion strength. During the firing of thick—film conductors a large number

of reactions occur that could affect their adhesion. It is believed to be pos-

sible , however , to form a theory that emp hasizes the effects of the most impor-

tant reactions. Even though such a theory will doubtless require the use of

adjustable parameters to model film behavior , such an approach can be hi ghly
informative and should improve our understanding of these materials.

Accordingly, a major objective of the fourth year in the study of “Basic

Adhesion Mechanisms in Thick and Thin Films” is to create models of the devel-

opment of adhesion strength properties in thick—film conductors and to test

those models. The plan calls for the separation of the work into two major

parts: first, the study of frit—bonded inks; second , the stud y of mixed—

bonded inks and reac tively bonded Inks .

Because of the complexity of directly modeling adhesion strengt h on the

basis of the ink characteristics alone, the study of frit—bonded inks will

proceed in two steps. One is the development of film microstructure during

processing. The other is the modeling of adhesion strength development as a

func tion of the nicrostructure and of the surface energy between th e metal and

the binder phase .

The work on mixed—bonded and reactively bonded inks will similarly require

a correlation of adhesion strength with microstructures and interfacial energies.

In addition , however, for these materials the nature of the hinder—p hase struc—

tures will also be studied . Both the identification of the binder pha se and

the kinetics of its development will be examIned.

2
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SECTION I I

FRIT—BOND ED CONDUCTORS

.\. GOLD POWD ER PREPARATION

Five additional 20—g lots of ?~fl(—2 gold powder were prepared as described

in the first quarterly report [4]. Scanning electron micrograph s (SL~is) of

powder samples from the five lots , labeled 8—12 , are shown in Figs. 1— 5. With

the exception of occasional large clusters , the individua l particles are gener-

ally in the l—2—ijm range. Whether clusters or Ind ividua l particles , the shapes

are roug hl y spher ical . This morp hological fo rm is believed to result from the

r a t h e r  f a s t  nucleation and growth.  Under the cond i t i ons  used , i . e . ,  r a p i d

a d d i t i o n  of concentrated reducing agent , l i t t l e  o p p o r t u n i t y  is given for  slower ,

anisotropic growth on the relatively faster growing crystal planes. Only one

hexagonal—shaped particle , indicative of slower particle growth , is visible

in lot 12 (Fig. 5). Subsequently the five lots were comb ined into one lot by

tile use of isopropy l alcohol to prevent cold welding between particles , rinsing

with methyl alcohol , drying at less than 125°C, and cooling in a d es s i c a t o r .

B. SINT ERING BEHAVIOR OF GOLD POWDER COMPACTS

Because the MK—2 powder exhibited swelling under isotherma l (900 °C) s i n t e r —

ing condi t ions , as shown in the la’-t quar ter , it was necessary to determine the

cause prior to undertaking sintering comparisons with glass added to the gold.

Samples of the MK—2 powder weighing 0.85 g were compacted in a carbide die of

0.5—in . (12.5—mm) diameter , as usual , at a for ce o f 1900 lb (864 kg), and
heated isothermally at 400—900°C for time period s of 30—2400 s. The diametr a l

awelling of the sample shown in Fig. 6 occurs at 600°C after isothermally heat-

ing for 2400 s. At higher temperatures the swelling becomes evident in less

than 600 s. When the sintering data are expressed as percent change in ac t ual

density, as shown in Tab le 1, the swelling at the higher temperatures becomes

more evident. Since fore ign contaminants were kept to a minimum in preparing

4. T. T. h itch and K. R. Bube , “Basic Adhes ion Mechanisms in Thick and Th in
Films ,” Quarterly Technical Report No. 1, NASC Contract No. N0001 q— 77—C—
0176 , 30 April 1977.

3
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the powder, and the average weigh t loss on hea ting was onl y 0.07 wt pct , it.

did not seem plausible that the outgassing of adsorbed material could have

caused the swelling. A possible cause , however was air sealed in the powder

compact by a compaction force that was excessively hi gh. When the temperature

of the compact is raised during sintering , the tensile strength of gold de-

creases , while the trapped—air pressure increases . In an effort to achieve

equilibrium , the internal pressure ~~~ increased ; this resulted in some plastic

f low (expansion) of the sintered gold compact .  On cooling, the  air pressure

in the expanded pores decreased . However, the increase in the strength of ~~
gold at room temperature prevents the greater atmospheric pressure from collaps-

ing the sealed pores.

To confirm the above hypothesis , samples of MX—2 powder were compressed at

475 lb (215 kg) and 950 lb (431 kg) ,  respectively, and were fired isothermally

at 700°C; at this temperature swelling was observed in the case of the samp les

compressed at 1900 lb (862 kg). Figure 7 shows that the swelling decreases

with compaction force and is virtually eliminated when 475 lb (215 kg) or 2419

lb/ in.
2 (1.7 kg/mm 2 ) is used . Further experiments therefore utilized the 475 lb

(215—kg) compact ion force.

TABLE 1. PERCENT CHANGE IN ACTUAL DENSITY OF SINTERED
MK—2 GOLD [1900—lb (862 kg) COMPACTION FORCE]

Pct Change at Temperature (°C)

Time (s) 400 500 600 70(1 81)1) 901)

30 4.7 7.4 28.6 35.1 th.6 34.5

60 3.2 21.2 30.6 33. 5 35.3 30.0

90 8.6 17.3 28.4 33.1 32.7 24 .5

120 16.4 26 .3  32.8 32 . 2 32. 9 2 3 . 8

600 16.4 38.2 35.4 20.9 13.5 l6.~

2400 32.6 35.6 26.2 12.9 13.6 20 . 0

C.  GOLI ) POWDER SINT ER ING [N TIlE PRESENCE OF GLASS

Gold powder MK — 2 was blended w i t h  q ua n ti t i e s  a t  Cl ~2 7 g la s s  m-c - s s a t  ~
to make U~~ i n d i v i d u a l  p owder compac t a we ig h i n g  0 . 8 ’  ~ . I hie b i t -nd In g  was a c —

comp l i sh i ed  fo r  these  small  q u a n t i ti e s  b y  c a r t - t u l  m i x i n g  w i t h  a spat t i l t 01) a

7 
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Figure 7. Isothermal densifieat~ on rates for MK—2 Au powder
at 700°C vs powder compaction force.

glass plate. All samples, con taining 10, 20 , 30, 40, or 50 vol pct of gla ss

were compacted at 475 lb (215 kg) in the usual manner.

Dur ing this quarter , samples were i so thermal ly  s intered a t  700 and 800° C

for  30 and 600 s in both cases. Samples of the 700° C—3 0— s and 700 °C—6 00 — s

sintered compacts containing 10 and 50 vol pct of glass were metallograp hica llv

u~ unted , polished , and etched with aqua regia at 50°C. A similar treatment was

given to the 800°C—sintered samples. Figures 8—15 illustrate the degree of

phase agglomeration which occurred as a function of temperature , time , and

glass concentration. In each case , phase dispersion is uniform , attesting

to the adequacy of spatulated—mixing.

At the lowest t ime (30 s) and t empera tu re  (700° C) the g lass p hase ( d a r k )

in the 10—vol pc t sample is very finely and uniforiml y dispersed , as shown in

Fig. 8. Heating for  600 s a t 700°C produces considerable coarsening in t h e

microstruc tu re , as shown in F ig. 9. The glass become s isolated into fewer but

8
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L cr g t - r  p o ck et s  as gold s i n t e r i n g  proglissts. At 5(1 vol p e t  , t h e  p h ass pot Lt- t a
art - at  ill a d e q u a t e L y d i spersed  bi tt ai~ correspondingly large r than Iicos~ in

the 10—vo l pet  samples as shown In Figs . 10 and 11 for t hit- sinterin)- t I n;e s of

3)) and 60 t )  s , respect ively,  at 7 00 °C.

When the  samp les conta in ing  10 and 51) vol p e t  o f g lass  .cr e  I i red It ~ ( ) O ~~~ ,

t h e  r e s u l t s  d i f t e r  o n l y  in degree  ( S t - Fi ga . 1 2 — 15 ) .  Ih i -  d i s p e r s i o n  is  aga in

quite u n i f o r m , but  the ex t en t  of  phase a g g l o m e r a t i on  is somewha t g r e a t e r  fo r
t h e  SO O ° — s i n t e r o d  samp les . Compare F i gs . 8 and 12 for 30 s , 10 vol pci. g l a s s ,
9 and 13 1 or 600 s, 10 vol pe t g lass , 1(1 and I - i t or 31 ) s , 50 vo l  p t  g l a s s , and

11 and 15 t o r  600 s, 50 vol pe t  glass . T h e n - i  oi~ - , a t  I , - nh 1 e r a t  t i r e s  wi i r :  t i ;

glass is f a i r l y f lu id  (700 and 80O~ C ) ,  I . e . ,  we l l  a 1 - i ’v ~ i t s  4S~~~i s o f t e n i n g

p~ iat , t he t wo p hases begin to s e p a r a te  w i t h  s i n tt t r i n g  t inc . As go10 particle

i:ec k g r o w t h  o c c u r s , the ~~ re f l u i d  g lass phase Is ex t  ruded i nt o  the  f e w  re-

ma in ing voids in the s t r u c t u r e .  Where the  g lass  p it as - -  is a lread y i s o l a t e d  f r o m

co n t a c t  w i t h ad j a c e n t  pore s , t h e  g l aa s  r e mai n s  t r ap p e d  iii t i t e  t i n t  i -r ed  g o l t i

matrix. However , a s izeable perc t n t  ap t - o f  glass (-sn Ipes to t lie cut er n u t  l ee

of the  s in te red  gold compact , as can lie seell 1:1 Fi g. l b i ll  t h i s  c ase  of t h e

sample con ta in ing  50 vol pct  of glass , f i r e d  at  800°C I c r  60 )) s. It is t h is

i n t e r f a c ia l glass layer which enhances adhesion o f  the gold layer to the ce ramic

body in sc reen—pr in ted  conductor  a p p l i c a t i o n s  and w h i c h  a l so  r et a r d s subsequen t

a t t e m p t s  to bond to the  f ree  s u r f a c e  of t h e  f i l m  a f t e r  t i r i n g .

A f t e r  pho tomic rography  was comp leted , the  gold c o m p a c t s  were  removed f r o m

the  epoxy mo un t by d i s so lv ing  of  the epoxy in g l ac i a l  a c e t i c  a c i d .  The g la ss

p hase WdS then removed f rom the gold compact  by immersion in u l t r a s o n i c a l ly

ag i t a t e d  hvd ro fl  uor ic  acid • In t h i s  manner , scanning e lee t rol l  mic ro scop v  was

ab l e  to de l) ic t the lab y r in t h i a n  n e t w o r k  of I n t e r con n e c t  in g  gold p u t  i lea .

Thut .- 1)) vol pe t g lass samp le f i r e d  at  700°C for  30 s , i l l u s t r a t e d  in  Fig . 17 ,

shows n umerous examples of gra  in growth , the I thai  stage of  s i n ter  lug. 1k-—

Ca St- of  a smaller  gold volume f i a c t  ion in t h e  5( vol p ct  glass sample  shown

ill F ig .  18 , f ewe r examples of  g ra in  g rowth  a re  o b vI o u s .  A f t e r  I I r i n g  f o r  601) s

u t  800 °C t h Is d is t  Inc t ion is l e ss  c lear  sinc e g r a in  growt h is q u i t e  w e l l  a h v i n c c d

in b o t h  the 10 and 50 vol pe t  g la ss  samp li -s , as shown in Figs. H and 20 ,

n-spec t I ye l y.

i i
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Figure 16. Microstructure of MK—2 Au powder with 50 vol pet  of
E1527 glass sintered at 800°C f or 600 s, showing
su r f ace  glass l a y e r .
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Fi g u r t  17. SLM of MP — _ A u w d t - I  w i t h  10 vol  ~ct  0 )  l-J5.’7 g l i ss
removed i t  i.e r s int.~ i ug a t  700° C I t n  30 s
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Figure  18. m l  of ~-1R —~ Au powder w i t h  50 vol pc t  of 1:1527 g lass
removed a f t e r  a i nt e r i n g  at 700° C f o r  30 s .

~~~— 2~im -
~~~

l i i i ,  l~~. - ‘ -- - l  ‘ . A u 1 : sOtn w i t h 10 v o l  p t i t  E 1 5 2 7  l ias
i r a l i i i  i- r i u p  - i - $01) ° t I or ( i t O  ~
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~ ot MK—1 .\u os- len wit h 30 v o l  p e t  of  E132 7 g lass
rt  moved  i t  i - _ s l u t  t - r i u g  at $00 ( fo r 600 s

Fo compare  t i le -  c i  f t - c t  o t~ d i f f e r e n t  glass volume f r i c t i o n s  on gold d e n s i —

f ic u t  lou , t w o  eh i a  r u e  I cr  I s tj c  s observed  in t h e sy s t e m  must  he rt- c ogn I ned. F ro ta

F i t :  • 11 , wit is Ii comp ar e -s AL /L  wi t h  glass co n t e n t , it no uld a p p e a r  t h a t  g l ass

im h rt ’ve -a d e n s i f i c a L  ion at 700 °C when f i r e d  fo r  30 s , hut beg ins to retard it

whit-n f i r e l  t o n  n00 a.  ihowever , when t hi ckn ess v a r  Ia t ions  a r e  t a k e n  in t o  ac —

c ou n t  sc t n u t  k-u s  i t  lea may be compared , a monot  on i c dens if  i c;l t i o l l  is oh s e r v e d

I ’  r t i l  s ump i~~s (see F i g. 22) . App a  rc- n ti v powder  s h r i n k ag e  can he an i so t r o p i c

w it h i i i i  0 1: ’ t I j e t - c t  ion , i.e., i h i ; u n u e t e r vs t h i c k ne s s .  At  t h i s  t i m e  i t  is i t t

u i - f , - rat ood w h y  t h i s  c ond i t  [On ex i s t  a

l h i e ~~ .ec cud chu , i r ut -te ’ris t Ic  p e u t u i n s  t o  t h e  ~- ; l r i u t  i on s  in d e u u s i t  v b e t  o r t ’

a in I ‘ - r t u g  as  i t i luc  t ion of p lass c Ot lt e l lt  • F r om F l - . 22 i t  s-cu I d  a p p e a r  tha t

Inc  n- is i t u g  glass c o u i  t c ut  e n h a n c e s  d e n s  i 1 1 - i t  i cii  , a j u n e  l i t ’ h i u i : h u i r  g l ass  c on—

te n t s  i t i n u l t  in a t ’ I ser app ro ae’Ic t o  t l i t  t h i c o r i t i c u l  d e n s  1 t v . i n - v e t  , a - o n—

par i so n  0 ’ p t s ’t h - r  c o m p a c t  (h u s h  t i e s  ; , i i - t i n t  cri ng , ~I 5  shio ~’ii i t i  I d l e  I I ,

in t h i t ’~i te~ t h a t  h e i i a i  I v ! I I c r e - Ises w i t h  g l a s s  c u l t  c u t .  I b e r e t  or , t h e  p l , i n s

f r it h u t s  a s u t  f i l e n t  qu ; ln  t i t V ti I I i n -  p u  i t  I i t ’s t o I i 11 some o I t h i ~ v i i  ~hs

n o r m a l l y  pre sent  l ’e t w t -e ’n some’ g o l d  p u n t  h 1 s .  ‘ i d  i l l ’, e’ t  I I t  i c u u c v  and

I t ’
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... , 600

02~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SINTERING TEMPERATURE - 700°C
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0-I -

GOLD POWDER MX- 2
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EI527 GLASS (VOL PCT)

Figure 21. Isothermal densification rate at 700°C for  MK—2 Au powder
vs E1527 glass content.

Ito I

too -

~~ 

::
70 - 

COMPACT ION FORCE
475 lb (2I5 kQ)

60 GOLD POWDER MK-2

5C I ~~~~~~ 1

0 10 20 30 40 50

E 1 527 GLASS (VOL PCT )

Figure  22.  l’ll(—2 Au powde r .~s percent  of t heo re t i ca l  d e n s i t y  vs
E1527 glass c o n t e n t .
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TABLE 2. PERC EN T OF THEORETICAL DENSITY OF MP -2 GOLD BEFO RE AND
AFTER SINTER ING WIT h E 1527 GLASS [475—lb  (215 kg)
COMPACTION FORCE].

Glass 7 00°C— 30 s 700 °C—6 0 0 s 800° C-3 1) a 800° g—600 ~Vol Pct  Before A f t e r  Before A f t e r  Be fore  A f t e r  Be fo re  A f t e r

10 44 74 43 85 44 83 3’~ 89

20 46 82 44 88 44 81 44 90
30 48 80 47 90 48 92 47 92

40 50 92 50 93 31 51 96

50 56 102 54 105 55 105 55

consequently dens i ty  thus improved with  glass con ten t .  S u p e r f i c i a l ly , a p lot

based on the t heoretical  dens i ty  g ives the  appea rance of  enhanced d e n si f i c at i ui

w i th  increasing glass .

A more accurate comparison would account f o r  va r ia t ion s  in pres in te red

density by comparing normalized improvements iii density, i .e . ,

/ Final density — initial densitj~Pct normalized densification = 100 . . , , . — -- , —

\theoretical density — i n i t i a l  d e n s i ty

Figure 23 shows this corrected comparison with glass content for which the

c o e f f i c i e n t s  of dete rm ination , r 2 , of the slopes for  t h e  r e s p e c t i v e  t empe ra tu r e—

time combinations are as follows:

T em p .( ° C)-T ime(s)

700—30 0.91

700—600 0.87

800—30 0.91

800—600 0.92

TDt -r e f or e , it may be sa fel y assumed t h a t  d e n s i f i c a t i o n  improvement  is d i r e c t l y

and linearly proportional to glass volume fraction. Note , h owever , t h a t  t h e

slopes are more positive for th e short sintering t ime (30 a) samples .  fh i s

implies that sintering during the initial stage of sintering, i.e., r ea r range - —

~i eu l t , is aided mor e by the  p resence of g lass t h a n  d u r i n g  the  f i n a l  st age

(600—s —si ntered samp les) where so l id—sta t e  processes predominate . T h e  hut Icr

18
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30
0 tO 20 30 40 50
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Figure 23. MK—2 Au powder as normalized d e n s if l c a t i o n  vs E l 5 2 7
glass content.

observation become s more vividly apparent  when percen t change in actual densit y

is compared , as in Fig. 24, where the slopes of 600—s—sintered samples become

negative .

i
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FIgure 24. MK— 2 Au powder as percent change in actual density vs
E1527 glass content.
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SECTiON Ill

MIXED—BOND ED AND REACTIVELY BONDED CONDUCTORS

In the last qua r t e r l y  report [4] we b r i ef l y  reviewed severa l papers tha t

dealt with spinel formation , reactive bonding, and the per t inence  of these

effects to the study of thick—film adhesion. Since then another important

study has come to light [5]. The findings of this work , an MIT Master ’s

thesis by R. J. Lisauskas, are so directly applicable and complementary to

our study of reactively bonded and mixed—bonded conductor adhesion that we are

presenting a synopsis of his work here , since it is not generally available .

Lisauskas studied the mechanism of adhesion in gold mixed—bonded and re-

actively bonded inks. He investigated four commercial materials. The two

reactively bonded inks contained Cu and Cd binders in a nominal 3:1 ratio to

each other but with differing ratios of b inder to gold. The two mixed—bonded

inks he studied contained copper , cadmium , and bismuth as the binder additives.

Dc further studied two pastes he made himself — one from CuO and one from

CdO — which contained no gold or other inorganic material.

All were printed and fired onto Coors 96—wt pct alumina , which he cha r-
acterized as containing ‘n4—wt pct silica and minor amounts of Ca, K, Na , and
‘-ig. The films were fired in a belt furnace at a series of temperatures from

d~ O to 1050°C with 15—mm dwell at peak temperature .

Analysis o f the binder phases and interfaces was accomplished by use of

t h u n  following techniques: selec t ive etching, with aqua reg ia or n i t r i c  acid

to  remove gold , glass , and metal oxides or with a KI—1 1 etchant solution which

removed only gold; determina tion of the weight gain of fired specimen sub-

strates after printing , f iring,  and etching ; determination of the adhesion

strength of unetched films ; x—ray diffraction of etched film surfaces; SEN—

~n - r 1p r i v ;  and EDAX analysis of features detected in t h e  HEM . Table 3 (see p . 23)

ct i l l s  ~, ime of t h e  more importan t thesis findings.

i. i-I . L i  i s ,u u s k a s , “Cha r a c t e r i z a t i o n  of the Re-ict ion b etw een T h i c k — F i l m
c-k - i v - — i t e niht d ;elJ Past i -s and ‘id u u m in a  S ub s t r ;u t e s , ” Mi s t er ’s I’hesis ,

M i - s i t t ’ b u u i s e t  s I i s t  i t  i to  o f  i’echn o  logy , June 1976 .

2 1
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The conclusions Lisauskas drew from his work are summarized below.*

A. At 1100 °C the CuO paste and a lumina  s u b s t r a t e  reac t to  fo rm the

spinel C uAI 2O4 . No C uA1O2 was det ec t e d , in agreement w i t h  the

phase diagram of Jacob and Alcock shown in Fig. 25 [6J** and a

model according to which spinel formation occurs at the

CuA1
2
O
4
—A1

2
0
3 p

hase boundary .

B. The pastes of CuO and CdO react with the substrate to form

C uA1
2O4 

and CdAI
2

O
4 

(also a s p i n el ) ,  r e s p e c t i v e l y .  T h e  amount

formed is a thermal ly  ac t ivated  f un c t i o n  of the f i r i ng  t empera tu re ,

wh ich ranged f rom 850 to 1050° C.

C. The activation energies for spinel t o ’-mat i o n  f r o m  the  CdO and CuO

pastes agree in general w it t i  t h e  activation energies for ~
2+ ion

diffusion through MAI
2O4 

spinels determined by ga lvan ic  cell  experi-

ments.  The same mechanism is suggested to  l i m i t  spinel f o r m a t i o n

from the CdO and the CuO pas tes .

D. Reactively bonded t h i c k — f i l m  gold pastes based on a 3Cu:lCd b ind er
wt ratio form a spinel at the suhstrate interface. The fit to an

Arrhenius  re la t ionship is  not as good as t h a t  for  the  CdO and CuO

pastes , but  the slopes and the  a c t i v a t i o n  energ ies of  spinel  forma-

tion for the two reactively bonded inks are c learl y different from

those of the metal oxide pastes .  The r a t e — l i m i t i n g  mechanism fo r

spinel formation is judged to be different from t h a t in the  case

of the metal oxide pastes.

*In this  summary the wording of Lisauskas ’s co n c l u s i o n s  has been changed  to
res ta te  them in the t e r m i n o l o g y  we have ‘u sed t h r o u g hout  the  c o n t r a c t  stud y
and to condense them.

**The phase diagrams of M i s r a  and Chakiader  [7 ]  and Gadalla and Whit e 18] a l s o
describe the system.  The th ree  d isagree  on several  p o i n t s .

6. K. T. Jacob and C. B. Alcock , “T h e r m o d y n a m i c s  of  CuAI O , ’ and L i t A l ~0g and
Phase Eq u i l i b r i a  in t bie Sy s t e m  C u 1 2 0 — L u i O — AI  :0 3, ” J .  A m. Ce r a m.  Soc . 58 ,
192 (197 5) .

7. S. K. Misra and A .  C . D.  L h i t k  lad  r , ‘‘ Fh ie ’  Sy s t e m  Cop~~-r (D-~ L i e — A l  ufl,i~ a,
1. Am. Ceram. Soc . 46 , 509 (1961).

8. A. Cadalla and J • W h i t e , “E q u i l i h r i um  Relat  l o n s i u i ps in t he  Sy stem CuO— ( i u 2 ( l —
J. B r i t  . t ;era iuu . Lee . 63 ( 1) , b 4 (196 4 ) .

_ _ _



TABLE 3. SUMMA RY OF EXPERIMENTAL FIND 1NG 5

Thermal ly  Ac t iva ted  Growth  -f ~-1og r~of  S p i n e l  it the  Interface l o t  a ! Wei ght of a p i n e l  and i t  or I
Pas te, Typ e , Compos ition (grams). (Data normalized to M e t a l  Oxid e -  I n t e r t i c u s i  and Mei
of Addi tives to Gold Adhesion Behavior ‘4t at 850°C.) Mate rIals Stated

CuO paste \/ , \ * W ** = 2 x iO hi
e 

—87 kcal/mole 
N/A Ijon ti l

m t  RT i r r t - g i i_J

Correlat ion f a c t o r  was 99 pct - 1— to

fo r firing temps. from 900 to l a rg e r

1050° C. - - i t

ii i— PCi

CdO pas te N /A Wj~~ 
= 3 x 10 7

e 
—62 kcal/mole N / A

C o r r e l a t i o n  f ac to r  was 99 pct
f o r  f i r i n g  t emps .  f rom 900 to
1050° C.

- - - - 5 —49 kca l /mo le
Au paste No , I, Nominall y linear in— W . = 1 x 10 

~ RI 
- - -pc i

rea ctivel y bonded — k- roast- with firing 
~~ a

1.8 wt p c t  Cu temperature from 1 lb Correlation factor was 98 p c t  N~’t measu red .
0.55 -.~t pc t Cd a t 900° C to 14 lb at for f i r i n g  t emps .  f r o m  900 t o  t h i n  C~

1015 °C. 1015°C. ‘ i o u
• - - - - 5 — 48 kcal /mo le- -Au paste No. .1, N o mj n a t l v  l i nea r  in— = 1 x 10 e —jj-—-———— Na wt change  i t  900 u a

reac tively bonded — crease with firing 1025°C.
(~.79 wt p et  Cu temperature f r o m  C o r r e l a ’  ion factor was 87 p e t
0.23 wt pct Cd 1.8 lb at 900 °C to for firing t o~-i 1’ s . f rom 900 to

9. 5 lb at 1025° C. 1025° c.

- 10 — 7 7  kc a l / m o l e  - -Au t a s t e  N o .  3 , A p p r i ’~~imatv1 y - = 1 x 10 e ~~~~~— ‘. - c l - t a c t  w t  i t  L i i  led
mixed bonded — constant au 9 5  JJ, m t  RI 900 to  1 , ( ( i i ( ° i : s t  ran g in— wh i m  te
0 .23 wt pet  Cu w i t h  f i r i n g s  t ’ i - t w o , u i C~~i r el a t i o n  f a c t  ‘r was  99 pe t c r , - l s , - a v t - r  850° : y i I i i ~ ; c at  i - t c

• -.3 wt pct Cd 900 arid 1525° C.  fo r  f i r i n g s  f rom 900 t a 102 ’ °C . d i e  r~ - i - ~i s  t r em t 58) t o
Hi/Ye).

- - 10 —7 8 kc •i l m it-  - - -A i  p s t ~ N i ’ , -, , A p p r o x i m a t e l y  e c u i s t a u l t  W = I x 10 e’ — — — — —

~~

-

~

—— -- - ——- - ‘ , ‘ c - t a c t  i,i i t  a c  t i  F~ led
m ixed  bonded — i t  1 . 1 lb w i t h  u Is .:’, ° c i - s  r ’ n g  i c e , .  i - - - - .~ ti -r a
0 .52 Vt pct Cu f i r i n g s  be tween  900 Car  re l i t  ion foe  tor lu a u gi vt-ri . ‘ m r  s i’  i i  va l u c i  . l eak  si
0.61 Vt pe t  Cd and 1025 °C . °i r i n g  t e - m p s . i i 8 ( — t O S O °C.  t o ii
0.70  Vt pci  B i
0.20 Vt pct  Ag

*8/A — Not app lic abte .
— Weight gain of inter lic i al compounds .

t ib  — The s t r e n g t h s  of t h e  f i l m s  e xp r e ’ s - .ed in  ps i  in t t u e -  t h t - s i s  i i i -  s l i a w u m  u - r i -
f a i l u r e  load fo r  a (0 .0 8 — i n . ) 2  pa0 , b y m u i t i p l v i n e  I i - - i u i s k i c ’ s st ress  v i l u t  liv
h i s pad a r e a s .

t t d2 2 0  — The l a t i  I .  .- i ( i i l a g  be tween  a d j a c e n t  p lan e s a t  M i l l e r  I n d ex  2 2 ( 1 .

/



~~ ERIMENTAL FIN D IN GS IN LISAUSKAS ’S THESIS

cf sog r ap h i c  D a t a  —

of Sp inel and ,~~t o r  E t c h  Removal  of Au
Interfic ial and Metal Oxides unless Otherwi -i e

________ 
—__________ Stat ed EtiAx An i h - t i  ~u l  l i t  a x—Ray D i f f r a c t ion Data

I/A I d e n t i f i c a t i o n  of new phase g rowing  Spinel  i d e n t i f i e d , d 22 0~~ = 2.86
irregularly on al e- iii . Part i cles for 1050°C sample , 2.846 for A~. S
1— t o  2— .m diam a l ter Y . °u m iring; standard , and 2.84 f o r  standard

lar ger after 1050°C f i r i n g  b ut prepared by Lisauskas .
sur face coverige out l v  II )  p

~80—pc t coverage of alumina Now p h i - i  cat ta m onl y Cd Sp ine! identified , d 22 0 2.88

F/A surface by a ~ t - c o i u d  new p h as e i t  t i- r i i i . !  Al , i . e . ,  no - - s  p i e— ta r 1050°C a ‘le (2.86 ~ cal cu la ted)
1050° C f i r i n g .  ,a - a t . ~— Rav ‘i-ak intensities less than with

i , u i ) — l , i a t - 0  m aterial . No glass present.

80—pet coverage of alumina surface Cu and Cd in spice! par t i d - - . Spinel Identified ,
by a p hase i de n t i t i t O  as mix i -l d220  = 2 .88 

~ ; unreacted CuO
sp ine l.  D i f f e r e n t  J l i p o a r a u u c e  I d e n t i f i e d .
th an Cd0 or CuO paste
soap 1 e s .

at 900 t a  S p i n e l  1 0 - n t  i t u i d ,
0 / 5  = 2 .~~i,

~t at 
Fa iled i t  g l i s s — g o l d  i n t e r b i ~- i Sp ine l p h a — t -  .- a n t a i n s 0 md S p m n ~ - l  I d en t  1, 11. 1 ,

‘C ( s t rong  in— when t i -s t e t .  (Failure surf ice  (:u I - i t  no Bi. d , ,~ 
— 2 .~~h

850° C v - i l  ~ii -  not  e t j i e l .

~ovm 1) 5) 0 to

~t at  ‘~~~ i t i ’  F a i l e d  i t  g l i  , i— gol d  i n t e r l a c e .  Sp i n i l u t .  i t  i t

ong in  r i - mr Al ter i t -  r i - g u i  r - L . N 1 i g ,  iu : ip l - s  d , , 13 1 , -i,  
~~ .

,alue) . 1i ’ok , i m i l i r  to t s at- o f gold -

p e t e  N , ’. I a ft er etchin e . 
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Figure 25. The phase diagram CuO—A1
2
0
3 
after Jacob and Alcock [bj.

E. The spinel which formed for the reactively bonded inks consists of

bo th CuA1
2
O
4 

and CdA],204. Lisauskas could not determine whether

the spinel ~as an intimate mixture of crystallites of each or a

par t ially substituted spinel of the form Cu Cd
1 

A1
2
0
4.

F. For the reactively bonded gold pas tes , a layer of metal oxide was
found between the gold and the spinel on the substrates. The gold

adheres to the oxide. The layer structure consists of alumina ,

spinel , metal oxide , and gold containing minor amounts of dissolved

copper.

C. For the reactively bonded inks, higher adhesion strengths are obtained

w it h h igher firing temperatures. Adhesion is a direct function of

the amount  of spinel  at the  interface , an amoun t t h a t  increases  w i t h

the firing temperature.



_ _ _ _ _ _  

_ _ _ _ _ _ _ __

H . The c h a r a c t e r  o h  t h e  Bi 203—c ont i ln i n g  mi xed—bonded inks  is d i i  l e n t i l

f rom tha t ot  t h e  r - m c t i v e l v  bonded m a t e r i a l s .  The smount  o h  sp i nel

in the  m i x e d — b o n d e d  f i l m s  I n c r e ased w i t n  t h e  t i r i n g  t e m p e r a t u r e , b u t

the amount ~~h g I - m - ~sv ‘Li s~~, and therefore the adhesion s t r e n g t h , rt ’—

maimed n e a r ly  - - ‘ i - t a u t  f o r  r i r l ’ t C  t e m p e r a t u r e s  f r o m  900 to 1025° i ..

I • For Bi 
~ 3 —c s i t  a I 1 :  Tn~ x~~~l t ’ ~ i i i t e ’l fi ins, t ii - litter l i t  struc t l i r e  c on-

sists of a nea t  1 -  c , i n t  Inu ou s  g l a s sy  t a v o - u  , w h i c h  Covers  titt spinel

and the  sub s t  r i t e . ‘ i i -  gold a d i t e r t  s ~r i n c i p a l l v  to t i m e  g laSSy surface

and peels away f r o m  i t  during adhesion testing.

J. Reactively and mixed—bonded inks require di fferet i t tiring processes.

The required firing process can he p r & - i i i c t e d  i t  t i m e  b i n d e r  sy s t em  is

known . Reac t i ve l y bonded inks suc lu  as those  wh ich  Lj ~~aii~ k~t s s t u d i e d

required higher—temperature firing, e.g., at 1000° C . Mixed—bonded

inks are less firing—temperature sensitive ; Lisauskas claimed his

materials can be fired from 900 to 1025°C without signi ficant clt ~ummge s

in the adhesion strength .

in some of these conclusions, particularly J and parts of C and Ii , l i s a t i s k a s

has res ta ted RCA f ind ings  in terms of the ma te r i a l s  lie s tud i ed . Concern ing

certain points in the conclusions and o t h e r  s tat e m e n t s  of  the thcsjs , the RCA

study team would prefer an alternative interpretation of the results. In

general , however, Lisauskas’s experimental findings agree with our findings ,

and can be reconciled in the few p laces where they do no t .

_ _ _ _ _ _ _ _  -~~~~~



SECTION IV

DISCUSSION

Lisauskas has clearly proven that CdO and CuO can reac t with 96 wt pct

substrate surfaces to form spinel(s) by one or more thermal ly activated
mechanisms , It is also clear tha t in reactively bonded ink f i lms  the adhesion

s tr e n g t h  increases  along with the amount of spinel for firings of increasing

s-mperature. On the other hand , we believe that Lisauskas’s contention tha t

t : i e  gi ld t u r n  in reac t ively bonded inks adheres principally to a metal oxide

l ivt- r which in turn adheres to the spinel has not been proven satisfactorily.

in i - a r t i e r work we had found , but not i d e n t i f i e d , a layer which  appeared

l i r L ~~ IV adherent on t~~re poorly adherent firings of reactively bonded film

‘v SEMogr~ phy of specimens after merc ury—vapor leaching. Com~~are Ref. [1],

Fi g. ~~~~~ , and Ref. [5], Fig. 15. Mercury—vapor leaching should not attac k

cadmium or copper oxides , although it coul d l i f t  them f ree  of the substrate

~ t time mercury condensed rapidly under the metal oxide layer . Thus mercury—

vap or leach ing, used with the low mercury—vapor flux rates we have normally
i -;eJ should reveal app rox ima tely the same s t r u c t u r e s  as Lisauska s ’s K 1—L,

~t c l i .  When strongly adherent , reac tively bonded thick films have been

‘s r i  t iny—vapor  leached at RCA , s t ruc tu res  tha t  we and Lisa uskas regard as

- t  i - els have been revealed , but no metal oxide films are usually seen. Compare

~~~~~~ [1], Figs. 21 and 26, with Fig. 9 from Lisauskas [5].

Whether the gold adheres princ ipally to spinel or to a metal oxide layer

I t ~ reactive ly bonded inks is an important question . There is substantial

evidence that the gold sticks preferentially to the spinel in the SEMograp hs

r~-viewed above and in the following argument: Because Lisauskas normalized

all his weight gain data to his 850°C samp les, It is not p o s s i b le  fo r  t h e

reader to obtain an accurate picture of how the weight of metal oxide decreased

t i  the  high—temperature—fired , reactively bonded samples. It is , however ,

el - o r  that it did decrease since the normalized weight of binder additive (Cut)

i ’d cdO as oxides or combined into spinel) remained  constant at the gold—

-c r imi c interfac e for increasin g firing temperatures , and s ince  the  amoun t  in

i ~uu t ’ l  form increased . Thus time reduction in the  amount  of me ta l  oxides  in

ttte interfac e correlates directl y with t he  increase in adhesion strength.

27
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Figure 26. Comparison of the a c t i v a t i o n  energies  fo r  sp ine l fo rmat ion
with the divalent cat ion r ad i i .

Even if some metal oxide is always present at the interface , the prIncipal

adhesion mechanism could still be adhesion of the gold to the spinel through

holes in the oxide. Delineation of this point will be a principal object of

continued experiments.

The activat ion energy data for spinel formation shown in Table 3 have

been explained only in the case of the copper paste ink. Conclusion C was

made on the ba sis of a n~ derately good fit* of the  ionic rad ius  of  Cu~ and

the act ivat ion energy fo r  the form at ion of CuAl 2 O4 w i t h  a series of da ta
2+ 2+pairs for  the ionic radii  of Ni , Zn , and Co , and the  a c t i v a t i o n  ene rg i e s

for the diffusion of these ions through their respective spinels. The point

for cadmium does not fit at all with the rest of th e data , as shown in F i g .  ~7 .

*The coefficient of determination , r
2
, of the s t r a i ght  line c a l c u l a t e d  by

a least—squares fit of the data was reduced substantially by t h e  addition
of the copper da ta po int , as shown in Fig. 26.
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Figure 2 7 .  The adhesion strength of reactively bonded and m i x e d — b o n d e d
gold conductors as a function of firing t e m p e r a t u r e .

Ileuct- Conclusion C has validit v only f o r  t I m e - f o r m a t ion of I t L -\ l  , t ) . . \ v m i  l ah it -

di f fusivity data and pert inent timeor i es are  under a ud v t s i c i t  i m - V m  i he t t~ - r

understanding of t h e  k i n e t i c s  o f  i n t m - r b a i - i a  1 1 h i i - ~i - I o r ’~~ t i on  i n  t h,-~-~- - v ~ - t  i n - - .

For the reactively bonded gold inks , s u i t  am - i - , m u  n h  i i i , g r a i n  - , ‘ u u i m ~i i r \ ,

or bu lk  atomic d i f f u s i o n  models  m a y prove m i s i t mu . l i l t ~ ‘ u , - - o n c , - o h  i 1, - i  ml

ox ide layer could have in f luence  on the  k i n i - t  I t  s o h  sp it a l t , ‘r t - t i I i on . -\ s u i t  I as

h f  fu s i o n  model f o r  the spread of CdO over Al  ,m ) I 0 t o m  it -  t-i~i i n t ’i  m .m~- 
~~

- m t - h i l l  m m d

to expla in  th i s  p henomenon , but da ta  on (~ l,\ 1 , t t , I m ’rma t lou i lvi - no t ~‘m ’v, mh

read i i  v ava i l ab le .  I t  has not been pUss ~i ’ i e c v i i i  o I i mmd ‘ p i  - i  - it I a  gr in ’ f i i  r

t i m & -  sy s t e m  CdO—A 1
2
0

3.
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Several comments are appropr Lute c o n c e r n i n g  L i s m m i i i k e - ’ a n mi x c d — I - ’ t i h t - i i  in~
s tudies .  Wi th  the se m a t e r i a l s  L i s a usk a s  foun d a s t r o n g l y  m l i i  I - r e m i t  1 1  j i u t  j i , I I

energy for spinel formation from that o h  t i l t - n i a S  t i Vis l y bo n ded i u i ~ . A 1 i q u i d

phase may be present du r ing  t h i t - f i r  in g of these inks. ,\ r i -v i t -~s i t t  t i me u i ~ I

phase diagrams noted in time Appendix  — p a r t i m u L i r l  i ,~ ) 
(

(~~ su i t \ l  , O
1— B i  1 1)

3 
—

s t rongly indicates  t h a t  a l i q u i d  p ha se mus t  I on - i . ~l a L m - t  l i l  t r i i t  - p o r t  s h o u l d  ~t

strongly influenced b y the  p r e s cu i c t - o f  a l i q u i d  p i I a-~~- . I l i e  i n i o u t l t  o f  t i -  1 i q u u i a

p hase , i ts s o l u b il i ty  f o r  CuO , CdO , and Al , ))
3, and it viscos i L v  as  - u I m m n c t  i on

of temperature would be c r i t ica l p r o p e n t  it - s of t I c  1 iq ii i~~. h i m , - t i n t - ~h i i r ~~ng

which the limited amount of Bi203 
could d1s~ ulve othe r ;pem - I t s  b e f o r e  solidi f’—

ing, the chemical species it depos i t s  d u r i n g  s o l i d i f i c a t i o n , t h e  l i m i t  j on o f

such deposits, and the way the molten fri t phiast- mi ght be u H  sorbed i n t o  a e’r~ us

substrate could also strongl y affect time kinetics of sp imie l fo rma t ion .

The par t  of Conclus ion H which states that the adhesion s t r i - I L - !  i m o f  t I t

mixed—bonded inks remains essentially constant is ha~~ed en a d h e s i o n  st r t ’n g t hm

data containing a great  deal  of s c a t ter .  Fi gure 27 compares the data I rm ’ir two

of Lisauskas’s reactive ly bonded and mixed—bonded  gold inks w i t h  t h a t  I ron

similar materials taken by RCA. The compositions of all of Iis nui - k,is ’s immi m s and

the compositions of the RCA—studied inks arm shown in Table 4.

To compare such adhesion data t aken  in two different laboratorie s is

tenuous, since the soldered—wire tensile peel test ii-; known to be sensit lvi

to the assembly techniques  and h a n d l i n g  ef  test specimens. RC-\ has , hi o s- m ’v~-r ,

recently developed the test to high degree of precision [9]. To p lot

Lisauskas ‘s data , which report h i s  f a i  lure strengths as load per  u n i t  ir e - I ,

for comparison with RCA ’s d a t a , we chose to n o r m a l i z e  t h e  d a t a .  L i s a u i s k e~

Q . T. T . H i t c h , “R e p r o d u c i b l e  A~h i t t - s lon le t - i t I or  ~o l d m - r e d  ‘l i m i s I — F i  im ( ‘ on du i c t , ’r s , ’
F inal  Repor t  on Naval A v i o n i c s  Fat i i i  L v  In c h  1.- u t u a p o l  is ( o u t  r e t  ‘4, . ~i I ~ () i t ,  I—
7 h — — 1 1 ’  57 , to be r e lt - ased  ap p r o x  im.i t i i  - u ~ - i t  . I 5 7 ,

I’)
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ri~ st probably obtained each of his failure stress values , S, in psi values

according to t h e  s t a n d a r d  f or m u l a

F
S

X (1)

where F is the failure Ic— ad in lb and A is t he  t e s t — p a d  a rea  (0 .080 in. )
2
.

The soon—to—be—released study of this test method [9] i n d i c a t e s  t h a t  a

linear dependence of the failure load w i t h  t e s t — p a d  w i d t h  ho lds  in sucim tests.

Accord ing ly ,  we con ver ted  Lisauska s ’s da t a  to the  f a i l u r e  l oad values shown in

Table 3 and have furthe r normalized them in Fig. 27 to be comparable to our data

that were taken with (0.10—in.)
2 

metallized test pads . The following m -onversion

was used to normalize Lisauskas’s data for Fig. 27:

1 [ 12 010 1mmF plotted S(P s i )j  x [0.08 ~fl.

j  
x 

0.08 in.

= S x 0.008 (lb) (2)

rhe good agreement of data between the two similar reactively bonded inks ,

11—1 arid ho. 2 in Fig. 27, gives credence to the comparison. Furthermore ,

except t o t -  t - c  test—pad areas, the tests run by both group s were similar. The

solder was l2lii—7OSn—l8Pb (in wt pct), and the Instron loading rate was 0.5

in./min in test procedures. The difference in wire diameters — 0.032 in. for

RCA and 0.022 in. for Lisauskas — stmould not affect the data significantly so

long as “A” failure modes are observed [91.

An “A” or adhesive failure mode is one in which the pad solder an d w i re

are pulled clearl y off the substrate during testing. Lisauskas does not des-

cribe his failure modes in detail but does mention a transition to non— ”A”

failure modes for the higher—strength reactivel y and mixed—bonded films . His

constant failure load data may be the result of a failure mode that no longer

ct-flects the film—to—substrate adhesion strength , hut instead shows t he

strength of the solder , the wire , or the bulk gold film.
On the basis of our study of tim e data , we believe it is not advisable to

conclude adhesion strengths of mixed—bonded inks are constan t w i t h  firing tem-

perature. However , a conclusion that there is a reduced sensitivit y to firing
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temperature in the mixed—bonded inks compared with reactively bonded inks

may certainly be dr awn f rom Lisauskas ’s data and is in agreement with our

data. Why Lisauska s’s adhesion strengths for his mixed—bonded Au ink No. 3
is much higher than our data for ink D—2 is not known.

Conclusion I indicates that the B1
2
0
3 

glassy phase covers the spinel

and that the adhesion of the gold is principally to the glassy layer. The

gold may be adhering to the spinel through holes in the Bi
2
0
3 

frit. This

appears possible from Lisauskas ’s and RCA ’s SEMograp hs and from our Auger
studies , but more study will be necessary to define the adhesion mechanism

in mixed—bonded systems.

Lisauskas did not report MgAl
2

O
4 
on the surface of his as—received sub-

strates. Analys is by x—ray diffraction of the surfaces of Coors ADS96F

substrates (and a great many other 96 and 99.5 wt pct alumina substrate

su r f ae e s *) indicates that  most contain sign i f ican t  amounts of MgAI 0 spinel.2 4
:-loreove r, instead of the minor impurity Lisauskas states It to be, MgO was

p r e s e n t  in our ADS96F at 4.0 wt pct , i.e., %25 pct of the binder—phase

ii ~iitions to the  alumina. Indeed , Lisauskas ’s EDAX surface analyses of the
subst rate indicated the presence of magnesium despite its low atomic number.

I t .  appears unlikely that the isomorphic spinels MgA1 2
04 ,  CdA l2

O4 ,  and

CuA I , - ) , ,  each w i t h  a lattice parameter within one percent of the others ,

- ,- o - Id m - i c l u p y  t he  same surface with complete independence. According ly, t i m -

1 ios -ihil ities of epitaxial growth of copper and cadmium spinels on

uiud u t  t i me  f o r m a t i o n  of three cation spinel mixtures , e.g., Cu Cd Mg1 
\l , F~~, ,

mus t  be conside red.
<ii

*I’ rj v - j t t  communica t ion , Dr.  Er ic  Hockings , RCA Labora tor ies, July 1977.
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SECT I ON V

FUTURE WORK

Further investigation of sintering kinetic -s  a re necessa ry  a t  a lower

temperature to determine the influence of glass c o n t e n t  on d e n s i f i c a t i o n .

At some temperature near the glass softening point , i .e .,  4 h Y C , t i m e  glass

may not be sufficiently fluid to be useful in the p r i m a r y  and secomtidarv s i n t e r —

ing stages.

An additional factor which could influence low—temperature sint erin g is

the polymer burn—off behavior. Normal thick—film inks contain a s n a i l  a m o m m i c t

of polyme r , e.g., ethylcellulose , to enhance the  strength of t i m e  f i l m  prio r -

to sintering . If traces of the polymer are still volatilizing while time metal

phase is sintering, some gas entrapmen t might result with a subsequent loss

in metal densification .

Theref ore , both low—temperature glass properties and polymer char acteri1~— 
—

tic s may have a considerable e f f e c t  on pore size and distribution in t h~ s i n t e - r i d

metal network. These factors may ul t imate ly affect the microstructure w h i c h

is produced in the metal when it f i n a l l y  reaches t h e  h ig her sintering temperatmmres.

With regard to the mixed— and reactively bonded conductors , it would be

helpful to determine whether the spinel phases are mixtures of m a gn e s i u m , coppe r ,

and cadmium spinels or are partially substituted spinels of t he  f o r m

Cu Cd Mg Al 0, .  Exper iments  to make t h i s  d i s t i n c t i o n  wil l be sought.x y l—x — y 2
Simp le x—ray d i f f r a c t i o n  t echn ique s do not appear to have suffici ent resoluti on .

As a part of the effort , a -I t e l dy  of ep i tax i a l  g r o w t h  o P dAL,O , and  (tiJ ’el

spinels on MgA1
2 O4 

will be made by use of .m var it t v of am ia lvt i i -a l  tools. Di ~~—

cussions w i t h  ~ tL sc l en t  i st  s have c :icg ~ c - o t  c d  t h a t  x — r a y  p i m o t  oe l e c t r o n  spei -t r osc  opv

( X P S )  may be t ile anal yt h - i l  too l e m  e h o i c~~, s i  t ee  i t  l i m s  a ‘~ - t  t c r  l a t e  ra I re-

so lu t ion  than Auger s p i - e t r om e t r y  and i b e t t e r  s e n s i t i v i t y  t man Ei)A ,X f o r  e t e r n ,  t o

in tim e surface atom layers of a c-.p~-c i t s - n . It is 1 i k e l v  t h a t  a c o mb i n a t i o n  o f

~lRl. and RCA analytical tech niq u es m u d  t dents will be emp loyed t ‘ iuuowe r t iii-

ques t  Ion  0) spinel  op i t  u x y .

Some of the 11C R -s i  i ons  c o n cer n i n g  r i - ic t ! on r a t e , in t rod uc cd b m i t  l e f t  m m —

auswu red by l . i  s a u sk a s  , w-re mon t i oned in t mc- 1) i - ’c non ion  ( ~ec t i on  I V )  . A i u i m ~ m o c —

d i ag r a m  study on th e  CdU—A 1 , t )  s~’st em wou ld  he h i-n e l e - h a  I t o in t m n d e  r o t  and  i n  41

i-i
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of the kinetics of these reactions. Selected experiments in the CdO—CuO—A 1
2
O
3

system, with and withou t Bi
2
0
3 
additions, are expected to be valuable. Experi—

ments using Lisauskas ’s Kl—1
2 
and aqua regia etches and comparisons of these

etchants with mercury—vapor leaching are expected to be informative.

The cr itical question of whether the gold film sticks to metal oxide or to

spinel in reactively bonded inks and to a CuO—loaded Bi
2
0
3 

fri t phase or to

spinel in the mixed—bonded inks must be determined . Plans for critical experi—

ments in these areas are underway. A closely related area, which Lisauskas

did no t address , is the reduction of adhesion strengt h in mixed—bonded inks
by overfiring. The manner in which the interface changes has been studied onl y

br iefl y (by means of Auger spectrometry at RCA [2]). Further work in this area

is required.
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API’ EN D IX

The reactions between the var ious phases of inks  and ceramics in tiiL k—

film materials are comp lex. Some insight into these reactions can be gained by

studying the phase diagrams for some of tli c- phiasec , wime rt- t t i c - v  have  b etc -m , des-

cribed . The followi ng is a short list of some reactions whic h it is believed

may be important to thick films and their adh csiotm . ‘l’hie information is t a k e n

from a set of compilations of such information [10—12].

Reactants Reaction Data Ref. Fi g .  No .

A1
2
0
3
—Bi

2
0
3 

Eutectic at 97 mol pct Bi203 and 12 4~~65
820°C. Liquidus at 93 mol pct
Bi

2
0
3 

and 1070° C.

For a 96 wt pct substrate w i t h  I 11 2 5 3~
SW 2 and 1 pct MgO, cordierite
is not as likely to occur as are sap— -

phirine , corundum , or spinel.

A120
3—Cd O CdAl 2O4 was found to be rI-momboimedral. 12 4318

The sp inel form was not observed.

Bi
2
0
3
—CdO Eutectic at 17 mol pct Bi 7O3 

and 10 326

~795° C.

Bi
2
0
3
—PbO Eutectic at - -25 mol pci  Bi 7 0

3 
and 10 32b

- -730° C. -

Bi 20
3

—Cu O Eutec t ic at 90 mol pct  81
2
0

1 
and 12 ~i178

~600° C.

CuO— Si0 2 Eu tec t i c  at 8 wt pct  S1( , and 1050 °C. 11 21~~2

CuO—Ai 103 
Phase diagrams by tiisra and Chakladc- r 11 208
[6] and by Gadaila and Wimite [7] are
shown .

Pb O—Sj 0
2 

Several eutectic s at hig h Pb O U) 28 -c
concentrations and ‘-72 0°C .

10. E . M. Levin et al . , ‘
~~ in - -~ 

- - t - - ~~‘ t  - t -  c ’- i ; c  • - 
, The Atti c r i - i n  I c ’  r e - u i  c

Society, Columbus (1964).
11. E. M. Levin et al. , - - i l nuc  ) i j ~~~ua c 

- ~‘i -  - - -~~~ ~~~~~~~ - - - ~~~~ - i t  i i  ‘ - - 
- , l i m e ’

American Ceramic Society, Columbus (1969).
12. E. M. Levin and H. F. McMurdie, - - . - - - ; - ‘o- zi iu ~~

•
- 1 -

, i ’

- -a: -~ ~- -“i - - , The American Cerami c 0oc j et  v , Co 1 mmmbem s (1475)

~3 h
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