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I. INTRODUCT IOfl

The ceramic substrate upon which thick f i lm c i rcu i ts  are printed and

fi red is a carr i er for the c i rcu i t , but it i s also a sour ce of react i ve

niaterial. It has been shown that the sheet resistance , temperature

coeff ic ient of resistance , and noise index of thick f i lm resistors are

affected by the substrate [1]. Studies have also demonstrated that the

ad hesion of conductives and the thermal degradation of the adhes ion are

functions of the choice of substrate materia l [2].

The print and fi re proce ssin g of thi ck fi lm circu it s ensur es that

there wi ll alwa ys be some degree of chem i cal intera cti on between the f i lm

and the substrate , because all common substrate mater ials are solubl e to

some degree in the glass used in thick f i lm inks. This interaction is

primarily responsible for the development of adhesion between the thick

film resistor and the substrate. By virtu e of the resistor-substrate

int erac t ion , the com pos it ion of the g lass is chan ged , and as a conse quence

all of the physical properties of the glass will change to some extent.

These ch anges in physical p roper ti es of the glass wi l l  result in modifi ed

kinetics for the various niicrostruct ure development processes in thick

film resistors , arid all electrical properties of the resistors are

rela ted to their microstructure.

The goal of this research program i s to develo p a suffic i ent leve l

of understanding of the phenomena involved so tha t appropriate models can

be developed . These models should lead to the writing of specifications

for impurity limits and additive ranges for substrates , and to recom-

mendations concerning glass composit ion and processing conditions.

One influence of the substrate on microstructure development in thick

film resistors was demonstrated during an earlier project at Purdue [3]

- —.—. . . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — -——- .- -‘- . -— -- — —~~~~~~~~ - —.~~~ ——.
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involving X-ray diffraction line broadening experiments designed to study

the growth of Ru02 conductive particles in the resistor . Test resistors

prepared in the normal way by screen printing the formulation on 96%

A1203 substrates showed a muc h slower growth rate of RuO2 than samp les

prepared by mixing the Ru02 and glass powders in the same proportions as

in the formulation and heating this mixture in a platin um crucible . The

presence of the substrate appeared to buffer the crystallite size after an

initial rapid inc rease. X-ray phase analysis results did not indicate any

new crystalline phases formed due to interactions between any of the

ingred i ents (Ru0 2—glass-substrate) for the time-temperature conditions

emp loyed in the ripening stud i es , but it was found that alumina was readily

solu ble in the glass. Contact angle measurements using glass with ten

wei ght percent substrate material dissolved in it showed complete wetting

to Ru02, but the rate of spreading was much slower than for the norma l

glass. The glass would penetrate the Ru02 particles at a slower rate and

the dr iving forces res ponsi ble for the early sta ges of microstruc ture

develop iiient would be displaced to higher temperatures; however , thes e tem-

peratures are still wel l below the temperature range of the ripening

studies. In order to determine the change in the viscosity and surface

tension of the glass due to dissolution of the substrate , shrinka ge measure-

riients were conducted on compacts of glass powder with and without substrate

iii aterial dissolved in it. The time dependence of the linear shrinkage of

(I compact con~istin g of spherical particles undergoing initial stage

~,i rtte rin g by Newtonian viscous flow is directly proportiona l to time , and

the proport ionality constant contain s the ratio of the surface tension to

th e v i scos i t y .  The surface tension to viscosity ratio for the glass w i th

ten weight percent substrate dissolved was only one-fourth that of the

rioriiia l glass , but this change was not nearly large enough to account for

- - .. 
— . 
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the ob serve d cha nge i n rip en i ng k i net i cs . Since the resul ts of ne i ther

the contact ang le nor the vis cosity—surface tension measurements using the

g l ass w it h ten we ig ht percent su bstra te ma terial di ssolve d could ex p la i n

the observed effect of substrate-resistor interactions , it was bel i eved

tha t these interactions changed the composition of the glass such tha t

the solu bil i ty of Ru02 in the glass was reduced . Reduction in the solub ility

of Ru02 in the g lass further reduces the phase boundary reac tion con trolle d

solu tion-precipitation process and hence the rate of growt h of Ru02 particles .

Ano ther role p layed by t he g lass in th i ck f i lm resis tors i s tha t of

a char ge transport med i um for a certain fraction of the total current

carried by the resistor [3]. In addition to well sinterec i contacts in

the con duc ti ng network , certa in contacts between oxide particles contain

a thin g lass f i lm and trans port through this f i lm i s an important par t of

the overall charge transport mechanism. It is suspected that properties

suc h a s vol tage coeff ic ient of res i stance , tempera ture coeff i c i ent of

res i s tance and current no i se are very sensi t ivel y rel ated to the number

and the cha racteristics of these contacts. Electrical behavior of such

con tac ts is ver y strongly related to the impuri ty content of the glass

and hence would be expected to be sensitive to substrate-resistor inter-

act ions.

Prev iously reported studies [4] under this program have shown that

the rate of dissolution of 96% A1203 substrates (AlSiMa g 614) in a lead

borosi licate glass (70w/o PbO - 20w/o B2O3 
- l Ow/o Si02) was limited by

the phase boundary reaction at times important to thick film resistor

processing. Rate equations were developed to allow the prediction of the

total quantity of substrate dissolved in the resistor cilass under any

processing conditions. Standard processing (800°C, 10 minutes) will

resul t in a fired resistor volume containing up to 20% of ingredients

. - ~~~~~~~~ .~~~
— 
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derived from the substrate. Studies of the distribution of the substrate

ingredients throughout the resistor glass at 800°C produced results con-

sis tent with a step change in concentration at the substrate-resistor

interface. Dissolution rate studies with 99.5% Al 203 substrates (AlS iMag

772) showed similar results and were consistent with the proposed rate

l im iting step . The presence of substrate constituents dissolved in the

glass were shown to have a significant effect on the tempera ture coe ffic i ent

of resistance (TCR) of Ru02 
- glass composites. A low TCR characteristic

of rel i a b le thick film res i stors cannot be achieved with the model sys tem

unless an a pp recia b le amount of substrate ma terials is d issolve d in the

resistor glass.

The conductive component of all thick film resistors stud i ed during

this year was ruthenium dioxide (Ru02), and the substrate was AlSiM ag 614

( o ) I~ A 1 203). Two base glass compositions were studied ; 63w/o F~i5~
) -

~5w/o L~2O3 
- 12w/o Si02 and 70w/o PbO 

- 20w/o B203 
- lOw /o S O 2. The

chara cter i za t ion of these ingred ient ma terials was p resen ted in a p rev i ous

report [4], and the techn i ques and equ i pment for prepara t ion of the g lasses

are described in the Appendix.

_ _ _ _ _  - —.-~
—-, — — --- ,- 
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II. RESISTOR - SUBSTRATE INTERACTION KINETICS

A. REVIEW OF THEORY AND PRIOR WORK

There are several possibl e rate limiting steps for dissolution of

an alumina substrate in a thick f i lm resistor g lass.  At relatively

short time s the d issolution rate may be controlle d by the chemical reaction

ra te at the glass-substrate interface [5]. As the concentration of solute

near the i nterface i ncreases it i s necessar y to remove the substrate

material in solution from the interface reg i on in order for the rea c ti on

to continue. In the absence of flow produc i ng hydrostat i c i nsta bil i t i es

the mass transport wil l  be limited by molecular d i ffu s i on i n the glass

[6]. At lon ger times a boundary l ayer is built up between the interface

and the bulk glass , and due to temperature, density or surface tension

gra di ents in the boundary area the region becomes hyd ros ta ti call y un-

s tab le resul t ing in a su bstrate recession ra te governed by natura l

convection [7]. The wi d th of the boundary layer wi ll chan ge i f a source

of force d convection ex i sts ; for exam p le , a solution for mass transfer

from rotating discs has been derived [8] and verified exper imentally [9].

These various mechanisms have been discussed in the previous annual report

[4] on this project and are summarized in Table 11. 1 .

A considerable amount of work has been pu blished for both single

crystal and po lycrystalline alumina dissolusion in various glass melts

under conditions of both free and forced convection [5, 7, 10-15]; these

references were discussed in the previous annual report [4]. Previous

studies [4] of the dissolution of both AlSiMag 614 and AlSiMag 772 sub-

strates in 70-20-10 glass indicated a linea r dependence of substrate

recession (Y )  on time . Both substrates showed a change to a smaller , but

st i ll constant , recession rate after some time tc~ 
but the time-temperature

__________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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relationships important in thick film processing lie within the first

segment. StuQ~es of the diffusion of substrate ingredients into the

g lass i nd i cated a ste p function change in concen tra ti on at the inter-

face and a constant concentration of substrate ingredients throuqhout

the glass. This means that the diffusion of substrate ingredients away

from the interface region must be fast in comparison with the movement

of atoms across the interface , thereby favoring the reaction rate limiting

mec hanism. The differences observed between the behavior of AlSiMa g 614

an d AlSiMag 772 substrates were explained on the basis of preferred orienta-

tion of corundum crystals. The 772 substrates have been shown [16] to

favor gra ins with the basal plane (0001) parallel to the substrate surface ,

wh ich would lead to a slower disso llusion rate based on previous results

with sapphire crystals [4, 16].

Two types of experiments were conducted under the present study .

In the first set of experiments the solubi lity of AlSiMa g 614 substrates

in bulk 63-25-12 glass and in bulk 63-25—12 glass containing varying

amounts of dissolved subs trate was measured as a function of time and tem-

perature. In the second set of experiments the solubility of AlSi Mag 614

substrates in printed and fi red thick f i lm resistors was measured .

B. EXPERIMENTAL PROCEDURE

For the bulk glass experiments , the glass was ra i sed to the desired

temperature in a platinum crucible and a clean , 2.5 cm square substrate

hel d in a platinum wi re harness was suspended immediately above it for

3 minutes to allow for thermal equilibrium . The substrate was then

immersed in the glass for the required time . At the end of the time

period the su bstrate was remove~ from the glass , air quenched and placed

in concentrated HC1 to leach away the adhering glass. During this time

the chip was given 3 hours of ultrasonic agitation to aid in the glass

- -- - - —*.-‘--- ..~ - P—.--- ~~~~~~~~~~~~~~~~~~~~~~~ —._w~~~ __ , -
~~: 
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decomposit ion and then allowed to stand until all glass was removed .

The ch ip was then rinsed in water followed by acetone , dried , weighted ,

and the recession of the substrate surface calculated from the equation :

- b - (b2-4 ac)~
’2

— 2a ( 11.1)

where

a = 4(pd0/W0)
V2

b = 1 + d0a/2

c = d0(W 0_W t)/2W0
p = substrate density

d0 = substrate initial thickness

W0 
= substrate initial weight

= substrate final weight

Th is equation was derived in the previous annual report [4].

Two sets of control experiments were conducted to determine the degree

of a ttack of the su bstrate alone by HC1 and to assure that all the glass

was renioved from the substrate when following the procedure. Four

substra tes which had never been exposed to glass were taken through the

acid leach process; the average weight change was less than 0.1 mg which

was within the accuracy limits of the analytical balanc e used for these

ii easurenients. For the second control , 6 substrates were dipped in the glass

fo r less then 10 seconds at 800°C and then taken through the acid leach

p r ot s s ; the avera ge weight loss was less then 0 .3 mg indica t ing tha t all

the q 1 I’~’, was removed to the accuracy tha t weighings could be made.

— 
- 
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For studies of substr ate dissol u ston in rosi’to~- f I m I s ,  t lean , 2 .5cm

square substrates were screen printed with a resistor formulat ion con-

taining 5~ Ru02 relative to 63-25-12 glass. This composition has been

shown [3] to produce resistors having a nominal sheet resistance of

lOOKc2/square -mil . These resistors were then dried to remove the organic

const it uents of the formulation , placed in a platinum dish and inserted

in a furnace for varying times at different temperatures. The resistor

pattern covered an area of 5.75 cm2, and the fired resistors were ap-

prox imately 25 ~im thick. At the end of the time period the resistor was

renioved from the furnace , air-quenched and carried through the acid leach

process described above for the bulk glass experiment. The recession for

the substrate surface was then ca lculated by di vid i ng the weight chan ge

by the substrate density and the resistor area .

C. RESULTS AND ANALYSIS

Resul ts for the surface recession of AlSiMa g 614 substrates in bulk

63-25-12 glass at 5 temperatures are shown in Fig. 11.1. The recession

appears to approach a linea r time dependence at sufficiently long times ,

but the recession rate i s more ra pid during the in it ial perio d a t all

temperatures. Fig. 11 .2 shows only the short time portion of Fi g. 11.1 ,

and V is plotted as a function of /f ; a good linea r fit is observed

for all S tetilperatures. This is the behavior expected if molecular dif-

fusion of the substrate ingred i ents in the glass is the rate limiting

step (see Table 11.1 ). Similiar experiments were performed using glasses

wh ich contained 5 w/o and 10 w/o AlSiMag 614 dissolved in them prior to

conducting the experiments. The data for substrate recession in these

glasses for V values below 14 pm are plotted as a function of If in

Figs. 11 .3 and 11.4, and a linear fit is obtained with both glasses at 

- - 
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all temperatures. The slopes of the lines in Figs. 11.2 - 11.4 were found

to be exponetia lly temperature dependent as shown in Fig. 11 .5. Least

squares analyses of these date resulted in the following relationships.

Base Glass (63-25— 12) (11.2)

V= l . 32xl05 If exp(-l.22xl04/T)

- 
5w/o Substrate Glass (11.3)

Y=3.86xl04 /f exp(-l.13x104/T)

lOw /o Subs tra te Glass
Y= 8.3OxlO4 If exp(-l.32xl04/T) (11.4)

It is seen that the exponential term varies only sli ghtl y as the

aiiiount of dissolved substrate in the glass changes , which means that the

activation energy for diffussion in the g lass is relat i vel y ins ensit i ve

to compos ition.

The results of the substrate dissolution experiments with printed -

arid fired resistors are shown in Fig. 11.6. These results differ from

those obtdined with substrates in bulk glass in tha t the recession is

not p ro por ti ona l to 1€ and it app ears that a lim iti ng value of substrate

recess i on i s a pp roa ched during the times and temperatures emp loyed during

the experiment.

0. DI SCUSSION

The nomina l thickness of a thick film resistor is 25 pm. Comparing

this value with the substrate recession data shown in Figs. 11. 1 , 11.2

m d  1 1.6 clearly demonstrates tha t the substrate dissolusion in the

63-25-12 glass at times and temperatures important in thick film resistor

processing is significant. Changes in glass composition corresponding to

t he  substrate recessions shown in Figs. 11 .1, 11.2 and 11 . 6 have si gn i Fican t

m ’ f t m ’  t .  on the properties on the glass and on electrical properties on

t h  i t  k t I liii i - i s i stor-’, made from these glasses , as w i l l  be di scuss ed in the - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
--~~ -~~~ --- --- — - ~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~ 
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following two sections of this report.

In order to predict the kinetics of the microstructure development

processes which control the ultimate electrical properties it is necessary

to be a b le to calcula te the compos iti on of the g lass for any t ime and

temperature during firing , and the data shown in Fig. 11 .5 can be utilized

to obtain a first order approximation . Equations II.? - 11.4 suggest that

there is very lit tle cha nge i n the ex ponen ti al term a s the amoun t of

substrate dissolved in the glass changes. Based on this observation , it

wa s assume d that the temperature dependence of the di ssolus i on ra te was

independent of the amount of substrate dissolved in the glass. Utilizing

this assumption , an emperical equation was developed to qive the dissolussion

kinetics as a function of the w/o substrate (P) dissolved in the glass.

The da ta indicated tha t the dependence of d’Y/d/f was almost linea r with

P. an d this li nea r dependence woul d p red ict a zero di ssolus i on rate a t

approximately 13 w/o dissolved substrate. However , preliminary experi-

ments have shown that the subs trate dissolves i n g lasses hav ing 15 w/o

dissolved substrate. Therefore , an emperical expression was developed

having a P2 term in the demon i nator so that the di ssolut i on ra te would

decrease rapidly with increasing P , but not go to zero unt i l P was grea ter

than 17 w/o. The eniperical equation developed is given below :

= ]~ .l - l~ O2P x io6 exp(-l.22xl04/T) (11.5)
131 + p

The excellent fit of Eq. 11 .5 to the experimenta l data can be seen

in Fig. 11.7 for which the lines drawn were calculated from Eq. 11.5 and

the points are the same experimenta l points plotted in Fig. 11.6.

The experimenta l data used to generate Eq. 11.5 were obta i ned by

measuring the dissolution rate of A1SIMag 614 in an infinite reservoir
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of g lass.  For the case of a thi ck fi lm res is tor , the glass is not an

infinite reservoir relative to the substrate and the glass composition

will change as a function of time dS the dissolution proceeds. This

fau t ca n be acconnnoda ted because Ui’’ V i) 1 ume tYd ( t I (Ill Ol ‘~i i hs  t.Y ~I t(’ (V

dissolved in a 25 un thick resistor will be g iven by:

= 

Y+25V (11.6)

w here V g is the volume fraction of glass relative to Ru02 i n the res i s tor .

U tilizing Eq. 11.6 together with the substrate density and the resistor

dens ity for a res i stor that i s 5 w/o Ru02 and 95 w/o glass , the fol lowin g

relationship can be developed :

— 0 (11.1 )
Y+30. 169

Substituting Eq. 11 .7 into Eq. 11.5 and rearranging gives:

120.8 
J 

~~~~~~~~~~~~~~~~~ = 106 exp (-l .22x104/T) 
J 

dt~~
2 (11.8)

All intergra ls in Eq. 11.8 are of standard form and the integration is

.~tra i gh tfo rwa rd , albeit tedious. The integration of Eq. 11.8 will give

the time required for any degree of substrate recession starting with

glass that initially contained no substrate. If some substrate had been

dissolved in the glass prior to the resistor firing , this weight percent

should s i mply be adde d to Eq . 11 .7 and a new Eq. 1 1.8 calculated and

integrated .

Equation 11 .8 was solved at 760°, 840° and 920°C in order to compare

the predictions with the experimental results shown in Fig. 11 .6 for substrate

_ _ _ _  -~~~~~~ ~~
~-
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dissolusion in resistor films. Thi s comparison is shown in Fig. 11.8

where the solid lines are those calculated from the i ntegration of Eq.

11 .8 , and the data points are those from Fig. 11.6. Reasonably good

agreement obtained between theoretical and experimental points at short

times and at long times , but the experimental points lie above the theoreti-

cal curves at intermediate times. Part of this discrepency may be due to

an approach to the solubility limit, but another factor may be agitation

of the glass by escaping gas bubbles. The theoretical curves are based

on data obtained in massive glass where the dissolusion mec hanism is con-

trolled by the rate of mo l ecular diffusion in the glass. The bubble release ,

wh ich is known to occur in firing thick film resistors of this composition

[3], woul d provide a stirring action which would be analogous to the forced

convection dissolution mechanism discussed in Section h A .  As the firing

procee d s , the ra te of bubb le rel ease decreases and so the di scre pency

between the experimenta l and theoretical curves would be expected to

decra-ise, as is observed .

- - _ _ _ _ _ _ _ _ _ _
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III. GLASS SINTERING STUDIES

A. REV I EW OF THEORY AND PRIOR WORK

For initia l state sintering of two spherica l particles , the geometr-

ical relationships shown in Fig. 111. 1 apply. The particle radius , r ,

and the nec k rad i us , x , are the important geometric parameters. If the

material in the nec k region behaves as a Newtonian viscous fluid , nec k

growth between the two spheres should be related to time according to

the following relationship derived by Frenkel [17].

(X )2 = 
~~~ r~~t (~~< O.3) (111.1 )

In Eq. 11 1. 1 , is the viscosity of the material undergoing sintering and

is i ts  surface tc ’nsfo n. ~4 genera lized solut ion for non-Newtonian flu id s

h i ’ , been reported by Kuczynski et. al .{18], but experimenta l observations

i n d i c a t e d  tha t net g rowth kinet ics fo l low Equation 111 .1 . Previous studies

[3] of the kinetics of nec k growth between 63-25 - 12 glass spheres were found

to be in accordence with Equation 111.1.

Si nc e the surface tension of a liqu id is equal to its sur face free

energy , y should be given by

= U~ 
— TS 5 (111.2)

where U5 and S~ are the energy and entro py change associated with the form-

atio n of the surface. To a first approximation , if U5 and S5 are tempera ture

i n(J(~pendent , ‘, w i ll vary li nearl y with temperature . Surface entropy values

have been (leterminled for severa l iti etals but they are not available for the

t ; I . iss t ” , of intere~d for this study so a direc t calculat io n of the temperatu re

d( liendence of is not possib le. Because of the narrow temperature range
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employed in the nec k growth experiments , a constant surface tension is a

good assu iiiption , and all of the observed temperature dependence in -y/n

can be attributed to the viscosity .

A number of theoret ical models have been proposed to describe the

v i scos i ty of liquids , but over a sufficiently narrow temperature range ,

all of these models predict an exponential temperature dependence.

Therefore , the surface tension to viscosity ratio should have the form:

y/ n  = A exp(-Q/RT ) (111.3)

R .  EXPERIMENTAL PROCEDURE

The (jiass frit of the apprOl)riate composition was separated into

t~iart ~ic le size fractions utilizing standard sieves. The sieved fraction

between 175 and 230 i n was used for making spheres in a two section

vertical tube furnace with the l ower section maintained at 800°C and the

upper section at 1200°C. The glass particles were fed into the top of

the furnace ut i l iz ing a vibrat ing s ieve , and they became spherical in

order to m i ni miz e the i r surfac e ener gy as they travelle d through the

furnace. The spheres were collected in vacuum pump oil at the bottom

of the furnace arid cleaned with trichloroethy l ene and acetone.

~4ec k grow th measurements were conducte d util i z i ng a mod i f ied hot stage

uiet llogra ph with the regular camera system removed and replaced by a Sony

AV C-3200 video camera . A second video camera was used to monitor a digita l

lock and a digita l voltmeter tha t measured the sample thermocouple emf.

A Sony SEG-l s pecia l effects generator was use d to combine the two v ideo

si gnals so tha t the time , the glass composition , and the thermocouple einf

w r e  ios i t ioned at the bottom of the image on the TV monitor screen . All

i r ifo r i i iat ioni thus obtained was recorded on a Sony AV-3600 video recorder

with stop frarne capability , ari d observed on a Conrac SMA television monitor. 

_ - — ~~~~~~~~~~~~~~ , - r —
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The hot stage unit was a modified Unitron HHS vacuum stage with the

tungsten ribbon electric heater replaced by a cyl i ndrical heater made of

platinum-30% rhod i um wire wound on a boron nitride core. The sample

holder was a small platinum pan positioned at the top of the boron nitride

core. Two thermocouples , one to control the furnace temperature and the

other to measure the sample temperature , were installed . Because of the

high temperatures employed , severa l heat shields were required inside the

hot stage , and a water cooled infra-red filter was installed between the

fused quartz viewing window of the hot stage and the objective lens .

The objective lens used was a special focal length (Vickers M-02804) with

a working distance of 14m at 20X. A high intensity proj ector lamp with

intensity control was used as the reflected light source.

The experimental procedure consisted of placing a few glass spheres

of similar size in the platinum pan of the hot stage un it and locating

two particles touching each other for neck growth study . The furnace

was heated to the required temperature and the neck growth data , in-

cluding time and thermocouple emf , were recorded continuously on video

tape during the sintering process . Figure 111 .2 shows two successive

steps during the sintering of glass particles as recorded at one tem-

perature . This method of recording data was usefu l because it created a

virtually continuous and complete record of the sintering process and all

data for a particular temperature could be taken on the same pair of glass

spheres.

C. RESULTS AND ANALYSI S

The results of neck growth measurements for five samples of each of

the two 63-25—12 glasses and five samples of the 70-20—10 glasses are

shown in Figs. 111.3 - 111.5. All data were well represented by a linear

dependence of (x/r)2 on time at constant temperature. This is the
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Figure 111.2 Initial Stage Sintering of 63-25-12

Glass Spheres at 503°C
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behavior predicted by Eq. 111. 1 , and the slope of each line on Figs. 111.3

111 .5 will yield the surface tension to viscosity ratio. As discussed in

Sec t i on lilA , this ratio should have an exponential temperature dependence

over a sufficiently small temperature range , and the data are p lotted this

way in Fi g. 111.6.

A single line corresponding to an activation energy of 666 kJ/mole

is drawn on Fig. 111.6 for the two 63-25-12 glass samples derived from

different sources . A least squares analysis of the data from each of the

63-25-12 glasses separately gave an activation energy of 646 + 39 kJ/mol e

for glass fabricated in the standard way and 686 + 35 kJ/mole for the 0-I

g lass , with the variations quoted corresponding to one standard deviation.

The pre-exponential terms for the two 62-25—12 glasses were also with in

one standard deviation . These results demonstrate that impurities in our

raw mater ials do not influence the results of the sintering experiments

with in the accuracy that the data can be collected . The results for the

70-20-10 glass , also shown on Fig . 111.6 , are higher by a factor of 10

and the activation energy obtained by a lease squares analysis was

1180 + 66 kJ/mole.

Differences outside of the anticipated experimental error were

observed in the sintering kinetics of the same glass composition measured

at different times . It was suspected that the variation was due to the

effec t of water vapor on the sinter ing kinet i cs , because it has been shown

[19] tha t the surface tension to viscosity ratio of soda-lime—silica glasses

as calculated from sintering data changes by more than a factor of 10 as

the partial pressure of water vapor in the atmosphere during the sintering

process changes from 4.6 to 405 torr. Both the viscosity and surface tension

of si li ca te glasses are known to be decreased by increasing partial pressure

of water vapor [20]. The water enters the glass through the formation of

hydrox ide groups and the concentration of these hydroxide groups depends

- - —.——-—- .—.- ~~~~~~ --.--—— =—~~ ---—-~~~~~ --- -—-— ——- . — — ~~~~-- - -~~~~~ . — ~—~w—- ~~~~~~
—- - —
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on the square root of the water vapor partial pressure. It has also been

shown [21] that the surface tension is decreased in proportion to the

square root of the water vapor parital pressure at low partial pressures

(below 16 torr).

A possibl e variation in partial pressure of water vapor during the

experiments reported here could result from changes in relative humidity

i n the laboratory , since the sintering experiments were conducted in air.

A chan ge from 50 to 100% relative humidity would correspond to a change in

the partial pressure of water vapor from 12 to 24 torr. From the reported

resul ts on soda-lime-silica glasses [19] this would produce a change in

the observed surface tension to viscosity ratio by a factor of approximately

1.3 , but should have very little effect on the activation energy calculated

from the temperature dependence of the sintering resul ts. While these

published results do not predict a large effect on sinterin g kinetics due

to the maximum anticipated change in relative humidity , the precise

mechanisms by wh ich water vapor influences viscosity and surface tens ion

are not sufficiently wel l understood to determine the certainty with

wh ich the results for a soda-lime-silica glass apply to a lead borosilicate

glass .

In order to determine the influence of relative humidity on sinter ing

k i net i cs , studies were conducted with the 63-25-12 base glass in dry air

produced by passing compressed air over anhydrous calcium sulfate before

entering the hot stage. The flow rate was sufficiently low (15 ml /min)

tha t the equilibrium partial pressure of water vapor (approximately 0.005

torr) could be assumed . The results of these experiments at four temperatures

are s hown in F i g . 111 .7. The relative humidity in the laboratory during

the measurements which producted the data shown in Figs. 111 .3 and 111.4

corresponded to a partial pressure of water vapor of approximately 15 torr.

The surface tension to viscosity ratio calculated from the results of the

— —.~ - - ———— --- .— —.1-- - ~~~~~~~~~~~~~~~~~~~~ - -



—33-

- C

C

• 0
• N.-

5--

\

\ C)
5--C.) C.) 5-) 5-) 0

o 0 0 0

\ 
U) U-) N.- C) C

-~~ Cv) C’) C’) U,

-
~~~~~

U)
\ C

\ C’)
\ CD

\ 5--
0

- C) 4—

V
\ C U

—V C
‘ 4)
\

\ 0)
V - 0  C
‘ Cv) .,-
V 5--

V a,
C

\ U)
\ ci)V 0)

(0
• -.

~~
--..... • 0  .~ )

\ (I,

(0

xis-

— - - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-~~~~~~~~ -



-34-

experiments in the two atmospheres are shown in Fig. 111.8. The effect of

this variation in moisture content of the atmosphere is to change the sur-

face tension to viscosity ratio by a factor of 2, but to leave the activation

energy unchanged . This effect of relative humidity on the sintering

kinetics of the lead borosilicate glasses used in this study was sufficiently

great that all subsequent experiments were run in a controlled atmosphere ,

namely the dry air 
~~ 0 

= 0.005 torr).
2

Neck growth measurements between spherical particles of the 63-25-12

glass with two, six and ten weight percent AlSiMag 614 dissolve d in it

were carried out in dry air in the hot stage video microscope . Results

for the three glass compositions are plotted as (x/r)2 versus t in Figs.

111 .9 - 111.11 , and the linear dependence is seen to hold quite wel l at

all temperatures for each of the glass compositions. The temperature

dependences of the surface tension to viscosity ratio calculated for these

glass compositions along with the comparable data for the base glass are

shown in Fig. 111 .12. Least squares analyses of the data shown in Fi g. 111.12

gave the following results.

63-25-12 Glass

y in = 5 .265x l0~
3 exp( -7.764 + .558xl04/T) (111.4)

2 w/o Substrate Glass

1/ri = l.l78x1033 exp(-7.656 + .258xl04/T) (111.5)

6 w/o Substrate Glass

-yin = 2.239xl032 exp(—7.587 + .579xl04/T) (111.6)

10 w/o Substrate G lass

y/n = l.306x103° exp(-7.264 + .550x104/T) (111.7)

The magnitude of y/n at any temperature decreases by a factor of

more than 10 as the amount of A1S1Mag 614 substrate dissolved in 63-25-12
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Figure 111.8 Effect of Relative Humidity on Surface Tension to

Viscosity Ratio of 63-25-12 Glass
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Figure 111.12 Effect of Dissolved A lSiMag 614 on Surface Tension to
Viscosity Ratio of 63-25-12 Glass
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glass is increased from zero to 10 w/o, but the activation energies in-

dicated in Eqs. 111 .4 - 111 .7 are all within one standard deviation of

each other.

0. DISCUSSION

An eniperical equation describi ng the dependence of surface tension

to viscosity ratio on amount of substrate dissolved in the glass can be

developed utilizing the data shown in Fig. 111 .12. It was assumed , as

the data suggest , that the activation energy for -y/n is independent of

the amount of substrate dissolved in the glass. The average value for the

activation energy of the four glass compositions measured (see Eqs. 111.4

111 .7) was 630.7 kd/mole. Using this value and assuming the same functional

dependence of yin on w/o substrate (P) as chosen for the dissolution rate

(see Eq. 11.5) resulted in the following equation.

y/n = x l0~~ exp(-7.568xl0
4/T) (111.8)

Equation 11 1. 8 g ives a good fit to the experim ental data for P values of

0, 2 ,6 arid 10 at. al l  temperatures.

I t will be necessary to separate the influence of dissolv ed substrate

on eigher the surface tension or the viscosity before a complete model

relat ing concentration of substrate dissolved and microstructure develop-

nient can be produced . It is known , however , that the kinetics of three

of the six processes involved in microstructure development in thick film

resistors (glass siriterin g , glass spreading , and microrearrangement)

iept’rid on the raLin of surface ten s ion to v is osi ty [3]. Since we have

demonstra ted tha the fina l resistor glass will contain on appreciable

amount of dissolved substra te after processing at standard conditions , it

is apparent tha t the important iiiicrostructure development processes will

reach v a r y i n g  stages of completion depending upon the amount of substrate
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dissolved in the glass during process ing . This effec t con he taken into

account by solving Eq. 11.8 to obtain the amount of substrate recession

at any tinie and temperature , substituting this value of Y in Eq. 11.7

to obtain the correspond ing weight percent substrate dissolved in the

g lass , and using th is value of P in Eq. 111.8 to determine the surface

tension to viscosity ratio. 
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IV . ELECTRICAL EFFECTS

A. EXPERIMENTA L PROCEDURE

1. Resistors

Prev ious studies [4] of changes in electrical properties due to

varying amounts of AlSiMag 614 substrate dissolved in 70-20-10 glass were

conducted with cylindrical samples prepared by firing compressed pellets

of Ru02-glass mixtures in platinum boats . The composites were removed

from t he fo i l, anneale d , and leads at tached. While this method produced

workable resistors that clearly showed different characteristics for 70-20-10

glasses having varying amounts of substrate dissolved , the geometry was

considerably different than a thick film resistor and the influence of

resistor thickness on the kinetics of microstructure development is not

su fficiently well known to allow for extrapolations. It was therefore

desired to verify these results using a fabrication procedure which more

closely simulated the techniques used in the thick film industry , but with-

ou t introducing resistor-substrate interactions , and to repeat the stud i es

with the 63-25-12 base glass.

The m i xed powders containing 5 or 10 w/o Ru02 relative to glass were

blended wi th 60 volume percent screening agent (10 w/o N-300 ethyl cellulose

dissolved in buty l carbitol solvent). The formulation was thoroughly

blended on a s i l i ca  glass sleeved roll mill and stored in air tight glass

jars. The substrates for screening and firing resistors were made by

wrapping thin (76 tim ) platinum foil around alumina substrates (l .3x13x13 mm) .

T he foil allowed the resistor to be fired without reacting with the substrate ,

while the alumina substrate provided mechanical strength to the assembly

during processing . The formulation was screened onto the platinum foil in

i rectangular pattern 4 x 12 mm. After screening , the ink was dried at

-- - - -- — - - - — -— ——fl -, —- -~~ —----- — -— S -_~ . -
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240°C for 1 5 minutes to remove the butyl carbitol , and the procedure

repeated until the resistor had 4 screened layers . The multi layers were

necessary for mec hanical strength. The resistors were fired , one at a

time, in a push-rod furnace using an i c i t i t i  heat inq rite of 50 per

minute to 5OO~C , a 10 minute hold a t  500 C . a heat at 60’ per minute to

800 ’C , a 10 minute hold , and a cool ~u room te mperature at l60~ per minute.

The 500°C constant temperature reg ion W dS ne e sary in order to completely

remove the ethyl cellulose. The differ ence in coefficient of therma l expansion

between the glass in the resistor and platinum was such tha t appreciabl e

thermal stresses were developed , but these were not suff i cient to cause

fracture in the resistor films. The platinum foil was removed from the

fired resistor by first gluing the top of the resistor to a microscope

slide with wax. The platinum foil was stra i ghtened , the alumina substrate

lifted out , and the platinum foil gently peeled off to leave the resistor

embedded in the wax. To remove th~ wax , the g lass sl ide was pla ced in

trichiorethylene until the resistor released from the slide. The resistor

was then rinse d at leas t 10 t imes i n trichloroe thyl ene to remove all trac es

of wax. The cleaned resistors were approx i mately 125 tim thick.

In order to provide mec hanical strength and to remove residual stresses,

it was desirable to sinter the resistors onto appropriate substrates and

simu ltaneously annea l them . Three different substrates were eva l uated for

th is application: AlSiMag 614; AlSiMag 614 preglazed with the same glass

composit ion; and platinum foil preglazed with the same glass composition.

Since sintering occurs in the neighborhood of the softening point of glass

wh ich is considerably below norma l processing temperatures , there would be

neglig ible composition variation during bonding with any substrate. For

the resistors made with either of the base glasses , an annealing temperature

of 450°C for 1 hour provided good bond i ng between the resistor and the

substrate . A somewhat higher temperature was needed for resistors using
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glass with dissolved substrate because of the increa sed softening point

of the 3lass composition. Electrical leads were then attached to the

resistor by one of two methods; platinum wires were attached using silver

epoxy , or platinum el ectrodes were deposited by RF sputtering .

Consi derable difficulties were encountered in producing stable ,

reproducible resistors made with 70-20-10 glass and sintered on AlSiMag 614

substrates. These difficulties were traced to the development of cracks

in the resistor at some point during the fabrication procedure . Controlled

experiments were performed to isolate the source of the cracking , and the

prob lem was found to occur during the sintering step . Glazing AlSiMa g 614

substrates with the 70—20-10 glass before sintering the resistor in place

was itte itipted in order to circuniven t the problem , but the glaze as wel l

i r i t o r  was found to develop small cracks on cooling . Successful

- c s i , te r s were fabricated by sintering them to platinum foil which had

previously been glazed with 70—20—10 glass to provide el ectrical insulation.

Three different types of substrates were evaluated for resistors made

with 63-25-12 glass: (1) AlSiMag  614 substrates with fired platinum

el ectrodes ; (2) AlSiMag 614 substrates preglazed with 63-25-12 glass; and

(3) AlSiMag 614 substrates alone. Devices sintered to substrates with

tired platinum electrodes were found to be unstabl e due to poor electrical

contact at the resistor-conductive interface. Difficulties were also

enc ountered with the stability of the devices sintered to pre-glazed sub—

strates. It was found that sinteriny the resistors on plain AlSiMag 614

substr ates gave stable resistors which exhibited no crackin g . In addition ,

res i stors wer e m ade with 63-25-12 glass without a sinter or annual step .

After removing the fired resistors from the platinu m foil , p la tinum leads

were attached using a conducting epoxy, and elec trical measuremen ts were

made wi th the resistors lying on , but not s intered to , A 1SIMa 9 614 substrates.
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2. MIM DEVICE FABRICATION

Branches of the conduct i ng cha i ns of Ru02 i n th i ck f i lm res i stors

ar e somet i mes se pa ra ted by a th i n layer of g lass . In orde r to determ i ne

the effects of the composition of this glass on the electrical properties

of th e res i stors , it is first necessary to characterize the electrical

properties (bulk resistivity , diel ectric constant , and dielectric strength)

of the glass itself as a function of composition (amount of dissolved sub-

strate). Most of these properties , in addition to the tunneling and er iiissio n

characteristics , can be iieasured using a standard imi etal -oxide-n ietal (MIM)

structure. The desired MIM structures are platinum -glass—platinu m , platinum-

glass-Ru 02 an d Ru02-glass- Ru 0 2. The primary experi itienta l efforts have been

devoted to the development of techniq ues for sputtering g lass films i n the

thickness range 10-1000 A.

The initial efforts at fabrica ting the MIM device were centered on

the ue~ e l o p - e r t  of techniques for sputtering the glass without chanqin q

i fs chemic .i I composition. Preli m inary results usin n an argon atmosphere

indicated an apparent reduction of the glass , presuma bly due to the for-

mat iori of elemental lead. This was observed as a color channe in the qia ss

ta r ge t . froiii white to black. Subsequent experiments using a 20% oxygen ,

~0 argon atmosphere showed improvement , but st i ll some darkenin g of the

glass target. An atmosphere of 50% ox’gen , 50% ar gon together w it h the op-

t iriization of all sputtering parameters includin g input power , source to

su bstrate spacing and substrate temperature yielded glass films with no

apparent reduction. A post-sputtering annea l may still be required in

order to define the oxygen stoichiometry of the glass.

Progress in producing sputtered glass devices took a major step for-

ward with the development of a techni que for cast ing the glass targets.

Spray in g 325 mesh glass powders gave a very porous target surface but not

enough adhesion to the aluminium back plate. Screening the glass powders 
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and doctor-bladiny powders gave more dense films but they tended to crack

during dryin g to volatize organics . The cast glass targets were smooth ,

clea r , bubble-free disks 12.5 cm in diameter and approximately 3 mm thick.

These were fabricated by pre-heating a stainless steel mold to about 400°C,

m elting the appropriate glass composition at 900°C in a platinum crucible

and pouring the glass into the mold. The mold was then covered and kept

at 400°C for 1 hour , before air-cooling to room temperature. Because

the edge of mold was slightly bevel ed the glass targets could be easily

removed without using any mold release compounds. The targets were then

ann ea l ed at 425°C for 24 hours to rel i eve any stresses. After cleaning,

the targets were mounted onto aluminum blanks with epoxy .

Gl ass fil i t i s have been sputtered on three separate occasions and

certain of the system sputtering parameters necessary for obtaining op-

tiiii u ni films have been determined . At a forward power of 400 watts in an

atm o sphere conta i n i ng equa l amounts of ox ygen an d argon at a total pressure

of 7.0 x ~~~ torr , a sputtering rate of 30 A/mm has been established .

This slow rate will be beneficial in obtaining very thin oxides necessary

to measure tunneling currents.

The MIM devices involving platinum are fabricated by first sputtering

a ldyer of p l atinum onto an oxidized silicon wafer. The glass is sputtered

onto the p l at i nu im i then counter-electrodes of platinum are sputtered on

top for the p Iatinum-glass -platinun n devices. It was found that platinum

sputtered in an argon atmosphere at 1 .4 x 10-2 torr with a forward power

of 400 watts produced a sputtering rate of 1300 A/mm . After analysis

of the f i rs t  3 g lass sputtering runs, i t  was determined that the sputtering

r ite of the platinum should be reduced because the platinum splattered

the 5102 film cau sir 1 a very uneven surface , poor adhesion of the platinum

filri i , an d area s of possible faflur~ of the MIM dev i ce .

The next step in device f dtrlcdi ion will be to determine the comp-

_________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — r-- - - 
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osition of the sputtered film , specificall y the oxygen content. This will

be done using a SIMS system . Composition of starting glass , sputtered film ,

and sputtered films of various annea l ed states will he analyzed to op-

tiiuize sputtering and annealing steps of fabrication.

B. RESULTS AND ANALYSIS

1. 70—20-10 Base Glass

Res istor formulations were prepared using 5 w/o Ru02 rela tive to

70-20-10 glass , and 5 w/o Ru02 rela tive to 70-20-10 glass conta ining 8 w/o

d issolved AlSiMag 614 substrate. These formulat ions were printed and

fired on platinum foil , and then the resistors s i ntered onto g laz ed

platinum substrates. Resistors made with glass containing dissolved sub-

strate exh -ibited a room temperature resistivity higher by a factor of 2

than resistors made using glass with no dissolved substrate. The tem-

pera ture de pendence of the res i stance was al so cons ide ra bly d ifferen t a s

is shown in Fig. IV. l where the normaliz ed resistance is p lot ted as a

function of temperature. The resistors made from glass containing no

dissolved substrate had a TCR of approximately 400 ppm/°C up to 90°C

as compared to less tha n 100 ppm/°C for the resis tors fa bricate d from

glass having 8 w/o dissolved substrate. In both cases , the normalized

resistance increased more rapidly at higher temperatures which is typical

• of thick film resistor behavior. These results are very similar to those

o btain ed wit h compos ites made from Ru02 and 70-20—10 glass with and without

dissolved substrate [4].

2. 63 -25-12 Base Glass

Resistor formulations were prepared using 5 w/o Ru02 relat i ve to

63-25-12 glass , and 5 w/o Ru02 relative to 63-25-12 glass containing

10 w/o dissolved AlSiMag 614 substrate. These formulations were printed

and fired on platinum foil and then the resistors sintered onto AlSiMa g 614

substrates.

Curren t-voltag e measurements were conducted on several devices,

~ 
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and a linear behavior over 6 orders of magnitude using either forward or

reverse polarity was observed in all cases . The data for two resistors made

with standard glass an d two with the 10 w/o substrate glass are shown in

F ig. JV.2. The resistors fabricated from glass containing 10 w/o d issolv ed

substrate showed a room temperature resistance that was higher by a factor

of approximately 100 compared to the resistors fabricated with pure 63-25-12

glass. The temperature dependence of the sheet resistance relative to its

value at room tempera ture for two standard g lass resis tors and two 10 w/o

su bstrate glass resistors is shown in Fig. IV.3. Al 1 resistors fabricated

from 10 w/o substrate glass were very stable and gave highly reproducibl e

da ta over the temperature range -55° to 125°C. However , the resistors

fabricated with 63-25—12 glass containing no dissolved substrate exhibited

a much more erratic behavior during temperature cycling with the resistance

increasing very sharply below rooi~i temperature. Curves are drawn at the

low temperatures for the standard glass resistors to indicate the genera l

behavior , but considerable variations were observed on therma l cycling and

reproducible data could not be obtained . Representative values for hot

and cold TCR for the four resistors shown in Fig. IV.3 are given in the

fol lowin g table:

• Resistor No . HOT(25° - l25°C)TCR COLD (-55° - 25°C)TCR

STD-02 +120 ppm/°C -11 ,500 ppm/°C

STD-04 +240 ppm/°C -5,500 ppm/°C
10 w/o-Ol +30 ppm/°C -100 ppm/°C

10 w/o-04 +15 ppm/°C -50 ppm/°C

Resistors were fabricated from the 63-25-12 inks in the same manor as

described above except that the sintering step was not included . Represent-

at ive data for the relative resistance as a function of temperature for the 

— - -- - —~~~~~~~~~~~~~
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non-su pported resistors made using glasses with and without dissolved

substrate are shown in Fig. IV.4. The TCR ’sof these resistors were quite

different from the resistors sintered to AlSiMag 614 substrates (compare

Fi gs. IV.3 and IV.4.) Both standard glass and substrate glass resistors

ICR’s were qu i te linear from -55°C to +125°C with values of approximately

340 ppm/° C and 120 ppm/°C respectively.

The resistors used to generate the data shown in Fig. IV .4 were

annea l ed at 420°C for 12 minutes and the ICR ’s measured again. There was

no appreciable change in device behav ior. However , when the devices were

annea led on platinum foil for 15 minutes at the temperature of 520°C used

to sinter these same composition resistors onto substrates , there were

chan ges in electrical properties for both standard and substrate glass

devices . The ICR decreased (340 ppni/°C to 180 ppm/°C)and p increased

(25 ~z-cin to 400 u-cm) for the standard glass resistors , while the ICR

increased slightly (150 ppm/°C to 180 ppm/°C) and the resistance decreased

(14,000 c~ to 11 ,000 cl),for the substrate glass resistors. These results

suggested that the microstructure does change when the resistors are at

the sintering temperature of 520 °C.

Both standard glass and substrate glass resistors were annealed for

15 m i nutes a t 425~ , 450°, 500° and 525°C on AlSiMag 614 substrates . At

500°C the standard glass resistors sintered to the substrates , whereas the

su bstrate glass devices required 525°C before sintering occured . The

resistance of each saimi ple was measured at room temperature then at 125°C ,

a t the maximum temperature of annea l, back at 125°C upon cooling , and finally

back at room teniperature. The results showed that there was no appreciabl e

change in either hot ICR (25° - 125°C) or resistance for temperatures up to

the temperature where sintering occured (500°C for the standard glass ,

63-25-12 , and 525 C for the substrate glass , 10 w/o AlSiMag 614 in 63 — 25— 12 ) .
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At the sintering temperature, the room temperature resistance before and

after the annea l changed from 30-50%.

C. DISCUSSION

The results presented in the prec.~eding section clearly demonstrate

that the p resence of substrate dissolved in the resistor glass in con-

centrations expected during norma l processing conditions influences both

sheet resistance and ICR of thick film resistors. The changes in el ectrical

properties which were observed to occur as a function of time at temperatures

in the neighborhood of 500°C clouds the quantitative interpretation of the

data because slightly different annealing temperatures were used for the

stan dard glass and substrate glass resistors sintered onto AlSiMag 614

substrates or glazed platinum substrates . The results shown in Fig. IV.4

were for resistors which had not been annealed or sintered on the sub-

stra tes , and hence these uncertainties do not exist for these devices .

The higher TCR for resistors fabricated without substrate dissolved in

the glass are indicative of a higher fraction of non-sintered contacts in

the conducting chains of Ru02 parti cles throughout the body of the resistor ,

or/and a change in the charge transport properties of the non-sintered

contacts with changes in the composition of the glass. A separation of

these two effects must await the results of the ongoing studies of the

properties of individual contacts (MW devices) as a function of glass

compos i tion.
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V. FUTURE PLANS

T he kine t ics of Os twald ri pen i ng of Ru02 i n the g lass w i ll be

determined by X-ray diffraction line broadening and surface area measure-

ments a s a funct i on of g lass com pos itio n, and the kinetics of the initi a l

stage of liquid phase sintering of Ru02 will be calculated from these

data . These results will then be correlated utilizing the previously

developed model for microstructure development , and the influence of

g lass composition es tablishe d. The equilibrium solubility of Ru02 in

glass will be measured as a function of glass composition and temperature

in order to calculate the s interin g kinet ics of Ru02 from measuremen ts of

ri pening kinetics. The effects of substrate dissolution on charge transport

processes importan t in non-sintered contacts will be determined by fabricatin g

metal—insulator-meta l (MIM) structures and measuring the dielectric properties ,

bulk resistivity and break down cha racteristics of the glass . as well as

the curren t-voltage cha racteristics of the MIM all as a function of glass

composition. The dependence of both the glass properties and the electrical

properties of the non-sintered contacts on glass composition will be in-

corporated into a revised charge transport model for thick film resistors.
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APPENDIX

GLASS PREPARATION

A consideration of the phase diagram for the PbO-B203-Si02 system [Al ,

A2] reveals that the 63-25-12 composition lies only a few weight percent on

the lead rich side of a two liquid phase region , and the later phase diagram

work [M2] on this system puts the composition at the boundary of a metastable

region . The 70-20-10 composition is slightly removed from the metastable

region toward the PbO corner of the diagram. When attempting to fabricate

either of these glass compositions by heating appropriate quantities of the

mixed constituent oxides , it was discovered that two liquid phases always

fortiied and that it was very difficult to obtain a homogenous glass melt due to

large differences in densities of the two liquid phases. For this reason ,

a special furnace was designed and constructed so tnat the glass riielts could

be stirred at temperature in order to speed the homogen i zation. The furnace ,

shown schematically in Fig . Al , was maintained at a constant temperature by use

of a Barber Colema n 540 Series solid state controller operating from a chromel-

alumel contro l thermocouple. The glass melts were contained in a 75 ml

platinu m crucible secured in a hollowed out cavity in an alumina refractory

brick. The crucible assembly could be lowered quickly out of the furnace so

that the melt could be fritted or poured into a mold as required .

Frits of the 63-25-12 and 10-20-10 base glasses were prepared by mixing

appropriate quantities of Pb 304, H3803, and Si02 in a rolling jar , stirred

in the furnace at 950°C for 90 minutes to produce a homogeneous melt, and

fritted in deionized water. Glasses containing varying amounts of substrate

were prepared by combining appropriate amounts of the 70—20—10 or 63-25-12

frits with pieces of AlSii4ag 614 substra tes, grinding the mixtures to -80
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mesh , and melting at 1050°C in the glass furnace under agitation for 90

minutes . The melts were then fritted in deionized water and ground to the

appropriate size in an agate mill.

One lot of 63-25-12 glass was prepared starting with an inorganic mix-

ture containing the constituents in the desired proportions which had been

prepared from organo-metallic precursors by Owens -Illinois , Toledo , Ohio.

This extremely small particle size mixture was placed in a platinum crucible and

heated to 1 000°C in a laboratory furnace such that the heating rate did not

exceed 1°C per minute , and poured into distilled water to make the frit. The

frit then was ground in an agate mill to obtain the desired particle size.

The 0-I glass was extremely h i g h  purity having less than 200 ppm combined

cation and anion impurities.
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