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I FOREWORD

Research described in this report constitutes the first three months

1 of effort under contract No. N00019-79-C-024O with the Naval Air Systems

Coninand, Department of the Navy, under the technical cognizance of James

I Willis. The research was conducted in the lurner Laboratery for Electro-

I 
ceramics, School of Materials Engineering and School of Electrical

Engineering, Purdue University, West Lafayette, Indiana 47907 , under the

I direction of Professor R. W. Vest. Contributing to the project were

Messrs. J. M. Himelick , P. Palanisamy , R. L. Reed and C-T Tarn.
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1. INTRODUCTION

The print and fire processing Of thick film cricuits ensures that

there always will be some degree of chemical interaction between the film

and the substrate , because all coninon substrate materials are soluble to

some degree in the glasses used in thick film inks . This interaction is

primarily responsible for the development of adhesion between the thick

f i l m  and the substrate, but it also leads to changes in the composition

of the glass with the net result that the physical properties of the glass

will change. These changes in physical properties of the glass will result

in modified kinetics for the various microstructure development processes

and all electrical properties of the resistors are related to the micro-

structure . The goal of this research program is to develop a sufficient

level of understanding of the phenomena invol ved so that appropriate models

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

for impurity l imits and additive ranges for substrates, and to reconinenda-

tions concerning glass composition and processing conditions.

Previously reported studies (1-3] under this program have established

the magnitude of the effects resulting from chemical interaction between a

thick film resistor and a ceramic substrate, and have determined the

specific Influence on Important properties of the resistor glass. The

rates of dissolution of two substrates, 96% A1203 (AlSiMa g 614) and 99.5%

A1203 (AlSiMag 772), in two lead borosilicate glasses (63 w/o PbO-25 w/o

B203-12 w/o S1O~ and 70 w/o PbO-20 w/o B2O3~
l0 w/o Si02) were measured at

various temperatures. The rate l imiting steps for each substrate-glass

system were determined in all appropriate temperature ranges, and anelytical
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I equations were developed to predict the substrate recession as a function

of time and temperature for thick film resistors. The saturation solu-

bi l i ty  of AlSiMa g 614 ( 96% A12O3) substrates in 63-25-12 glass was deter-

mined as a function of temperature, and these results were combined with
1 the dissolution rate studies in order to test various kinetic models.

I Studies of the kinetics of initial stage sintering of glass particles were

conducted in order to determine the ratio of surface tension to viscosity

J for the two standard glasses, and the standard glasses with additions of

substrate ingredients. Both the magnitude and the activation energies of

thi s ratio were found to be significantly different for the gasses,

I confirming the extreme sensitivity of this parameter to small changes in

glass composition. The viscosity of the 63-25-12 glass was measured as a

I function of amount of dissolved AlSiMag 614 substrate from the softening

point to the annealing point. The isothermal viscosity was found to increase

I by a factor of 20 with 10 w/o dissolved substrate relative to the standard

I lead borosilicate glass. The affects of the minor constituents (4%) in

the AlSiMag 614 substrate composition on viscosity and surface tension of

I the glasses was determined to be small. The sheet resistance, temperature

dependence of resistance, and the current noise were measured for thick

I film resistors as a function of the amount of substrate dissolved in the

I resistor for various firing temperatures at constant firing time, and for

various firing times at 800°C. Large variations in these three properties

I were observed, and the changes were qualitatively correlated with changes

in viscosity of the glass. The microstructure development and charge

I transport models used to correlate the results indicated a retardation of

I microstructure development in the resistors as the amount of dissolved

1
I
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substrate increased which led to changing proportions of sintered and

nonsintered contacts in the Ru02 networks within the body of the resistor.

II
11
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2. MICROSTRUCTURE DEVELOPMENT

i 2.1 Ru02 Ripening Studies
1 2.1.1 Theory

I In order to develop an adequate model for the infl uence of the sub-

strate on microstructure development and electrical properties of thick

I film resistors, it is necessary to know the infl uence of dissolved substrate

on conductive ripening and sintering. Sintering and ripening of the con-
1 ductive phase are the two final processes in microstructure development

J of thick film resistors. In the initial stages of the sintering process,

necks devel op between adjacent Ru02 conductive particles; as the sintering

process proceeds, the nec-ks grow until adjacent particles coalesce to form

larger particles. In the ripening process, the smaller particles preferential-

ly dissolve and the material is transported through the liquid phase to

precipitate on larger particles. The primary driving force for both sin-

tering and ripening processes is the reduction in interfacial area between

the conductive phase and the glass phase.

- Earlier studies [4] have shown that the rate limiting step for the

ripening of Ru02 in 63-25-12 glass is the phase boundary reaction , that

I is , the rate of dissolution at the surface of the smaller particles or the

rate of precipitation at the surface of the larger particles. The kinetics

I of the sintering process coul d not be measured di rectly, but rates consis-

tent with experimental observations were calcula ted from the ripening
1 results based on a solution-precipitation mechan ism. It was al so observed

in the earlier study [4] that the presence of AlSiMag 614 substrate dis-

solved in the resistor glass decreased the rate of Ru02 ripeni ng. The

I decreased ripening kinetics could be due to a decrease in the equilibrium

I

0 — — -
~~~ 

— .- — - —
~~~~



solubility of Ru02 in the glass , the interfacial energy between Ru02 and

the glass , or the transfer coefficient for the passage of material across

the interface.

The relationship governing the ripening by an interface controlled

solution-precipitation mechanism is

- = {(8/9) ~ CO YSL V0 K1 ! RT] t

in which

= average particle radius at time t

= initial average particle radius

C0 = equilibrium solubility of Ru02 in glass

TSL = Ru02-glass interfacial energy

V0 = mol ar volume of Ru02
= transfer coefficient

The infl uence of dissolved substrate on the Ru02 solubility was independently

determined by atomic absorption measurements , and was presented in an earl ier

report [3]. The product ~0 ~SL KT can be obtained from the ripening results;

knowing C0 from the solubility measurements, and by using estimates [4] for

?SL~ 
K~ can be calculated . From these results the initial stage neck growth

can be computed from:

(x /r)4 = (8K 1COYSL V0 K1 / K2RT) r
2t

in which x is the neck radius and K1 and K2 are constants.

2.1.2 Experimental

Ru02-glass composites consisting of 20 w/o Ru02 were prepared by bl end-

ing the powdered components in a jar placed on rollers . The Ru02 powder was

_ _ _ _ _ _ _ _ _ _ _ _ _ _

~~TTI~ ~~~~~~~.
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prepared by drying the hydrate , and the glass compositions were fabricated

by a procedure reported earlier [2]. The glass frit was reduced to -325

mesh in an agate ball mill prior to blending.

Approximately 1 gram of the composite was exposed to the given tempera-

ture for a known length of time and then quenched in deionized water. The

quenched samples were decomposed by a HC1 + HF treatment fol l owed by a

centrifugal separation of the Ru02 solids from the solution . The Ru02 is

inert to HC1 + HF mixtures. The Ru02 particles were then washed with

deionized water and dried at 125°C.

The average particle size of the Ru02 was determined by measuring the

surface area by the BET method utilizing a Monosorb* Surface Area Analyzer.

The Mono sor b , essentially a thermal conductivity detector, measures the

quantity of adsorbate gas adsorbed on or desorbed from the sample surface

by sensing the change in the thermal conductivity of an adsorbate-carrier

gas mixture flowing over the solid. Selective adsorption or desorption of

the adsorbate causes a momentary change in the gas composition and hence a

change in the therma l conductivity of the mixture. The integrated signal

due to the change in thermal conductivity is proportional to the amount of

adsorbate adsorbed or desorbed . A 30 v/o nitrogen (adsorbate) in hel ium

(carrier) was used in this work. The Monosorb was cal i brated by injecting

known amounts of nitrogen into the flowing gas mixture .

2.1.3 Results

The results of the preliminary ripening studies are presented in

Figs. 1 and 2. The specific surface area of RuO2 samples exposed to different

* Quantachrome Corp., Greenvale , N Y.
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times at 950°C for two glass compositions are given in Fig. 1. After a

rapid decrease, the specific surface area nearly levels off at longer times

for both compositions. It is apparent that the ripening process is

retarded considerably by the presence of 10 w/o substrate in the glass. A

plot of (r~ - r~) versus time, shown in Fi g. 2, is a straight line in agree-

ment with earlier results [4). The slope of the line , which is proportional

to C0 ~SL KT, is decreased by a factor of 4 by the addition Of 10 w/o sub-

strate to the standard glass. 
-

2.2 High Temperature Viscosity of Glasses

The hi gh temperature viscosity of glasses as a function of the amount

of dissolved substrate is being determined by the sphere method [5). The

rate of movement of an inert sphere in a liquid due to an applied force is

related to the viscosity (~) of the liquid by

n = WgF/3vird (1)

in which W = net load appl ied to the sphere

g = acceleration due to gravity

F = Faxen correction factor equal to

(~~
_ 2.104 (d/ü) + 2.09 (cu D)3 - 0.95 (dID)5)

d = diameter of the sphere

D = diameter of the crucible

v = velocity of the sphere

A gold sphere was used in this work due to its inertness towards the

glasses and air.

The high temperature viscometer assembly is shown in Fig. 3. The

gold sphere, 0.9 cm is diameter, is suspended from the sample pan of an

II
-3
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automatic recording microbalance by means of a platinum wire. The balance

has an automatic range of 100 milligram s and an accuracy of 10 micrograms.

Weight changes less than a milligram are sensed by a linear variabl e differ-

ential transformer transudcer (LVDT) whose signal is proportional to the

beam displacement. The amplified signal drives the chart recorder. The

LVDT core is placed vertically on the beam, and the LVDT coil is supported

independently so that the chart recorder can be calibrated for beam displace-

ment. The experimental glass is contained in a platinum crucible 6.5 cm

in diameter and 4.0 cm in depth. The crucible is placed in a pot furnace

which can be positioned vertically by means of a jack. The glass tempera-

ture is measured by a Pt/Pt + 10% Rh thermocouple with the hot junction

iim~ersed in the glass.

To initiate a viscosity measurement , the glass sampl e is heated to

900°C and held for two hours to release the entrapped air bubbles. The

required temperature is then set, and sufficient time allowed to achieve

thermal equilibrium. The furnace is raised until the gold sphere touches

the glass as indicated by the deflection of the beam. The furnace is

further raised until the sphere is ininersed 0.5 cm below the glass level .

After balancing to measure the weight of the sphere imm ersed In the glass,

a net force, either upward or downward, is applied by either adding or

removing a known amount of weight from the tare pan. The process is repeated

for varying weights In order to obtain load versus velocity plots for both

upward and downward movements of the ball. The average of the slopes of

these lines is utilized in the viscosity calculations using Eq. 1. The

viscosity results will be presented in the next report.

0
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I
I 2.3 Surface Tension of Glasses

The high temperature surface tension of glasses as a function of the

I amount of dissolved substrate is being determined by the modified dipping

cylinder method (6). A hollow platinum cylinder, 1.3 cm in diameter and

I 1.3 cm in height wi th a wall thickness of 0.013 cm, is being used In this

I study. The apparatus for the surface tension measurement is similar to

the viscometer assembly shown in Fig. 3. The platinum cylinder Is suspended

I by a platinum wire from the sample pan of the microbalance. The glass is

thermally equilibrated , and the furnace raised until the bottom of the

I cylinder Is 0.2 cm below the glass level . The furnace is then slowly lowered

i and the maximum pull exerted by the glass on the cyl inder determined by

adding weights until the breakaway is Indicated by the deflection of the

I beam. The surface tension Is calculated using the following equation :

I = ~~ - 
2.82846 

- 
0.60956 + ~~~~~~~ + 2.5856

2 
+ 0.37162

] (2)
R hR ~‘hP R2

in which y = surface tension

I g = acceleration due to gravity

W = maximum pull exerted on the cylinder

I R = mean radius of the cylinder

6 = half thickness of the cylinder

I h = W/tR2 Pg~ Pg = density of glass

I The surface tension results for three glass compositions are presented

in Fig. 4. Addition of AlSiMag 614 substrate to the standard 63-25-12 glass

increases the surface tension and decreases the temperature coefficient of

surface tension.

I
I. 
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I
3. FUTURE WORK

I Viscos ity and surface tension measurements as a function of glass

composition and temperature at higher temperatures will be completed . Studies

I of the kinetics of ripening of Ru02 in the glass as a function of glass

i composition will be completed , and the kinetics of the initial stage of
I liquid phase sintering of Ru02 will be calculated from the ripening data

I and the solubility data . These results will then be correlated utilizing

the previously developed models for microstructure development, and the

I influence of glass composition established. The effects of substrate dis-

solution on charge transport processes in nonsintered contacts will be

I modeled , and the dependence of both the glass properties and the electrical

I properties of the nonsintered contacts on glass composition will be in-

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

I
I

1
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