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six months effort under two grants from the Defense Advance Research
Projects Agency, Department of Defense, under the technical cogni-
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ABSTRACT

i The viscosity and surface tension of 63% Pb0-25% 8203-12% SiO2 glass

were measured from 650° to 800°C. The initial stage sintering kinetics 1
were directly measured by observing the rate of neck growth between adjacent
glass spheres in the temperature range 480° to 550°C. The sintering kinetics
i agree with a Newtonian viscous flow mechanism and further, show good agreement %
with the extrapolation of the viscosity and surface tension data.
Studies of the electrical properties of a single contact between small
RuO2 single crystals gave insight into a charge transport mechanism not @
involving well sintered contacts. Electrical continuity quickly developed
between crystals placed in contact after having been previously coated with
3§ glass. The glass not only does not impede charge transport, but enhances
the rate of formation of an electrically quiet, low resistance contact.
Studies of test resistors made with RuO2 particles one thousand times
greater in diameter than normal for a thick film resistor confirmed the
;t% general observations in the single contact studies, namely, that a low re-
sistivity contact with a TCR below that of RuO2 can be developed without
true sintering between RuO2 particles.
Studies of evaporation and decomposition of a new screening agent system
involving polyalphamethylstyrene are presented. This system seems promising

in that complete organic removal is obtained at a lower temperature than with

the ethyl celullose-butyl carbitol system previously employed. ;
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1. Introduction

Advances in thick film technology have been hindered by an in-
adequate understanding of the relationships between the physical properties
of the ingredient materials and the electrical properties of the resulting
resistors and conductors. The lack of apredictivemodel of the conduction
mechanism has hampered the development of new materials, as well as the
improvement of existing systems. The two primary concerns of the present
research program in the area of resistor technology are the development
of adequate models to describe the '"Blending Curve Anomaly'" and the "TCR
Anomaly.'" The ""Blending Curve Anomaly'' refers to the often reported ob-
servation that with oxidic conductors and glass the sheet resistance
varies monctonically from very low (e.g., 1 v/o) to very high conductive
concentrations; whereas, with noble metal conductives and glass electrical
continuity is not achieved until the amount of conductive approaches 50 v/o.
The primary sciertific question is: what are the driving forces which are
responsible for the formation of continuous conductiag paths along the
length of the resistor at such low concentrations of the conductive? The
"TCR Anomaly'' refers to the fact the temperature coefficient of resistance
of a resistor is much lower than the TCR of any of the individual ingredients
from which it was made. The primary scientific question is: what is the
mechanism by which electric charge is transported?

The primary thrust of the experimental program is to relate electrical
properties of the thick films to the mate?ials properties and processing

conditions through microstructure. The materials properties to be correlated
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are: resistivity, temperature coefficient of resistivity, coefficient

of thermal expansion, interfacial energy, particle shape, size and size

distribution, and chemical reactivity with other constituents. The

- processing conditions to be correlated are time, temperature and atmosphere

during firing. The specific objectives of the program areg 4

; ' 1. Determine the dominant sintering mechanisms responsible for

] microstructure development and establish the relative im-

b portance of the various propertiecs of the ingredient %
materials.

2. - Determine the dominant mechanisms limiting electrical charge
transport, and establish the relative importance of the

various properties of the ingredient materials.

3. Develop phenomenological models to interrelate the various

materials properties with systems performance.

Earlier work in these three areas have been previously reported {1-6}.




11. Microstructure Development

The electrical properties of a thick film resistor depend directly
on the microstructure that 's formed during the firing cycle, normally

executed with a tunnel kiln. The proposed model of microstructural

development {7} predicts a sequence of steps that begins with the sintering
{ of the glass; it has been determined that this is the initial step. In

order to quantify the model and thereby improve its usefulness in mass

; !

; i production environments three types of measurements have been performed.

% ; The viscesity and surface tersion of the glass have been directly measured
: i as functions of temperature; these are the two most critical parameters

E : which control the kinetics of viscous flow sintering. In addition, neck

b growth measurements during the initial stages of glass sintering have been
| conducted with the hot stage video-metallograph described earlier {8}.

. The results of the three measurements are consistent with one another.

A. Glass Viscosity

The viscosity of the molten glass was measured by the sphere method {9k
A gold ball, 0.86 cm in diameter was suspended by a thin platinum wire from the
sample pan of an automatic recording Ainsworth microbalance as shown in
Fig. 1. The balance has an accuracy and resolution capability of about 5ug
and an automatic range of 100 mg. All small weight changes are normally
detected by a linear variable differential transformer whose output is
proportional to the beam displacement, and this signal is recorded on a
strip chart. Therefore, the chart recorder can be calibrated to directly
measure the displacement of the ball in the glass as a function of time.
For the balance utilized in this study, full scale on the chart recorder

(10 inches) corresponded to 0.041 inches travel of the ball.
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A platinum crucible 13" deep was filled with glass and placed on a

ceramic support so that it was centered in a vertical cylindrical furnace

i
' B q .
E that could be raised or lowered by a lab jack. The temperature of the
F B glass was measured by a chromel-alumel thermocouple placed in contact
-
£
] ? with the bottom of the crucible. The upward and downward motion of the

ball in the molten glass was recorded after adding weights to or removing

weights from the tare pan. Force versus velocity data are plotted for

AR A S 1

both the upward and downward motion. These plots are straight lines and

& the necan of the two slopes is used for the direct calculation of the
%
' viscosity using the formula
E - _ s g.Fa . -
% n Ird in which
s = mean slope of the force versus velocity plot. gm/cm/sec
i

g = gravitational constant = 980 dynes/sec
Fa = Faxen correction factor

i d d,3 d,?
=] - z.loh3+ 2.09 (3) - 0.95 (3)

d = diameter of the sphere

D = diameter of the crucible

In order to check the accuracy of the experimental method, the viscosity of

. a Brookfield viscosity standard®* (Fluid 100,000) was measured and compared

with the reported value of 953.5 poise. The measured value, 1069, is
within 12.1%.

The viscosity results are shown in Fig. 2. The plot of the logarithm

g
5

of viscosity versus reciprocal temperature of the lead borosilicate glass

i

is a straight line over the temperature range studied confirming the

¢
k *Brookfield Engineering Laboratories, Inc., 240 Cushing Street, Stoughton,
E Mass. 02072.
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anticipated exponential temperature dependence of the viscosity. The
viscosity is quite low near 800°C, an important factor in the micro-
structure development of the thick film resistors for typical firing

conditions.

B. Glass Surface Tension

Surface tension of the glass was measured using the modified dipping
cylinder method {10} with an experimental set-up similar to that shown
in Fig. 1. The gold ball used for the viscosity measurements was removed
and a platinum cylinder, 0.5 inches in diameter, 0.5 inches high and
0.005 inches thick suspended by a platinum hang down wire from the sample
plan of the Ainsworth balance. The crucible was raised until the bottom
edge 6f the platinum cylinder was below the surface of the glass and the
crucible was then slowly lowered. The downward force on the cylinder
caused by the surface tension of the glass was recorded on a chart. After
the cylinder breaks away from the glass the weight of the cylinder and any
glass retained on the rim of the cylinder was substracted from the terminal
force before break-away. The terminal force, wmax, was used to calculate

the surface tension of the glass, Yy with the equation

s Egﬂii 0 - 2.82848 _ 0.60958 362 : 2.585682 3 0,37]52}
LrR /hR R hR RVhR R?
where Y = surface tension in dynes/cm
W
b X
MR p
wmax = maximum pull in grams excerted on the cylinder

p = density of the glass

R = mean radius of the cylinder

2§ = thickness of the cylinder
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The densities of the glass at the temperatures of the experiments
were determined by the extrapolation of the low temperature expansion
data {11} .

Preliminary measuraments were carried out with an 85.08 w/o
PbO - 14.92 w/o SiO2 glass in order to verify the experimental technique

by comparison with previously reported values for Si0, glasses {12}. The

2
surface tension of the 85.08 w/o Pb0 - 14.92 w/o Si0, glass shown in

2
Fig. 3 is seen to be consistent with the previously reported values of
viscosity of these similar glasses. The data plotted in Fig. 3 show that
the surface tension of the Pb0 - BZO3 = SiO2 glass increases with decreasing
temperature, especially below 75000. Such a negative temperature coeffi-
cient of surface tension has been previously reported for Pb0-8203 glasses
having 50 - 80 w/o Pb0 {12} Clearly, the kinetics of microstructural

development are strongly dependent on the temperature over the range 6500C

to 800°C.

C. Glass Sintering
The apparatus to study the neck growth between adjacent spherical
particles of the glass during sintering and the results of the preliminary
experiments have been described in the previous reports. {13} Hence, only
the experimental results on glass sintering are reported here. The neck
growth between glass spheres ranging from 180-250 um. in diameter was
measured as a function of time at five different temperatures from 480°C-
SSOOC. In each case the neck growth data, including time and temperature
were recorded continuously on video tape during the complete sintering process.
Assuming that Newtonian viscous flow is the predominant mechanism for

the sintering of glass, the relationship between neck radius and time t
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at any particular temperature can be written as:
& -3 (1)

where a 's the radius of the glass spheres before sintering, and vy and
n are respectively surface tension and viscosity of the glass at that
temperature. Therefore, a plot of (éJZ versus t should be a straight line.
The predicted behavior was observed at all five temperatures as can be
seen in Figs. 4a and 4b. It can, therefore, be concluded that Newtonian
viscous flow is the predominan. mechanism for the sintering of the lead
borosilicate glass.

Viscosity values computed from the slopes of the (g)g versus t plots
are plotted in Fig. 4 along with the values extrapolated from Fig. 2.
The surface tension values at the experimental temperatures required for
computation of the viscosity were obtained by extrapolation of the data

shown in Fig. 3. The magnitudes of the viscosity values obtained by the

two methods are in good agreement considering the uncertainties in the

extrapolation of the viscosity and surface tension plots, but the temperature

dependence of the viscosity calculated from the sintering data is greater

than that shown by the extrapolated data. The viscosity measurements by the
sphere method were carried out at temperatures much greater than the softening

point of the glass (h8OOC), whereas the sintering data were obtained at temper-

atures near the softening point. The differences in the slopes could well

be duce to actual differences in the activation energies in the different

temperature ranges.
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I11. Resistor Firing
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1 A. Crossed Crystals
Single massive crystals of Rqu have a temperature ccefficient of 1

resistance (TCR) at room temperature of about +5000 ppin. The TCR of . f

typical Rqu powder used In resistors is not known but is probably at f
least +1500 ppm. {14} Since resistors routinely have TCR's that are <+500
ppm, and sometimes negative, it is likely that the low TCR is due to the

electrical properties of the ''contact' between adjacent particles. Since |

adjacent particles of powder in a glass matrix are too small to work with,
experiments Involving two contacting massive single crystals have been
continued in order to determine the electrical properties of this inter-

face region with the hope of obtaining results that could be correlated

to resistor properties.

L T

Results obtained with the first such sample were reported earlier {15}
Two single c1ystals were mounted with a single point of ‘contact and leads
suitable for four terminal resistance measurements were attached. Glass
powder was placed at the point of contact and the sample was then repeat-
edly heated to high temperatures and cooled to determine resistance
versus temperature. The resistance of the sample was 10-20 ohms and erratic 3
during initial heating but decreased and stablized at temperatures beyond
the softening point of the glass. The TCR during subsequent firings re-
mained less than that of the single crystals, about 2400 ppm/OC, and the ‘?
resistance versus temperature graph had a "bump'' that is common with many

resistor samples. Although it was believed that glass diffused into the

contact areas, there was no direct evidence that this had occurred.
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The slow firing of resistors discussed in the previous report {16}
showed sequential stages of development with more negative TCR's near the
beginning. In an attempt to explore this phenomenon further additional

samples of crossed crystals precoated with glass were prepared in order

measure resistance values very early in contact formation. To accomplish

this, a single crystal of Rqu.approximately 80um in diameter by 2 mm long,
was m : 2d on two 5 mil platinum wires and held in place with Englehard 6082
platinum paste and 1 mil platinum wires wrapped around both the crystal and
the 5 mil lead wires. Glass powder vas then applied and heated to form a
thin insulating film over the surface of the crystal. A second crystal of
similar size was mounted in the same manner and then placed in contact with
the first crystal. Figure 6 shows the mounted crystals after several firings
with some additional glass added at the point of contact for increased
strength. Two samples of this type were prepared.

The crystals were heated to about 720°C and maintained at constant
temperature until the sample resistance decreased from initially infinite
resistance. The decreasing resistance associated with initial contact
formation was detccted with a micro-switch mounted on the resistance chart
recorder that detected the motion of the pen unit. At this time (after about
1% days of firing time) the sample was quenched to study the behavior near
room temperature by moving the sample in the push rod furnace. Although
the TCR was always significantly lower than +5000 ppm/OC, the early quenchings
resulted in erratic resistance at temperatures above room temperature. Con-
siderable improvement in sample 1life was obtained by quenching to the

annealing temperature of the glass (440°C) and holding for 8 hours.
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Figure 6. Photomicrograph of Massive Cyrstals with Single Point Contact. (50X)
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Figure 7 shows typical behavior of both crossed crystal samples
plotted as normalized resis*ance versus temperature after repeated firing
cycles. The TCR's calculated from these data vary from approximately
1000 ppm/OC early in the sample life to 4800 ppm/OC after several firing
cycles to 720°¢C although the increase was not monotonic . Earlier in the
life of both samples, when the resistance could not be accurately measured
near room temperature due to ‘nstability, slightly lower TCR's were observed.
At several times during the 1ife of the samples measurements were made
to detect any time dependence and/or non-linearity in resistance. Time

dependence measurements were made with an oscilloscope to detect time con-

stants as small as | msec, and with DC current measurements for as long as

120 minutes. No time dependence was observed. The resistance was 1inear
(voltage proportional to current) from lya to 1 ma to within 0.5%. Higher
current caused some non-linearity but this is believed to be due to local
heating at the point of contact and an increase in resistance due to the
TCR of the Ru02. Small signal resistance versus DC bias current was also
measured with the results that any change in resistance was less than 1%.
There are two reasons why the contact resistance between two massive
single crystals would be expected to have characteristics different from
that of typical resistors made with small particle size powder. One is that
the kinetics of any reactions at the point of contact (e.g., sintering)
would be slower by many orders of magnitude; sub-micron diameter crystals
would be required to overcome this problem. The second is that the size
of the large crystals and their relatively rigid mounting makes it difficult

for the interfacial forces of the glass to control the contact forces. In

an attempt to overcome this latter problem much smaller,relatively flexible
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crystals of RuO2 have been mounted on | mil platinum wires with a single
point of contact as shown in Fig. 8 utilizing techniques and materials
identical to those reported earlier {17}. The thinner crystal is about
3um in diameter and lmm in length, and the other crystal is about 8um in
diameter and 0.8 mm in length. A small quantity of glass encapsulates the
region of contac.; it was added after both crystals were mounted and in
mechanical contact. There are a sufficient number of lead wires to enable
four-wire measurement of the contact resistance.

Figure 9 shows the resistance near room temperature (86°C) and the
high temperature TCR of the small crossed crystals extrapolated to room temper-
ature as a function of firing time at 740°C. The resistance was initially
just under 3 ohms and increased, mostly after one hour, to 4-5 ohms. During
the same time the TCR decreased from approximately 4000 ppm/OC to 1200 ppm/OC.
From 100 to 500 hours both the resistance and TCR remained almost constant.

The results with the crossed crystals definitely demonstrated the
existance of a conduction mechanism with a TCR lower than that of the con-
tacting materials. |In the case of the large crystals that were precoated
with glass at the area of contact, attempts to quench the samples at
earlier stages of development were unsuccessful at least in terms of useable
quantitative data although there was some evidence that the TCR may have been
less ¢han +1000 ppm/OC very early in the life of the conducting contact.
Because the glass existed at the point of contact at the beginning of the
sample life, and because of the degree to which the glass wets the crystal
surfaces, it is considered highly likely that there was glass present at the

interface during electrical conduction, but the existence of the glass has not
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Figure 8.

Figure 8a. Mounting Wires on Substrate.

Figure 8b. Mounted Crystals,

Photomicrographs of Small Crossed Single Crystals,
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been directly confirmed nor has its thickness been determined. For

the small crystal sample both crystals were in contact before glass was applied.
The contact resistance was erratic before the sample reached the softening
point of the glass and the TCR was relatively large at the beginning of the
firing proce®s, close to the value of the contacting material. The in-

fluence of the glass during firing was both to increase the resistance and
decrease the TCR of the contact. The study of contact resistance in a

system where particle size prohibits sintering in moderate times is con-

tinued below.

B. Large Particle Resistors

Preliminary studies of the sintering of RuO, in the presence of glass

2
conducted on the video hot stage metallograph have shown that true sinter-
ing does not occur between particles in the 100um size range in reasonable
times at 800°C. A neck region between adjacent particles appéars to develop
but on subsequent treatment with HCl the particles separate; Rqu is inert
to HC1. In addition, the results of slow firing of resistors discussed in
the previous report {18} suggested that two charge transport mechanisms were
operative, one involving a well sintered RuO2 network and the other associated
with poorly sintered contacts. |In order to further develop these concepts a
series of experiments were conducted under conditions where only the poorly
sintered contacts should develop.

Two resistor-like samples were prepared using particles of Rqu in the

size range of 150 to 180 um. The averade particle size of Rqu in a typical

resistor is less than | ym. The particles were mixed with the lead-borosilicate

glass powder and a small amount of screening agent; this formulation was applied

with a pick in a thin, ncarly uniform layer to a substrate with four conductive

s e TRV T O oy TR T WL S C L L
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terminals. Screen printing was not feasable because of the particle size.

Figure 10shows the first sample, sample 85, after several high temperature
firings.

Firing to 650°C for 23 hours failed to result in electrical continuity.
At this stage the sample had a very large concentration of bubbles and
small fractures throughout the resistor structure. Firing to 730°C for

15 minutes removed most of the bubbles and allowed the glass to flow away

from the RuO2 area resulting in a more compact film, and the resistance
decreased to about 20 ohms at room temperature. Fractures of the glass
were still prevalent in the cooled sample, as can be seen in Fig.10b.

These fractures always existed at room temperature throughout the life of
both samples and, because of the small number of contacts in the conducting
paths, influenced resistance yalye. During temperature changes of the

resistor, step changes in resistance value were frequently noted:; these

are assumed to be due to the occurance of one or more fractures. Figure
Il shows resistance versus temperature for sample 85; it has a TCR of

3750 ppn/°C at room temperature. Figure 12 shows resistance versus

temperature for the second sample, sample 88, that was measured during

heating to 510°C and subsequent conling to room temperature. From room
temperature to 200°C (the same as the range for Fig. 9), the TCR is +3700
ppm/OC in agreement with the results obtained with sample 85. Above this
temperaiure the TCR is negative, however, at approximately the softening
temperatures of the glass (hSOOC), the resistance increased by several
orders of magnitude going beyond the range of the resistance measuring cir-
cuit being used. .This general type of behavior is consistent with observed

properties of resistors and carlier crossed crystal measurements. On cooling,
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Figure 10a. Resistor Geometry.

Figure 10b.

Figure 10,

Detailed View Showing Fractures.

Large Particle Resistors.
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RESISTANCE (ohms)

0 100 200 300 400 500
T (°C)

FIGURE 12 -- RESISTANCE VERSUS TEMPERATURE DURING FIRING OF LARGE
PARTICLE RESISTORS
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the sample was approximately ten times higher in resistance value than on

heating but had a TCR with respect to room temperature of only 1460 ppm/°C.

There was a step change in resistance value at 210°C that terminated the

usefulness of the sample.

In terms of the number of conducting contacts, the large particle
resistors are between the single contact crossed crystal samples and more
typical resistors. In terms of microstructure development that depends
on particle size, however, the samples should be most similar to the
crossed crystal samples. The range of TCR's obtained with thes= large
particle resistors is consistent with this prediction. Fven the problems
of glass fracture are similar. As with the crossed crystals, a conduction
mechanism was created that seems to be different from that predicted from

the properties of single crystal Ru02, and is believed to be similar to

one of the mechanisms operative in actual resistors.

Low Temperature Resistance Measurements

Resistance versus temperature measurements for thick film resistors
containing 107 Ru02were extended to lower temperatures by utilizing the
sample fixture shown in the cutaway diagram of Fig. 13 The main body of
the fixture is copper to provide for temperature stability and ease of
measurement. Four spring -loaded probes, insulated by Teflon, make contact
to the conductive pads on the substrate; wires from the probes lead to
the measurement system. A thermocouple (iron-constantan) is embedded

directly under the sample to monitor substrate temperature. A heater winding

of #36 qauge Cupron wire is used for increasing the rate of temperature rise
of the sample. In normal use, the fixture is lowered into a dewar which is

then filled with liquid nitrogen to completely cover the sample fixture.
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After the data point at -1960C is taken, the fixture is renoved from

the dewar and allowed to warm slowly in a room temperature environment
while the resistancé is continually recorded. The rate of tenperature
increase is consistent with the ease of measurement in reasonable time

except above -50°C where the heater is used.

Figure 1h4 shows the normalized resistance versus temperature of three

107 RuO2 resistor samples fired for varying times at 630°C. Sample 78

was fired for 20 minutes and has the most negative TCR at room temperature

sample 74 was fired for 40 minutes and has an intermediate TCR; sample 77
was fired for 90 minutes with a resultant positive TCR at room temperature.
The data points at -296°C (approximately 4°K) were taken with the sample
immersed in liquid helium using a different sample measuring system.

The more "rare' samples exhibit a modest negative TCR at room temperature
and strong ncgative dependence at low temperatures which can be described
by an exponential relationship. This is the type qf temperature dependence
expected for poorly sintered contacts between conductive oxide particles in
a glassy matrix. On the other hand, the '"well done" samples show a slightly
positive or near zero TCR over most of the :emperature range indicative of

a better sintered conductive network.
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A. Search for a new screening agent

TR O

IV. Industrial Coupling

_—

- e

Screening agents normally consist of a solution of a polymer in a
suitable solvent and several other modifiers in intermediate levels of
concentration to improve bleedout, leveling, etc. These modifiers have

not been used in this study because they increase the chemical complexity

o e e e

of the screening agent. The solvent ideally has a low vapor pressure at

room temperature but evaporates readily at higher temperatures. The

combination of solid polymer and solvent has two practical advantages:

(1) A pseudoplastic rheology that results in screenable materials can
readily be obtained;and(2)it is possible to remove the solvent during

{ . drying leaving the solid polymer, thereby creating a mechanically durable
film prior to higher temperature processing. The combination used in

(19)

this project and discussed earlier is ethyl cellulose dissolved in
Butyl Carbitol. The viscosity and drying characteristics have been
adequate for the performance requirements of this study and the chemical

system is simple, as desired. However, careful observation during weight

loss measurements of pure polymer, no addition of solvent or inorganics,

have shown that the high temperature removal of the ethyl cellulose

|
|
!
polymer results in a potentially reducing atmosphere in the film. Al though
the quantity is too small for the resolution of our measuring system, a
o] ;
i dark brown residue exists between 350 and 750 C. There is also a dark
j brown discoloration in thicker than normal glass films (otherwise colored

§ : : 5 . q o : oA
1 white); this discoloration is not present above 800 C. |n films containing

RuO2 this carbonaceous residue could easily reduce the oxide to the metal.

Since the kinetics of reoxidation are very slow, this would be a permanent
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change in the critical ingredient of the resistor. No discoloration of
screened films has been noticed when firing in air atmosphere but some
small amount of residue is presumed to exist.

In order to find a more suitable polymer an extensive literature survey
was conducted to find polymers whose thermal decomposition in the presence
b of oxygen was known to be as free as possible of reducing effects and to
be as low in temperature as possible (<3000C is desirable in order to be
absent during initial stages of sintering of the smaller glass particles).
Unfortunately, Qirtually no information was found on the decomposition of
the more promising polymers in an oxidizing atmosphere; all data are for

thermal decomposition in vacuum because of several practical considerations

; of chemical analysis.

Based on the data obtained Qith vacuum decomposition the two most
promising polymers were polyalphamethylstyrene and polymethymethacrylate
(MMA) . Less desirable because of decomposition temperatures were poly-
oxymethylene and polyethylene oxide; polyoxymethylene has the additional
disadvantage of decomposing into formeldahyde. The better two polymers
arc consistent with the recommendations of L. F. Miller {20} who reported
their use in thick films but did not report any quantitative data on
decomposition rates. Both materials have been selected for further study
but only the evaluation of polyalphamethylstyrene is reported; the evaluation

of MMA is still in progress.

2 B. Evaluation of Polyalphamethylstyrenc
The polyalphamethlstyrenc used for this study were Dow types 276-V2
and 276-V9. Both are viscous liquids at room temperature; V-2 has a

viscosity of 22 Kcps at shear rates from 5 to 40 scc—]. The fact that the

polymers arc liquids is due to their limited molecular weight. The
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tendency to decompose is great at the clevated temperatures where polymer-
ization takes place. The polymerization reactions occur at temperatures
: at which the depolymerization rate prohibits molecular weights large

enough to result in solid plastic. The viscosity is high enough to be

usable for screening agents. Figure 18 shows the evaporation of poly-

alphamethlystyrene at the constant temperatures of 2930C and 400°C. The

results were obtained with 80 to 90 milligram samples heated in crucibles

& mm in diameter in the TGA system described earlier . It can be seen

that the ideal goal of complete removal at 3000f is not possible with this

material, at least in reasonable time. At 400°C complete removal is

obtained in about 45 minutes. The evaporation at a constant heating rate of

9.5°C/minute is compared to that of ethyl cellulose in Fig. 16 . The

two styrenes evaporate more rapidly at the beginning, near 250°C, but

more importantly, the last traces of resin leave rapidly. These measurements

indicate that either styrene resin would be superior to that ethyl cellulose.

Visual observations also indicate that polymer removal is more complete

in the case of the styrenes; there is no residue in the weight loss crucibles

at the termination of an experimental run. No discoloration is observad in

screen printed films either, although this is also the case with ethyl

cellulose. Figure 17 shows that this discoloration was present in suf-

ficiently thick films along with demonstrating other effects on firing

characteristics. Two samples were made from complete formulations (polymer
+ solvent + glass), and one from a formulation containing polymer and

glass only. The films, initially about Imm thick in the bottom of shallow

alumina crucibles, were dried at 400°C for one hour then fired to 6500C

¢ for 10 minutes. It can be seen that in addition to color, the residue has
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a. ethyl cellulose b. 276-V2 c. 276-vV2
butyl carbitol styrene styrene
glass butyl carbitol glass

gla:s

Figure 17 Results of Firing Glass Formulations
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affected interfacial energies (wetting) significantly and differently.
The ethyl cellulose residue has caused "blistering', a not uncommon problem
with some commercial inks.

Viscosity and other screening parameters of polyalphamethylstyrene
formulations are similar to the ethyl cellulose formulation. The mixture
of glass and polymer alone is too viscous and is sticky and stringy.
However, small additions of Butyl carbitol cure these problems. Fig. 18
shows the viscosity of 40 v/o glass formulations using both types of
screening agents; they are as close as can be expected. Bleedout and

printed film thickness are also similar.

ol TR R
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V. Summary and Future Plans
A. Microstructure Development

Quantitative results from the glass sintering studies have proven that
viscous flow is the dominant mechanism operative, and are therefore con-
sistent with the sequential sintering model proposed previously. The
viscosity and surface tension results at elevated temneratures will be
utilized in developing the quantitative sintering mode!.

Measurements of the sintering kinetics of RuO2 in the presence of
glass will be continued. The techniques previously developed to arrest the
microstructure development at various stages will be utilized in conjunction
with SEM studies of the microstructure to obtain the remaining parameters

required for a phenomological model.

B. Charge Transport Mechanisms

Studies of the electrical properties of a single contact between RuOZ
single crystals have shown a charge transport mechanism that leads to a
TCR lower than that of bulk RuO2 and one that varies with time at firing
temperature. This behavior was confirmed with studies of large particle
size resistors in which sintering of RuO2 does not occur during the time-
temperature relationships employed. These studies clearly demonstrate that
charge transport can occur in the RuOZ-gIass composite system by mechanisms
other than one involving a continuous polycrystalline RuO2 network., Similar

studies will continue during the coming period in order to obtain a quanti-

tative description of this charge transport mechanism.



Test of Models

The sheet resistance and TCR of resistors and conductors will be determined
as a function of volume fraction of conductive phase to glass, and as a
function of particle size of the conducting phase and of the glass. The
important glass parameters, viscosity and surface tension, will be varied
at constant thermal expansion and the results compared with predictions
of the microstructure model and the interface model. Chemical additives
which will alter the electrical properties according to the interface model
but which will not affect microstructure development will be utilized to
further test the interface model. Predictions of the microstructure and
the interface model will be utilized to develop optimum resistor and conductor

formutations within the given materials system. The performance of these

will be evaluated according to the list of specifications developed previously.
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