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The research described in this report constitutes the fifth six

months effort under a grant from the Advanced Research Projects Agency,

Department of Defense under the technical cognizance of Dr. Norman Tallan,
Aerospace Research Laboratories, United States Air Force. The research
was conducted in the Turner Laboratory for Electroceramics, School of
Electrical Engineering and School of Materials Science and Metallurgical
Engineering, Purdue University, West Lafayette, Indiana 47907, under the
direction of Professor R. W. Vest. Contributing to the project were
Assistant Professor G. L. Fuller, Mr. D. J. Deputy, Mr. E. M. Miller,

Mr. A. N. Prabhu, Mr. T. R. Raghunath, Mr. R. L. Reed, and Mr. J. L. Wright.
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Results from studies of the resistance of Rqu-glaao resistors
during firing and of the surface tension of the glass are presented, and
their correlation with the proposed model for microstructure development
discussed. Studies of the removal of the ethyl cellulose - butyl
carbitol screening agent led to the conclusion that the last traces of
organic matherials cannot be removed below 500°C. An investigation of
the drying of Rqu . x820 employing DTA and TGA techniques is discussed,

and & procedure described for preparing auhydrous RuO, with suitable

2
particle size range.
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I. 1Introduction

The current status of thick film technology as applied to conductive
and resistive formulations is largely the result of empirical develop-
ments. The development of new materials as well as the improvemen’ of
existing systems have been hindered by an inadequate understanding of the
mechanisms bty which electric charge is zransportea in thick film resistors
and conductors.

One of the factors that any model for conduction in thick fiim

sicrocircuits must explain is the fact that the temperature coefficient

of resistance (TCR) of a resistor is much lower than the TCR of any of

the individua) ingredients from which it was made. Several possible
approaches to explaining this 'TRC anomaly" which are being explored in
this project are:
1. Changes in contact resistance between adjacent particles
due to thermal stresses,
Changes in the intrinsic properties of the conductive ma-
terial during processing,
Formation of new phases which contribute to the conduction,
Size effects which change the intrinsic properties of the
conductive,
5. Changes in the geometry factor with temperature.
Published work concerning these possible mechanisms was discussed

in the first report on this project [1].




The primary thrust of the experimental program is to relate the
electrical properties of the thick filma to the material properties
and processing conditions through microstructure. The materials proper-
ties to be corre'ited are: resistivity, temperature coefficient of re-
sistivity; coefficient of thermal expansion; interfacial energy; particle
shape, size, and size distribution; and chemical reactivity with other
constituents. The pProcessing conditions to be correlated are time,
temperature, and atmosphere during firing.

The specific objectives of the program are:

1. Determine the dominant sintering mechanisms responsible for
microstructure development, and establish the relacive impor-
tance of the various properties of the ingredient materials.

2. Determine the dominant mechanisms limiting electrical charge
transport, and establish the relative importance of the wari-
ous properties of the ingredient materials.

3. Develop phenomenological models to inter-relate the various
material pruperties with system performance.

A proposed model to satisfy objective 1 above was presented in the
previous report (2], and the microstructure development studies presented in
this report have been developed to test the various aspects of the model.
Results obtained to date are in general agreement with the predicions of
the model. Several sub-pr;jects pertaining to objective 2 have been
discussed in previous reports 1, 2, 3, 47 and work is continuing along
several lines, but a discussion of these results will not be presented
until the next semi-annual report. Studies of RuO2 power preparation and
Screening agent removal discussed in this report were undertaken in order

to contribute to objective 3.

}
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II. Microstructure Development Studies

A. General

This phase of the pProject is concerned with establishing a scientific
understanding of the mechanisms of microstructure formation that exist
during the firing steps of manufacturing. The formation of the micro-
structure is the most important event in the entire thick-film process,
and establishing desirable control over manufacturing depends upon a
proper level of understanding. A model for the sintering process developed
in an earlier report (2] predicts a sequence of glass sintering, conductive
network formation, and final demsification. Part of the value of this
model is that 1s suggests experiments that can be performed to test its
validtey.

One set of experiments involves the continuous measurement of
resistance during the fiting of Rqu = 8lass thick film resistors. The
intentions of these studies are four-fold: (1) to determine the onset of
electrical continuity as a function of temperature at various heating
rates for correlation with the sintering model; (2) to determine the
onset of elec’:{cal continuity as a function of time at various temperatures
for correlation with the sintering model; (3) to determine the resistance
as a fuaction of time at elevated temperatures in order to study the
proposed ripening process; and (4) to prepare resistors at known stages
of the firing Process for subsequent microstructural investigation by SEM
and optical techniques.

The dominant sintering mechanisms responsible for the microstructure

development. can be directly studied either by measuring the neckgrowth

between two adjacent particles or by determining the overall sarinkage as a




function of time and temperature. Since this system involves a major

fraction of glass, it is difficult to perform shrinkage measurements at

temperatures much be}ond the softening temperature of the glass; therefore,

only necksrowth studies are suitable. Most previous neckgrowth studies

of sintering phenomena have been carried out by quenching from elevated
temperatures with subsequent examination by metallographic tenchiques.
However, only a limited picture of the actual changes can be obtained from
such room temperature observations, &nd hot stage microscopy will be
employed to study the neckgrowth between spheres as a function of time and
temperature.

The sintering model predicts that the driving force for conductive
network formation is directly proportional to the surface tension of the
glass. It is therefore essential to accurately measure the surface tensiom
as a function of temperature and impurity content. These studies have

been initiated, and results to date are discussed.

B. Apparatus

1. Resistivity During Firing

The apparatus used for electrically monitoring the formation of resis-
tors during firing is the push rod furnace described earlier f1}. The
resistance and temperature measuring system used with the furnsce, shown
as a block diagram in Figure 1, has been modified in order to measure
nigher values of resistance encountered in firing resistors with low
concentrations (5-10%) of Rqu. The current in the sample from the 1000Hz
sinusoidal source, V', is limited by R'. One of the two preamplifiers and
the tuned amplifier sense the voltage across the potential terminals of

the sample, and the rectified, quasi-dc, voltage drives a three decade

chart recorder; R

cl and RCZ represent lead wire resistance and the
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resistance of the sample up to the potential terminals. In four terminsl
®easurements the lead wire resiscances do not influence the determination

of the rea/stance between the potential terminais, ¥, and for large resistance
samples '.aere .Cl and RC2 ave negligible, two terminal ®easurements may be
used. Sample temperature is determined with o Platinua - platinua + 103

rhod {un thermocouple that ts part of the four leads to the resistor. The

dc thermal emfi and the ac resistance measuring voltage are eacily separated
and do not influence ome another. The sense amplifier for resistance
Beasurements is shown in greater detail in Figure 2. The original sense
amplifier, consisting oi op-amps Al, A4, A5 and A6 and associsted componen:s,
has been modified by adding & second preamplifier, suitable for high ixpsdance
saxmples, that can be substituted for the lower impedance preamplifier

using Al. The new preamplifier, using A2 and A3 with Junciion field effect
transistor input stages and the 10 Megohm feedback and input resiastors

of the standard differential amplifier configurastion, has & 20 Megohm

input impedance at the Plus terminal and o voltage gain of 1. The circuite
consisting of A3, 1100 pf, and two fixed resistors and one potentiometer

is a standard varisble negactive capecitance circuit. Its purpose 1s to

cancel the circuit capacicance vhich consists mostly of cable capacitance from
the sample to the amplifier fnput. If the total capacitance becomes nega-
tive the presmplifier circuit will oscillate so the net capacitance {s
adjusted to + 15 pf. The reaciance of 15 pf at 1000 Hz {s about 10 megohms,
and as long as Rs in Figure 1 1s less than or equal to 1 megohm this

reactance causes negligible error. By considering the noninfinite impedance
of the measuring circuit it {s Possible to make resistance measurements

in excess of 20 uegohms.

The value of R; and the magnitude of Vs of Figure 1 depend on the







sample resistance. Por low resistance samples Vs and Is are made largc
86 that they approximate a constant current source. Under these condt-
tions che deflection of the chart pen is directly related (proportionsl
wvithin each decsde) to the sample resistance. When sample resistances

are very large during some portion of the experiment the oscillator

voltage is decreased so that the pen {s on-scale for an infin{te sample

resistance and Rs is then selected for the best sensitivity over some

rsnge of resistsnce. Sample resistances are alwvays determined by comparing
them to standard resistors rather than by determing vs and the gain of
the amplifier.

2. Surface Tension

The surfsce tension of the glass used {n other Phsses of this project
has been measured with a mod{fied dipping platinum bylinder method using
the apparatus shown in Figure 3. A platinum cylinder,0.5 inches in
diameter, 0.5 inch high, and 0.005 inches thick,is suspended by a platinum
hang down wire from an automatic recording Afinsworth micro-balsnce to be
described later. A platinum crucidble, 1% inches in diameter and 1% inches
deep, is placed on a ceramic Support so that it is centered in a tube
furnace that csn be raised or lowered by mesns of s labjack. The temper-
ature of the glass in the crucible is mcasured by a chromel-alumel thermo-
couple plsced in conta~t with the bottom of the platinum crucible.

3. Neck Growth

The neckgrowth between adjacent spherical particles during sintering
will be observed with the modified metallograph shown in Figure 4. The
entire optical portion uf the metallograph has been inverted on the

floating mounts so tha: the sample can be heated in an up-tight positton
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Figure 4. Metallograph with Video Cameras




snd viewed from the top. The regulur camera 8ystem has been removed arnd
replaced by a Sony AUC-3200 black and white video camera. A second vidco
camera is used to monitor a digital voltmeter that measures the sample
thermocouple emf and a digital clock. A Sony special effects unit then
mixes the two video signals so that the emf and time are positioned in a
corner of the viewing area. All information thus obta‘ned 18 recorded
on & Sony AV-3600 video recorder with stop frame capability, and observed
on a Conrac SNA television monitor.

The hot stage unit on which the samples will be hested is a Unitron
MMS vacuum heating stage modified slightly as shown in Figure S. It con-
sists of water cooled upper and lower portions constructed of stainless
steel which are bolted together and sealed with a thick rubber gasket
that 8lightly separates the two portions; small loles in the gasket provide

feed-throughs for thermocouples. The tungsten ribbon electric heater

3/8" in diameter. This heater sits in the lower portion of the hot stage
on a refactory base and is insulated with Piberfrax contained in a larger
refractory tube. The sample holder is a small platinum pan located on

top of the boron nitride core, and platinel thermocouple leads are used to
record the sample temperature. Another platinel thermocouple ig positioned
in the center of the boron nitride core and 13 used to control the temper-
ature of the furnace. Tie sintering experiments will be carried out

under both isothermal and constant heaiing rate conditions in order to

quantitatively test the sintering model.

Since temperatures as high as 900°¢ will be employed, a 5 mil thick
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Platinum foil heat shield with a 0.5, cm hole covers a quartz viewing
window, 16 mm in diameter and 1 mm in thickness as shown in Figure 5. A
shutter is required between the quartz window and the specimen to avoid

any organic material or water vapor condensing on the quartz window during
the initial heating. The existing shutter mechanism has been modified

a'.d now consists of a quarctz plate with a 0.5 or. viewing hole that can be
adjusted from outside the hot scage. The hLeat shield, shutter, and
distance to the sample holder require a distance of more than 5.8 wa
between the sample and the objective and the standard Unitron FF 40x objec-
tive with a working distance exactly 5.8 mm cannot be used. Instead, a
special focal lengti: lens, Vickers M-028041, {is being used. This objective
gives a working distance of 14 mm at 20x and permits the use of a Corning
wvater cooled infrared filter between the quartz viewing window and the

objective.

C. Experimental Procedure

L. Resistivity During Firing

The studies of thick film resistor firing are being conducted with
samples containing from 5 to 107 Rqu (95-90% glass). This range is
being used because; (1) it is a test of the sintering model. If the
Rqu powder was uniformly dispersed in the glass at these low concentra-
tions the resistor would not be electrically conductive because the
particles would be separated from one another by distances greater than
lpm. Therefore, the fact that « continuous conductive network is created
during firing veans that a sintering process such as has been proposed
must be responsible far the observed characteristics; (2) the resistance

during firing is typically low enough for easy measurement with the
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system describec earlier; (3) resistors with this concentration have
demonstrated an elaborate set of characteristics (e.g., changing resie-
tance and TCR) that are repeatable in sequence although the rates of
change are dependent on firing temperature. Previous experiments with
high RuO2 concentrations (40-50%) and low resistance values were affected
by firing to a much smaller degree.

The resistor inks used for these samples were blended on the three
roll mill {37, and use 5910 etayl cellulose and butyl carbitol screening
agent discussed earlier [27. All samples discussed were screened on a
manual machine, but future samples will be prepared on the semi-automatic
machine sc that more quantitative comparisons can be made among samples fa).
All ramples were dried to remove the screening solvent and then fired
under a variety of time-temperature conditions with continuous or continual
measurements of resistance and temperdture as discussed below.

2. Surface Tension

The surface tension of the glass is measured by heating several grams
of glsss in the platinum crucible of Figure 3 until thermal equilibrium
is reached, raising the crucible and furnace with the lab jack until the
bottom edge of the platinum cylinder is below the surface of the glass,
and then slowly lowering the fucruace to form a miniscus of glass above
the melt. The downward force on the cylinder caused by the raised glass
is recorded on a chart until the cylinder breaks away from the glass. The
weight of the cylinder and any glass retained on the rim of the cylinder
are substratced from the terminal force before breakaway to obtain the
force required for the surface tension measurement. Two glasses have

been measured. Prelim!nary measurements were done on a P0-14.92% 5102
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glass in order to verify experimental technique by comparison with previously
reported values for 8102 glasses [57, Then, measurements were carried out
with the lead borosilicate glass that has been used in other experiments
(62.2% PO, 24.4% 8203. 12.3% SiO2 1.0% A1203, 0.6% 81203) [13.

The separation forces deterained with the balance were used to

calculate surfare tension values from the equation

h
N 5095) /R h by 2
YT emnr [1 - (2.8284 +0.6095) /BK + (3 + 2.58 at0.371 ) &3

which can be simplified to [s)

2 2 2
- L .—2.82840  0.6095¢ 36 2.585C 0.3716
ik (AR xR " w ot ot % Jamat

Y = Surface tension in dynes/cm

h- ; - %
TRP g MRp

" maximum force exerted on the cylinder = g Yrax
thickness of the cylinder

© = density of the glass

R = mean radius of the cylinder

Woax Daximum ull (gms) exerted on the cylinder

The high temperature density values of the lead borosilicate glass were

determined by the extrapolation of lower temperature expansion data fij.
D. Results
1. Resistivity During Firing

About forty 5-10% Rqu resistor samples have been fired with concurrent
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resistance and temperature measurements using a variety of time-tempera-
ture profiles. Most samples are not worthy of individual discussion, but
taken as a group they have indicated to some degree the variations in
time and temperature that result in resistors (electrically conductive and
low TCR (e.g. < 2 megohms < + 400 ppm/°c) and have shown that the
firing process and the creation of a conductive network has certain
repeatable characteriscice regardless of other minor details. Some of
these characteristics can be demonstrated with sample 35, fired at 590
for 550 hours. The sample was quenched frequently during the firing
pProcedure in order to measure Toom temperature resistance and TCR and to
look for the characteristic symptoms of network formation dircussed below.
Rs in Figure 1 was set to 1 megohm and the oscillator was set so that the
resistance chart recorder was on scale for an fafinite resistance sample.
Under these conditions the accuracy in resistance is approximately + 5%
for a sample resistance of < 100Kna, + 8% at 1 wegohm and + 15% at 10 Megn.
Figure 6 shows the approximate room temperature (50°C) resistance
veraus total time at 590°C and clearly shows the formation of a condactiv:

network between 30 and 100 hours, a minimum resistance of 300Ka at 150

hours, and then a gradual increase in resistance up to 350 hours. Figure

7 shows that the hot TCR (5¢% - 130°C) throughout this period was
approximately - 200 pp-/oc. Between 330 hours and 430 hours a significant
change ~~curred. The resistance decreased by a factor of about five and
the TCR increased to a positive value,

Figure 6 also shows the resiantence of the sample at 590°C, This
temperature is high enough for the resistance of the glass to be measured
with the measurement system; it is epproximately 3 megohms as taken from

the measured resistance at the beginning of the experiment. The resistance
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at 590°% monotonically decreased by a factor of four during the first

350 hours. At temperatures higher than S90°c, wvhere the resistance of

the glass is even lower, the change in resistance during the period of
firing was less than observed at lower temperatures and, in general, the
resistance at high temperature cannot be used as an indicator of network
formation. Por example, the two resistance graphs intersect at about

50 hours and the resistance at 590°¢ s not affected by the room tempera-
ture minimum at 150 hours or the subsequent increase. The high tempera-
ture resistance for times greater than 400 hours {s significantly different;
its magnitude is lower and it follows the room temperature resistance

more closely.

The resistance versus extended temperature changes during the
formation of the conductive network; Figure 8 shows the sequence. Before
the network begins to form the glass furnishes the only conduction
mechanism, probably ionic. This is shown in Figure 8a after 20 hours or
firing time where the resistances during both heating and cooling incresse
rapidly at lower temperaturcvs. At 26 hours Figure 8b shows a resistance
Veraus temperature behavior that appears to be as characteristic of net-
work formation ag a decreasing resistance measured at room temperature.
During the heating portion a dip in the graph develops at a temperature
a little lower than the softening temperature of the glass. Later, at 42
hours, (Figure 8c), when room temperature resistance measurements indicate
that the network is more completely developed, the dip that existed at
26 hours has become more apparent because the resistance at lower temper-
atures is lower, and because a "bump' has formed at a slightly higher
temperature, Also, at this stage of development a dip now appears during

the cooling Period. Still later in Tesistor formation, for example,
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56 hours, dips and bumps exist in boch the hesting and cooling profiies,
but they are always more pronounced in the heating cycle. Pigure 8d

does not emphasize the magnitude of the dip because it is located near
the zero of a linear axis. Not only are the dip and bump characteristic
of screen printed resistors, they have also been observed in the firing
of bulk samples of RuO2 and glass powder 1], and in measurements of the
contact resistance between two single crystals of Rqu in the presente of
glass [2]. The resistance versus temperature for times greater than 400
hours is not shown in Figure 8, but it remains esdentially constant over
all temperatures < 600°c. changing only a small amount corresponding to

a temperature coefficient of several hundred parts per million.

Proper corrclation of the proposed sintering model to the behavior
of resistors during firing will require further study, but the characteris-
tics of sample 35 are compatible with the basic model. The desrease in
resistance during the first 150 hours would represent the colescence and
partial sintering of the Rqu particles initially on the surface of glaes
spheres, and the increase in resistance from 150 to 350 hours would
represent modifications in the network due to densification or to the

Gstwald ripening process during which interfacial energies cause the larger

particles of lqu grow as the smallest are discolved. If the lqu particles

did not sinter completely during the first 350 hours, at lower temperatures
interfacial forces would still hold the luo2 in close enough contact for
conduction (tunneling, conducting glass nesr the psrticle, actual cortact,
etc.), but at higher temperatures changes in interfacial forces and
increased thermal energy would perwit a small but criticecl separation of

the particles. The more constant values of lower resistance with positive




values of TCR at times beyond 350 hours are consistent with a sintered

netvork of lnoz particles that is no lomger influenced by the condition

of the glass matrix.

It had been anticipated that it would be pussible to occasionally
quench samples during the firing process in order te determine the
information such as shown in Figures 6, 7 and 8 without modifying the

microstructure development. Presumably the quenching would freezeall

microstructural units in placa and reheating would simply allow a continua-

tion of the network for-ntion,clpecillly since the heating and cooling
times can be made smali compared to total firing time at high temperature.
Figure 8, with non-repeacable behavior on heating and cooling shows that
this is not the case. It has also been observed on several occasions that
changing the frequency of heating and cooling cycles, for example from
every 20 minutes to avery 30 minutes of high cemperature firing, influences
the average rate at which the network forms. Fortunately, however, the
resulting resistors are quite similar even though varying amounts of total
firing were required to form the resistor. Thus, a procedure has been
developed for Preparing a sequence of samples in predictable advancing
states of development for observation vith optical microscopes and the
scanning electron microscope in order to better analyse the “ormation of
the desirad microstructure.

2. Surface Tension

The surface tension resultc obtained vith the apparatus of Figure 3
for a Pb0-14.92% SiO2 glass are shown in Figure 9 along with previously
reported data [5) for tvo glasses having compositions on either side of

the one measured. The surfaca tension versus temperature follows a typical
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linear form and 1is seen to be in good agreement with tte Previously reported
results, indicating Proper measurement technique,

The surface tension of the Pb0-8203-8102 8lass used for resistor
fabrication is shown in Figure 10 over a larger temperature range. The
magnitude is typical of that Previously reported for similar glasses [57.
The temperature dependence of the surface tension is not linear, but the
change amovnts to only 10% over the temperature range. A negative tempera-
ture coefficient of surface tension had been previously reported [5] for
Pb0-5203 glasses having 50-80% PbO.

The effects of surface tension have been demonstrated on a qualita-
tive, but dramatic level during the resistor firing experiments. Several
samples, particulary those with 5% RuO2 content when fired to high
temperature developed a characteristic at the interface of the resistor
and conductor that consisted of a noticably reduced thickness and reduced
content of Ru02. An example of this is shown in Figure 1lla in which the
relative lack of the dark RuO2 is obvious from the photomicrograph. The
reduced thickness is apparent from direct visual observation and was
verified with a prof{limeter. This phenomena produced a severe problem
because samples would appear to be open circuited or very high in resistance
when the bulk of the resistor was otherwise normal. The depletion of
glass at the interface could easily be explained by the previously observed
affinity of the conductor paste for the glass. This can be seen in
Figure lla where the glass has diffused much farther into the conductive
that it has across the surface of the substrate. The initial dimension
of the resistor can be seen by the black area on conductive; the Ru0

2
does not propagate through the conductive.
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a. Resistor-Conductor Interface

b. Addition of 81203 c. Addition of 81203

Figure 11. Effects of Surface Tension on Resistor Formation
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The reduced concentration of Rqu at the interface must be due to

thickness of the glass. In

in the paste is 81203 (1] which acts as a flux to improve adherion. It
is a glass former not Present in the resistor glass and could, therefore
affect the properties of che resistor glass,

Figure 11b and ¢ show the effect of adding 81203 to the surface of a
resistor. The quantity added was not weightec but it was a particle
about 0.8 mm in diameter. The large dark area near the left edge of the
resistor (Figure 11b) shows where the particle was placed, tne strongly

effected area is much larger than the initial particle size, However,

the influence of this small amount of 81203

small dark spots and "white tails', regions of glass void of Rqu.

llc shows greater detail in the darkened 8pol. Although most of the

resistor is uniformly dense at this magnification the effected area is

characterised by non-uniform agglomeration of the Rqu.
Subsequent work has shown that this interface problem can be avoided

if the conductive ig first coated with an Rqu-glals ink containing 80%

Ruoz, but the catastrophic effects on the conductive network from o

content of starting materials or substrates Previously considered unimportant

may be significant if the impurities are surface active.




3. SEM Studies

Some examples of resistor microstructure obtained with the scanning
electron microscope (SEM) are shown in Figure 12. ‘The resistors were
etched with HCl to remove the lead from the surface of the glass as
previously described [(4]. The glass below the surfaceof the photographs
still contains lead and is therefore opaque. As with the optical micro-

graphs discussed in the Preceding report f4], a microstructure of inter-

connected loops of sintered RuO2 particles as predicted by the sintering

model can be observed.

Many of the loops appear to be unconnected because they do not lie
in the plane of the photograph, and hence part of them is obscured by
the opaque, lead containing glass. The smallest particles ( 0.1;) show

the greatest degree of sintering as predicted from the rate equations.




c. 20,000x

Figure 12. Scanning Electron Micrographes of Etched Resistors




3II. Screening Agent Removal

A. General

Screening agents are organic liquids blended with the glass and other
inorganic powders so that the resulting formulation or ink will have the
pProper rheological characteristics to be deposited onto the substrate in
the desired patterns. Screening agents usually consist of at least a
Polymer dissolved in a solvent so that the films can be dried to be
mechanically durable. Presumably aiter deposition all of the organics
are removed by evaporation, decomposition, etc. However, to say that the
screenings agent's only contribution to the manufacturing process is to
facilitate printing is, in general, an oversimplification because the
polymer may nnt have been completely removed at temperatures where the
glass begins to sinter and/or the polymer must leave by a decomposition
process that may require oxygen. It is easy to invision conditions in
which some of the oxygen required for the decomposition reaction would
come from inorganic compounds in the film thereby changing the composition
of the f.lm. It is possible that some comnercial thick film inks are
characterized by these forms of non-ideality and, in fact, were developed
to be optimum in performance when the screening agent does interact with
tne inorganic materials during firing. That would explain why best
resuits are sometimes obtained when the kilns are fumed to some degree;
that is, the atmosphere is purposely contaminated with organic vapor:s to

reduce the oxygen partial pressure at the surface of the film being fired.
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Because of the chemical complexity of commercial screening agents
and the lack of available information concerning their precise chemical
composition, a chemically simple screening agent was developed for this
work. It consists of 5" /o, N-300 echvl cellulose dissolved in butyl
carbitol, and has been demonstrated as being adequate in printing and
drying performance. Thg purpose of this work is to more quantitatively
describe the drying procedure and removal of the ethyl cellulose in order
to establish trying procedures which guarentece that no organic materials

remain in the films during firing.

B. Apparatus
In order to determine the rate of organic removal, a double pan TGA
8yf -em was constructed that enables accurate, simultaneous measurements
of both sample wieght and temperature. The basic system, show. in
Figure 13, consists of two identical pans symmetrically located in a
furnace. The sample pan is attached to an automatic, recording Ainsworth
microbalance which, with the sample guspended in air, has an accuracy and
resolution capability of about 50 w8 and an automatic range of 100 mg.
All weight changes are detected by a linear variable differential trans-
former (LVDT), and recorded as a function of time. The second pan is
rigidly attached at the same height as the sample pan and a small thermo-
couple is located adjacent to the duplicate sample to determine the
temperature of the sample on the balance pan. Previous tests with various
samplen and heating rates have shown temperature agreement between the
two pans to be within 4°C. A thermocouple cannot be used on the balance

Pan during weight measurements because the stiffness of the thermocouple

leads from the crucible or hangdown wire to the walls of the system would

cause unacceptable srrors in weight measurements.
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C. Procedure

The most meaningful form of weight loss experiment would be with
films screen printed onto Substrates, However, it is not possible to
measure the removal of the last few percent of screening agent, the
quantity that is of greatest interest. Consequently, all weight loss
measurements were carried out with approximatuly 40 mg of formulation
in small crucibles, 7 mm ID and approximately 10 mm high. The materials
investigated by TGA were: (1) butyl carbitol solvent; (2) the screening
agent; and (3) screening agent plus 40Y/o glass powder (the inorganic
content of all printing inks used in other experiments), Evaporation
measurements were made under both isothermal and constant heating rate
conditions, and in the case of liquid samples, (1) and (2) above, it was

possible to determine evaporatior rates per unit surface area,

D. Results

!vaporafion studies were begun with the volatilization of the solvent.

For a liquid in equilibrium with the gas phase the kinetic theory of gases

gives the evaporation of the liquid as

u =P (ZJ;T) ¥ gl/cl2 - sec (1)

where P {s the vapor pressure and M is the molecular weight of the gas.
The Clausius - Claperon equation relating vapor Pressure and temperature,

d ln P - L

dT RTZ

where L 1s the latent heat of vaporization, can be integrated to




P = AC.L/RT (3)

vhere A is the constant of integration. Subltltuting Equation (3) into

Equation (1) gives

-L/RT M
w = Ae Grp) 172 (4)

which can be rearranged into the form

In mr")-% + Eln(-"z%) (5)

for & graphical determination of the constants L and A; a plot of 1In
OJT&) versus 1/T should be a straight line wich a slope of -L/R and an
intercept of 27R ° Figure 14 shows the isothermal evaporation rates of

butyl carbitol at constant temperature ploted in the form of equation

(5) for temperatures low enough for convenient equilibrium conditions,
and it can be sean that the solvent evaporates in the predicted manner.
However, other Measurements have shown that in the presence of ethyl
cellulose and glass the evaporation of the solvent does not obey the
relationship of equation S,

Figure 15, showa the reciprical of the evaporation rate of the solvent
4t constant temperatures versus percent of solvant remaining, and shows
that the rate ia constant until the last few percent vhen the surface area
decreases. In an ideal evaporation process a solution of ethyl cellulose
and solvent should évaporate at a constant rete equal to the solvent alone
until only ethyl cellulose remains, in this case, Sv/o. However, FPigure

15 shows that the Presence of the ethyl celluloss decreases the evepora-

tion rate (the graph shows the reciprical) especially at lower solvent
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contents. This changing rate could be due to a uniform solution that is
not ideal or, =ore likely, to a dry surface layer of ethyl cellulose that
impedes the vaporization.

etfect on evaporation rates; the rate begins to decrease significantly
when 50% of the solvent has evaporated.

Because of the dependence of eévaporation rates on composition of the
formulation it is Not possible to fit the data to a simple theoretical
expression such as Equation (5), and a detailed, scientific study of the
vaporizaticn phenomenon is beyond the scope of this project. Therefore,
it was decided to adopt an emperical approach to the development of
optimum drying procedures. To this end, a sample of 8creening agent plus
40" /o glass was dryed at a constant heating rate of 9°C/-1n; the results
are shown in Figure 16. The weight indice:ied is total sample weight
including glass. A¢ this heating rate it can be seen that the solvent begins
evaporating quickly at about 150° and evaporates at a nearly constant
rate from about 180°C to 220°C. The weight chenge from 27 "% to 340%
represents the loss of the ethyl cellulose. This loss of ethyl cellulose
has been studied more carefully to determine the rate of loss. For the small
samples of glass and screening agent used for all these experiments the
rate increased from about 25, gram/min at 250° to about 2004 gram/min
at 300°. Thus, at 300°C al1 measurable quantities of ethyl cellulose can
be removed in several minutes. Unfortunately, visual observation of the
dried samples shows that trace amounts of residue from the ethyl cellulose

exist even after very long dryings at 300°C. Temperatures in excess of

SOOOC are required to remove the last traces of organic residue, but the

glass sintering is more rapid than the organic removal at 500% and above,
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Therefore, although the ethyli ceilulose forms a screenirg agent that is

adequace with respect to its rhyological characteristics it will yield

the situation where some organic material will be present after the glass

has flowed; the effect on re i1stor performance is not known.




Iv RuO2 Powder

A. General

Alchough thick film resistors have been made with ruthenun added by
metal resinates and ion implanctation, all resistor samples in this program
are made with Rqu powder. The powder can be made by oxidizing ruthenum

metal, but this requires a long time at high temperature (e.g. 2 days at

1000°c f17), and the resulting particle size is larger than that obtained

by other methods. The more desirable method for shorter preparation times
and smaller particle sizes is to precipitate a hydrated oxide of small
particle size fromasoluable salts, and then dehydrate tc¢ form the oxide.
The yeneral technique,with specific examples, has been discussed by Angus
and Gainsbury (61. They report preparation of the hydrates by precipitating
solutions of ruthenium chloride, sodium ruthenate, and ruthenium tetroxide
with sodium hydroxide, methyl alcohol, and hyarogen peroxide, respectively.
They also report that the temperature of dehydration affects the particle
size of the oxide, and that the particle size of the oxide in turn affects
the resistivity and TCR of thick film resistors. Heating the hydrate for
one hour at 500°C resuited in approximately O.3um particles of oxide
whereas heating for the same time ac 800°C resulted in 1.5:m particles.
This comparison is typical and 18 due to increased grain growth at higher
temperatures: the driving mechanism is a reduction in surface area. The
effect of the smaller particle size on the properties of the resistor was
to decrease both TCR and current noise although the resistivity was

unaffected. The properties of resisotrs should be influenced by the
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particle size of the conductive ingredient because of its influence on the

development of the conductive network as explained by proposed sintering
model. In this case the iower TCR could be due to the increased scattering
associated with the smaller particles. Because of these types of
interdependencies it is important to adequately characterize the particle
size and particle size distribution and to hold these parameters constant

by standardizing the method of preparation.

B. Experimental Procedure

Since ruthenium dioxide hydrate (Rqu . xHZO) is commercially avaii-
able, quantities were obtained from both Englehard and Mathey Bishop for
dehydration to usable oxide. The dehydration is exothemic to the extent
that care must be exercised in order to avoid a spontaneious reaction.
To plan an appropriate dehydration procedure and to better charucterize
the hydrate, both DTA and TGA measurements were made during heating.
Qualitative DTA results were obtained with a leboratory assembled instru-
ment of stdndard desigq, end TGA measurements used the system of Figure 13.
In addition to these measurements an electron spectroscopic chemical
analysis (ESCA) was donme on the surface and a limited number of resistors

have been prepared using the dried Rqu.

C. Results

The qualitative DTA results, Figure 17, shows that the two hydrates
are quite different from or> another, probably due to different starting
materials and processing conditions. The single peak at 230°C obtained

with the Englehard hydrate and the double peaks at 186°C and 285°C with

the Mathey Rishop hydrate could represent water loss; this would be
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typical of dehydracion. Alcthough the patterns are of different form and
the peak for the Englehard material is much larger, the smaller peaks
obtained with the Mathey Bishop hydrace seem to be containedin the larger
peak. The exothermic peak at 414% obtained with the Englehard material

is uncoamonly high in temperature for dehydration. This peak may be due

to the oxidation of carboa since chemicai analysis revealed about 2"/0
carbon in the hyirate. The origin of the carbon is not known, but to be
present in such large quanticies it would have to have been introduced
somewvhere in Processing, for example from chemisorbrd alcohol. The TGA
m:asurements on Englehard hydrate, Figure 18 are not consistent with

normal dehydration or with che DTA results since they show a nearly
constant rate of weight loss throughout the same temperature range studied
by DTA. Although there are regions of changing slope for all three heating
rates they do not correspond to the peaks and valleys of the DTA graph.
Assuming that all of the weight loss is Figure 18 was due to water, the
chemical formula of the hydrate would had to have been RuO2 2.1 H20.

The TGA measurements do show that adequate drying conditions wust be used
for complete water removal, however, Only the slowest heating rate, loc/min,
was sufficient to achieve complete water removal with &8 maximum temperature
of 500°. At the more rasid heating rates weight loss is continuing at
500% and additional time at high temperature would be required four complete
water removal. Since TGA measurements during dehydration that have been
reported for other hydrate oxides show a rapid weight loss in the tempera-

ture range corresponding to an exotherm, the resul:ts described here are

difficulet to interpret. It has been Proposed [77 that RuO2 . xH20 is not

actually a hydzate but rather very small Particles of oxide with chemisorbed
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water on the surface. This could explain the TGA results but not the DTA.
Further work will be Tequired for a more complete understanding.

Based Primarily on the DTA results a procedure was established for
drying the Englehard hydrate in a standard laboratory oven. The tempera-

ture is increased every half-hour as follows:

Time = Temp =
(hrs) (°c)
1/2 80

1 95
11/2 115

2 120

2 1/2 125

3 130
31/2 136
4 150
4 1/2 164

5 180
51/2 200

6 230

6 1/2 280

7 330
71/2 360

8 400

The majority of individual RuO2 Particles resulting from this drying
schedule were in the 0.1 - 1.0im size range as shown in the scanning
electzon micrographs, Figure 19.

To verify that the oxide was suitable for resistors a small quantity

of resistor ink was prepared, screen printed and fired at 850° for 10

minutes. The 18 w/o Rqu (82 w/o glass) resistors were approximately




a. Mathey Bishop, 10,000x

b, Englehard, 10,000x

Figure 19. Scanning Electron Micrograph of RuO2 Pcvder




276 A/Q and the TCR was abeut +400 pp-/oc. Alcthough the TCR is higher

than desirable overall performance seems adequate considering the

arbiczary choice of firiug procedure.
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V. Summary and Pucure Plans

The studies of microstructure development have yielded results in
agrsement with the predictions of the sequencial sintering model, but
quantative correlations awai: {uture work.

Studies of screenirg agent removal uacovered a potential problem
area in that the last traces of organic materials are not removed at
Cemperatures below those at which the glass flows. New screening agent
eystems will be investigated to overcome this problem.

Studies of the drying of ruthenium dioxide hydrate have resulted

ia some unsxpected results, but an emperical procedure has been developed

to produce anhydrous lqu in The desired particle size range.,

Other studies to be continued or inictiaced during the coming period
include:

1. Sintering

The microstructure development during thick fila resistor firing
which leads to the formation of the Physically continucus network of
the conductive phase is being studied by hot stage microscopy. The
expected sintering mechanisms responsible for the microstructure develop-
ment have been discussed in decail in 4 previous repuort. The zeneral
expression for the time dependence of the neckgrowth for the initial stage

=
sintering of two spherical particles of radius a can de given by _x? = Kt,

a
where x is the radius of the neck at time ¢, and K is a constant for the
particular system at any given temperature.

The values of m and n for cthe different sintering mechanisms cen be

summarized as follows.




Glads sintering

Newtonian viscous Siow

Conductive sincer.a,
1) Voiume aiffugion
11) Surface aiffusion
111) Crair ooundary aiifucion

iv) Solution-precisitation

(a) No Shriakage
(b) Shrinkage Present.

1) Rate iimicing step 1is the diffusion
flux out of the circular contact
area

11) Phase boundary reaction leading to
solution is the rate limiting step.

For sintering studies Spherical particles of size range 50-100; will

be used. The 8lass spheres are Prepared by Passing the glass particles

through the furnace maintained at 1200°C gnd the Rqu spheres by means of

an air grinder from the Rqu éingle crystals. The growth of the neck
between powder particles will be followed continuously at temperature by
employing a television camera, a tape recorder and & monitor. Time and
temperature will siso be recorded o!.ultancoualy by means of a seperate
television camera and 4 special effects generator.

The important Properties of the glass effecting the kinetics of
sintering are visocity, surface tension, and {ts wettability to Rqu.
It has been found that ine 3.ass aslmost completely wets the Rqu. The
high temperature surface tencion and visocity are being studied by the
“dipping cylinder method” and the “sphere method " respectively.

The neck growth data obtained b- -ntering of glass spheres will be

used to verify that Newtonian viscous flow is the diminant mechanisa for
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the glass sintering. From the slope of che plot of %r versus t and

using the experimenctally determinecd values of the surface tension the
viscosity of the glass st thattemperature can be determined. This value
of viscocity of the glass can de compared with the viscocity value
determined from the "sphece method". From the neckgrowth data obtained
for the conductive s.nterinl, plots of 5; versus t can be obtained for
different values of m and n and the app:opriate sintering mechanisms can
be determined. FProm the sinpes oi the above plots, the material properties,
e.g. diffusion coefficients, contained 1a cthe constant K can be determined.
Sintering experiments wi.i also be carried out using RuO2 spheres of different
particle sizes in order to examine che process of Ostwald ripening which,
it is postulated, leads co the discontinuity in the conductive network.

After the kinetic expressions for the isothermal sintering processes
have been obtained, the sintering experiments will be carried out om
continuous heating employing linear heating rates, and the kinetic
expressions will be appropriately modii.ea. From the known values of the
surface tension and viscocicy of the glass and solubility of Rqu in the
glass at different cemperatures it should be possible to assess the effect
of these variables on the kinetics of sintering.

2. Electrical Properties of cne gggz-gllgg Interface Region

Even though results -eported previously indicate that the elec-
tctical properties of small particle size RuO2 are significantly dif-
ferenc from those of massive single crystal Rqu. the differences are
not great enough to explain the nearly-zero and sometimes negative TCR

observed vith thick {ilm Ru02 resisctors. This phenomenon must be due to

an additional effect resulting from the presence of the glass. In order
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to better characterize the "contact" resistance between adjacent regions
of RuO2 in the glass, single crystals of RuO2 will be precoated with
glass in varying thicknesses and suitable counter electrodes applied.
Current-voltage measurements and capacitance measurements as a function
ol bias voltage will be made in order to determine the mechanisms of
charge transport through the glass films.

3. Particle Size Bffects on the Resistivity of g!gz

Previous studies on this Project indicate that the apparent electri-
cal properties of small particle size (50-1002) RuO2 may differ from that
of the bulk, single crystal values; the electrical resistivity may be
greater by a factor of about three and the TCR lower by about the same
factor. A possible explanation for these phenomena is that the scatter ing
of the conduction eleccrons is increased due to increased crystal defects.
This increased scattering would increase the resistivity and, since defect
scattering has a smaller temperature dependence than phonon Scattering,
the TCR would be lower. The increased Scattering at the surface would be
more influential with small particles and, since the smaller particles are
prepared at lower temperature, there may be a higher degree of crystal
disorder throughout their volume. Thus, the indications that the
electrical properties of small size powder are different from those of
bulk single crystal are not inconsistent with theoretical properties
of materials.

The procedure for determining the resistivity of the powder will be
to uniformly disperse the Powder in a proper matrix, measure the resis-
tivity of the composite, and apply the pProper mixing rules. A review of

hetrogeneous microstructures and the associated mixing rules shows that

for maximum sensitivity to the resistivity of the dispersed phase (kuoz),
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the resistivity of the matrix material should not be greater than ten
times che resistivity of the powder. This excludes common dispersants
Since they are usually high in resistivity, and even liquid electrolytes
of strong acids and bases. The only suitable materials in terms of
resistivity and ease of handling are moderately low melting temperature
alloys such as tin-lead solder and the family of alloys with melting
temperatures near 100°C (Wood's metal, Rose's metal, etc.). The dispers-
ing procedure will be to melt the alloy, add the powder, and mix with a
propeller while under a vacuum to avoid entrapment of air as a third
phase and to minimize oxidation of the alloy.

4. Effects of Substrate Expansion

Substrates with coefficients of linear thermal expansion varying
from 2 to 10 x 10-6/°C have been obtained and flame sprayed with a thin
coating of alumina so that the resistor-substrate interface will be the
same in all cases. The resistance and TCR of resistors printed and fired
on these substrates will be measured and the results analyzed in light
of the results obtained with the Rqu-glaaa composities.

5. 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 effect microstructure development

will be utilized to further test the interface model.




6. Resistov and Conductor Evaluation

Predictions of the microstructure and interface models will be

utilized to develop optimum resistor and conductor formulations within

the given materials system. The performance of these will be evaluated

according to the list of specifications developed.
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