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During the last decade our vastly increased knowledge of atomic and

molecular structure of materials, and the new technologies and techniques

based on this knowledge, have spurred several approaches to integrated

circuits. Specifically, the integrated circuit approaches today are thick

films, thin films and semiconductor techniques.

The heyinning of integrated circuits can be traced to

World War II, the proximity fuse program, and techniques developed in 1945

by the National Bureau of Standards and Centralab, for forming resistance

and capacitance on a ceramic substrate by silk screening of conductive inks.

However, the key event signaling the advent of true integration in electron-

ics was unquestionabiy the development during 1958 by Jack S. Kilby of a

concept of processing the equivalent elements for a complete circuit such

as resistors, canacitnrs, transistors, and diodes in a monolithic bar of

pure silicon.

An alternate approach to integrated circuits involved the use of

thin film techniques to deposit all components, including active and passive

elements upnn a substrate. The electrical isolation of the components

nfcrded by the insulating substrate permits construction of more coupled

circuits covering much larger areas. The use of metals *0 fabricate inte-

grated passive circuits (R-C) appeared in the literature in 1959. Tantalum

films, which have been used extensively, possess the unusual advantage of

!A:in?, suitable for both resistors and capacitors.

The rate of develenrent of thin film integrated circuits has been

limited by the properties of the available thin film trr.nsistcrs. At

present, thin film circuits assume the form of "hybrid" circuits (for

exa7ple, deposited R-C networks with attached discrete chip transistors and

diodes) since the development of practical deposited active devices is
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still in the laboratory stage.
0

However, it has been difficult to mass produce thin film (100A)

resistors and capacitors. The uniform thin layer of material is deposited
0

in a vacuum. Attention has recently been focused on thick film (2so,00nA)

resistors and capacitors. They are used as R-C networks or hybrid circuits

as described above.by depositing the desired material at a given thickness

upon a substrate by silk screen techniques. The process is simple, easy

to control and the component values can be adjusted after the initial pro-

cess to obtain high precision resistors with the added advantage of economic

feasibility. This thesis will treat the thick film resistor in detail with

special emphasis given to relating environmental effects on resistivity to

microstructure properties.

Particlate oxides dispersed in a glass binder have been proposed as

thick film resistors. Forrest, for example, obtained 0.2-S0 megohms by

using Fe203 as pi7ment in a glaze. (1) He assumed that conductivity was

developed by reduction to Fe304 in firing. These resistor glazes have the

high negative temperature coefficients of resistance typical of oxide con-

ductors. Huttar (2) attempted to use mixtures of finely divided silver and

oxides such as Cu20-CuO mixtures, but was not able to reproduce resistivi-

ties. Attempts have also been made to produce stable carbon-glass frit

resistors by adding powdered boron as a scavenger to prevent oxidation. (3)

These attempts to utilize powdered conductors dispersed in glassy

binders failed not only because of poor resistance-temperature relation-

ship but also because of a critical dependence of resistivity on the concen-

tration of the powdered conductor. Auerbach (4) has shown thnt the re-

sistivity of powdered conductors or semiconductors with insulating binders

changes by orders of magnitude ever a narrow concentration range. D'Andrea (3)
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1

able to overcome this difficulty by using palladium alone or as one of

the conductive particulate materials in glaze resistors.

Hoffman (6), of du Pont, undertook research in 1962 to develop resis-

tor compositions based on this idea. The oxidation-reduction behavior of

palladium on firing in air was studied by measuring weight gain an loss

and is thought to be responsible for welding and sintering of particles into

chainlike aggregates. This effect is catalyzed by the presence of a second

precious metal powder and, when this powder is silver, extremely good re-

sistor properties can be obtained.

The reported usage of the palladium-silver alloy films as resistors

in the electronics industry has been in encapsulated form. By mounting the

resistor inside vacuum electron devices, there is the possibility of

elininating the encapsulation. A literature search has revealed no reported

efforts of experiments with unencapsulated resistors and certainly no

reports of the palladium-silver alloy resistor in vacuum tubes or other

high vacuum environments. Therefore, the research reported in this thesis

will concentrate on the environmental effects on resistivity of palladium-

silver alloy films in high vacuum.
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T. Definition of the Thick Film Resistor 

The real question is, "What is a thick or thin film?" Thin film
0

resistors reported in the literature have a thickness range of 100 to 1000A.
0

Thin film capacitors have a thickness of SOO to 2400A, while thin film tran-

sistors are reported to have a thickness from SOO to 7.000A. Therefore, thin
0

film generally means film thickness of 100 to 2500A. The thick film resistors
0

reported in the literature have a range of 175,000 to 330,000A. Thick film

resistors are at least two orders of magnitude greater in thickness than

thin film resistors.

II. Properties of Thick Film Resistor 

The work of Eoffman (6) and others have considered the most important

properties of the thick film resistors to be resistance, temperature co-

efficient of resistance and drift. A brief description of previous research

eorts on palladium-silver alloy film resistors with relation to these

properties has been included in this paper for continuity of thought.

A. Resistance (6)

The concept of film or square resistivities is used freely

in discussing thick film resistors. It follows from observation

that:

R = r) (_1\\T where where R = resistance
p = resistivity of the material
1 = length
w = width
t = thickness

In the special case where length and width of the glazed area arc

the same, any square of material of constant resistivity and tick-

nec will have the sane resistance. It is customary to talk of

resistance per square at sore constant thickness. in this work

all resistivities arc in ohms per square per nil thiclness
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(one-thousandth inch). Glaze resistor compositions (Pd-) are

available with resistance values ranging from 1-20,000 ohms per

square per mil.

B. TerTerature Coefficient of Resistance (6)

Insensitivity to temperature is often a requirement or

resistors. Since the passage of current generates heat in re-

sistors, it is difficult to compensate for large changes in re-

sistance due to heat. The changes in resistance with temperature

as reported by Hoffman (6) is shown in figure 1 on page S. An

increase in resistance (positive TCR) is obtained in the tempera-

ture range 25-105°C with palladium-silver compositions with re-

sistivities ranging from 1 ohm up to almost 20,000 ohms per square

per nil. In the terperature range +25° to -75°C an increase in

resistance (negative TCR) is obtained up to 1,000 ohms per _quare

per nil, above which resistance decreases. From 1,000 to 20,000

ohms per square per mil the resistance decreases when the terpern-

ture is lowered. Compositions with resistivities above 1,000 ohms

per square have nn increasing,*alrost linear, curve of resistance

versus temperature from -75 to +105°C. The 4,000 ohms per square

compositions have very small temperature coefficients of 100-125

PPm/°C.

C. Drift

The drift in resistance value is the change (61LR) with re-

spect to time and temperature. 'Ielan and Moms (7) have reported

relationships or firin!-, parameters, corposition par:meters, rower

density to drift. Their data on glazed resistors using a broad

range of firing temperatures (750
0 to 77S°C) and a som'ew!:at

range of composition parameters is quite significant. Data basce
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Fig. 2.- Proposed microstructure of
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on 60 million component hours of testing indicated the Pd-Ag

resistor drift characteristics under relatively severe environ-

mental conditions to be essentially predictable and small.

III. Resistor Structure

In 1964. Melan and Mones (7) described the structure of the palladium-

silver-glass glaze resistor. The structure of the glaze resistor is essen-

tially a dispersion of conductive particles in a glass base or matrix.

Firing the palladium-silver-glass material at moderately high tempera!ures

in an oxidizing atmosphere results in certain crystalline phases which have

been identified as palladium oxide and a palladium-silver alloy. A high

temperature X-ray diffraction study of the process indicates the following

reaction to occur:

Pd 0 ARPd0 PdAg Pd0
›.-330°C >520°C

As shown, the alloy forms by parasitic attack of silver on the palla-

dium oxide. It is believed that the Pd-Ag alloy at least partially encapsu-

lates the residual NO during the reaction. However, X-ray techniques in

this case were-not sufficiently sensitive to verify this. (7 )

The thermodynamic equilibrium data for the system

pdo = 1 0
2 
+ Pd

4 2
has been established; the equilibrium relationship can be expressed by

K =1-6,1 [ P

I Pd 
07

where K is the eouilibrium constant,0 is the activity of palladium in the
Pd

alloy, and the P0 isthe partial pressure of oxygen. (8)
2 

FCT a 750 air firing of typical compositions, the alloy phase has

been found to consist of 65-70°. An, which is consistent with therredynamic

data. (9) It is evident from the preceding that the higher the initial

silver content in the material, the lower the ultimate NO content in the

dam
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reacted mixture. At 750°C in air apparent equilibrium is established within

20 minutes. Although longer firing time does not change the apparent consti-

tution, it does increase resistivity. The reasons for this are proposed in

the discussion below. A proposed microstructure (7) is shown in figure 2.

X-ray fluorescence analysis indicates that the resistor is essentially

homogeneous in cross section. Also, electron probe measurement show sore

solubility of silver in the glassy phase. As might be supposed fro:, is

picture either decreasing the glass content or increasing the silver content

(and thereby the alloy phase) decreases resistivity. This has also been ob-

served by Hoffman. (6)

IV. Conduction Process 

Although the detailed conduction mechanism of this relatively complex

system is not fully clear, the evidence is that palladium oxide primarily

controls tLe condcctr,n process (7). The evidence for the role of reo is as
follcws(7):

A. Therral probe measurements have shown that the resistor itself is

a "p" type conductor. A study of sintered pellets of Pd0 has

shown that the oxide is a "p" type semiconductor with essentially

temperature independent carrier concentration. The latter obser-

vation is consistent with the picture of conduction in "p" type

semiconductor oxides such as NiO, CoO, and CuO which is controlled

by lattice site to site hole transport. The mobility of hole

transport in turn is associated with an activation energy,x .

The resistivity, can he shown to have the relntions!:ip.

' = fkTc l'T

where A is a constant for the system, T is the Kelvin temperature,

. and k is Boltzmann's constant.

A plot of p vs. T would show a minimum at T = 04/k. This means
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that both positive and negative temperature coefficients of re-

sistance (TCR) can occur for a given material depending on where

the minimum occurred relative to the measurement temperature.

Positive and negative TCR's are normally observed for a given

NO glaze resistor.

B. The extent and type of conductivity in palladium oxide and similar

semiconductors is associated with metal ion vacancies or an excess

of oxygen. Each Pd 
+2

vacancy can be thought to result in 2 Pd +3

centers to maintain charge neutrality. Hole transport occurs

+2 
from Pd +3 to an adjacent Pd site. If Melan and "ones' opinion

of conductivity in palladium oxide were correct and, more important,

if palladium oxide largely governs resistivity in the glaze

resisor, then appropriate charge control in the palladium oxide

would strongly influence resistivity of the resistor. Introduction

of univalent ions such as Li+ would tend to stabilize a Pd 
43

ion

and consequently increase conductivity. On the other hand, intro-

ducing trivalent or higher valency ions, e.g., Sb+3, would tend

to decrease the concentration of Pd
4.3 

centers and reduce conduc-

tivity. All this is observed in Pd0. For resistors prepared

with Pd0, which is treated with lithium and antimony the result

is that resistivity can be varied over several orders of magni-

tude. Thus for compositions that are otherwise fixed with respect

to Pd, Ag and glass, a wide range of resistivity ray be o!)tained

by appropriate additives.

The observed (7) increase in resistivity with prolonged firing time

can be qualitatively accounted for on the basis of the palladium oxide be-

coming more stoichiometric, therefore less conductive, by loss of excess

oxygen. Resistors subjected to elevated storage temperatures drift
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predominantly in a positive direction. This too can be accounted for on the

basis of increased stoichiometry.

The foregoing ohscures the role of the silver in the system. Re-

sistors can in fact be made without silver. Silver does modify the conduc-

tivity of the system possibly by improving the conductive linkages between

the Pd0 granules (7 ). It also appears to increase the drift stability of

the system at elevated storage temperatures. This may be due to silver

encapsulating the Pd0 as the alloy and inhibiting oxygen loss.

The role of the glass is twofold. It serves the purpose of bonding

the system to the substrate and provides some moisture protection. The

moisture sensitivity of the resistor becores more pronounced for glass con-

centration below 40% (7)

F. R. White and Dr. L. C. Hoffman .of du Pont have developed the resistor

Tstes which were used for this study. Even in 1966 they were not in ccmplete

agreement on tbc conductivity mechanism in the resistor materials which in-

volve the Pd-Pd0-Ag-PdAg-glass system (10). White ascribes conductivity to

"filaments" through the resistor which consist probably of "chained" metal

particles coated with an oxide skin. Doped semiconducting Pd0 controls the

electrical properties of the material. The glass constituents contribute

heavily to the doping as evidenced by data from a large number of controlled

experiments. Impurities in the Pd powder also can have significant in-

fluence as dopants.

Poffan fees that doPf-,-d Pd0 cannot explain all phenomena observed.

Pe surxests that Pd-Al alloy films coat particles in the fired resistor,

particularly for 1(w ohs per square materils. He pointed out that Pd() does

not decompose completely even at very high firing tcrperatures.
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V. Resistor Compositions

Du Pont has available a variety of palladiur-silver resistance pastes.

These materials are given a number such as 7800, 8000, etc. and the actual

composition is not given. Several compositions of palladium-silver-glass

are available on the commercial market such as 150, SOO, 3500, 10,000 ohms

per square per mil. These pastes can be blended to obtain intermediate

values (11) of resistance.

The resistor pastes made by du Pont (6) are prepared by mixing

precious metal powders and finely divided glasses, produced by melting and

fritting, with specially developed organic vehicles. The particulate silver

and palladium used has an average size of 0.1 to 0.5 microns. Many frit

compositions were studied by du Pont. The only frit composition identified

by Hoffhan (5) in the literature was Pb0-11203-Si02. The frit or glassy com-

positions were prepared by melting the batch components together, pour'ng

into water, and hall-milling until the average particle diameter was about

5 microns. The frit composition is then mixed with the palladium and silver

powders. The resistor pastes are composed of two-thirds inorganic solids

(Pd-1g-glass) and one-third organic vehicle (6) (12).

When palladium powder is a component of the glaze resistor system,

the dependence of resistance on concentration is low enough for practical

use. The effect of concentration of precious metal powders on resistivity

in ohms per square per mil is shown in figure 3 on page 16. (6)

The dependence of resistivity on gold or silver concentration is

very steep. Silver powder has a resistivity of less than one ohm per square

per nil it nnd over 3001: ohms at 46t. Palladium has useful resistivi-

ties over a range of 33 to 70°. When palladium and silver arc used together

the concentration dependence is even less precipitous. It is possible,

therefore, to formulate mixtures of palladium and glass or palladium, silver,
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and glass over a range of resistivities, and obtain reproducible resistanc(!s

in resistor manufacture.

Resistor compositions containing palladium powder alone are inferior

to those which also include silver. The superiority of silver-containing

compositions is particularly evident when measuring temperature coefficient

of resistance and noise (6). Table 1 shows the effect of adding siIver to

palladium and low melting lead borosilicate compositions.

TABLE L - Effect on.TCR and noise of percent silver in
palladium-lead borosilicate compositions (6)

.•••••••10•IMEn,

Silver Resistivity
(ohrlsninil)

TCR at 25-105°C
(pPrIeC)

Noise
(db/decade)

0 200,000 +1720 +22
In , 7,300 + 440 +1,
20 400 +380 +4
30 20 +175 -
40 : 0.5 +320 -4

From the table it can he seen that silver additions lower resistivity,

temperature coefficients, and noise. There are indications also that the

silver concentration reaches an optimum value and that very large additions

are precluded on the basis of precipitous resistance changes and deleterious

effects on the other electrical properties.

The lower concentration-resistivity dependence of palladium and

palladium-silver mixtures and the excellent electrical properties obtained

when palladium and silver are combined, require explanation. (6) As

palladium Powder is heated in the air, it oxidizes at a relatively low .

ter!-Trature until a inaxirurn oxygen content (POO) is reached. After the

7.e-perature reaches a given value, the palladium oxide begins to deco7-ose.

The decomposition is not complete, however, and small amounts of oxyrcn are

left in the metal phase. The presence of small amounts of oxygen tends to
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,s

raise the resistivity of the narticles, thereby reducing the ter.dency toward

metallic conductivity which is very strong in the case of a noble metal such

as silver. At the same time, the decomposition exposes high-energy palladium

surfaces which hive a tendency to sinter with the silver powder into alloy

phases.

Dr. L. C. Hoffman has summarized previous work on palladium-silver

alloys. ( 6)

The system palladium-silver has been studied by Rucr. The system
is a complete series of solid solutions with no minimums or maximums.
Grube has shown that the resistivity of Pd-Ag alloys goes through a
maximum at 56% (wt) palladium and the temperature coefficient of
resistance is essentially zero at the same point. [This is shown in
figure 4 on page 16.] This is thought to be a consequence of the
completion of the d-shell of palladium by a quantum mechanical sharing
of the silver valence electron. This alloying tendency is thought to
result from the similar ionic radii of palladium and silver and the
sharing of the extra electron from silver in the holes of the (1-Shell
of palladium. Ubbelehde has shown by magnetic measurement that palladium
has 0.55 holes per atom. In the system Pd-P, palladium become- ia-
magnetic at a hydrcTen concentration of 55% (at.), indicating
to H+ and an electron l'hich goes into the d-shell. The dissolution of
silver in palladium eliminates the anonolous high hydrogen soluhility
in addition to affectinp the resistivity and TCR. The affinity of
palladium for silver is therefore as strong as its affinity for
hydrogen. The tendency of the particulate precious metals to weld or
sinter is enhanced by the active palladium surface exposed when the Pd0
formed in firing decomposes. This decomposition is favored by the lower
decomposition temperature Of Pd0 in the presence of silver. (6)

Since the Pd-Ag alloys go through a maximum of resistivity at approxi-

mately 56% (weight) palladium and the temperature coefficient of resistance

is essentially zero at the same point (6) (11), it seems logical that manufac-

turers of palladium-silver-glass pastes would endeavor to obtain something

close to the ratio of palladium to silver of 55/44.

This inforration will only give a relative measure of the percent

composition of palladium and silver in the palladium-silver-glass resistor

pastes since POO and Pd-A7 are both present in the finished resistor. The

percent compositions of du Pont resistor paste are not availahle.

4",..40,0+,4iTirrtrIP,11110".-
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One other consideration is the percentage of glass frit in the resistor

paste composition. Casey, "ullignn and Woods have discussed the ir-ortance

of the glass frit. (13)

The glass used must be chosen so as to give a proper thermal ex-
pansion "fit" to the underlying ceramic substrate. Preferably, the
glaze should have a thermal expansion somewhat lower than the substra'e
material so that it will be in a state of compression. If the glaze is
placed in tension, crazing results and poor electrical properties are
obtained. It has been found that the glass plays a significant role in
determining the overall temperature coefficient of the system. (13)

Poffman (6) has provided the information on how the fit of the resistor

to the base material affects the temperature coefficient of resistance.

In figure 5 on page 16J the numerical values of both temperature
coefficients of resistance increase as the resistivity of the glaze
composition decreases. Since the thermal expansion of the precious
metals is much higher than that of the frit or the substrate, the re-
sistivity can he decreased by increasing the proportion of palladium-
silver to frit. (6)

noffman (6) prepared a series of Pd-\g-lend borosilicate frit resistor

compositions and applied them to 96° alumina substrates which had an expansion

of 8 pm/°C. Bars, 3 by 0.5 inch, were dry-pressed from the Pd-Ag-frit

mixtures and fired on graphite plates at 760°C, allow.ing 10 minutes at peal:

terrerature. Thermal expansions were measured with the Gaertner dilatometer.

The results are shown in table 2. (6)

The expansion of the substrate is nominally 7.9 ppm/°C. in the tempera-

ture range 25-700°C; the frit or glaze was chosen about 5% lower in order to

obtain stress-free fit at room temperature (6). The precious metals have

much higher expansions, but do not affect the combined expansion until their

concentration exceeds 30.. Fven then, they do not affect expansion rarely

until their concentration exceeds SW.. The TCR's react to the fit s!t7intion

as can be seen frrm table 2, especially in the low temperature direction

where differential contraction is believed to cause pressure on the co7,!uct-

in 1'1-rase.
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TABLE 2. - Thermal expansion and temperature coefficients of resistance (6)

'

Cornosition (%) TCR
25-105°C
(ppm/°C)

TCR
25 to -75°C
(PPN9C)

Thermal Expansion Coeff,
0-300°C
(PPmieC)

Lead lioro-
silicate Frit.

Precious
Metal

100 0 7.5
70 30 Pd-Ag +160 + SO 7.6
60 40 Pd-Ag +240 - 80 8.2
40 60 Pd-Ag +300 -250 8.5
10 90 Pd-Ag +320 -320 8.9
0 100 Pd-Ag 16.8
0 100 Ag 17.0*
0 100 Pd 11.0

* American Society for Metals, Metals Handbook, Eighth Edition, Reinhold Pub-
lishing Corp., New York, 1961. 1300 pp.

Another reference for resistor composition is given by Casey,

!oulligan and Woods of the International Resistance Company (13). Figure 6

on page 16shows a curve of resistance in ohms per square versus percent metal

content, based upon a coating thickness of 12 microns.

Du Pont resistor paste #7826 and .001" thickness were used in the ex-

periments reported in this paper. The performance characteristics of #7826

paste are shown in table 3 as per du Pont published data.

TABLE 3. - Performance characteristics of the 7800 series resistor
compositions

Resistor
Composition

Fired
Thickness
(mils)

Resistivity TCR
as fired 25 to +125°C
(ohms/sq.) (PPmeC)

TCR
25 to -55°C
(PPneC)

7800 0.52 0.2 +725 +331
7826 0.79 159 +733 +401
7827 0.98 1092 +495 +169
7323 0.91 2827 +243 -25

0.93 6743 +263 +38
0.75 9722 +402 +115

L 
As mentioned previously, du Pont has not published the comositioa

of their resistor paste. One may use fiures 3,1,5,6; tahles1,2,3. and the

-n7,

• 78(.0

15** .
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written material of this section to make educated guesses.

VI. Environmental Effects on Resistivity 

To date, the reported experimental usage of the palladium-silver

a!ley resistor in the electronics industry has involved encapsulation. ry

mounting the resistor inside vacuum electron devices, there is the possi-

bility of eliminating the encapsulation. A literature search has revealed

no reported efforts of experiments with unencapsulated resistors and

certainly no reports of palladium-silver alloy resistotsin vacuum tubes.

The receiving tube type 17BF11 with a single resistor on a substrate

mounted S mm above the top mica of the cane was chosen as the test vehicle

for investigating the environmental effects on resistivity of palladium-

silver alloy films in high vacuum. A sample of this test vehicle is hs-own

in figure 7.

The receiving tube is indeed a complex electronic device. The

addition of the palladium-silver alloy resistor inside the vacuum receiving

tube adds to the complexity of the device. Consequently there are several

aspects of this complex system that need to be investigated. There arc

many combinations of 17BF11 parts materials and processing schedules avail-

able to the design engineer.

A. Random Balance Test

A first effort to get a better idea of the important

varThbles in tube making that affect the palladium-silver alloy

involved the use of a random balance test.

The concept of random balance in experimental des3r.n,

created by L. Satterthwaite, b:1-: been criticized, by so-e au-

thorities and praised by others. 7!uch of the controversy has

been due to a lack of understanding of the o'iectives or r:+ndor

balance experimentation. A brief description of the random
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balance test has been included in this paper for continuity of

thought and a better understanding of the results.

The following material has been, in part, extracted from

articles written by Thomas A. Budne, published in Industrial

Quality Control. For a more comprehensive view the reader is re-

ferred to the April, May and June 1959 issues of Industrial

9uality, Control. Mr. Budne is a Statistical Engineering Con-

sultant located at Great Neck, New York.

When a large number of variables are believed to influence

the measurable output or response of a device, the scientist or

engineer is prirarily interested in knowing which of the variables

are responsible for the variation in output. The isolation of

significant variables becomes important in several specific cases.

An attempt to identify the significant variables of tl,y

complex receiving tube-resistor device was made by conduct in a

randon balance test. This test sought to answer the following

questions:

1. Identify those variables in design and manufacturing

process of tubes which can be changed to achieve a

more satisfactory performance of an unencapsulated

resistor.

2. fdenticy those variables in the manufacturing process

uhich cause undesirable variation in performance

characteristics of both the resistor and tube.
3. Identify those variables which can be changed to ob-

tain a better manufacturing yield, within specified

nerforrance characteristic lirits.

A ran:- 21!7t:Ice ex-crirent cc,ntains all of thevar;nbles
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of potential significance to the problem. While two levels of

each variable result in maximum simplicity, any number ray be

used. Petween 30 and SO test runs are required, depending on

the number of levels used.

Random balance experiments rest on the assumption of

mal-distributions of causes to a total effect. A large body of

experience shows that within a large number of variables only

2, 3 or 4 of the largest are often responsible for as much as

50 percent or more of the total effect. This phenomenon may be

called the ma] -distribution principle. Frequency distributions

of phenomena exhibitingthis ml-distribution are sometimes called

"Pareto" distributions or "Lorenz" Curves after experimenters in

this field, although there are distinctics between the two. Re-

gardless of the terr,,;noln:T enr). the mal-distribution prin-

ciple has been noted in many unrelated areas. Variation in prod-

uct, variation in measurements, variation within units measured

repetitively, variation from unit to unit, variation from one time

period to another, variation from machine, or variation from op-

erator to operator is evidence of a problem when the variation

becomes excessive. Whenever the variation exists, there arc one

or more factors.

The random balance design is a method for screening all

possible contributing variables in a limited number of test

Its nrmary objective is to identify all of the relatively ra.3or

contributors to variation by a rough analysis of all tbe contrib-

utors. It is possible that one or more critical variaMes ray

cFcapc inclusion in the design; such variables will reflect them-

selves into the unexplained varition which the analysis may

t"
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reveal.

The random balance design test for the 17BF11 with resistor

is shown in tables 4 and S. Ten variables with two and three

levels were included in the test. A total of 30 runs was suffi-

cient to represent the 5184 possible combinations of this test.

TABLE 4. - Statistical design of preliminary tests

VariablesCodel Variables Levels

Sealex A 1 Filament lighting

1

Aging

Life Test

Bombarder setting
(Induction heating)

Exhaust rachine speed

Filament lighting
sequence

1 700 ma.
2 720 ma.
3 740 ma.

1 High
2 Normal
3 Low

1 600 tubes/hr.
2 300 tubes/hr.

1 Early
2 Simultaneous

Filament hot shot 1 38 volts for 2 min.
2 34 volts for 2 min.
3 30 volts for 2 nin.

G Plate step 1 Er=18V, Ip=36ma
hr=3.6 watts for

30 min.
' 2 Ef=18V, In=49na

Wn=S.8 watts, for
30 nin.

. gular life test with I No lead on resistor
2 1/8 watt on resistor
3 1/4 watt on resistor

'!aterials: I Cathode alloy

Grid lateral wire

K Plate

I Normal K22-1:09
2 Passive k1-k1

1 Perna nickel
2 Silver plate nickel

1 Converted alclad
• 2 Unconverted alclail
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The resistors were made in the Tube Technology Engineering

area of the General Electric plant in Owensboro, Kentucky. The

room was lint free and had an air controlled atmosphere. A model

100C PRESCO printer was used. The resistor material was 726

du Pont paste while the platinum gold conductor was #7553 du Pont

paste. The finished resistors were exposed to the room atmos-

phere over the weekend due to exhaust machine schedule. The

resistors were connnected to pin #4 and 5 of the special 17P,F11

tubes and were independent of the tube operation. Fabrication

of the palladium-silver resistors will be discussed in more de-

tail in a later section devoted to fabrication.

The combination tube and resistor were evacuated on the

16-head corpactron exhaust machine in the Engineering Develorront

Shop, Gener:il Llectric, Owensboro, Kentucky. The bulb was sealed

to the stem in one revolution of the machine. The stem tubu-

lation was then inserted into an exhaust machine port. On the

second revolution the tube was evacuated, filament lighted and

the metal parts were heated by induction heat (bombarder). At

the end or this cycle the stem tubulation was tipped off and

machine processing was over. The vacuum level was approximately

10-S torr. After the getter was flashed, the vacuum inside the

tube was approximately 10-6 torr or lower.

All resistor measurements were made with a Leeds and

Northrup Company #5305 wheatstrne bridge and in the same room

under the sane conditions.

Several observations were apparent after the cernietion

of the random balance test. They are as follows:

1. After scaling and evacuating the 1711711 tulse, all
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resistance values decreased. There is a reversal of

process for the oxide resistor. The individual and

median values are shown in figure 8. The design of

the random balance test was good because there were

extrere variations. The most detrimental variables

were high filament lighting, low induction (borbarder)

heat, high exhaust machine speed and converted alclad

plates. The median change of 30% in resistor values

due to the exhaust cycle is more than one would want.

Especially when a + 10% resistor is the desired end

product.

2. The hot shot aging process, where the filament and

oxide cathode are heated above the levels of the ex-

haust cycle processing, tends to recover the resistors.

Nany resistors increased in value. This is shown in

figures 9 and 11.

3. The life test has accentuated the variables that de-

crease the resistor value from the initial reading as

listed above in the first observation. This is shown

in figures 10, 13 and 17.

4. The overrated (1/4W) life test of resistor is very

detrimental to most resistors. A forty-eight percent

median change in resistance due to 1/4W life was ob-

served in the 541 hours of life as shown in figures

10, 13, and 17. However, there were a couple of indi-

vidual exceptions with very small resistance change

in 541 hours.

5. Certain combinations of the variables resulted in very
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37.

- •

small resistance changes as shown in table 6.

TABLE 6. - Summary of test runs with less than 10t
change in resistance due to life test

In
di
vi
du
al
 

Re
si
st
or
 

Ru
n 

# 

De
fo

re
 

E
x
h
a
u
s
t
(
o
h
r
s
)
 

C,7

15
4-J0

t 
Ch
an
ce
 

fr
om
 

In
it
ia
l 

A
f
t
e
r
 
54

1 
h
r
s
.
 

li
fe
 t
es
t 
(
o
h
r
s
)
 

% 
Ch
an
ge
 d
u
e
 

t
o
 l
if
e 

T
y
p
e
 o
f
 

Re
si

st
or

 l
i
f
e
 

.1j) . .A.

R1-1 1903 1914 + .53 1869 -2.35 1/8W
R6-1 1719 1610 -6.35 1560 -3.1 0
R13-2 1313 1691 -6.72 1553 -3.15 0
R15-3 1423 1308 -8.08 1221 -6.65 0
R17-2 2184 2133 -2.34 2181 +2.25 0
P18-2 1731 1592 -8.0 1454 -8.7 1/4W
R22-3 1735 1694 -7.55 1520 -5.2 n
R25-1 1846 1783 -3.40 1706 -4.3 1/4W
P26-1 1927 1861 -3.42 1819 -2.74 0

The complete prelirinary test data is shown in table

5 and appendix A. Table 5 includes individual values.

6. The plate aging step and grid lateral wire variables

have very little effect on the resistance value when

541 hours of life test data was reviewed.

7. The resistor operation (with and without load) did

not affect the operation or life of the 1713F11 tube.

This is shown in table 7. The initial life test

readings on section one are in error. Apparently this

section oscillated on the test set. The section two

plate current (I2p) and screen current (I2g2) levels

are not right due to the necessity of an internal

connection of grid #3 to cathode to permit separate

pin connections for the resistor. The rest of the
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39
regular life test readings are the same as those ex-

pected on normal regular life test.

S. The resistors which decreased the rest on exust pro-

cessing continued to decrease on life test. These

,71F',e resistors had the maximum change or resistance

decrease on life test.

9. The resistors which decreased by less than 10% on ex-

haust processing had a less than 1000 decrease in

resistance value due to life test.

10. The 541 hour life test data showed simultaneous light-

ing and conduction heating with normal alloy cathodes

was preferred. There was a -761, drop in r!-dian re-

sistance value due to the early lighting as shown in

figure 17. (Initial value throug!1 7,41 hours of life.)

There was a -25t drop in median resistance valuesdue

to usage of passive alloy cathodes s ,7n in figure

17. Additional data shown in figures 13, 19, 20 and

21 confirm the above observation.

11. Since there are seven very significant variables out

of ten, it would be difficult to extract any additional

information from the random balance test by use of

further statistical methods. Six of the variables

have about the same median level as shown in figure

21.

B. Various Atrospheres

1. llvdrogen

A inril cage with resistor was sealed without

fnrrin,7 gas and placed on a mass spectrometer with a
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A

4A

pressure of 10-3 torr. The mass spectrometer was

model 21-620 manufactured by Consolidated Engineer-

ing Corporation, Pasadena, California. A flask was

filled with hydroen and slowly released in the tube.

Then the tube could be isolated from the system and a

resistor reading taken.

The data for this experiment is shown in table

S. The tube, with 4700 10-6 rn of hydrogen and fila-

ment on, was left for 20 or 30 minutes. Under these

conditions hydrogen had no effect on a hot or cold

resistor.

TAPLE R. - Hydrogen test on resistor R1-3

 ViS••••••• ••••••••...1.0..

1\(:K-F! IL!]) P, PRESS!ME "1SCELLAN7P!!S

1 831

1 851
1 831
1 831
1 831
1 S31
1 831
1 831
1 833
1 833
1 832
1 833
1 833

1 929
1 934
1 930
932

1 945
1 916
1 '142
1 833
1 831 1

O.
.55 x 10-6 rr
1.1
1.7
3.08
4.7
11.3
22.0
49.0
100.0
214.0
510.0
1000.0
2080.0

310.0
502.0
1000.0
1780.0
2000.0
2950.0
470(1.9
4700.0

0.

.1%.• .1t-,.•••0.1•618100,171f1,17.7.11,71.11rg""N7'1167117111MArlitir""4"lt,
. _ 4,14 -

Without Filament

I I

With Filament
Ef = 37.0
U

1,

It

Withrilt Fi7m,ent
ft

Avset!-AN,400141C
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2. Forming Gas

There are two sources of hydrogen in tube pro-

cessing. The metal parts give off hydrogen when

heated and the forring gas which contains 3% hydrogen.

Forming gas, AGA Class 223,has the following normal

compostion, percent by volume: (14)

N 06.9
CO 0.05

CO2 0.05
Hz 3.0

A two-by-two factorial test was designed to

evaluate the forming gas. The test design and re-

sults are shown in table 9. Encapsulation of the

resistor confined the change of resistance due to

sealing and exhaust to li7its of + 1%. Encapsulation

would certainly be a solution in eliminating lar,Y.e

variations in resistors due to processing.

It would, however, be highly desirable from a

manufacturing viewpoint to eliminate the encapsulation

process when placing. the resistor inside a vacuum

tube. The data shown in table 9 for lots S2 and S3

(with and without forming gas unencapsulated resistors),

is not conclusive. It is very evident that there is

a variable or combination of variables that cause in

average -16.0% drop in resistance value on the exhaust

machine.

An additional test WAS run as shown in table 10.

A control lot TI was compared to lot T2 (removal of

heater and cathode) and let T3 (reroval Of &ids,
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TABLE 9. - Two-by-two factorial test* (Resistance values in ohms)
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51-1 2765 2756 2763 - .07 2752 c3-1 3549 2938 2900 -18.4 2919
51-2 3487 3503 3492 + .14 3488 S3-2 2735 2249 2214 -19.0 224551-3 2868 2890 2885 + .59 53-3 1865 1336 1293 -30.3 132551-4 2495 2510 2495 .00 53-4 1766 1419 1408 -20.251-5 3318 3311 3315 - .09 53-5 1836 1405 1388 -24.551-6 3426 3421 - .17 S3-6 1832 1342 -26.7S1-7 2617 2573 - 1.68 S3-7 1742 1190 -31.651-8 3370 3370 .00 53-3 2154 1677 -22.1-9 2863 2840 - .81
51-10 2604 2604 , .00

52-1 2680 129F 1295 -23.0 1275 54-1 3468 3465 3477 + .26 346552-2 1696 Open S4-2 2538 2550 2542 + .16 253552-3 3750 3275 3262 -13.0 3267 S4-3 3464 3528 3519 + 1.5852-4 2034 1876 1864 -10.5 1837 S4-4 2960 3035 2957 - .10S2-5 1814 1447 1464 -19.4 S4-5 3306 3334 3333 + .8252-6 1856 1417 -23.7 54-6 3133 3133 .0052-7 1658 1407 -16.1 54-7 2749 2729 - .7352-8 3615 3019 -16.5 54-8 3144 3130 - .4552-9 1598 1459 - 8.75 S4-9 3444 3433 - .3252-10 2151 1679 -21.9 54-10 2894 2888 - .21

* Lot Si Resistor with encapsulation with forming as
S2 Resistor without encapsulation without forminq gas
S3 Resistor without encapsulation with forring gas
S4 Resistor with encapsulation without forming gas

Construction of the 1713F11 cage and processing was as follows:

- 700 ma filarent lighting
NorrIal bombard:-eat

Cl - 600 tut)es/hour
D2 - Sinultaneous bomb, and lighting

Ii - Normal cathode alloy K22-K09
j1 - Permanickel grids
K2 - Unconverted alclad plates
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bean plate and section 2 plate). Three tubes from

each lot were sealed as per standard practice with

forming gas and evacuated on the machine. No fila-

ment lighting was applied and the induction (bom-

barder) heat was turned off. Under these conditions

the forming gas has a very, very small effect on the

resistor.

Ten tubes from lot S were placed on life test.

The encapsulated resistor have a median change of

-.073t in 504 hours of life as shown in table 11.

This confirms the previous statement that encapsu-

lation would certainly be n manufacturing solution

in eliminating large variations in resistors due to

processing.

TAPLE 11. - Resistor life test surrary for two-by-
two factorial test * lot 774

. 0 Hr. 16 Hr.
(2tms) (ohms)

247 Hr. , 504 Hr. t Change
(ohms` (ohms) Due to Life

S1-1 2752 ! 2733 Open 2750 -' .073
S1-2 3488 3477 3414 13204 - 8.142
52-1 1275 1207 1099 1050 - 17.647
S2-3 3267 3037 2877 i 2797 - 14.386
S2-4 1837 Open Open :Open
53-1 2919 • 2747 2597 2527 - 13.429
53-2 2245 2117 1995 1919 - 14.521
53-3 1325 1259 1133 1067 - 19.471
S1-1 3165 3459 3463 Oren
54-2 2535 2539 2556 2567 + 1.262

* Lot Si - Resistor with encapsulation with forming gas
52 - Resistor without encapsulation without form-

ing gas
S3 - Resistor without encapsulation with forming

gas
54 - Resistor with encapsulation without form-

ing gas
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The unencapsulated resistors had approximately

the same decrease in resistance value due to life as

experienced in the random balance test. The average

median .change was -14.521% as shown in table 11.

The resistor, whether encapsulated or

unencapsulated, did not affect the performance of the

171T11. A summary of the life test data is shown in

table 12. If the resistor were to affect tube per-

formance, one would expect poisoning of the Cathode

and lower levels of plate current, rower output, etc.

3. niter Vapor

A recent test of preconvcrted and unconverted

akin(' plates by Bernard Grady of the General Electric

Tuhe Department indicates water as a source of

trouble. Converted alclad plates evolve low Pis and

H20 levels when heated by r.f. for 20 seconds. This

is shown in figure 22.

Unconverted alclad plates evolve high F7 and

low P20 levels under r.f. heating for 20 seconds. A

tube will certainly be heated by r.f. for more than

20 seconds.

The good results with the use of unconverted

alclad plates in the random balance test, the hydro-

gen experiments and the above informatim confirri

the observation that the presence of H2 in the tube' 

is not detrimental to the resistor periormance.
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C. High Vacuum

Will the resistor value change when it is placed in

vacuum? The unencapsulated resistor has a very, very small

change in its resistance value because it is placed in a

vacuum. This was apparent in seal and tip-off only test in

table 10 where the median percent change from initial resis-

tance value was -.09% It was also evident in the two-by-two

factorial test of table 9 where five tubes from each test lot

(Si, S2, S3, S4) were checked before and after flashing of •

the getter. The flashing of the getter improves the vacuum

level from 10-S to 10-6 torr or lower. The median percent

change of resistance value was in the four lots with a

':cry tight grouping around the -.23'1 value.

D. Sublimation

The palladium-silver resistor was positioned across the

large cathode sleeve of the vertical pentode section of the

1713111 as shown in figure 7 on page 20. The !7liF11 has an

integral heater with the connecting bar at the top. The

heater bar is 3 nm above the top mica and only 2 mm from the

bottom of the resistor substrate. The resistor was placed

on ton of the substrate in the random balance test tubes

which were run for 541 hours rf re7ular 171T11 life test

with direct current operation or tie tube at near rated
dissintien.

A dark spot of sublimation was observed nr the

bottom nr the substrate and directly over the large cnthode

sleeve in these 541 hour life test tubes. All tubes with



the dark sublimation on the bottom of the substrate used

the K22-K09 cathode alloys. This nickel sublimation from

the cathode was independent of the life test wattare in

the resistor.

A lipht spot of sublimation was observed on the sub-

strates in the same position on the remaining tubes with

K22-09 alloy cathodes and one-third of the tubes with K51

alloy cathodes. This sublimation was also independent of

the life test wattage in the resistor.

The other tubes with passive K51 cathode alloy had

no visible sublimation after Sll hours of life. The

K22-K09 alloy catho,"cs arc prone to sublimate more than K51

alloy cathodes in vacuum tubes. Therefore, the sublimation

in these tests is normal. Cathode sublimation may preclude

usage of unencapsulated resistors in certain positions in-

side vacuum tubes.

In two cases sublimation occurred on top of the

substrate around the platinum gold conductors. Both of

these tubes had K22-K09 alloy cathodes and wattage in the

resistor. There was also dark sublimation on the bottom of

these substrates.

There were two tubes with no sublimation on the bottom

of the substrate but they had feathering of the platinum gold

conductor on top or the substrate. Each tube contained u1
alley cathodes.

The visible sublimation in all of these tests did

not cover the resistors and did not affect the resist7,nce
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values. However, sublimation is a potential source of

problems.

E. Reheating

The sealing of the glass bulb to the glass stem re-

quires preheating of the glass. The preheat temperature of

the glass, tube cage and substrate with resistor is approxi-

mately 100°C with all components exposed to air for several

minutes.

These component parts are placed on the sealing portion

of the exhaust machine where the glass bulb and stem are

melted to form a seal. During the sealing cycle the in-

ternal components are at 400-450°C temperature for one

minute. The forming gas fills the bulb to prevent oxidation

of the metal parts. Will this reheating of the substrate

affect the resistance value? The seal and tip-off only test

shown in table 10 yielded a median percent change from initial

resistance value of -.091,. The first firing of the silk

screened resistor was 730°C in air. One would not expect

the brief intervals of reheating below 730°C to seriously

affect the resistance values. The reheating of the resistor

in the sealing cycle cnn he neglected.

F. Effects of Previous Resistor Processing on Resistance Changes

in Vacuum Environment

The evidence of -25 to -50% median change in resistor

value due to exhaust, agin!,, and life test in the preliminary

tests certainly raises the Question of eflects of previous re-

sistor processing on resistance changes in vacuum environment. An
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attempt to identify the significant variables of prior pro-

cessing of resistors was a 26 factorial test as shown in

table 13. The complete statistical design of the 64 con-

binations is shown in table l4.

TABLE 13. - Design of the 26 factorial test

Variables Level 1 Level 2

Conductor material Al Pd-Ag A2 Ag
Squeegee speed Bl 2"/sec. B2 1"/sec.
Drying time Cl Force dry . C2 Air dry
Firing temperature D1 730°C D2 760°C
Air flow El S CFH E2 10 crii
Encansulating Fl Yes F2 No

Each combination or test lot had five tubes and each

1711F11 vacuum tube contained a substrate with four different

values of resistance. The four

signs of resistor area with all

du Pont paste. The encapsulate

resistors had different. de-

resistors using #7826

material was #8125 du Pont

paste. The resistor substrate was placed 9 nm above the

17111,11 top mica to minimize the substrate ambient tempera-

ture variable as shown in section G on page 67.

The variables C and D, drying time and firing tempera-

ture, were the major variables in the screened resistor.

This was true for all four resistor values as shown

figures 23, 24, 25 and 26. Each level and variable

these illustrations is a median value of thirty-two

ir

shown in

test lots

with five tubes each. Air dry and 730°C firing temperature

combinations, variables C2 and Ill, were the best for mini-

mum change in resistor value.



TABLE 14. - Complete statistical design of the 26
factorial test

10
11
12
13
14
15
16
17
18
19
10

21
2/
23
24
25
26
27
28
29
30
31
32

33 2 1 1 1 1
342 1 2 1 1
35 2 2 1 1 1
36 2 2 2 1 1

37 1 1 1 ?
38 2 1 2 1 1 2
39 2 1 1 1 2
40,2 2 2 1 1 2
41•21 1 1 2 1
42 1 2 1 2 1
432.2 1 1 2 1
442 2 2 1 2 1
45 1 1 1 2 2
46 2 1 2 1 2 2
47 2 7 1 1 2 : 2
48 2 2 ,- 1 2 , 2
49 2 1 1 2 1 1
SO 2 1 /_ / 1 1
1':).. 2 2 1 /, 1 1

52 2 2 2 7 1 1
53 2 1 1 7 1 2
54 2 1 : 2 /... 1 ' 2
SS 2 2 ! 1 / 1 2
562 2 ! 2 2 1 1 2
57 2 1 1 2 2 : 1
SS 2 1 - 2 2 . 1
59 2 1 2 2 1
60 2 2 7 2 2 1
61 2 1 1 2 2 , 2
t2.2.l 2 2 2 i 2
63 ' 2 1 222
64 , 2 2 222

1
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The encapsulation of the printed resistors increased

the resistance by approximately 5 to 10%. This was true for

all four of the resistor values. This confirms previous

random balance test observations that encapsulation increases

the initial resistance value.

The 320 units used in evaluating the prior processing

variables were then evacuated etc. The corbination of tube

processing parameters selected was very similar to the R26

parameters of the random balance test with the most important

feature being the use of unconverted alclad plates. The re-

maining tube materials and tube processing parameters were

the same as those used in regl.:1 3r production. The tube pro-

cessing parameters used in the 26 factorial test are shown

in table IS.

TABLE 15. -  Tube processing parareters for 26 factorial test 
••••••••••-••-••••- •-••+k-•••••••••.amvs.moo."..... ••••••

Variables Level
Al
Bl
Cl
D2
Fl
Cl
Ii
J2
K2

Filament lighting
Bombarder setting
Exhaust machine speed
Filament lighting sequence
Filament hot shot
Plate sten
Cathode alloy
Grid lateral wire
Plate

700 ma
High
600 tubes/hr.
Simultaneous
38 volts for 2 minutes
Wp=3.6 watts for 30 min.
Normal K22-1:09
Silver plate nickel
Unconverted alclad

The complete surmary of the effects of vacuum tube

processing on the 26 factorial test resistors is shown in

tables 16, 17, 1S, and 19. Each test run shown in the

su,771ary is a pedian value of three to five units. The

following observations were made with resrect to the 26

factorial test as shown in these tables:
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1. The largest resistance chane occurred en re-

sistors using silver conductor material without

encapsulation.

2. Encapsulating the resistor will permit use of

the silver conductor. The resistance change was

less than + l% on the resistors with silver con-

ductors and encapsulation.

3. The remaining combinations of the 2
6 

factorial

test had less than 1% change in resistance

caused by tube processing. The 9 mm distance be-

tween the substrate and top mica of the 171T11

was probably the difference because the sub-

strate was lower in temperature. The 2
6 

factorial

test shows a marked improvement when compared to

the random balance test where many resistor

values decreased by at least 30%. The distance

between the substrate and top mica of the 17BF11

in the random balance test vas S mm.

4. Encapsulation of the initial resistor before ex-

haust increased the resistance value in every

case.

S. The right combination of filament lighting, bon-

barder setting, (induction heat) exhaust machine

speed, filament lighting sequence, filarent hot

shot, nlate aging, cathcde alloy, rer-i lateral

wire and unconverted alclad plates was apparently

chosen.
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6. Encapsulated resistors nay decrease in value due

to tube processing. This was the first tire that

this was observed.

7. Thick film, palladium-silver resistors can /

fabricated with .0- 1% resistance change due to

processing.

G. Height of Substrate Above Mica

The 26 factorial test certainly suggests the importance

of the ambient temperature of the palladium-silver resistor in

a vacuum tube. Thermocouples were placed in four positions on

the ceramic substrates 900 apart. A pin was attached to the

ceramic and the ther7ocouple was attached to the pin. The

substrate was positioned on the 17PF11 structure so that a

thermocouple was directly over each cathode. Position i4 over

the large cathode corresponds to the same position as the re-

sistor in all of the tests.

The substrates were placed at 5, 7 and 9 rn heights

above the top mica of the 1713F11. The data is shown in

figures 27, 28, 29 and 30. The raw data has been listed in

several tables and is shown in appendix B.

It was unfortunate that the position #4, 9.rm height

tubes werulost in processin7. This would have provided a

direct conparison of the random balance test and 26 factorial

test substrate arlAent terneraturc environment. The total

,..:attafT for norrAl use or the 173F11 is approximately 12

watts. Position #4, as shown in figure 30, was indeed the

worst ambient ternerature condition. Position #4 is 10 to
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20°C hotter than the other pritions. The difference between

5 mm and 9 mr substrate height would perhaps be 15 to 20°C.

Position #2 data was used as a guide in making this obser-

vation.

How would a substrate ambient temperature of approxi-

mately 190°C affect the resistance value? Several resistors

in the random balance test were checked for temperature co-

efficient of resistance. One recalls that these resistor

substrates were S mm above the top rica. The change in re-

sistance due to substrate ambient ternerature for the random

balance test was approximately +10° as shown in table 20.

A Y-1670 development tube with a hirh value resistor was also

checked with the 5nrc :.F11 operation. The temperature co-

efficient of resistance was approximately +St. The resistor

for the Y-1670 tube was 9 mn above the top mica. Ueit of

the substrate above the source of heat is an important vari-

able.

TABLE 20..- Temperature coefficient of resistance for test
samples

VarawaiNNIT*mm  

Random Balance iTube Inoperative
Test Resistor Value

•••••••••••••1••••

Tube Operating*
Resistor Value

Percent
Chanle

RI-3 1814 ohr 2000 ohm + 9.3
R25-2 1673 IRAS + 9.5
R2S-3 1564 1735 + 9.SS
k26-2 1S34 2030 + 9.7
R76-3 l595 1765

+ 5.27Y-1(.70 Pevelopment. 150,000 ohm 190,!'')

* 171T11 eneratirT Conditions:
V E =110 V• 1g2'in-115 V 1.1 1=-6.0 V

E2n.lso v
V

V --g
Tot. t: 12 It
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H. Analysis of Selected Palladium-Silver Resistors

The analysis of palladium-silver resistors reported

in the literature has not included data or pictures. The

analysis of resistors reported in this thesis will be

supported by data and pictures.

The :y:!est resistance varintons in nalladium-silver

resistor values due to environmental effects occurred in the

random balance test. Several resistors from this test were

selected for analysis. The good resistors (R25-1) represent-

ed a minimum change in resistance of -3.4% due to processing

and -4.3% change due to 541 hours of life test. An inter-

mediate resistor (R21-3) had a 0=7e in reFctance of -23.2%

due to processing and -12.2t chanre due to 541 hours of life

test. A so-called had resistor (R20-2) had a -40.1% ch:-.T:e

due to processing and -65". change due to 541 hours of life

test. The bad resistor was not an"operrbut it certainly was

well beyond a reasonable + 20% limit for resistors.

1. X-ray Diffraction

The first attempt to analyze the resistor

utilized the XRD-5 x-ray diffraction equipment to

identify the materials in the resistors. The re-

sistor paste #7826 as received from du Pont con-

tained Pd0, Ac, and Pd. The noise level of t'le

x-ray diffraction equirment prevented furl,er

identification of the doninr, puritics. The 10

x-ray beam penetrated through the .001" PO-An

resistor film into the ceramic. Therefore the

.10
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peaks for the ceramic appeared on all x-ray dif-

fraction data as shown in figure 60 in appendix C.

The x-ray diffraction data has been summar-

ized in table 21. The raw data for the bare

ceramic, resistor paste #7826 as received, re-

sistor R-28 as screened, resistor R20-4 exhaust

only, resistor R20-2 with 541 hours of life test,

and resistor R25-1 with 541 hours of life test is

shown in appendix C.

The resistor paste #7826 as received had a

relatively high peak for Pd0. As the resistor was

processed this rd0 peak diminished. The chart of

resistor R20-4 with exhaust processing only shows

a large reduction in the Pd0 peaks when conpared

to the data for the as received paste.

2. Electron Transmission Microscopy

Since the x-ray diffraction data only

identified the basic elements of the palladium-

silver resistor, a study of -the' resistor surface

was started to learn more about the resistor. The

electron transmission microscopy technique used

for this study was an indirect carbon replica

method for surface examination. An RCA 4:1L-1B

microscope was used in the work.

Resistor (R-28), as screened and fired, had

three significant types of surface elements.

Figure 31 shows a cluster of small irregularly



0
7AnE 21. - Summary of x-ray diffraction data (d values - A)

1.51
1.454

1.41
1.38 1.37



Fig. 31. - Resistor (fl28) sur-
face as screened. Small grains at
8465 magnification .

Fir.. 32. - Resistor (R2S) sur-
face as screened. General appearance
at 8465 magnification.

"".•
„
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shaped grains. !'i ,,ure 3/ silc; o encral

appearance of the (R-23) surface. Lnrre areas or

relatively smooth surface were observed. A

c:ustcr of large gra:ns is cwn in figure 33.

The small and large grains were scattered !:hr-s

out the surface in a random order. Figure 33 I-7y

be a picture of a thin layer of resistor re.r1711

with the cerarqc grains showing. This typr nf sur-

face was an isolated occurrence.

Figure 34, ceramic substrate surfncr at

846S magni-;cation, has been included for

!,mTh cerar-!::-.; used in th were very

srionth 41.0 in

tubes ir Kentuer. However, the

res;ssor do have n dcrinite g_ain

structure :Is 5,c).-1 in figure 34.

'The grc . -rsistor (R25-" - .-face after

51 hours r - 7 ,'r te:;t had

vs shown in figure 33. Powever, many

al hills are rresrnt. Severn' of these hills

se(' to be forred by s-all sphes -cal grains.

T1,c P2S-' r ster -'so h;,C -c

lnre grain structu?e s,7r -:_-re 7,6 at

" b7ac.): sl.nts are

rerlic- • -r-

r,ateri7:1 tbe Tits. r'clre or a .!•'(%

cra:r ":"1-7 sur:,(..-rs is
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Fig. 33. - Resistor (R28) sur-
face as screened. Large grains at
8465 r-agnification.

^

Fig. 34. - Ceranic substrate
surface at 8465 magnification.



Fig. 35. - Good resistor (R25-1)
surface after 541 hours of life test.
General n77earance at 8465 magnifiction.

Fi7. F6. - Good resistor (R25-1)
surface after 54] hours of life test.
Grain structure at 8465 magnification.
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in figure 37.

The bad resistor (R20-2) surface after 541

hours of life test had scattered grains as shown

in figures 38 and 39. Figure 39 was the first

observation of needle-like grains. The general

appearance as shown in figure 40 looks like the

good resistor in figure 35 except it has small

indentations instead of protrusions.

3. Optical Microscope

A look at the good resistor (R25-1) sur-

face through an optical microscope at 700 magni- •

fication revealed a surface that looked like a

volcanic flow. !!any protrusions and indentations

are shown in figure 41. The protrusions contain

many small white spherical parts surrounded by a

grey mass.

A similar look at the bad resistor (R20-2)

surface in figure 42 at 700 magnification shows

the same type of surface as the good resistor.

There is no apparent difference in the surface of

the two resistors.

,.!any small pits or craters were observed

in the surface of both the good and bad resistors.

rifs,ures 13 and 44 illustrate this point. Poffnan

(6) gives a possible explanation for these craters.

When the silver and palladium are with a ,,lassy

phase, as in the resistor cmipositions, the particu-

late metals oxidize, decompose and sinter top.ether,



Fig. 37. - Good resistor (R25-1)
surface after 541 hours of life test.
Pitted area at 8465 magnification.

Fig. 38. - Bad resistor (R20-2)
surface after 541 hours of life test.
Grain structure at 8465 magnification.
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Fig. 39. - Bad resistor (R20-2)surface after 541 hours of life test.Grain structure at 8465 nagnification.

" • "1":•-•
 "•••-"L•••61;44-ibtlbli allit". • -." •

FiR. 40. - Bad resistor (R20-2)surface after 541 hours of life test.General appearance at 8465 moificatian.
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Fig. 41. - Good resistor (R25-1)
surface at 700 magnification.

Fig. 42. - Bad resistor (R20-2)
surface at 700 magnification.



Fig. 43. - Eat resistor (R20-2)
surface pit at 700 magnification.

Fig. 44. - Bad resistor (R20-2)
surface pit at 700 magnification with thefocus on the bottom of the pit.
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giving the appearance of aggregate formation.

The oxygen evolved is partially trapped in the

glassy phase and the glaze resistor films contain

a multitude of oxygen bubbles after firing. (6)

4. Plastic Cross Sections

The same resistor structure was observed

in the vertical cross section of the good and bad

resistors as shown in figures 45 and 46. Small

white spherical particles are mixed in a grey

mass. The bad resistor (R20-3) was thicker than

the good resistor (R25-2). The large holes in

both cross sections were pieces of resistor that

pulled loose in the grinding operation.

A horizontal cross section (-)l sarples-

seered to reveal an overall picture of the re-

sistor structure. Figure 47 shows the good

resistor at 600 magnification. A large white

grain is obvious. The large black spots are pits.

A look at an intermediate resistor in figure 48

also shows a large white grain. There is a

sizeable white grain in the bad resistor shown

in figure 49 but it is much smaller than the

ones in the intermediate and good resistors.

An unusually narrow brownish band across

the intermediate resistor was observed as nn

in figure SO. Upon grinding the good resistor

for the horizontal cross section, two such bands

• "lr
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et • te
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Fig. 45. - Good resistor (R25-2)
vertical cross section at 700 magnification.

•

AVr

t

4Ws(477;01'-vr

6k ,4

Fig. 46. - Dad resistor (R20-3)
vertical cross section at 700 magnification.

Bachround

—1"-Resistor

_Back7round

4-Resistor

Coranic



Fig. 47. - Good resistor (R25-1)
horizontal cross section at 600 magnification.

Fig. 43. - Intermediate resistor
(R21-3) horizontal cross section at 600
magnification.



49. - Bad resistor (R20-2)
1=1:ontal cross section at 600 magnification.

rem,

r .
SO

•

Fig. 50. - Intermediate resistor
(R21-3) horizontal cross section at 600
magnification.

4
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were observed in the good resistor. Grinding of

the bad resistor did not reveal a band as described

above. More research will be required to explain

the observed band.

Additional good, intermediate and bad resistors

were encapsulated in plastic and cross sections made

in an attempt to identify the reasons for resistor

failure. Pictures of a horizontal cross section of

the good resistor (R25-3) at 600 magnification are

shown in figures 51 and 52. There is a (lood distribu-

tion of the white and grey areas with many small

isolated areas of each. It reserbles a finely

divided matrix network with very few larpe concentrated

areas of either white or grey. The hcrizontal cross

section of the intermediate resistor (R21) in figure

53 shows the formation of larger areas of concentration

of both white and grey masses. The formation of

large areas of centration is even more pronounced

in the pictures of the bad resistor (R20) as shown

in figures 54 and SS. Since there is an obvious,

visual change in the good to bad resistor, identi-

fication of the materials shown in the horizontal

cross sections become a vital necessity.

A sample of .001" thick palladium-silver

conductor film was used for identification of the

palladium-silver alioy. The composition of the
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Fig. Sl. - Good resistor (R25-3)
horiLontal cross section at 600 nagnification.

Fip. 52. - General appearance of
good resistor (R25-3) horizontal cross
section at 600 magnification.

•



Fig. 53. - Intermediate resistor
(R21) horizontal cross section at 600
magnification.
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Fig. 54. 54. - Bad resistor (R20)
hcrizcntal cross section at 600
maznificatian.
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C

4

t.

Fi7. SS. - Pad resistor (R20)
horizontal cross section at 600
magnification.
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Fig. S6. - Palladium-silver conductor
horizontal cross section at 600 ragnification.



du Pont paste 18157 is palladium-silver with a

very small amount of glass frit (silicon, boron,

bismuth). Since the conductor paste does not have

any rdn content initially and low glass frit content,

the palladium-silver alloy should be identified

easily. A horizontal cross section at 600 magni-

fication is shown in figure 56. Metallographic

etching (15) of the palladium-silver alloy .was per-

formed with Jewell-Wise etch (10% KCN, 10% N114S208).

The etched grain structure of figure 56 is there-

fore the white palladium-silver alloy. The

scattered dark areas are the glass frit.

rurthor identification of the resistor c^n-

stituents in the hnrizontal cress sections was ob-

tained by etching an as screened resistor. Hydro-

fluoric acid etchant was used on one-half of the

resistor. This etchant very clearl worked on

the dark colored glass frit as son in figure 57.

'Large rounds of palladium-silve- alloy were very

prominent when the lass surface was removed. The

palladium-silver alloy looked like n sponge when

viewed through an optical microscope at 600 ragni-

fication. The use of the 10t KCN and 10t NP::S208

etchant on the other half of the resistor reroved

the white shiny palladium-silver alloy fron the

surface as shown • figure SS. This is further

evidence that the palladium-silver alloy is the



Fig. 57. - Horizontal cross section
of R1 at 600 magnification. Resistor as
screened with 730°C firing. Glass etched
with Hf etchant.

Fig. 58. - Horizontal cross sectiona. R1 at 600 magnification. Resistor as
screened with 730°C firing. Pd-Ag etchedwith 10% KCN and 10% NHgn088
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white shiny area in the cross sections. This in-

cludes the large white areas observed in the

pictures which looked like one single grain. These

large, very scattered areas are palladium-silver

alloy.

Another observation was made on all the

horizontal cross sections. One can focus through

the grey areas and see the white shiny structure

below the grey areas. The grey area is very defi-

nitely the glass frit.

The only resistor constituent that was not

identified in the horizontal cross section pictures

was the Pd0. Du Pont is chemically, pre-oxidizing

the palladium to obtain Pd0. (10) The previous-ly

discussed x-ray data of this thesis indicated the

presence of Pd0 in the as received mix. Palladium

is superficially oxidized when heated to a tempera-

ture of 700°C. (16) Others have reported the oxi-

dation of palladium at temperatures as low as 250

to 330°C. (7)(13) The oxide (NO), which is formed,

decomposes at temperatures folove S75°C. (16)(17)

There are two sources of PO!' in the resistor.

One is the chemically pre-oxidized Pd0 and the other

is the thermally oxidized Pd0. The resistor rlaterial,

after silk screen nrinting, is fired at 730°C for

several minutes with the glass frit melting at

about 580 to 650°C. As the glass frit chills, the
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oxidation of the palladium is inhibited by the

solidified glass structure. Hoffman (6) noted

there is a difference between the thermally formed

Pd0 and the electrolytically formed Pd0. However,

the NO was not positively identified in the cross

sections reported in this thesis.

Emission spectrography data obtained at the

General Electric plant in Owensboro, Kentucky on

du Pont resistor paste #7826 showed the constit-

uents to be palladium, silver, silicon, boron,

lead, aluminum, copper and strontium. The previous

discussion of pallnOium-silver-lead borosilicate

glass on pages 13-18 would apply to the resistor

paste #7826 used in all the experiments reported

in this thesis. The copper, aluminum and strontium

weie trace elements.

The remaining questions are how does the

palladium-silver-glass resistor work and how did it

fail in the experiments? An attempt will be made to

answer both of these questions.

The palladiuri and silver form a continuous

series of solid solutions (1S) in the resistor.

The palladium-silver alloy is the conductor of

current in the resistor. These alloy conductors

a sponp,e with a la7e numt•er of tiny con-

necting links. The sponge is filled with an in-

sulating glass frit. The Pd0 is used as a do,)ing
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agent to obtain the resistance properties. Without

the Pd0, the resistor would be a good conductor of

electricity. The MO, however, rust be a part of

the palladium-silver connecting link system to

impede the flow of current through the conductor.

The molten glass frit helps make the palladium-

silver alloy connecting links very small. The iso-

lation effect of the glass frit and the small con-

ductors also impede the flow of current.

The chemically formed Pd0 ray be completely

or partially surrounded by the palladium-silver

alloy. The thermally formed RIO is probably formed

at the grain boundaries of the palladium-silver

close to the surface of the resistor. Longer

firing schedules for the resistor r7.. 730°C will in-

crease the resistance value.

Sore impedance to current flow can be attrib-

uted to the craters or holes in the resistor due to

decomposition of the PO during firing and the re-

lease of oxygen bubbles. These voids will certainly

reduce the number of conduction paths available to

the flow or current.

Another aspect of the palladium-silver re-

sistor is the relationship of the palladium-silver

alloy and palladium oxide resistivities with respect

to temperature. The electrical resistivity data

for various palladium-silver alloys is avaiLlble. (IS)
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Very little information about palladium oxide has

been reported in the literature. Du Pont has per-

formed the basic research on palladium oxide over

the past two years, (19) but information on pallad-

ium oxide resistivity, conductivity, etc. has not

been published. Palladium oxide is a semiconductor.

(19) As the temperature of the resistor increases

the palladium-silver alloy resistance increases and

the palladium oxide resistance decreases. More in-

formation will be needed to better descrihe the in-

teractions of the palladiur-silver resistor model

elcr:erts.

How did the resistor fail? The resisto-.5 did

not open. The reported failures were due to an ex-

cessive decrease (greater than 10%) in resistance

value. The pictures of figures 49, SO, 51, 52 and

53 clearly show the bad resistor has evolved to a

series of larger conducting paths and a combination

of the glass frit into large areas so as to decrease

the impedance to current flow. The previously dis-

cussed x-ray analysis also indicated a reduction in

Pdn content in both the good and the bad resistors

as the resistors UCTC processed. There is probal)lv

nirration of POO !.etween the palladium-silver

alloy grain boundaries such that the imnedance with-

in the alloy is leer. "ore research will

(iuired to reveal all the conduction and railure



mechanisms of the palladium-silver-glass resistor.
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I. Screen Process and Printine

The use of the silk screen printing process is not new in the elec-

tronics industry. The technique has been used for 25 years to produce minia-

ture circuits. (20)(21) However, during the last five years the fabrication

of thick film resistors has made extensive use of the screen printing pro-

It is extremely important in the fabrication of resistors that the

resistor film thickness be maintained. Changes in film thickness alter the

resistance values since resistance is a function of resistor dimensions.

Differences in application thickness also lead to variations im texture of

fired resistors which cause wide variations in resistance. The best control

or print thickness, which can be expected with silk screen p-inting, is

4- 109, (23) Tile ideal printed film thickness is 0.9 to 1.1 nil. Experience
7

has shown this thickness range will result in the least change in filr thick-

ness during firing and provide reproducible film texture. (20)(21)

A micrometer can be used to monitor application thickness of the

dried but unfired film. Weighing may be used to measure thickness but this

requires a balance sensitive to the fourth decimal place. A i/S" x 3/S"

print, for example, weighs only 2.5 mg. (20)(22)

One important factor in maintaining constant print thickness is con-

trolling the viscosity of the paste. (23) nen a jar is opened, the paste

is thoroughly mixed before use to give a homogeneous mixture prom top to

lottom in the container. The iar is then kerit tightly closed except when

paste is being transferred to the screen. Pest results have been obtained

by measuring the viscosity of the resistor corposition periodicAlly and
making IT solvent losses by adding butyl Carbitol acetate. Vile the paste

on the screen is being used, its viscosity will increase because or solvent
40!

terank. J4.1,
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evaporation. The increase in viscosity will result in thicker prints with

lower resistance values. (20) The solvent losses during printing have been

minimized by doing the printing in an air conditioned room.

To minimize variation in print thickness, the screen was set as far

from the substrate as possible while still obtaining prints with a taut

4' x 4" screen. (20) The bottom of the screen was 0.040" from the top of

the substrate before printing. then the squeegee blade pressed down on the

screen and forced the paste through the openings, the 0.040" gap was closed

and the screen contacted the substrate. As the screen was moved closer to

the sustrate, the prints became thicker and the variation in thickness in-

creased. The first one or two prints made from a stencil, just after it

was charged with cc'-position, differed considerable in thickness from those

which followed. The first prints were discarded in order to maintain high

standards of reproducibility.

After printing, the resistors were allowed to dry in air for a con-

trolled length of time before forced drying. Levelling of the print begins

right after printing and has the effect of raising the resistance value.

(20) Therefore, an air drying period greatly improves the reproducibility.

Firing the resistor is the most important and most critical step of

the process. The highly corplex chemical reaction that occurs does not

reach equilibrim, but rather is arrested, and the point at which it is

arrested depends upon the ter-pernture/tire cycle of the firing process. Re-

producibility of electrical 0::tracteristics depends upon how carefully this

firing procedure is controlled.

IT. Adiustrent
amm....--

The adjustrent of resistors can be ride with a diarond cutting wheel

or by abrading away a portion of the print on the flat substrates. (20)(22)

444
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One approach tonld be to choose a composition of resistivity which provides

optimum electrical properties and then adjust to the desired value by

changing the geometry of the film after firing. Control of the resistor

processing should eliminate later adjusting of resistance except in complex

circuits.

There were no adjustments of resistors in any of the tests recorded in

this paper.

III. Encnpsulation

Encapsulation plays an important part in the characteristics of the

resistor since they will be in close contact during actual use. It is im-

portant to evaluate the proposed encapsulation material thorouf,hly to insure

that no adverse effects will result during resistor operatic.. (20) It is

important that the cover coat does not react with the resistor composition

to form reaction products which could result in exr:essive change in re-

sistance. It is most important to remove dirt, moisture, and salts, such

as fingerprints, before encapsulating. Trapping moisture under an encapsu-

lating film is just as deleterious as using an encapsulating material which

allows it to permeate. (20)

Data reported in this thesis has shown encapsulation "es change the

initial resistor value. The encapsulation did form a protective coat and

prevent moisture and gases from reaching the resistor film.

IV. Substrates

The base material has a marked effect on the properties of the re-

sister. Yirst cr all, 010y materials capnHe of withstandin firin- tempera-

ture of at least l3 °F (737°C) are suitable for use with the screen printed

resistors. This eliminates many glass substrate materials and leaves ceramic

materials as the best choice. It is important that the substrate be flat,



104

smooth, and free of camber in order to provide the best possible reproduci-

bility of resistt , film thiclness. Also, the coefficient of thermal ex-

pansion of the substrate will affect the temperature coefficient of resistance

(TCR) and drift of the resistor by causing changes in particle-to-particle

pressure when the resistor and substrate are heated.

Experience has shown that a 96t alurina ceramic substrate, such as

American Lava's "AlSiMag" 614, has the inherently high thermal conductivity

needed for microcircuits and provides good electrical characteristics with

du Pont resistor compositions.(20)(22)

Other high alumina bodies are also used. In choosing the type of

ahinini, consideration should he given to the chemical comnosition. There

have been instances where some alumina compositions resulted in extrer.ely

rough resistor and conductor films because of some minor, seemingly innoc-

uous, ingredient in the ceramic reacting with the resistor composition.

Table 22 illustrates the effect of the substrate on some resistor properties.

(22)

The substrates used for all tests reported in this thesis were 96t

alumina ceramic substrates.

TABLE 22. - Effect of substrate on resistor properties (22)

'strnte

TCR
at 25-105°C
ppm/°C

Resisl-ance
(ohms/so/nil)

Percent Drift*,
after 16 hr.
nt 159OC

Alunimn oxide, 96% +175 250 +0.75
:Jur,innn oxide thin sheets +175 250 +0.75
Bariu tit--,te, "Y." +200 500 +1.5
Fersterite, hirh c:mansien +240 1S0 +2.8
Steatite, !ii.2,11 cxnnnsicn 4200 350
Steatite, low expansion +1::;0 SO +1.5
Titaniun dioxide +220 500 +0.S
Zircon porcelain -800 100 +5.0

!crnanciiraInne in resistance on lientinp„
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V. Equipment 

The resistors were made on equipment made by Precision Systems Company

(PRESCO) of Bound Brook, New Jersey. PRESCO printers were the first pro-

duction laboratory machines offered to the industry which were specifically

designed for electronic ceramic substrate and cermet printing requirements.

They permit screen application of various patterns of silver, gold-platinum,

resistor compositions and glazes, to flat ceramic substrates, discs, wafers

or modules, in the production and development of resistor networks, r-c net-

works, integrated circuits, capacitors, etc. (24)

Squeegee

screen Holder

Work Holding Plate

Fig. 59. - Model 100C PRESCO printer

The model 100C PRESCO printer, shown in figure 59, has a hand-operated

carriage with time squeegee action which simplifies the machine for lab use.

The part to be printed is oriented on the work holding plate and held by

vacuum. The carriage is then pushed under the screen mounting where it auto-

matically latches and simultaneously trips a switch to initiate squeegee

z*-
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cycle. The squeegee comes down, makes a timed pass at constant pressure

and raises before the end of the cylinder stroke to hop over the metalizing

to be returned on next cycle. By pressing the carriage release, the

carriage can then be withdrawn to load position. A separate, compact control

box for time and valve mounting was located on the same table with the printer.

The printer was located in a clean room where the air, temperature and hu-

midity were controlled.

VI. Interconnection 

Contact to the glaze resistor can be made either by printing a high

temperature silver or solderable platinum-gold terminal compositior under

the resistor and co-firing the two prints, or by printing a low terperature -

silver composition over the fired resistor film and using a second firing

cycle. (6) Leads can then be soldered to the contacts after the resistnr

and contacts are fired.

Platinum gold conductor compositions offer a simple, reliable means

of interconnecting components in hybrid microcircuitry. Optimum adhesion

is only obtained by careful control of firing temperature and time. Ad-

hesion is degraded by high temperature and high humidity through continued

reaction with eutectic solder, but useful life even at 150°C is of the order

of 1,000 hours. (25) Silver conductors which exhibit more rapid degradation

than platinum gold conductors have, nevertheless, found wide utility. Sol-

dered silver and soldered platinum gold patterns arc both insensitive to

thermal cycling. (25)

All resistors reported in this thesis used the platinum gold conductor.

The resistor and conductor were co-fired. A metal pin was connected to the

p2atintri gold conductor by pressure. The pin was then used for external

connections.
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The corplex environment of the vacuum electron devices can affect the

performance of an unencapsulated palladium-silver-glass resistor. The pre-

liminary tests have shown that seven major variables can affect the resistor

in the exhaust cycle. The median resistance change was -30%. Life test accentu-

ated the variables that decreased the resistance value from the initial reading.

Resistors which decreased by less than 10% an exhaust processing had less than

10S decrease due to life test. A large decrease in resistance on exhaust pro-

cessing was indicative of a large decrease on life test. The resistor operation

on life test did not affect the operation of the 17BF11 tube.

Several tests have shown the presence of hydrogen from the forming gRs

or degasing of the metal parts during exhaust is not detrimental. Hydrogen'

has a very small effect on the resistor (less than it). Tests of preconverted

and unconverted alclad plates indicated that water may be a source of trouble

in vacuum tube processing. The unencapsulated resistor had a very small

change in its resistance value when placed in a vacuum of approximately 10-6

torr (less than .5%).

Drying time and firing temperature were the most critical prior pro-

cessing variables. The reheating of the resistor (400-450°C) in the tube

sealing cycle can be neglected. The visible sublimation in all of the tests

did not cover the resistors and did not affect the values of the resistances,

rowever, sublimation is a potential source of problems.

Using the information from the preliminary tests, a promising comination

of precessing variables was selected. Apparently, the right corbinntion MIS

chosen because rost of the unencapsulated resistors had less than 4 1! change

due to tt0-0 processing. A substrate height of 9 rim was included in
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this test. The height of the substrate above the source of heat is an

important variable (substrate ambient temperature).

After analyzing several selected resistors, a model of the palladium-

silver-glass resistor was developed. The palladium-silver alloy is the con-

ductor of current in the resistor. These alloy conductors look like a

sponge with a large number of tiny connecting links. The sponge is filled

with an insulating glass frit. The Pd0 is used as a doping agent to obtain

the resistor properties. The Pd0, however, must be a part of the pal2adium-

silver connecting link system to impede the flow of current through the con-

ductor. The very small palladium-silver alloy connnecting links also impede

the flow of current.

The resistor failures reported in this thesis were due to an excessive

decrease (greater than 1014) in resistance value. The bad resistors had

evolved to a series of larger conducting paths and a combining of the glass

frit into large areas so as to decrease the impedance to current flow.

A proper choice of tube materials and processing schedule, relatively

low (170°C) substrate ambient temperature, and operation within dissipation

ratings (tube and resistor) will yield a very satisfactory thick film,

palladium-silver-glass resistor system within a high vacuum environment

(vacuum receiving tube). However, more research will be required to reveal

all of the conduction and failure mechanisms of the palladiur-silver-glass

resistor.
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r. Random Balance Test Data

TABLE 23. - Random balance test data (Resistance values in chrs)

Before
Exhaust

After After
Exhaust A!Tin('

t Change
from
Initial

Test Run
t !.!edian

R1-1 1 903 1 890 1 914 + .58tP.1-2 2 205 2 191 2 212 + .32 .32R1-3 1 924 1 SOS 1 812 - 5.82

R2-1 1 666 1 246 1 300 -21.9P, 1 829 1 315 1 376 -24.6 -21.9R2-3 1 797 1 576 1 593 -11.4

43-1 1 789 1 353 1 386 -22.5713-2 1 872 1 244 1 297 -30.7 -22.543-3 1 765 1 434 1 478 -16.2

44-1 1 848 1 667 1 662 -10.1
44-2 1 922 738 1 735 - 9.75 - 9.75R4-3 1 831 1 707 1 704 - 6.93

RS-1 1 797 1 036 1 130 -36.9
RS-2 1 770 1 31,0 1 368 -29.7R5-3 1 926 1 186 1 353 -297

R6-1 1 719 1 617 1 610 - 6.35
46-2 1 915 1 639. 1 628 -15.0 - 7.946-3 1 886 1 746i 1 737 -7.9

47-1 2 137 697 1 705 -20.2
R7-2 2 324 2 035 2 037 -12.4 -12.4
47-3 1 791 1 684 1 685 -5.9

R8-1 1 773 1 287 1 321 -25.5
118-3 1 794 1 313 1 373 -23.5 -25.5RS-4 1 677 1 129 1 220 -27.3

49-1 2 070 1 261 1 316 -36.3
49-2 2 063 1 188 1 272 -38.3 -36.3R9-3 1 951 1 17 1 260 -35.4

R10-1 2 n63 1 885 1 880 - 8.9
410-2 1 713 I 436 1 430 -15.7410-3 1 531 1 538 -15.7

R11-2 2 073 1 402 1 500 -27.7 -27.101-4 1 -/7) 1 251 1 311



TABLE 23. - Continued

Before
Exhaust

After
Exhaust

R12-1 2 004 1 620
R12-2 2 038 1 521
R12-3 2 066 1 593

R13-1 2 285 2 269
R13-2 1 813 1 696
R13-4 1 S89 1 183

R14-2 1 967 1 104
R14-3 1 930 1 040
R14-4 1 777 1 060

R15-1 2 395 2 317
R1S-2 1 806 1 665
R15-3 1 423 1 311

R16-1 1 869 1 073
R16-2 1 872 1 106
R16-3 1 818 1 084

R17-2 2 134 2 140
R17-3 2 350 2 019

1118-2 1 731 1 602
1118-3 2 180 2 026

R19-2 2 179 1 353
R19-3 1 690 1 003

R20-1 1 964 1 129
R20-2 2 292 1 176
R20-3 2 185 I 120

P21-1 1 803 1 364
P21-2 2 153 1 759
P21-3 1 993 1 554

R22-1 1 794 1 SOO
P22-2 680 1 68?
R/2-3 1 735 1 606

P23-1 1 791 1 098
P27,-2 1 901 1 448
P3-3 2 057 1 212

112

% Change
After fron Test Run
Aging Initial % !,/edian

1

1 616
1 526
1 594

2 205
1 691
1 177

1 349
1 277
1 312

2 313
1 659
1 308

1 226
1 173
1 180

2 133
2 004

1 592
2 030

1 423
1 068

1 424
1 373
1 386

1 387-
1 765
1 569

1 508
1 632
1 604

1 138
1 495
1 266

-19.3
-25.2 -22.8
-22.8

- 3.5
- 6.72 - 6.72
-37.7

-31.4
-35.6 -31.4
-26.2

- 3.42
- 8.12 - 8.08
- S.C3

-34.4
-37.3
-35.1

- 1.34 - 8.55
-14.75

8.0 - 7.45
6.9

-34.6 -35.7
-36.R

-27.5
-40.1 -36.6
-36.6

-23.2
-18.0 -21.3
-23.3

-16.n
- 7.55

- 7.5;

-36.1
-21.4
-38.3



TABLE 23. - Continued

 ,ammo...wrim.  

ChangeDefore After After fronExhaust Exhaust Arinc, Initial

113

Test Run
% "e0inn

1124-1

mill••••••111

1 974 1 847 1 255 - 6.0s1124-2 1 853 1 710 1 711 - 7.68 - 7.68R24-3 1 982 1 786 1 786 - 9.3
1125-1 1 846 1 782 1 783 - 3.401125-2 1 801 1 680 1 672 - 7.15 -P25-3 1 676 1 562 1 562 - 5.60

1126-1 1 927 1 870 1 361 - 3.421126-2 1 898 1 835 1 831 - 3.54 - 3./12R26-3 1 630 1 600 1 595 - 2.14

1127-1 2 203 2 200 2 201 - .001127-2 2 064 1 759 1 778 -13.9 -13.91127-3 2 027 1 661 1 668 -17.6

R28-2 1 855 1 413 1 454 -21.6 -26.61128-3 1 753 1 179 1 198 -31.6

1129-1 1 705 1 n75 1 150 -32.51129-2 1 931 1 130 1 245 -32.51129-4 1 835 1 206 1 290 -29.7

1130-1 1 961 1 749 1 862 - 5.051130-2 1 882 1 054 1257 -33.1 -33.1R30-3 1 951 1092 1 224 "1
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II. Substrate Temperature Measurements

TABLE 24. - Substrate 9 mm above 17BP11 top mica

4

Test
Point 1 Tube # Position

 •••••••=•••••

Heater •
Power
(Watts)

Plate Grid #2 I Substrate
Power Power Temperature
SWatts) i (Watts) (°C)

1 101 1 3.35 95
2 101 1 7.65 137
3 101 1 7.65 3.22 .79 164 1/2
4 101 7.65 5.88 .60 176
5 101 1 7.65 9.1 .50 187
1 102 3.33 96
2 102 2 7.64 137
3 102 7 1 7.64 3.24 .55 163
4 102 7.64 5.82 .35 174

102 7.64 9.1 .24 187

'POLL 25. 7 Substrate 7 rm above 17U11 tor nicr

•••••••-•• ..ammarIOMNANI•11••••0111.11.........!•••••••.:•••+•111MMIIII.•••••!....

I I
Heater,

lest . rower
Point Tube # Position , (Watts)

1_ 103
103

3 103
4 103
S 103
1 104
2 104
3 104
4 104
5 104
1 105
2 105
3 105
.1 105

1 ;..P4
i 1

1
1 7.64
1 7.64
1 7.64
'... 3.34
2 7.64
2 7.64
2 7.64

23 
1 73..

64
4

3 7.64
3 7.64
3 7.64

S 105 3 : 7.64
4 3.7

1 1 7.68
4 7.63

i
1 4 t 7.68
i 4 ;

I 7.68

g

1 Plate
Power
(Watts)

.••••••• ...M.••••••• RANO

Grid #2
Power
(Watts)

Substrate
Temperature
(°C)

101
144

1/2

3.21 .64 170
5.88 .45 182

' 9.15 .35 195
98 1/2
138 1/2

3.72 .75 165
5.41 .55 177 1/2
9.16 .46 188

i
106
150 1/2

3." .67 176
5.97 .46 190
9.17 .37 202

]ln 1/2
. 158
. 3.22 .65 " 185 1/2

5.97 .46 200 1/2,
' 9.5 .36 219
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TABLE 26. - Substrate 5 mm above 178F11 top mica

Test
Point Tube #

i
' Heater Plate Grid #2
' Poer Power Power

Position (Watts) (Watts) (Watts)

Substrate
Terperature
(°C)

4

1 107 4 3.3 114
2 107 4 7.61 164
3 107 4 7.61 3.22 .61 194

4 107 4 7.61 5.88 .5 207

S 107 4 7.61 9.1 .24 722 1/2
1 108 2 3.33 112

2 108 2 7.59 162
3 108 2 7.59 3.22 .59 189
4 108 2 7.59 5.88 .43 202

5 108 7 7.59 9.1 .31 214 1/2
1 109* 4 3.32 106

2 109 4 7.61 155 1/2
3 109 4 7.61 3.22 .SS 186
4 109 4 7.61 5.38 .32 200
S 109 4 7.61 0.1 .22 216
1 110 2 3.23 100
2 110 2 7.62 145
3 110 1- 7.6' 3.22 .48 168
4 110 2 7.62 5.38 .28 181
S 110 2 7.62 9.1 .19 193

* Tube beater loop positioned below cam.

4.

;44444"/. 4 'PP .0444144.
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Fig. 64. - X-rny diffraction
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