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ABSTRACT

A new thick film conductor system which used acid treated (.0IN HCQ)
lead borosilicate glass particles with chemically coated metal (silver)
film was developed. Using only 40 wtZ% metal (silver), sheet resistivi-
ties as low as 45 milliohms/sq were obtained in this system, Detailed
study of the microstructure development was done. Effect of the acid
treatment of the glass particles prior to the metal coating was analyzed.
X=ray photoelectron spectra studies showed preferential leaching of lead
and boron from the surface of the glass, Good bonding between silver
film and the glass was attributed to the oxidatlon of silver (to form
Ag+) in the presence of oxygen and H+ ions on the glass surface (from
acid treatment) and subsequent diffusion of Ag+ into the glass to form
a continuous chemical interface, A model to predict sheet resistivities
of the new thick film conductors was developed.,

Studies were extended to the nickel-silver conductor system. By
using silver coated nickel particles, air fireable thick film conductors
which use a minimum amount of precious metal were obtained. With 25 w/o

Ag, sheet resistivities of 15 milliohms/sq were obtained.
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In Part II, sessile drop measurements of (i) lead borosilicate glass
on silver, gold and platinum (at 700°C), and (ii) silver on nickel (at
970°C) were conducted In controlled atmospheres. Wetting and good
adherence of glass on silver, gold and platinum were observed in the
presence of oxygen. This was attributed to the driving force provided
by the dissolution of the metal surface oxide layer into glass at the
interface. Good bonding observed between glass and silver in vacuum
conditions were suggested to be due to a redox reaction between lead
oxide and silver., Under the conditions of the experiment, lead (Pb(g))
evaporated away from the site of the reaction keeping the partial pres-
sure of Pb at the interface low enough for the redox reaction to continue.
Carbon adsorption by platinum caused the contact angle of glass to in-
crease from 58° to 73° in vacuum conditions. The decrease in the surface
energy (YSV) of platinum due to carbon adsorption was calculated to be
~43 ergs/cmze

Silver weﬁted nickel in helium atmosphere (contact angle 9.5°). 1In
ailr atmosphere, however, a contact angle of 90° was obtained. This rare
phenomenon was analyzed on the basis of thermodynamics of wetting and

spreédinge
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V. K. Nagesh
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and Department of Materials Science and Mineral
Engineering, University of California,
Berkeley, California
ABSTRACT

A new thick film conductor system which used acid treated (.01N HCL)
lead borosilicate glass particles with chemically coated metal (silver)
film was developed. Using only 40 wt 7 metal (silver), sheet resistivi-
ties as low as 45 milliohms/sq were obtained in this system. Detailed
study of the microstructure development was done. Effect of the acid
treatment of the glass particles prior to the metal coating was analyzed.
X-ray photoelectron spectra studies showed preferential leaching of lead
and boron from the surface of the glass. Good bonding between silver
film and the glass was attributed to the oxidation of silver (to form
Ag+) in the presence of oxygen and H+ ions on the glass surface (from
aclid treatment) and subsequent diffusion of Ag+ into the glass to form
a continuous chemical interface. A model to predict sheet resistivities
of the new thick film conductors was developed.

Studies were extended to the nickel-silver conductor system. By
using silver coated nickel particles, air fireable thick film conductors
which use a minimum amount of precious metal were obtained. With 25 w/o
Ag, sheet resistivities of 15 milliohms/sq were obtained.

In Part IT, sessile drop measurements of (i) lead borosilicate glass
on silver, gold and platinum (at 700°C), and (ii) silver on nickel {at

970°C) were conducted in controlled atmospheres. Wetting and good



adherence of glass on silver, gold and platinum were observed in the
presence of oxygen. This was attributed to the driving force provided
by the diséolution of the metal surface oxide layer into glass at the
interface. Good bonding observed Betwean glass and silver In vacuum
conditlons were suggested to be due to a redox reaction between lead
oxide and silver. Under the conditions of the experiment, lead (Pb(g))
evaporated away from the site of the reaction keeping the partial pres-
sure of Pb at the interface low enough for the redox reaction to continue.
Carbon adsorption by platinum caused the contact angle of glass to in-
crease from 58° to 73° in vacuum conditions. The decrease in the surface
energy (YSV) of platinum due to carbon adsorption was calculated to be
~43 ergs/cmza

Silver wetted nickel in helium atmosphere (contact angle 9.5°). 1In
air atmosphere, however, a contact angle of 90° was obtained. This rare
phenomenon was analyzed on the basis of thermodynamics of wetting and

spreading.
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PART 1
THICK FILM SYSTEMS
I. INTRODUCTION

(a) Geﬁeral

The internal structure in ceramic materials is very important in
determining the final properties and usefulness of the materials. A note-
worthy feature of these internal structures, termed microstructures,
is the arrangement of the different phases, grains and the associated
boundaries., The properties — electrical, mechanical and thermal, depend
not only on the composition of the material but also on the distribution
and orientation of the phases. It is useful to differentiate between
the intrinsic properties of the material.(phases) and properties which
depend on the microstructure., The intrinsic properties are determined
"by the structural parameters on an atomlc level (such as the type of atom-
ic bonding, crystal structure, etc.) and are best studied in single crys-
tals of the respective materials. In most of the polycrystalline materials,
however, important properties for engineering applications are produced
by one or more microstructural parameters,

In electronic ceramics the importance of developing proper
microstructure by controlled processing is well recognized. Quite exten-
sive microstructure/property relationship studies have been done in
dielectric, ferroelectric, magnetic and optical ceramic materialsel’z

However, literature is lacking in such a detaiied study in the field
of thick film technology, which is one of the very important aspects of
modern electronics. Hybrid microelectronics,which is a combination of
monolithic and thick film technologies,uses thick film components like

capacitors, resistors and conductors quite extensively?34 High power



-

T.V. circuits, microwave devices, pocket calculators, com@uter circuits
are some Of the areas where hybrid circuits find wide applicationses’697
Flexibility of the properties, tight electrical tolerances, good power
dissipation capabilities, stability and reliability are quite well
obtained in these hybrid circuits. Also, thick film circuits are very
economical compared to thin £ilm c:j.J::c::t.:,i*i:s?99 Thin films are essentially
of a thickness ranging from a few thousand A to a few microns and are
normally vacuum evaporated, sputtered or chemically deposited.
Conventional thick film conductors are essentially composite films
of glass and noble metals on ceramic substrates with the thicknesses
ranging from ~15-50um. The method of formulation is as indicated in the
flow chart (Fig. 1). Conventionally, conducting thick films are obtained
by applying a mixture of glass and metal particles in an organic vehicle
onto a substrate and subsequently firing in an air atmosphere. The glass
usually is a low softening glass with a composition giving an expansion
coefficient less than that of the substrate (usually 96 w/o A1203). This
glass is powdered to a micron size* and mixed with micron size* metallic
powder (70-90 w/0), and the mixtﬁre is suspended in an organic vehicle.
The organic vehicle consists of a resin binder, solvent and additivés to
10
give a suitable viscosity. The liquid ratie is usually about 75 w/o
depending on the viscosity of the thixotropic paste. The liquid/solid
mixture is screen printed onto an alumina substrate, dried and then fired
at a specific temperature for é specific time to give a conducting thick
film. The amount of precious metals used in these films is as high as
80 to 90 w/o. Sheet resistivity data of several conventional thick film

conductors are given in Table lall’lz

*]1 to 10 microns.
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Even though a cénsiderable amount of development work has been done,
very little research to obtain a basic understanding of the development
of microstructure and processing is reported. Studies are mostly limited
to achieving a certain property and not much attention is paid to the
basic mechanisms involved in the processing. 1In the development of thick
film systems the major emphasis has been mainly to develop useful materi-
als on an empirical basis and on the measurement of properties necessary
for design purposes. A brief review of the basic research dome in the
field of thick films follows.

B) Literature Review

The mechanism of conduction has been studied in thick film resistor
systems (Rqu crystal, Ru resinates Pd-Ag system) under the application
of high electromagnetic stress by Polinskil:3 It is believed that inter-
facial energies between glass and the conductive phase cause the glass
particles to sinter together and allow the conductive phases to form a
channel. The resistance would then depend on the amount of discontinuw
ity of this channel. Increase of electromagnetic stress is found to
increase the conductivity.,

Sintering studies have been conducted in the silver-palladium~
glass system by Cole}4 These have led to certain important conclusions.
Selective solution and reprecipitation is found to be the reason for
the necessity of close control of both peak furnace temperature and time
of firing. Heating rates and particle size are also found to be very
important in determining the final properties of the film. Knowledge of
intrinsic properties of the glass have been thought to be important

because changes in silver and palladium solubility and changes in contact
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angles will have profound affects on the film properties.

The interrelationships of surface oxidation and solderabilities on
silver-palladium thick film conductors and the variations of conductivity
characteristics with the metal content have been studied by Kubota and
Shinmura%s With the increase of the palladium content silver migration
rates are found to increase whereas the cohesive strength of the soldér
joints are found to decrease.

Adhesion, phase morphology, and bondability of reactively bonded and
frit bonded gold and silver thick film conductors as a function of firing
conditions and material types have been studied by Hitch%é From SEM
studlies of the interfaces of the binding phaées in the reactively bonded
silver and gold inks, he concluded that the main force of adhesion
betﬁeen the metal and the substrate was due to chemical bonding rather
than mechanical interlocking. He did not, however, discuss the affect
of the glass phase in his 96 w/o alumina substrates.

Detalled studies on mdterial properties and conduction mechanisms
in thick film resistors have been carried out by Vest and coworkersel7
The system studied is ruthenium dioxide and lead borosilicate glass on
alumina substrates. Dependence of sheet resistance and temperature co-
efficient of resistance of the resgistors on the material properties
have been investigated and a model is developed to reproduce the blending
curve over six orders of magnitude in sheet resistance as well as account
for any observed temperature coefficient of resistance in thick film
resistors.

Recent developments in the bonding perforﬁances of gold thick £ilm

conductors have been analyzed by Horowitz, et a1,18 The different types
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of thick film conductors discussed are (a) glass bonded - where glass
acts as the adhesive medium between the substrate and the metal, (b)
oxide bondeé - where the binder is a crystalline material (usually
containing copper oxide as the chiéf component) and (c) mixed bonded -
which contains both glass and crystalline binders. Description of new
compositions optimized for specialized wire bonding applications is
given. Addition of palladium to the gold conductor is found to increase
the aluminum wire bonding performanceay This has been explained as due
to the formation of a stable Pd/Al/Au phase(s) in the region between the
gold conductor and Al/Au intermetallic phases.

The limitations of zeactivelyvbonded commercial thick film gold
conductors (which are found to contain Cu and Cd) has been studied by
Coleman and Gufnettelg_ Under most circumstances, the adhesion strengths
of reactively bonded and mixed bonded conductoré to the al@mina substrate
are found to be better than those of glass bonded conductors., With the
presence of copper improved aged results have been obtained. However,
the disadvantage 1s the disability of firing at higher temperatures.
Moreover, there is a certain uncertainty about the presence 0f copper
oxide at the top surface of the conductor.

Adhesion mechanisms Qf thick £ilm conductors have been studied by
Kim, et alszo A method for quantitative measurements of adhesion
strength has been described. Silver-palladium conductors with lead-
borosilicate glass flux and alumina (94-96%) substrates were used in the
study. They could not detect any reaction between glass and substrate
or between glass and metal with EDAX (energy dispersive analysis of

x-rays) at magnifications of 3000X in the SEM. Also, reasons for
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deterioration of adhesion strengths on ageing were not clear. Consider-
ing the strong bonding they obtained and insufficient accuracy of EDAX
for quantitative measurements at the interfaces (which may as well be a
few lOO'g thick), the glass-metal and the glass-alumina interfacial bonds
are most probably chemical in nature. However, more detailed study is
needed for a proper understanding of these interfaces,

C) Objectives

The development and study of the microstructure of the thick film
conductor.systems is very dimportant. Studying the development of micro-
structure and property relations would give an insight of the processes
at the microlevel and a knowledge of how to develop new systems with
more reliable properties and, if possible, more economically. It is
indeed also necessary to study the interactions between the coexisting
phases in these thick film composite systems. Another major objective
of interest is the fundamental understanding of the development of inter-
faces and bonding of the components involved in the making of the thick
film — glass/ﬁetal, metal/metal, glass/AlZO3(substrate), and of the
reactions associated with them.

Conventionally, the purpose of the glass is to provide good bonding
between the substrate and the metallic film. The microstructure of the
fired system should have metallic particles in contact with one another
and the glass phase should be interspersed, the major portion of it going
in between the metal layer and the substrate. Schematically this is
shown in Fig. 2. It is desirable to obtain the same degree of conduct-
ivity with a reduced metal content by development of a proper microstruc-

ture. If glass or base metal matrix particles coated with a precious metal
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like silver with uniform thickness and sufficient bonding are used, it
would be possible to get a mic;ostructure necessary for a conducting film
(Fig. 3). This procedure would reduce the metal content to a large extent
and the glass phase would become the major phase in the composite system.

With this perspective, a new process involving an acid treatment of
the glass particles and subsequently coating them with silver was inven-
ted for making a thick film conductor=21 Conductors were obtained with an
Ag metal content as low as 20 w/o. The identification of the acid treat-
ment process as a cruclal step in this process was the center point in the
earlier study (M.S. project)szz However, additional detailed cbaracﬁeriw
zation of each of the steps in this new brocesss and scientific under-
standing of the development of microstructure and glass-metal bonding in
these films are crucial to derive maximum benefit from the developed pro-
cess as well as to further our knowledge in the applicability of this
process to other thick film systems. It is also important to cbtain a
mathematical formulatioﬁ for the sheet resistivity of the new thick film
in terms of the system variables for an ideal microstructure., (Sheet
resistivity is one of the very important properties whose values are used
to differentiate resistorSQCOQdugtors,) Such an approach will help us
understand the relation between the microstructural features (variables)
and the final film property. It was the main objective in the initial
part of this study. The lead borosilicate glass/silver metal system was
used as the model §ysteme Applicability of the new process to glass/
silver/gold éomposites was also studied,

In the latter part_cf this program, the nickel/silver/glass system

for conducting films was studied. The choice of the metal for the thick
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film conductors is usually determined by the conductivity cost, type of
firing atmosphere, bondability and solderability, temperature coefficient
of resistance, etc. Noble metals provide good conductivity and oxidation
resistance, but the cost per unit volume is quite high compared to the
base metals (Table 2),23 Base metals, while offering the cost advantages,
suffer from the lack of oxidation resistance and sometimes difficulty in
bonding to other metals. Almost always, base metal films have to be
fired in neutral or inert atmospheres. The new system conceived to

solve these problems is the silver/nickel/glass composite system. The
philosophical approach was to obtain a microstructure similar to that
obtained with glass/silver thick films, nickel being the matrix and a
little glass providing reactive bonding of the film to the alumina sub-
strate., Objectives were to obtain such films by air firing, and to
understand the nickel-silver interface relations and the microstructure

development.
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II. EXPERIMENTAL DETAILS

Processing

The flow diagram for the new process to make a conducting thick
film is given in Fig. 4. The intended microstructure has a glass
{(lead borosilicate) matrix formed by coating the glass particles with a
conducting phase (Ag, Ag-Au) which maintains electrical continuity.
This procedure forms a conductor with much lesser volume content of the
precious metal. The flow diagram for the nickel-silver thick film con-
ductors is given in Figa'Se The basic philosophy of the intended
microstructure remained the same. In this case, Ni patticles are the
matrix particles and coating them with silver metal provides the elec-
trical conductivity and protection of the nickel from oxidation during
firing.

1. Glass Preparation

The glass system ugsed in this study was lead borosilicate. The
starting materials for‘making the glass were chemical reagent grade
<HBBOB) boric acid, lead oxide (PbO)and silica flour (SiOz}, all 99.8%
pure,

Different compositions were melted at 1000°C, cast in graphite
molds and annealed at 400°C for 15 min. Rectangular specimens 1" X 0.2"
X 0.2", were cut from these bulk specimens. Thermal expansion coeffi-
clents were measured for the differentvcompositions using a dilatometer.
The particular composition for the thick film study (70 w/o PbO, 10 w/o
SiOZ, 20 w/o BZOS) was selected to provide of a thermal expansion co-

. *
efficient to match that of the 96% alumina substrate. Bulk specimens

*From WESGO, Belmont CA.



~10-

used for the silver resinate solution spreading studies were obtained
from Corning Glass Works and were annealed at 400°C for 15 mins.

The glass was powdered using alumina balls in an organic lined mill
with isopropyl alcohol as the liquid medium. After milling, the glass
particles were size separated and suitable particlevsize fractions were
selected by using the Fisher subsieve sizer,

Surface activation involved treating the glass particles with dilute
hydrochloric acid (0.01N) for 0.75 to 5 minutes. The weight loss
characteristics were obtained by treating known amounts of glass particles
(20=44pm) . An optimum etching time of 45 secs which corresponded to 2.8%
weight loss was used (Fig. 6). This loss corresponded to ~0.25um depth
etching from the surface assuming spherical particles with an average
diameter of 30um.

2, Precious Metal Coating

Precious metal coatings were applied using the silver and gold
metal resinates* over the surface treated glass partiéles° Thermogravi-
metric analysis of silver resinate indicated that the decomposition
temperature was 210°C; and of gold resinate, close to 500°C. For the
glass/silver thick film system, surface activated glass particles were
treated with silver resinate solution which was decomposed at 250°C in an
oven with a comstant flow of air., Better uniformity of coating was |
obtained with slow decomposition. For a coat;ng of silver-gold, the

resinate solutions were mixed to give a suitable composition, mixed with

*Manufactured by WESGO, California:
Silver Resinate — 15 w/o in xylene, and
Gold Resinate — 8 w/o in xylene,
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glass particles and then decomposed.

For nickel-silver thick £ilm conductors, spherical nickel particles
were obtained from Linde Company (Union Carbide) and were size separated.
Particles in thé size range of 20~-30um were treated with proper amounts
of silver resinate solution to give the required nickel to silver ratio.
Decomposition was done using two diffeient methods. In the first method
the mixture of silver resinate and nickel was placed in a furnace which
was maintained at a temperature of 250°C. The decomposition of the
organic resinate was sudden and resulted in agglomerates which were quite
strongly bonded. In the second method the mixture was kept in an oven
which was slowly heated from room temperaturé to 250°C with constant
stirring and flow of air. Ni particles were éoated with silver more
uniformly than in the first method. The particles (glass as well as
nickel) thus coated with the precious metal or metals were ready for thick
film formulation and firing.

3. Thick Film Formulation and Firing

Precious metal coated glass particles were well mixed with the
organic vehicle* to.form a thixotropic paste. The solid to liquid ratio
was approximately 80 to 20 w/o for a pastewhich was screen printable.

The films were screen printed manually onto alumina substrates to get a
spécific pattern using 2 200 mesh silk screen (stainless steel) and a
squeegee. The thickness could be varied by varying the distance between
the silk screen and the substrate for a given viscosity of the paste.

Due to the large number of variables in the process, it was intended to

" .
Manufactured by Drakenfield colors, oil 14,
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keep the thickness of the fired film constant at 1 mil. This objective
was attained by having a constant separatién between the screen and the
substrate and by using the same solid to liquid ratio for a given
system.

The substrates used were 96% alumina pileces of dimension
1" X 1™ X .030". After printing, the films were dried for 15 mins and
fired in air. The temperature increase was 16°C/min to the different
firing temperatures and held constant for different times. The furnace
used was based on an alumina tube (2" dia) wound with Pt-40Rh wire.
After soaking, the films were fast cooled in air. Firing temperatures
from 500 to 1000°C and times from 0 to 45 min were used. For silver-
gold/glass composite films different firing rates were also used. For
firing iniﬂlNz atmosphere, an alumina tube furnace (Pt-40%Rh resistant
wire heating) with capabilities of vacuum or constant NZ flow was used.
Detalls of this furnace are given elsewhereQZB The wvacuum furnaces
used for sessile drop measurements are described in the second part of
the thesis.

B. Characterization

1. Electrical Resistivity Measurements

The electrical sheet resistivity was measured using a four point probe
method. The circuit diagram is shown in Fig. 7. The voltage drop across
the specimen was determined at currents from 4.53 to 15mA, Typical data
(Fig. 8) indicate a liniar variation of current with voltage. The

voltage (in uV), at a current 4.53 mA is numerically equal to the sheet

resistivity in m/|_l. For thick films it is customary to define a

quantity called "sheetzesistivitys"24R89 which is equal to p/d, where p
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is the resistivity and 4 is the thickness of the film. As the film is
essentially 2-dimensional, Rs can be considered to be a material property.
Sheet resistivity is ccnveniently measured using the four point probe
method, wherein four contacts are made to the film and current is

injected and taken out through the end contacts. Voltage drop is measur-—
ed between the two middle contacts. The sheet resistance is proportional

to the ratio of the voltage, V to the current, I. That is,
RS = C(V/I)

where C is a constant of pfoportionality that depends on the configura-

tion, position and orientation of the probes and on shape and size of the sam~

™

= 4.5324., If the ratio of the length
In2

ple. TFor an infinite film C =
of the film to the distance between the probes ~l00; then C would be
equal to 4.533 and when the ratio is of the order of 10, C would be 4.36.
Hence, when the current is made equal to 4.53 A, the measured volts would
directly give the sheet resistance in ohms per square.,

2. Microstructural Analysis

Optical and scanning electron microscopy were used for
microstructural observations. Standard techniques of specimen prepara-
tion for microscopy were followed. With transmission optical microscopy
better phase contrast was obtained for the glass/metal thick film compo-
sites. However, for observing the metal coated particles, the glass
surface, the nickel-silver interface and the nickel-silver thick films
scanning electron microscopy was the better technique. For non-conduct-
ing films and glass specimens, a gold coating (thickness ZOOR) was

sputtered on to the surface to avoid charging effects. The scanning
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microscope used was an AMR Model 1000. TFor elemental analysis of the
different phases, an EDAX unit (energy dispersive analysis of x-rays)
attached with the SEM, and an electron microprobe analyzer were used.
Secondary electrons generated by scanning of the specimens surface
by an electron beam (lOO&lSOg diameter) are used to generate the images
in the SEM. Tﬁe signal generated varies gradually as the local surface
slope varies and the image generated reflects the topography of the
specimen. The characteristic x-rays generated in the sample are used to
obtain elemental analysis of the region of the sample being hit by the
electrons. The electron microprobe analyzer uses this method
with wavelength dispersive diffracting spectrometers to measure, identify
and count x-rays. The advent of the SEM with its much lower electron
beam currents in order to achieve gmaller beams for high resolution
images and rough samples (which do not lie in the focusing circle of a
wavelength dispersive spectrometer) has led to the development of the
energy dispersive x-ray analyzeroz5 This unit hasan Li doped §i solid
state detector which measures x-ray energy directly when the incoming
x~rays produce a shower of photoelectrons whose number depends on the
energy of the incoming x-rays. Lithium atoms fill up the imperfections
in silicon to prevent any loss of photoelectrons due to trapping. Even
though this method is quick and convenient (even for poorly prepared
specimen surfaces), for quantitative measurements (of the amount of each
element present). the microprobe analyzer is the more accurate instrument.
For looking at the thick film-alumina substrate interface, there was
considerable difficulty in the preparation of the specimen. Transoptic

powder was used for mounting the sectioned specimens and then they were



finely polished (using .3um A1,0,).

Anin situ hot stage facility in the scanning miCrcscope* was used to
observe the microstructure _ in these thick films during firing.
Even though the firing atmosphere in the microscope (vacuum 1 to 3 x
10w5 torr) is different from the actual firing atmosphere (air atmosphere),
these hot stage scanning studies were helpful in understanding the micro-
structure development along with the optical micrographs of the thick
films fired at different temperatures. The specimens for the hot stage
were prepared in the following manner: Silver coated glass particles
were mixed with an organic vehicle to give a thixotropic paste which was
then brushed onto a circular substrate (cut from 96% alumina) of diameter
~2mm, specially prepared for the hot stage., Then, it was drigd and heat
treated at 450°C to drive off all the organics and was ready for
observation. |

3. Measurements Related to Surfaces

a. X=-ray photoelectron spectroscopy: For surface studies,
the XPS technique was used. In addition to being a surface elemental
analysis technique (~10-20& of the top surface), oxidation states of the
elements could be determined by the binding energy of the elements. As
the analysis involves the cutermost electron anefgy of the element
(unlike an inner shell electron as in Auger Spectroscopy), the binding
energy obtained will be different for different compounds of the same

element.

Developed at Lawrence Berkeley Laboratorys Materials and Molecular
Research Division.
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Spectra of the different glasses, Ag, and silver compounds were obtained
on the McPherson ESCA 36 electron spectrometer. Except for Ag metal
all other materials were run as finely powdered samples brushed onto one
side of a double stick scotch tape. In all the cases the contaminant
Cls line was used as a reference. This line was arbitrarily assigned
a binding energy of 285.0 eV for the spectrometer.

Mg Ka x-rays (1253.6 eV) were used as the ionizing radiation. 7To
get these x-rays electron currents of 35mA accelerated by 9kV voltage
were used to bombard a Mg target. Binding energies were determined by
finding the center of the peak at half width in the spectra obtained.
Comparison of the intensities (normalized) was made to obtain semi-
quantitative results on the concentration of each element in the
glass surface study.

b. Surface area measurements: Surface areas of the glass
particles in different size fractions were measured using a Quantasorb
meter, (made by Quantachrome Co.) using the BET, Nitrogen adsorption
method.

c, Sessile drop measurements: To study the LBS glass/alumina
interfaces, sessile drop studies of glass on alumina substrate {96 w/o)
and on sapphire were conducted in an air atmosphere using an open tube
Lindberg Heviduty furnace. The contact angles were measured at 700°C
using a tele-goniometer after the drop attained an equilibrium angle.
Then the samples were sectioned, mounted and polished for microscopic

observation, using the standard specimen preparation techniques.
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RESULTS AND DISCUSSION

The new process developed to obtain a proper microstructure in
glass-metal thick film systems i1s outlined in Fig. 4. 1In the new micro-
structure a continuous electrical path is provided by the metallic £ilm
coated around the glass particles ingtead of by the conventional bulk
metallic particles. It is important to have a strong adherence of the
metal film to glass to maintain continuity of the metal phase, even
after the final firing step,to‘obtain a good conductor. Earlier workzz
has indicated that the surface characteristics of the glass phase are
very important in achieving this goal. With acid etching (later termed

surface activation) of the glass particles, thick film conductors

with as low a metal (Ag) content as 20 w/o were obtained (Table 3). To
understand the development of the microstructure in these thick films,
a detailed analysis of the material characteristics and the different
steps of the new process are carried out in this section.
A, Materials

Lead borosilicate glasses (LBS glasses) were chosen as the
standard glasses in this study for the following reasons. The softening
temperature of these glasses are comparatively low at high lead
contents (~400-450°C) and the thermal expansion coefficient can be
varied by varying the composition. Additionally, the system is well
studied.

Measured thermal expansion coefficients of the glasses in this
system are given in Tables 4 and 5. Table 4 gives the results of the
present work and Table 5 gives the results from the study by Vest and

27 . :
co-workers., As thermal expansion for glasses can be expressed as an
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28
additive property based on experimentally determined oxide coefficients,

the expression for the expansion coefficient (a ) is given as

glass

%30

o = W + W + W,
glass ~ "Pbo %PbO B,0, B0, si0,, )

where 0's are the thermal expansion coefficients and W's are the weight
fractions of the different components in the glass. By measuring the

o for different compositions of 8i0,, B,0. and Pb0O (minimum of
glass : 27 7273

three different compositions) and by knowing the weight percentages, a

set of simultaneous equations are obtained and solved for o and

PHO° Q’B 203

aSiO (contributions to the expansion coefficient by the component
2
oxides) to obtain concurring results (Table 4 and Table 5).
For the glasses of the present study, contributions by the component

oxides were found to be

= 1.33 x 1077 in/5.0c

%ppo =
=7 in, .,
QB 0.~ -,357 % 10 /in°C
2°3
_ =7 in,. o
aSiO = =277 % 10 /in®C

Both BZO3 and SiO2 give a negative contribution to the expansion
coefficient. For the glass compositions studied by Vest et al., the
contributions were calculated to be

0o = 1199 x 1077 P /inec

-.321 % 10”7 Y/inoc

*8,05

]

o ~.287 x 10”7 M /inoc.

Si0
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When the respective contributions were used to calculate the
expansion coefficient of the glass, good correlations between the calcu~

lated and measured values were obtained in both cases. For a constant

Pb0O content, an . increase in the 3203 content (and hence a decrease
in the SiOZ content) slightly lowers the expansion coefficient. This is
due to BZO3 having a more negative contribution than Siozo The above

, . 29
contributions vary sharply from the values given by English and Turner

for these oxides:

1.06 x 10~ ™/in c°

%ppo
Ogo. = +05 % 107" M/in co
2
a o = 66 x 1077 ™0 co.
293

These linear contributions were calculated based on the assumption that
silica carried the expansion of fused quartz into the glass. The factors
calculated in the present study are different from the other published

results as well (Table 6)930’3l

All of these published results arose
from a study of different systems of glasses. The particular system

of glasses as well as the éomposition regiong are, however, vefy important
in determining the effect of each additional component oxide on the
thermal expansion coefficient of a glass. The factors determined in this
study hold good for the high lead content (~70 w/o Pb0) lead borosilicate
glass system. The softening points of these different compositions are
less than 450°C. From the expansion curve the transformation temperature
range was found to be around 410°C-465°C for the different compositions.

The particular glass chosen for this study had the composition 70

Pbo, 20 3203, 10 Sioz'(by weight) whose measured expansion coefficient
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was 7.9 ¥ lOm6 in/in°c (Fig. 9). The substrate used was 967 alumina
which had an expansion coefficient of 8 x 10“6 in/in°C over a temperature
range of OleOO°Ce32 As the expansion coefficient of glass is less than

that of the alumina substrate, the glass film on the substrate tends to be in

compression after firing,which is a desirable factor.

B. Glass-~Alumina Interface

The surface of the alumina substrate as seen from SEM is shown
in Fig. 10, whicﬁ indicates the presence of some surface porosity.
From the EDAX analysis the impurities detected on the surface were
magnesium and silicon (Fig. 11), There is a considerable amount of
gsilica in these 967 AlZO3 substrates. Conventional con&uctor films have
lead borosilicate glass as a flux which bonds the metal to the substrate.
Hence, it is important to understand the nature of interfacial bonding
between lead borosilicate glass and alumina (96%). Contact angle
measurements of the glass drop on alumina and sapphire substrates indi-
cated good wetting of these substrates by glass. In an air atmosphere
contact angles of 6-8° were obtained at 600°C on both alumina and
sapphire substrates. Strong adherence waé observed and the edges of
the drop were irregular. Cross-sectional analysis of the interface using
SEM-~EDAX was done and Fig. 12 shows the micrograph of the interface of
alumina and glass. From the x-ray line mappings, there is a qualitative
indication that (i) dissolution of alumina in glass and (ii) reaction of
silica phase (present in A1203 with glass) must be responsible for the
strong bonding observed. The peaks and drops observed in the x-ray line
mappings of Al, in the Al_O, region are due to the topographical changes

273

on the surface. At the interface x-ray line intensity of both Pb and Al
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do not vary sharply, reaching zero level in a ~5um distance across the
interface. There is also a step observed in the x-ray line intensity of
Al at the interface. The micrograph alsé indicates the possibility of
the presence of a different phase (see P in Fig. 12) at the interface.
Kim et alegzo studying the mechanism of adhesion of thick films to the
A1203 substrates, could not identify any reaction and hence concluded that
there is no chemical bonding between the glass and the substrate. But, with
the strong adherence obtained and the above observations, there is a
strbng indication that a chemical reaction initiated by a drive towards
chemical equilibrium is contributing to the de#elopment of chemical bonds
across the interface. TFor a quantitative analysis, however, more detail-

ed study of the interface is necessary.

C. Surface Activation

In the new thick £ilm conductors devel@peci_9 precious metal coated
glass particles are useé instead of the conventional metal particles,
thereby reducing the totél volume of the metal in the system. In such
systems, it is then necessary to have strong bénding between the metal
film and the glass particle. To obtain a good conducting film with the
least amount of silver metal, treatment of glass particles by dilute HCQ
was found to be a critical stepezz Table 3 gives the sheet resigtivity
of some of these conducting films. Without the acid treatment, even
though the metal content was not changed, insulating films were obtained.

The surface of the high lead content glass is activated when
treated with diluted HCL. HCQ treatment is crucial in getting strong adherence
between the glass and the metal film. High lead content glasses essen-

1 3
tially exhibit a two phase structure,ls wherein a microdispersed phase
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is embedded in a silica rich phase. Dilute hydrochloric acid would dis-
solve the microdispersed lead rich phase leaving micropores on the sur-
face of the glass (Fig. 13). 1In addition, tﬁe activity of the surface is
enhanced by a chemical reaction. The H+ ions in the acid and Pb2+ ions
in the remaining glass take part in an ion exchange reaction which is

given as
P2 (in glass) + 287 (acid soln) Pb2T (solnm) + 28V (glass).

These H+ ions make the glass surface active as they are capable of
entering into further reactions in the later steps of the process, aid-
ing in the development of strong bonds between metal and glass.

To understand the effect of acid treatment on glass surface in
greater detail, the glass surface and the crystals obtained from the
acid filtrate (after etching) were analyzed,

When the filtrate (obtained after filtering the glass particle -
acid mixtu;e) was held in a pyrex glass container for 2-3 weeks, needle
shaped crystals precipitated out of the solution. Figure 14 shows these
crystals as observed in the scanning electron microscope. EDAX anélysis
marked the presence of Pb, C{ and S1i in these crystals and analysis was
not possible. The x-ray diffraction pattern obtained for these crystals
is shown in Fig. 15; however, it was not possible to identify the exact
crystal composition, It is possible that this is a complex structure
with Pb, C&, Si (and possibly B also) having a nonstoichiometric composi-

tion hitherto unknown. However, this result indicates that silica and possibly

a little 8203 are also leached out along with lead oxide. X-ray photo-

electron spectroscopy study of. the glass surface before and after etching
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provides more conclusive proof for this observation.

The photoelectron speétra obtained for etched aﬁd unetched glass
powders are given in Figs. 16 and 17. The binding energies (B.Ec)
obtained for Pb, B and Si peaks (given in Table 7) were calibrated using
the containment Cls line with an assigned binding energy of 285.0 eV.

The relative intensities for these peaks were measured by counting the
number of divisions (spectra being plotted on the same scale) and multi-
plying that number by the number of scans, time of scan and sensitivity,
which is characteristic for each element.

The lead borosilicate glass was etched with .0IN HCZ
for 45 secs. To measure the effect of acid leaching on the composition
at the surface, intemsity ratios of Pb/Si, B/Si and Pb/B in both etched
and unetched samples were calculated.

These values are tabulated in Table 8. Both Pb/Si ratios decrease
éensiderably after etching, whereas, the ratio Pb/B increases only
slightly. The intensities of the spectra (proportional to number of
photoelectrons/sec) dgpend on the molar concentration of the elements.

As the initial composition of the glass is already known (70 PbO 10 SiO2

20 3203 Wt%), it is quite possible to calculate the weight ratios of Pb,

Si and B after acid treatment using the above intensity ratios. The

weight ratios of these elements before and after acid treatment are given

in Table 9. The Pb/Si ratio decreases from 7 to 5.264 and the B/Si ratio
decreases from 2 to 1.364 after acid treatment. This is a2 strong indica-

tion of the leaching of B in addition to Pb. 1In fact, the Pb/B ratio increas-
eé slightly (3.5 to 39858),indicatiﬁg a higher percentage of B leached

in comparison with Pb. Thus the acid treatment changes the surface
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composition of the glass drasticallye The surface of the glass is now
rich in silica as Pb and B get leached out by the acid. However, a very
small amount of SiO2 is also leached as indicated from the study of
crystals obtained from the etching solution. By acid treatment, princi-
pally Pb and B are leached in large amounts and this results in a silica
rich shell (with a higher softening point) around the glass particles

in addition to an activated glass surféce°

D. Preciocug Metal Coating on Glass

Scanning electron micrographs of the etched glass particles coated
with silver are shown in Fig. 18. The silver film coating is formed by
thermal decomposition (at 250°C) in an air atmosphere of an organometallic
compound of silver (in this case silver resinate) dissolved in an organic
solvent (xylene). Xylene evaporétes off at 140°C (boiling point of xylene)
and silver resinate decomposes at 210°C (from TGA experiments) to give
metallic silver. Silver content in the composite particles shown in the
figure is ~25 w/o. Average size of the glass particles is ~25um and the
thickness of the gilver film is calculated to be ~.25um from measur~
ing the surface area of the glass particles to be covered by the precious
metal. The silver film has a spongy structure and is quite uniform in
thickness. The uniformity in the thickness of the film is due to the
spreading of the resinate solution on the etched glass surface.

Wetting exﬁerimemts conducted on bulk giasses - both ecghed and
unetched, indicated (i) an acute contact angle with the unetched glass
and (ii) spreading (0° contact angle) of the resinate solution on the
etched glass surface. However, a minimum etching time (20 mins with

-OIN HCQ, 5 mins with .1N HCQ) was necessary to develop good bonding
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between glass and silver after decomposition in air (at 250°C). The
etching also develops a surface roughness. Spreading of the resinate
solution on the etched glass is aided by both the H+ implantation and
the surface roughness generated by the acid treatment, It is difficult
to separate these effects from one another as the roughness is created
by dissolving the lead rich ﬁhase with simultaneous implantation of the
H+ ions at the glass surface. The spreading of the resinate solution
is also related possibly to the development of bonding between silver
and the glass after the decomposition of the silver resinate.

With unetched bulk glasses, the adherence of the silver film was
poor and the film flaked off easily on gentle scratching. Strong adher-
ence, however, was obtained with an unetched glass when decomposition of
the resinate was done at temperatures >480°C in an air atmosphere. After
such a deposit, if the silver film is heated to high temperatures beyond
the melting point of silver (holding the glass in an aiumina container at
1100°C), it remains as a film on the glass surface. There is strong
bonding and also an indication of reduction in the volume of metal with
time. However, no quéntitative studies on thé adhesion energy or solu-
bility of silver in glass was done.

In the fired‘thick films using unetched glass powders, resistivities
higher than 1OIZQ/E] were obtained due to the absence of a continuous
metallic phase (Fig. 19). If extreme caré is taken to prevent flaking
of the silver film (after decomposition atr 250°C) from the unetched
glass particles during mixing, it is possible to get lower sheet resis-
tivities. In some runs, sheet resistivities as low as 1Q/[] were obtained

using unetched glass particles (with 30 w/o Ag). Strong bonding between
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glass particles and the metal film i1s preferred at all times.
Decomposing the resinate at temperatures >480°C, which results in good
bonding of the metal to the glass without etching of the glass, is im~
practical as the glass particles would soften and sinter together. The
particles then are not small enough for screen printing. Etching pro-
vides good bonding between silver and glass at favorably low temperatures
(as low as 210°C). Sheet resistivities of thick film conductors obtained
with etched glass particles, which were strongly bonded to silver, were
as low as 75mQ2/(] with 30 w/o of silver. Figure 20 shows an optical
transmission micrograph of a conducting thick film developed by this
process. If the decomposition of silver resinate is done in NZ (at 250°
C), silver to glass adherence is poor even with the etched glass parti-
cles. The fulm flakes off easily on gentle scratching indicating weak
bonding at the interface of metal and glass. Adherence does not develop even
when the specimen is heated beyond the transformation temperature range of the
glass system (~480°C) if NZ atmosphere is used. When the thick films
were fired in N2 with no prior decomposition of the resinate in air, they
were found to be insulating even with 30 w/o of Ag. Figure 21 shows the
scanning micrograph of a thick film (25 w/o Ag) using acid etched glass

particles which were fired in N, at 980°C for 30 mins. Silver phase

2
agglomerates to spheres indicating no wetting of the silver by glass in
the presence of nitrogen.,

E. Reaction Mechanisms

. ) .22+ :
According to earlier understanding H d1ons implanted during acid
. . . . + .
treatment took part in an ion exchange reaction with Ag from the silver

resinate solution. X-ray fluorescence spectra of etched and unetched
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glass particles - treated with silver resinate solution at 80° and then
thoroughly washed with xylene - had indicated such a reaction. A silver
peak was obtained for the etched glass particles and no trace of Ag was
observed for unetched particles. However, x-ray fluorescence cannot
indicate the vélence state of silver present on the surface of these glass
particles. To understand the reaction at this step of the process, x-ray
photoelectron spectroscopy (XPS) studies were done on these particles.

The bonding energies obtained for Ag 3d5/2 electron peaks in the x-ray
photoelectron spectra of different specimens studied are given in Table 1l0a.

A typical spectrum obtained for pure silver metal 1s shown in Fig. 22.

Again, the C contaminant line (with an assigned binding energy of

1s
285,0 e.V.) was used for calibration. For comparison, Table 10b gives the
B.E. values obtained for silver and some silver compounds by other re-
searchers. These studies have shown that most of the éilver compouﬁds

show a shift (generally an increase) in the electron binding energy com-
pared to that of pure metal, which is quite consistent with the present
results. The binding energy obtained in the case of Ag metal is 368.1

e.V. and for AgNO3 it is 368.45 e.V. For etched glass powders which

are treated with silver resinate solution (at 80°C) and then washed
thoroughly, the binding energy obtained for Ag 3d5/2 electron is 368.4 e.V.
which is the same ;s obtained for silver resinate. This result conclusively
indicates that the silver peak obrtained with the glass powders is due

to small quantities of silver resinate trapped in the pores at the glass
surface and not  to of any ilon exchange between the etched glass

particle and silver resinate as thought earlier. This deduction is also

supported by the fact that silver resinate in xylene is a nonconducting
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solution. However, when photoelectron spectrum is obtained after the
silver resinate treated etched particles are heated to 250°C (whereby
whatever silver resinate is trapped in the pores decomposes to give

pure silver), the silver peak obtained has a binding energy of 368.2 e.V.
which differs by 0.1 e.V. from the value obtained for silver metal. This
increased value 1s most probably due to the following reasons. After the
resinate is decomposed to silver, it oxidizes in the presence of O2 and
H+ (on the glass surface, implanted by acid treatment) and then the silver
ions diffuse Into the glass. The binding energy of Ag electrons are then
different as Ag+ ions are embedded in the glass structure providing a
different enviromment and bonding structure than in the pure metal.

These Ag+ ions share the oxygen atoms existing in the glass network, and

the binding energy obtained could be expected to be closer to that of

0. TFrom the results of Dickinson et a,l,34 the difference (B.E.)

2 AgZO

~ (BGEG)Ag = 0.1 e.V. which is the same as the B.E. difference of Ag peak

Ag

obtained for the sgilver diffused glass particles under study (etched,
treated with silver resinate, washed with xylene and then decomposed)

and silver metal. These observations lead to the conclusion that strong
chemical bonding develops between silver and glass after the silver resi-
nate is decomposed (at temperatures >210°C) in the presence of oxygen

and H+ ions.

This strong bonding between the etched glass and silver is due to
chemical bonding when there is saturation of metal oxide at the interface.
In other words, we have a continuity in the electronic structure which is
made possible by oxidation of silver to Ag+ and its subsequent diffusion

into glass. The most probable reaction for this effect occurs in the
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+ .
presence of H ions and oxygen:

E° Volts

0, + wat o+ 4E > 24,0 1.229
Lirg' + &+ Ag) .800

0, + 4H + 4Ag + 20,0 + 4Ag 429

2 2

Oxidation of silver in the presence of H+ and oxygen is thermodynami-
cally very favorable with AG = =l6536 KCal/mole, so oxidation will take
place after the decomposition of silver resinate into silver. This
reaction explains the lack of bonding when the decomposition of the
resinate is done in a NZ atmosphere, or when the surface of the glass is
not acid treated. The presence of both H+ and QZ are equally important.
Lack of bonding in the NZ atmosphere indicates that the surface roughness
gives only a small contribution to the bonding of the metal to glass and
the major contribution to the bonding is chemical in nature which is
achieved by the oxidation of silver in the presence of oxygen at the
interface as explained by the above reaction.

Strong bonding observed in unetched glasses (i.e. in the absence of
H+ ions) in air atmosphere at high temperatures (~480°C, above the
softening point of the glass) is due to surface oxidation of Ag at these
temperatures and subsequent solution of this interfacial oxide layer.
When the silver films on these glasses are heated to 1100°C ané held
there for sufficient times (~1/2 hr), solution continues and considerable
reduction in the volume of silver results, supporting the earlier obser-
vation. More detailed depth profile studies using Auger or photoelectron

spectroscopy need to be done in the future,
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F. Firing Effects

Firing is the very important final step in the making of a thick
film conductor. During firing the printed thick £ilm goes through a
series of changes. First, the organic vehicle burns out (around 450-
500°C) leaving a very porous film. Subsequent changes during firing
were monitored in the hot stage SEM as well as using conventional sample
preparation techniques for high temperature microstructure observation.
Even though the vacuum conditions of the SEM hot stage affect the micro-
structure development (due to increased degassing in the glass phase and lack
of oxygen in that atmosphere), hot stage SEM study gives valuable infor-
mation regarding the behavior of glass and metal phases during firing.
Glasg particles used in these thick films appeared to soften and flow
only above 600°C,_ Above this temperature, the sharp edges of the parti-
cles started becoming rounded and glass flow was observed at the edges
of the thick film (Fig.23). Even though the lead borosilicate glass has
a softening point of 450°C, the etched glass particles have a silica
rich shell and the metal film around them, These layers prevent the flow
of the glass until 600°C, after which they could no longer protect the
inner core of glass from flowing.

At temperatures around 500°C (~.5 Tme ] for'silver), silver to silver
sintered contacts are formed and at temperatures beyond 600°C, due to
glass flow, vrearrangement of these coated particles takes place. Also,
glass wets the alumina substrate by flowing out of the coating and
develops strong bonding at the substrate - thick film interface. Even
though the final resistivity of the thick film can be affected by

choosing different firing times and temperatures, in the present system
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very little change in the sheet resistivity value was observed when the
films were fired at temperatures ranging from 500°C to 750°C and times of
0 to 30 mins. Transmission optical micrographs in Fig. 24 show the
microstructure of the films fired atr different temperatures. The film
fired at 500°C shows the porosity existing between the silver ccated

glass particles after all the organics were burnt out, but before any
glass flow has occurred. However, silver to silver sintered contacts

are made (sheet resistivity is quite low, RS % 160mﬂ/E]witﬁ 25 w/o Ag)

at this temperature. At 600°C, all the pores are closed but not much
displacement of the metal film is observed. As the firing temperature
increases, glass flow ilncreases and with it the tendency of the silver film
to agglomerate into chaing, Micrograph of the film fired at 700°C shows
big islands of glass, surrounding which is the silver phase which has

been transformed from a f£ilm structure to agglomerated chain configura-
tion due to glass flow at these tempeératures. Films fired at 800°C show
no conduction indicating discontinuity in the metal phase. The bonding
between glass and silver is strong and solubility of silver increases at
higher temperatures. Due to increased diffusion of Ag+ from the inter-
face into the bulk of the glass at these temperatures, the links in the
chain structure of silver became thinner and thinner, finally leading

to a discontinuous metal phése (and hence an‘insulating film). Thus

there is a limit to the highest possible firing temperature (with 20-44

um glass particles it was ~750°C). When smaller size particles were used
(with an average size 2.5um) , glass began to flow at much lower temperatures
The highest possible firing temperature was also reduced to 700°C. This

reduction is due to a much thinner silica shell and thinner metal coating
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around these smaller particles. The surface area varies inversely as the
size of the particle. Smaller particles will have a larger surface area
to be etched and coated. With a constant amount of acid (for etching)
and metal (for coating), the smaller glass particles would therefore
have thinner silica shells and metal films around them. Micrographs shown
in Filg. 25 show larger glass islands as a result of early glass flow
(i.e. at lower temperatures) in theserthick films with smaller glass
particles. Sheet resistivity is also higher in these films (Table 11)
which is a result of the thinner metal coating. This dependence will be
explained in detail in the next sectiom.

The firing range could be increased by using matrix particles
that do not flo@ and thus maintain the intended microstructure at higher
temperatures (up to 950°C). Also, as solderability is an important cri-
teriod for thick film conductors, a solderable matrix material should
be used. A nickel/silver composite thick film system (with a little
addition of glass as flux) was conceived to achieve these improvements.

This system is discussed in detail at a later stage.
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G. Dependence of Sheet Resistivity on Metal Content and Matrix

Particle Size

For the type 6f microstructure that is developed in this study it is
quite possible to predict the final sheet resistivity knowing the metal
content and the average glass particle diameter. In the ideal case,
a uniformly thick conducting metal film exists around the matrix parti-
cles. If we have spherical matrix (glass) particles of uniform diameter
D, then the thickness of the metal film Fmvcan be calculated for various
metal contents (Vm)° ‘The thickness of the film will depend on the size
of the matrix parﬁiclese Let Vg be the volume content of the matrix
(glass in this case) phase.

Total surface area (5) of the glass particles to be covered by the

metal is given by
S = m%n (1)

where n is the number of glass particles in the volume Vgo The volume of
each spherical matrix particle, v, is given by

v = 4/3 1(D/2)°. 2)

The number of particles n, in the volume Vg is then given by

= - 3
no= Vv o= v a3 mo/2) (3)
Substituting equation (3) in the expression (1) for the surface area and
simplifying,
S = 6V /D
g/ (4)

3
If Vm (Cm™) is the available metal volume to cover an area S(sz)y

the thickness of the metal film will be
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tm = Vm/S = Vﬁ/%é ¢ D/6 cms . (5)

Further, if there are only two phases and V's are expressed as

volume percents

ty = Vm//(l,OOeVm) $ g (©

The variation of the metal thickness with the matrix particle
diameter for various metal to matrix phase volume ratios has been plot-
ted in Fig. 26, TFor a constant volume ratio, the thickness of the coated
film decreases with the size of the matrix particle as there will be a
larger surface area to cover. The variation of the film thickness with
different metal contents for different matrix particles sizes 1is shown
in Fig. 27. For a constant particle diameter, thickness varies slowly
until the metal content is 50 volume 7 and then increases very sharply.
For the glass particle diameter of lum the thickness variation of the
film with metal content becomes very prominent after 70 Vol.%Z of the
metal.

The thickness of the metal film is important in determining the
sheet resistance of thie thick f£ilm conductor with the type of micro-
structure developed in this study. The glass phase is essentially an
insulator (1014 é%j} and does not contribute to conduction. Thus, con-
duction occurs when there is continuity of the metal phase; otherwise,
the thick film is essentially an insulator. Once there is good conti-
nuity, the sheet resistivity of the thick film will depend mainly on the

thickness of the conducting film avound the glass matrix phase. It is

important that the metal to metal contacts are well sintered since the
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sheet resistivity depends on the number of metal to metal contacts.

This dependence is significantly altered for firings at higher tempera-
tures and also for films which are printed thin (thickness <0.6 mil).

It was also noted that the thick films have a higher sheet resistivity
when the thickness is significantly less than 1 mil. For a .5 mil thick
film with 25 w/o Ag sheet resistivities (RS) ~500 m2/[] were obtained.
To reduce the number of variables for the system, thick films of 1 mil
thickness were used as a standard for all the measurements.

Sheet resistance for the thick films (RS) in the present study éan
be calculated as focllows. It is known that sheet resistance for a single
phase conductor film is defined as Rs = p/t where p 1s the bulk resis~
tivity of the conducting material and t is its thickness. The sheet
resistance of the thick films is a function of the thickness of the

coated metal film. It can be written as

R’S = p/(thm> (7

where K is a proportionality constant, for a constént thickness of the
thick film. On combining Eq. 5 and Eq. 7
R =2 (v, /) (8)
m
where 0 1s the resistivity of silver, D is the glass particle diameter
and Vg/Vm is the glass to metal volume ratio. K is the proportionality
factor which is a constant for a given thickness of a thick film and

also a given particle size range. It is also important that firings of

the films be in the optimum range so as to achieve the required
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microstructure. K was experimentally determined for a set of thick films
(25 W/Q* Ag, thickness, 1 mil) which were fired at 600°C for different
times by measuring their sheet resistivities. The value of K determined
in this manner is equal to 0.1 for film thicknesses of 1 mil and this
value could be used to determine the Rs for thick films with different
metal contents and particle diameters. However, it is important that

the fired films héve thicknesses close to 1 mil and the firinés are done

between 500-750°C for times varying from 5 to 30 mins.

The close correlation between the theoretically calculated and the
experimentally measured sheet resistivities for varying metal contents
is seen in Fig. 28. These films (thickness 1 mil) used acid etched glass
particles of size range 20-44ym and firings were done between 500-700°C
for times between 8 and 20 mins. The value of K = (0.1, however, indicates
a large deviation from the ideal microstructure. When the particle size
is varied, thickness of the metal film and hence, the sheet resistivity,
changes. Figure 29 compares the data obtained using different glass
particle size ranges ==-==<lOum.s 10-20um, 20-30um. Theoretical curves were
obtained using an average diameter for each range, In the sheet resis-
tivity calculations., Good correlation between calculated and measured
values of RS seen here supports the model discussed above.

The sheet resistivity would also depend on factors like the degree
of sintering of the coﬁtactS, number of metal to metal contacts (which
would depend on the printing and the firing steps of the process). Also,

the nomsphericity of the glass particles leads to a large deviation from

See Appendix for w/o++V/o.
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the ideal microstructure. ALl of these factors make the introduction of
the proportionality comstant necessary. For an ideal microstructure the
value of K will be unity. In the glass~silver thick film system, however,
the deviations from the ideal microstructure cannot be eliminated because
of the nonsphericity of the glass particles and because of the flow behavior
of glass matrix during the firing,which would move silﬁer film into new
configurations, while maintaining the continuity. Even 1if we measure the
sufface area of glass particles and then calculate the thickness of the
metal film for a coustant volume of metal, (which ﬁould eliminate the
nonsphericity deviation)? there still will be a fudge factor necessary
to correlate the experimental results to the'ﬁodel, This is due to the
firing effects which are prominent in this system as there are large
amounts of glass present,

As we will see later, in nickel/silver systems with spherical nickel
matrix particles and with a glass content of 5w/o, the value of K is equal

to 1, indicating that the microstructure is close to ideal.
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H. Nickel-Silver System

The flow diagram for processing of a nickel/silver glass conductor
is shown in Fig. 5§, In this system nickel particles form the matrix
and silver is coated on these particles by slow thermal decomposition of
silver resinate in the presence of air flow and comstant stirring.
Uniform coatings of silver on nickel particles are achieved (Fig. 30)
with sufficient adherence. These coa%ad particles are mixed with glass
frit (<10 w/o) and an organic vehicle and printed on an alumina substrate.

The firing is done in an air atmosphere instead of the conventional inert

atmosphere used for base metal thick films. Sheet resistivities of the
fired films are given in Table 12. With as low a silver content as 20 w/o,
low sheet resistivities (10-15m2/[]) are obtained. These values are lower

than conventional precious metal thick films containing 80-90 w/o Ag, which

have sheet resistivities of the order of 25-50mQ/[]. The resistivities
of the nickel-containing films are also lower than the values obtained
with glass - silver thick film conductors (with 20 w/o Ag, RS is ~230
w?/[]). There is, however, some scatter in the values with films fired
at higher temperatures due to higher glass content. With 5 w/o glass
conducting films (RS = 25m2/[]) are obtained with firing temperatures as
high as 950°C (with glass-silver system highest firing temperdture was
<800°C). However, the maximum firing temperature is restricted by the
melting temperature of silver for reasons discussed later, Figure 31
shows the microstructure of a nickel=silver thick film conductor (25 w/o
Ag, fired in air at 603°C for 15 mins) as seen in an SEM. The granular
structure of silver films around nickel particles is noticeable. (Silver

to nickel bonding, both in inert and air atmospheres, will be discussed
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in detail in Part II).

The sheet resistivity of the £ilm which contains about 5 w/o of glass
is 15m0/[]. The silver coétingg even though uniform, does not prevent
oxidation of the nickel completely, as determined by thermogravimetric
analysis. As a result of this oxide layer, when the film is fired above
96S°C (m.p. of Ag), the silver film breaks up to form globules with a 90°
contact angle; the loss of silver metal continuity results in the forma-
tion of an insulator. The only phase contributing to conduction is
silver because of the oxide layer (insulator) between the gilver film and
nickel particles.

The model developed to calculate the sheet resistivity of
glass—-silver thick film conductors could’be used to study the effect of
silver content on the sheet resistivity of nickel/silver/glass films.

Using equation (8)

6 DA .
R =—=8 y__/ (9)
S gop. NEV,
Ni &
where D, is the diameter of nickel particles, V.. / is the nickel to
Ni Ni VAg

silver volume ratio, P is the bulk resistivity of silver, and K is a

Ag
proportionality constant. By measuring RS for one get of fired films

K was calculated to be ~1.0 indicating thaﬁ the microstructure obtained
is close to ideal. Rs was then calculated and also experimentally
measured fgr films with varying Ag content and firing conditions (within
the temperature~time range of 550°C to 950°C and 0 win to 30 min). The

good correlation between theoretical and experimental data is seen in

Fig. 32.
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These thick films have good solderability with commercial Pb-Sn
solders unlike the glass-silver thick films. This behavior is due to
the fact that the matrix particles are also wettable by the solder.

Thus the new base/precious metal composite conductor system, which
has only about 25 w/o of precious metal, is a definite improvement on the
existing thick film conductor systems because it can be fired in air and
is solderable. In order to obtain lower sheet resistivities, oxidation
of the nickel metal would have to be prevente& by firing in inert atmos~
pheres. The base metal then would not only provide matrix particles, but
would also contribute to conduction. In the air-fired conductors,
however, since the actual conducting phase is only a thin film (~0.25yum)
some of the property advantages (like low noise level and loss factor) ﬁhat
the conventional thin films have over thick films at high frequencies,

could be realized (e.g., for microwave applications).
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SUMMARY AND CONCLUSIONS

Present study resulted in a new concept of microstructure for thick
film conductors. By having a metal film coated around the matrix (glass)
particles of the thick film, efficient use of precious metal phase could
be achieved. Conductors were obtalned with metal (silver) contents as
low as 20 w/o. The sheet resistivities obtained with 40 wt?Z of silver
(~45 md/sq) were favorably comparable with the sheet resistivities of
conventional thick films using 80 to 90 wt% of precious metals. Good
adheﬁence between lead borosilicate glass (matrix) and silver (metal
coating) was achieved by dil., HCY treatment of the glass particles.

H+ ions implanted during this treatment entered into further reaction
with silver and oxygen to generate Ag+ ijons. These silver ioms went into
solution with glass contributing to the formation of a chemical interface
and therefore a good adherence between glass and silver. Similar micro-
structures can be achieved with other precious metals (Au, Pt, etc.).
(Thick film conductors were obtained using Au and Pt coated glass parti-
cles., However, more detailed study is needed for the gléSSW Au, Pt thick
film conductor systems).

An empirical model developed in this study predicts the sheet
resistivities from glass particle diameter and the metal (silver) content
used. As the conduction is through the metal phase, thickness of the
metal film around the matrix particles is important in determining the
sheet resistivity of the thick film. The model developed was verified
experimentally. When the glass-silver ﬁhick films were flred at tempera-

tures higher than 750°C, the microstructure broke down due to the glass
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flow and resulted in a.nonwconductora Adhesion of the thick film con-
ductors with the substrate was excellent. However, due to the large
amounts of glass used, these thick films need a solderable metal over-
print over the areas which are to be soldered.

Nickel-silver composite thick films which use nickel matrix
particles coated with silver (amount: as low as 20 w/o), were air fire-
able unlike commercial base metal thick film systems (which need to be
fired in inert atmospheres). Also, these thick f£ilms were solderable
(with lead-tin solders) and had a wider temperature range for firing
(600-900°C) than the glass metal composite thick films. The adhesion
between the thick £ilm and the substrate was good and was achieved by the
small amount of glass added (5 w/o) to the thick film paste. As nickel
oxide layer developed between nickel and silver during firing (please
see Part II for details), conduction in the thick film was essentially
due to the silver film. So the model developed to predict sheet resis-
tivities of glass-metal thick films was good for nickel-silver thick
films also. The concept of having a precious metal film around base
metal matrix partlcles can be extended to other base metal (Cu, Ni) —
precious metal (Au, Ag, Pt) systems (preliminary experiments with Cu-Ag
system were successful in obtaining good thick film conductors). This

would make thick film conductors very economical.



A

Table 1., Sheet Resistivities of Some Conventional Thick Film Conductors.

System Thickness Sheet Resistivity Ref.
(milliohms/sq)

DuPont 9755 Pt/Ag .6 mil 50 11
DuPont 9596 Pt/Au .8 mil 60 11
DuPont 9885 Pt/Au o7 mil 70 11
DuPont 9572 pd/Au «8 mil 80 11
DuPont 9843 Pd/Ag .6 mil ; 30 : 11
Au=Pt (75-25 w/o) I mil 100 1z

Au=-Pd (60-40 w/0) 1 mil 100 12

Ag-Pd (80-20 w/o) 1 mil 30 12

The solids in these thick films have >90 w/o of precious metals.
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Table 2. Relative Cost and Bulk Resistivity of Metals Used in Thick
Film Conductors.

Metal Relative Cost Bulk Resistivity, 0
(per unit wt.) (U2 - Cm)
Platinum 7312 10.6
Gold 5849 2.4
Silver 263.2 1.6
Copper 1 1.7

Nickel 2,74 6.8




Table 3.

w3

Silver Metal Surface Firing Sheet
Content Treatment Temp. Time Resistivity

w/o (45 sec.) °C min, md/ ]

40 0.25 N HC1 550 8 A

i 575 14 32

0.01 N HC1 500 20 80

" 500 30 120

30 . 600 8 85

" 640 8 70

" 700 8 80

0.01 N HCL 500 8 160

25 " 600 8 165

" 700 8 160

20 0.01 N HCL 500 30 230
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Table 4. Thermal Expansion Coefficients in Lead Borosilicate Glass
System, (Present study)

o +W o

%glass w?bosa?b0+wgzog° B,0, '510,. 510,

Composition (wtZ) ’Expansion Coefficient (in units of lOgé

- - : A in/in/°C)

PBo SiOZ BZOB ameasured ®calculated (using the
contributions by the
components)

1 70 30 0 8.53+.4 8.48
2 70 25 5 8.18%.4 8.43
3 70 20 10 8.57%.4 8.40
4 70 15 15 8.47+,4 8.36
5 70 10 20 7.9 x.4 ‘ 8.29
6 75 15 E 10 9.5 *.4 9.2

7 80 15 5 10.0 .4 10.04
8 80 5 15 9.8 .4 9.96

Calculated contributions.for the component oxides:
Uorg = 1,33 = 10 ° dim/in/°C

o o = =0.357 x 107 in/in/°C
203

]

Geip ~0.277 x 107/ in/in/°C
2
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Table 5. Thermal Expansion Coefficients in Lead Borosilicate Glass
System. (Ref. (27))

Composition (wt%) Expansion Coefficient (in units of lOmé
in/in/°C)

Pbo Sioz B203  @measured<Ref;27) acalculated(present

study)
1 50 - 40 10 4,52 4,522
2 55 35 10 4,72 5.265
3 60 30 10 5.53 6.009
4 63 25 12 6.45 6.448
5 71 19 10 7.23 : 7.644
6 71 4 25 7.50 7.595
7 76 14 10 8,40 8.388
8 81 9 10 9.55 9.132

Calculated contributions for the component oxides:

. = ‘“7. s o
Uppo 1,199 x 10 ° in/in/°C

~0.321 x 10”7 in/in/°C

#

a
, 3203

Q451102

-0.288 x 10”7 in/in/°C

it
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Table 6. Component Oxide Contribution to Thermal Expansion of LBS
Glass (Ref. 29, 30, 31)

Contribution to Linear Expansion
Oxide ‘ (in 10“7 in/in °C)
English ' Mayer Winkelmann
& & &
Turner Havas Schott
PbO 1.06 1.4 1.00
510, 0.05 0.27 0.27
8203 0.66 0.033 0.033
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Table 7. Binding Energies of Pb, Si, B Photoelectrons

Element/electron B.E. (eV)
Pb 4L £ 7/2 139.2
B 1S 192.57

Si 2P 102.55




Table 8. XPS of Lead

=l e

Borosilicate Glass — Peak Intensity Ratios.

Elements

Peak Intensity Ratios

Unetched Etched
Pb/Si 4,076 2,774
Pb/B 4,24 4,526
B/Si 0.9615 0.61
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Table 9. XPS of Lead Borosilicate Glass — Relative Surface Concentration

Relative Wt, Ratios at the Surface

Elements

Initial After Etching
Pb/Si 7/1 " 5.264/1
Pb/B 3,5/1 , 3.858/1
B/Si 2/1 1.364/1

*
Peak intensities of the spectra obtained depend on the molar concentration
of elements at the surface. ’
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Table 10a. Binding Energies of Ag 3d Electrons (Present Study).

5/2

Specimen v B.E (e.V.)
(i) Silver metal 368.1
(1i) Silver nitrate 368,45
(iii) sSilver resinate 368.4
(iv) Glass powder, treated with 368.4

silver resinate and washed
with xylene

(v) Glass powder with treatment 368.2
of (iv) and decomposed at
250°C.,
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Table 10b, Binding Energies of Silver 3d5/2 Electron in Different
Compounds. (Ref. (34))

Compound : Binding Energy
(eV)
Silver fluoride’® 368. 4
Silver bromide(a) 368.0
Silver chloride(a) | 368.1
Silver oxide(b) 368.4
Silver nitrate 368.4
Silver bromate 369.0
Silver acetate 368.7
Silver metal ggg:g*

(a) Co-ordination number of silver ion is six.

{(b) Co-ordination number of silver ion is two.

%
Reference: G. Johannson, et al., J. Electron Spec. Rel. Phen. 2,

p. 295, (1973),
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Table 11. Sheet Resistivities of Thick Films with Different Glass
Particle Sizes.

Avefage Glass Metal (Ag) Content Rs
Particle Size (wt %) (Q/square)
20 2.6
25 1.8
2,5 ym
30 0.8
40 ' 0.6
20 0.435
25 0.300
15 Um
30 0.130
40 ' v 0.085
20 0.25
25 m 25 0.175
30 0.075

40 0.050
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Table 12. Sheet Resistivities of Ni-Ag Thick Film Conductors.

R

Glass Content W% AG ' Firing E
Wt Tenp(°C) Time (Min.) (Milliohms/sq.)
600 10 15
600 30 15
600 12 12
20 650 6 25
700 peak 30
710 5 b3
10 900 peak X
600 10 12
30 700 10 25
800 10 35
900 peai 40
600 10 20
20 700 10 22
800 10 20
900 peak 25
605 12 15
600 10 15
25 6Q0 6 12.5
605 13 15
700 10 12
800 16 15
605 10 12
5 19 600 . 10 10
700 12 10
800 10 12
600 10 8
605 12
35 700 10 8
750 10 10
800 10 12
600 10
605 10
40 700 5
8035 5 10

915 peak 25
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FIGURE CAPTIONS
Flow diagram for the processing of conventional thick film
conductors,
Schematic diagram showing the conventional microstructure for
conducting thick films.
Schematic diagram showing the intended microstructure for a new
system of thick film conductors.
Flow diagram of the new process for glass-metal thick film
conductors.
Flow diagram for the processing of nickel-silver thick film
conductors.
Weight loss characteristics of the lead borosilicate glass particles
(20-44m) treated with 01N HCZ for varying times.
Circuit diagram for the sheet resistivity measurements.
Voltage—-current characteristics of the céonductive thick film.
Linear expansion curve for the lead borosilicate glass.
Scanning electron micrograph of the surface of the 967 A1203
substrate used in the study.
Energy dispersive analysls of the x-rays from the surface of the
above alumina substrate. Mg, Si are present as impurities.
Alumina-glass interface as observed in SEM. Region 'P' is possibly
a different phase. X-ray line mappings of Pb and Al across the
interface are also shown.
Surface of the HC treated lead borosilicate glass as seen in an SEM.
Scanning electron micrograph of the crystals obtained from the

etchant HCY solution after etching the lead borosilicate glass.



15.

lé@

17.

18,

190

20.

21.

22,

23.

24,

25.

20,

27.

28,

29,
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X-ray diffraction pattern of the crystals seen in Fig. 14.

X-ray photoelectron spectra of etched glass.

X-ray photoelectron spectra of unetched glass.

Acid treated lead borosilicate glass particles coated with silver.
Non-conducting thick film obtained using surface passive (unetched)
glass particles., (20-44um). |

Conducting thick f£ilm obtained using etched glass particles
(20~44ym) ,

Scanning electron micrograph of the thick film (25 w/o Ag) fired
in N2 (980°C, 10 min). Even though acid treated glass particles
are used, film 1is non~conducting as silver agglomerates.

X-ray photoelectron spectrum of silver metal.

Hot stage scanning electron micrograph of the thick film at 640°C
(25 w/o Ag).

Optical transmission micrographs of thick films (25 w/o Ag) fired
at different temperatures.

Optical trénsmission micrograph using smaller glass particles

(<10 microns) which were acid treated (.0LN HCZ, 2 1/2 win).
Variation of metal coating thickness (Tm) with glass particle size
(Dg) for different metal/glass volume ratio.

Variation of metal thickness with metai volume for different glass
particle diameters.

Dependence of sheet resistivity on the metal content for the thick
film conductor system developed in this study.

Variation of sheet resistivity with metal content for different

glass particle sizes. (Size range indicated within parenthesis).
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31.

32.
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Silver coated nickel particle as seen in an SEM.

Scanning electron micrograph of a nickel-gilver thick filwm conductor
(25 w/o silver, 5 w/o glass, fired in air at 605°C for 15 mins).
Grain structure of the silver f£ilm around the nickel particles can
be seen,

Vari&tién of sheet reslstivity with silver content in nickel-silver
thick film conductors. Good correlation between theoretical and

measured values can be seen.
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PROCESSING OF CONVENTIONAL THICK FILM CONDUCTORS

(precious)
METAL POWDER GLASS POWDER
70We, MICRON SIZE (PbO - Si0y BoO3 AlsO3,etc)
- 30, MICRON SIZE

“~_MIXING AND MILLING _—"

ORGANIC VEHICLE
80% SOLID, 20% LIQUID

BY SCREEN PRINTING,
PAINTING, ETC.

APPLIED ONTO A SUBSTRATE (96 % AlpOs)
| FIRED

THICK FILM CONDUCTOR
XBL 759-7372

Fig. 1



CONVENTIONAL MICROSTRUCTURE

METAL PARTICLES IN CONTACT
WITH EACH OTHER. GLASSY
PHASE BOUND IN BETWEEN.

Fig. 2

-METAL
PARTICLES

GLASS
BINDER

Al,O5 SUBSTRATE — s

CROSS SECTIONAL VIEW

GLASSY PHASE BINDS THE
METAL PARTICLES IN CONTACT
WITH ONE ANOTHER TO THE
SUBSTRATE.

XBL7910-7268
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NEW PROCESS FOR INTENDED MICROSTRUCTURE

GLASS POWDER
70PbO-10 Si0,-20 B0

| SURFACE TREATMENT

SURFACE ACTIVE SILVER METAL
GLASS POWDER RESINATE

MIX AND HEAT
GLASS 75%@@9 METAL 25W,

MIX WITH ORGANIC VEHICLE
APPLY ONTO A SUBSTRATE
FIRE

THICK FILM CONDUCTOR
XBL759-7 369

Fig, 4
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NICKEL POWDER SILVER
(20—-30u) RESINATE

HEAT 250°¢

Silver Coated Ni

Add 5 to 10 W/o glass
Mix with organic vehicle

{
Screen print onto
A1203 substrate

Fire in Air

Thick Film Conductor

XBL 799-12052

Fig, 5
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Fig. 6
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CIRCUIT DIAGRAM

Standard Resistance =10 o
|

+i

N
1[I+
V oltage Supply

XBL 7512-10,014

Fig, 7
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v-T CHARACTERISTICS OF CONDUCTIVE THICK FILM

T(mA)

L | . ﬁ g |

o) 100 200 300
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XBL 765-6866

Flg. 8
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Fige 9
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XBB 790-16052

Fig, 10
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Bctn YREATED LEAD BOROSILICATE GLASS PARTICLES COATED WITH SILVER AS
seen 19 SEM
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THICK FILM OPTICAL TRANSMISSION MICROGRAPH
(25%46 Ag, FIRING 600°C, 8 MIN.)

XBB 79912810

SURFACE PASSIVE GLASS

Fig. 19
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THICK FILM OPTICAL TRANSMISSION MICROGRAPHS
(25%6 Ag, FIRING 600°C, 8 MIN.)

=

XBB 799-12808

SURFACE ACTIVE GLASS

Fig. 20
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SCANNING ELECTRON MICROGRAPH OF THICK FILM FIRED IN e 9809 10 min.
EVEN THOUGH ACID TREATED GLASS PARTICLES ARE USED, AGGLOMERATION OF
SILVER IS OBSERVED,

Fig. 21
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SCANNING HOT STAGE MICROGRAPH OF THE THICK FILM (25 W/0 Ae)
AT 640°C (ARROW SHOWS THE EDGE OF THE THICK FILM)

XBB 790-14962

Fig. 23
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UPTICAL TRANSMISSION MICROGRAPHS OF THICK FILMS (25 W/0 Ag)
FIRED AT DIFFERENT TEMPERATURES.

5000 600 C

700°C 800°C

FIRING TIME
1OMIN

ABB 790~14963

Fig. 24
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FIRING - 600°C 12 MIN, Ac - 25 W/0
GLASS PARICLE SIZE « 10 MICRONS ETCH - ,01 N HCL 2 1/2 MIN

ZBB 790-14961

Fig, 25
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PART II
WETTING STUDIES
I. INTRODUCTION
The study of interfaces is quite important to understand the

composite systems. To develop good glass-metal, ceramic-metal and even
metal-metal seals, knowledge of the interfaces is crucial. Wetting
behavior studies through sessile drop experiments 1s one of the widely
used methods to study the interfaces. Detailed studies on wetting be-
havior of sodium disilicate glasses on platinum, gold and irom, and of borate

1,2,3 Most of the con-

glasses on gold and platinum have been performed.
ventional thick film systems use lead borosilicate glass as a binder
between precious metals (Pt, Ag, Au) and the ceramic substrate (AJ.,ZO:%)S4
In order to understand the microstructure development in these thick
film systems, interface studies of lead borosilicate glaés and precious
metal systems is important. Also, as seen in Part I, base metal (Ni)-
precious metal (Ag) composite systems are potentially economic. In order
to get a basic understanding of the interface relations in theseée composite
systems, contact angle studies of lead borosilicate glass on silver, gold
and platinum and of silver on nickel metal were undertaken.
CURRENT UNDERSTANDING

For a solid-liquid-vapor system in thermodynamic equilibrium the

relation between the interfacial tensions (energies) and the contact

angle O of the liquid drop on the solid substrate, can be explained by

Young's equation

YSV - YSL = YLV cos O (1
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where st, Yng YSL are the interfacial tensions, subscripts S, L and
V represent solid liquid and vapor phases (Fig. 1)05 This equation, which
represents the balance of the horizontal components of the forces acting
at the three phase contact, has been derived by many methodss6 all
of which assume chemical equilibrium. Two equilibrium configurations of
the liquid drop on a solid are shown in Fig, 1, When § > 90°, the liquid
does not wet the solid and when 6 < 90°, the liquid wets the solid. When
g £0°, the liquid spreads over the solid. Relative magnitudes of the
interfacial tensions determine whether the contact angle will be acute
or obtuse. The degree of wetting is increased with a decrease in the
contact angle §, Wetting occurs if the surface energy of the
solid is reduced by the liquid and non-wetting occurs if it is increased by
the liquid.

A liquid and solid will form an interfacial bond if the resultant
interface energy will be lower than the sum of the surface energies of
the two phases. The energy of adhesion is given by Dupre's equation7

F = ot - = -
ad = Fso T g " ¥ T Yse t Yog T Ysw (2)

where F is the interfacial (surface) energy and y is the interfacial
tension. In most cases, F's and ¥'s are interchangeable. A modified.
Dupre’s equation, taking intoc account the mechanical strain factor and
the effect of any inhomogeneities present at the interface — like a void,

a reaction product, atomic mismatch etc., could be written as

= + - -
Fa=K (Fgg+ Fo-Fo - Fg o) (3

where K is a proportionality constant.
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Combining Young's equation (1) and Dupre's equation (2), the force

of adhesion is given by

Yaa T Vig (1 + cos 0) (4)

The contact angle of the sessile drop can be an indication of the
strength of adhesion. It can also be an indication of the reduction of
the interfacial energy. For a given system, the smaller the contact
angle, the larger will be the reduction in interfacial energy and the
stronger will be the adherence. Hence, the sessile drop measurements
provide valuable information regarding the interface formation and
adherence in the glass-metal systems.

Earlier work on glass-metal systems has shown that good wetting and
adhetrence depends on the formation of a strong chemical bond rather than
van der Waal's bond. According to the understanding developed in this
laboratory, to form chemical bonds all along the interface and thus have
a continuity in the electronic structure across the interface, saturation
of the glass at the interface with the low valent oxide of the metal is a
prerequisiteﬂg Here the surface oxygen atoms can intercoordinate with
the surface oxygen atoms of the glass. If the oxide of the metal is
completely dissolved by the glass before its saturation with the oxide,
glass will be exposed to fresh metal and such an interface without a
reaction will lead to a weak van der Wall's bond. However, if the glass
at tﬁe interface becomes saturated just as the available oxide is dissolv-
ed, strong chemlcal bonding will result.

The effect of atmospheric conditions and adsorbed substances on the

surface energies of the solid substrates are also very important in the
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analysis of the contact angle measurements. The effect of chemisorbed
contaminants on the wetting behavior of sodium borate glass and sodium
disilicate glass on gold énd platinum has been studied in this laboratory?ﬁg
Table 1 summarizes some of these results. The presence of oxygen lowered
the contact angle and also improved the adherence as compared to the
values obtained in vacuum with both of these glasses. The
inéreased driving force for wetting has been explained as being due to a
greater saturation of the interface with the metal. At low partial pres-
sures of oxygen, oxygen has been shown to a adsorb strongly only on the
stepped surfaces of platinum and very rarely on (111), (100), or (110)
surfaces.lg Even though there are no stable bulk oxides of gold at
elevated temperatures, surface oxides have been observed to be stable,
changing valencies of the surface gold atoms being responsible for
the stability. The chemisorption of oxygen, water vapor and selected
hydrocarbons on gold and silver have been studied in detail, by many
researchers using surface analytical techniques like LEED, Auger and
photoelectron spectroscopyell’lz
Water adsorption is shown to increase the contact angle of sodium
disilicate and borate glasses on gold and platinum due to the reduction
in the surface energy of the metal substrate§i3’8Carbon adsorption on
platinum also causes increased contact angles of borate glasses on
platinumnz In the presence of oxygen, decreased contact angles on Pt
have been explained to be due to the oxidation of adsorbed carbon with
an increase of Yqy 28 opposed to any reduction of the interfacial energy.

However, the effects of the absence of oxygen and adsorption of carbon

impurities on the substrate have not been separately identified. Taking
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these points into consideratioﬁg the study of wetting behavior of lead
borosilicate glass on sil#ers gold and platinum were undertaken.
EXPERIMENTAL DETAILS
Sessile drop measurements of lead borosilicate glass (70 w/o PbO,

10 w/o Si0 20 w/o 3203) on silver, gold and platinum were conducted in

I
different atm@sphérese 99.99% pure precious metals (Ag, Au and Pt) ob-
tained from LBL, in the form of sheets (thickness 0.010") were cut into
1 cm X 1 cm substrates. The glass prepared in the thick film studies
was used to make small beads (~.5mm dia.). Also, the glass prepared by
Corning Glass Works was used to obtain small chunks for sessile drop ex-
periments,

For air atmosphere conditions a Hevi duty Lindberg tube furmnace,
open at both ends was used. The rate of temperature increase was ~50°¢/
minute and the accuracy of the temperature reading +5°C. For vacuum and
inert atmosphere conditions two contact angle furnaces were used. The
first furnace (referred to as 'graphite furnace, Fig, 2) consisted of a
graphite tube resistance heating e;ement in a vacuum chamber. Inside
this tube was an alumina 'dee tube'on which the sample (glass drop on
the metal substrate) was kept. The graphite tube was connected to water
cooled copper electrodes using graphite holders. The %acuum chamber was
connected to an oil diffusion pump (capable of providing a lOm7 torry
vacuum) and to an inert gas supply. The sessile drops were viewed
through the fused silica windows of the vacuum chamber.

The.second furnace (referred to as 'alumina furnace,' Fig, 3) con-
sisted of 1" diameter, 8" long,Kanthal resistant wire wound, high density

alumina tube (open at both ends) inside a large vacuum chamber (10a7 toxrr)
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which is connected to an oil diffusion pump and an inert gas supply. A
sheet of tantalum was wound inside the alumina tube to reduce the partial
pressure of oxygen. A leak valve on the vacuum chamber allowed inert
gases to be introduced into the furnace. The pressure in both of the
furnaces was measured with a cold cathode ionization gauge. A liquid
nitrogen cold trap was used to condense vapors from the diffusion pump.
All experiments were carried out at 2 X 10«6 torr (1.94 X lC)m9 atm) at
the test temperature. Under these conditions the equilibrium partial
pressure of oxygen in the alumina furnace is ~10519 torr at 700°C and
the equilibrium partial pressure of oxygen in the graphite furnace
(calculated using the reaction C+1/2 OZ§§CO) is ~1Oa35 atm., However,
due to résidual leaks, outgassing of the furnace walls and other non-
equilibrium conditions, POZ would be many orders of magnitude higher
than these values. The graphite tube furpace was used to intentionally
introduce carbon impurities into the system and study the effect of car-
bon adsorption on the surface energies of the precious metals by measur-
ing the contact angles of glass drops on these metals,

The temperature iﬁ both of these furnaces was measured (accuracy
£5°C) with two Pt — Pt. 10/Rh thermocouples (after calibration) which
were kept close to the sample (< 8 mm above the specimen).

The contact angles were measured using a telegoniometer (made by
Rame-Hart Inc., ﬁJ) which consists of a Model 102-00~00 telescope with
rotatable cross hailrs moveable in X, ¥, 2 and @ directions, and a cir-
cular scale to measure the angles. The accuracy of measuring the angle

with this instrument is *1°.
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In the actual experimental runs, glass-metal samples were weighed
before and after the experiment. Before heating to the test temperature
the vacuum chamber was pumped to <10 torr (using a mechanical pump) and
then pumped to ~1.5 X 1056 torr with a cold trapped diffusion pump. The
substrate and the drop were heated to the test temperature (~15°C/min.
up to 400°C, ~20°C/min after that to the test temperature of 600°C,
700°C) and held until equilibrium was attained, i.e, no further change
in the contact angle for 30 mins. The assembly was then furnace cooled.

The surface of the substrates at the edges of the drop were examined
using optical microscopy. Some of the specimens were subjected to bend-
ing in order to separate the glass from the metal or fracture the glass
(depending on the strength of bonding) to obtain qualitative data about
glass-metal adherence.

The contact angle measurements of silver on nickel substrates were
done in an air atmosphere and in gettered helium (alumina furnace).
99.99% pure silver shot {obtained from LBL) were used and the nickel sub-
étrates were polished before the experiment to remove any visible oxide
layer and to obtain a flat surface. Contact angles were measured at
970°C after the equilibrium was established. To study the interface,
the specimen (Ag drop on Ni substrate) was sectioned perpendicular to the
substrate at the center of the drop using a diamond saw and then was
mounted in Bakelite. Standard_metallographic polishing techniques were
ugsed (final lapping with .3pm A1203) and the interfaces weré examined

using SEM with attached EDAX capabiiity (see Part I for details).
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RESULTS AND DISCUSSION

4. Lead Borosilicate Glass and Precious Metals

The results of the sessile drop experiments using lead borosilicate
glass on silver, gold and platinum with different atmospheric conditions
are tabulated in Table 2.

1.) Silver

In an air atmosphere the glass drop spread into a uniform circle
(contact Angle = 0°). Spreading started at 500°C and was very fast.
When the experiment was repeated with a larger amount of glass, the glass
spread over the edges to the bottom side of the substrate. In both cases,
crystallization was observed at the periphery. Optical micrographs in
Fig. 4 show the top view of the glass-crystal transition region and
crystal-silver transition region. These regions are diffused and do not
have a sharp transition boundary. Figure 5 shows the crystallized edges
of the glass. Spreading of glass occurred along the grain boundaries as
well, A better micrograph of the grain boundaries could not be obtained
because of the lack of a proper etchant and due to insufficient thermal
etching at the temperatures studied. At the glass-metal interface the
gralin boundaries of the metal are prominently visible, indicating a
stronger attack at the grain boundaries.

A finite contact angle (6~2°) was obtained for the glass drop on
silver in vacuum (3 X 1.0“6 torr) in the absence of carbon contaminants
at 700°C. Even though the drop attained equilibﬁium very quickly, the
uniform and symmetric spreading obtained in air atmesphere was not ob-
served in this case. The optical micrograph in Fig. 6A shows the edges

of the drop on silver as viewed from the top. Spreading of the liquid
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(glass) along the grain boundary is also noticeable. Grain boundaries
below the glass layer are clearly visible. The edges of the glass drop
is irregular but there is no indication of crystallization.

In the presence of gettered helium the equilibrium contact angle
was acute (48°) The edge of the glass drép as seen from the top is
shown in the optical micrograph (Fig. 6B). The edge of the drop has a
sharp boundary with no spreading of the glass along the grain boundary.

Very strong adherence of the drop to the substrate was obﬁained for
alr atmosphere conditions. It was very difficult to remove the glass
£ilm by scratching or bending of the substrate. In vacuum conditions,
the adherence was good. On bending the substrate, the glass was broken
into slivers. But, in gettered He atmosphere, adherence was poor. The
whole drop came off the substrate and the interfacing surfaces were clean.

An equilibrium contact angle is obtained when a balance of the
horizontal components of surface tensions is reached as described by
Young's equation. The sharp edge of the glass drop and its poor adher-
ence to silver in the presence of He indicates lack of reaction between
the glass and silver, and the exisﬁence of van der Wall's bonding. It
is known that the surface tension of Ag measured in a helium atmosphere
is the true surface tension as helium is insoluble in silver, does not
chemisorb and will not be physically adsorbed at high temperaturesel3 A
surface energy of ~1160 ergs/cmz at 932°C is reported for a He atmosphere.
Due to the high vapor pressure of silver, some erratic values have been
reported for vacuum conditions. Surface energy of silver is very sensi-
tive to the presence of oxygen and is about 1000 ergs/cm2 at an oxygen

partial pressure of 1.044g torr and becomes considerably less as the
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partial pressure of oxygen increases,lé

A higher surface energy for silver alone would cause a decrease in
the contact angle as realized from Young's Equation. Adsorption of any
gases would reduce the solid surface energy and hence would have a tend-
ericy to increase the contact angle., However, the glass drop has been
observed to spread in the presence of oxygen leading to good adherence.
Spreading almost always is due to a reaction occurring at the interface
whose free energy of reaction contributes to a reduction of interfacial
energyels Increased wetting or the decrease of contact angle has also
been attributed to interfacial reactions by many investigatorsel6 The
presence of an oxide on the surface of silver has an important effect on
the interfacial energy between glass and silver. Saturation of the
interface with the oxide lowers the internal energy of glass at the
interface. A sharing of the oxygens at the interface results in a con-
tinuity of electronic structure across the interface causing a reduction
in the interfacial energy and strong adherence. In other words, the
molten glass dissolves the surface oxide layer and as the dissolution
continues the interfacial energy will be continuously reduced. The type
of spreading observed in the presence of oxygen and the appearance of a
compound around the periphery of the drop indicate that either the sur-
face oxide layer formed is of significant thickness or oxygen moves
through the metal to the glass-metal interface or along the interface
from the edge continuously during the exposure,

The adherence is strong both at the center and at the edges of the
drop. This indicates the saturation of the glass with the metal oxide

along the entire interface. Oxygen adsorption on the silver metal is
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quite appreciablel4 and is responsible for the surface oxide needed for
strong édherence all along'the interface and especially at the center
of the drop. However, oxygen diffusing through the interface from the
edges provides.oxygen to form more metal oxide to replace the dissolved
oxide. At the temperature of study (700°C) glass has a very low vis-
cogity and diffusion of Ag+ away from the interface into the glass
occurs quite readily. As more and more metal oxide goes into solution
with glass, the glass cowmposition will be considerably altered. The
largest change would occur at the periphery as (i) the adge of the
advancing drop gathers more and more oxide as the glass flows, which
is concurrent with the understanding that reaction of the metal oxide
with glass is the driving force for spreading; or (ii) the edges have
an easy access to dxygen in the atmosphere. The increased reaction
around the periphery is indicated by the presence of a precipitated
phase.

Adherence between glass and metal was good in the case of sessile
drop measurements conducted at 700°C in a vacuum (2 X lowétorr) with a

19 ‘
torr. Adherence was better at the

partial pressure of oxygen of ~10
edges than at the center. The color of the glass had slightly changed
to milkey white, but no crystals were observed as in the case with air
firing. These factors indicate the possibility of a redox reaction

between silver and lead oxide in the glass. The possible reaction

taking place under the conditions of the experiment is

2Ag PbO + Pb(g)

substrate + glass - Agzoglass
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This type of reaction is similar to the ones predicted by Brennan
and Pask%jin studies on sodium disilicate glass-base metal systems. The

free energy for the reaction, AF is given by

a . P
Agzo(glass) Pb

p

AF = AF° + RT In

bO(glass)

AF°, the standard free energy for the reaction is positive, since
the oxidation potential of the substrate (Ag) is lower than that of Pb,
which would be the cation to be reduced., (Standard oxidation potentials
at 25°C are, Ag - Ag' -0.800V, Pb + Pb>T + 0,126v),

The reaction therefore will be feasible if the equilibrium constant
for the reaction at the interface is sufficiently <l to get a negative
AF. Reaction could be achieved if lead is formed in the vapor state and is
immediately removed from the reaction site. At 700°C, the vapor pres-

> atm) which is quite High compared to the

sure of Pb is ~1033 torr (~10°
total ambient pressure of 2 X 1O°6 torr in the furnace. This insures
that the lead formed could be easily removed to maintain PPb at the
interface low enough for the redox reaction to continue, Ag+ ions
resulting from this reaction can thus go into the glass, giving a chemi-
cal continuity of silver oxide at the interfacevand hence good adherence.
It will be easier for Pb(g) formed at the interface to escape from the
edges of the drop than from the center. Hence, there is a greater driv-
ing force at the edges, for the reaction to take place. This explains
the better adherence obtained at the edges in the vacuum conditions. The

irregular edges of the drop seen in Fig. 6a further support the presence

of a reaction between the glass and the substrate metal, The grain
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boundaries appear to be attacked more strongly as would Ee expected.

In the ?resence of gettered helium at 1 atmosphere, the adherence
was poor. The whole drop could be readily removed from the surface of
the metal without leaving any traces. With the bigh ambient atmosphere
pressure it is not possible to get Pb as a vapor phase in the redox
reaction. Under these conditions AF would be positive and hence no redox
reaction can take place. This is reflected in the absence of adherence
and the presence of a high contact angle (48°). This coatact angle could
be used to calculate the glass-metal interfacial energy (YSL) without the
effect of any interfacial reaction, and this could further be used to deter-
mine the reduction of the interfacial energy due to the redox reaction at
the interface un&er vacuum conditions. Assuming YSV(Ag) to be 1160 ergs/
cm + in both cases, Yy (glass) | 180 ergs/cmzslS one can calculate
YSL(He) 1039 ergs/cmz9 and YSL(val”) 980 ergs/cng from these values it
can be calculated that the interfacial energy is reduced by ~59_ergs/cm2
while the redox reaction is in progress.

2.) Gold

The LBS glass drop on gold has a finite acute contact angle in both
an air atmosphere (0 = 18°) and vacuum (6 = 6.5°) at 700°C. However,
the adherence obtained in vacuum conditions was poor, even though the
contact angle was lower than in the air atmosphere, On bending the sub-
strate, the whole drop came off the metal without leaving a trace. In
air firing good adherence was observed. When the substrate was bent, the
glass drop was broken into slivers still adhering to the substrate. On
strong scratching with a sharp instrument, the center of the drop could

be eroded. Adherence was stronger at the edges than the center.
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The periphery of the drops as observed in the optical microscope is
shown in Fig. 7. In the presence of oxygen, the edges of the drop are
irregular and indicate spreading along the grain boundaries. However, in
vacuum the edge of the drop is sharp and no spreading of the liquid is
observed.

The absence of spreading and poor adherence obtained in vacuum
contitions indicate the absence of any reaction between glass and the
gold substrate. In the presence of oxygen, better adherence is due to
the introduction of oxide into the interface introducing electronic
continuity between the glass and the metal. . Sclution of the surface gold
oxide also reduces the interfacial energy. Thus, stronger adherence
results. The difference in adherence between the center and the edges
is due (i) to the better access that the interface at the edge has to
oxygen, and (ii) to the possibility of the edge of the glass dissolving
more surface oxide as it moves along the surface. Since the contact
angle remains constant, the edge of the drop is saturated with gold
oxlde. If the edge was undersaturated, the drop would continue to
spread‘as long as the glass on the periphery was not saturated with the
oxide.

The higher contact angle in air (18°) as compared with the contact
angle in vacuum (6°.5) can be explained on the basis of Young's equation.
The YLy of the glass can be assumed to be constant (~180 ergs/cmz), A
change in the surface energy of gold due to oxygen adsorption has been

observed by Udin et 31013 In helium, is ~1370 ergs/cmz + 65 ergs/cmz

ey

at 1040°C, and in air it is ~1210_ergs/cm2 * 60 ergs/cmze The correspon~

ding wvalues of Ygqp, can then be calculated for air and vacuum conditrions.
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In air Yor, becomes 1039 ergs/cmz and in vacuum, 1191 ergs/cmz. A
reduction of 152 ergs/cmz thus occurs in YSL in air which would cause
a decrease in the contact angle. In the present case, however, the
adsorption of oxygen on the metal decreases its YSV by 160

ergs/cmzs thus overriding the effect of the decrease in YSL giving a
higher contact angle in air atmosphere.

3.) Platinum

The glass drop on platinum has a finite contact angle of 2°-3° and
remains clear in air atmospheric conditions at 700°C. On bending the
substrate the glassris broken in;o slivers indicating strong adherence
of‘the glass to the substrate. The periphery of the drop as seen in
Fig. 8a is irregular.

The contact angle of the drop at 700°C in vacuum conditions
(3 x 1036 torr) with carbon contamination is 73° and without carbon con-
tamination, 58°. The glass drop attained a dark color due to the
reduction of PbO to metallic Pb, probably by carbon impurities
(introduced by the graphite tube in the furnace) which caused a suffi-
cient reduction in the partial pressure of oxygen. The adherence is
poor in both cases and the whole drop breaks away from the substrate on
bending. Figure 8b indicates a sharp boundary between the edge of the
drop and the substrate with no penetration of glasé along the grain
boundaries.

The low contact angle and strong adherence of glass observed in air
are due to the saturation of glass by metal oxide at the interface.
Strong evidence observed for adsorption of oxygen on platinum surfaceslg

suggests that the possible path for movement of oxygen to the glass/metal
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interface is either through the metal or along the interface. Due to
the solution of the surface oxide of platinum in glass the interfacial
energy is greatly reduced resulting in the low contact angle (2°-3%).
However, in vacuum the partial pressﬁre of oxygen is less than 10w19 torr
resulting in the high contact angle (58°) of glass on platinum. Further,
the adherence is very poor because of the absence of dissolu-
tion of surface oxide or any other interfacial reaction which could have
resulted in a reduction of interfacial energyband a chemically continuous
interface.

The glass—platinum interfacial energy (YSL) can be calculated using
Young's equation with Yoy (Pt) = 2000 ergs/cmz*and Yoy (glass) =~ 180

ergs/cmz at 700°C. For a contact angle of 58° is calculated to

5 YSL
be ~ 1905 ergs/cng In the air atmosphere both Yoy (Pe) and‘YSL (inter-

facial energy) change. Due to the adsorption of oxygen decreases

v Ygy
and would cause the contact angle 6, to increase. Presence of water
vapor in the atmosphere would also have similar effects. However, the
reduction of the interfacial energy Yer, caused by the solution of metal
oxide tends to reduce the contact angle. 1In this particular system, re-
duction of the interfacial energy is the dominant effect as seen by the
lower contact angle obtained in air (2°-3°) as compared with the value
obtained in vacuum (58°).

Using Young's equation and the values of 180 ergs/cmz for Yoy 2°

for 6, the difference (YSV - ) is calculated to be 179.8 ergs/cmz°

YsL

* :
Many different values have been reported close to this value,lg
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If we assume YSV (Pt) and YLV (glass) to be relatively invariant, in

vacuum and air atmosphere, the reduction in the interfacial energy Yo1,
due to reaction (dissolution of the surface oxide) can be approximated
to be ~84 ergs/cmza Any actual reduction of Ygy in air in comparison

with 2000 ergs/cmz in vacuum will also lead to a similar reduction of

YSLB
In vacuum conditions, the presence of graphite tube introduces
carbon impurities. The contact angle of glass on Pt is 73° (at 700°C)
under these conditions. This is greater than the contact angle obtained
without the presence of graphite tugee Surface studies have indicated
strong evidence for carbon adsorption on platinum surfaceezg Due to this
adsorption the surface energy of platinum (YSV) is reduced. Also, since
the partial'pressura of oxygen is very low, no change of the interfacial
energy is expected as evidenced by poor adherence and a very regular
periphery of the drop. The net effect would hence be a contact angle
higher than the angle obtained for vacuum conditions without carbon
impurities. A similar increase in contact angle due to carbon adsorption
has been observed in the borate glass-platinum system,Z It is possible
to calculéte the reduction in Ygy due to adsorption of carbon impurities
responsible for the increase of the contact angle from 58° to 73°. Using
the values of Ygr, © 1905 ergs/gmz obtained from contact angle measure-
ments in vacuum (without carbon contamination) and an unchanged Yy
the reduction of Ygy (platinum) is calculated to be ~43 ergs/cmze Any
reduction in YLV that may have occurred in the graphite furnace would

result in a higher calculated reduction of Ygye This compares with the

value (50 ergs/cmz) obtained by Holmquistz in studying the carbon
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contamination in borate glass-platinum system.

Using calculations similar to the ones used by Holmquistsz it is
further possible to approximate the amount of carbon responsible for the
reduction of Yoy From the oxidation reaction of carbon, the activity

of carbon can be estimated.

b
Coqs 1/2 Oz(g)xa co(g)

P ,
Keq = “~z7%%u~# where the partial pressure of

a
POZ c
oxygen and CO have replaced their activities, as at low pressures these
gases could be assumed to be ideal gases. Assuming the equilibrium constant

for bulk carbon oxidation to CO to be applicable

(21)

at 1000°K K = 1010-459
eq

P, ~ (.20 X 1078 torr = 7.9 £ 10710 atm
2

=10
PCO % 2(7.9 X 10 ) atm

Now, using the Gibbs adsorption equationzz

dy = I' RT din (ac)

i

where dy = change in surface energy

r

[

adsorption density, R = universal gas constant and T, the

absolute temperature (1000°K)

dy, calculated from sessile drop measurements = 48 ergs/cm2 and the
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amount of carbon responsible for this lowering of YSV (platinum) is
calculated to be I' = 1.016 X 1013 atoms/c;mz° For comparison, the (111)
surface of platinum has ~ 1.5 X 1015 atoms/cmza

To summarize the results on platinum, absence of oxygen led to an
increased contact angle caused primarily by an increased Yar, due to the
absencekof any interfacial reaction. The presence of carbon impurities

further increased the contact angle due primarily to the reduction of

Y., of platinum. The effect of carbon impurities and the absence of

SV

oxygen can thus be separately understood by these sessile drop measure-
ments conducted in vacuum with and without the presence of carbon impuri-
ties. A reduction of ~43 ergs/cmz occurred in the surface energy of
platinum due to carbon adsorption.

B. Silver on Nickel

In air atmosphere conditions the silver sessile drop on nickel
substrate had an equilibrium contact angle of 90° at 970°C. When the
silver drop melted the initial contact angle was obtuse and in less than
five minutes an equilibrium angle was attained. The surface of the sub-
strate was tarnished, the drop was regular and the edge was sharp. The
adherence between the drop and the substrate was good. The cross section
of the interface as seen in SEM is shown in Fig. 9a. X-ray line mappings
of Ag and Ni are also seen across the micrograph. Nickel oxide layer
forms on the surface of nickel and exists between nickel and silver. The
thickness of this layer as seen from the micrograph is ~5-6um and is

fairly constant.
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In gettered helium atmosphere, at 970°C an equilibrium contact
angle of 9.5° was obtained (in 30 minutes time). The surface of the
substrate was shiny, the drop was regular but the edges were irregular.
There was very strong adherence between the drop and the substrate. The
scanning electron micrograph of the cross section of the interface along
with the x-ray line mappings of nickel and silver is shown in Fig. 9b.
Penetration of silver into nickel can be noticed in this mlcrograph:

Surface energies of silver and nickel at 1000°C are given in Table
3. There is quite a good correlation between the approximated and
measured surface energies (tensions) (YSV) of nickel. Surface energy
(YSV) of Ni0 from 's value is given as 400 ergs/cmzo The surface energy
of solid silver is found to be very sensitive to the presence of oxygen
and Fig. 10, is the reproduction of the data obtained by Buttner et alal4
In an air atmosphere the surface energy of silver(s) at 932°C will be
decreased to ~450 ergs/cmZ (in He atm. st is 1140 ergs/cmz)e For
liquid Ag at 970°C, however, no such data was found, but it is logical
to expect YLV also to be correspondingly lower in an air atmosphere

From the 9.5° contact angle in He atmosphere YNimAg could be calcu-
lated using Young's equation and the values of surface energies given

above., The calculated value of v ig 1312 ergs/cmzo In this case,

Ni-Ag

Ygy (yo.) >y (YAg) and the interfacial energy is reduced by the solu-

Ni LV

tion reaction (silver dissolving in nickel at the interface), resulting
in very strong adherence. Both nickel and silver are f.c.c. and their
atomic sizes are within 15% of each other (Table 4), but there is limited
solid solution between them because of the wide difference between the

. , 2
internal pressures of the two elements. 3 From the phase diagram of
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nickel and silver24 there is a finite.solubility of silver in nickel

(< 2 at%) and almost zero solubility of nickel in silver.
This can be qualitatively seen in the micrograph (Fig. 9b) where the
intensity profile for nickel (Ni) drops to zero very quickly in the
silver region, whereas silver (Ag) has a profile into the nickel region
dropping to zero in < 1.5um from the interface, (dark line in the’micro«
graph indicates the scanning line) .

In air atmosphere the contact angle obtained (90°) is actually the
contact angle between silver and nickel oxide (thickness ~ 5 to 6um) as
evidenced from the scanning micrograph (Fig. 9a)., Looking at the x~ray
line scans (dark line represents the scanning line) in Fig. 9a, the con-
centration profile for silver (Ag) falls sﬁarply at the silver - NiO
transition boundary (in < .5um into NiO region) to zero, indicating
practically zero solubility of silver in NiQ. However, the nickel (Ni)
profile has a step in the interface layer and a comparatively slowly
decreasing concentration profile into the silver region. The step obser-
ved for the nickel profile in the interface layer is due to dilution of
nickel by oxygen atoms to form NiO and thus is an indirect proofthat the
intermediate layer is nickel oxide. Across the NiO-silver interface,
the nickel iIntensity decreases slowly reaching zero at ~3pum into the
silver region. This strongly indicates a probable solubility of NiO in
silver even though nickel is barely soluble in silver. Good adherence
of NiO-Ag supports the idea of chemical bonds existing across the inter=-
face which have resulted due to this solutioning of NiO in silver.

To explain the 90° contact angle observed in this system, which is

unusual, it is necessary to understand the
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thermodynamics and mechanics of wetting/spreading according to the
theories developed in this laboratory by previous researchers.

In a solid-liquid-vapor system let us consider the configuratién of
a small liquid sessile drop on a flat rigid solid surface existing at
chemical equilibrium both in the bulk and at the interfaces.

Then a solid-liquid interface will form if the free energy change

6G = f[YSLdASL + ij Yoydhgy * 5j‘ ¥ ydhy < O (5
Lv

SL sv

dA = change in interfacial area, vy = interface energy.
The free energy decrease results in the driving force for the
deformation of the drop.

The solid-liquid interfacial area increases and the shape of the drop

changes until the minimum emnergy state is reached as defined by

Yr8gp, * Yoydhgy T YpydhLy = O (6)

If the bulk volumes are non-reactive the free energy changes for the
system are then associated with changes in interfacial areas. 1f they are
reactive, the phases will react with each other through the interfaces to
achieve a state of chemical equilibriumo During these non-equilibrium
dynamic conditions, the interfacial tensions, hence the contact angle and
the shape of the drop will be continuously changing until the system
reaches a state of chemical equilibrium.

Several progressive geometric configurations of the drop and the
change in the areas of the liquid-vapor and the solid-liquid interfaces

vs. the contact angle (or the height of the drop h) were calculated by
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Aksay et al,ZS and are shown in Fig. 1l1. The liquid-vapor interfacial
area decreases from 180° to 90° and then increases as the contact angle
decreases to 0°, whereas the solid-liquid interface increases continuous-

ly. As dASL = = dA v’ equation 5 could be simplified to

S

86 = ¢ Jf(YSL =Ygyl dhgy T O [ Yiydhy (7
SL Ly
or

e dagy S dAy

= gy =~ Ysv) “@n T Y Tan (8)

(Note: decreasing height h is considered positive),
Surface energies are assumed to be constant as chemical equilibrium

is considered to be established in this system.

A net negative %%’indicates that the solid-liquid interface will

continue to form and the contact angle will continue to decrease; the

minimum energy configuration is obtained when-%g = 0, This is realized
when there is a balance achieved between the two terms of the equation.
If Ygy < Yor, < Yoy then the contact angle will be obtuse, It will re-

main obtuse if Ygp Were to be constant, The significance of is the

sy,
following: Under chemical equilibrium conditions, the formation of a
true interface could be considered analogous to the formation of a solu-
tion involving an adjustment of surface structures to form an inter-
mediate interfacial structure (with interfacial tension between Ygy and
ysv)o kThe actual magnitude of Ygr1. however, depends on the degree of

chemical bonding or minimization of structural discontinuity across the

interface developed in the system. Yo, will become smaller with increased

chemical bonding.
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When Y1y > Ygy» 88 in the present case where the surface energy of
liquid silver is greater than that of nickel oxide, we will have an
obtuse aﬁgle to begin with., As NiO goes into solution with silver,
chemical bonds are being developed. 1In other words, surface energy of
silver YLV’ is being reduced by the solid (Ni0) surface energy Yoy to
give an interfacial energy YSL° As the reaction goes on, YLV is being
continuously reduced when YSL also decreases continuously., The maximum
reduction of YLV that could be achieved by the solid, however, is equal

to the surface energy of the solid, YSV9 i.e., YSL > Y But in

v - Ysve
any case, Yq, has to be 2 vy 88 Y >Ygy and if Ygp, 18 < ygy» @ true
interface would not be formed and the contact angle would approach 180°.

With the development of chemical bonding, approaches Ygy and when this

Ysi,
happens a limiting contact angle of 90° is reached according to Young's

equation. Free energy Equation 8, becomes

d . T (9
ah = YLv Tdn

According to this equation the minimum energy configuration is reached
when the surface area of the liquid (-vapor interface) is minimum and
this corresponds to a 90° contact anglé from Fig. 11. In the system Ag-
NiO(Ni) all the conditions specified above for a 90° contact angle are
satisfied (as discussed before), and hence an obtuse angie observed ini-
tially for the silver drop reaches an equilibrium contact angle of 90°,
with good adherence. This also corresponds to a spreading of the drop
from obtuse to 90°. The surface energy difference between silver and

NiQ happens to be smaller than the surface energy of nickel.

Oy = Yey?
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< YSV° As a result of this YSL will reach YSV before there is a complete

reduction of YLV by YSV resulting in a 90° contact angle. If, however,
the experiment is conducted in a helium atmosphere (Ag on NiQ) an obtuse
angle would bhe obtained as YLV of silver in helium = 960 ergs/cmz, YSV =

Y will be

= 560 ergs/cm2 which is > -

400 ergs/cmz and so Y

v Ysv Yoy

2 .
= - = > o i i
YLV st 560 ergs/cm YSV This would result in an obtuse contact

angle instead of a 90° contact angle that was observed in an air atmosphere.
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APPENDIX
Let us consider a solid-liquid vapor system wherein a small spherical
liquld drop is placed on a flat, rigid, solid surface. Assuming negligi-
ble gravitational effects to exist, the free energy change for the system

could be written as

G = & Jd(ygAg) + 6 j{s(stAsv)
SL LV

+ 6 d(YLVALV) (L
LV

As the interfacial areas would depend on the contact angle (8) at
the»tbree phase junction point which is related to the height of the
drop, h, (Fig. 11), knowledge of free energy variation with the height of
the drop is desirable.

Fquation 1 can be written as

e _ sty | Csvhsw | Ao
ah an

dh dh (2)
"Let us consider the size of decreasing height to be positive.
Expanding equation -2
a4y . Doy, s
dh ST, dh SL dh
+Y efé_s;ya*,ASv a.fiz
Y dh dh
.y Ay . Sy ,
Lv “dn © “wv  Tdn (3

Both YLV and Yoy surface energies of liquid and solid depend on

the atmosphere. As the atmosphere would remain the same throughout the
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experiment and hence assuming solid, liquid to reach equilibrium with

the vapor phase independently of each other, the variation of YSV and
gy Iy
would be negligible, i.e., I Tdn will be zero. Equation 3 would

YLV

then become,

dA ay

dG . SL s SL
FE ) S T T
PV APV (4)
sV dh LV dh
If there is a reaction between solid and liquid phases, the
interfacial energy will continuously change until the equilibrium is
reached. Change of YSL would imply a change in the contact angle to
satisfy the balance of forces and hence a change in the height of the
drop, h. Further, dASL = - dASV as liquid~solid interface is formed
when the liquid flows over the solid-vapor interface.
dG
T would then become
= (Y =Y ) fﬁ& + Y - il
SL 'SV°  dh iy dh
dy
SL
S T (%)

This would be the expression for the variation of free energy with the
height of the drop for nonm-equilibrium conditions, where the reaction at
the solid-liquid interface is still proceeding. As the reaction proceeds,

h keeps decreasing (hence positive according to the sign convention) and

YSL also keeps decreasing (negative). In the expression for<%§, the first

term is positive, second and third terms being negative. A minimum
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energy configuration will be obtained when %%-is zero., For the case

> ; ; ,
YSV’ the maximum reduction of YLV but in any case

Yy 7 Ysy, * Yy

When this extreme condition is reached Yar, would reach an
dy
St
dh

expression derived by Aksay, et al,ZS This would lead to a limiting

Yg1, Z Yoy

equilibrium value making = 0 and so, %%’would be reduced to the

contact angle of 90° as observed in the silver-nickel oxide system.
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SUMMARY AND CONCLUSIONS

Wetting studies of lead borosilicate glass on silver, platinum and
gold were conducted in controlled atmospheres., The glass spread on
silver in the presence of oxygen and good adherence developed. The
driving force for spreading was provided by the reduction of interfacial
energy caused by the dissolution of the surface silver oxide layer in
glass. A low contact angle (of 2°) was observed for vacuum conditions.
The good adherence obtained in this case was explained on the basis of
a redox reaction between lead oxide and silver.

With gold, good adherence observed in the presence of oxygen was due
to the dissolution of the surface oxide layer in glass at the interface
(contact angle 18°), 1In vacuum conditions the adherence was very poor,
even though the contact angle was lower (6.5°). This was explained on
the basis of Young's equation.

Presence of oxygen contributed to a low contact angle (2-3°) and
good adherence between glass and platinum. In vacuum conditions carbon
adsorption on platinum caused the contact angle to increase from 58° to
73°., The decrease in surface energy (ysv) of platinum due to carbon
adsorption was calculated to be ~43 ergs/cmze

Silver wetted nickel in helium atmosphere (contact angle 9.5°). 1In
air atmosphere, however, nickel oxide layer formed between nickel and
silver, and a contact angle of 90° with good adherence was obtained.
Surface energy of silver (YLV) is greater than the surface energy of NiO
(YSV). As chemical interface developed between NiO and silver, Yy was
continuously reduced by Ygy which implied a continuous change in the

interfacial energy YSL; however the maximum reduction of YLV that could
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be achleved by the solid equals YSV and in any case, Yor. 2 for a

Ygy

true interface. 8o with the development of chemical bonding, YSL

approached YSV and when this happened a limiting contact angle of 90°

was reached according to Young's equation.



Table 1. Earlier Wetting Studies. (Ref. 8, 9a,b)
. CONTACT ANGLE
Glass Metal Temp Vacuum A, He, 0 B H,O CO
2 2 2
N,, CO,
NaZO 28102 Au 1000°¢C 62° 62-65° 35° 65° 65° 65°
Pt 1000°C 22° 17-24° 15° 52° 60°(8)  goo
100 3203 68“(b)
94 8203'6Na20 Pt 1000°¢C 60(0) 6° - 0° - 9a
69Bﬂ33ma
{
o
9 B,0, Au 900°¢C 460 (P52) 6° 39-60° ob e

(a) in (Hy0 + Ny), 15° in (HZO + 09}

(b) With carbon contamination

(¢) Without carbon contamination



Table 2. Sessile Drop Measurements.

System Atmosphere Temp. Contact Angle Adherence (Qualitative)
LBS glass on Ag Air 600°C 0° very strong
Vacuum 700°C 2° good
He 700°¢C 48° poor
LBS glass on Au Air 700°C 18° strong
Vacuum 700°C 6.5° poor
]
H
LBS glass on Pt Air 700°C 2°-3° strong 3
B
Vacuum(no C) 700°C 58° poor
Vacuum{with C) 700°¢C 73° poor
Ag on Ni Air 970°C 90° strong
He 970°C 9°.5 very strong

LBS -~ Lead Borosilicate glass.

Vacuum - 3 x

torr.
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Table 3. Surface Energies.

Material M.P ‘ Temp. Surface Ref.
Energy

2 .

Silver 963°C 1000°C 920 ergs/cm (1)

2 .

Nickel 1453°C 1000°¢C 2280 ergs/cm (i1)

. :
2160 ergs/cmz (iid)
Nickel oxide  1957°C 1300°C 400 ergs/cm? (iv)
References

(1) 'Introduction to Ceramics' - W. D, Kingery, p. 183, 2nd Edition,

Pub. John Wiley & Sons, NY 1976,

(1i) 'Liquid Metals' Ed. Sylvan Z, Beer, Chap. 4(B.C. Allen) p. 198,

Pub. Marcel Dekker, Inc, NY, 1972,

(1i1) 'Interfacial Phenomena in Metals and Alloys' - Lawrence E. Murr,

p. 123, Addison Wesley Pub. 1975,

(iv)  'High Temperature Inorganic Coatings' - A. A. Appen, p. 49,

Published by WNT Warsaw « 1970 (translated from Russian).

%
Value approximated from liquid surface tension.
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Table 4. Some Properties of Ni and Ag.

Ni
Structure F.C.C.
Lattice Parameter 3.525 A°
Atomic Radius 1.24 A°
Electronic Configuration (Ar) 3d8 482
Density 8.9
Thermal Expansion Coefficient 13 x l(‘f)m6

Ag

F.C.C.
4,08A°
1.44A°

10

(k) 4d+Vsst

10.5 gm/C.C.

19 x 1078 in/incc
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FIGURE CAPTIONS

Schematic of a sessile drop

(a) © < 90°, the liquid wets the solid.

(b) 6 > 90°, the liquid does not wet the solid.
Schematic of the 'graphite furnace' for contact angle measurements
in controlled atmospheres.
Schematic of the "alumina furnace'.
Optical micrograph of the lead borosilicate (LBS) glass drop which
spread on silver substrate (at 600°C) in air atmosphere.
Crystallites formed at the periphery of the above glass drop.
Edges of the glass drop on silver substrate in (A) vacuum, (B) He.
Contact angle measurements done at 700°C.
LBS glass drop on gold (700°C).

A, in vacuum

B, in air.
LBS glass drop on platinum (700°C).

A. 1in air

B, in vacuum,
Scanning electron micrograph of the nickel-silver interface. 1In
air atmosphere Ni0 forms at the interface. X-ray line mappings
show the variation of Ni and Ag concentration across the interface.
Effect of oxygen pressure on surface enmergy of silver (ref. 14).
Progressive geometric configurations of a sessile drop on a sub-
strate and the variation of liquid-vapor and solid-liquid interface

areas with contact angle 9 (ref. 25).
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XBL 78l1-6l06

Fige 1
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CRYSTALLITES!

YT

TOP VIEW OF THE GLASS DROP ON SILVER AFTER SPREADING I d

IN AIR. ARROW INDICATES THE DIRECTION OF SPREADING,
XBB 792-~2642

Flg. 4
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OPTICAL MICROGRAPH OF THE CRYSTALLITES FORMED AT THE
PERIPHERY OF THE GLASS DROP ON SILVER AFTER COOLING,

XBB 792~2643
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25um 125um
S — |

OPTICAL MICROGRAPHS OF THE EDGES OF THE GLASS DROP ON SILVER.

A. vacuum 730°C

B. He 700°C
XBB 792-2645
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OPTICAL MICROGRAPHS OF THE EDGES OF THE GLASS DROP ON GOLD.

A. IN vAacuum 700°C
B. IN AIR 700°C

ARROW INDICATES THE DIRECTION OF GLASS FLOW.

Sl

XBB 792~72646
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pLATINUM

85um 25uM
ot —

OPTICAL MICROGRAPHS OF THE GLASS DROP ON PLATINUM,
A, IN AIR 700°C
B, IN VACUUM

ARROW INDICATES THE DIRECTION OF GLASS FIow.

XBB 792~2644
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Effect of oxygen pressure on surface energy of solid silver.
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