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FUNDAMENTALS OF WETTING
AND BONDING BETWEEN CERAMICS AND METALS

"Joseph A. Pask
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral Engineering, University
of California, Berkeley, California 94720
I. INTRODUCTION

Dental porcelains have a substantial amount of an amorphous phase
consisting of an alkali aluminosilicate which is a glass at room temper-
ature and becomes a viscous liquid at the temperatures that the porce-
lain is bonded to a metal. The liquid takes part in the bonding pro-
cess. The fundamentals associated with fulfilling the requirements for
chemical bonding should be the same for all interfaces between dissimi-
lar phases. 1t is then worthwhile to veview and analyze the factors
that have been found to be important in the development of adherence or
bonding between glass and metal in the fields of norcelain euamels, in-
organic protective coatings, and glass-to-metal or ceramic-to-metal
seals. Both physical and chemical factors have to be considered.

The most important physical factor in terms of the integrity of the
composite is a matching of the thermal expansion characteristics so that
the glass is placed under slight compression on cooling from the firing
or maturing temperature. This requirement is generally understood and
will not be covered in this discussion. It is worthwhile to emphasize,
however, the importance of considering the entire thermal expansion
curves up to the setting point temperature of the glass and not just up
to 300°C, which is the data usually given, in order to obtain a correct

indication of the strain that will actually develop at the interface.



This point is illustrated in Fig. 1. It can be seen that if the value
at 300°C is used, a differential expansion of 0.00025 unit/unit on
cooling is indicated. However, if the value at the setting or solidifi-
cation point of the glass is taken, the differential expansion is ac-—
tually only 0.00007 unit/unit which is more acceptable. The actual
point of concern in this case is the integrity of the system during
cooling since it undergoes a maximum transient expansion differential

of 0.00032 unit/unit.

On the other hand, the chamical factors that play a role in
developing chemical bonding at the interface are generally not as well
understood. The work in our laboratory over many years has resulted
in the theoryl that chemical bonding occurs across the interface when
chemical equilibrium relative to the lowest valence oxide of the metal-
lic phase is present, i.e., both the glass and metal at the interface
are saturated with the metal oxide and thus the activity of the lowest
valence metal oxide is one. Ideally, this condition leads to a mono-
molecular layer of the metal oxide which is part of the metal and part
of the glass. This condition further results in a balance of bond ener—
gies and a continuous electronic structure across the interface. This
situation is schematically represented in Fig. 2. When the oxide ac-
tivity is less than one, complete continuity is not realized with the
development of van der Waals bonding.

The objective of this paper is to discuss the conditions and the
reactions that lead to the rvealization of chemical equilibrium at inter-
faces and thus to chemical bonding with specific attention to the plati-

num/glass and gold/glass systems. Wetting of the solid by the liquid



and the formation of an interface are part of the problem. Sessile
drop experiments have been used extensively to generate such informa-
tion. In many cases, however, the interpretations have been incorrect
and misleading. The first part of our detailed discussion will thus
deal with this subject.
IT. ©NATURE OF INTERFACES, WETTING AND SPREADING

An interface is a discontinuity of the bulk structure of a
condensed phase. It is called a surface when it is in contact with a
gaseous phase. It is called a phase boundary when it is in contact with
another condensed phase, amorphous or crystalline. Because of the dis-
continuity there is always excess free energy at an interface, referred
to correspondingly as surface energy or interfacial energy*? over an
equivalent portion in the bulk. An interface will form between two con-~
densed phases 1f its specific free energy is less than the sume of the

corresponding specific surface energies (yq] < Yoy T Ylv)°

The equilibrium configuration of a sessile drop, expressed in
terms of a contact angle.between the liquid surface and the solid/liquid
interface in a plane perpendicular to the interface and passing through
the axis of the drop, is determined by the lowest free energy for the
system on the basis of interfacial area considerations assuming that
stable or metastable chemical equilibrium existsez If we place a liquid

sphere on a flat surface, the initial contact angle is 180°: as an

*Interfacial energy (ergs/cmz) and interfacial tension (dynes/cm) will
be used interchangeably although they are not exactly equal for a solid;
Ygv Will refer to the solid/vapor interface, Ygqy - to the solid/liquid
interface, and vy — to the liquid/vapor interface.
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interface forms, the solid surface area is replaced by an equivalent
s0lid/liquid interface area which increases continuously as the contact
angle decreases. There 1s a corresponding decrease in the liquid sur-
face area, as shown in Fig. 3, as the contact angle decreases to 90°

and then an increase as the contact angle continues to decrease to 0°.
The free energy changes associated with these changes in the interfacial
areas can be represented by

(D

It is possible by use of Eq. (1) to determine whether the contacrt
angle will be acute or obtuse for any combination of relative inter-
facial tensions as shown in Table 1 which gives the sign of the terms
on the right side of the equation. A net negative 8G indicates that the

formation of the solid/liquid interface has a negative energy and the

Table 1. The Sign of the Terms in Eq. 1 for Possible vy Relationships

Y Relationship First Term Second Term

For contact angles of 180°»90°

(a) st< Ysl> Ylv ) -)
(b) YSV< YSl< Ylv <+) <.==)
() st> Ysl> Ylv -) | )
(d) YSV> Ysl< Ylv (w) (‘”)
For contact angles of 90°+0°
(a) st< Ysl> Tiv =) (+)
(b)Y <Y< Yy, ) +)
(©) Y. > Yoy” Y1y ) )
(d) st> Ysl< Ylv ) )

contact angle will continue to decrease; the minimum energy configuration
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is obtained when 8G is zero which is realized when a balance is achieved
between the two terms of the equation. It thus can be seen that when
stl>xi§cases ¢ and d), the contact angle is alwayvs acute: and when

st_<yéfcases a and b), the contact angle is always obtuse.
Under stable or metastable equilibrium conditions (absence of a
chemical reaction) the actual value of Ysl will always be inbetween the
two surface energies and will approach the smaller one as a chemical
bond or electronic structure across the interface develops; with van
der Waals bonding, the interfacial energy approaches the larger surface
energy. In glass/metal systems the contact angle 0 of the liquid glass
on the metal substrate is acute because the surface energy of the glass
is less than that of the metal (case c¢). Surface energies for silicate
types of glasses do not vary a great deal and are in the range of about
250 to about 400 ergs/cmza The surface energies of metals are always
greater than those of the glasses and are in the range of approximately
1000 to 1800 ergs/cme2 The acute angle is the result of wetting of the
solid by the liquid, i.e. surface energy of the metal in contact with
the 1liquid glass (ysl) is less than the surface energy of the metal in
contact with the vapor (st>° This reduction in surface energy of the
solid by the liquid (SYS) provides the driving force for wetting:; re-
sistance to continued wetting of the liquid drop is the energy necessary
to extend the surface of the liquid beyond that necessary for adjustment
to the change in shape of the drop. A balance of these energies, as
represented by the horizontal components of the equivalent surface ten-
sions at the periphery of the liquid drop, determines the equilibrium

contact angle as shown in Fig. 4 and is expressed by



SYB - stmYsl - Ylv cos O (2)
which is the familiar Young's equation. As indicated above, variation
in the nature of the bonding affects the magnitude of Ysl which in turn
affects the contact angle, i.e. with a coanstant Yoy and Y1y chemical
bonding will result in a smaller acute contact angle due to a smaller
Ys1-

On the other hand, in systems in which Yiy is greater than st the
contact angle is always obtuse since Yq1 is inbetween and thus greater
than y__ (case b and Fig. 4B). The solid thus is not wetted by the
liquid, but the interface forms because the necessary reduction of the
free energy of the system is realized by the reduction of the specific
surface energy of the liquid by the solids. A balance of the horizontal
components of the forces resulting in equilibrium contact angle is again
represented by Egq. 2. Examples of these éystems are liquid glass on
graphite or liquid metal on glass. In these cases chemical bonding can
also occur at the solid/liquid interface under stable chemical equili~
brium conditions; Ysl will then approach st and with a constant st and
Y1y (interfacial van der Waals bonding conditions) Ysl will increase and
approach Y1y the contact angle will thus approach 180°.

A balance of the vertical forces acting at the "triple point"
(solid, liquid, and vapor in equilibrium) must also be present. The
magnitude of the attractive forces between the solid and liquid, BV in
Fig. 4, is determined by the vertical component of thé surface tension
of the liquid at the triple point, which does not exceed the bonding
force at the interface and normally does not distort the solid. The

resultant of the horizontal (ngqul) and vertical (BV) forces exerted
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by the solid becomes a balancing force, B, equal and opposite to the
surface tension force of the liquid at the triple point (Fig. 4).

It should be emphasized that for the cases described up to this
point no chemical reactions occur at the interfaces, i.e. stable or
metastable equilibrium exists, and there is no gpreading of the liquid
drop. Therefore, for acute angle configurations of liquid glass on
metal the driving force for wetting (SYS) does not exceed Yo the maxi-
mum reduction of Yay by the liquid is thus equivalent to Y10 i.e.

Ygq z»ysv““ylv’ bﬁt in any case Ysl Z Y1v, Consequently the existence
of chemical bonding at the interface does not require a zero contact
angle or spreading. Similarly, for obtuse angle configurations of lig-
uid metal on ceramic the maximum reduction of Y1y by the solid is equi-
valent to Yyt i.e. Ya1 2~Ylvmysv9 but in any case Ysl i_ysv, Therefore,
the existence of interfacial chemical bonding results in obtuse contact
angles approaching 90°; in many cases 90° has been observed
experimentally.

These relationships indicate that the sessile drop configuration is
determined by the rigid or solid phase and that the solid/liquid inter-
face is dominated by the phase that has the higher surface energy. 1In
other words, the interfaclal energy becomes the reduced higher surface
energy due to its being wetted by the phase with the lower surfacé ener-
gy. On the other hand, if neither phase dominates the interface and
each surface structure essentially maintains its integrity but has some
reduction in energy due to van der Waals attractive forces because of
being in contact with the other surface, the interfacial energy is

greater than either of the surface energies (case a). A large obtuse
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angle then forms. It is an indication that a true interface has not
formed and adherence would be almost non-existant.

Lf the bulk phases are not at chemical equilibrium under the
conditions of the experiment a thermodynamic driving force for a chemi-
cal reaction exists. If kinetic factors are favorable after an inter—
face forms, the reaction begins at the interface. During the reaction
there is a dynamic contribution of the free energy of the vreaction,
whose magnitude is dependent on the nature and rate of the reaction,
to the interfacial energy as expressed by

8ys = Yoy T (Ysl + 6GR) =Yy, cos 8. (2
If SGR is large enough and since it is negative, the left side of the
equation can exceed Ylv and spreading can occur (corresponds to case d).
spreading can thus occur for any system under reaction conditions, wheth~
er the contact angles would be acute or obtuse under static conditions.
After the reaction is complete, the liquid will retract to form sessile
drops whose configuration would be determined by the interfacial ener-
gies associated with the modified compositions of the reacted phases.

The significance of such reactions, which generally are associated
with spreading, is that equilibrium compositions are formed at the inter—
face immediately which is a necessary criterion for chemical bonding.

On the other hand, if the reaction results in the appearance of a com-
pound at the interface, the properties of the system will now be equally
dependent on the properties of this new phase and its expansion and

epitaxial compatability with the two primary phases.
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IIT. NATURE OF REACTIONS AT INTERFACES

Tf the liquid glass-metal assembly is not in chemical equilibrium
relative to the metal low valent oxide, a thermodynamic driving force
for a reaction exists. If the conditions are favorable, the reaction
starts at the interface and progresses into one or both phases by chemi-
cal interdiffusion. The resulting compositions in the interface and the
interfacial zone most always are in equilibrium because the reaction
rates normally are faster than the diffusion rates. Equilibrium is vep-
resented by equal chemical potentials or activities for each oxide in
the phases comprising the interface. If the bulk phases are not at
equilibrium, diffusion, and consequently the reaction, can continue un-
til the whole system reaches equilibrium compositions; the interfacial
compositions remain at equilibrium during this process. Since the de-
velopment of a chemical bond between the phases requires an equilibrium
composition only at the interface, in practice the extent of the reaction
is kept at a minimum and restricted to the interfacial zone as much as
possible. From a physical viewpoint, however, some extension of the
interfacial zone may be desirable for the development of a graded seal
effect in order to provide a more gradual transition of properties. The
bulk of the interacting phases thus normally remains unchanged.

The various types of reactions that may occur have been under study
in our laboratory for many years, and the system which was most exten-
sively studied was iron-sodium disilicate (NSZ)' This can be considered
to be a model system in the sense that the glass is relatively simple
composition-wise and the reactions are sufficiently extensive so that

they can be followed and analyzed with the currently available analytical
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tools. The following discussion is based on these studies and the use
of this model for illustrative purposes.”

The reactions of interest in all cases'involve the oxidation of
the Fe to form FeXO {subsequently referred to as Fe0) and the saturation
of the interface with FeO. This desired condition can be realized with-

out a reaction by adding the saturation amount of FeO to the NS, glass

2
and sealing i1t to the unoxidized iron. Development of adherence by this
procedure was illustrated by making a series of glasses with increasing
amounts of FeO, represented by Na FeXSiZO Contact angles decreased

2 5%

from 60° to 28° for glasses whose Fe0 content increased from 0 to 44 wt¥

. -5 ;
at 1000°C in a normal vacuum of 10 torr as shown in the upper curve

of Fig. 5.7

The decrease in contact angle is due to a decrease of Yo
as chemical bonding develops;: Yoy remains constant and Yiy increases
during the series. The adherence increased correspondingly as determined
qualitatively by bending the iron platelet; no roughening of the inter—
face was observed indicating that no reaction occurred. This series of
glasses is on the join between NS

and FeO in the Na,0-810,~FeO phase

2 2 2

equilibrium diagram (Fig. 6); the 1000°C isotherm crosses this join at

b4 wit% FeO, the saturation value. TFe0 in excess of this value would
appear as precipitates in the glass. Use of a bulk glass saturated with
the metal oxide is undesirable from several standpoints. In making glass/
metal seals the usual procedure is to atmospherically preoxidize the
metal substrate to form a desired thickness of oxide coating. The ap-
plied glass is then heated to dissolve the oxide coating. Theoretically,
a successful seal with good adherence results when the heating is con-~

trolled so that essentially a monomolecular laver of metal oxide is
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retained at the interface which is chemically bonded to both phases

(Fig. 2). Similarly, as long as saturation is maintained an oxide activ-
ity of one is maintained across the interface. If after heat treatment

a definite oxide layer remains, adherence on the atomic and electronic
level should not be affected since the layer is chemically bonded to the
substrate metal and the applied glass. A discrete oxide layer, however,
can affect the vacuum tightness and strength of the overall system or
assembly.

On the other hand, if the heating is continued so that the metal
oxide concentration at the interface decreases due to diffusion of the
oxide into the bulk of the glass, the activity of the oxide in the glass
at the interface decreases. Correspondingly, the continuity of the
metal oxide monomolecular layer at the interface is decreased with a
decrease in the extent of chemical bonding and a corresponding increase
of van der Waals bonding per unit area across the interface and loss of
strong adherence. Vacuum tightness, however, normally is not affected.
This condition would be similar to that experienced by the glasses with
the lower FeQ contents in Fig. 5.

Loss of substrate metal oxide layer at the interface results in a
potential driving force for a redox reaction involving the oxidation of
the substrate metal and the coupled reduction of a cation in the glass
indicated by the following general equation where both cations have the
same valence.

MI(substrate) + MIIO(glass) > MIO(substrate) + MII (3
The significance of this reaction if it occurs is that any metal oxide

formed at the interface (MIO) immediately goes into solution in the
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adjoining interface glass which tends to maintain the glass at the
interface saturated with oxide which is necessary to maintain chemical
bonding. The free energy change for this reaction is

a(M O)m-a @t
a(M O)gl°a(MI)

8G = 8G° + RT In (4)

The reaction will occur spontaneously if 8G° is negative. TIf 8C° is
positive, then the reaction will occur only when the activity quotient
(equilibrium constant) is sufficiently less than one to result in an
overall negative §G.

The value for §G° is negative when the oxidation potential for the
substrate metal, MI, is higher than that of the metal for one of the
cations in the glass. This basic condition, for example, is attained by
the addition of cobalt oxide to porcelain enamels that are applied to

2+

W
iron (Fe » Fe |, + 0.44: Co - Co&+, + 0.28). When the glass dissolves

an existing dron oxide layer and comes into contact with the iron, the
reaction represented by Eq. 3 occurs with the formation of dendrites.
Since Co and Fe form a complete solid solution, the composition of the
dendrite being formed is determined by the amount of iron and cobalt
oxide in the adjoining glass. The dendrites growing into the glass
have a higher cobalt content due to the decreasing iron oxide gradient
into the glass. This gradient creates an electrochemical potential
gradient, The electrons released by the iron atoms are transported
along the dendrite, or possibly through the glass by a semiconductor
mechanism which can be enhanced by manganese oxide additions to the

glass, to the precipitating site at the tip of the dendrite where the

Co0/FeQ ratio is the highest. Cations displaced at the interface by the
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entering iron ions normally Na+3 migrate toward the tip éf the dendrite
where they occupy sites vacated by the reduced cations that are precipi-
tated as atoms.. A circuit is thus completed forming a microgalvanic
cell. This process continues internally without the need for atmospheric
oxidation. Details of such studies have been published.,4 A schematic
diagram of the process is shown in Fig. 7. In addition to adding FeQ to
the glass at the interface the reaction produces a highly irregular inter-
face that contributes to mechanical adherence.

Another redox reaction with a negative 6G° that could play a role
in introducing the substrate oxide into the glass at the interface can

be represented by Eq. (5).

MI(S) + MI§O3(glass) = Mio(s) + 2 MlIO(glass) (5)

This reaction would be represented by a reduction of ferric ions in the
glass to ferrous ions by substrate iron which enters the glass as
ferrous dons.

The value for 6G° is positive when the oxidation potential for MI
is lower than that of all the metals present as cations in the glass. The
occurrence of the Eq. 3 reaction is then dependent on the activity quo-
tient of Eq. 4 being sufficiently less than one. This requirement is
realized when the glass contains alkali ions and the partial pressure of
oxygen (POZ) in the ambient atmosphere is less than the dissociation
pressure for the substrate oxide (FeO in this case). The specific
equations are:

Fe + NaZO(gl) + FeO(met int.) + 2Na+t (5)
. . 2
a(FeO)int (PNa)

8G = 8G° + RTIn 207y “atva,0) 8l

(6)
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Sessile drop experiments of NSZ glass with increasing amounts of
FeO on Fe were made at 1000°C in two furnaces: furnace T - total pres-
sure of 10m8 atm and an estimated POZ of about 1Om22atm, and furnace
IT ~ total pressure of 7 x 10&8 atm and an estimated P02 of about 1 x
1OM8 atm. Experiments In furnace II indicate a decreasing contact angle.
and no reactions as shown by the upper curve in Fig. 5 which was dis-
cussed earlier. Expefiments in furnace I, however, show that glasses
with FeO contents greater than about 9 wt% react with the metal forming
Na vapor which deposited in colder portions of the furnace: with the
occurrence of the reaction spreading occurred. The spreading was due to
the SGR contribution to the \ this caused a sufficient increase of
6y8 to exceed Y1y Since the total amblent pressure was essentially the
same in both furnaces, the critical factor in furnace I was the Po of
about 1Om22 atm. which was less than the dissociation pressure of 1.5 x
1Gw15 atm for FeO at 1000°C. The activity of FeO in the metal interface
was thus less than one in furnace T and equal to one in furnace IT. A
key factor was also the vaporization of Na which occurred because it was
reduced by the oxidation of Fe in furnace I and because its boiling
point 1s 880°C. The net effect of these two factors is to reduce the
value of the numerator in the activity quotient in Eq. (6) enough to
make the second term of the equation sufficiently large enough to make
§G for the reaction negative.

Another point of interest from the reaction viewpoint is that the
reaction in furnace I involves replacement of 2Na+ in the glass by Fez+,

The change in composition can then be represented by Na FeXSi 0

2-2% 275"

With increase of Fe the composition change follows the line from NS2 in
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in Fig. 6 approximately parallel to the NaZOerO join of the composition
triangle until precipitates of SiOZ appear in the glass. More detailed
experiments of this type as well as for cobalt and nickel with NSZ have

been described,b’6
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IV. PLATINUM=- AND GOLD-CERAMIC SYSTEMS

Many sessile drop experiments of glasses on platinum (Pt) and gold
(Au) have been made through the years. The fundamentals that have al-
ready been discussed should be applied to the analysis of these systems
as well but it has been difficult to do so because of the difficulties of
analyzing compositions of thin layers on surfaces and interfaces. This
problem exists because of the lack of stability of the bulk metallic
oxides at the sealing tewperatures and the extremely low solubility of
these oxides in the glasses. Interpretations of limited data are thus
based on concepts of interface compositions and structures existing at
the time. The fairly recent availability of LEED and Auger spectroscopy
to analyze surfaces has provided data on Pt and Au surfaces that have led
to realistic analyses of sessile drop dat30899
1. Platinum

Sessile drop data for 5203 glass on Pt with increasing ambient’
pressures at constant temperatures of 700 to 1000°C are shown in Fig. 8?
It has been determined that the drop in contact angle from 68° to 6° at
a fixed critical pressure for a given test temperature was due to the
oxidation of adsorbed carbon on Pt whose removal caused an increase of
Yoy and thus an increase in SYS for wetting. A constant contact angle
with continued increase of ambient pressures indicated either no or
no further increase of oxygen adsorption. The carbon contamination was
caused by emitted organic vapors from parts of the assembly coupled with

some backstreaming from the diffusion pump at even the lowest experimen-

tal ambient pressures. With proper precautions and design to obtain
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carbon-free conditions, the contact angle was invariant at ~6° at all
pressures and temperatures.

This analysis 1is verified by recent studies of adsorption of oxygen
and carbon on Pt surfaceselo No oxygen adsorption was detected on the
low index planes but there was chemisorption on the stepped platinum
surfaces. Adsorption of CO and hydrocarbons occurred readily on all
crystallographic planes. Also, no chemisorption of water vapor was de-
tected on Pt surfaces by Auger spectroscopy.

Borate glass spread on Pt substrates in sessile drop experiments
only when conducted in humid atmospheric air. The spreading indicated
that an interfacial chemical reaction had contributed to the lowering
of Va1 i.e., &y

= Y (Ysl + SGR)B It is postulated that the reac-

S SV

tion occurred between Pt and chemically absorbed water (hydroxyl ions)
in the glass. The solution of the formed oxide in the glass after a
short time resulted in the saturation of the glass at the interface and
development of adherence. No experimental proof of this saturation

to date, however, has been possible because of the very low solubility
of the oxide in the glass‘and consequently the absence of measurable
concentration profiles into the glass. Poor adherence was observed in
the absence of spreading.

2. Gold

Sessile drop data for Na-borate glass on Au with increasing partial
pressuré of oxygen at 900°C are shown in Fig. 959 In this case the drop
in contact angle from 46° to’6° at a POZ of about lOmz tory (lOm8 atm,
15um Hg) was presumed to be due to the growth of an oxide layer of some

unknown but steady state thickness. The procedure consisted of first
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obtaining the contact angle of 46° in vacuum and then introducing
oxygen; the time to reach 6° decreased with increase of POZ, With the
decrease in angle the drop was also observed to move to the edge of the
platelet leaving behind a thin film of glass. The movement is postulated
to be due to a driving force for solution of the gold oxide; good ad-
herence develops as indicated by fracturing of the glass on bending of
the gold piece without detachment of the fractured glass as seen in Fig.
10. This phenomenon and adherence were not observed in vacuum, nitrogen,
water vapor, or after exposure to carbon in vacuum at 900°C for 24 hrs;
all of these after some time of exposure show a contact angle of 46°.

Auger analysis showed that oxygen adsorbed strongly on gold and
that a small oxygen signal appeared at a POZ of 6 x 1Om7 torr at 500°C
which could not be removed after heating at 800°C for 12 hrs in vacuumll
even though bulk gold oxide begins to decompose at temperatures above
about 140°C. A comparison of these observations with the wetting data
suggests that the oxide layer structure changes at a POZ of about lOwZ
torr to make it more reactive. Auger analysis also indicated the ap-
pearance of an oxide layer upon treatment of the gold in water vapor

11

under identical conditions. Segsile drop experiments, however, sug-
gest that the oxide layer structure does not change at higher pressure
of water vapor as it does at higher POZ since no decrease of contact
angle to 6° occurs. Auger analysis also showed limited adsorption of
carbon.

To 1llustrate further the applicability of the theory that chemical

bonding is developed with the attainment of a metal oxide layer at the

interface, contact angle versus time data was obtained for molten gold
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on heat~treated and water-soaked sapphire (A1203) at ll()O°Ca:LZ The heat-

treated specimen showed a constant angle of 140° after asbout 3 hr, as
expected, because Yiy for molten gold is greater than Yoy for A1203;

the Au adhered weakly on cooling. The water-soaked A1203 specimen showed
an angle of 125°, and the Au adhered strongly. In the latter case, it

is postulated that the Au reacted with a hydroxylated AlZO layer when

3
the interface was formed, to form a gold oxide layer at the interface
contiguous with both bulk phases. Although bulk gold oxide is unstable
at these temperatures, the oxide could persist as a "layer" at the inter-
facial zone, essentially in equilibrium with both phases, to provide the

chemical bonding mechanism. The formation of such a layer is not possi-

ble on heat-treated A1203 because of the absence of a hydroxylated layer.
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V. CONCLUSIONS

All of the experimental evidence supports the theory that chemical
bonding or strong adherence at an interface between a metal and a ceramic
develops when equilibrium compositions relative to the low valent oxide
of the metal are present which results in a continuous electronic struc—
ture across the interface. This condition develops albeit a discontinu-
ity in bulk atomic structures exists. The theory for bonding has the
equivalent statement that the interface should be saturated with the ox-
ide of the substrate, i.e., the activity of substrate oxide is one in
both phases. This condition is further equivalent to having a mono-
molecular layer of the metal oxide which is compatable with and chemi-
cally bonds to each of the phases.

If the adjoining phases are at stable or metastable chemical
equilibrium, the contact angle in a sessile drop experiment will be
acute 1f stj>ylvAor obtuse if Ylv:>st; no spreading will occur. If
the adjoining phases are not at chemical equilibrium, a thermodynamic
driving force for a potential rveaction exists. The reactions are solu-
tion reactions 1f the metal has been preoxidized. When the liquid glass
forms an interface, redox vreactions becomes possible., If the contribu~
tion of SGR is sufficiently large, spreading will occur. All of these
reactions introduce metal oxide into the glass at the interface tending
to achieve or maintain the necessary saturation of the interface with
the oxide for adherence.

With the occurrence of a reaction the interface becomes extremely

irregular and physically rough since the reaction occurs more extensively

at exposed grain boundaries. ' Reactions which produce dendrites
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contribute even more to the irregularity of the interfacial zone. These
observations have resulted in proposals that the function of the reac-
tions is to produce an irregular interface which is responsible for the
resulting adherence due to an interlocking effect. There is no question
that an irregular interface coutributes to the mechanical strength of
the system. Maximum adherence strength at the interface, however, is
dependent upon the presence of chemical bonding.

The interpretation of sessile drop experiments of glass on Pt and
Au is based on the same fundamentals, but their interpretation and appli-
cation becomes difficult because surface compositions and reaction pro-
ducts are sufficiently limited in thickness and amount to present prob-
lems of identification. Although they are both "noble" metals, there
behavior is not the same. Carbon is an ubiquitous contaminant of Pt,
and oxygen is an ubiquitous contaminant of Au. Pt developed a chemical
bond to glass by a redox reaction with glass containing dissolved water
vapor. Au developed a chemical bond due to solution of an oxide layer
by the applied glass.

The same fundamentals and requirements apply to the development of
chemical bonding and adherence of metals and their alloys to dental
porcelain. The principal problems from a research viewpoint are the ex-

perimental identification of the interfacial structures and reactions.
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FIGURES
To determine differential expansion in a glass~to-metal seal, the
glass expansion curve is displaced until the setting point for the
conditions of cooling coincides with the metal expansion curve.
The spread between these curves then indicates differential expan-
sion, which governs the degree of stress, on cooling. The indicated
differential expansion, A, determines the internal stress in the
seal at room temperature.
Sechematic representing (a) chemical bonding with a discrete oxide
layer and an ideal monomolecular layer of oxide, and (b) van der
Waals bonding with no oxide layer and an apa0 of <1 at the interface.
Variation of the solid/liquid and the liquid/vapor interfacial areas
vs decreasing contact angle, 0, or the height of the drop, h. VO
is the volume of the liquid drop.
Equilibrium of forces on the periphery of a gessile drop along a
vertical plane through the center of the drop for an (a) acute con-
tact angle and (b) obtuse contact angle. B is the resultant balanc-
ing force equal and of opposite direction to Ylv and Bv is the ver-
tical component equal and of opposite direction to the vertical
component of Ylv” The liquid drops are considered 'to be small
enough to neglect gravitational forces.

Contact angles of Na,Si,0. glasses containing increasing amounts

277275

of FeO on Fe at 1000°C in furnace I with PO = ~1Ow22 atm and
2

furnace II with PO ~10$8 atm.
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Equilibrium phase diagram of the system,FeOmNaZOmSiOz showing 1000°C
isothermal section and experimental glass compositions.

Growth of a dendrite of FeCo composition from the Fe substrate by

a microgalvanic cell process.

Contact angle vs ambient air pressure for B glass on Pt with

2%3
increasing and decreasing pressures at temperatures indicated under
conditions of carbon contamination.

Contact angle vs oxygen pressure for sodium borate glass on gold

at 900°cC.

Adherence of glass to gold indicated by appearance of fracture in

the thin glass layer introduced by bending the gold platelet

(~128%).
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