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A tutorial overview of the scientific aspects of our current understanding of the
conditions under which two materials (ceramic/ceramic, metal/metal, and ceramic/
metal) can be joined to form strong and vacuum-tight seals is presented. Chemical
bonding and favorable stress patterns in the interfacial zone are requirements for
all joints. The basic principles inveolved in playing a role to reach this goal are shown
to be the same for all joints regardiess of their complexity. Discussions are presented
on the nature of the chemical requirements and how they are achieved. These
include formation of an intimate interface and presence of a stable chemical ther-
modynamic equilibrium at the interface. The equal need of a science transfer, as
well as a technology transfer, is presented.

Through technology we have learned
what to do to obtain seals or joints
between dissimilar materials that are strong
and vacuum tight.'? Because of many ex-
perimental studies we are developing an
understanding of what is necessary and
why. The present paper is a tutorial over-
view of the subject of joining of materials
based on the current understanding as to
how and why materials can be joined, with
the exclusion of mechanical joints. The
intention is to show that the principles
and basic requirements are the same for
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FROM TECHNOLGGY TO THE SCIENGE OF
GLASS GERAMIC/METAL BONDING

SCIENGE -~ WHY - UNDERSTANDING

SYSTEMIZING FACTS, PRINCIFLES AND METHODS
ESTABLISHMENT OF VERIFTABLE GENERAL L[AWS
DETERMINATION OF PRINCIFLES AND PFHENGMENA

TECHNOLOGY - HWHAT - APPLICATION

SCIENCE APPLIED TO TECHNICAL METHOD OF
ACHIEVTING A PRACTICAL PURFOSE

MEANS EMPLOYED TO DEVELOF OBJECTS NECESSARY
FOR HUMAN SUSTENANCE AND COMFORT

ENGINEERING - HOW - PROCESSING

FROGUSTION IN QUANTITY BY UTILIZATION OF
SCIENCE AND TECHNGLOGY

UTILIZATION OF PRODUCTS OF EARTH.

FROPERTIES OF MATTER FOR SUPPLYING HUMAN
NEEDS

Fig. 1. Relationship and interplay of sci-
ence, technolegy, and engineering.

all joints regardless of their complexity.
Hence, the title. Figure 1 presents the
triumvirate of science, technology, and
engineering. A great deal has been said
about “technology transfer” to engineer-
ing but equally important, necessary, and
indispensable is the achievement of an ap-
propriate “science transfer” to technology
and engineering. In this discussion the un-
derstanding of why certain observed events
occur from a fundamental viewpoint con-
stitutes the scientific development of the
subject.

Requirements for Strong Assemblies

The basic requirements for strong as-
semblies are chemical bonding and min-
imal stress differentials at the interfaces
with favorable stress gradients in the in-
terfacial zones, as stated in Fig. 2. The
importance of matching the coefficients
of thermal expansion is well recognized.*
However, the dependence of stress gra-
dients in the interfacial zones on com-
position gradients and microstructuresthat
form during the making of the seals is not
as well recognized.

Let us first explore the general question

STRONG GLASS/METAL AND CERAMIC/METAL
ASSEMBLIES AS NORMALLY EVALUATED

1) MAXIMUM STRENGTH DEFENDENT ON
DEVEIOFMENT OF CHEMICAL BONDING AT ALL
INTERFACES

27 CONSIDERATION OF PHYSIGAL FACGTORS —
STRESS AND STRESS GRADTIENTS - AS

AFFECTED BY PROPERTIES AND CHEMYICAL
REACTIONS

- MATCHING OF COEFFICIENTS OF THERMAL
EXPANSIONS

- STRESS CRADIENTS DETERMINED BY

COMPOSITION GRADIENTS AND INTERFACIAL
ZONE MICROSTRUSTURES

Fig. 2. Fundarnental requirements for strong
and impermeable glass/metal and ceramic/
metal assemblies.

of how chemical bonding is achieved at
interfaces, as outlined in Fig. 3. It must
be emphasized that the conclusions pre-
sented are based on deductive analysis of
extensive experimental data on many sys-
tems with basic thermodynamic reason-
ing since we do not yet have experimental
capabilities of observing electronic struc-
tures which characterize chemical bond-
ing, specifically at interfaces. On this ba-
sis, it can be generalized and followed as
a theme that any two phases can form an
acceptable assembly with a chemical bond
if they are at stable chemical thermo-
dynamic equilibrium at their interface
whether or not the bulk phases are at
equilibrium, providing they are also com-
patible physically.

In joining, the formation of an intimate
or true interface is the first requirement.
Such an interface is one in which atomic
contact exists either with van der Waals
attractive forces or an electronic struc-
ture across the interface, i.e. chemical
bond. Epitaxial compatibility would be
expected to play a role in both cases. A
solid/solid interface in which at least one
of the surfaces is a metal can be formed
by pressure at an eclevated temperature,
resulting in adjustment of irregularities
due to localized deformation. An intimate
solid/liquid interface can be formed and
recognized easily if the liquid wets or
spreads, thereby penetrating irregulari-
ties at the solid surface. The second, more
critical requirement in all cases is the
presence of a stable chemical thermody-
namic equilibrium at the interface. In

HOW IS CHEMICAL BONDING ACHIEVED?

(1) FORMATION OF AN INTIMATE, ATOMIC
CONTACT INTERFAGE

- SOLID/SOLID - PRESSURE. RESULTING IN
PHYSICAL ARJUSTHENT AT INTERFACE BY
LOCALIZED DEFORMATION

+ SOLID/EIQUID - WETTTING, PENETRATION
OF IRREGULARITIES
SPREADING BY REAGCTION OR PRESSURE

£2) REACTION 10 REACH CHEMICAL EQUILIBRIUM
AT INTERFACE - SATURATION WITH
COMPATIBLE FPHASE

o METAL/METAL AND CERAMYC/CERAMIC
SALUTION REACTIONS AND SATURATION AT
INTERFACE - DIFPUSION BONDING

- CLASS/METAL AND CERAMIC/METAL
SOLUTION OF OXIDE LATER on
PREOXIDIZED METAL
REDOX REACTIONS. SATURATION AT
INTERFACE WITH SURSTRATE OXIDE
PRODUCT REDDX REACTIONS, FORMATION GF
COMPOUND AT INTERFACE COMPATIBLE WITH
BOTH PHASES

Fig. 3. Major requirements for develop-
ment of chemical bonding at interfaces.
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Fig. 4. Schematic of bonding of phases at
interfaces: {A) chemical bonding {continuous
electronic structure) when glass and metal
at interface saturated with metal oxide (MO),
and (B) van der Waals bonding (no electronic
structure across interface).

(B)

practically all cases this requirement is
achieved by reactions since invariably they
form equilibrium phases. At metal/metal
and ceramic/ceramic interfaces either so-
lution or compound formation takes place
readily in order to reach the lowest free
energy composition because in each case
the phases are compatible in the sense
that no valence changes occur during re-
action. The simplest reaction is the so-
lution of one phase by the other to form
an immediate equilibrium saturation at
the interface. A continuation of the re-
action is associated with diffusion into the
bulk. The overall reaction is thus referred
to as diffusion bonding.

Glass/metal and ceramic/metal inter-
faces, however, are not compatible be-
cause redox reactions occur at the inter-
face involving an oxidation of the metal
and a reduction of a cation in the glass
or ceramic.™ In the case of an oxide phase,
the oxygen released by the reduction of
the cation forms an oxide with the metal.
Saturation of the interface with the oxide
and subsequent formation of a molecular
or multimolecular layer oxide results in
equilibrium and chemica! bonding at the
interfaces since the oxide layer is com-
patible with both its metal and the glass
or ceramic. Commercially, the necessary
compatible oxide layer at the interface is
obtained by preoxidizing the metal, which
is a redox reaction, before the application
of the glass.’

These requirements for chemical bond-
ing are schematically shown in Fig. 4. The
first line represents a cross section with
the presence of an undissolved oxide layer
and the adjoining metal and glass inter-
faces saturated with oxide, resulting in
the formation of electromic structures
(chemical bonding) across the interfaces.
With this structure the assembiy would
be affected by the physical and thermal
properties of the oxide. The second line
illustrates a case in which the glass has
dissolved all of the oxide except one layer
at the interface. The bonding reguire-
ments are still fulfilled, but the overall
properties of the assembly will not be af-
fected by the presence of a discrete oxide
layer but will be by the thicker compo-
sition gradient formed by solhution/diffu-
sion into the glass. Lastly, the third line

Sessile Drop Configurations
Ty T

_ T N oo — 365 932
gy '7’51)/ ! Liquid 2 \(TSV o L amia e c i 19”

) i

(A) % ’/“J Solid {‘\\;
Y

o sv = Ya 7 Y

Vg T Ty = Ty COS 0

—dGg
B) oy - g+ )08 8

(C)

Fig. 5. Sessile drop configurations: (A)
wetting and (C) nonwetting. (See text for sig-
nificance of equations in (B).)

illustrates the case in which the interface
is not saturated with the metal oxide. Un-
der this condition the electronic structure
across the interface is lost because of a
lack of a balance of bond energies with
the formation of van der Waals bonding.
Separation or cracking along the inter-
face can then occur with the application
of stresses.

Wetting and Spreading

Sessile drop experiments with proper
interpretation are important because they
provide valuable information on the for-
mation of true or intimate interfaces and
the existence of reactions which normally
may not be recognized and overlooked.?
It is thus worthwhile to examine and un-
derstand the associated principles.

Sketches of cross-section planes per-
pendicular to the interfaces and passing
through the vertical axes of both wetting
and nonwetting sessile drops are shown in
Fig. 5. In each case the configuration is
determined by the solid rigid phase. Un-
der nonreactive conditions, wetting rep-
resented by a steady-state acute contact
angle, ©, always occurs when 4, >, >,
(v represents interfacial energy: for solid/
vapor as sv, solid/liquid as s/, and liguid/
vapor as [v). This configuration is typical
of a liquid glass drop on a metal substrate.
Also under nonreactive conditions, non-
wetting, represented by a steady-state ob-
tuse contact angle, ©, always occurs when
Yo << Ya<<Yn. This configuration is typical
of 2 liquid metal drop on a ceramic or
glass substrate. It should be noted that
v, in both cases is between v,, and +,,
i.e., the higher surface energy is reduced
in contact with the lower surface energy
phase. Wetting is defined as the reduction
of 4., by the liguid, and the driving force
for wetting is thus (v, —,) which is act-
ing on the periphery of the liguid drop.
The resisting force is v,, since the lowest
free energy configuration for the liquid is
a sphere. A balance of the horizontal forces
gives us a steady-state contact angle and
the familiar Young-Dupré equation
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C oon A A mssolves Ag fram C
passive active Reaction spreading
Aeactan Contact angle — 0
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achve passwe Mo reaction spreaging
Reaguon Acute Contact angle
O qissalves Cu from A
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ACtwE  ashve Reacnon spreacrg.
Aeacuon coniact angle — 0

Fig. 6. Stable phase equilibrium diagram for
Cu and Ag with sessile drop examples. In
all cases v,,>7,. No reaction with C and B.
Reaction in other shown cases with B as
passive participant and A as active partici-
pant. See text.
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In the absence of a reaction, whether sta-
ble or metastable chemical equilibrium
exists, the driving force for wetting never
exceeds v, and spreading or extension of
the liquid drop does not occur.® Another
example of the value of understanding the
significance of such relationships follows:
if v, is known to be greater than v, but
nonwetting is observed (©>>90°), then v,
is greater than v, and also v, indicating
that a true intimate interface between the
solid and liquid in question has not formed
due to some unreactive contamination on
the solid surface. On the other hand, if
v, 15 between v,, and v, then 8<90° and
a true interface is present. Furthermore,
if vu=>7, and v, is between them, a true
interface is also present, but it is tech-
nologically unfavorable because the lig-
uid will not wet and penetrate the surface
irregularities.

When a reaction occurs, the free en-
ergy of reaction per unit interfacial area
and unit time enhances the driving force
for wetting as indicated by the inequality
in Fig. 5 only if the solid is an active par-
ticipant. In a solid-state solution reaction,
if only one phase is unsaturated relative
to the other, the unsaturated or solvent
phase is changing its composition and the
solute is not. We can then define the sol-
vent as the active participant and the sol-
ute 2s the passive participant. If both
phases are unsaturated relative to each
other or they form a compound at the
interface, then both phases are active par-
ticipants. If the driving force for wetting
enhanced by a reaction exceeds v, then
spreading occurs which can happen either
when v,, is greater or smaller than +,.
The dynamic stage of movement or
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(A) Solution of Oxide

#FeQ + Na,Si,0; — Fe,MNa,5i,0,

(B)

xFe + Na,8i,0; — xFeO, + Na, , 81,0,  + 2xNa -

Fe MNa, , 5i,0; + 2xnal

a(Fe0 ) (Pna)™
a(Na,0)

() Co Fe 2. Cot
v Fe
24
F? Feany
$ Fe 26
O,

(x+y} Fa + CuyNaZSizosﬂ

AG = AG®+ BT i

- Fe!,Na.ZSi2 ey * Fe,Coy

Micro-galvanic cell in the interfacial zone

Fig.7. Schematic cross sections of (A) giass
on preoxidized metal with equation repre-
senting solution reaction of oxide by glass,
(B} two step equation representing redox re-
action of glass on metal: formation of metal
oxide at interface followed by solution of ox-
ide in glass; and free energy equation for first
step, and {C) equation for redox reaction of
glass containing CoQ with Fe substrate re-
sulting in indicated Co** and Fe?* gra-
dients—formation of Fe,Co, dendrites by mi-
crogalvanic cell mechanism with electronic
circuit of electrons and negative vacancies.
Standard free energies negative except for
first step of equation in (B).

spreading stops when the liguid is com-
pletely reacted.

It is possible to illustrate the sessile drop
behavior under several conditions by use
of the phase equilibrium diagram for the
Cu-Ag system shown in Fig. 6. If liquid
Cis placed on solid B at 900°C, an acute
angle forms and no reaction occurs since
the phases are in stable chemical equilib-
rium.® However, if liquid C is placed on
solid 4 at 900°C, spreading occurs be-
cause the substrate 4 becomes an active
participant in the reaction as it changes
its composition toward B. Another ex-
ample is that of liquid D on solid B at
900°C. Liquid D will dissolve some of the
substrate to change to composition C, but
no spreading occurs with this reaction be-
cause B is a passive participant. However,
with liquid D on solid A, spreading occurs
since both are active participants as they
change to equilibrium compositions C and
B. Wetting or spreading occurs in all these
cases. An example of diffusion bonding in
the solid state is provided by placement
of pure Ag in contact with pure Cu below
the eutectic temperature under pressure.
Stable chemical equilibrium composi-
tions would immediately be attained at
the interface by saturation of Cu with Ag
and Ag with Cu, and retained since these
interface reactions are always faster than

e Mg ey Originai
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1.8 Layer
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Fig. 8. Schematic showing lengthening ac-
tivity gradients of MeO in glass with contin-
uing solution of oxide by glass: (A) gradient
extension proportional to thickness of oxide;
(B} loss of saturation at interface with con-
tinued heating beyond complete solution of
oxide layer.

the diffusion into the bulk, fulfilling the
requirement for chemical bonding at the
interface. Similar conditions would be at-
tained at each of the examples described
above for this system.

Glass/Metal Seating

The normal technological procedure of
achieving chemical bonding and favor-
able stress gradients in glass/metal as-
semblies is to preoxidize the metal and
apply the glass as shown in Fig. 7{A). The
model system of Na,Si,0; glass and Fe
metal is being used to provide exam-
ples.!™1? At temperature the molten glass
wets and dissolves the oxide. The glass at
the oxide interface immediately becomes
saturated because the solution rate of the
oxide is faster than the diffusion rate of
the dissolved oxide into the bulk glass.
Chemical bonding is thus realized. The
oxide layer also bonds chemically to the
metal which is saturated with the oxide,
at least at the surfaces. The saturated in-
terfaces and the oxide layer thus have a
chemical activity of one for Fe, O, which
is a requirement for chemical bonding in
this case.

As the dissolved oxide diffuses into the
glass a concentration gradient is formed
as schematically shown in Fig. 8(A). It
can be seen that, as the oxide dissolves,
the concentration gradients become more
extended, but the equilibrium saturation
at the oxide/glass interface and conse-
quently bonding are always maintained
because of the faster solution rate. Such
an addition of a metal oxide to the glass
affects its coefficient of expansion be-
cause of an increase of the O/Si ratio and
intreduction of cations with different de-

Fig. 9. SEM photograph of cross section
of interfacial zone for Cr and glass showing
dendritic growth of Cr silicide in the glass at
the interface. {bar=>50 zm)

grees of covalency. The concentration
gradients then are proportional to thermal
expansion coefficient gradients which
generally result in more favorable stress
gradients.? It can be seen that the com-
position gradients become more extensive
with increasing thicknesses of starting ox-
ide. It is thus evident that many, if not
most, experiments based on varying
thicknesses of oxide which were presum-
ably done to improve chemical bonding
were actually strengthening the assembly
by realizing more favorable stress gra-
dients, similar to a graded seal.

It is evident that when the oxide is com-
pletely dissolved, the oxide saturation at
the interface is lost as the diffusion of the
dissolved oxide continues into the glass
(Fig. 8(B)). At this point because of the
loss of ¢hemical equilibrium, redox re-
actions become possible as represented by
the equations in Fig. 7(B) for the model
system of Na,Si,0. glass and Fe metal.
The net reaction consists of two step re-
actions: the formation of the metal oxide
at the interface followed by its solution
by the glass. The first step of this reaction,
however, does not take place readily. The
standard free energy, AG®, is positive be-
cause the oxidation potential of the metal
substrate is not high enough to reduce any
of the oxides in the glass. The reaction
can take place if the equilibrium constant
is favorably modified to become less than
one. This can be achieved by changing
the processing conditions so that an ad-
equate vacuum and low enough pO, are
maintained. The porcefain enamel tech-
nologists of many generations ago, how-
ever, experimentally found that a small
addition of CoO to the enamel glass ini-
tiated the redox reaction when all of the
surface oxide was dissolved without
changing firing conditions. The AG®
change for this reaction is negative be-
cause CoO in the glass is easily reduced
by Fe which has a higher oxidation po-
tential than Co. The FeO that is intro-
duced into the glass by either redox re-
action maintains the glass/metal interface
saturated with the oxide which is neces-
sary to maintain chemical bonding. In ad-
dition, the associated formation of Fe,Co,
dendrites by a microgalvanic cell mech-
anpism in the interfacial zone,'*'5 as indi-
cated in Fig. 7(C), leads to a composite-
type microstructure as shown in Fig. 9
which increases the strength of the as-
sembly.
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Instead of modifying the glass com-
position in order to realize a favorable,
l.e., negative, AG® for a redox reaction
under any firing conditions including 0.1
MPa air, it is possible to use a highly re-
active metal as a substrate. Experiments
have been made with Cr, Ti and Zr, for
example, which have oxidation potentials
sufficiently high to reduce even silicz in
the glass with the formation of an alloy
of the metal with Si or a silicide com-
pound as shown in Fig. 9.''" The released
oxygen formed oxides of the substrate
metals. Saturation of the interfacial zone
with the substrate oxides results in chem-
ical bonding. Because of the high reac-
tivity of the metals, however, side reac-
tions generally occur which complicate
the overall analysis of the interrelations
and kinetics of the reactions, but the basic
principles are still the same.

Another type of glass/metal assembly
is one in which the substrate metal is an
alloy. Because of the differences in the
oxidation potentials or reactivities of the
components of the alloys, the redox re-
actions are not stoichiometric whether the
alloy is exposed to atmospheric oxidation,
or reacts directly with the glass. Some
recent observations on reactions and
bonding of a borosilicate glass to several
Ni20Cr alloys (one contfained parts per
million of impurities, and a second had
several percent of Si as the principal im-
purity) provide examples of the complex-
ities encountered.'® On preoxidation, the
purer alloy formed a multilayer oxide scale
with a NiO-rich outer layer, whereas the
second alloy formed a chromium oxide
scale containing in solution a NiO con-
centration gradient from the alloy inter-
face (Fig. 10). Stabie chemical equilib-
rium exists at all interfaces. Bonding and
strength problems related to scale adher-
ence integrity, however, arise because of
physical incompatibilities such as specific
volume, epitaxial, and coefficient of ther-
mal expansion mismatches. With applii-
cation of the glass, solution reactions oc-
cur as discussed before. The presence of
any undissolved oxide, or any penetration
of a porous oxide layer by the glass, play
a significant role in determining the
strength and vacuum tightness of the as-
sembly. If all of the oxide is dissolved or
if the glass is placed in contact with unox-
idized alloy, then redox reactions take place
with the glass to form predominantly
chromium oxide at the interface which is

_initially dissolved by the glass. With sat-

uration of the glass at the interface, a
Cr,0, layer forms with the development
of chemical bonding. The ultimate ac-
ceptability of the assembly will be deter-
mined by the physical factors which will
be affected by the concentration gra-
dients and microstructures that develop
during the chemical reactions that go on
in reaching stable chemical equilibrium
in the interfacial zone.

*Cusit, GTE Products Corp., Wesgo Div, Belmont,
C

A,

Cusi! ABA with 1.5 wt% Ti and Ticusil with 4.5
wt% Ti, GTE Products Corp., Wesgo Div., Belmont,
CA.
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Fig. 10. X-ray line scans for Cr. Ni, and Si
across the interfaces of dental procelain
glassy phase (A) on 8ONI20Cr type alioy with
Si additive preoxidized 60 min at 1000°C in
air, and {B) on alloy with no additive preox-
idized 1 min at 1000°C in air. {SEM photos
at same magnification, bar=2 pm).

A considerable amount of interest cur-
rently exists in glass-ceramic/metal or al-
loy seals because of the greater strength
and toughness of glass-ceramic over nor-
mal giass.!” The bonding principles and
requirements already discussed apply be-
cause the seal is made with the glass-ce-
ramic when it is in the molten glassy state.
On completion of the seal reactions the
heat treatment schedule is meodified to
promote the crysallization of the glass to
form the glass-ceramic.

Ceramic/Metal Joining
More complicated technological prob-
lems generally arise in joining ceramic and
metal solids than in glass/metal sealing

wherein the glass itself is in a Hquid state

during sealing. The same basic require-
ments, however, exist for an acceptable
assembly: chemical bonding across the in-
terfaces and microstructures in the inter-
facial zones with favorable stress pat-
terns.® The development of chemical
bonding is straightforward and realized
when chemical reactions oceur at the in-
terfaces resulting in stable chemical equi-
librium. The need for a favorable stress
pattern and for the presence of a liquid
phase at the interface primarily for fab-
rication reasons has been the dominating
factor in the design of various assemblies
that use some intermediate material for
joining.

Let us first examine the simplest con-
figuration and approach: the direct solid
joining of flat specimens.?’ In the absence
of a liguid phase, the seal has to be made
at sufficiently high temperatures and
pressures, first to realize an intimate con-
tact and second to provide sufficient ther-
mal energy to cause a chemical reaction
to obtain equilibrium at the interface. A
number of such assemblics have been

studied in detail.®® The a-Al,0,/Nb
bonding achieved at ==1700°C has re-
ceived a great deal of academic attention
because of the good match of coefficients
of expansion. Cross sections of bonded
specimens across the interfacial zone in-
dicated concentration gradients of Aland
O into the Nb. Good strength at the in-
terface suggests the formation of stable
equilibrinm compositions at the interface.
Since both phases retain their crystallin-
ity, the role that a possible good epitaxial
fit at the interface plays is also a contrib-
uting critical factor.

A modification of the preceding con-
figuration would be the joining of two flat
surfaces by an intermediate layer or shim
of metal if the materials being joined have
dissimilar coefficients of thermal expan-
sion.” A potential benefit of this approach
is the use of several shims with different
compositions and therma! expansions to
reduce stress discontinuities at interfaces.
As previously discussed, chemical bond-
ing can readily be achieved at clean metal/
metal interfaces because of their reactiv-

- ity due to electronic compatibility. At ce-

ramic/metal interfaces, development of
chemical bonding requires occurrence of
equilibrium redox chemical reactions.

A further modification is illustrated by
direct bonding of copper to alumina in an
inert gas atmosphere with a fractional
percentage of oxygen.?® The temperature
is between the melting point of Cu and
the Cu-0, eutectic, causing the formation
of a thin film of essentially eutectic liquid
on the interfaces of the copper. The liquid
spreads on and reacts with the alumina
to form a compound CuAlQ, at the in-
terface which is compatible with both
phases. ‘

Another approach is the joining of a
ceramic and a metal by an interlayer film
of glass. This method is used successfully
for bonding alumina to niobium which is
vtilized for Na vapor lamps.*# An as-
sembly of a calcium-magnesium-alumi-
nate mixture between the alumina and
niobium is heated at ~1400°C. The re-
action, primarily solution of alumina by
the liquid, is extensive and dependent on
the temperature and time. The extent of
reaction is critical since the degree of
crystallization and properties are sensi-
tive to the heating schedule.

To avoid the high bonding tempera-
tures, especially in assemblies that are not
exposed to high use temperatures, and to
achieve greater reliability, sealing pro-
cedures have been technologically devel-
oped wherein a metallic interlayer is used
in the assembly. These have been arbi-
trarily divided into two types. Interme-
diate metals that are used for making the
assemblies in the range of 400°C are
identified as solders, and those that are
used in the range of 900°C are called
brazes. The use temperatures in practice
would have to be lower than the process-
ing temperature. The principles and re-
quiremnents of production would be the
same except for temperature differences.

A braze that is used extensively and
will be used as a model in this discussion
is the noble metal braze Cu.xAg' which
corresponds approximately to the eutec-
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Braze Liquid at Processing Temperature

/AglCu Hrare /Ag'acu-yTw Braze
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Most Favoratie Biress Bradient

Fig. 11. Schematic illustrating several con-
ditions under which brazes are utilized: (A}
braze in contact with unmetallized ceramic,
and {B) braze in contact with metaliized ce-
ramic.

tic compasition in the Ag-Cu system (Fig.
6). A braze must react and reach chem-
ical equilibrium at the interfaces with both
the metal and ceramic components. Metal
systems are generally compatible, result-
ing in wetting and solution/diffusion
bonding of the braze with the metal com-
ponent. The braze, however, since it has
a higher v,, does not wet the ceramic,
e.g. AL Os. It also does not react since the
oxidation potentials of Cu and Ag are less
than that of Al. Without stable chemical
equilibrium, bonding does not occur at
the braze/ceramic interface. Conse-
quently, Cu-xAg brazes to be used di-
rectly with ceramics generally have a small
percentage of a reactive metal, e.g. Ti,
added.” The high oxidation potential of
the Ti causes it to undergo a redox re-
action with the ceramic (Al,0,) which re-
sults in the spreading of the braze and
formation of an oxide compound at the
interface that is compatible with both
phases, producing a chemical bond at the
interfaces. The wetting and solution/dif-
fusion bonding with the metal component
are unaffected. Figure 11(A) schemati-
cally illustrates these two cases.

An example of the effectiveness of small
amounts of a reactive metal in a braze is
indicated by actual experimental sessile
drop data of several brazes on Si,N,, as
shown in Fig. 12.%* Cu.xAg braze and Sn
on Si;N, show constant high contact an-
gles with time, indicating no wetting,
probably with no formation of an intimate
interface, and no reactions; these sessile
drops had no adherence. Cu-xAg brazes
with additions of active metal Ti* reacted
with the Si;N, surface, which was an ac-
tive participant, to form Ti nitride and
silicide. Spreading and strong chemical
bonding resulted. In this case the reaction
compounds are compatible and in equi-
librium with both the substrate and the
liguid.

Another example of the effectiveness
of small amounts of additives was provid-
ed by sessile drop experiments of Cu on

sapphire substrates.” With increasing ad-
ditions of oxygen to the Cu as CuQ, the
contact angles decreased, e.g. 0 wt% and
6.7 wt% showed contact angles of 163°
and 27°, respectively. Bonding strength
developed with the formation of CuAlQO,
at the interface,

Instead of having an active metal as
part of the braze in order to realize redox
reactions necessary for spreading and an
equilibrivm chemical reaction, an exten-
sively used procedure is to first metallize
the surface of the ceramic to be bonded
to the metal or another metallized ceram-
ic component. The braze is then used to
join two metal surfaces with which it is
compatible, wets, and undergoes a solu-
tion/diffusion reaction. Two metallizing
processes most commonly used are sche-
matically illustrated in Fig. 11(A). In the
first type the chemical bond is achieved
by a redox reaction between the metallic
coating and the ceramic. In the second
type the assembly is obtained through an
intermediate glass phase that bonds to the
metallizing and the ceramic grains.

An example of the first type is the TiH;
(Ref. 32) process which consists of paint-
ing a slurry of TiH, onto the ceramic,
drying, and firing at a reduced pressure.
The hydride decomposes, and the Ti
undergoes a redox reaction with the ce-
ramic at the interface to form a bond, and
the bulk Ti powder sinters to form a coat-
ing. Chemical vapor deposition and other
metallizing techniques are also being used
and developed for this purpose.

The second type is referred to as the
MoMn process and results in the forma-
tion of a Mo coating. A paint of Mo and
Mu, or their oxides, powder is applied to
the ceramic, generally Al,O, or BeO, and
fired in H, with a controlled dew point so
that Mn is present as MnO a2nd Mo as a
metal. The MnQ reacts with the ceramic
grains and the liquid glassy phase to form
a controlled amount of glassy phase with
the proper viscosity. The Mo sinters to
form a perous coating into which the glassy
phase permeates and interlocks mechan-
ically. In addition the glass at the inter-
face reacts with the Mo and becomes sat-
urated with MoO, thus forming 2 chemical
bond with Mo. The glass also wets and
bonds to the ceramic grains since they are
compatible. The Mo coating is generally
electroplated with Ni to provide a clean
and continuous surface as well as one on
which the braze spreads easily. A similar
process is also followed for a W metalliz-
ing with an appropriate bonding glass
composition.

The second type of metallization pro-
cess is generally more reliable and used
more extensively. Although it is not nor-
mally recognized, the increased reliabil-
ity is suggested to be most likely due to
a more favorable stress pattern across the
interface because of the formation of a
thicker interfacial zone with a more ex-
tended and graded microstructure.

Conclusions

Strong seal assemblies of any two ma-
terials are dependent on both chemical
and physical factors: development of
chemicai equilibrium bonding at all in-
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Fig. 12. Contact angles vs time at 800° C
showing wetting behavior of braze alloys de-
termined by reactive metal contents {un-
reactive alloys and Sn—nonwetting, Ti-con-
taining alloys—zero contact angle.)

terfaces, and development of acceptable
stress patterns and gradients across the
interfacial zones. The latter is dependent
on relative coefficients of expansion of the
materials being joined and the changes of
the coefficients due to composition gra-
dients and microstructures that form be-
cause of the reactions at the interfaces.
Thus, the physical factors introduced in
design and by reactions play a significant
role, knowingly or unknowingly, in the de-
velopment of a sealing process or assem-
bly. Chemical or electronic bonding in it-
self is not a problem since the required
chemical equilibrium generally forms at
the interface and is retained by continu-
ing reaction because the reaction rate is
faster than the diffusion rate. Identifica-
tion of the mechanisms and kinetics of
the reactions themselves, however, is gen-
erally difficult because of their complex-
ity, particularly when highly reactive
metals are necessarily utilized. The iden-
tification and development of an under-
standing of such reactions in which at least
one solid is participating constitutes the
development of the discipline of solid state
chemistry.

Sessile drop experiments properly in-
terpreted provide information as to whether
solid-state reactions are taking place at
the interfaces. Continuing reactions in
which the substrate is taking part active-
by, i.e. its composition changes during the
reaction, contribute to the driving force
for wetting. When the driving force ex-
ceeds the surface energy of the liguid, the
liquid spreads dynamically. This is indic-
ative that an intimate interface has formed
and that the liquid would be properly dis-
tributed throughout the interface. The
sessile drop configuration is also conve-
nient for cross-sectioning in order to char-
acterize the reactions and developed mi-
crostructures.

Technology transfer to engineering or
processing is critical, but equally impor-
tant is a science transfer both to tech-
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nology and engineering. This objective
develops an understanding of the signif-
icance of processing procedures and re-
sulting microstructures which permit a
refinement, an improvement, or better
control of seals in development and pro-
duction. Such an understanding also per-
mits better utilization of published data
and its transfer to improvement of sealing
processes; it also provides a basis upon
which quantitative experiments, calcula-
tions, and designs can be effectively per-
formed. Our understanding of ceramic/
metal systems is in the development stage
with principles and generalities being for-
mulated by continuing studies on rela-
tively simple systems, followed by studies
on more and more compiex systems.
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