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A superior braze material, along with a method of producing
the braze material and a method of sealing, joining or bonding
materials through brazing 1s disclosed. The braze material 1s
based on a metal oxide-noble metal mixture, typically
Ag—CuO, with the addition of a small amount of metal oxide
and/or metal such as T10,, Al,O,, YSZ, Al, and Pd that will
further 1improve wettability and joint strength. Braze filer
materials, typically either in the form of paste or thin fo1l, may

be prepared by a high-energy cryogenic ball milling process.
This process allows the braze material to form at a finer size,
thereby allowing more evenly dispersed braze particles in the
resultant braze layer between on the surface of the ceramic
substrate and metallic parts.
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INNOVATIVE BRAZE AND BRAZING
PROCESS FOR HERMETIC SEALING
BETWEEN CERAMIC AND METAL
COMPONENTS IN A HIGH-TEMPERATURE
OXIDIZING OR REDUCING ATMOSPHERE

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] Certain work described herein was supported by
SBIR grantno. DE-FG02-07ER84934. The Government may
have certain rights 1n this invention.

BACKGROUND OF THE INVENTION

[0002] (1) Field of Technology

[0003] This technology relates to a bonding, sealing or
joimng technology, and more particularly to a method and
apparatus suitable for brazing two materials together.

[0004] (2) Description of Related Art Including Informa-
tion Disclosed Under 37 CFR 1.97 and 1.98

[0005] A hermetic seal, joint or bond to create a hermetic
enclosure 1s a requirement ol many microelectronic systems
and high temperature electrochemical devices. For example,
semiconductor lasers, oxygen generators, gas separation
devices, fuel cells, chemical sensors and other microelec-
tronic systems require metal and ceramic components to be
hermetically bonded, joined or sealed to each other. Devel-
opment of effective seals, joints and bonds have been one of
the most critical areas of study for improving the performance
of these devices.

[0006] However, creating the required air-tight or hermetic
environment through a hermetic seal presents many chal-
lenges. The properties of the ceramics and metals themselves
present the bulk of the problems. For example, hermetically
sealing metal and ceramic components 1s a major 1ssue 1n the
design and manufacture of solid oxide fuel cell (SOFC)
stacks. The strength of the seal may be tested in certain
application through exposure to an oxidizing and/or reducing
atmosphere, operating temperatures of 450-850° C. and be
subjected to thermal cycles. The device and specifically the
seal must maintain its hermeticity along with 1ts chemical and
mechanical properties over typically several thousand hours
or the lifetime of the device.

[0007] There are currently a number of accepted methods
of creating a hermetic seal. However, all of them have disad-
vantages. For example 1n regards to SOFCs, particularly Pla-
nar Solid Oxide Fuel Cells (pSOFCs), Glass Joining (G1J), 1s
commonly used when compared to other techniques. How-
ever, the seal 1s particularly susceptible to fracture when
exposed to tensile stresses and i1s otherwise brittle, and
nonyielding. Thermal expansion mismatch between glass and
joimng substrates 1s often encountered during nonequilib-
rium thermal events such as rapid stack heating or cooling.

[0008] Active Metal Brazing (AMB)1s a popular method 1n
joimng ceramic-to-metal surfaces. AMB encourages wetting,
between the ceramic faying surface and the braze by utilizing
a reactive element such as titammum. However, AMB presents
at least two major problems for sealing solid-state electro-
chemical devices. (1) rapid deterioration of the joint at the
ceramic-braze metal interface and an eventual loss of herme-
ticity due to the complete oxidization of the active species in
the braze 1n high temperature operation, and (11) the complex
oxide materials 1n these devices are adversely aflected by the
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typical processing conditions in AMB, namely exposure of
the entire device to a reducing atmosphere greater than ~800°
C.

[0009] A relatively recent development, Reactive Air Braz-
ing (RAB) 1s promising, although 1t has some disadvantages.
RAB’s distinct advantage 1s that the brazing may be directly
conducted 1n an oxidizing atmosphere, typically 1n air at an
clevated brazing temperature. The traditional braze material
in RAB 1s a metal oxide-noble metal mixture. RAB produces
a seal between a metal and ceramic part resistant to oxidiza-
tion even at high temperatures. Although RAB has demon-
strated some encouraging results, improvements addressing,
the design and preparation of the braze still need to be real-
1zed. For example, the presence of a continuous phase of CuO
either within the interior of the braze, or along the braze/
alumina interface 1s deleterious to the strength of the joint.
Also, the wettability and bonding strength of the seal under
traditional RAB 1s still relatively limited.

[0010] Thus, there exists a need for new methods of form-
ing seals by advancing RAB technology through a novel
material composition design and/or material processing to
overcome these difficulties and produce metal to ceramic
seals which function well 1n demanding conditions. The
resulting development or invention of more advanced RAB 1s
expected to provide a reliable high-temperature sealing, join-
ing or bonding technology.

[0011] All referenced patents, applications and literatures
are incorporated herein by reference in their entirety. Further-
more, where a definition or use of a term 1n a reference, which
1s incorporated by reference herein 1s inconsistent or contrary
to the defimition of that term provided herein, the definition of
that term provided herein applies and the definition of that
term 1n the reference does not apply. The mvention may seek
to satisfy one or more of the above-mentioned desire.
Although the present invention may obviate one or more of
the above-mentioned desires, 1t should be understood that
some aspects of the mvention might not necessarily obviate
them.

BRIEF SUMMARY OF THE INVENTION

[0012] Accordingly, 1t 1s an object of the present invention
to provide an improved braze method of manufacture and
process for brazing for RAB technologies.

[0013] Itisafurtherobject of the present invention to utilize
a braze material based on a metal oxide-noble metal mixture
with an additive, which 1s an addition of a certain amount of
one or several metals, one or several metal oxides or a com-
bination of both metals and metal oxides.

[0014] It 1s a further object of the present imvention to
prepare a method of brazing or to prepare a braze material by
a high-energy ball milling (e.g., cryomilling) process to form
a finer si1ze, more evenly dispersed particles on the surface of
the substrate.

[0015] One embodiment of the present invention 1s a braz-
ing material for brazing a first material to a second material
together. This material may be selected as a metal oxide-
noble metal mixture, typically Ag—CuO, but may also be
Ag—V .0 or Pt—Nb,O.. Additives comprising an addition
of at least one metal oxide, such as T10,, YSZ and Al,O,, or
at least one metal, such as Al and Pd, or at least one of both a
metal oxide as well as at least one of a metal may also be
added. The amount of the metal or metal oxide added may be
up to and mcluding 20 wt % of the metal oxide-noble metal
mixture for each metal or metal oxide.



US 2013/0193194 Al

[0016] A second embodiment of the present invention 1s a
novel class of RAB materials to provide superior perfor-
mance over the prior art. In particular, this class of RAB
material includes the combination of Ag, CuO, Al,O, and
T10,.

[0017] This embodiment of the present invention may be
prepared by a high-energy ball milling (e.g. cryomilling)
process, but need not be 1n order to form a composite powder
mixture. The composite powder mixture can be further pro-
cessed 1nto a paste or slurry for subsequent brazing.

[0018] An embodiment of the present invention may also
be prepared by rapid solidification or other processing meth-
ods to be processed into a foil, thin sheet, preform or other
shape or manifestation for subsequent brazing applications.
In one embodiment of the invention, a foil or a thin sheet may
have a thickness within the range of 0.001 to 0.01 inches
(0.025-0.25 mm). Furthermore, a foil or a thin sheet may not
be completely uniform in thickness and may be of any shape
or shapes within a range of thickness.

[0019] Another embodiment of the present invention 1s a
method of brazing to produce desirable features 1n brazing.
This method may comprise the steps of: providing a first part,
providing a second part, providing a braze material between
said first part and said second part, heating said first part,
braze material and second part 1n air or an oxidizing atmo-
sphere to a standard brazing temperature. The braze material
may comprise a metal oxide-noble metal mixture and the first
and second part may comprise a ceramic, or ceramic com-
posite and a metal, or metal composite part but need not be.
For example, the first or second parts may optionally be metal
or metal composites, ceramic or ceramic composite, or of the
same material such as ametal or metal composite or a ceramic
or ceramic composite. Also, the braze material presents an
advantage by working in an oxidizing atmosphere and being
ox1idization resistant but may also be used 1n a reducing atmo-
sphere.

[0020] In this embodiment, the metal oxide-noble metal
mixture 1n this embodiment may be selected from the group
consisting of Ag—CuO, Ag—V,0., and Pt—Nb,O.. Addi-
tives comprising an addition of at least one metal oxide, such
as '110,, YSZ and Al,O; or metal, such as Al and Pd may be
added. As an exemplary embodiment, the amount of the metal
or metal oxide added may be up to and including 20 wt % of
the metal oxide-noble metal mixture for each metal or metal
oxide. The mvention particularly discloses a novel class of
RAB composition that provides the best performance,
namely a combination of Ag, CuO, Al,O; and T10.,,.

[0021] This embodiment of the present invention may be
prepared by a high-energy ball milling (e.g. cryomilling)
process, but need not be. The purpose of using a high-energy
ball milling process 1s to form a well-mixed composite pow-
der that avoids the formation of a continuous brittle phase.
[0022] Various objects, features, aspects and advantages of
the present invention will become more apparent from the
tollowing detailed description of preferred embodiments of
the invention, along with the accompanying drawings in
which like numerals represent like components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 1s a graph showing the effects of elements
T10,, Pd, YSZ, Al,O,, and Al on the contact angle of
Ag—CuO based brazes on YSZ 1n air as a function of tem-
perature 1n an experiment performed to demonstrate the
present invention.
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[0024] FIG. 2 1s a graph showing the effects of T10, on the
contact angle of Ag-4CuO—X brazes (X—=YSZ, Al,O,, Al
respectively) on YSZ 1n air as a function of temperature 1in an
experiment performed to demonstrate the present invention.

[0025] FIG. 3 15 a series of SEM micrographs showing a
cross section of braze/YSZ interfaces created 1n an experi-
ment performed to demonstrate the present mvention: (a)
Ag-4Cu0Q, (b) Ag-4CuO-%2T10,. Each wetting specimen was
heated 1n air at a final soak temperature of 1100° C.

[0026] FIG. 4 1s a series of SEM micrographs showing a
cross section of braze/YSZ interfaces created in an experi-
ment performed to demonstrate the present invention: (a)
Ag-4Cu0-4YSZ-T110,, and (b) Ag-4Cu0O-4Al1,0,-1;
2'T10,. Each wetting specimen was heated 1n air at a final soak
temperature of 1100° C.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The invention and its various embodiments can now
be better understood by turming to the following detailed
description of the preferred embodiments, which are pre-
sented as 1llustrated examples of the invention defined in the
claims. It 1s expressly understood that the invention as defined
by the claims may be broader than the illustrated embodi-
ments described below.

Overview

[0028] The present invention generally relates to a braze,
bond, seal or joint that 1s based on a noble metal matrix and an
oxide compound that partially or fully dissolves 1n the noble
metal solvent 1n a molten state, with additives comprising an
addition of metal oxide and/or metal that will further improve
wettability and bonding strength. Braze pellets may also be
prepared by a high-energy ball milling process to form a finer
s1ze, more closely spaced dispersion of metal oxide particles.
The braze may also be in the form of a foil, thin foi1l, sheet or
other preform, shape or manifestation. This type of braze 1s
particularly suitable for use in RAB, and 1s especially effec-
tive 1n sealing solid oxide fuel cells (SOFCs) and other solid-
state electrochemical devices. The improved wettability and
joint strength 1s due to embodiments of both novel brazing
materials and methods of preparing a brazing compound.

DEFINITIONS

[0029] “‘Brazing” is defined herein as a joining process in
which a brazing material 1s heated to a heating temperature
above 450° C. The heating temperature will depend on the
exact nature of the materials 1n question and 1s not necessarily
construed to be only one temperature. In one embodiment, the
braze material may be distributed between two or more close-
fitting parts, or a first material and a second material by
capillary action. In other embodiments, the braze material
may be applied as a powder, paste, thin fo1l, thin sheet, sheet,
cream, sludge or any other substance so long as 1t interacts
between at least two parts or materials. The braze material 1s
brought slightly above its melting (liquidus) temperature
where it imteracts with the two parts or materials and 1s then
cooled rapidly to form a seal, joint or bond. Generally, but not
necessarily, the melting temperature of the braze material 1s
lower than the melting temperature of the parts or materials
being sealed, joined or bonded. An advantage of this technol-
ogy 1s that brazed seals, joints or bonds are generally stronger
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than the individual filler materials used due to the geometry of
the seal, joint or bond as well as to the chemistry or type of
bonding that occurs.

[0030] An “oxadizing” atmosphere 1s defined as a gaseous
atmosphere 1n which an oxidation reaction occurs. “Air” 1s
used as the colloquial term to indicate an oxidizing atmo-
sphere. A “reducing’” atmosphere 1s an atmospheric condition
in which oxidation 1s prevented due to the removal of oxygen
and other oxidizing gases or vapors.

[0031] “Metallic” 1s defined as being composed of some or
entirely of a metal.

[0032] A “composite” 1s a material made up of various
components. For example, a metal composite will comprise a
metal and possibly some other components that either may
not be metal or may be a different type of metal but together
make up a metal composite material.

[0033] On arelated matter, a reference to a single material
refers to a material comprising a single type of that material or
a material comprising a number of different versions or types
of that material. For example, a metal may be of a single type
of metal only or comprised of various types of metals.

[0034] The term “between” 1s construed as somewhere 1n
the space defined by at least two outer parts, materials or
objects. For example, a braze matenal between a first material
and a second material may touch both matenials, or only touch
one material or touch neither material.

[0035] A “metal oxide-noble metal mixture” 1s a mixture of
at least one noble metal and at least one metal oxide. The
mixture may be a combination of different noble metals and
different metal oxides.

[0036] An “additive” 1s defined as an addition to a mixture
or a material. For example, ametal oxide-noble metal mixture
may consist ol a noble metal and a metal oxide such as
Ag—Cu0. If the braze material comprises at least one metal
oxide-noble metal mixture and at least one additive the mate-
rial would comprise Ag, Cuo and Al,O, 1f the additive was
only one additive of metal oxide, where the additive by
example here 1s Al,O,. Likewise, the material would com-
prise Ag, Cuo, Al,O,, and T10, 1f there were two additives of
metal oxide, if the additives by example here 1s Al,O and
T10,. Also, the material would comprise Ag, Cuo, Al,O, and
Al 11 there were two additives of one metal oxide (which by
example here 1s Al,O;) and one metal (which by example
here 1s Al). In yet another example, the brazing material may
comprise Ag, Cuo, Al,O,, T10,, Al and Pd if there were four
additives of two metal oxides (which by example here 1s
Al,O; and T10,) and two metals (which by example here 1s Al
and Pd). The term “at least one” 1s construed to mean at least
one selected from a group but may mean only one selected or
many be several selected from the group.

[0037] Furthermore, the “braze material” may be mani-
fested as any combination of at least one of the same or at least
one different material, element, compound, particle, powder,
paste, film, sheet, thin foil, thin sheet, alloy, cream, sludge or
any embodiment of a material or materials used 1n brazing.
These manifestations or forms of the braze material may
occur after the braze material 1s place between the at least two
parts, materials or objects to be brazed and prior to the actual
heating and melting of the braze matenal. Also, these mani-
festations and forms of the braze material may relate to the
nature 1n which the braze material may react with 1ts constitu-
ent parts or other materials or surfaces in the brazing process.
For example, the usage of at least one metal oxide-noble
metal mixture no matter the form 1t 1s manifested, for example

Aug. 1,2013

a sheet, 11 used in combination of an additive in the form of a
powder will still constitute the braze material. The braze
material 1s not limited 1n the way that the individual compo-
nents of the braze material interact or are manifested so long,
as the individual components are present.

[0038] “‘Rapid Solidification” 1s a technique 1n which rap-
1idly solidified materials are cast into powder or particulate
forms and then processed into three dimensional products.
[0039] The composition of the braze material may com-
prise whatever amount 1s necessary to ensure that the mixture
1s a combination of both a noble metal and a metal oxide. As
for the additive that may be added to a noble metal-metal
oxide mixture, for example, a composition may consist of 40
wt % of a single metal oxide or 40 wt % of two metal oxides
each. Also, the amount of an individual metal oxide or metal
may be as small as 0.5 wt %, 1 wt %, 5 wt %, preferably 10 wt
%, 15 wt %, more preferably 20 wt %, 25 wt %, 30 wt % or 35
wt %. It may also be of a larger quantity. These numbers are
used as an exemplary indication of respective embodiments
of the invention only and are not construed to limit the inven-
tion in any way.

[0040] ““‘High-energy ball milling™ 1s defined as ball milling
with high energy. High-energy ball milling differs from tra-
ditional ball milling in that traditional ball milling merely
mixes while high-energy ball milling both mixes and creates
a new compound from a number of initial compounds. The
ball milling 1s of sufficiently high energy that a new and finer
matenal 1s created. For example, the ball milling of Ag and
CuO powders would merely mix the powders together. High-
energy ball milling of the compound would yield a whole new
Ag—Cuo compounded that 1s bonded together and whose
powder 1s of a finer grade than before.

[0041] “Cryomilling™ 1s defined as high-energy ball milling
at very low temperatures, typically in a bath of liquid mitrogen
or around -1635° C. This process essentially cold-works the
particles. The cold-working introduces numerous disloca-
tions, which form sub grain boundaries, and eventually high-
angle grain boundaries with grain sizes on the order of
nanometers. During cryomilling the grain size of the material
does not decrease indefinitely. Eventually the grain size of the
material reaches an equilibrium state aiter which no amount
of cold working will decrease the grain size of the material
below the equilibrium grain size. Equilibrium grain diameters
as small as approximately 2.5x10 -8 have been observed via
clectron microscopy and measured by x-ray difiraction at this
stage 1n processing (see for instance U.S. Pat. No. 7,344,673,
which 1s 1incorporated by reference herein). As will be dis-
cussed, 1n contrast to traditional ball milling, high-energy
cryogenic ball milling specifically shows improvement over
the prior art by reducing the formation of a thick continuous
oxide phase along the interface that would degrade the joint
strength. Hence, this process facilitates the formation of CuO
or mixed oxide as a discrete phase along these interfaces
would simultaneously increase the wettability and joint

strength.

Advantages of the Invention

[0042] Thedescribed versions of the present invention have
many advantages, including better wetability, joint strength,
the reduction or avoidance of the formation of a thick con-
tinuous oxide phase along the interface, the facilitation of a
discrete phase along the interface of the braze matenal.
Another advantage of an embodiment of the present invention
allows the braze to form at a finer size, thereby allowing more
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evenly dispersed metal oxide particles 1n the resultant braze
layer between on the surface of the ceramic substrate and
metallic parts. Due to these advantages, this invention leads to
high-strength bonding unattainable by currently available
technology.

[0043] The prior art has tried to create a superior braze
material with good wettability and joint strength, among the
other advantages listed here. However, the prior art has failed
in this regard as demonstrated by the advantages incumbent 1n
several embodiments of the present invention.

[0044] Furthermore, the invention does not require that all
the advantageous features and all the advantages need to be
incorporated 1nto every embodiment of the invention. Also,
this partial list of advantages 1s not an exhaustive list or

description of all of the advantages from the embodiments
and versions of the present invention.

SPECIFIC EMBODIMENTS AND EXAMPLES

[0045] RAB has been recognized a promising method of
sealing the ceramic membranes and metallic structural com-
ponents used 1n gas separation devices and SOFCs. Previous
ivestigations on brazes used 1n RAB, such as the Ag—CuO
system, have however showed that the use of eutectic or
near-eutectic composition of Ag—CuO systems oftentimes
does not form a homogeneous joining microstructure. Also,
the Ag—CuO system 1s prone to generate a continuous phase
of CuO either within the interior of the braze, or along the
braze interface that would result 1n an inferior strength of the
jo1nt.

[0046] A set of experiments was conducted to demonstrate
the operation and advantages of an embodiment of the present
invention. Namely, the introduction of additional element(s)
into Ag—CuO system provides a promising solution to
address these 1ssues, providing a feasible opportunity to
develop a high-temperature joining technology through the
innovative modifications to existing RAB technologies.
[0047] An embodiment of the invention incorporates 5
additional elements to a standard braze. These five additional
elements 1n this example are T10,, Pd, Al,O,, YSZ, and Al
along with combinations of these elements. A complete com-
position design 1s shown in Table 1, which shows fourteen
compositions 1n total. The effects of individual elements (or
compounds) are also summarized 1n Table 1. T10, 1s used as
an exemplary wetting agent to improve Ag—CuQO’s wetting
characteristics because the CuO—T10,, binary system exhib-
its a eutectic reaction at lower temperatures with a wide
compositional range. The addition of Pd increases the bond-
ing strength along with the use temperature of the sealant as
well. Additionally, the addition of YSZ or Al,O; mto
Ag—CuO system improves adhesion and joint strength,
while adding Al improves joint strength and slightly reduces
the processing temperatures.

TABL.

1

(L]

Exemplary compositions of RAB in the invention

Braze
ID Composition (mole %) Notes
1 Ag—4CuO “Standard” air braze formulation

2 Ag—4CuO—4TiO;
3 Ag—4CuO—Y5Pd

T105 to improve wetting

Pd to improve bonding strength,
Increase use temperature
Combined effects of Pd and
T10,

4 Ag—4CuO—4Pd— 1ATiO,
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TABLE 1-continued

Exemplary compositions of RAB in the invention

Braze
ID Composition (mole %) Notes

5 Ag—4Cu0O—4YSZ YSZ to improve adhesion and
joint strength

Combined effects of YSZ and
T10,

Al5O; to improve joint
strength

Combined effects of Al,O; and
T10,

Al improve joint strength
Combined effects of Al and

TiO,

6 Ag—4CuO—4YSZ—L5TiO,
7 Ag—4CuO—4Al,0,
R Ag—4CuO—4AL05L4TiO,

0 Ag—4CuO—4Al
10 Ag—4CuO—4Al—LATiO,

[0048] While Ag—CuO system was selected as an exem-
plary braze to provide proof of the utility of the present
invention, 1t will be apparent to those having ordinary skill in
the art that the methods and materials of the present invention
would be expected to perform in a similar manner with other
brazes used in RAB, and the selection of Ag—CuO system
for these experiments should 1n no way be construed as lim-
iting the applicability of the present invention to this particu-
lar example of the braze.

[0049] These different braze compositions were fabricated
by dry mixing the appropriate amounts of individual elemen-
tary powders. The raw materials used include: 1) silver (99.
9%, 5.5 um average particle diameter; Alfa Aesar), 2) copper
(99%, 2.5 um average particle diameter; Alfa Aesar), 3) tita-
nium dioxide powders (>99.9%, 325 mesh, Coastal Scents);
4) palladium powder (>99.9%, 7.5 average particles diam-
eter, Aldrich); 5) YSZ (>99.9%, MTI Corporation; 6) Al,O,
(99.9%, 325 Mesh Alfa Aesar), and 7) Al (99.9%, 325 Mesh,
Atlantic Equipment Engineers).

[0050] In demonstrating an embodiment of the mvention, a
high-energy cryogenic ball milling process 1n liquid nitrogen
(LN, )media, or “cryomilling” process, was used in preparing,
the filler brazing powder. The application of this kind of
high-energy ball milling process 1n this embodiment of the
invention forms a finer size, more closely spaced dispersion
of CuO particles that will nucleate on the interface braze layer
during the brazing process. However, 1n contrast to traditional
ball milling, high-energy cryogenic ball milling specifically
shows improvement over the prior art by reducing the forma-
tion of a thick continuous oxide phase along the interface that
would degrade the joint strength. Hence, this process facili-
tates the formation of CuO or mixed oxide as a discrete phase
along these interfaces would simultaneously increase the
wettability and joint strength.

[0051] A muxture of each component powder according to
Table 1 was cryomilled with a small-scale attritor (1 pound
powder). The milling vessel contained 0.250 1n. YSZ ceramic
ball bearings (the ratio of ball bearings vs. powder mixture 1s
generally 30:1 and the processing 1s performed at around
-165° C.). A multi-appendage paddle stirred the ball bear-
ings. During the cryomilling process, the starting powder
became impinged between ball bearings and fractures into
sub-micron or nano-sized particles which then cold-joins 1nto
coarser agglomerates. The fracturing and re-welding process
was repeated continuously throughout the milling cycle (gen-
erally 8-12 hrs). At the completion of the cryomilling, the
powder/LN, slurry was poured from the bottom of the attritor
and the LN, was allowed to boil off. The resultant powders
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were then mixed with a polymer binder (Heraeus V-006,
Heraeus Inc.) 1n a ratio of 15 wt % binder to 85 wt % powder
mixture to produce the fill metal paste.

[0052] Wetting experiments were conducted by the stan-
dard sessile drop technique. Fach filler metal pellet was
placed on a polished YSZ substrate and heated through a
series of temperatures above the point at which the pellet
becomes molten. Changes in the braze droplet’s base diam-
cter, height, and angle of contact with the substrate were
monitored. The YSZ substrates were made by press-assisted
sintering of YSZ powder (1Z-8Y, Tosoh Corp. Advanced
Ceramics Department, Tokyo Japan) to form a disk (about 2.5
inch 1n diameter and 0.2 inch in thickness) with a density of
99.8% theoretical density of 8 mol % vttria-stabilized zirco-
nia. Prior to the sessile drop test, the contact surface of each
substrate was polished 1n several sequential steps: 45 and 15
um diamond wheel polishing followed polishing by 9, 3, and
1 um diamond suspensions on appropriate pads (Allied High
Tech). The disks were then cleaned with acetone, rinsed with
propanol, air dried, and heated 1n static air to 600° C. for four
hours to burn ofl any residual organic species. The sessile
drop experiments were conducted 1n a static air mutile fur-
nace outfitted with a sapphire window through which the
contact angle of the heated specimen could be recorded. Each
braze pellet was placed on the polished face of a substrate and
heated using a schedule that consisted of 10° C./min to an
initial temperature of 900° C. and equilibrated for 15 muin,
then subsequently heated at 10° C./min to soak temperatures
ol 950° C., 1000° C., 1050° C., and 1100° C., each of which
was held constant for a period of 15 min. After the final soak
duration the furnace was cooled at 20° C./min to room tem-
perature. A digital camera (Cannon Digital Rebel) with a
zoom lens with capturing software was used to obtain digital
images of the profile of the braze pellets throughout the heat-
ing cycle. The temperature was recorded using a thermo-
couple that was placed within one inch of the sample. The
temperature signal was logged using a computer that also
recorded the images at an interval of one picture every
minute. The contact angle between the braze filler metal and
YSZ substrate was measured from the images and correlated
with the temperature log for each heating run.

[0053] Samples 1-4 formed a wetting drop shape. Table 2
lists the contact angles for the silver rich phase, although a
very thin layer did extend beyond these samples forming a
“halo’ around the silver rich drop. The “halo” generally con-
sists of the copper oxide rich liquid with either the T10, or
other additional elements. In addition, samples 1, 3, and 4
exhibited signs of a particulate (possibly the impurities) that
did not dissolve 1nto the drop until relatively high tempera-
tures. Sample 2 exhibits a good wetting without a non-dis-
solved particulate.

[0054] Samples 5-10 showed two different wetting behav-
1ors. These samples tended to retain the shape of the pressed
pellet 1n some way. This shape appears to be due to the
particulate materials that may be held together by a portion of
the Ag—CuO liquid, thus forming a shell. For some of the
samples the Ag—CuO liquid was able to separate from the
shell. For samples 6 and 8 the liquid appeared to remain
within the structure and therefore appears the most homoge-
neous. Table 2 summarizes the results of these wetting experti-
ments.

TABL.

L1l

2

Summary of wetting experiment results
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Wetting angle 0 (°)

Braze 950°  1000° 1050° 1100°

) Composition (mole %) C. C. C. C.
1  Ag—4Cu0O 55.3 50.8  50.8 50.8
2 Ag—4CuO—Y2Ti0O, 479 4777 478 46.8
3  Ag—4CuO—2Pd 47.6  46.9 433 46.8
4  Ag—4CuO—2Pd— 14Ti0, 66.9 58.2 442 508
5  Ag—4CuO—4YSZ 60.9 65.9 61.6 659
6 Ag—4CuO—4YSZ—2TiO, 94.9 61.0 343 53.1
7  Ag—4Cu0O—4Al,0, 113.0 118.0 111.0 827
8  Ag—4Cu0—4Al,0,—4Ti10, 91.6 97.7 94.7 61.5
9  Ag—4CuO—4Al 106.0 1140 646 634

10 Ag—4CuO—4A1—ATiO, 66.6 64.7 643 57.8

[0055] Another set of experiments were conducted to fur-
ther demonstrate the advantages and operation of an embodi-
ment of the present imnvention under the effects of additional
clements T10,, Pd, YSZ, Al,O;, and Al 1in the Ag-4CuO
system using data in Table 2. It was found that T10, reduces
the wetting angle as expected, and Pd also slightly reduces the
wetting angle, while the introduction ot YSZ, Aland Al, O, all
increased the wetting angles, and which the mtroduction of

Al,O; provided the greatest increase 1n the wetting angle
(FIG. 1).

[0056] Another set of experiments demonstrating an
embodiment of the invention focused on the combined effects
of T10, (to reduce the wetting angle) and other elements of
YSZ, Al and Al,O; (to increasing strength). In FIG. 2, 1t was
found that the integration of T102 1nto the filler compositions
containing YSZ (Braze ID #6), Al,O, (Braze ID #8), and Al
(Braze 1D #10) respectively all causes a significant reduction
in wetting angle particularly for Al,O, and Al. One exception
for Braze 1D #6 at 950° C. may be due to the partial melting
at this temperature.

[0057] Based on previous investigations, all the composi-
tions show good wetting conditions upon the addition of T10,
as a wetting-enhancement agent although some show smaller
wetting angles than others.

[0058] Microstructure analysis of some typical wetting
samples, including Sample 1, 2, 6 and 8, was performed with
Scanning Electron Microscopy (SEM, Jeol ISM-3900 LV).
As for SEM sample preparation, the samples were encased in
epoxy and sectioned with a diamond saw. The cross section
was polished to 1.0 um using diamond pads and suspensions,
and then coated with Au—Pd to avoid charging.

[0059] The SEM 1mmages of wetting sample 1, 2, 6 and 8 at
drop center are shown 1n FIG. 3 and 1in FIG. 4. Good wetting
contact of braze alloy and YSZ substrate 1s observed for all 4
samples i FIG. 3 and i FIG. 4. Also, 1t can be found that
braze alloy consists of Ag-rich matrix with CuOx (mixture of
CuO—Cu,0) precipitates. The intertacial products due to the
reaction between T1 and YSZ can be found at the interface for
sample 2 (FIG. 3(b)). For sample 6 and 8, large amount of
internal pores are found in the braze (FIGS. 4(a) and 4(b)
respectively).

[0060] The four-point bend technique was employed as a
means ol measuring joint strength of bar specimens of the
YSZ/YSZ brazing assembly. The AWS C3.2M/(C3.2:2001
test standard was followed to ensure that the results could be
unequivocally and easily reproduced by one of ordinary
skilled 1n the art.
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[0061] Four-point bend experiments were conducted on
representative samples 6 and 8, which are the joined YSZ/
YSZ assemblies using brazing compositions of 6 and 8 as
listed 1n Table 1. For each sample of YSZ/YSZ assembly, 5
pieces specimens were cut and tested. The results are sum-
marized 1n Table 3.

[0062] As shown from these preliminary data in Table 3,
under the same brazing conditions, the addition of 4 mol. %
Al,O; mto Ag-4Cu0O-12TiO, to form Ag-4Cu0-4Al1,0;-
15110, (Sample 8) exhibits higher bending strength (more
than twice) as compared with that with the addition of 4 mol.
% YSZ to Ag-4Cu0O-12T10, (Sample 6). Apparently, the
effect of Al,O, on strength enhancement 1s more significant
than YSZ. However, sample 8 (95.9 MPa) does not exhibit the
strength 1mprovement as expected since 1t 1s lower than the
largest strength of AgdCuO0.5T10,, of around 121 MPa, a
reported by other researchers (for example In KimJY Y, J S
Hardy, and K S Weil. 2005. “Novel Metal-Ceramic Joining
tor Planar SOFCs” Journal of the Electrochemical Society
152(6):J52-158). The unsatisfied material strength may be
primarily attributed to the presence of pores, whose micro-
structure may be investigated by a Scanning Electron Micro-
scope. With the minimization or even elimination of porosity,
a much enhanced bonding strength 1s expected.

[0063] Another experiment was conducted to demonstrate
another embodiment of the present invention as an 1deal com-
position, namely Ag-8Cu0-10A1,0,-142T10, (indicated as
sample 11) to further illustrate the effect of Al,O; on joint
strength. As shown in Table 3, the strength of YSZ brazing
sample using Ag-8CuO-10A1,0,-12Ti0, 1s about 128 MPa.
Therefore, the increased strength from Sample 8 to 11 can be
attributed to the increase of Al,O, from 4 mol % to 10 mol %.
Note that the strength of sample 11 1s even higher than the best
data point of around 121 MPa, as reported by other research-
ers (for example In Kim J Y'Y, J S Hardy, and K S Weil. 2005.
“Novel Metal-Ceramic Joining for Planar SOFCs” Journal of
the Electrochemical Society 132(6):152-J38). Thereby, a
novel class of braze material or composition comprised of Ag,
CuO, Al,O,, T10, 1s created, namely Ag-8CuO-10A1,0;,-
15 T10,.

TABLE 3

Summary of four-point bend experiments results for Samples 6, 8 and 11
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composition ol Sample 11, Ag-8CuO-10Al,0,-%2Ti0,
exhibits the best strength. Combining the results of wetting
experiments 1n previous sections, 1t was found that the braze
composition that contains Ag, CuO, Al,O,, and T10, exhibits
both high bending strength and a good wetting condition that
1s beneficial to form a sound microstructure.

CONCLUSION, RAMIFICATTIONS, AND SCOP.

T

[0065] Many alterations and modifications may be made by
those having ordinary skill 1n the art without departing from
the spirit and scope of the mvention. It 1s expressly under-
stood that the invention as defined by the claims may be
broader than the 1llustrated embodiments described herein.
Therefore, 1t must be understood that the illustrated embodi-
ment has been set forth only for the purposes of example and
that 1t should not be taken as limiting the invention as defined
by the following claims. For example, notwithstanding the
tfact that the elements of a claim are set forth below 1n a certain
combination, 1t must be expressly understood that the mnven-
tion includes other combinations of fewer, more or different
clements, which are disclosed herein even when not mnitially
claimed 1n such combinations.

[0066] The words used 1n this specification to describe the
invention and 1ts various embodiments are to be understood
not only 1n the sense of their commonly defined meanmings, but
to include by special definition 1n this specification structure,
material or acts beyond the scope of the commonly defined
meanings. Thus 1f an element can be understood 1n the context
ol this specification as including more than one meaning, then
its use 1n a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word 1tself.

[0067] Any element in a claim that does not explicitly state
“means for” performing a specified function, or “step for”
performing a specific function, 1s not to be interpreted as a
“means” or “step” clause as specified in 35 U.S.C. §112, 96.
In particular, the use of “step of” in the claims herein 1s not
intended to mvoke the provisions of 35 U.S.C. §112, 96.

Bend

Width  Thickness Peak Strength AVG

Sample Specimen  (mm) (mm) Load (N) (MPa) (MPa)

6 1 4.1 3.3 11.0 32.6 42.3
Agd4CuO— 2 4.1 3.0 10.6 37.5
4YSZ— 3 4.0 2.9 8.4 33.7
T10, 4 4.1 3.0 16.4 5%.0
S 4.1 3.1 14.5 49.6

8 1 4.0 3.2 24.2 76.8 95.9
AgdCuO— 2 4.0 3.3 34.9 109.1
4 Al,O;— 3 4.0 3.1 25.2 80.7
5 TiO, 4 4.0 2.8 27.6 116.8
S 4.0 3.3 28.8 90.0

11 1 4.0 3.0 50.0 183.9 128.2
AgCuO— 2 4.1 3.3 42.0 124.6
10 AlLO;— 3 4.0 3.0 35.5 126.3
2 T105 4 4.1 3.1 45.0 153.9
S 4.1 3.5 19.6 2.4

[0064] Based on these results, Al,O, can be 1dentified as an

elfective agent to improve the joint strength of both Ag-4CuO
and Ag-8CuO-based RAB systems (braze). Moreover, the

STD
(MPa)

11.1

16.5

48.8

[0068] The definitions of the words or elements of the fol-
lowing claims therefore include not only the combination of
clements which are literally set forth, but all equivalent struc-
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ture, material or acts for performing substantially the same
function in substantially the same way to obtain substantially
the same result. In this sense it 1s therefore contemplated that
an equivalent substitution of two or more elements may be
made for any one of the elements 1n the claims below or that
a single element may be substituted for two or more elements
in a claim. Although elements may be described above as
acting in certain combinations and even 1nitially claimed as
such, 1t 1s to be expressly understood that one or more ele-
ments from a claimed combination can in some cases be
excised from the combination and that the claimed combina-
tion may be directed to a subcombination or variation of a
subcombination.

[0069] A series of experiments were conducted 1n accor-
dance with the methods of the present invention thereby
forming the joints, or seals, of the present invention. While
these experiments are uselul to demonstrate certain features
and aspects of the present invention, they should 1n no way be
interpreted as an exhaustive demonstration of all of the vari-
ous aspects of the mvention. As will be recognized by those
having skill in the art, many of the advantages of the present
invention can readily be achieved with significant variations
from the experiments described herein, including, without
limitation, the selection of the materials, and the methods and
operating parameters used to combine those matenals.
Accordingly, the present invention should be broadly con-
strued to include all such modifications and equivalents
thereto that are encompassed by the appended claims.

[0070] It should be apparent, however, to those skilled 1n
the art that many more modifications besides those already
described are possible without departing from the mventive
concepts herein. The mventive subject matter, therefore, 1s
not to be restricted except 1n the spirit of the appended claims.
Moreover, in interpreting both the specification and the
claims, all terms should be interpreted 1n the broadest pos-
sible manner consistent with the context. In particular, the
terms “‘comprises” and “comprising’’ should be interpreted as
referring to elements, components, or steps 1n a non-exclusive
manner, indicating that the referenced elements, components,
or steps may be present, or utilized, or combined with other
clements, components, or steps that are not expressly refer-
enced. Insubstantial changes from the claimed subject matter
as viewed by a person with ordinary skill 1n the art, now
known or later devised, are expressly contemplated as being,
equivalent within the scope of the claims. Therefore, obvious
substitutions now or later known to one with ordinary skill in
the art are defined to be within the scope of the defined
clements. The claims are thus to be understood to include
what 1s specifically 1llustrated and described above, what 1s
conceptually equivalent, what can be obviously substituted
and also what essentially incorporates the essential idea of the
invention. In addition, where the specification and claims
refer to at least one of something selected from the group
consisting of A, B, C . . . and N, the text should be interpreted
as requiring only one element from the group, not A plus N, or
B plus N, etc.

1. A brazing material for brazing a first matenal to a second
material together, said brazing material comprises:

a) at least one metal oxide-noble metal mixture selected
from

1. Ag—Cu0O,
11. Ag—V,0., and
111. Pt—Nb,Oy;
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b) and at least one additive selected from
1. at least one metal oxide selected from the group con-
sisting of
1. ThO.,
2.YSZ, and
3. Al,Oy;
11. and at least one metal selected from the group con-
sisting of
1. Al, and
2. Pd,
wherein the brazing material 1s prepared by a high-energy ball
milling process wherein the metal oxide-noble metal mixture
1s formed by milling a noble metal and a metal oxide to yield
a metal oxide-noble metal compound.

2. The brazing material as recited in claim 1, wherein of
said additive to the brazing material, each said metal or said
metal oxide comprises up to and including 20 wt % of said
brazing material.

3. The brazing material as recited 1n claim 1, wherein said
brazing material comprises Ag—CuQ, Al,O, and T10,.

4. The brazing material as recited 1n claim 3, wherein said
brazing material 1s Ag-8Cu0O-10A1,0,-%2T10.,,.

5. The brazing matenal as recited 1n claim 1, wherein said
at least one metal oxide-noble metal mixture comprises
Ag—V.,0..

6. The brazing matenal as recited 1n claim 4, wherein said
high-energy ball milling process i1s a cryomilling process.

7. The brazing material as recited 1n claim 4, wherein said
brazing material 1s 1n the form of either a powder or a paste.

8. The brazing material as recited 1n claim 4, wherein said
brazing material 1s 1n the form of either a foil or a thin sheet.

9. The brazing material as recited 1n claim 1, wherein said
at least one metal oxide-noble metal mixture comprises
Pt—Nb,O..

10. The brazing matenal as recited in claim 1, wherein said
high-energy ball milling process 1s a cryomilling process.

11. The brazing matenal as recited in claim 1, wherein said
brazing material 1s 1n the form of either a powder or a paste.

12. The brazing material as recited 1in claim 1, wherein said
brazing material 1s 1n the form of either a foil or a thin sheet.

13. A method of brazing, said method comprising the steps
of:

a) providing a first part, said first part may be metallic or

ceramic or a metallic composite or a ceramic composite;

b) providing a second part, said second part may be metal-

lic or ceramic or a metallic composite or a ceramic
composite;

¢) providing a braze material between said first part and

said second part, said braze material comprises:

1. at least one metal oxide-noble metal mixture selected

from

1. Ag—CuO,

2. Ag—V .0, and
3. Pt—Nb,O.;

11. and at least one additive selected from

1. at least one metal oxide selected from the group
consisting of

a. T10,,
b.YSZ, and
c. Al,Oy;
2. and at least one metal selected from the group
consisting of

a. Al, and
b. Pd,
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wherein the braze matenal 1s prepared by a high-energy ball
milling process wherein the metal oxide-noble metal mixture
1s formed by milling a noble metal and a metal oxide to yield
a metal oxide-noble metal compound;

d) and heating said first part, said braze material and said

second part 1n an oxidizing atmosphere.

14. The method of claim 13, wherein of said additive to the
braze material, each said metal or said metal oxide comprises
up to and including 20 wt % of said braze material.

15. The method of claim 14, wherein said braze material 1s
comprised of Ag—CuO, Ag, CuO, Al,O, and T10.,,.

16. The method of claim 15, wherein said braze material 1s
Ag-8Cu0-10A1,0,-72T1 O,.

17. The method of claim 13, wherein said at least one metal
oxide-noble metal mixture comprises Ag—V 0.

18. The method of claim 16, wherein said high-energy ball
milling process 1s a cryomilling process.

19. The method of claim 16, wherein said braze material 1s
in the form of either a powder or a paste.

20. The method of claim 16, wherein said braze material 1s
in the form of either a fo1l or a thin sheet.

21. The method of claim 13, wherein said at least one metal
oxide-noble metal mixture comprises Pt—Nb,O..

22. The method of claim 13, wherein said high-energy ball
milling process 1s a cryomilling process.

23. The method of claim 13, wherein said braze material 1s
in the form of either a powder or a paste.

24. The method of claim 13, wherein said braze material 1s
in the form of either a foil or a thin sheet.

G x e Gx o
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