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BRAZING METHODS USING POROUS
INTERLAYERS AND RELATED ARTICLES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] Priority is claimed to U.S. Provisional Patent
Application No. 62/504,210, filed May 10, 2017, the entire
disclosure of which is incorporated herein by reference.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support
under DE-FE0023315 awarded by the U.S. Department of
Energy. The government has certain rights in the invention.

BACKGROUND OF THE DISCLOSURE

Field of the Disclosure

[0003] The disclosure relates to a brazing method for
joining substrates, in particular where one of the substrates
is difficult to wet with molten braze material. The method
includes formation of a porous metal layer on a first sub-
strate to assist wetting of the first substrate with a molten
braze metal, which in turn permits joining of the first
substrate with a second substrate via a braze metal later in
an assembled brazed joint. The brazed joint can be incor-
porated into a solid-oxide fuel cell, for example as a stack
component thereof.

Background

[0004] Silver brazes have problems wetting many ceram-
ics and some metals, which is a particular concern when
using a brazing technique to join components of solid oxide
fuel cell (SOFC) structures.

[0005] Reactive air brazing is a type of brazing where
minor element additions are made to improve the wetting
behavior of a parent (typically inert) braze alloy on ceramic
materials. These minor alloy additions improve wetting by
migrating to the surface and oxidize during brazing, and
hence are compatible with brazing in air. Unfortunately, the
wetting angles achieved with reactive air brazing are often
many tens of degrees, causing braze joint pores during
manufacturing (termed Type I pores). Further, for CuQO, the
oxides of these minor alloy additions (e.g., in the case of the
Ag—Cu brazes used to bond stainless steel to yttria stabi-
lized zirconia for Solid Oxide Fuel Cell and other applica-
tions) are easily reduced by hydrogen. The volume reduction
caused by the decomposition of these oxides into their base
metals introduces pores at the braze interfaces (termed Type
1I pores), mechanically weakening the braze joint.

[0006] Vacuum brazing is an alternative to reactive air
brazing. Unfortunately the low oxygen partial pressures
encountered with this technique decompose many Solid
Oxide Fuel Cell materials.

[0007] The addition of reducing agents to the braze com-
pound (TiH,, flux, etc.) can be used to improve braze
wetting by locally reducing the oxygen partial pressures
(pO,) around the braze. However, these materials often react
in a deleterious manner with many Solid Oxide Fuel Cell
materials.
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SUMMARY

[0008] The disclosure relates to a brazing method for
joining substrates, in particular where one of the substrates
is difficult to wet with molten braze material. The method
includes formation of a porous metal layer on a first sub-
strate to assist wetting of the first substrate with a molten
braze metal, which in turn permits joining of the first
substrate with a second substrate via a braze metal later in
an assembled brazed joint. Ceramic substrates can be par-
ticularly difficult to wet with molten braze metals, and the
disclosed method can be used to join a ceramic substrate
(e.g., as the first substrate) to another substrate (e.g., metal
substrate, another ceramic substrate, other otherwise as the
second substrate). The brazed joint can be incorporated into
a solid-oxide fuel cell, for example as a stack component
thereof, in particular when the first substrate is a ceramic
substrate and the joined second substrate is a metallic
substrate.

[0009] In a particular embodiment illustrated below, a
ceramic substrate suitable for use in a solid-oxide fuel cell
is joined to a stainless steel substrate using a silver braze
metal and a porous nickel layer to assist wetting of the
ceramic substrate. Here, porous nickel layers are pre-sin-
tered onto at least one side of the braze joint (typically the
side having problems wetting), and then silver brazing is
completed in an atmosphere below the Ni—NiO equilibrium
(typically in an inert atmosphere such as argon). This
atmosphere is low enough in oxygen partial pressure (pO,)
to ensure that no NiO forms on the Ni surface, but not so low
that it causes harm to the SOFC cathode, electrolyte, or
anode materials. Because of the low wetting angle of silver
on nickel in these atmospheres, and the capillary pressure
which wicks the silver braze into the porous nickel network,
the wetting of nickel is promoted (and the occurrence of
Type 1 pores is greatly lowered). Further, because no NiO is
formed during manufacturing, Type II pores are eliminated.
[0010] In one aspect, the disclosure relates to a brazing
method for joining substrates, the method comprising: (a)
providing a porous wetting substrate comprising: (i) an
underlying substrate, and (ii) a porous first metal layer on a
surface of the underlying substrate; (b) applying (or con-
tacting) a braze second metal material to the porous wetting
substrate and in contact with the porous first metal layer
thereon, the second metal having a lower melting point than
that of the first metal; (c) applying (or contacting) a second
substrate to the braze second metal material (e.g., at a
surface or side of the braze second metal material not in
contact with the porous wetting substrate/porous first metal
layer), thereby forming a pre-braze joint comprising the
porous wetting substrate, the braze second metal material,
and the second substrate (e.g., generally as layers in that
order); and (d) brazing the pre-braze joint (e.g., in a protec-
tive brazing atmosphere) at a temperature and pressure
sufficient to melt the braze second metal material, wet pores
of the porous first metal layer with the molten braze second
metal material, and contact the first substrate with the molten
braze second metal material, thereby forming a brazed joint
comprising the first substrate, the second substrate, and a
second metal layer joining the first and second substrates. In
part (a), the porous first metal layer is suitably adhered to the
underlying substrate, such as resulting from a pre-sintering
process or otherwise. Suitably, the second metal melting
point is at least 20, 25, 50, 100, 200, or 300° C. and/or up
to 300, 500, 700, 1000, or 2000° C. lower than the first metal
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melting point. Similarly, the second metal melting point is
suitably lower than the melting or thermal decomposition
points of the first and second substrates. In part (d), the
brazing temperature is suitably sufficiently high to melt the
braze second metal material, but far enough below the
melting point of the first metal such that the porous first
metal layer does not melt or otherwise disintegrate before its
porous structure promotes the wetting and contact of the first
substrate with the molten second metal braze. The solid
brazed joint forms after cooling from elevated brazing
temperature and/or removal of pressure (e.g., in embodi-
ments performed at elevated brazing temperatures but at
ambient or non-elevated pressures). The second metal layer
generally can include at least one or two portions: a bulk
second metal layer and optionally a diffusion layer between
the bulk second metal layer and the second substrate.
[0011] In another aspect, the disclosure relates to a method
of assembling a solid-oxide fuel cell, the method compris-
ing: (a) performing the brazing method in any of the various
embodiments for joining substrates to form the brazed joint,
wherein the first substrate comprises a ceramic material
(e.g., ceramic electrolyte such as YSZ or otherwise), and the
second substrate comprises a metal material (e.g., stainless
steel or otherwise); and (b) incorporating the brazed joint
into a solid-oxide fuel cell as a stack component thereof.
[0012] In another aspect, the disclosure relates to a brazed
joint comprising: (a) a first substrate; (b) a bulk second metal
layer adjacent to the first substrate, the bulk second metal
layer comprising a first metal and the second metal, the first
metal being at a lower concentration than the second metal
in the bulk second metal layer; (c) (optionally) a diffusion
layer adjacent to the bulk second metal layer, the diffusion
layer comprising the first metal and at least one component
(e.g., a metallic element component) of a second substrate
adjacent to the diffusion layer; and (d) a second substrate
adjacent to the diffusion layer (when present) or the bulk
second metal layer (when the diffusion layer is absent). The
components of the brazed joint are held fixedly together by
the second metal braze joint including the bulk second metal
layer and the diffusion layer, when present. In some embodi-
ments, the brazed joint comprises a discrete, porous first
metal layer within the bulk second metal layer and adjacent
to the first substrate, such as where the porous first metal
layer formed during the brazing method is not transient
and/or does not disintegrate, remaining in the final brazed
joint.

[0013] Inanother aspect, the disclosure relates to a method
of assembling a solid-oxide fuel cell, the method compris-
ing: (a) providing the brazed joint according to any of its
variously disclosed embodiments, wherein the first substrate
comprises a ceramic material (e.g., ceramic electrolyte such
as YSZ or otherwise), and the second substrate comprises a
metal material (e.g., stainless steel or otherwise); and (b)
incorporating the brazed joint into a solid-oxide fuel cell as
a solid electrolyte component thereof.

[0014] Various refinements of the disclosed brazing meth-
ods, brazed joints, and solid-oxide fuel cell assembly meth-
ods are possible.

[0015] In a refinement, the first metal comprises at least
one of nickel, aluminum, cobalt, iron, copper, and combi-
nations thereof (e.g., mixtures or alloys thereof); and the
second metal comprises at least one of silver, aluminum, tin,
bismuth, nickel, copper, gold, cobalt, and combinations
thereof (e.g., mixtures or alloys thereof). Some metals such
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as aluminum, nickel, cobalt, copper could be useful as either
the first or second metal based on its particular melting point
relative to the other metal. Examples of specific combina-
tions of first/second metals include Ni/Ag, Fe/Ag, Co/Ag,
Al/Sn, Cu/Bi, and Fe/Bi. The first metal is preferably
selected for its relative resistance to oxidation, such as Ni,
Co, and Fe, which have a high oxidation resistance and a
high relative melting point compared to a braze second
metal selection. In some cases, the first/second metal com-
binations are selected such that the first and second metals
are relatively immiscible with each other such that bulk
braze layer in the final brazed joint is substantially com-
posed of a bulk second metal layer with only minor amounts
of the first metal (e.g., up to 2, 5, 10, 20, or 30 wt. % of a
minor immiscible component in a primary component), with
a large portion of the first metal having migrated to the
diffusion layer where it forms a miscible alloy or blend with
metallic components diffusing out from the second sub-
strate. In other cases, the porous first metal layer could
remain at least partially or substantially intact as a discrete
phase of the bulk braze layer. In yet other cases the first
metal could be miscible with the second metal and dissolve
into the bulk braze second metal layer as a homogeneous
component, or the first metal could react with second
substrate. Preferably, the first metal, the second metal, and
the first substrate are selected based on a relative inability of
the second metal to wet the first substrate material in
isolation, for example being characterized by wetting/con-
tact angles of the second metal on the first metal or the first
substrate material individually of at least 20°, 30°, 40°, or 50
and/or up to at least 150°, 160°, 170° or 180° when mea-
sured in air or an inert atmosphere such as nitrogen. The
porous nature of the first metal layer promotes efficient
wetting by the molten second metal braze of both the porous
first metal layer and the first substrate.

[0016] In another refinement, the first substrate comprises
a ceramic material (e.g., generally an inorganic, non-metal-
lic oxide, nitride or carbide material). In a further refine-
ment, the ceramic material is selected from the group
consisting of aluminum oxide, zirconium oxide, cerium
oxide, zinc oxide, silicon carbide, silicon nitride, tungsten
carbide, and combinations thereof. In a further refinement,
the ceramic material comprises a stabilized zirconium oxide
(zirconia) (e.g., a ceramic in which the crystal structure of
zirconium dioxide is made stabilized at room temperature by
an addition of an additional oxide material such as up to
about 10 mol. % of the additional oxide). For example, the
stabilized zirconium oxide (zirconia) can be selected from
the group consisting of yttrium oxide (yttria)-stabilized
zirconia (YSZ), calcium oxide (calcia)-stabilized zirconia,
magnesium oxide (magnesia)-stabilize zirconia, cerium
oxide (ceria)-stabilized zirconia, scandium oxide (scandia)-
stabilized zirconia, aluminum oxide (alumina)-stabilized
zirconia, cerium oxide, doped cerium oxide, and combina-
tions thereof (e.g., common SOFC solid electrolytes include
yttria-stabilized zirconia (YSZ) such as with 8 mol. % yttira,
scandia-stabilized zirconia (ScSZ) such as with 9 mol. %
scandia, and gadolinium doped ceria (GDC)).

[0017] In another refinement, the first substrate comprises
a metal material (e.g., comprising at least one of a stainless
steel alloy and a nickel-based high-temperature alloy). The
first substrate generally can be the same or different metal
from the second substrate, when the second substrate is also
a metal.
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[0018] In another refinement, the porous first metal layer
has a thickness ranging from 2 pm to 250 um, such as 5 pm
to 40 um or 10 um to 30 um (e.g., at least 2, 3, 5, 8, 10, 15,
20, or 30 um and/or up to 10, 20, 30, 40, 60, 100, 200, or 250
um). The porous first metal layer need not have a uniform
thickness, and the foregoing thickness values can represent
an average layer thickness and/or a range for a spatially
variable local layer thickness.

[0019] In another refinement, the porous first metal layer
comprises pores ranging in size from 10 nm to 50 um or 1
pm to 50 pm (e.g., at least 10 nm, 100 nm, 500 nm, 750 nm,
1 pm, 2 pm, 3 pm, 5 um, or 10 pm and/or up to 5, 10, 15,
20, 30, or 50 um). The foregoing size values can represent
an average pore size and/or a range for distributed pores
sizes throughout the first metal layer.

[0020] In a particular refinement, a pre-sintering step can
be used to prepare the porous wetting substrate. For
example, providing the porous wetting substrate can com-
prise: (al) applying to the first substrate a layer of a first
metal mixture comprising a liquid formulation and first
metal particles dispersed in the liquid formulation; and (a2)
pre-sintering the layer of the first metal mixture (e.g., in a
protective pre-sintering atmosphere) at a temperature and
pressure sufficient to remove the liquid formulation and at
least partially sinter the first metal particles, thereby forming
the porous first metal layer. The first metal mixture suitably
is in the form of a solution, thick paste, or suspension, etc.
that coats the first substrate in the target area of interest. The
first metal mixture can include at least 30, 50, or 70 wt. %
first metal particles and/or up to 50, 70, or 90 wt. % first
metal particles, at least 10, 30, or 50 wt. % liquid formula-
tion and/or up to 30, 50, or 70 wt. % liquid formulation. The
liquid formulation can include a liquid solvent medium (e.g.,
water, isopropanol or other alcohol or organic solvent), a
liquid binder to improve green strength (e.g., a polymeric
binder dissolved in the solvent medium), and/or a dispersant
to prevent agglomeration of the first metal particles in a
stable first metal mixture (e.g., a polymeric dispersant dis-
solved in the solvent medium). Pre-sintering generally
includes subjecting the first metal mixture layer to a gradu-
ally ramping temperature that removes the liquid formula-
tion, for example degrading, decomposing, etc. any polymer
additives therein and at least partially fusing the first metal
particles to form the porous first metal layer. Sintering
generally includes applying heat and/or pressure a level and
time sufficient to fuse the particles of the sintering compo-
sition without substantial melting such as to liquefaction.
[0021] In another refinement of the pre-sintering step, the
liquid formulation comprises a polymeric solution. The
liquid formulation can generally include any polymeric
binder, dispersant, resin, or other liquid vehicle. In some
cases, the polymeric binder can be a curable binder such that
the corresponding cured binder or resin is degradable at an
intermediate temperature between its curing temperature
and the pre-sintering temperature. An example binder sys-
tem includes ethylene glycol monobutyl ether, ethylene
glycol, and isopropanol.

[0022] In another refinement of the pre-sintering step, the
first metal mixture layer has a thickness ranging from 10 nm
to 100 um or 2 pm to 100 um, such as 100 nm to 50 um, 5
pm to 40 pm, or 10 pm to 30 um (e.g., at least 10 nm, 100
nm, 500 nm, 750 nm, 1 pm, 2 pm, 3 um, 5 pm, 8 um, 10 pum,
or 15 pm and/or up to 10 pm, 20 um, 30 pm, 40 um, 60 um
or 100 um). The foregoing thickness values can represent an
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average layer thickness. The first metal mixture layer can be
comparable but generally larger in thickness relative to that
of the eventual porous first metal layer.

[0023] In another refinement of the pre-sintering step, the
first metal particles have a size ranging from 10 nm to 50 um
or 2 um to 50 um (e.g., a number-, mass-, or volume-average
particle size or diameter, such as at least at least 10 nm, 100
nm, 500 nm, 750 nm, 1 pm, 2 pm, 3 pm, 5 pm, 8 pm, or 10
um and/or up to 10 pm, 20 pm, 30 pm, 40 pm, 50 pm; such
as 3 pm to 20 pm or 5 um to 10 pm). The foregoing ranges
can similarly represent the span (such as D10-D90) of the
first metal particle size distribution). In a further refinement,
the porous first metal layer has a thickness ranging from 1
to 10 (e.g., 1.5 or 2 to 5 or 8) times the average particle size
of'the first metal particles prior to pre-sintering (e.g., relative
to the number-, mass-, or volume-average particle size or
diameter of the first metal particles as added to the first metal
mixture).

[0024] In another refinement of the pre-sintering step,
pre-sintering comprises heating the layer of the first metal
mixture to a maximum temperature ranging from 100° C. or
600° C. to 1400° C. or 2000° C. (e.g., at least 100° C., 200°
C., 300° C., 400° C., 500° C., 600° C., 800° C., or 1000° C.
and/or up to 1000° C., 1200° C., or 1400° C.) Alternatively
or additionally, pre-sintering heating can comprise heating
to a maximum temperature that is at least 20, 25, 50, 100,
200, or 300° C. and/or up to 300, 500, 700, 1000, or 2000°
C. lower than the first metal melting point, such as ramping
from ambient/room temperature of first metal mixture appli-
cation at a rate of about 2-10, 50, or 100° C./minute up to the
maximum temperature, optionally holding at the maximum
temperature for up to 0.1-5 hours, and then reducing the
temperature back to ambient/room temperature at a rate of
about 2-10, 50, 100, 200, or 300° C./minute. Pre-sintering is
performed at a temperature sufficient to eliminate the liquid
formulation (e.g., evaporate solvent, decompose/eliminate
any polymeric additives), but less than a temperature suffi-
cient to fully sinter the first metal. At such temperatures,
partial sintering/fusing of some particles can occur to a
degree sufficient to provide a porous first metal structure
even in the absence of polymeric additives.

[0025] In another refinement of the pre-sintering step, the
method comprises performing pre-sintering in a protective
pre-sintering atmosphere comprising at least one of argon
and nitrogen (e.g., more generally any inert or protective
atmosphere that avoids or prevents oxidation of the first
metal particles during pre-sintering). The protective pre-
sintering atmosphere can be essentially completely inert
gases such as argon, nitrogen, or a mixture thereof, such as
at least 90, 95, 98, 99, or 99.9 mol. % inert gases. A reducing
gas such as hydrogen can be included in the protective
atmosphere to protect against oxidation, such as at least 1 or
2 mol. % and/or up to 5 or 10 mol. % reducing gas. The
protective atmosphere is generally at a pressure of about 1
atm or slightly higher to limit entry of external air during
pre-sintering. The partial pressure of oxygen gas (pO,) in the
protective atmosphere is generally selected to maintain a
metallic surface on the first metal particles and porous layer,
which can vary with the particular type of first metal, but is
suitably about 10~° atm or less in many cases.

[0026] In another refinement, the braze second metal
material is in the form of a foil (e.g., a foil or foils having
a net thickness of at least 50, 75, or 100 um and/or up to 100,
150, 200 pum, such as 50-200 um). The braze second metal
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material can be a single foil layer or multiple foil layers to
form a correspondingly thicker braze joint. More generally,
the braze second metal material can be any desired shape or
form, such as small pellets or rods of second metal material.
[0027] In another refinement, braze second metal material
comprises at least 90 wt. % of the second metal (e.g., at least
90, 95, 98, 99, or 99.9 wt. % second metal, with the balance
being other alloy or impurity elements).

[0028] In another refinement, the braze second metal
material is free from air-reactive components (e.g., oxygen-
reactive such as reducible or oxidazable species, such as
copper, indium, zirconium, titanium, zinc, tin, manganese,
lithium, and/or silicon, and further including species con-
taining the foregoing elements (e.g., copper-containing spe-
cies such as CuQ)).

[0029] In another refinement, the second substrate com-
prises a metal material (e.g., comprising at least one of a
stainless steel alloy and a nickel-based high-temperature
alloy).

[0030] In another refinement, brazing comprises heating
the pre-braze joint to a maximum temperature ranging from
100° C. or 600° C. to 1200° C. (e.g., at least 100° C., 200°
C.,300° C., 400° C., 500° C., 600° C., 800° C., or 1000° C.
and/or up to 1000° C., 1100° C., or 1200° C.). Alternatively
or additionally brazing can comprise heating to a maximum
temperature above the second metal melting point of the
second metal but less than the first metal melting point, such
as at least 20, 25, 50, 100, 200, or 300° C. and/or up to 300,
500, 700, 1000 or 2000° C. lower than the first metal melting
point; such as ramping from ambient/room temperature of
forming the pre-braze joint at a rate of about 2-10, 50, or
100° C./minute up to the maximum temperature, optionally
holding at the maximum temperature for 0.1-5 hours, and
then reducing the temperature back to ambient/room tem-
perature at a rate of about 2-10, 50, or 100° C./minute.
[0031] In another refinement, the method comprises per-
forming brazing in a protective brazing atmosphere com-
prising at least one of argon and nitrogen (e.g., more
generally any inert or protective atmosphere that avoids or
prevents oxidation of the nickel porous layer during braz-
ing). The protective brazing atmosphere can be essentially
completely inert gases such as argon, nitrogen, or a mixture
thereof, such as at least 90, 95, 98, 99, or 99.9 mol. % inert
gases. A reducing gas such as hydrogen can be included in
the protective atmosphere to protect against oxidation, such
as at least 1 or 2 mol. % and/or up to 5 or 10 mol. % reducing
gas. The protective atmosphere is generally at a pressure of
about 1 atm or slightly higher to limit entry of external air
during brazing. The partial pressure of oxygen gas (pO,) in
the protective atmosphere is generally selected to maintain
a metallic surface on the first and second metals, which can
vary with the particular type of first and second metals, but
is suitably about 107° atm or less in many cases.

[0032] In arefinement of the brazed joint, the bulk second
metal layer has a first metal concentration of 20 wt. % or less
(e.g., comprising at least 0.1, 1, 2, or 5 wt. % and/or up to
5, 10, 15, or 20 wt. % first metal, where the concentration
can represent an average concentration across the bulk
second metal layer and/or a range spanning/including the
local maximum and minimum concentration across the bulk
second metal layer); and the diffusion layer is present and
has a first metal concentration of at least 10 wt. % and
greater than the first metal concentration of the bulk second
metal layer (e.g., at least 10, 15, 20, or 30 wt. % and/or up
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to 30, 40, 50, 60, or 80 wt. % first metal, where the
concentration can represent an average concentration across
the diffusion layer and/or a range spanning/including the
local maximum and minimum concentration across the
diffusion layer). Relative high/low concentrations of the first
metal in the diffusion layer and the bulk second metal layer
can be based on the average first metal values in the
corresponding layers.

[0033] In another refinement of the brazed joint, the bulk
second metal layer has a second metal concentration ranging
from 70 wt. % to 99 wt. % (e.g., at least 70, 80, 90, or 95
wt. % and/orup to 75, 85, 95, 98, or 99 wt. % second metal).
The concentration can represent an average concentration
across the bulk second metal layer and/or a range spanning/
including the local maximum and minimum concentration
across the bulk second metal layer.

[0034] In another refinement of the brazed joint, the bulk
second metal layer is substantially free from discrete first
particles having a size greater than 1 um. For example, the
original porous first metal layer formed during fabrication
can be essentially completely disintegrated. The first metal
present in the bulk second metal layer can be in the form of
a continuous mixture or alloy with the second metal and not
as discrete larger first metal particles such as those originally
used to form the porous first metal layer. Alternatively or
additionally first metal present in the bulk second metal
layer can be present in sub-micron sized discrete particles
from the porous first metal layer that were not completely
disintegrated during brazing, such as less than 1000, 500,
200, 100, or 10 nm in size whether on average or for the
entire distribution.

[0035] In another refinement of the brazed joint, the dif-
fusion layer is present and is substantially free from first
metal particles. For example, the original porous first metal
layer formed during fabrication can be essentially com-
pletely disintegrated. The first metal present in the diffusion
layer can be in the form of a continuous mixture or alloy of
the first metal with minor amounts second metal and metal-
lic components from the second substrate (if applicable) and
not as discrete first metal particles. Alternatively, the diffu-
sion layer can additionally include sub-micron size first
metal particles as for the bulk second metal layer.

[0036] In another refinement of the brazed joint, the dif-
fusion layer is present and comprises the second metal at a
concentration ranging from 1 wt. % to 30 or 90 wt. % (e.g.,
at least 1, 2, 5, 10, 30, 40 or 50 wt. % and/or up to 10, 20,
25, 50, 70, 80 or 90 wt. % second metal). The concentration
can represent an average concentration across the diffusion
layer and/or a range spanning/including the local maximum
and minimum concentration across the diffusion layer. In
some cases, the relatively lower second metal values can
represent the brazed joint as initially formed; after oxidative
use of the brazed joint, second metal can migrate from the
bulk second metal layer into the diffusion layer and be
present at higher concentrations.

[0037] In another refinement of the brazed joint, the first
substrate comprises a ceramic material, and the second
substrate comprises a metal material. In a further refinement,
the diffusion layer is present and the component of the
second substrate in the diffusion layer comprises a metallic
component of the metal material (e.g., iron in the case of a
stainless steel second substrate) at a concentration ranging
from 5 wt. % to 80 wt. % (e.g., at least 5, 10, 15, 20, or 30
wt. % and/or up to 30, 40, 50, 60, or 80 wt. % metallic
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component). The concentration can represent an average
concentration across the diffusion layer and/or a range
spanning/including the local maximum and minimum con-
centration across the diffusion layer.

[0038] While the disclosed compounds, articles, methods
and compositions are susceptible of embodiments in various
forms, specific embodiments of the disclosure are illustrated
(and will hereafter be described) with the understanding that
the disclosure is intended to be illustrative, and is not
intended to limit the claims to the specific embodiments
described and illustrated herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] FIG. 1 shows a pre-sintering step (panel A) and a
brazing step (panel B) according to methods of the disclo-
sure.

[0040] FIG. 2 shows backscatter electron (BSE) images of
the morphology of a porous pre-sintered Ni layer on a YSZ
substrate at different magnification levels of with a scale bar
of 100 um (panel A) and 20 um (panel B).

[0041] FIG. 3 shows BSE images of an as-brazed joint
cross-section brazed for 15 minutes (panel A) and 30 min-
utes (panel B). Panels C-E show magnified images of
representative portions of the 15 minute brazed joint of
panel A. Panels F-H show magnified image of representative
portions of the 30 minute brazed joint of panel B. Scale bars
are 1 mm (panels A and B), 50 pm (panels C and F), and 10
um (panels D, E G, H).

[0042] FIG. 4 shows a BSE image of the YSZ-braze
interface of an intentionally cracked sample (scale bar 20
pm).

[0043] FIG. 5 shows energy-dispersive X-ray spectros-
copy (EDS) line scans across a 30 minute as-brazed sample
(panel A); across the as-brazed sample’s braze-SS interface
(panel B) across; and, across the as-brazed sample’s YSZ-
braze interface, at the locations indicated in FIG. 3, panels
F-H, respectively.

[0044] FIG. 6 shows BSE images of an entire 120 h 750°
C. oxidized brazed joint cross-section (panel A); an entire
500 h 750° C. oxidized braze joint cross-section (panel B);
higher magnification representative images of the 120 h
750° C. oxidized braze joint (panels C-E); and higher
magnification representative images of the 500 h 750° C.
oxidized braze joint (panels F-H). Scale bars are 1 mm
(panels A and B), 50 um (panels C and F), and 10 pm (panels
D, E G, H).

[0045] FIG. 7 shows EDS line scans of a 30 minute brazed
sample across the 120 h 750° C. oxidized brazed joint center
(panel A); across the 120 h 750° C. oxidized SS-braze
interface (panel B); across the 120 h 750° C. oxidized
YSZ-braze interface (panel C); across the 500 h 750° C.
oxidized joint center (panel D); across the 500 h 750° C.
oxidized SS-braze interface (panel E); and 500 h 750° C.
oxidized YSZ-braze interface, at the locations indicated in
FIG. 5, panels C-H, respectively.

[0046] FIG. 8 shows shear stress and strain curves from
symmetric double shear lap samples after various amounts
of oxidation.

DETAILED DESCRIPTION

[0047] The disclosure provides a brazing method for join-
ing substrates, which method is generally illustrated in FIG.
1. In particular the disclosure provides a brazing method for
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joining substrates including (a) providing a porous wetting
substrate including: (i) an underlying first substrate, and (ii)
a porous first metal layer on a surface of the underlying
substrate; (b) applying a braze second metal material to the
porous wetting substrate and in contact with the porous first
metal layer thereon, the second metal having a lower melting
point than that of the first metal; (¢) applying a second
substrate to the braze second metal material, thereby form-
ing a pre-braze joint including the porous wetting substrate,
the braze second metal material, and the second substrate;
and (d) brazing the pre-braze joint at a temperature and
pressure sufficient to melt the braze second metal material,
wet pores of the porous first metal layer with the molten
braze second metal material, and contact the first substrate
with the molten braze second metal material, thereby form-
ing a brazed joint including the first substrate, the second
substrate, and a second metal layer joining the first and
second substrates.

[0048] The disclosure further provides a method of assem-
bling a solid-oxide fuel cell (SOFC) and a brazed joint
formed using the method of the disclosure.

[0049] Reactive air Ag—CuO brazes are the most widely
used SOFC brazes today. Unfortunately, however, the high
~45° wetting angle of the conventional Ag-4 wt % Cu braze
often leads to braze joint manufacturing defects and a useful
lifetime of about only 10,000 hours. Furthermore, the reduc-
tion of CuO during dual atmosphere (H,/O,) SOFC opera-
tion results in pores that: i) mechanically weaken the braze
interfaces, and ii) provide a short-circuit path for H, invasion
into the center of the braze, thereby hastening the develop-
ment of gaseous water pockets formed when oxygen and
hydrogen meet within the braze and reducing the mechanical
strength of the braze.

[0050] Advantageously, the disclosure provides porous
metal layers, instead of reactive air element additions, that
allow substrates difficult to wet with molten braze material
(e.g., ceramics such as yttria-stabilized zirconia (YSZ), etc.)
to form braze joints with metal substrates (e.g. stainless
steel) using reactive-element-free, metal-based brazes.
Therefore, the disclosure provides a method of brazing to
join two substrates that eliminates the formation of pores
from CuO reduction in an SOFC, thereby increasing the
braze joint reliability, operational robustness, and lifetime.

[0051] Table 1, below, shows that the inert atmosphere
porous-metal-enabled brazing approach of the disclosure
has many advantages over conventional reactive air brazing.
Brazing in inert atmosphere prevents oxidation of the metal
(s), but unlike vacuum or hydrogen brazing, it does not
utilize oxygen partial pressures that adversely affect the
mechanical and electrochemical properties of oxygen-par-
tial-pressure-sensitive SOFC cathode materials.

TABLE 1

Comparison of Conventional Reactive
Air vs. Porous-Metal Enabled Brazing

Pore Type Reactive Air Brazing Porous-Metal-Enabled Brazing

Type I
(wetting)

© = 45° and organic © < 30° and no present organics
materials in braze paste lead to fully infiltrated porous
lead to pores during manu- metal network

facture
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TABLE 1-continued

Comparison of Conventional Reactive
Air vs. Porous-Metal Enabled Brazing

Pore Type Reactive Air Brazing Porous-Metal-Enabled Brazing

Type 1I CuO reduction on YSZ- No oxides present to be reduced
(inter- braze and braze-SS inter- by anode gas during SOFC
facial) faces causes formation of  operation

micro-pores during SOFC

operation
Type I  H, and O, diffuse through  No Type II pores present to

(H, + O,) braze to form water
pockets, compromising
joint after ~10,000 hours
of SOFC operation

provide short circuit path for

H, during SOFC operation,
increasing joint reliability and
delaying onset of Type III pores.

Substrates

[0052] The first, i.e., underlying, substrate and the second
substrate of the disclosure are not particularly limited. That
is, the brazing method of the disclosure is applicable to any
two substrates that are suitable for brazing applications. For
example, the substrates can include, but are not limited to,
ceramic materials or metal materials.

[0053] As used herein, the terms “first substrate,” “under-
lying substrate,” and “underlying first substrate” are used
interchangeably, generally referring to a substrate including
a porous metal layer thereon to improve wetting and adhe-
sion after brazing (e.g., considering the substrate to be
“under” the porous metal layer).

[0054] In embodiments, the underlying first substrate
includes a ceramic material. In embodiments, the second
substrate includes a ceramic material. As used herein, a
“ceramic material” refers to an inorganic, non-metallic
oxide, nitride, or carbide material. The ceramic material can
include aluminum oxide, zirconium oxide, cerium oxide,
zinc oxide, silicon carbide, silicon nitride, or tungsten car-
bide. In embodiments, the ceramic material is selected from
the group consisting of aluminum oxide, zirconium oxide,
cerium oxide, zinc oxide, silicon carbide, silicon nitride, and
tungsten carbide. In embodiments, the ceramic metal
includes stabilized zirconium oxide, i.e., zirconia. As used
herein, the terms “stabilized zirconium oxide” and “stabi-
lized zirconia” are used interchangeably, and refer to a
ceramic material in which the crystal structure of zirconium
dioxide is made stabilized at room temperature by an
addition of an additional oxide material, such as up to about
10 mol. % of the additional oxide material. The stabilized
zirconia can include, for example, yttrium oxide (yttria)-
stabilized zirconia (YSZ), calcium oxide (calcia)-stabilized
zirconia, magnesium oxide (magnesia)-stabilize zirconia,
cerium oxide (ceria)-stabilized zirconia, scandium oxide
(scandia)-stabilized zirconia, aluminum oxide (alumina)-
stabilized zirconia, cerium oxide, doped cerium oxide, or
combinations thereof. In embodiments, the stabilized zirco-
nium oxide (zirconia) is selected from the group consisting
of yttrium oxide (yttria)-stabilized zirconia (YSZ), calcium
oxide (calcia)-stabilized zirconia, magnesium oxide (mag-
nesia)-stabilize zirconia, cerium oxide (ceria)-stabilized zir-
conia, scandium oxide (scandia)-stabilized zirconia, alumi-
num oxide (alumina)-stabilized zirconia, cerium oxide,
doped cerium oxide, and combinations thereof. Commonly,
SOFC solid electrolytes include yttria-stabilized zirconia,

29 <.
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such as with 8 mol. % yttria, scandia-stabilized zirconia
(ScSZ), such as with 9 mol. % scandia, and gadolinium
doped ceria (GDC).

[0055] In embodiments, the underlying first substrate
includes a metal material. In embodiments, the second
substrate includes a metal material. Suitable metal materials
can include stainless steel alloy and nickel-based high-
temperature alloy. In embodiments, the first substrate
includes at least one of a stainless steel alloy and nickel-
based high temperature alloy. In embodiments, the second
substrate includes at least one of a stainless steel alloy and
a nickel-based high-temperature alloy. One example of a
suitable stainless steel alloy is stainless steel 441, an 18%
chromium, dual stabilized ferritic stainless steel.

[0056] In embodiments wherein both the first substrate
and the second substrate include metal materials, the first
substrate can be the same or different metal from the second
substrate. In embodiments wherein both the first substrate
and the second substrate include ceramic materials, the first
substrate can be the same or different ceramic material from
the second substrate.

Metal Layers

[0057] The disclosure provides a porous wetting substrate
including the underlying first substrate as described, and a
porous first metal layer on a surface thereof. Further pro-
vided is a braze second metal material applied to the porous
wetting substrate and in contact with the porous first metal
layer thereon.

[0058] The porous first metal layer is not particularly
limited. For example, the porous first metal layer includes a
first metal, wherein the first metal includes at least one of
nickel, aluminum, cobalt, iron, copper, or combinations
thereof. Furthermore, the porous first metal layer can include
mixtures and alloys of nickel, aluminum, cobalt, iron, and/or
copper.

[0059] The porous first metal layer can have a thickness
ranging from about 10 nm to about 250 pm, about 2 um to
about 250 pm, about 5 pm to about 100, about 10 pm to
about 75 um, or about 25 um to about 50 pum, for example,
about 10 nm, 100 nm, 250 nm, 500 nm, 750 nm, 1 um, 2 pm,
3 um, 5 um, 8 pm, 10 pm, 15 pm, 20 pm, 30 um, 40 pm, 60
um, 75 pm, 100 pm, 125 pm, 150 pm, 175 pm, 200 um, or
250 pm. The porous first metal layer need not have a uniform
thickness, and the foregoing thickness values can represent
an average thickness of the porous first metal layer and/or a
range for a spatially variable local layer thickness.

[0060] The porous first metal layer can include pores
ranging in size from about 10 nm to about 50 pum, about 1
pum to about 50 pum, about 5 um to about 30 um, or about 10
to about 20 um, for example about 10 nm, 100 nm, 250 nm,
500 nm, 750 nm, 1 pm, 2 pm, 3 pm, 4 pm, 5 pm, 7 um, 10
um, 15 pm, 20 pm, 25 pm, 30 um, 35 pm, 40 um, 45 pm, or
50 um. The foregoing pore size values can represent an
average pore size and/or a range for distributed pore sizes
throughout the porous first metal layer.

[0061] The first metal is selected for its relative resistance
to oxidation, such as nickel, cobalt, and iron, which have a
high oxidation resistance and a high relative melting point
compared to the braze second metal material, or simply, the
second metal material.

[0062] In embodiments, the first metal has a higher melt-
ing point than the second metal material. Some metals such
as aluminum, nickel, cobalt, and copper may be useful as
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either the first or the second metal material based on its
particular melting point relative to the other metal.
Examples of specific combinations of the first/second metal
can include Ni/Ag, Fe/Ag, Co/Ag, Al/Sn, Cu/Bi, and Fe/Bi.
In some embodiments, the first and second metal combina-
tions are selected such that the first and second metals are
relatively immiscible in each other, such that the bulk braze
layer in the final brazed joint is substantially composed of a
bulk second metal layer with only minor amounts of the first
metal, wherein a large portion of the first metal has migrated
to the diffusion layer where it forms a miscible alloy or blend
with metallic components diffusing out from the second
substrate. As used herein, “minor amounts of the first metal”
means that no more than 30 wt. %, no more than 20 wt. %,
no more than 10 wt. %, no more than 5 wt. %, or no more
than 2 wt. % of the immiscible first metal is present in the
bulk second metal layer of the final brazed joint. In addition,
or alternatively, the porous first metal layer can remain at
least partially or substantially intact as a discrete phase of the
bulk braze layer. That is, the final brazed joint may include
a discrete porous first metal layer, and a discrete braze
second metal material layer. Furthermore, the first metal can
be miscible with the second metal, thereby dissolving into
the bulk braze second metal layer as a homogeneous com-
ponent. Additionally, the first metal can react with the
second substrate.

[0063] Generally, the first metal, the second metal, and the
first substrate are selected based on a relative inability of the
second metal to wet the first substrate in isolation. That is,
the second metal may, when measured in air or an inert
atmosphere such as nitrogen, have a contact angle on the
first metal or the first substrate of at least about 20°, about
30°, about 40°, about 50°, about 75°, about 100°, about
150°, or about 180°. Without intending to be bound by
theory, the porous nature of the first metal layer promotes
efficient wetting by the molten second metal braze of both
the porous first metal layer and the first substrate.

[0064] Inembodiments, the braze second metal material is
in the form of a foil. The foil, or foils, may have a net
thickness of from about 50 pm to about 200 um, about 75 pm
to about 150 um, or about 100 pum to about 125 pum, for
example about 50, 75, 100, 125, 150, 175, or 200 um. The
braze second metal material can be a single foil layer or
multiple foil layers to form a correspondingly thicker braze
joint. More generally, the braze second metal material can be
any desired shape or form, such as small pellets or rods of
the second metal material.

[0065] In embodiments, the braze second material
includes at least 90 wt. % of the second metal materials. That
is, the braze second material includes at least 90 wt. %, at
least 95 wt. %, at least 98 wt. %, at least 99 wt. %, at least
99.9 wt. % of the second metal, with the balance being other
alloy and/or impurity elements.

[0066] Generally, the braze second metal material is free
of air-reactive components. That is, the braze second metal
material is free from oxygen-reactive, such as reducible or
oxidizable species. Examples of said oxygen-reactive spe-
cies include elements such as copper, indium, zirconium,
titanium, zinc, tin, manganese, lithium, and/or silicon. Fur-
thermore, an oxygen-reactive species can include and any
species that includes the foregoing elements, such as copper-
containing species such as CuO.
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Pre-Sintering Step

[0067] A pre-sintering step 100 can be used to prepare the
porous wetting substrate 110. The pre-sintering step 100 can
include applying to the first substrate 114 a layer of the first
metal 118, as described, in a mixture including a liquid
formulation 118A and first metal particles 118B dispersed in
the liquid formulation 118A, and pre-sintering the layer of
the first metal mixture 118 at a temperature and pressure
sufficient to remove the liquid formulation 118A and at least
partially sinter the first metal particles 118B, thereby form-
ing the porous first metal layer 120. The layer of the first
metal mixture 118 can be pre-sintered to the first substrate
114 in a protective pre-sintering atmosphere.

[0068] As described, the first metal is generally prepared
as a mixture 118 in the pre-sintering step 100. The first metal
mixture 118 may be in the form of a solution, thick paste,
suspension, or the like, that coats the first substrate 114 in the
target area of interest, that is, the area to be adjoined to the
second substrate 214 in the brazed joint.

[0069] The first metal mixture 118 can include from about
30 wt. % to about 90 wt. %, about 40 wt. % to about 70 wt.
%, or about 50 wt. % to about 60 wt. % first metal particles
118B, for example, about 30, 35, 40, 45, 50, 55, 60, 65, 70,
75, 80, 85, or 90 wt. % first metal particles 118B. Accord-
ingly, the first metal mixture 118 can include from about 10
wt. % to about 70 wt. %, about 30 wt. % to about 60 wt. %,
or about 40 wt. % to about 50 wt. % liquid formulation
118A, for example about 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, or 70 wt. % liquid formulation 118A.

[0070] The liquid formulation 118A can include a liquid
solvent medium. Suitable solvent media include, but are not
limited to, water, isopropanol or other alcohol or organic
solvent. In embodiments, the liquid formulation 118A
includes a polymeric solution. For example, the liquid
formulation 118A can include a liquid binder, such as a
polymeric binder dissolved in the solvent medium, to
improve green strength. In embodiments, the polymeric
binder can be a curable binder such that the corresponding
cured binder or resin is degradable at an intermediate
temperature between its curing temperature and the pre-
sintering temperature. Examples of suitable polymeric bind-
ers include, but are not limited to, ethylene glycol monobu-
tyl ether, ethylene glycol, and isopropanol. The liquid
formulation 118A can also include a dispersant, such as a
polymeric dispersant dissolved in the solvent medium, to
prevent agglomeration of the first metal particles in the
stable first metal mixture. Generally, the liquid formulation
118A can include any polymeric binder, dispersant, resin, or
other liquid vehicle.

[0071] The first metal mixture layer 118 can have a
thickness prior to pre-sintering ranging from about 10 nm to
about 250 um, about 2 pm to about 100 pm or 250 um, about
5 um to about 60 um or 100 um, about 10 um to about 40
um or 75 pm, or about 20 um to about 30 um or 50 um, for
example, about 10 nm, 100 nm, 500 nm, 750 nm, 1 pum, 2
um, 3 pm, 4 pm, 5 um, 6 pm, 7 pum, 8 pm, 9 pm, 10 pm, 12
um, 14 pm, 15 pm, 17 pm, 20 um, 25 pum, 30 pm, 35 pm, 40
um, 45 pm, 50 pm, 55 pm, 60 um, 65 um, 70 pm, 75 pm, 80
um, 85 pum, 90 um, 95 pm, 100 pm, 125 pm, 150 um, 175
um, 200 um, or 250 um. The foregoing ranges can similarly
represent an average layer thickness. The first metal mixture
layer 118 can be comparable, but generally larger in thick-
ness, relative to that of the eventual porous first metal layer
120.
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[0072] The first metal mixture layer 118 can include first
metal particles 118B having a size ranging from about 10 nm
to about 50 um, about 2 um to about 50 um, about 3 um to
about 40 um, about 5 um to about 30 um, or about 10 um to
about 20 pm, for example, about 10 nm, 250 nm, 500 nm,
750 nm, 1 pm, 2 pm, 3 pm, 4 pm, 5 pm, 6 pm, 7 pm, 8 pm,
9 pm, 10 pm, 15 pm, 20 pm, 25 pm, 30 um, 35 um, 40 um,
45 um, or 50 um. The size of the first metal particles 118B
can be expressed in terms of a number-, mass-, or volume-
average particle size or diameter. The foregoing ranges can
similarly represent the span (such a D10 to D90) of the first
metal particle size distribution. In embodiments, the porous
first metal layer 120, that is the layer formed as a result of
the pre-sintering step 100, can have a thickness ranging from
about 1 to about 10, from about 1.5 to about 8, or from about
2 to about 5 times the average particle size of the first metal
particles 118B in the first metal mixture layer 118 prior to
pre-sintering. For example, the porous first metal layer 120
can have a thickness of about 1, 1.5, 2,3, 4, 5,6,7, 8,9, or
10 times the number-, mass-, or volume-average particles
size or diameter of the first metal particles 118B as added to
the first metal mixture 118.

[0073] Generally, the pre-sintering step can include first
subjecting the first metal mixture layer to a gradually
ramping temperature that removes the liquid formulation by,
for example, degrading or decomposing the polymer addi-
tives therein, and at least partially fusing the first metal
particles to form the porous first metal layer. Sintering
generally includes applying heat and/or pressure at a level
and time sufficient to fuse the particles of the sintering
composition without substantial melting such as to lique-
faction.

[0074] According to the disclosure, the pre-sintering step
100 can include heating the layer of the first metal mixture
118 once applied to the first substrate 114 to a maximum
temperature 130 ranging from about 100° C. or 600° C. to
about 1400° C., about 800° C. to about 1200° C., or about
1000° C. to about 1100° C., for example about 100, 200,
300, 400, 500, 600, 650, 700, 750, 800, 850, 900, 950, 1000,
1050, 1100, 1150, 1200, 1250, 1300, 1350, or 1400° C.
Additionally, or alternatively, the pre-sintering step 100 can
include heating to a maximum temperature 130 that is at
least from about 20° C. to 2000° C., about 100° C. to about
700° C., about 200° C. to about 500° C., or about 300° C.
to about 400° C. lower than the melting point of the first
metal. The maximum temperature 130 can be reached by, for
example, ramping 126 from ambient/room temperature of
the first metal mixture layer 118 at a rate of about 2° C./min
to about 100° C./min, or about 10° C./min to about 50°
C./min (e.g., about 5° C./min), up to the maximum tempera-
ture 130. Optionally, the first substrate 114 having the first
metal mixture layer 118 thereon can be held at the maximum
temperature (or the “holding temperature”) 130 for a period
from about 0.1 hours to about 5 hours, about 0.5 hours to
about 3 hours, or about 1 hour to about 2 hours, for example
about 0.1, 0.3, 0.5, 0.7, 1, 2, 3, 4, or 5 hours. After the first
substrate 114 having the first metal mixture layer 118
thereon is optionally held at the holding temperature 130 for
the desired period of time, or after the maximum tempera-
ture is reached in embodiments wherein there is no holding
period, the temperature can be reduced 134 back to ambient
temperature at a rate of about 2° C./min to about 100°
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C./min, or about 10° C./min to about 50° C./min (e.g., about
5° C./min), down ambient/room temperature to provide a
porous first metal layer 120.

[0075] In general, the pre-sintering step 100 is performed
at a temperature sufficient to eliminate the liquid formulation
118A, but less than a temperature sufficient to fully sinter the
first metal. That is, the pre-sintering step 100 is performed
at a temperature to sufficiently evaporate solvent, and
decompose or otherwise eliminate any polymeric additives,
while forming a partially sintered, porous first metal layer
120. At such temperatures, partial sintering or fusing of
some of the first metal particles 118B to the first substrate
114 can occur to a degree sufficient to provide a porous
wetting substrate 110, even in the absence of polymeric
additives.

[0076] As described, the pre-sintering step 100 can be
performed in a protective pre-sintering atmosphere. The
protective pre-sintering atmosphere is any inert and/or pro-
tective atmosphere that avoids or prevents oxidation of the
first metal particles during the pre-sintering step. Accord-
ingly, the protective pre-sintering atmosphere can include at
least one of argon and nitrogen.

[0077] The protective pre-sintering atmosphere can be
essentially completely inert gases such as argon, nitrogen, or
a mixture thereof. As used herein, “essentially completely
inert gases” means that the protective atmosphere includes at
least 90 mol. %, at least 95 mol. %, at least 98 mol. %, at
least 99 mol. % or at least 99.9 mol. % inert gases. In
addition to the inert gas, a reducing gas, such as hydrogen,
can be included in the protective pre-sintering atmosphere to
prevent against oxidation. The reducing gas can be included
in an amount of up to 10 mol. %, up to 5 mol. %, up to 2 mol.
%, up to 1 mol. % or up to 0.1 mol. % of the protective
pre-sintering atmosphere.

[0078] The protective pre-sintering atmosphere is gener-
ally at a pressure of 1 atm or slightly higher to limit entry of
external air during pre-sintering. The partial pressure of
oxygen gas (pO,) in the protective pre-sintering atmosphere
is generally selected to maintain a metallic surface on the
first metal particles and porous first metal layer, which can
vary with the particular type of first metal, but is suitably
about 1076 atm or less.

Brazing Step

[0079] The disclosure provides brazing 200 a pre-braze
joint 210 including the porous wetting substrate 110, the
second substrate 214, and the braze second metal material
218, as described, at a temperature and pressure sufficient to
melt the braze second metal material 218, wet pores of the
porous first metal layer 110 with the molten braze second
metal material 218, and contact the first substrate 114 with
the molten braze second metal material 218, thereby form-
ing a brazed joint including the first substrate 114, the
second substrate 214, and a second metal layer 218 joining
the first 114 and second 214 substrates.

[0080] The brazing can include heating the pre-braze joint
210 to a maximum temperature 230 ranging from about 100°
C. or 600° C. to about 1200° C. or 2000° C., about 700° C.
to about 1100° C., or about 800° C. to about 1000° C., for
example about 100, 200, 300, 400, 500, 600, 650, 700, 750,
800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1500,
1700, or 2000° C. Alternatively, or additionally, brazing 200
can include heating to a maximum temperature 230 above
the melting point of the second metal material 218, but less
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than that of the first metal material 118B. That is, the brazing
200 can include heating to a maximum temperature 230
ranging from at least 20° C. to about 2000° C., about 25° C.
to about 700° C., about 50° C. to about 500° C., or about
100° C. to about 300° C. below the melting point of the first
metal 118, for example about 20, 25, 50, 100, 150, 200, 25,
300, 350, 400, 450, 500, 550, 600, 650, 700, 1000, or 2000°
C. lower than the melting point of the first metal 118.
[0081] Similar to the pre-sintering step 100, the brazing
step 200 can include ramping 226 the temperature of the
pre-braze joint 210 from ambient/room temperature to the
maximum temperature 230, holding at the maximum, or
“holding,” temperature 230, and ramping back down 234 to
ambient/room temperature. For example, the temperature
can be ramped 226 from ambient/room temperature of the
pre-braze joint at a rate of about 2° C./min to about 100°
C./min, or about 10° C./min to about 50° C./min (e.g., about
5° C./min), up to the maximum temperature 230. Optionally,
the pre-braze joint 210 can be held at the maximum tem-
perature 230 for a period from about 0.1 hours to about 5
hours, about 0.5 hours to about 3 hours, or about 1 hour to
about 2 hours, for example about 0.1, 0.15, 0.2, 0.25, 0.3,
0.5, 0.7, 1, 2, 3, 4, or 5 hours. After pre-braze joint 210 is
held at the holding temperature 230 for the desired period of
time, the temperature can be reduced 234 at a rate of about
2° C./min to about 300° C./min, about 2° C./min to about
100° C./min, or about 10° C./min to about 50° C./min (e.g.,
about 5° C./min), down to ambient/room temperature to
provide the final brazed joint.

[0082] The brazing step 200 can be performed in a pro-
tective brazing atmosphere. The protective brazing atmo-
sphere can include any inert or protective atmosphere that
avoids or prevents oxidation of the nickel porous layer
during brazing. In embodiments, the protective brazing
atmosphere includes at least one of argon and nitrogen. The
protective brazing atmosphere can be essentially completely
inert gases such as argon, nitrogen, or a mixture thereof.
That is, the protective brazing atmosphere can include at
least 90 mol. %, at least 95 mol. %, at least 98 mol. %, at
least 99 mol. % or at least 99.9 mol. % inert gases. In
addition to the inert gas, a reducing gas, such as hydrogen,
can be included in the protective brazing atmosphere to
prevent against oxidation. The reducing gas can be included
in an amount of up to 10 mol. %, up to 5 mol. %, up to 2 mol.
%, up to 1 mol. % or up to 0.1 mol. % of the protective
brazing atmosphere.

[0083] The protective brazing atmosphere is generally at a
pressure of 1 atm or slightly higher to limit entry of external
air during pre-sintering. The partial pressure of oxygen gas
(pO,) in the protective brazing atmosphere is generally
selected to maintain a metallic surface on the first and
second metals, which can vary with the particular types of
first and second metals, but is suitably about 1075 atm or
less.

Brazed Joint

[0084] The disclosure provides a brazed joint 310 includ-
ing a first substrate 114, a bulk second metal layer 314
adjacent to the first substrate 114, the bulk second metal
layer 314 including a first metal 118B and the second metal
218, the first metal 118B being at a lower concentration than
the second metal 218 in the bulk second metal layer 314,
optionally a diffusion layer 318 adjacent to the bulk second
metal layer 314, the diffusion layer 318 including the first
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metal 118B and at least one component of a second substrate
214 adjacent to the diffusion layer 318, and a second
substrate 214 adjacent to the diffusion layer 318 (when
present) or the bulk second metal layer 314 (when the
diffusion layer is absent).

[0085] The concentration of the first metal layer 118B in
the bulk second metal layer 314 is generally less than about
20 wt. %, less than 15 wt. %, less than 10 wt. %, less than
5 wt. %, less than 2 wt. %, less than 1 wt. %, or less than 0.1
wt. %. The foregoing concentration values can represent an
average concentration across the bulk second metal layer
314 and/or a range spanning or including the local maximum
and minimum concentration across the bulk second metal
layer.

[0086] The brazed joint 310 can include a diffusion layer
318, that is, a layer at the interface of the bulk second metal
material 314 and the second substrate 214 including metallic
components diffusing out from the second substrate 214 and,
optionally, first metal particles 118B. The diffusion layer 318
can include a first metal concentration of at least 10 wt. %
and greater than the concentration of the first metal 118B in
the bulk second metal layer 314. For example, the diffusion
layer 318 can include at least 10, 15, 20, 30, 40, 50, 60, 70,
or 80 wt. % of the first metal 118B, wherein the concentra-
tion can represent an average concentration across the
diffusion layer 318 and/or a range spanning or including the
local maximum and minimum concentrations across the
diffusion layer 318. Relative high/low concentrations of the
first metal 118B in the diffusion layer 318 and the bulk
second metal layer 314 can be based on the average first
metal values in the corresponding layers.

[0087] Alternatively, in embodiments wherein a diffusion
layer is present, the diffusion layer 318 can be substantially
free of first metal particles 118B. For example, the original
porous first metal layer 120 formed during fabrication can be
essentially completely disintegrated. Alternatively, the first
metal 118B present in the diffusion layer 318 can be in the
form of a continuous mixture or alloy of the first metal 118B
with minor amounts of second metal and metallic compo-
nents from the second substrate 214, and not as discrete first
metal particles 118B. Alternatively, or additionally, the dif-
fusion layer 318 can include sub-micron sized first metal
particles 118B, such as less than 1000 nm, less than 500 nm,
less than 200 nm, less than 100 nm, or less than 10 nm in
size, whether on average or for the entire distribution of first
metal particles in the diffusion layer.

[0088] The bulk second metal layer 314 of the brazed joint
310 can have a second metal 218 concentration ranging from
about 70 wt. % to about 99.9 wt %, about 80 wt. % to about
98 wt. %, or about 85 wt. % to about 95 wt. %, for example
at least about 70, 75, 80, 85, 90, 95, 98, 99, or 99.9 wt %.
The concentration can represent an average concentration
across the bulk second metal layer 314 and/or a range
spanning or including the local maximum and minimum
concentrations across the bulk second metal layer 314.
[0089] Inembodiments, the bulk second metal layer 314 is
substantially free from discrete first metal particles 118B
having a size greater than 1 pm. That is, the original porous
first metal layer 120 formed during fabrication can be
essentially completely disintegrated. Alternatively, the first
metal 118B can be present in the bulk second metal layer
314 in the form of a continuous mixture or alloy with the
second metal and not as discrete larger first metal particles
such as those used to form the porous first metal layer 120.
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Furthermore, alternatively, or additionally, the first metal
118B can be present in the bulk second metal layer 314 as
sub-micron sized discrete particles that were not completely
disintegrated during brazing, such as less than 1000 nm, less
than 500 nm, less than 200 nm, less than 100 nm, or less than
10 nm in size, whether on average or for the entire distri-
bution of first metal particles 118B in the bulk second metal
layer 314.

[0090] In embodiments wherein the diffusion layer 318 is
present, the second metal 218 can be included in the
diffusion layer 318. The second metal 218 can be present in
the diffusion layer 318 at a concentration ranging from about
1 wt. % to about 30 or 90 wt. %, about 2 wt. % to about 25
wt. % or about 5 wt. % to about 20 wt. %, for example about
1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80
or 90 wt. %. The concentration can represent an average
concentration of the second metal 218 across the diffusion
layer 318 and/or a range spanning or including the local
maximum and minimum concentration across the diffusion
layer 318. In embodiments, the relatively lower second
metal values can represent the brazed joint 310 as initially
formed. After oxidative use of the brazed joint 310, for
example in a solid-oxide fuel cell, the second metal 218 can
migrate from the bulk second metal layer 314 into the
diffusion layer 318 and be present at higher concentrations.

[0091] In embodiments, the first substrate 114 includes a
ceramic material and the second substrate 214 includes a
metal material. In embodiments, the diffusion layer 318 is
present and the component of the second substrate 214
included in the diffusion layer 318 includes a metallic
component of the second substrate metal material at a
concentration ranging from about 5 wt. % to about 80 wt. %,
about 10 wt. % to about 60 wt. %, about 20 wt. % to about
50 wt. %, or about 30 wt. % to about 40 wt. %, for example,
about 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
or 80 wt. % metallic component. An example of the metallic
component of the second substrate metal material is iron, in
the case of a stainless steel second substrate. The concen-
tration can represent an average concentration across the
diffusion layer 318 and/or a range spanning or including the
local maximum and minimum concentration across the
diffusion layer 318.

Assembling Solid-Oxide Fuel Cell

[0092] The disclosure provides a method of assembling a
solid-oxide fuel cell. The method includes providing the
brazed joint 310 of the disclosure, wherein the first substrate
114 includes a ceramic material, and the second substrate
214 includes a metal material, and incorporating the brazed
joint 310 into a solid-oxide fuel cell as a stack component
thereof.

[0093] Advantageously, the solid-oxide fuel cells
assembled using the brazed joint of the disclosure have
increased lifetime, reliability, and robustness due to the
decrease in Type I, Type 11, and Type I1I pores, as previously
described.

[0094] Because other modifications and changes varied to
fit particular operating requirements and environments will
be apparent to those skilled in the art, the disclosure is not
considered limited to the example chosen for purposes of
illustration, and covers all changes and modifications which
do not constitute departures from the true spirit and scope of
this disclosure.
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[0095] Accordingly, the foregoing description is given for
clearness of understanding only, and no unnecessary limi-
tations should be understood therefrom, as modifications
within the scope of the disclosure may be apparent to those
having ordinary skill in the art.

[0096] All patents, patent applications, government pub-
lications, government regulations, and literature references
cited in this specification are hereby incorporated herein by
reference in their entirety. In case of conflict, the present
description, including definitions, will control.

[0097] Throughout the specification, where the com-
pounds, compositions, articles, methods, and processes are
described as including components, steps, or materials, it is
contemplated that the compositions, processes, or apparatus
can also comprise, consist essentially of, or consist of, any
combination of the recited components or materials, unless
described otherwise. Component concentrations can be
expressed in terms of weight concentrations, unless specifi-
cally indicated otherwise. Combinations of components are
contemplated to include homogeneous and/or heterogeneous
mixtures, as would be understood by a person of ordinary
skill in the art in view of the foregoing disclosure.

EXAMPLES

Example 1—Preparation and Characterization of
Samples

[0098] Porous nickel layers were applied to NiO—YSZ
supported YSZ electrolytes supplied by Delphi Inc., using
the following procedure:

[0099] First, 99.9% pure Ni powders (Alfa Aesar, Inc.)
with particle sizes of 3-7 um were mixed with a V-737
electronic vehicle (Hereaus, Inc.) in a 2:1 weight ratio to
form a paste. This Ni paste was then screen printed onto 25
mmx25 mm trilayer substrates made up of a dense, ~15 pm
thick YSZ electrolyte, a ~15 pm thick NiO—YSZ function
anode layer and a ~500 um thick porous NiO—YSZ anode
layer. Two passes were used to print each layer, and 10 min
of 80° C. drying was used between prints. A 400-mesh
screen containing 17.78 um diameter stainless steel wires at
22° and a 9 um thick E80 emulsion (Sefar Inc.) was used for
screen printing.

[0100] Second, in 20 sccm of flowing Ar, the samples were
ramped at 5° C./min, held at ~810° C. for 2 h, and cooled to
room temperature with a 5° C./min nominal cooling rate to
produce partially sintered nickel layers.

[0101] Third, a 75 pum thick, ~6.3 mmx6.3 mm piece of
99.95% pure silver foil (Alfa Aesar, Inc.) was sandwiched
between the NilYSZINiO—YSZ substrate and a bare 441
stainless steel sheet (AK Steel Corp.) with a ~20 g weight on
top, and the joint assemblies were ramped at 5° C./min, held
at ~970° C. for either 15 or 30 min, and cooled to room
temperature with a 5° C./min nominal ramp rate in 20 sccm
of Ar.

[0102] Braze joint oxidation tests were performed by
placing joints brazed for 30 min in a static air furnace and
ramped at 5° C./min, isothermally held at 750° C. for either
120 or 500 h, and cooled to room temperature with a 5°
C./min nominal ramp rate.

[0103] Pre-sintered  YSZ/Ni samples, as-brazed
YSZINilAgl441 samples, and oxidation-tested
YSZINilAgl441 samples were mounted in epoxy (EPOFIX,
Buehler Inc.) and mechanically polished with alumina down
to 0.3 um in preparation for scanning election microscopy
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analysis. Backscatter electron (BSE) images were then taken
with a MIRA3 SEM (Tescan, Inc.) at various magnifications
to examine the pre-sintered nickel layer and braze joint
microstructures. Energy dispersive X-ray spectroscopy
(EDS) spot and line scans were also performed on sample
cross-sections with an EVO LS25 SEM (Zeiss, GmbH) to
evaluate phase and elemental distributions across the braze
joints.

Pre-Sintered Porous Nickel on YSZ Layers

[0104] FIG. 2, panels A and B show BSE cross-sections of
a pre-sintered YSZINi sample indicating that the procedure
produced a laterally continuous, porous Ni layer consisting
of 2-5 partially sintered Ni particles.

As-Brazed Joint Microstructure

[0105] FIG. 3 shows that both 15 and 30 minutes of
brazing in Ar were sufficient to produce pore-free, laterally
uniform braze joints. Specifically, FIG. 3 panels A and B
show that Ag spontaneously infiltrated the porous Ni layers,
enabling the formation of dense, uniformly-thick, braze
joints after either 15 minutes (panel A) or 30 minutes (panel
B), respectively.

[0106] As shown in the higher magnification images, FIG.
3, panels C-E, the porous nickel interlayer originally located
at the braze-YSZ interface largely disappeared during 15
min of brazing (some remnants of this layer can be seen in
the middle of the silver braze joint in FIG. 3, panels A and
C), and a new reaction layer formed at the braze-SS inter-
face. As shown in FIG. 3, panels F-H, 30 min of brazing
resulted in the complete elimination of the porous nickel
interlayer from the braze-YSZ interface, and a correspond-
ingly thicker reaction layer. In both cases, the silver
remained well-bonded to the YSZ even after the porous
nickel layer disappeared. FIG. 3 panels C-G also show that
there is a very thin (<<1 um) residual oxide scale later
between the SS and the reaction layer, but that these residual
oxides did not adversely affect brazing. In fact, the change
in SS contrast above the line of residual surface oxides
denoting the original SS—Ag boundary suggested signifi-
cant intermixing and a strong metallurgical bond between
the SS and the reaction layer. Joints brazed upside down
achieved the same microstructure as those in FIG. 3, indi-
cating that the chemical potential differences, and not den-
sity difference, drove the reaction layer formation.

[0107] Significantly, the porous pre-sintered nickel layers
remained completely intact when brazing was conducted
without stainless steel, as shown in FIG. 4. FIG. 4 shows the
polished cross-section of an intentionally broken braze joint.
Much of the cracking in this sample occurred within the
YSZ (and not along the braze-YSZ interface), indicating a
strong bond between the Ag and YSZ. This strong bonding
agreed with the moderately high Young-Dupre Ag—YSZ
work of adhesion of 1.33 J/m® (estimated with surface
energy of silverr, =1.24 J/m? and the wetting angle for pure
Ag on ZrO, ©=85° in air) and the fact that previous work
had shown pure-Ag YSZ—SS braze joints have a fracture
energy two times higher than conventional Ag—CuO
YSZ—SS braze joints.

Compositional Variation Across the Joint

[0108] FIG. 5, panels A-C show results of 30 min brazed
joint EDX compositional analyses collected along the dotted
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lines in FIG. 3 F-H, respectively. As shown in FIG. 5 panel
A, and FIG. 3 panel F, most of the as-produced braze joint
consisted of high-purity silver, consistent with the low
solubility of nickel, iron, and chromium in silver. Hence, the
braze joints are expected to benefit from the large ductility
of silver. This high ductility provided a stress-relief mecha-
nism that allows the YSZ—SS braze joints made with
Ag—Cu brazes to survive for extended thermal cycling,
despite the fact that YSZ, 441 SS, and silver have 25-1000°
C. coeflicients of thermal expansion of ~8.9-10.6, ~9.3-13.5,
and ~15-25 ppnvK, respectively.

[0109] FIG. 5 panel B shows that the braze-SS reaction
layer included nickel from the porous interlayer and diffused
Fe and Cr from the SS. The lack of discrete nickel particles
within a silver matrix in the reaction layer, the fact that
samples brazed upside down form the same microstructures
(as shown in FIG. 3), and the presence of nickel interlayer
remnants in FIG. 3 panels A and C braze interiors, suggest
that both atomic diffusion and convective transport assisted
in the disintegration or dissolution of the porous nickel
interlayer and the formation of a reaction layer. FIG. 5
panels A and B also show good nickel, iron, and chromium
interdiffusion across the SS-reaction layer interface, sug-
gesting a strong metallurgical bond between these layers.

[0110] FIG. 5 panel C shows that a compositionally
“sharp” Ag—YSZ interface formed after the porous nickel
interlayer disappeared. Notably, the “diffusion distance”
implied by the apparent gradual transitions of the Ag, Y, Zr,
and O content across the transition is equal to ~3 um
estimated EDS electron beam interaction volume diameter,
and therefore cannot be interpreted as intermixing of Ag and
YSZ.

Post-Oxidation Braze Joint Microstructure

[0111] FIG. 6, panels A, C-E and panels B, F-H show the
30 min brazed joint microstructure after 120 and 500 h of
750° C. oxidation in air, respectively. In both cases, the
braze joints remained solid and dense after oxidation and the
braze remained bonded to both the SS and the YSZ. Further,
the majority of the braze joint, which included high-purity
silver, was microstructurally unaftected by the long-term
exposure to 750° C. air. The lateral continuity of FIG. 6
panels A and B braze joint microstructures, and the simi-
larities between the 120 and 500 h oxidized braze joint
microstructures suggest that 120 h provided sufficient time
for oxygen to diffuse into all portions of the braze joint.

[0112] FIG. 6 panels C-G show that the Ni-rich portion of
the reaction layer oxidized and formed two distinct layers,
each with reduced porosity with increasing oxidation time.
This is consistent with the fact that 1) pure Ni oxidizes
quickly in 750° C. air, 2) Ag has a high oxygen ion
conductivity of 1.5x107> ecm? s at 750° C., and 3) the Ni-rich
portion of the reaction layer was adjacent to the thick silver
layer at the interior of the braze joint. FIG. 6 also shows that
the Fe and Cr rich portion of the reaction layer did not
oxidize and that thin silver layer (denoted Ag*) often
separated the oxidized and unoxidized portion of the reac-
tion layer. Without intending to be bound by theory, given
the high ductility of pure Ag, it is plausible that the Ag™* layer
formed from silver squeezed against the unoxidized portion
of'the reaction layer by the volume expansion and associated
cracking of the oxidized portion of the reaction layer.
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[0113] FIG. 6 panels A and H show that except for a thin
dark phase forming at the interface, the oxidized braze-YSZ
interface microstructure did not change with long-term 750°
C. oxidation.

Post-Oxidation Braze Joint Compositional Analysis

[0114] FIG. 7 panels A-F show EDS line scans taken on
the 30 min brazed joint along the lines indicated in FIG. 6
panels C-H, respectively.

[0115] FIG. 7 panels A and D show that the center of the
braze joint remained nominally pure silver after 120 and 500
h of 750° C. oxidation. FIG. 7 panels B and E clearly show
the Ag* layer, the unoxidized reaction layer, and two dif-
ferent phases within the oxidized portion of the reaction
layer. FIG. 7 also shows that a chromia-rich layer formed
between the Ag* and oxidized reaction layer. Without
intending to be bound by theory, given chromia’s excellent
surface passivation characteristics at 750° C. in other sys-
tems, this chromia layer likely helped protect the unoxidized
portion of the reaction layer from the oxygen conducted
through the silver in the center of the braze joint, provide a
diffusion barrier that at least partially protected the SS from
oxidation. FIG. 7 panel F also suggests that a very thin
chromia (Cr,0;) layer may exist between the silver and the
YSZ after brazing. This chromia layer may help prevent the
Ag from dewetting in the molten state after the porous nickel
layer leaves.

[0116] The 120 h oxidized sample EDS scan analysis of
FIG. 7 panel C shows a “sharp” interface between the braze
and YSZ. However, as shown in FIG. 7, panel E, longer
oxidation times resulted in detectable amounts of nickel
oxide and chromium oxide at the braze-YSZ interface.
These phases likely correspond to the dark phase seen along
the braze-YSZ interface in FIG. 6 panel H. Without intend-
ing to be bound by theory, in light of the poor wetting
characteristics of Ag on YSZ, the low predicted work of
adhesion for Ag on YSZ, and the higher word of adhesion
predicted between Ag and Ni, NiO, or CrO on the surface of
YSZ, it is likely that small amounts of residual nickel from
the porous nickel layer and chromium from the SS may have
oxidized at the braze-YSZ interface and also helped prevent
Ag dewetting after dissolution of the porous nickel inter-
layer.

Braze Joint Strain-Stress Curves

[0117] FIG. 8 shows room temperature stress-strain curves
for the SSINi—Ag|YSZ braze joint after 970° C. fabrication
in Ar, 120 h of 750° C. oxidation and 500 h of 750° C.
oxidation. In all cases the braze joint exhibited large
amounts of deformation (>30% of shear strain) before
failure, and when failure did occur it always occurred with
the brittle fracture of the underlying YSZINiO—YSZ sup-
ports and not through the braze or braze interfaces (similar
to the results obtained from FIG. 4). Despite the variations
in the shape of the curves, likely due to lateral braze joint
thickness variations (as shown in FIG. 3 panels A and B, and
FIG. 6 panel A) caused by the experimental setup, both sets
of samples showed good reproducibility. The decreasing
failure strain with increasing oxidation shown in FIG. 8 is
indicative of a loss of ductility or a reduction in the effective
braze joint thickness with oxidation. However, the fact that
much of the joint will likely remain unoxidized during
SOFC operation and the large >30% failure strains sug-
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gested that these SSINi—Ag|YSZ braze joints will remain
mechanically stronger and robust over SOFC lifetimes.
[0118] Therefore, Example 1 demonstrates the brazing
method for joining substrates according to the disclosure.
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What is claimed is:

1. A brazing method for joining substrates, the method
comprising:

(a) providing a porous wetting substrate comprising: (i) an
underlying first substrate, and (ii) a porous first metal
layer on a surface of the underlying substrate;

(b) applying a braze second metal material to the porous
wetting substrate and in contact with the porous first
metal layer thereon, the second metal having a lower
melting point than that of the first metal;

(c) applying a second substrate to the braze second metal
material, thereby forming a pre-braze joint comprising
the porous wetting substrate, the braze second metal
material, and the second substrate; and

(d) brazing the pre-braze joint at a temperature and
pressure sufficient to melt the braze second metal
material, wet pores of the porous first metal layer with
the molten braze second metal material, and contact the
first substrate with the molten braze second metal
material, thereby forming a brazed joint comprising the
first substrate, the second substrate, and a second metal
layer joining the first and second substrates.

2. The method of claim 1, wherein:

the first metal comprises at least one of nickel, aluminum,
cobalt, iron, copper, and combinations thereof; and

the second metal comprises at least one of silver, alumi-
num, tin, bismuth, nickel, copper, gold, cobalt, and
combinations thereof.

3. The method of claim 1, wherein the first substrate

comprises a ceramic material.

4. The method of claim 3, wherein the ceramic material is
selected from the group consisting of aluminum oxide,
zirconium oxide, cerium oxide, zinc oxide, silicon carbide,
silicon nitride, tungsten carbide, and combinations thereof.

5. The method of claim 3, wherein the ceramic material
comprises a stabilized zirconium oxide (zirconia).

6. The method of claim 5, wherein the stabilized zirco-
nium oxide (zirconia) is selected from the group consisting
of yttrium oxide (yttria)-stabilized zirconia (YSZ), calcium
oxide (calcia)-stabilized zirconia, magnesium oxide (mag-
nesia)-stabilize zirconia, cerium oxide (ceria)-stabilized zir-
conia, scandium oxide (scandia)-stabilized zirconia, alumi-
num oxide (alumina)-stabilized zirconia, cerium oxide,
doped cerium oxide, and combinations thereof.

7. The method of claim 1, wherein the first substrate
comprises a metal material.

8. The method of claim 1, wherein the porous first metal
layer has a thickness ranging from 2 um to 250 pum.

9. The method of claim 1, wherein the porous first metal
layer comprises pores ranging in size from 1 um to 50 pm.
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10. The method of claim 1, wherein providing the porous
wetting substrate comprises:

(al) applying to the first substrate a layer of a first metal
mixture comprising a liquid formulation and first metal
particles dispersed in the liquid formulation; and

(a2) pre-sintering the layer of the first metal mixture at a
temperature and pressure sufficient to remove the liquid
formulation and at least partially sinter the first metal
particles, thereby forming the porous first metal layer.

11. The method of claim 10, wherein the liquid formula-
tion comprises a polymeric solution.

12. The method of claim 10, wherein the first metal
mixture layer has a thickness ranging from 2 pm to 100 pm.

13. The method of claim 10, wherein the first metal
particles have a size ranging from 2 um to 50 pm.

14. The method of claim 13, wherein the porous first
metal layer has a thickness ranging from 1 to 10 times the
average particle size of the first metal particles prior to
pre-sintering.

15. The method of claim 10, wherein pre-sintering com-
prises heating the layer of the first metal mixture to a
maximum temperature ranging from 600° C. to 1400° C.

16. The method of claim 10, comprising performing
pre-sintering in a protective pre-sintering atmosphere com-
prising at least one of argon and nitrogen.

17. The method of claim 1, wherein the braze second
metal material is in the form of a foil.

18. The method of claim 1, wherein the braze second
metal material comprises at least 90 wt. % of the second
metal.

19. The method of claim 1, wherein the braze second
metal material is free from air-reactive components.

20. The method of claim 1, wherein the second substrate
comprises a metal material.

21. The method of claim 20, wherein the metal material
comprises at least one of a stainless steel alloy and a
nickel-based high-temperature alloy.

22. The method of claim 1, wherein brazing comprises
heating the pre-braze joint to a maximum temperature
ranging from 600° C. to 1200° C.

23. The method of claim 1, comprising performing braz-
ing in a protective brazing atmosphere comprising at least
one of argon and nitrogen.

24. A method of assembling a solid-oxide fuel cell, the
method comprising:

(a) performing the method of claim 1 to form the brazed
joint, wherein the first substrate comprises a ceramic
material, and the second substrate comprises a metal
material; and

(b) incorporating the brazed joint into a solid-oxide fuel
cell as a solid electrolyte component thereof.

25. A brazed joint comprising:

(a) a first substrate;

(b) a bulk second metal layer adjacent to the first sub-
strate, the bulk second metal layer comprising a first
metal and the second metal, the first metal being at a
lower concentration than the second metal in the bulk
second metal layer;

(c) (optionally) a diffusion layer adjacent to the bulk
second metal layer, the diffusion layer comprising the
first metal and at least one component of a second
substrate adjacent to the diffusion layer; and
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(d) a second substrate adjacent to the diffusion layer
(when present) or the bulk second metal layer (when
the diffusion layer is absent).

26. The brazed joint of claim 25, wherein:

the bulk second metal layer has a first metal concentration
of 20 wt. % or less; and

the diffusion layer is present and has a first metal con-
centration of at least 10 wt. % and greater than the first
metal concentration of the bulk second metal layer.

27. The brazed joint of claim 25, wherein the bulk second
metal layer has a second metal concentration ranging from
70 wt. % to 99 wt. %.

28. The brazed joint of claim 25, wherein the bulk second
metal layer is substantially free from discrete first particles
having a size greater than 1 pm.

29. The brazed joint of claim 25, wherein the diffusion
layer is present and is substantially free from first metal
particles.
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30. The brazed joint of claim 25, wherein the diffusion
layer is present and comprises the second metal at a con-
centration ranging from 1 wt. % to 30 wt. %.

31. The brazed joint of claim 25, wherein:

the first substrate comprises a ceramic material, and

the second substrate comprises a metal material.

32. The brazed joint of claim 31, wherein the diffusion
layer is present, and the component of the second substrate
in the diffusion layer comprises a metallic component of the
metal material at a concentration ranging from 5 wt. % to 80
wt. %.

33. A method of assembling a solid-oxide fuel cell, the
method comprising:

(a) providing the brazed joint of claim 25, wherein the
first substrate comprises a ceramic material, and the
second substrate comprises a metal material; and

(b) incorporating the brazed joint into a solid-oxide fuel
cell as a stack component thereof.
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