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Introduction

The development of high-temperature electrochemical devices such asoxygen and hydrogen separators, fuel gasreformers, solid
oxidefuel cells, and chemical sensorsis part of arapidly expanding segment of the solid state technology market. These devices
employ an ionic conducting ceramic as the active membrane that establishes the electrochemical potential of the device, either
under voltage (i.e. to carry out gas separation) or under chemical gradient (to develop an el ectrical potential and thereby generate
electrical power). Because the device operates under an ionic gradient that devel ops acrossthe electrolyte, hermiticity acrossthis
layer is paramount. That is, not only must this thin ceramic membrane be dense with no interconnected porosity, but it must be
connected to the rest of the device, typically constructed from a heat resistant alloy, with a high-temperature, gas-tight seal. A
significant engineering challengein fabricating these devicesishow to effectively join the thin electrochemically active membrane
to the metallic body of the device such that the resulting seal is hermetic, rugged, and stable during continuous high temperature
operation.

Active metal brazing is the typical method of joining ceramic and metal engineering components. It employs a braze alloy that
contains one or more reactive elements, often titanium, which will chemically reduce the ceramic faying surface and greatly
improve itswetting behavior and adherence with the braze. However, recent studies of these brazesfor potential usein fabricating
high-temperature electrochemical devices revealed problems with interfacial oxidation and subsequent joint failure [1,2].
Specificaly, it was found that the introduction of the ceramic electrolyte and/or heat resistant metal substrate dramatically affects
theinherent oxidation behavior of the braze, often in adeleterious manner. These conclusionspointed to the need for an oxidation
resistant, high-temperature ceramic-to-metal braze and consequently lead to the development of the novel reactive air brazing
(RAB) concept.

Thegoal in RAB isto reactively modify one or both oxide faying surfaces with an oxide compound dissolved in a molten noble
metal alloy such that the newly formed surface is readily wetted by the remaining liquid filler material. In many respects, this
concept is similar to active metal brazing, except that joining can be conducted in air and the final joint will be resistant to
oxidation at high temperature. Potentially, there are anumber of metal oxide-noble metal systemsthat can be considered for RAB,
including Ag-CuO, Ag-V,0s, and Pt-Nb,Os. Our current interest isin determining whether the Ag-CuO systemis suitable for air
brazing functional ceramic-to-metal joints such as those needed in practical electrochemical devices. In a series of studies, the
wetting behavior of the Ag-CuO braze was investigated with respect to a number of potential hydrogen separation, oxygen
separation, and fuel cell electrolyte membrane materials and heat resistant metal systems, including: aumina,
(Lag.eSro.4)(Cop2Feng)Os, (LaggSro2)Fe0s, Y SZ, fecralloy, and Crofer-22APU. Selected findingsfrom these studiesaswell asfrom
our work on joint strength and durability during high-temperature exposure testing will be discussed.

Hydrogen Separation

Experimental. There are three classes of hydrogen separation materials currently under investigation in the DOE(FE) program:
nanoporous materials, platinum-based aloys, and mixed ionic/electronic conducting oxides such as barum cerate. Thus far,
nanoporous aluminaappearsto be the leading candidate for high temperature separtion of hydrogen from coal gas. Assuch, Al,Os
was chosen for our initial joining studies. High purity, polycrystalline aluminawas used as the model substrate in this study and
four Ag-CuO compositionswereinvestigated: by molar concentration, 80%CuO/20%A g, 69.35%Cu0/30.65%Ag (the monotectic



composition), 60%CuO/40%Ag, and 1.4%Cu0/98.6%A(g (the eutectic composition). The brazeswere prepared by dry mixing the
appropriate amounts of copper powder and silver powder. The copper oxidizesin-situ forming CuO asthebrazeisheated. For the
wetting studies, the mixtures were cold pressed into pellets measuring approximatley 7mm in diameter by 10mm thick. Contact
angle experiments were conducted using a standard sessile drop technique, as previously described [3,4]. Four point bend testing
was performed at room temperature on alumina bend bars that were joined in the center with the Ag-CuO brazes. The reported
joint strength for each braze composition is the average of five idential bars. Microstructural examination of the joints was
performed by optical and scanning electron microsopy and by energy dispersive x-ray analysis.

Results. Thewetting angles of each braze on aluminaand the four-point bend strengths of each corresponding joint are plotted asa
function of braze composition in Figure 1. All four braze compositions displayed measurable wetting on the polished
polycrystalline alumina substrates; in all cases the contact angle reached its stable value within five minutes. Between the
monotectic and eutectic compositions, the contact angle displays a monotonic increase with increasing silver content. The bend
strength results reveal that joint strength improves significantly with increasing silver content, i.e. atrend that isin direct contrast
to that found with wetting angle. Thus, the specimen joined using the braze containing 80 mol% of CuO displays a bending
strength of 84+20 MPa while the specimen brazed with the eutectic composition, 1.4 mol% of CuO, exhibits a two-fold
improvement in bending strength of 181+20 MPa. The reasons for this dramatic difference are apparent from the four joint
microstructures.

Back scattered el ectronimages of the as-joined RAB specimensare shownin Figure 2. Asseenin Figure 2(a), the samplethat was
joined using the CA8020 braze, which is hypermonotectic with respect to CuO composition, exhibits an extensive and continuous
copper alumunium oxide, CuAlO,, reaction zone adjacent to the braze/aluminainterface. The composition of thisreaction product
is consistent with that predicted by the copper oxide (Cu,O and CuO)-alumina phase diagrams[5]. Extending from the reaction
zonestoward the center of the braze is aregion which consists of two blocky phases which compositionally are nearly pure CuO
and nearly pure silver.

The microstructure of the monotectic braze, seen in Figure 2(b), contains arandom mixture of two phases, one which is nearly
pure silver and the other nearly pure CuO. Thismicrostructureistypical for amonotectic reaction. At the monotectic temperature,
solid CuO and asilver-rich liquid nucleate simultaneously from the silver-poor monotectic liquid. Proportionally, CuO isthe major
product. As it forms and grows during the invariant recation, the oxide precipitates will eventually impinge with each other
trapping the still molten silver-rich phase within. The 60%CuO/40%Ag braze joint, shown in Figure 2(c) also displaystwo phases,
CuO and silver, but the morphol ogies of each are quite different from that of the monotectic braze. Most of the CuO in the 60/40
brazeisfound in anearly continuous layer along each interface with the alumina.

Thejoint formed using the braze with the smallest CuO content, a eutectic composition of 1.4 mol% CuO and 98.6 mol% Ag,
displaysdiscrete CuO particlesboth within anearly pure silver central region and along theinterfacewith alumina. At 1000°C, the
CA0199 braze will form a single silver-rich liquid phase between the two alumina faying surfaces. Upon cooling to the eutectic
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Figurel Room temperature four-point bend strength and contact angle as a function of Ag content.



temperature, solid silver and CuO form simultaneously from the eutectic liquid. However, because the CuO concentration of the
molten phase isvery low, the CuO nucleates asfine, discrete particul ate decorating the interface with alumina and the interior of
the braze. The joints were exposure tested in flowing wet hydrogen (10cc/min) at 750°C for 500hrs. SEM examination of these
specimensindicated that the jointsessentially retain their original microstructural conditionwith only asmall amount of coarsening
apparent in the copper oxide phases.
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Figure2 Cross-sectional SEM micrographs of braze/aluminainterfaces: (@) CA8020, (b) CA6931, (c) CA6040, and
(d) CA0199.

Conclusions. Although wetting is greatly meliorated by the addition of CuO to silver, it appearsthat the presence of a continuous
phase of CuO either within the interior of the braze, asin the cases of CA8020 and CA6931, or along the braze/aluminainterface
(CA6040) is deleteriousto the strength of the joint. Only when the CuO nucleates and grows as a discrete phase at the interface
with the substrate are wetting behavior and joint strength enhanced simultaneously and the strength of the RAB joint approaches
that of monolithic alumina. Means of further improving the CuO-Ag RAB braze might include: (1) increasing the wettability of
silver onthediscreteinterfacial CuO phasethat wasfound to formin the CA0199 specimen, (2) modifying the braze composition
or processing conditions such that a finer size, more closely spaced dispersion of CuO particles nucleates on the surface of the
alumina, and (3) investigating whether a CuO-Al,O; diffusion zoneis established in eutectic or near-eutectic braze compositions
and what effect this might have on wetting behavior and bond strength.

Oxygen Separation

Experimental. Mixed ionic/el ectronic conducting (MIEC) oxides, such as SrFeCo, 50y, BaCeOgz, and (L 8y sSr0.4) (CopFey ) Os, are
aclassof ceramicsthat contain ionic and el ectronic carriersin high enough concentration that both forms of charge conduction are
exhibited at high level and can form the basis of anion transport membrane for usein oxygen gas separation, partial hydrocarbon
oxidation, and waste reduction and recovery [6]. As an example, this type of technology offers the potential to separate oxygen
fromair with far greater efficiency and at one-third lower cost than present-day cryogenic processing. And unlike cryo-separation,
oxygen transport membranes operate at high temperature, making them ideally suited for direct integration with coal gasification
plants[7]. For our studies, lanthanum strontium cobalt ferrite, (L ageSro.4) (Cog2Fep.8) O3 (L SCoF), was selected asthe model MIEC
oxide on which to carry out the initial RAB joining experiments. L SCoF pellets were fabricated by sintering an isostatically
compressed compact of the oxidein air at 1250°C for two hours. Braze pell ets were again fabricated by mixing copper and silver



powders in the appropriate ratios to yield the following five target compositions: 100%Ag, 1%Cu0O/99%Ag, 2%6CuO/98%Ag,
4%CuO/96%Ag, and 8%CuO/92%Ag (respectively labelled: A100, CA0199, CA0298, CA0496, and CA 0892).

Results. Contact angle measurements of the molten Ag-CuO brazes on polished L SCoF are shown as afunction of temperaturein
Figure 3. As predicted by the Ag-CuO phase diagram [8], al of the brazes melt above 900°C. With the exception of puresilver, al
of the brazes displayed wetting with the L SCoF. Asindicated in thefigure, the wetting behavior of this series of brazes on L SCoF
appearsto beinvariant of temperature, but quite sensitive to CuO content, improving dramatically with increasing amounts of the
oxide.
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Figure3 Contact angle of Ag-CuO brazes on (LaysSro4)(Coo2Fens)Os in air as a function of
temperature. The hold time at each soak temperature was fifteen minutes.

Back scattered electron images of the four Ag-CuO wetting specimens, shown on the next page in Figures 4(a) — (d), suggest that
thiscompositional dependenceisrelated to the concentration and morphology of CuO along the braze/L SCoF interface. The bulk
region of the braze in each sample consists of small ~1 — 5nm diameter particles of CuO surrounded by amatrix of pure silver,
which is not surprising considering the high silver content of the brazes and the fact that CuO is not soluble in Slver at room
temperature. Along the braze/L SCoF interface in each specimen, CuO appearsto preferentially wet the substrate, forming athin
but distinct zone within the braze that exhibits one of two microstructural patterns. In the case of the two brazes that contain 2%
CuO or less, the interface is decorated with discrete, ~1nm half lens-shaped precipitates of CuO. The distance separating these
precipitates appearsto be greater in CA0199 than in CA0298. In the higher CuO content specimens, anearly continuous band of
CuO isfound in contact with theformer L SCoF surface, occasionally disrupted by asmall idandsof puresilver. Theoxidebandis
thickest in the CA0892 specimen, which contains the highest CuO concentration of thefive brazesinvestigated in thisstudy. Note
that in al of the samples in Figure 4, evidence of Ag and CuO infiltration into the substrate can be observed, which occurs
presumably viainterconnected surface porosity. When correlated with the results of the wetting experimentsin Figure 3, these
micrographs indicate that a higher coverage of CuO on the L SCoF surface improves the wetting of the Ag-CuO braze. It islikely
that the two different CuO morphol ogies observed in Figures 4(a) — (d) are the direct result of the miscibility gap in the Ag-CuO
phase diagram [8].

Conclusions. Contact angle experiments conducted on LSCoF substrates demonstrate that the wetting behavior of the braze
improves significantly with increasing amounts of copper oxide. Microstructural analysis indicates that this phenomenon is
associated with the formation of anearly continuous CuO layer that wets and coversthe braze/L SCoF interface. In high electrical
current testing conducted in air at 750°C (not discussed here), ajunction between the 4% CuO braze and L SCoF displayed avery
low initial value of area specific resistance, which remained stable during the duration of theinitial 100 hr, 1.5A d.c. current age
test. Metall ographi c comparison between the el ectrically tested junction and onein the as-brazed condition indicated no significant
microstructural differences, suggesting the potential use of the braze as a high temperature electrical contact material.

Solid Oxide Fuel Cells

Experimental. Anode-supported bilayers, consisting of NiO-5Y SZ as the anode and 5Y SZ as the electrolyte, and thin gauge
FeCrAlY (Fe, 22% Cr, 5% Al, 0.2% Y') were employed asthe model SOFC el ectrolyte membrane/structural metal systemin this
study. Bilayer couponswerefabricated by traditional tape casting and co-sintering techniques and measured nominally 600nm in
thickness, with an average electrolyte thickness of ~8nm. As-received 12mil thick FeCrAlY sheet was sheared into 2cm square



pieces for the wetting experiments, polished lightly on both sides with 1200 grit SiC paper, and ultrasonically cleaned in acetone
for 10 minutes. Flat washer-shaped specimens measuring 4.4cm in diameter with aconcentric 1.5cm diameter hole were punched
from the 12mil sheet and the surfaces of these were polished and cleaned in the same manner prior to use in the joining
experiments. The braze pellets empl oyed in the wetting experiments were again fabricated by mixing and cold pressing copper and
silver powdersin the appropriateratiosto yield the sametarget compositions used in the L SCoF experiments. Wetting angleswere
again measured at several different temperaturesin air using the sessile drop technique.

Figure4 Cross-sectional SEM micrographs of braze/L SCoF interfaces: (a) CA0199, (b) CA0298, (c) CA0496, and (d) CA0892.
Each wetting specimen was heated in air at afinal soak temperature of 1100°C.

Joining sampleswere prepared by placing apiece of previously fabricated Ag-Cu brazefoil between aFeCrAlY washer specimen
and the Y SZ side of a 2.5cm diameter bilayer coupon, heating the combination in air to 1050°C, and holding at this temperature
for 30min. The braze foil was synthesized by diffusion bonding copper and silver foils of the same areal dimension, but with
thicknesses appropriate to achieve the target braze compositions discussed above. Diffusion bonding was conducted in an Ar/4%
H, cover gasat 720°C for 10hrsunder astatic |oad of ~%2psi after which thefoil wasrolled to athickness of 0.07mm and cut into
2mmwide stripsfor usein joining.A rupture strength test was devel oped to facilitate quantitative comparison of the RAB sedl joint
strengths. On the next pagein Figure 5 is a photo of the test specimens, prior to and after joining, and a schematic of the rupture
test equipment. The joining sample is clamped into the test fixture and the air pressure behind the joined bi-layer disk is Slowly
increased until the seal or the disk breaks. A series of six specimens was tested for each joining condition.

Results. Plotted in Figure 6 are the contact angles that each braze forms on 5Y SZ and fecralloy in air at 1050°C and the rupture
strength of the corresponding joint. The results show that rupture strength improves significantly with increasing Ag content,
whereas wettability, which is the inverse of contact angle, movesin the opposite direction. Thus, the specimen joined using the
braze containing the highest level of CuO (CA6931) displays excellent wetting on 5Y SZ and fecralloy, but hasan average rupture
strength of only 23 psi while the specimen brazed with the lowest CuO-containing alloy (CA0199) exhibits moderate-to-poor
wetting on the two substrates but displays greater thanafour-fold increase in rupture strength of 109 psi. In fact, the CA0199 sedl
doesnot fail during testing but instead the bilayer disc rupturesleaving behind aring of ceramic still joined to the metal washer as
shown in Figure 6. The CA6931 braze specimen on the other hand fails along the interface between the FeCrAlY and the braze.
This inverse relationship between braze wettability and joint strength is not commonly observed in ceramic-to-metal brazing.
Typicaly, improvements in wetting lead to increased strength. Upon examination of the joining specimens by SEM, it was



apparent that significant differencesin their interfacial microstructures likely account for the observed dependences of wetting
behavior, rupture strength, and mode of specimen failure on CuO content in the braze.
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Figure5 Far left: Components of rupture strength test specimen; from bottom, FeCrAlY washer, braze foil ring, bi-layer
disk. Middle: Assembled test specimen. Right: Rupture strength test schematic.
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Figure®. Left: Room temperature rupture strength and contact angle as a function of Ag content. Right: The CA6931 (top) and
CA0199 (bottom) joining samples after rupture testing.

SEM images of the as-joined RAB specimensare shownin Figure 7. Asseen in Figure 7(a), the samplethat wasjoined using the
CA6931 braze exhibits an extensive CuO phase that coversthe 5Y SZ faying surface of the joint and a thick copper alumunium
oxidereaction zone along the braze/FeCrAlY interface. Thiszoneresultsfrom aninteraction between the CuO inthe braze and the
aluminascal e that formson the surface of the metal and givesriseto two product phases: a continuous mixed-oxide solid solution
CuO-Al,O3 region that is decorated with CUAIO, crystallites. Very little silver is observed along either interface with the braze.
Instead it isfound trapped as discrete particlesin the bulk of the braze. It isthe continuousinterfacial oxide phasesthat account for
the excellent wetting characteristics of the CA6931 braze on both faying surfaces. Theseresultsare similar to those observed inthe
Ag-CuO/Al,O3 and Ag-CuO/(Lag eSro.4)(Cog oFey 5) O3 braze/substrate systems. Likewise, it isthese brittle phases, which exhibit
poor coefficient of thermal expansion matching with the 5Y SZ and FeCrAlY, that contribute to the low rupture strengths observed
in the corresponding joining specimens.

At the other extreme, the braze/5Y SZ interface in the CA0199 specimen shown in Figure 7(d) is covered by anearly continuous
layer of pure silver, with discrete micron-size CuO particles occasionally found on the 5Y SZ faying surface. The silver acts
essentially asamatrix for the CuO particulate found in the bulk of the braze aswell. Along the FeCrAlY interfacein thisjoining
specimen isa continuous %2- 1nm thick alumina scale, as was observed in the CA6931 specimen, that includes a small amount of



Figure?7 Cross-sectional SEM micrographs of braze/5Y SZ interfaces (on theleft) and braze/FeCrAlY interface (on theright) of:
(a) CAB931, (b) CA3169, (c) CA0298, and (d) CA0199.



iron and chromium, ~5 mol% and 3 mol % respectively. Again, an apparent all oying reaction takes place forming regions of CuO-
Al,O; contiguous to the metal scale. In this case however, the reaction zone is thin and patchy and is frequently interrupted by
discrete islands of silver and CuO and occasional CuAlO, crystallites measuring roughly 1 - 3mm in diameter. Because a
continuous CuO or mixed-oxide reaction phase does not form on either interfacein this specimen, the wetting angle of the brazeis
larger than was observed in the high CuO content braze. Conversely however, the lack of a thick, continuous interfacial oxide
phase leads to a much higher average joint strength. As seen in Figures 7(b) and (c), the two intermediate braze compositions
display interfacial microstructures with characteristicsthat lie between the two extremes, i.e. thinner or discrete interfacial oxide
phases, and subsequently exhibit more moderate wetting and joint strength behaviors.

Conclusions. Reaction air brazing is a promising method of sealing the active ceramic membranes and metallic structural
components used in solid oxidefuel cells. Wetting experiments conducted on protoypical faying surfacesfor these devices, 5Y SZ
and FeCrAlY, indicate that increasing amounts of copper oxide in the braze significantly improve its wetting behavior on both
substrates. In general, the observed decreasein contact angleisrelated to increasing coverage of the faying surface by CuQ, inthe
case of 5Y SZ, or by a CuO-Al,O; reaction zone along the braze/FeCrAlY scaleinterface. Despitetheimprovement in wetting due
to the addition of CuQ, the resulting rupture strengths of these brazed joining specimensissignificantly poorer than those of their
low-CuO counterparts. Our microstructural results suggest that the presence of athick, continuous oxide phase along theinterface
between the braze and the 5Y SZ or the FeCrAlY degradesjoint strength. Only when the CuO or mixed-oxide forms as adiscrete
phase along these respective interfaces does the strength of the RAB joint increase substantially.
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