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Reactive Air Brazing: A Novel Method of Sealing SOFCs
and Other Solid-State Electrochemical Devices
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High-temperature electrochemical devices operate via an ion gradient that develops across a solid electrolyte. Consequently,
hermeticity across this membrane is paramount. Not only must the electrolyte contain no interconnected porosity, but it must be
connected to device chassis with a gas-tight seal. Here we report a new method of brazing developed specifically for solid-state
electrochemical applications. We demonstrate that the seal is hermetic and resistant to thermal aging, can be thermally cycled
under rapid heating rates with no measurable loss in seal strength, and has shown promise in sealing full-size planar solid oxide
fuel cell (pSOFQ components.

© 2005 The Electrochemical Society.DOI: 10.1149/1.1850391All rights reserved.

Manuscript submitted August 2, 2004; revised manuscript received September 29, 2004. Available electronically January 6, 2005.

One of the critical issues in designing and fabricating high- yttria stabilized zirconidYSZz) and FeCrAlY, two of the more com-
temperature electrochemical devices such as planar solid oxide fuehonly used electrolyte and frame materials in pSOFC stacks.
cell (pSOFQ stacks is the ability to hermetically seal adjacent metal
and ceramic components. Depending on the specific application, the
seal may be exposed to an oxidizing and/or reducing atmosphere at ) o )
an operating temperature of 500-850°C and experience numerous Anode-supported bilayers, consisting of NiO-5YSZ as the anode
thermal cycles, but must still retain its hermeticity, mechanical rug-and 5YSZ as the electrolyte, and thin gauge FeCrA®¥, 22% Cr,
gedness, and chemical stability over the lifetime of the device; typi-5% Al, 0.2% Y) stainless steel were employed as the model SOFC
cally on the order of several thousand hours. With regard toC€ramic cell/structural metal system in this study. Bilayer coupons
pSOFCs, there are currently only a few accepted methods of sealinyere fabricated by traditional tape casting and co-sintering
the stack components, none of which fully meet the design require e_Ch”'q‘_JegS and measured nominally 28 mm in diam by 6@t
ments of stack builders. By far the most popular of these is glasghick, with an average electrolyte thickness-e wm. Prior to their
joining, which is a relatively simple, cost-effective technidife. ~Use in the wetting and joining experiments, the samples were
However the final seal is brittle, nonyielding, and particularly sus- cleaned with acetone and ethanol and dried in air at 300°C for 1 h.
ceptible to fracture when exposed to tensile stresses; for examplds-received 12 mil thick FeCrAlY sheet was sheared into 2 cm
the type encountered during nonequilibrium thermal events such agduare pieces for the wetting experiments, polished lightly on both
rapid stack heating or cooling or due to thermal expansion mis-sides W|th 1200 grit .S|.C.paper, an.d ultrasonically cleaned in acetor!e
matches between the glass and the joining substtdtas. alterna-  for 10 min. For the joining experiments, flat washer-shaped speci-
tive method of ceramic-to-metal joining is active metal brazing, MeNS measuring 4.4 cm in diam with a concentric 1.5 cm diam hole
which employs a reactive element such as titanium to facilitate wet-Were punched from the 12 mil sheet, then polished and cleaned in
ting between the braze filler and the ceramic faying surfatieere  the same manner. _ _ ) _
are however at least two problems with using this technique for Braze pellets employed in the wetting experiments were fabri-
sealing solid-state electrochemical devid@scomplete oxidation of ~ ¢&ted by mixing and cold pressing copyt@0 nm average particle
the active species in the braze during high temperature operation dfiam; Alfa Aesay and silver(5.5 pm average particle diam; Alfa
the device in air may lead to rapid deterioration of the joint at the ~€S&) POwders in ratios required to meet a series of target compo-
ceramic/braze metal interfad@nd an eventual loss of hermeticity, SIions. Using the standard sessile drop technifue melting and
and (i) exposure of the entire device to a reducing atmosphere at §/€tting behaviors of the various Ag-CuO braze compositions on the
temperature greater than800°C, typical processing conditions re- ceramic and metal substra_tes were video recqrded Fhrough the quartz
quired in active metal brazing, is deleterious to many of the complexvIeWIng window of the air muffle furnace in wohlch_they were |
oxide materials employed in these devices. hheated.t;l'he samlplehs wezje hefé?’?: /at a rate1 (()); g,% C/T]ln uphto 900°C

The brazing technique we have developed is conducted directl :ig ?cl:r slesql;qeir:]t ¥o :ﬁlct)sv t?]te beadmg; tr?mlten br,arele (:gergae%vxi/ge
Guting ning. I ac, he trengh o h reactve af braaigs) . CouIbrum shape. Conversion of the analog video data o diga
bond is largely dependent upon a thin, adherent oxide scale th : : L -
forms on the metal component during heating. RAB utilizes a moliéa)l/iszifén ?mgg éfgavnceergagbubr;ne%Sggtfgdﬁp%?tlgzgiﬁ?gm(l:a;ﬁ\'ll eg?;%;ﬂ c
ten oxide that is_ at Iea_st partially soluble in a no_ble metal SOIVentsoftware(V 8.0.5, Deneba Systems, Idor droplet shape measure-
Eﬁart)r?stmr;tcfpee %’;gﬁyf?llggegu{)?iﬁse’ :Ztrirgitr)w)i/nfgc;rmg}?er? ?iﬁ(\:; snl:g{ae? ent..The putllne of the droplet was cwcumscrlb?d Wlt.h a circle of
rial. Potentially, there are a number of metal oxide-noble metalbeSt fit, which was used to determine the dr(_)plets radlus._The con-

' i X . tact angle was then calculated from the radius and the diameter of
systems t?g}zcan be considered, including Ag-CuO, A@/ and  contact between the droplet and the substrate.
Pt-NB,Os. = In the study discussed below, we examined the Ag-  For the joining studies, braze pastes were formulated by mixing
CuO system for use in sealing pSOFC stack components; specifihe appropriate ratio of copper and silver powders with a standard
.Ca"y, the Ce||-t0-fl‘ame Seal. A Common method of StaCk fabrlcaFlQn screen printing binder. Joining was Conducted by app|y|ng a concen-
|S.t0 Seal the electrolyte of a Ce“ dII‘eCtly tO.a metal frame and ]Oln tric 24 mm ring of braze paste to the FeCrAlY washer using an
this sub-unit to a separator plate, thus forming the repeat unit in theyutomated pressure-driven dispenser. After allowing the paste to dry,
stack. To demonstrate the feasblllty Of the RAB t?C.hlf]que for thesqhe bi|ayer was p|aced YSZ-side down onto the washer and dead-
types of cell-to-frame seals, we carried out our joining studies onjoaded with 100 g of weight. The assembly was heated in air at
10°C/min to 1050°C and held at temperature for 30 min before
furnace cooling to room temperature. The hermeticity and ultimate
2 E-mail: scott.weil@pnl.gov strength of the seal were measured using a rupture test rig of the
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Figure 3. Joining samples after rupture testir{g) specimen joined using a
50 mol % CuO composition an) specimen joined wit a 1 mol % CuO
braze.

Figure 1. A schematic of the rupture test apparatus.

type shown schematically in Fig. 1, the details of which have beenbrazes do not rupture at the joint, but instead fail within the center
reported previousl{? Hermeticity was determined by pressurizing of the ceramic substrate as seen in Fig. 3b. This type of inverse
the sample to a value less than that required for failure and measurelationship between braze wettability and joint strength is not
ing whether the pressure subsequently decays as a function of timeommonly observed in ceramic-to-metal brazing; typically, im-
Seal strength was determined by slowly pressurizing the sample tprovements in wetting lead to increased strength. However, metal-
the point of failure. lographic examination of the joining specimens reveals significant
Rupture strength testing was conducted on as-brazed specimemfferences in their interfacial microstructures that likely account for
to determine the nascent strength of the joint and on specimens thdlhe observed dependences of wetting behavior, rupture strength, and
were thermally cycled or exposure tested in high-temperature hydromode of specimen failure on CuO content in the RAB joints.
gen or air. Thermal cycle testing was conducted by heating the In SEM images of a typical high CuO-containing braze joint,
specimens in air at a rate of 75°C/min to 750°C, holding at temperashown in Fig. 4a and b, the braze/substrate interfaces are encapsu-
ture for 10 min, and cooling te=70°C within ~40 min before re-  lated with a thick, continuous layer of copper oxide. Whereas the
heating under the same conditions. Exposure testing was conductedSZ/braze interface appears to be free of reaction products, a reac-
by aging rupture test specimens for varying lengths of time at 750°Ction zone forms along the FeCrAlY faying surface, apparently due to
in either wet hydrogen, humidified by bubbling the gas through interaction between the copper oxide in the braze and the iron/
room temperature water, or ambient air. In all cases, a minimum ofchromium oxide-doped alumina scale on the metal. EDX results
six specimens was tested for each test condition. Microstructurapuggest that the primary product phase in this interfacial region is a
analysis was conducted on polished cross-sectioned samples usingcantinuous band of CuO-AD;, in mixed solid solution, decorated
JEOL JSM-5900LV scanning electron microscd&M) equipped by an occasional 1-3m size crystallite of CUAIQ. Although dif-
with an Oxford energy dispersive X-ray analy$iEDX) system. fraction analysis is needed for confirmation, this result is consistent
with the CuO-ALO, phase diagrafi and has been reported previ-
ously in studies of high temperature reaction between copper oxide
Plotted in Fig. 2 are the contact angles that each braze forms omnd high purity alumin&’ Only a small amount of silver is observed
5YSZ and FeCrAlY in air at 1050°C and the rupture strength of the along either interface and is found as discrete, fine-scale particles
corresponding joint. Although braze wetting improves significantly trapped underneath the copper oxide or within the reaction zone. It
with increasing CuO content, rupture strength is maximized in theis the continuous interfacial oxide phases that appear to account
range of 4-8 mol % CuO in silver, then degrades significantly with for the excellent wetting characteristics of these brazes. Likewise, it
increasing oxide concentration. Accordingly, the mode of failure is these brittle phases, which exhibit poor coefficient of thermal
also appears to change with CuO content. Abeng9 mol % CuO,
the rupture specimens fail at the seal, predominantly along the
interface between the braze and metal substrate as shown in Fig. 3a.
Conversely, joining specimens prepared with the lower CuO content (a) %
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CuO/31 mol % Ag:(a) the 5YSZ/braze interface arftd) the braze/FeCrAlY
Figure 2. Room-temperature rupture strength and wetting angle data of theinterface and of a joint specimen brazed with 1 mol %Cu0/99 mol %(&g:
Ag-CuO brazes on FeCrAlY and YSZ as a function of braze composition. the 5YSZ/braze interface arid) the braze/FeCrAlY interface.
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expansion matching with the 5YSZ and FeCrAlY, that likely lead to  1ape | Average rupture strength of bilayer/FeCrAlY specimens
the low rupture strengths observed in the corresponding joining  prazed with 4 mol % CuO as a function of thermal test condition.
specimens.

The copper oxide segregation observed in these micrographs Age testing at 750°C Thermal cycle tesfing
can be explained in terms of the Ag-CuO phase diadfamd criti-
cal point wetting theory, originally forwarded by CaMhAt equi-
librium, the Ag-CuO system displays two invariant points: a mono-

Avg. rupture
Aging strengtfl upon Avg. rupture Number
Time aging in wetH strength upon of thermal Avg. rupture

tectic reaction at 964 3°C, where CuO and a liquid,Lcoexist (hrs) (psi) aging in air(ps)  cylces  strength (psi
with a second liquid phase,lat a composition of 30.65 mol % Ag, 50 112+ 6 110+ 7 5 113+ 4
and a eutectic reaction at 932 3°C, where CuO and Ag coexist 100 114+ 6 113+ 6 10 111+ 7
with the liquid phase L at a composition of 98.6 mol % Ag. Ex- 500 111+ 4 112+ 5 20 111+ 5
tending between these three-phase reaction points is a two-phase 800 112+ 6 114+ 7 40 112+ 4

liquid miscibility gap. At 1050°C, this gap spans from6 to ~70
mol % CuO. Critical point wetting theory predicts a transition in the
wetting behavior of a multicomponent liquid below a critical tem-
perature at which the liquid-liquid immiscibility occurs. That is,
upon cooling to this temperature, the previously homogeneous lig-
uid separates into two immiscible liquids, only one of which will
wet the adjacent solid substrate. In doing so, this liquid encapsulates
the second liquid phase and thereby excludes it from contact with
the solid. When cooled to monotectic temperature, copper oxide
precipitates from L, forming a thick layer along the interface with  erated at 750°C for 120 h on 2 Ipm of 48.5% H48.5% N, 3%
the YSZ substratd,e., of the type observed in Fig. 4a and b. This H,0 fuel gas flow on the anode side and 4 Ipm of air flow on the
should hold true only for those compositions that exhibit high tem- ~5thode side. Both gases were preheated$60°C prior to enter-
perature immiscibility, of which the 69 mol % CuO/31 mol % Ag ing the stack.
braze depicted in Fig. 4a and b is one example. o While the stack exhibited a steady decline in current output
At the other extreme of braze composition, Fig. 4c and d indicategyer this period of operation, from an intial value of 253.5 to
that the faying surfaces in joints brazed with low CuO-containing 531 7 A at 21% fuel utilization and a control voltage of 0.7 V av-
brazes are wetted by significantly more silver. At the interface with erage per cell, a near theoretical open circuit voltage was realized
the 5YSzZ, a nearl_y cc_mtinuous layer of silver is fou_nd decorated bythroughout, 3.23 V on average, implying that the seals remained
discrete micron-size islands of CuO along the faying surface. Thenermetic during the entire operation. Experience based on in-house
Ag-CuO phase dlagramlno!lca_tes for this composition that a ho-  gingle cell testing, combined with the post-test analysis results of the
mogeneous single phase liquid forms at 1050°C. Upon cooling togiack suggest that the power degradation observed in this test is
the eutectic temperature, solid Ag and CuO nucleate heterogesisrinytable to chromia volatilization. SEM analysis of the seals, an
neously from the eutectic liquid, forming an interspersion Ag and example of which is shown in Fig. 5, indicates little change in the
CuO along the braze substrate interface of the type observed in Figyra7e microstruture due to stack operation. Note, however, that the
4c. Ideally, under a long isothermal hold, the resulting solid shouldinterface formed between the braze and Crofer differes significantly
consist of a Iath-ty£e morphology commonly observed in slow cool- .o that observed in the FeCrAlY specimens, for example in Fig.
ing eutectic alloys® However, the rapid cooling rate appears 10 44 The interfacial zone is measureably thicker, on the order of
have suppressed the formation of this characteristic eutectic microqg_15 wm, displays an undulating morphology, and consists prima-
structure. On the other side of the joint, contiguous to the rily of CuO precipitates and two reaction products, GOBO
miqrometer-jchin alumina scale on the EeCrAIY component, an im.er'and CuCy0,, neither of which appears as a contil’wuous p3hase
facial reaction again occurs. This time however,_ the resulting Both exposure and thermal cycle testing of rupture specimengand
CuO-AL,O; product is thin and patchy and frequently interrupted by gy, siack testing of full-size components are continuing to deter-

fingers of silver and C.:UO that.extend pack int.o the.bulk of the; bra.ze'mine the high-temperature stability of the RAB seal over longer
It is the lack of a thick, continuous interfacial oxide layer in this geriods of time.

specimen that appears to confer higher strength relative to thos
joints made using high CuO content brazes.

Based on the initial joint strength results, a braze composition of
4 mol% CuO in Ag was selected for additional exposure and thermal
cycle testing. As reported in Table I, neither thermal treatment was
found to have a significant effect on the rupture strength of these
specimens, at least under the conditions tested. The mode of failure
remained the same as befoire,, the type displayed in Fig. 3b, with
the rupture strength entirely dependent on the strength of the ce-
ramic component. Encouraged by these findings, we initiated a dem-
onstration study aimed at incorporating this method of joining into a
full-scale test stack. The first such stack consisted of three 144
x 98 mm cell® The 4 mol % CuO braze paste was dispensed
onto the YSZ side of each cell and the cell was fixtured against a
corresponding Crofer-22 APU frame. Brazing was conducted in am-
bient air at 1050°C for 15 min, forming a peripheral seal that mea-
sured on average-3 mm wide by ~100pm thick. The brazed
frames were then sealed together using a conventional barium alu-
minosilicate based glass to prevent shorting between adjacent cells.
In a fully brazed stack, an electrical insulatgrossibly a coating
over the sealing surfaces of the separator platesild need to be  Figure 5. Cross-sectional SEMs of a brazed joint in a full-scale stack that
incorporated into the brazed seals between each repeat unit to avoighderwent 120 h of operation at 750°C. The composition of the braze is 4
shorting. After final assembly and initial start-up, the stack was op-mol % CuO in Ag.

@Each thermal cycle was conducted in air as follows: heat the specimens
from room temperature to 750°C in 10 min, hold at 750°C for 10
min, and cool to<70°C in ~40 min.

b All of the samples failed through the center of the ceramic bilayer
disk and not through the seal.
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Conclusions

A novel method of ceramic-to-metal joining has been shown to 1.
have promise in sealing the components of high-temperature elec?:
trochemical devices, specifically in SOFCs. Initial contact angle and 5
rupture strength experiments were valuable in identifying a braze
composition, 4 mol % CuO in Ag, that exhibits optimized strength 4.
and adequate wettability on the YSZ and stainless steel substrates og
interest. Thermal cycling and exposure testing, followed by rupture ™
strength measurements indicate that, under the conditions tested, the.
braze remains quite durable. Reactive air brazing was implemented
as a means of sealing full-scale ceramic cells to metallic frames in a
three cell stack that subsequently underwent 120 h of testing atg
750°C, using diluted hydrogen as fuel. Open-circuit voltage mea-
surements conducted periodically throughout operation indicated

that the seals remained hermetic over the entire test and post-tesf:

SEM analysis revealed no significant changes in the microstructures;
of the brazed seals due to stack operation.

12.
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