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Interfacial analysis of (Lag ¢Srg 4)(Cog2oFeqg)O3_s
substrates wetted by Ag-CuO
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The wetting of (LageSro.4)(CogFeqs)0s_s substrates by Ag-CuO was investigated using the
standard sessile drop technique, followed by metallographic examination of the quenched
specimens. The addition of CuO substantially improves the wetting of these substrates by
silver. The largest improvements in contact angle are observed at low CuO-content,
apparently through the formation of a homogeneous silver-copper oxide liquid at the area
of sessile drop/substrate contact. At a critical composition of xc,o ~ 8 mol% the mechanism
of wetting changes, undergoing a transition initiated by the formation of two immiscible

liquids within the molten sessile drop. © 2005 Springer Science + Business Media, Inc.

1. Introduction
The development of high-temperature electrochemical
devices such as oxygen and hydrogen separators, fuel
gas reformers, and chemical sensors is part of a rapidly
expanding segment of the solid-state technology mar-
ket [1]. These devices employ a mixed ionic/electronic
conducting oxide (MCO) as an active membrane that
facilitates ionic transport, e.g. O~2, at high tempera-
ture when placed under an appropriate chemical gradi-
ent. Because device performance is proportional to the
magnitude of this gradient, hermiticity across the MCO
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 with a
high-temperature, gas-tight seal. Therein lies one of the
key issues in fabricating these types of devices; effect-
ing a seal that remains hermetic, rugged, and stable un-
der continuous high temperature operation. A particular
challenge is in sealing directly to the MCO. Both the
transport and mechanical properties of the perovskite
oxides typically employed in their membranes are sen-
sitive to: (1) oxygen partial pressure [2] (i.e. they tend
to irreversibly degrade under the high temperature vac-
uum conditions typically employed in traditional ce-
ramic brazing) and (2) A- and B-site cation substitution
[3]. Thus the compatibility of the joining material with
respect to both conditions must be carefully considered.
In the past couple of years several groups have inde-
pendently developed a new ceramic brazing technique,
referred to as air brazing, that forms a predominantly
metallic joint directly in air without need of an inert
cover gas or use of surface reactive fluxes [4—6]. The
process employs a braze composition that when molten
consists of a metal oxide dissolved in a noble metal
filler. Potential air braze systems include Pt-Nb, O3, Ag-
CuO, and Ag-V;,0s [7]. To date much of the work re-
ported on air brazing has concentrated on the latter two
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systems. For example, Schiiler et al. were the first to
discuss the use of Ag-1% CuO in bonding alumina for
electronic applications [4], while Erskine et al. have
examined the joining of piezoelectric niobates with
Ag-V,0s for use in acoustic sensors [5]. In our work,
we have developed air brazing as a means of hermeti-
cally sealing solid-state electrochemical devices such as
solid oxide fuel cells and gas concentrators [6]. While
much of this effort has focused on the feasibility of
air brazing, little emphasis has been placed on under-
standing the wetting characteristics of the various filler
material systems as a function of braze or substrate
composition.

The goal of the present study is to systematically
investigate the compositional dependence of the con-
tact angle formed between Ag-CuO based brazes and
a prototypical oxygen transport material. Lanthanum
strontium cobalt ferrite, (Lag¢Srg.4)(CogoFeqg)Os3_s
(LSCoF), was chosen as the MCO for study. Because of
its substituted nature, the compound displays excellent
ionic and electronic transport properties, which make it
a strong candidate for use in commercial oxygen gener-
ators [8]. However, it is particularly sensitive to oxygen
partial pressure at high temperature and will experience
oxygen loss and eventual phase separation under low
po, environments [8]. Thus while active metal brazing
cannot be used to join this material, air brazing is poten-
tially a viable sealing technique. As will be discussed,
wetting in the Ag-CuO air braze system occurs via one
of two mechanisms that depend on the miscible nature
of the liquid phases that form within the braze during
melting.

2. Experimental procedure

Contact angles were measured in an air muffle fur-
nace using the classical sessile drop technique [9]. Pol-
ished, high density LSCoF tablets were employed as the
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wetting substrates. Sintered Ag-CuO pellets were
heated on these substrates to the molten state and the
shape of the resulting drop was recorded as a function
of time and temperature using a high speed video cam-
era. After quenching to room temperature, the wetting
specimens were mounted, cut, and polished for charac-
terization by scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDX).

2.1. Materials

High purity LSCoF powder (99.9% purity; Praxair Spe-
cialty Ceramics, Inc.) was uniaxially compacted into
12 mm x 20 mm tablets using a hydraulic press. The
tablets were further densified under 20 ksi of isostatic
pressure and sintered in air at 1250°C for two hours.
With an average density of 96% of theoretical, the as-
sintered substrates measured approximately 10 mm x
17 mm x 3 mm thick. The wetting surface of each
pellet substrate was polished with diamond paste us-
ing successively finer grit, with 0.1 pum grit used in
the final step. On average, the surface roughness was
4 nm with a maximum height of 21 nm, as measured by
a profilometer. Prior to performing the wetting experi-
ments, the polished surfaces were cleaned with acetone,
rinsed with propanol, air dried, and heated in static air
to 600°C for four hours to burn off any residual organic
contamination.

Braze compositions were prepared in the form of
pressed pellets. These were fabricated by dry mix-
ing copper (99% purity; 1.4 um average particle size;
Alfa Aesar) and silver (99.9% purity; 0.7 um aver-
age particle size; Alfa Aesar) powders in the ratios re-
quired to yield the target compositions listed in Table 1.
These compositions assume that the copper is com-
pletely oxidized prior to use. To ensure this and promote
homogeneous dispersion of the oxide, the powder mix-
tures were first uniaxially pressed into pellets mea-
suring 0.6 mm in diameter by ~0.6 mm thick. Then
based on X-ray diffraction and metallographic results
obtained from a prior series of heat treatment experi-
ments, the pellets were pre-treated in air at 700°C for
4 h to completely oxidize the copper to CuO and to fa-
cilitate homogenization of this species within the pellet.
The pellet densities averaged ~65% of the theoretical
density as determined by geometric measurement and
rule of mixtures calculations.

TABLE I Target compositions of the Ag-CuO filler materials inves-
tigated in this study

Braze ID Ag content (mol%) CuO content (mol%)
CAO0 100 0

CAO01 99 1

CAO01.4 98.6 14

CA02 98 2

CA04 96 4

CA08 92 8

CAl6 84 16

CA34 66 34

CA69 30.7 69.3
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2.2. Characterization techniques

The sessile drop experiments were conducted by plac-
ing a braze pellet on the polished surface of a LSCoF
substrate, heating both to a temperature at which the
pellet becomes molten, and monitoring the variation
in the braze droplet’s base diameter, height, and an-
gle of contact it forms with the substrate during a se-
ries of isothermal soaks. The experiments were car-
ried out in a static air box furnace equipped with a
transparent quartz window on the front door through
which the heated specimen could be observed. A high
speed video camera fitted with a 50x zoom lens was
used to record changes in the wetting specimen over
the entire heating cycle. The specimens initially were
heated quickly at 30°C/min to a sub-liquidus temper-
ature of 900°C, at which point the heating rate was
reduced to10°C/min for the rest of the cycle. Once sta-
ble at 900°C, the furnace temperature was then raised
to 950°C, where the temperature remained for fifteen
minutes, increased again to a second isothermal hold
at 1000°C for fifteen minutes, followed by a third fif-
teen minute soak at 1050°C, and subsequently heated
to a final fifteen minute dwell at 1100°C. In this way,
the shape of the sessile drop was allowed to stabilize
for measurement at each temperature. Once the wet-
ting experiment concluded, each sample was quenched
at 10°C/min to 550°C, then furnace cooled to room
temperature.

Conversion of the analog video data to digi-
tal form for image analysis was performed using
VideoStudio6™ (Ulead Systems, Inc.) frame capturing
and video editing software. The digitalized images were
subsequently imported into Canvas™ graphic software
(version 8.0.5, Deneba Systems, Inc.) for droplet shape
measurement. The outline of the droplet was circum-
scribed with a circle of best fit, which was used to deter-
mine the droplet’s radius. The contact angle was then
calculated from the radius and the diameter of contact
between the droplet and the substrate. Microstructural
analysis was conducted on polished cross-sectioned
samples by SEM (JEOL JSM-5900LV) and EDX
(Oxford Systems). The SEM is equipped with a win-
dowless detector, allowing detection and quantitative
measurement of both light and heavy elements. To
avoid electrical charging of the samples in the SEM,
they were carbon coated and grounded. Elemental
profiles were recorded across joint interfaces in the
line-scan mode.

3. Results

3.1. Contact angle measurements

Shown in Fig. 1a and b are the contact angles measured
between molten Ag-CuO and LSCoF as a function of
copper oxide content and temperature. During the ini-
tial stage of heating each composition, liquefaction was
observed to begin approximately at the temperature pre-
dicted by the Ag-CuO phase diagram [10], implying
that neither diffusion nor solid-state reaction kinetics
significantly impeded the CuO and Ag from reaching
equilibrium. In addition, the fifteen minute isothermal
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Figure 1 A plot of the contact angle formed between Ag-CuO and LSCOoF as a function of: (a) CuO content and (b) temperature.

dwell times employed in the heating cycle appeared to
be sufficiently long for the contact angles to reach their
equilibrium values.

As seen in Fig. 1a, independent of temperature the
addition of CuO causes a significant decrease in the con-
tact angle between the molten drop and LSCoF, from
the non-wetting condition displayed by pure silver to an
apparent minimum value reached at ~35 mol% CuO.
Much of the drop occurs in a narrow compositional
band bounded at an upper limit of Xcyo ~ 4 mol%. In
fact, each curve appears to consist of three distinct re-
gions, as defined by obvious changes in slope: (1) 0 <
Xcwo < 4 mol%, where the greatest decrease in contact
angle occurs; (2) 4 mol% < Xcuo < 35 mol%, denoted
by a more gradual decrease in contact angle as a func-
tion of composition; and (3) 35 mol% < Xcuo < 69
mol%, in which a small, but reproducible increase in
contact angle is observed at the end point composition.
In Fig. 1b, a second compositional effect on wetting be-
havior is observed. Below 8 mol% CuO content (spec-
imens CAQ — CA04), the contact angle appears to be
nearly invariant of temperature. However at this thresh-
old and above, contact angle decreases with increasing
temperature.

3.2. Microstructural analysis

After quenching, metallographic analysis was con-
ducted on the wetting specimens. Typical results for
sessile drop compositions of 0—4 mol% CuO in Ag are
shown in the back scattered electron images of Fig. 2. In
the pure silver specimen (CAOQ) seen in Fig. 2a, the mi-
crostructure at the area of contact between the solidified
droplet and the LSCoF is characterized by a clean inter-
face decorated with an occasional large void. Although
porosity is evident in both the bulk and surface of the
LSCoF pellet (as it is in all of the wetting specimens),
the filler metal did not appear to penetrate any of these
pores. This behavior correlates directly with the macro-
scopic, non-wetting contact angle of 101° observed in
the specimen at 1100°C.

Shown in Fig. 2b is the interfacial microstructure in
specimen CAO1.4. At this magnification, the interface
was found to be similar in appearance to that of the
pure silver specimen, although fewer interfacial voids
were observed. In fact, a small amount of filler material
appears to have infiltrated some of the surface pores of
the substrate, as denoted by the two arrows in the fig-
ure. Upon analysis conducted at higher magnification,
a number of sub-micron CuO particles were observed
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Figure 2 Cross-sectional SEM micrographs of the Ag-CuO sessile drop/LSCoF interface in the following specimens: (a) CAO, (b) CA01.4, (c) CA02,
and (d) CAO04. The filler material is observed on the left-hand side of each micrograph and the LSCoF substrate is on the right.

both within the silver matrix and along the interface
with the LSCoF.

In the specimen wetted by 2 mol% CuO in Ag
(CA02), shown in Fig. 2c, the copper oxide is observed
to form as larger precipitates both within the filler ma-
trix, which is pure silver, and along the wetting surface
of the substrate. In the bulk of the sessile drop, the
majority of these particles are spherical in shape and
range in size from 3 to 8§ um. A smaller number of
these appear to be more elongated in shape and gener-
ally larger, on the order of 10-15 um long. The oxide
precipitates at the interface assume a half-lens shaped
morphology. In CA04 (Fig. 2d), in which the sessile
drop composition is enriched with twice as much CuO,
the dispersion of oxide particulate in the matrix is more
dense and a larger number of elongated precipitates
is observed. The population of precipitates along the
sessile drop/substrate interface is also higher and these
particles are larger in size than those in CA02. EDX
data collected on a large sampling of regions adjacent
to the wetting interface in each specimen revealed no
indication of a metathetic interfacial reaction between
the droplet and the substrate. However, we did observe
some infiltration of the filler material into the surface
and interconnected sub-surface porosity. The average
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depth of penetration appears to progress with increas-
ing CuO content in the sessile drop.

Shown in Fig. 3a—d are micrographs of the specimens
wetted by the higher CuO-containing braze composi-
tions. In the CAO8 specimen shown in Fig. 3a, a nearly
continuous 3 pm thick band of CuO is observed in
direct contact with the sessile drop/substrate interface.
Shown in Figs 3b and c respectively are the microstruc-
tures for specimens CA16 and CA34, which are quite
similar to each other. The bulk region of each braze
droplet is composed primarily of a silver matrix con-
taining a fine-scale dispersion of sub-micron, spherical-
shaped copper oxide particles. Very little CuO is ob-
served at the interface with the substrate. Instead, a
substantial amount of filler material infiltration has oc-
curred within the interconnected sub-surface porosity.
Also observed in these specimens was evidence of an
edge effect. Outside the leading edge of the solidified
sessile drop, infiltration of the substrate porosity takes
place, extending as far as 100 um ahead of the air-
sessile drop-substrate boundary.

The microstructure of CA69 differs completely from
those of the previous specimens, as shown in Fig. 3d.
The solidified braze droplet is composed primarily of
copper oxide. The majority of the silver appears to have
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Figure 3 Cross-sectional SEM micrographs of the Ag-CuO sessile drop/LSCoF interface in the following specimens: (a) CA08, (b) CA16, (c) CA34,
and (d) CA69. The filler material is observed on the left-hand side of each micrograph and the LSCoF substrate is on the right.
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Figure 4 A plot of the depth of filler material penetration into sub-surface substrate porosity as a function of sessile drop composition.

infiltrated far into the underlying substrate through the
available interconnected porosity. The average distance
of penetration has been tracked EDX and is plotted for
all nine specimens in Fig. 4. The depth of penetration
correlates directly with CuO content, with an abrupt
change in slope observed at a composition of ~8 mol%
CuO in Ag. Again, there was no evidence of a meta-
thetic reaction between the braze material and the sub-

strate, but we did find signs of apparent compositional
substitution occurring between the copper oxide and
the LSCoF. An example of this is seen in Fig. 5, which
shows a high magnification cross-sectional micrograph
of the CuO/LSCoF interface in CA08. Corresponding
EDX analysis of each labeled region in the image is pre-
sented alongside. Approximately 2—5 atom% copper
was found in the LSCoF at and adjacent to the interface
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EDX Analysis of Points 1-5

Composition, at%

Element La Sr Co Fe Cu Ag
Point 1 1.0 09 59 23 899 -
Point 2 - - 37 07 865 9.1
Point 3 - - 55 21 924 -
Point 4 268 241 74 365 52 -
Point 5 26.1 230 104 372 33 -

Figure 5 A high magnification cross-sectional SEM micrograph of the
sessile drop/substrate interface in CA08. Results from corresponding
EDX analysis of the regions labeled in the image are given in the adjacent
table.

down to a maximum depth of ~2 um. A corresponding
amount of cobalt was measured in the CuO band at this
interface and appeared to be uniformly mixed through-
out, suggesting that a Cu™? < Co*? exchange reaction
occurred when this layer was still molten. Transition
metal cation substitution in lanthanum ferrite is well
documented and the exchange of copper for cobalt is
not surprising [11, 12]. Similarly, molten copper ox-
ide is known to dissolve cobalt oxide and form a solid
solution at low alloying additions [13].

4, Discussion

The above results demonstrate that the addition of cop-
per oxide significantly affects the wetting characteris-
tics of silver on LSCoF. As observed previously, distinct
regions of wetting behavior are apparent in the contact
angle versus composition curves of Fig. la. In order
to explain this effect, we refer to the Ag-CuO phase
diagram of Shao et al. [10] shown in Fig. 6. At rela-
tively low CuO-content, a single phase liquid forms at
1100°C. This liquid is rich in silver, but does contain
a small amount of CuO, the level of which depends on
the original composition of the braze. At a temperature
of 1100°C and a composition of ~8 mol% CuO, the lig-
uid displays immiscibility and while the wetting angle
continues to decrease with additional CuO, Fig. 1a, it
does so only gradually. At xcyo > 8 mol%, two liquids
form within the molten sessile drop, one rich in CuO
(L) and the other in silver (L,).
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Figure 6 The CuO-Ag phase diagram (from reference [10]). The com-
positions employed in this study are marked at 1100°C.

Cahn’s derivation of critical point wetting predicts
a transition in the wetting behavior of a multicompo-
nent liquid in contact with a solid substrate below a
critical temperature at which the liquid-liquid immis-
cibility occurs [14]. Upon reaching this temperature,
the previously homogeneous liquid separates into two
immiscible liquids. One will perfectly wet the solid sub-
strate and thereby encapsulate the second liquid phase,
excluding it from contact with the solid. While Cahn
discussed this transition specifically in terms of a criti-
cal temperature for a given liquid composition, a similar
argument can be applied to define a critical composition
at which a wetting transition should be observed when
composition is smoothly changed at a given tempera-
ture (i.e. as the miscibility gap is entered isothermally).
According to Ag-CuO phase diagram, this composi-
tion is ~8 mol% CuO at 1100°C. As the CuO content
is increased, we expect that the liquid displaying the
lowest interfacial energy with the substrate, presum-
ably the copper oxide-rich L; liquid, will preferentially
wet the LSCoF substrate to the complete exclusion of
the silver-rich L; liquid. Thus, a first order transition in
contact angle as a function of composition is expected
at xcyo ~ 8 mol%, which is approximately observed in
our data from Fig. la.

Unfortunately, a complication arises in our exper-
iments: Cahn’s theory assumes an atomistically flat
solid substrate, whereas the LSCoF in our experiments
contains interconnect surface porosity. So while per-
fect wetting of the substrate is predicted to occur at
the critical point, we do not observe this trend in our
wetting results because the L liquid has been drawn
into the sub-surface porosity. This implies that it is the
behavior of the remaining silver-rich L, liquid that de-
fines the wetting angles measured in these sessile drop
compositions. Since the concentration of CuO in the
L, liquid remains the same for both CA16 and CA34,
as defined by the tie-line in the two-phase liquid re-
gion, the wettability of the CA34 sessile drop should
essentially be no different from that of CA16, which
corresponds with our finding in Fig. 1a. It is the infiltra-
tion data in Fig. 4 that not only independently identifies
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a transition point, again at the miscibility gap border of
Xcuo ~ 8 mol%, but also indicates that perfect wet-
ting may occur between the copper oxide-rich L;liquid
and the LSCOoF substrate. Although the data beyond the
critical composition is scant, it suggests that the depth
of L, infiltration increases linearly with CuO content.
Under perfect wetting, the entire volume of L; in the
original molten sessile drop essentially moves into the
sub-surface porosity of the substrate under capillary at-
traction. Since the volume of L; is proportional to xcyo
(using the tie lines in the phase diagram) and the depth
of filled porosity is proportional to the volume of pores
(assuming an equivalent volume modeled using a right
hand cylinder, Vjores = r2d, where d is the depth of
penetration), xcyoaed is predicted when perfect wetting
occurs; the same trend observed in our data.

We can also use the Ag-CuO phase diagram to ex-
plain our microstructural results. As noted previously,
the thermal cycle for these samples ends with a fi-
nal 15 min soak at 1100°C prior to cooling. There-
fore, our analysis begins at this temperature. For exam-
ple, at 1100°C the eutectic composition (CA01.4) will
form a single silver-rich liquid phase on the surface
of the LSCoF. Upon cooling to the eutectic tempera-
ture, solid Ag and CuO form simultaneously from the
eutectic liquid. Driven by the favorable energetics of
heterogeneous nucleation, the two phases precipitate
preferentially at the LSCoF surface forming a series of
finely interspersed Ag and CuO particles. Ideally un-
der a long isothermal hold, the resulting solid should
consist of a lath-type morphology commonly observed
in slow cooling eutectic alloys [15]. However, the rapid
cooling rate appears to have suppressed the formation
of this characteristic eutectic microstructure.

In brazes with compositions of 1.4 mol% < Xcuo <
8 mol%, again a single phase liquid forms at 1100°C.
However as it cools, a solidus or miscibility compo-
sition is reached prior to the eutectic line. For com-
positions of less than ~4 mol% CuO (the silver-rich
end-point of the monotectic line), solid CuO will pre-
cipitate out of solution, initially at the LSCoF surface,
before any interfacial silver forms; the silver remains in
solution as part of the L; liquid. For brazes with greater
than 4 mol% CuO, the miscibility gap, L} 4+ L, is en-
tered upon cooling. At this point, one of the two liquids
is available to wet the LSCoF surface at the exclusion
of the other. As proposed earlier, we believe that when
segregation takes place between these immiscible lig-
uids, L; will preferentially wet the substrate presum-
ably because of its higher CuO content and therefore
lower expected interfacial energy with the mixed con-
ducting oxide. Upon further cooling to the monotectic
temperature, CuO precipitates out of the L; solution
along the LSCoF surface. As it does, the silver-rich lig-
uid, L,, becomes further enriched with silver. In both of
the examples above, at the eutectic temperature, solid
CuO and Ag simultaneously nucleate from the remain-
ing liquid, presumably in a heterogeneous fashion on
the proeutectic CuO and the remaining open LSCoF
surface.

As alluded to previously, in the hypomonotectic
braze compositions of CA16 and CA34, the sessile drop

directly undergoes segregation at 1100°C due to liquid-
liquid immiscibility. Again, when the two liquids seg-
regate, the microstructural evidence suggests that the
copper oxide-rich liquid preferentially migrates to and
wets the LSCoF surface, eventually wicking into the
underlying interconnected porosity. For the monotectic
composition (CA69), a single phase copper-oxide rich
liquid, L, forms at 1100°C. As was observed in the mi-
crograph for this specimen, this liquid appears to have
rapidly infiltrated the open porosity in the substrate.
When cooled to the monotectic temperature, solid CuO
and a silver-rich liquid nucleate simultaneously from
the silver-poor monotectic liquid. Proportionally, CuO
is the major product, accounting for large amount of
CuO observed within the LSCoF pores and in the solid-
ified sessile drop. The L, liquid likely becomes trapped
in the porosity by the surrounding solid CuO and upon
further cooling yields the silver deposits observed in-
ternally within the substrate.

5. Conclusions

The addition of CuO to silver enhances wetting on
(Lag.¢Sro.4)(Cog2Fen.g)O3_s substrates through a non-
reactive mechanism. The largest improvements in con-
tact angle occur at low CuO concentrations via the for-
mation of ahomogeneous silver-copper oxide liquid. At
a composition of xcyo ~ 8 mol%, the wetting mech-
anism changes as two immiscible liquids form within
the sessile drop, each of which can potentially wet the
oxide substrate. Based on the metallographic evidence,
particularly our observations of a high population of
copper oxide deposits within the sub-surface porosity
of the substrate, we believe that the copper oxide-rich
liquid preferentially wets the LSCoF surface and does
so to the exclusion of the silver-rich liquid, following
critical point behavior described originally by Cahn.
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