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The development of high-temperature solid-state devices for energy generation and environmental control
applications has advanced remarkably over the past decade. However, there remain a number of technical
barriers that still impede widespread commercial application. One of these, for example, is the develop-
ment of a robust method of conductively joining the mixed-conducting oxide electrodes that lie at the heart
of the device to the heat resistant metal interconnect used to transmit power to or from the electrodes and
electrochemically active membrane. This study investigated the high-temperature electrical and micro-
structural characteristics of a series of conductive glass composite paste junctions between two contact
materials representative of those used in solid-state electrochemical devices, lanthanum calcium manga-

nate, and 430 stainless steel.
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1. Introduction

Mixed ionic/electronic conducting (MIEC) oxides, such as
SrFeCo, s0,, (Lag ¢Sty 4)(Cog,Fey )05, and BaCeO;, are a
class of ceramics that contain ionic and electronic carriers in
high enough concentration that both forms of charge conduc-
tion are exhibited at a high level, typically at temperatures in
excess of 500 °C. Due to their properties, the demand for MIEC
oxide-based devices has grown considerably. The value of the
present-day market is conservatively estimated to be $3 billion,
with particularly high growth rates in automotive systems, en-
vironmental control, and energy generation technology where
the devices are used primarily as amperometric chemical sen-
sors.''1 Solid oxide fuel cells (SOFCs) represent an even larger
potential market than that established for chemical sensors.
These electrochemical devices convert the chemical energy
from fossil fuels into electricity in a highly efficient manner
and may find application in a number of energy generation
applications, from auxillary power units used in automobiles
and trucks to megawatt generators used as part of the electric
power grid. MIEC oxides are used in SOFCs as electrodes,
carrying out charge separation and charge transfer at the elec-
trolyte/electrode interface, and as agents to increase the elec-
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trocatalytic activity of the electrodes with respect to fuel ref-
ormation.'” If the ionic conductivity of a given MIEC oxide is
high enough, it can be used as an electrically driven oxygen-ion
transport membrane for oxygen gas separation, partial hydro-
carbon oxidation, and waste reduction and recovery.m MIEC
oxide-based membrane technology offers the potential to sepa-
rate oxygen from air with far greater efficiency and at one-third
lower cost than the cryogenic processing technology used to-
day. And unlike cryo-separation, oxygen transport membranes
operate at high temperatures, making them ideally suited for
direct integration with coal gasification plants.™*

Underlying the excitement over the potential value of MIEC
oxides is the engineering challenge of how to effectively in-
corporate these materials into practical devices. Opportunities
to fully exploit the unique properties of these advanced ceram-
ics depend in large part on our ability to develop reliable join-
ing techniques. However, because MIEC-based device technol-
ogy is essentially restricted to high-temperature operation, only
a limited number of joining technologies are applicable. Fur-
ther complicating the joining process is the need for the ce-
ramic-to-metal joint to be electrically conductive so that cur-
rent can either be drawn from the MIEC oxide, in the case of
SOFC applications, or be carried to the MIEC oxide to initiate
ionic conduction, as is required in oxygen separation and elec-
trocatalytic devices.

An example of where MIEC oxide/metal joining is used in
SOFCs is shown in Fig. 1(a), which displays a schematic draw-
ing of a typical planar stack design. A cut-away view depicting
the joining arrangement between the metal interconnect and the
MIEC oxide cathode is seen in Fig. 1(b). The conditions under
which the fuel cell, and therefore the MIEC oxide/metal joint,
is typically run are noted. To generate a sufficient rate of ionic/
electronic transport within a solid-state fuel cell, it must be
operated at high temperature, normally on the order of 500-
1000 °C. The present analysis assumes an operating tempera-
ture of 750 °C, which is sufficient for both SOFC and oxygen
generation applications.'>®! Unfortunately, this temperature is
also high enough for thermally activated processes to take
place that may be deleterious to device performance, such as
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Fig. 1 (a) A schematic drawing of a planar solid oxide fuel cell (SOFC) stack design. (b) A cut-away view of the typical joining arrangement

between the metal interconnect and mixed conducting cathode component.

interdiffusion, oxidation, and interfacial solid-state reaction;
particularly over the expected lifetimes of these devices, esti-
mated to be 3000-30,000+ h depending on the specific appli-
cation. Thus, the joint must be capable of resisting structural
degradation at these conditions, while conducting high electri-
cal current with minimal I°R loss to maximize device perfor-
mance. Typical current densities range from 0.5 to 2.0 A/cm?.

A key issue with respect to electrical conduction is the
mobility of oxygen in the MIEC oxide and the effect this may
have on scale formation within the ceramic-to-metal bond re-
gion. A second concern is the effect that high current density
may have on the rate of diffusion and chemical reaction at the
ceramic/metal interface. Formation of a continuous, non-
conductive scale or reaction product at this interface will im-
pede transverse current flow and must be avoided. Depending
on the application, other functional requirements may include:
(a) hermeticity over the lifetime of the device, (b) the ability to
survive thermal cycling from operating temperature to room
temperature, and/or (c) low raw material and manufacturing
costs.

The use of noble metal pastes and metallization layers, in
particular platinum (Pt), is popular in joining small MIEC ox-
ide samples to metal interconnects for research and develop-
ment work and for testing purposes. However, employing Pt
and other noble metals, outside of silver (Ag) perhaps, for the
manufacture of commercial devices is cost prohibitive. Noble
metal interlayers also display at best only weak mechanical
bonding with MIEC oxides; thus, joints constructed with these
materials will exhibit poor bond strengths. In addition, it has
been reported in the case of Pt that the metal migrates during
device operation, causing electrochemical performance to de-
grade after several hundred hours of use.!”! A composite join-
ing system may offer the best means of developing a high
performance MIEC oxide/metal interconnect bond. One con-
cept is to use a conductive glass-composite wherein an elec-
trically conductive phase, such as Ag or tin oxide, is dispersed
in a high temperature glass or glass-ceramic matrix. In many
ways, this material system is analogous to the conductive frits
that have been used for a number of years in the microelec-
tronics industry as thick film resistors,”® with the exception
that the new composite must be functional at much higher
temperature. A contact paste formulated in this manner can be
heat treated directly in air and should be highly conductive
during operation assuming that the conductive phase is ran-
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domly dispersed in the composite at a volume fraction greater
than the percolation limit, i.e., it is continuously interconnected
from one side of the joint to the other. The greatest concern
with this concept is whether a resistive reaction zone will form
between the contact material and either of the conductive fay-
ing surfaces. The study described here considers three potential
conductive glass composite systems, each employing a high-
temperature barium aluminosilicate glass as the matrix and one
of the following as the dispersed conductive phase: tin-doped
indium oxide, lanthanum calcium chromate, or Ag. Long-term,
high-temperature conductivity testing was conducted on the
most promising of the three and selected joint samples were
subsequently examined microstructurally via scanning electron
microscopy (SEM).

2. Experimental

2.1 Materials

Lantanum calcium manganate (LCM), (La,¢Ca,,)MnO;,
and 430 stainless steel (430SS) were used, respectively, as the
model cathode/interconnect system to carry out the initial de-
velopment and testing effort on conductive glass-composite
joining. LCM was selected because: (a) it is a candidate elec-
trode material for a variety of high-temperature solid-state de-
vices,” "1 (b) it has a coefficient of thermal expansion (CTE)
that matches those of a number of candidate interconnect ma-
terials over the application temperature range, and (c) it typi-
cally displays better thermal stability and chemical compatibil-
ity with adjacent oxide materials, including glasses, than a
number of related perovskite compounds. The LCM samples
were fabricated by tape casting. LCM powder (Praxair Spe-
cialty Ceramics, Inc., Woodinville, WA) was ball milled for
1Y2 days with polyvinylbenzene in a methyethyl ketone/
isopropyl alcohol solvent using PS-21A (Witco, Inc., Petrolia,
PA) as a dispersant. The slurry was cast onto silicone coated
mylar, forming a ~0.16 mm thick tape when dry. The tapes
were cut into ~1.4 cm squares and the squares were paired and
run through heated rolls to form laminated pieces. These were
then sintered in air at 1300 °C for two hours, yielding ~1.1 cm
square samples measuring nominally 250 pwm in thickness with
densities in excess of 89% of theoretical.

The 430 stainless steel was chosen as the interconnect ma-
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terial because: (a) its CTE closely matches that of LCM, (b) it
displays good oxidation properties at high temperature, (c) it
forms a continuous chromia scale, which when thin enough
will be sufficiently conductive at 750 °C, and (d) it is the most
widely produced ferritic stainless sheet product, making it a
strong low-cost candidate for commercial high temperature
electrochemical devices. As-received ~2 mm (20 mil) thick
430SS sheet was sheared into 2 x 2 cm square samples and
polished on both sides with 1200 grit SiC paper. The samples
were flushed with deionized water to remove the grit and ul-
trasonically cleaned in acetone for 10 min.

A barium aluminosilicate based glass was used as the matrix
in the composite joining material. The glass, referred to as
G-18, was developed in-house at Pacific Northwest National
Laboratory for use as a high-temperature sealing glass''?! and
was produced as powder (average particle size of 34 um) in
large-scale batches by the Viox Corporation (Seattle, WA). The
glass is fomulated by melting and homogenizing the following
mixture of oxides (by weight percent): 56.4% BaO, 22.1%
Si0,, 5.4% Al,O;, 8.8% CaO, and 7.3% B,0;. In its vitreous
state, the average CTE of G-18 from room temperature to
600 °C is 11.8 x 107° m/K, closely matching that of LCM and
430. When devitrified, after ~120 h at 750 °C, the CTE drops
to ~10.0 x 107® m/K.!"*!. In a series of small coupon experi-
ments, G-18 displayed excellent wetting and joining character-
istics with several ferritic stainless steels, including 430, 446,
Ebrite and 29-4. The glass powder can be used by casting it
into 100 pwm thick tapes using an appropriate tape casting pro-
cedure or by suspending the powder in a viscous organic binder
to form a paste. Both fabrication techniques were used in this
study as described below.

Three electrically conductive materials expected to be
chemically compatible with the glass matrix were examined in
an initial set of scoping experiments: tin-doped indium oxide
(ITO — with an In,O; to SnO, ratio of 90:10 wt.%; 38 wm
average particle diameter; Alfa Aesar, Ward Hill, MA),
(Lay gCay ,)CrO; (LCC;1 pwm average particle diameter;
Praxair SC Inc.), and Ag (5.5 pm average particle diameter;
Alfa Aesar). Using these, six different pastes were formulated.
Each paste contained one type of conductive powder in either
a 35 or 65 vol% concentration with the glass matrix. The pastes
were prepared by dry mixing the appropriate amounts of con-
ductive material and glass powder; adding a binder, BX-18
(Ferro Corporation, Cleveland, OH); and thoroughly mixing
the blend on a three-roll mill. All formulations were found to
have acceptable thixotropic properties for the wetting and join-
ing experiments. Tape cast formulations were prepared by mill
mixing the appropriate quantities of glass and conductive pow-
ders with polyvinyl benzene in a mixture of the methylethyl
ketone/isopropyl alcohol solvent and the PS-21A dispersant,
casting the slurry onto silicone coated mylar, and allowing to
air dry. The tapes were cast at a thickness of ~0.12 mm, form-
ing a ~100 pm thick sheet when dry.

2.2 Testing and Characterization

Wetting experiments were conducted in a static air box
furnace. The composite pastes were spread on cleaned samples
of LCM and 430SS, heated at 5 °C/min to 850 °C, and held at
temperature for 1 h. The samples were then cooled at 5 °C/min
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Fig. 2 Schematic illustration of the double-joint samples used in
conductivity testing.
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to 750 °C and held isothermally for an additional 4 h, after
which they were allowed to cool to room temperature at 5
°C/min. The wetting angle and degree of coverage of the glass
composite over the substrate, as well as the electrical resistance
of the sample from the back side of the substrate to the top
surface of the glass composite were measured at room tem-
perature.

The wetting angle was averaged from a set of eight separate
measurements, taken after mounting the sample on a square
block and photographing it side-on under 50x magnification.
The sample was examined on all 4 sides recording two mea-
surements per side, one from each viewable air/glass-
composite/substrate interface. The degree of glass-composite
coverage over the substrate was noted in a qualitative manner
by simply observing whether the composite paste tended to
spread over or shrink away from the substrate in a uniform
manner, or instead left behind partially covered patches of
substrate as the glass matrix sintered and eventually melted.
The electrical measurements made during the initial screening
study were conducted at room temperature using a simple two-
probe technique. Pt electrodes measuring ~%2 cm in diameter
were joined with Pt paste to the top and bottom surfaces of the
wetting samples. In the case of the metal substrates, the oxide
scale on the outer surface was removed with 1200 grit paper
prior to electrode attachment. To cure the Pt contact paste, the
samples were heated in a vacuum oven to 150 °C and held
isothermally for 2 h. Once bonded, each lead was connected in
series with a HP 3263A direct current (dc) power supply and a
HP 34401A multimeter (Hewlett Packard Corp., Palo Alto,
CA). Current measurements were recorded for 0.01, 0.1, 1, and
10 V of potential applied across the sample.

Long-term, high-temperature electrical testing was con-
ducted on contact samples using a modified four-point probe
technique. As shown in Fig. 2, the samples were prepared as
double joints to facilitate good connection of the leads and to
provide an accurate measure of the average electrical resistance
of the conducting joint. The two substrates were fabricated in
a circular geometry (2.5 cm diameter) and the 100 pwm thick,
tape cast glass composite was laser cut into circles measuring
1.5 cm in diameter. Also shown in Fig. 2 are yttria-stabilized
zirconia (YSZ) spacers measuring 3 cm outer diameter x 2 cm
inner diameter x 50 pwm thick that were used as internal stops
within the sample to set the thickness of the glass composite
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Table 1 Properties of Six Glass-Composite Contact Materials

Composition Estimated Wetting Angle Degree of Spreading Electrical Resistance
Sample vol% Glass  vol% 2" Phase LCM 430 LCM 430 LCM (a) 430
ITOG-35 65 35-ITO 21° Sample Detached Uniform Sample Detached 72Q Sample Detached
ITOG-65 35 65-ITO 29° Sample Detached Non-Uniform Sample Detached 48 Q Sample Detached
LCCG-35 65 35-LCC 32° 35° Uniform Uniform 141 Q 127 Q)
LCCG-65 35 65-LCC 28° 46° Non-Uniform  Uniform 122 Q) 96 Q)
AgG-35 65 35-Ag 29° 37° Uniform Uniform 27 Q <0.1Q
AgG-65 35 65-Ag 24° 42° Uniform Uniform 26 Q) <0.1Q

(a) Note: The baseline through-thickness resistance of the LCM substrate measured between 24 and 28 ().

layers. Prior to sample assembly, two Pt leads were spot
welded to the back of each metal substrate. The samples were
then assembled (with each layer centered), placed under a 200
g dead load, and heat treated in air using the same schedule
used in the wetting experiments described above. Once joined,
one lead each from the top and bottom of the sample was
connected to a HP 3263A dc power supply and the other two
were connected to a HP 34401A multimeter and datalogger
forming a parallel circuit. The sample was placed into an alu-
mina tube furnace and heated at 10 °C/min to 750 °C and held
isothermally under 20 cm*/min of flowing air for the duration
of the test. Voltage measurements were recorded every five
seconds as 1.5 A of dc current was continuously applied to the
sample during testing. Subsequent microstructural analysis of
the joints was conducted on polished cross-sectioned samples
using a JEOL JSM-5900LV (JOEL Corp., Peabody, MA) scan-
ning electron microscope (SEM) equipped with an Oxford en-
ergy dispersive x-ray analysis (EDX) system. To avoid elec-
trical charging of the samples, they were carbon coated and
grounded prior to analysis. Elemental profiles were determined
across the joint interfaces in the line-scan mode.

3. Results and Discussion

3.1 Scoping Studies

Reported in Table 1 are the results from our initial screening
experiments conducted to determine the composite joining sys-
tem most suitable for further development and testing; that is,
the system that demonstrated both acceptable wetting on each
substrate and exhibited the lowest level of electrical resistance
through the composite-to-substrate bond. Although the ITO-
glass pastes displayed good spreading on both substrates, ac-
ceptable adhesion was found only in the LCM wetting samples.
The LCC-based wetting samples displayed acceptable wetting
and adhesion properties on both substrates, but exhibited fairly
high levels of electrical resistance at room temperature; much
higher than anticipated based on a simple rule-of-mixtures cal-
culation. Although these values are expected to drop signifi-
cantly at higher temperatures due to the inverse temperature
dependence of LCC’s resistivity, it is suspected that some
chemical interaction took place between the LCC and the glass
matrix that may have altered the bulk resistivity of the com-
posite. Consequently, this system was set aside for further
study at a future time. The most promising results were ob-
tained using the Ag-glass composites, which compelled us to
examine this system in more detail.
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To determine the lowest Ag content at which the bond still
exhibits an acceptably low vlaue of through-thickness resis-
tance, electrical tests were conducted on a more extensive se-
ries of Ag-glass composite half joints. Using the technique
described previously, four additional Ag-glass pastes were pre-
pared that contained 15, 20, 25, and 30 vol% Ag in the high
temperature glass matrix. Each paste was spread on both a
LCM and a 430 substrate, heat treated as before, and examined.
All six joining compounds displayed uniform spreading and
low wetting angles on both substrates, ranging from 25° to 35°
on LCM and 33° to 46° on 430. The glass-composite side of
each half-joint sample was then ground flat, down to a thick-
ness of 0.30 + 0.03 mm for the composite. Pt leads were Ag
pasted onto the top of the composite and either Ag pasted or
spot welded to the backside of the LCM or 430 substrate,
respectively. Four-point resistance testing was conducted at
room temperature by measuring the voltage drop across the
through-thickness direction of each sample under 250 mA of dc
current.

Shown in Fig. 3 are the results from these tests. The mea-
surements obtained on the LCM substrate show only a very
slight decrease in through-thickness resistance with increasing
Ag content in the composite. This can be attributed to the
relatively high resistivity of the substrate at room temperature.
At higher temperature, LCM becomes more conductive by sev-
eral orders of magnitude and the resistance through these
samples is expected to drop commensurately. Results from the
glass-composite/430 half-joints display a nearly linear decrease
in the through-thickness resistance as the Ag content in the
composite increases from 20 to 65 vol%. The trend is similar to
that predicted by Springett’s theoretical percolation model,
which describes the variation in conductivity with composition
for a metal particle-insulator system.!'*! Of course, it should be
noted that the results in Fig. 3 account not only for the resis-
tance through the composite, but also through the composite/
metal interface and bulk metal. It is also apparent from Fig. 3
that regardless of the substrate, the 15 vol% Ag-glass compos-
ite is non-conductive, suggesting a threshold value of 15-20
vol% Ag is required for electrical conductivity in this system.
This critical volume fraction of Ag also agrees quite well with
Springett’s model, which predicts a value of V. ~ 0.16 *
0.02.14

With a Ag composition approximately halfway between the
previously tested extremes, the 35 vol% Ag-glass composite
was chosen as a convenient starting point for long-term testing.
Plotted in Fig. 4 are area specific resistance (ASR) measure-
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mens as a function of time at 750 °C under 1.5 A dc current and 20
cm®/min flowing dry air

ments of a series of double joint conductivity samples (430SS/
Ag-glass/LCM/Ag-glass/430SS) as a function of time at 750
°C, under 1.5 A of dc current and 20 cm*/min of flowing dry
air. The samples were held at these conditions for 250, 500,
750, and 1000 h. The ASR calculations were made using
the maximum cross-sectional area of the contact material, i.e.,
3.14 cm?, assuming full constraint of the glass composite by
the two internal spacers within the conductivity sample. Note
that none of the joint samples displays any degradation in
electrical conductance with time. Instead each shows a slight
improvement. As will be seen in the metallographic results, one
possible reason for this is the interaction of Ag at the 430/
glass-composite interface.

Shown in Fig. 5(a) is a cross-sectional micrograph of one of
the 430/35 vol% Ag-glass/LCM joints in an as-formed conduc-
tivity sample. It is readily apparent that the Ag (visible as a
white phase under backscatter imaging) forms a fully sintered,
well-connected aggregate network that extends from the 430
surface on the right to the LCM surface on the left. In com-
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parison with the cross-sectional image of a 430SS/G-18 glass/
430SS sandwich joining sample Fig. 5(b), processed under the
same heat treatment conditions, it is also apparent that the
microstructures of the two glasses are significantly different.
The glassy material in Fig. 5(b) is partially devitrified and the
resulting glass-ceramic composite and adjacent interface are
composed of five microstructurally distinct zones: (a) the de-
vitrified glass-ceramic 20+ wm away from the interface with
the metal, (b) an adjacent glass-ceramic region that is measur-
ably depleted in barium, (c) a ~10 pwm thick reaction zone
between the chromia scale and the glass, (d) a chromia scale
that forms on the surface of the alloy during joining, and (e) the
bulk 430 stainless steel. The devitrified glass is composed of
several crystalline phases, notably: BaSiO; (oblate white crys-
tals), BaAl,Si,Og (needle-shaped dark gray crystals), and
Ba;CaSi,04 (large, blocky gray crystals), with the matrix com-
posed of 11.6 mol% Si, 8.1 mol% Ba, 7.5 mol% Ca, 3.2 mol%
Al, and 69.6 mol% O.

The matrix in the Ag-glass composite in Fig. 5(a) is not as
uniform across the thickness of the joint as the devitrified glass
in Fig. 5(b). Near the 430 interface, a thinner ~3-5 wm layer of
barium chromate forms over the thin chromia scale. Further
into the joint, there is a fairly wide band in the matrix that is
primarily composed of barium calcium silicate sparsely popu-
lated by equiaxed barium silicate crystals. Mirroring this band
on the opposite side of the joint adjacent to the LCM substrate
is a thicker 40-50 pwm band of the barium calcium aluminosili-
cate glassy matrix. Concentrated near the center of the joint and
surrounding the Ag are coarse ~10 wm long BaAl,Si,Oq
needles embedded in a thin barium calcium silicate matrix.

The evolution of the interfaces within the conductivity
samples as a function of time at temperature and current is
shown in the two series of micrographs in Fig. 6 (430/Ag-glass
interface) and Fig. 7 (Ag-glass/LCM interface). It is immedi-
ately obvious from all six micrographs that the interconnected
Ag network does not coarsen or change significantly in mor-
phology with time. However, the sequence of micrographs in
Fig. 6 does show that the Ag begins to penetrate into the
chromia scale during high temperature electrical testing, even-
tually forming a fairly extensive, nearly chromia-free Ag layer
directly on the 430 surface after 750 h The reason for the
diffusion of Ag toward the metal/composite interface is not
known, although Ag electromigration or vaporization may play
a key role. The migration of Ag through the semiconductive
chromia scale may be one reason why the conductances of the
double joint samples shown in Fig. 4 improve with time. The
second significant microstructural change that is found in Fig.
6 is the diffusion of chromium into the glass matrix, which
extends the barium chromate reaction zone further into the
joint.

On the LCM side of the joint, Fig. 7(a)-7(c), the microstruc-
ture does not appear to change significantly with time at con-
stant temperature and under constant current. EDX results in-
dicate, however, that a ~1 pwm thin reaction zone forms
between the glass matrix and the LCM that is rich in lantha-
num, manganese, calcium, silicon, and oxygen and contains
2-3 at.% barium. This zone appears to grow slightly thicker
after 250 h at temperature and, by 750 h, has diffused into the
LCM, forming individual reaction zones of the same compo-
sition within the porosity around each grain in the ceramic
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Fig. 5 Cross-sectional SEM micrographs of (a) an as-formed LCM/ 35 vol% Ag-glass/430 joint and (b) a G-18 glass/430 half-joint
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Fig. 6 Cross-sectional SEM micrographs of the metal/glass-composite region in three LCM/ 35 vol% Ag-glass/430 joints which have been tested
as follows: (a) as-formed, no testing, (b) 250 h at 750 °C, 1.5 A dc current, and 20 cm®/min of dry air; and (c¢) 750 h at 750 °C, 1.5 A dc current,
and 20 cm®*/min of dry air. Materials and phases in the joints are labeled.

substrate. On the other hand, the composition of the glass ma-
trix away from the composite/LCM interface remains essen-
tially unchanged.

4. Summary and Conclusions

MIECs have tremendous potential for use in a number of
advanced commercial products, including chemical sensors,
gas-separation devices, and solid oxide fuel cells. One of the
major hurdles yet to be overcome with regard to these materials
is to develop an appropriate means of joining them to the heat
resistant interconnects used to transport electrical current to or
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from the MIEC and respective device. The key performance
issues are: (a) the MIEC/metal interconnect joint must be struc-
turally sound and (b) electrically conductive over thousands of
hours at nominally 750 °C under a fairly high current density,
on the order of 1.4 A/cm?® There are a number of possible
joining techniques that can be considered, the most promising
of which appear to be those that use a composite joining ma-
terial.

One such material, a Ag-glass composite was examined in
detail and shown to display good wetting and spreading prop-
erties on (La, gCa,,)MnO; and 430 stainless steel substrates.
In addition, the room temperature, through-thickness resis-
tances of these half-joints were quite low indicating that the
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Cross-sectional SEM micrographs of the metal/glass-composite region in three LCM/ 35 vol% Ag-glass/430 joints which have been tested

as follows: (a) as-formed, no testing, (b) 250 h at 750 °C, 1.5 A dc current, and 20 cm>/min dry air; and (¢) 750 h at 750 °C, 1.5 A dc current, and
20 cm>/min of dry air. Materials and phases in the joints are labeled.

current path through the bulk composite and the composite/
substrate interfaces were relatively free of non-conductive re-
action layers. 250 and 750 h electrical testing of LCM/35 vol%
Ag-glass/430 joints at 750 °C demonstrated no degradation in
the electrical conductances of these joints. In fact, the conduc-
tance appeared to improve slightly with time. Metallographic
and EDX results suggest that the improved performance may
be due to penetration of the semiconductive chromia scale that
forms on the metal during joint processing by highly conduc-
tive Ag from the adjacent composite.
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