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Abstract

Electrical contact pastes of composition (Lagg9Sro.10)0.9sMnO3 5 (LSM-10) formed strong bonds (~3 MPa) to (Co,Mn);0, spinel-coated Crofer
22 APU ferritic steel coupons when exposed to alternating flows of air and nitrogen (10 ppm O,) at 900 °C for 2 h or longer. When held at 900 °C
in air only, bond strengths were negligible. Substantial bonds could also be created between LSM-10 contact paste and (Lag g0S1920)0.9sMnO3 4 5
(LSM-20) porous cathodes by processing in alternating air and nitrogen, without simultaneous densification of the cathode. Enhanced sintering of
LSM-10 is attributed to transients in the defect structure induced by oxygen partial pressure changes.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Non-negligible losses due to contact resistance between
metallic interconnect plates and ceramic electrodes have been
observed in planar solid oxide fuel cells (SOFCs), the result of
resistive interfacial scale formation as well as low contact area
[1-4]. Contact resistance losses on the anode side are small,
where nickel metal pastes and nickel mesh are typically uti-
lized to provide a low-resistance metallurgical bond between
the nickel-based anode and a metallic interconnect. It is more
challenging to achieve low-resistance contacts on the cathode
side, where at least one ceramic-metal interface and possibly
several ceramic—ceramic interfaces are present.

To inhibit the growth of a resistive scale and to decrease
chromium volatilization, a variety of protective coatings have
been applied onto metallic interconnects. Perovskite coatings
have been most widely studied, including unsubstituted and
Sr-substituted LaCoO3 [5-11], LaFeOs [8], LaMnO3 (LSM)
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[1,8,10,12,13], and LaCrO3 [9,10,12,13] Low-resistance con-
tacts were also obtained with LaNigeFep 403 coatings [14],
which offer the advantage of relatively low-processing tempera-
tures. Spinel coatings, particularly (Mn,Co0)304, have provided
favorable electrical properties and good long-term stability
[1,8,9,15].

Because mechanical (unbonded) contacts between even quite
conductive materials can be both highly resistive and non-linear
[16], augmentation of the coated interconnect/cathode interface
may be necessary in an SOFC. The application of a mechani-
cal load can lower the resistance of unbonded ceramic contacts,
which for LSM follows relatively steep power law dependence
[17]. The variability in mechanical load in an SOFC stack with
thermal cycles and over time presents challenges in using this
approach to manage contact resistance. Good electrical con-
tact can also be facilitated by the introduction of a contact
paste between the cathode and coated interconnect. That contact
material should either be compliant or provide a good thermal
expansion match to other fuel cell components, exhibit high-
electrical conductivity, provide good interfacial stability, and
be of low cost, among other attributes. It is also preferred that
the contact paste be processed at temperatures compatible with
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that at which glass seals are typically formed (850-1050°C
[18-21]).

Either noble metals or conductive ceramics could serve as
the contact paste. Noble metals such as platinum, silver, and
gold present a cost disadvantage. Platinum and silver also have
been observed to electromigrate, which may alter cathode per-
formance [22]. LSM generally meets contact paste material
requirements, with the exception of a higher than desired air
sintering temperature. A processing temperature of 1200 °C was
required for an air-side electrical connector produced by infiltra-
tion of a carbon fiber cloth with an LSM slurry, for example [13].
It is possible to lower the sintering temperature of LSM through
partial substitution of cobalt for manganese and through tailoring
of the particle size distribution [23]. McCarthy et al. [24] recently
demonstrated that sintering of (Lag.99Sr0.10)0.08MnO3 4 s (LSM-
10) occurred substantially faster when exposed to alternating
exposure to air and to nitrogen (10 ppm O3) than in air for tem-
peratures <~1000 °C. Enhanced sintering was attributed to the
transient co-existence of cation and oxygen vacancies, which
increased mobility. In this paper, principles given by McCarthy
et al. [24] have been applied to the processing of LSM-based
contact pastes at low temperature.

2. Experimental methods

Combustion synthesis was used to produce the powders for
this study, where an aqueous solution containing metal nitrates
and glycine was concentrated and then combusted to yield a
fine ash composed of the desired oxides [25]. An A-site defi-
ciency of 2% was used to avoid the formation of a separate
lanthanum oxide phase. The ash was calcined at 1250°C to
volatilize any remaining organics and to convert the powder
to a single crystalline phase. A particle size of ~1 wm was
achieved by ball milling for 8—12 h with zirconia milling media
in isopropanol. Once the desired particle size was achieved, as
measured using a Horiba LA-920 laser particle size analyzer, the
powder/isopropanol mix was dried and gathered. The gathered
powder was subjected to X-ray diffraction (Philips 3100 XRG)
to verify the phase purity of the powder. Representative sintered
samples were additionally dissolved in dilute hydrochloric acid
and analyzed by inductively coupled argon plasma spectroscopy
(Agilent 4500 Series) to verify the overall composition of LSM
samples.

Dilatometry studies of pre-sintered LSM-10 and LSM-20
bars were conducted to compare the sintering behavior of these
compositions in alternating air (0.21 atm O3, 1h) and nitrogen
(~1073atm O, 1h) in the temperature range 700—1200°C.
Shrinkage rates were also measured in air in the temperature
range 1000-1400 °C. Below 1000 °C, shrinkage rates in air were
at or below detection limits. Bars were made by uniaxially press-
ing LSM powders to 12 MPa. Up to 70% weight carbon was
added as a pore former. The bars were heated to 1250 °C at
3°Cmin~!, and then held at that temperature for 2h. Once
pre-sintered to the desired density, the bars were sectioned into
smaller samples ~2.2cm x 0.3cm x 0.3 cm in dimension for
dilatometry studies (Anter Unitherm Model 1161). Densities
were determined via the Archimedes method.

The alloy used in this study was Crofer 22 APU, a ferritic
stainless steel that was developed by Forschungszentrum Jiilich
and produced by ThyssenKrupp VDM GmbH specifically for
SOFC interconnect applications [26]. Coupons approximately
Icm x 1 cm were coated with a protective (MnCo)304 spinel
layer via spray coating to control scale growth, following pro-
cedures described by Yang et al. [8].

To simulate possible procedures used in SOFC production,
screen-printing and pneumatic dispensing application methods
were employed to apply LSM-10/polyvinyl butyral (PVB, 17:3
weight ratio) inks to Crofer 22 APU coupons. To achieve an
acceptable final contact material thickness, ink was applied to
one side of two spinel-coated Crofer 22 APU coupons using
an automated screen printer (DEK Model 248) and allowed to
dry at 100 °C for 30 min. The dried ink was nominally 20 pm in
thickness. Ink of a similar thickness was reapplied to one coupon
and pressed, wet, against the second dried ink-covered coupon.
LSM-10/PVB inks were also applied via a syringe using an EFD
1500XL pneumatic dispenser in a single-step, with the wet ink
pressed between the first and second coupons.

Thermal processing of steel/contact paste/steel sandwich
specimens consisted of repeated and alternating exposure to air
(0.21 atm O, 10 min) and to nitrogen (~107> atm O,, 10 min)
at 900 °C within a closed-ended tube furnace at 900 °C. These
conditions were shown by McCarthy et al. [24] to result in a
local maximum in the rate of densification of LSM-10. During
processing, the coupons were subjected to a uniaxial force of
35kPa perpendicular to the plane of the contact paste. Ther-
mal processing times of up to 10h were employed. A second
set of coupons was exposed to air only for similar processing
times. Densification rates of pre-sintered LSM-10 and LSM-20
bars (initially ~55% of theoretical density) was also assessed
by dilatometry (Anter Unitherm 1161 equipped with Ono Sokki
EG-225 LVDT displacement gauges that provide a resolution
of £0.001 mm) in both alternating air—nitrogen and in air as a
function of temperature.

The fracture strength of Crofer 22 APU coupons
(~1cm x 1 cm) bonded with LSM-10 contact paste was evalu-
ated in tension (MTS Materials Testing Systems Bionix 400).
The metal coupons were attached with epoxy to a self-aligning
grip fixture. Measurements were performed at room tempera-
ture using a cross-head speed of 0.5 mmmin~!. Four to seven
samples were tested for each condition.

3. Results and discussion
3.1. Densification of pre-sintered LSM-10 and LSM-20

Preliminary to bonding strength studies, rates of densifica-
tion of pre-sintered LSM-10 and LSM-20 bars were evaluated
as a function of temperature when alternately exposed to air and
nitrogen (10~ atm O,). For LSM-10 pre-sintered to 55% of the-
oretical density, repeated cycling between air (1 h) and nitrogen
(1 h) resulted in enhanced rates of densification for temperatures
less than ~1000 °C when compared to an extrapolation of rates
obtained in air only, as shown in Fig. 1. Shrinkage rates were
determined from a minimum of five air—nitrogen cycles, dur-
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Fig. 1. Shrinkage rates measured using dilatometry for LSM-10 bars initially
55% dense that were exposed to either alternating air (1 h) and nitrogen (1 h) or to
flowing air at the indicated temperatures. Densification rates at low temperature
in alternating air and nitrogen were enhanced, the result of changing oxygen
non-stoichiometry and cation vacancy concentrations.

ing which the extent of shrinkage per cycle remained constant.
Shrinkage rates in air at temperatures less than 1000 °C were
too low to be measured reliably, consistent with previous obser-
vations [27,28]. For temperatures of ~1100 °C and above, rates
measured in alternating air—nitrogen and in air were similar.
McCarthy et al. [24] related this behavior to changes in oxy-
gen non-stoichiometry in LSM-10, which results in the transient
co-existence of cation and oxygen vacancies above equilibrium
concentrations.

For LSM-20 samples pre-sintered to an initial density of
58% of theoretical, air—nitrogen cycles led to modest, if any,
enhanced densification, as given in Fig. 2. The extent of oxygen
non-stoichiometry in LSM-20 in air is diminished compared
to that in LSM-10 [29,30], so smaller changes in oxygen and
cation vacancy concentrations are expected during air—nitrogen
cycles.

It thus appears possible to sinter an LSM-10 contact paste
under conditions that would not simultaneously densify the
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Fig. 2. Shrinkage rates measured using dilatometry for LSM-20 bars initially
58% dense that were exposed to conditions identical to those of Fig. 1. Densifica-
tion rates were minimally enhanced in alternating air and nitrogen for LSM-20,
which exhibits a lower extent of oxygen non-stoichiometry than LSM-10.
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Fig. 3. (a) Tensile fracture strength for two spinel-coated Crofer 22 APU
coupons bonded together with 50 wm thick LSM-10 contact paste at 900 °C
in alternating air (5 min) and nitrogen (5 min); (b) same as (a) except 10 pm
thick LSM contact paste; (c) same as (a) except processed in flowing air; (d)
tensile strength of LSM-10 to single steel coupon.

LSM-20 cathode. Further, LSM-10 and LSM-20 are chemically
compatible and show very similar thermal expansion behav-
ior (11.2 and 11.3 ppm K1, respectively [31]). The electrical
conductivity of LSM-10 is adequate for use as a contact paste,
though less than that of LSM-20 (~80 S cm™~! for LSM-10 ver-
sus ~120S cm™! for LSM-20 in air at 800°C [32]). The key
issue addressed here is whether this approach can be used to
form sufficiently strong, low-resistance bonds to the cathode and
to the interconnect plate within a practical time at temperatures
consistent with glass seal processing.

3.2. LSM-10 bonding to spinel-coated Crofer 22 APU

Substantial bonds between spinel-coated Crofer 22 APU fer-
ritic steels and LSM-10 contact pastes were created by repeated
cycles of alternating exposure to air and nitrogen, as shown in
Fig. 3 and summarized in Table 1. Thermal processing was
performed at 900 °C, shown previously to give the greatest
enhancement in sintering of LSM-10 in alternating oxygen and
nitrogen exposure [24]. A cycle time of 20 min (10 min in flow-
ing air followed by 10 min in flowing nitrogen) was used, also
consistent with conditions that resulted in the highest sintering
rates [24]. Bond strengths did not change significantly for pro-
cessing times greater than 2 h. Alternating air—nitrogen cycles
clearly are critical to the formation of strong bonds with LSM-
10: samples processed in air at 900 °C developed negligible bond
strengths. A cross-section of a typical coated interconnect-LSM-
10 contact material-interconnect sandwich specimen processed
for 2 h at 900 °C in alternating air an nitrogen is given in Fig. 4,
which shows extensive sintering within the paste itself and a
continuous bond to the spinal coating. The relative density of
the contact paste in Fig. 4 was estimated by image analysis
to be 65 +3% (ImageJ [33]), whereas the green density was
41 4 3%. Specimens processed in air only for similar times at
that temperature were quite fragile, and typically fractured while
handling.
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Table 1

Fracture strength results for spinel-coated Crofer 22 APU coupons bonded with LSM-10 contact paste at 900 °C

Number of samples Sintering condition/paste thickness (um)

Fracture strength (MPa)

Note

1 h, air-nitrogen/~10
2 h, air—nitrogen/~50
5h, air-nitrogen/~10
10 h, air—nitrogen/~50
10 h, air-nitrogen/~10
1 h, air only/~10

5h, air only/~10

10h, air only/~10

5 h, air—nitrogen/~10

R N L Y N B e N

1.5+ 1.0 Fractured within contact paste

3.1 £0.7 Fractured within contact paste

25+ 1.0 Fractured within contact paste

29 £ 1.1 Fractured within contact paste

35+ 15 Fractured within contact paste

0.04 £ 0.1 4 of 5 samples fractured on loading

0.0 £ 0.0 All samples fractured on loading

0.0 £ 0.0 All samples fractured on loading

7.8 £1.2 LSM-10 to Crofer 22 APU bond strength,

failed at epoxy/Al fixture interface

Fracture in specimens processed in alternating air and
nitrogen occurred inter-granularly within the porous LSM-
10 contact material, rather than at the contact paste/coated
interconnect interface. Thus, bond strengths given in Fig. 3
really reflect the mechanical properties of the porous con-
tact material and not the interfacial bond. Incomplete paste
coverage for some of the samples also effectively lowered
measured bond strengths and increased experimental scatter.
Apparent bond strengths are substantially smaller than have
been reported for fully dense LSM compositions. For LSM-12.5,
at a room temperature three-point bend strength of 164 MPa
was reported, for which failure occurred trans-granularly [34].
A biaxial flexure strength of ~50MPa was determined for
LSM-20 at ambient temperature [35], with similar results
obtained for Lag 5Srg.sMng 96C00.0403 + 5 [36]. It is well-known
that the strength of porous ceramics decreases sharply with
increased porosity, such as following the empirical relation
[37]:

o = o, exp(—nP) (1)

where o, o, are fracture strengths of porous and fully dense
materials, n is in the range of 4-7, and P is the porosity frac-
tion. For a porosity volume fraction of 0.35, consistent with
the contact paste microstructure of Fig. 4, the strength is esti-
mated to be 9-25% of values determined for fully dense samples.
Because strength is largely controlled by flaw size, which can
vary widely with processing conditions for a given composition,

*+—Crofer22 APU
<+—oxide scale

+—Co, ;Mn, ;O, coating

+——LSM-10 contact material

i +—Co, sMn, ;O, coating
<+—oxide scale
+—Crofer22 APU

Fig. 4. Cross-section of two CojsMn; 504 spinel-coated Crofer 22 APU
coupons bonded together with screen-printed LSM-10 contact paste and heat-
treated for 2 h at 900 °C in alternating air (10 min) and nitrogen (10 min).

strength values reported here are not directly comparable to lit-
erature results. However, the observation that fracture strengths
for bonded metal coupons are smaller than estimated from Eq.
(1) and literature results for fully dense materials suggest that
improvements in bond strengths are possible.

In an alternate approach to evaluate the interfacial bond
strength, a single, spinel-coated steel coupon was coated with
LSM-10 paste and processed in alternating air—nitrogen as pre-
viously described. In this case, the aluminium test fixture on
one side was bonded directly to the sintered LSM-10 paste with
epoxy. The fracture strength that was obtained was nearly 8 MPa,
more than double that for metal/contact paste/metal sandwich
specimens, the results of which are included in Fig. 3 and Table 1.
Further, fracture occurred at the LSM-10/epoxy interface, so the
actual LSM-10/spinel-coated Crofer 22 APU bond strength may
well be even higher.

3.3. Bonding of LSM-10 contact paste to porous LSM-20
cathode

An LSM-10 contact paste was used to bond a spinel-coated
Crofer 22 APU coupon to a porous LSM-20 film, which had
been screen-printed onto a dense LSM-20 disk. This test fix-
ture approximates the configuration that may be employed in a
planar SOFC stack, and is similar to that described previously
by Yang et al. [8]. A cross-section of a sample that had been

Crofer22 APU

— Oxide scale
Y — CDﬂ,SMnTSO‘J SpirlE|
coating

-4 +—— LSM-10 contact layer

f«—— Porous LSM-20 layer
<+— Dense LSM-20 layer

Fig. 5. Polished cross-section of a Coj sMnj 504 spinel-coated Crofer 22 APU
coupon bonded to porous LSM-20 by LSM-10 contact paste. The contact paste
was thermally processed in alternating air (10 min) and nitrogen (10 min) at
900 °C for 5 h.
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Fig. 6. Elemental maps obtained by energy dispersive spectroscopy of the dense LSM-20/porous LSM-20/LSM-10 contact material interfaces.

subjected to alternating air (10 min) and nitrogen (10 min) for
2h at 900 °C is shown in Fig. 5. A sharp, well-bonded interface
formed between the LSM-10 contact paste and porous LSM-
20, with no obvious physical imperfections. The LSM-20 film
retained its smaller particle size and porosity (~60% relative
density), while the LSM-10 contact paste sintered to approxi-
mately 65% relative density, as estimated using image analysis.

Co;sMn, 50, B D

.

o oS

z"‘ ‘:_.u- “ .'__‘

Elemental maps of the LSM-10/LSM-20 interface givenin Fig. 6
show an abrupt change in the strontium concentration, while lan-
thanum and manganese concentrations are relatively uniform,
as expected. Similarly, the LSM-10 interface with (Co,Mn)30O4
spinel revealed a well-bonded interface absent of obvious imper-
fections. Elemental maps of this interface, which are given in
Fig. 7, show sharp compositional boundaries with no indication

Fig. 7. Elemental maps obtained by energy dispersive spectroscopy of the Crofer 22 APU-Co; sMn; 504 spinel coating-LSM-10 contact material interfaces.
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Fig. 8. Electrical resistivity of spinel-coated Crofer 22 APU/LSM-10 contact
paste/spinel-coated Crofer 22 APU sandwich specimen versus time, measured
in air at 800 °C.

of extensive interdiffusion or the formation of new interfacial
phases.

3.4. Electrical properties

With no evidence of either new phase formation or extensive
interdiffusion at interfaces, it is expected that LSM-10 contact
paste would contribute minimally to the overall resistance of
cells and stacks. An empirical expression was given by Hale
[38] to account for the effects of porosity:

Pporous = 1_%% 2

where pporouss Obulk are resistivities of porous and bulk mate-
rials, the resistivity. Assuming a bulk resistivity for LSM-10
of 0.0125 2 cm [32], a porosity fraction of 0.35, and a contact
paste thickness of 50 wm, a negligible additional resistance of
0.25mS cm? is estimated using Eq. (2). The electrical resis-
tivity of an interconnect/paste/interconnect sandwich specimen
configured as shown in Fig. 4 was evaluated as a function of
time at 800 °C, as is given in Fig. 8. The resistivity was initially
~10m$ cm?, and improved throughout the test. As concluded
previously, electrical properties of such specimens tend to be
dominated by the development of an oxide scale on the fer-
ritic steel [1,8,15], so contributions due to the contact paste
are difficult to assess directly. The magnitude and stability of
the electrical resistivity, though preliminary, suggests that this
approach may offer a promising alternative to processing contact
pastes for SOFCs.

4. Conclusions

Air—nitrogen cycling has been shown to be a viable means
of sintering LSM-10-based contact pastes at 900 °C. Substantial
interfacial bonds of at least 3 MPa to (Co,Mn)3O4 spinel-coated
Crofer 22 APU ferritic steel coupons were developed within
approximately 2 h at 900 °C. The bond strength of LSM-10 to the
(Co,Mn)304 spinel coating was determined to be at least 8 MPa.

When contact pastes were processed in air, bond strengths devel-
oped between steel coupons were negligible. A reasonably low
(<10 m$2 cm?) and stable resistivity over several hundred hours
for spinel-coated ferritic steel and LSM-20 coupons bonded with
LSM-10 contact paste that was processed at 900 °C in alternating
air—nitrogen.

LSM-20 cathodes are not appreciably densified under condi-
tions where LSM-10 contact pastes can be processed effectively.
This behavior is related to differences in the extent of oxygen
non-stoichiometry, as has been described by McCarthy et al.
[24]. Oxygen deficient cathode compositions such as substituted
lanthanum cobaltites, lanthanum ferrites, or lanthanum cobalt
iron oxides similarly would not be expected to exhibit enhanced
sintering in alternating air and nitrogen. As such, it may be pos-
sible to form strong bonds to ferrite and cobaltite-based cathode
materials by selectively densifying LSM-10 contact pastes at
relatively low temperatures.
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