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Objectives

Develop thin corrosion resistant physical vapor
deposition (PVD) coatings on steel interconnect
plates that exhibit: good electronic conductivity;
long-term thermal stability; barrier capacity
against outward diffusion of Fe and Cr from the
interconnect plate; and barrier capacity against
inward transport of oxygen from the gas phase.

Investigate Cr poisoning processes in solid

oxide fuel cells (SOFCs) through quantitative
measurements of (1) Cr volatility rates from coated/
uncoated steel surfaces, and (2) oxygen diffusion
and surface exchange rates for electrolyte and
cathode materials with surface impurities.

Construct and use apparatus for measuring gas flow
and tortuosity in SOFC electrodes.

Develop low coefficient of thermal expansion
(CTE) anode blends through the addition of
electrochemically inert ceramic oxide additives to
the Ni/YSZ-based anode system.

Optimize the freeze tape casting system for the
fabrication of engineered Ni/YSZ functionally
graded porous anodes and contrast the performance
of freeze cast anodes against traditional porous
anodes.

Develop a suitable process under both vacuum and
inert atmospheres for the application of a noble
metal-free copper-based for the robust sealing of
SOFCs.

Develop a DC/DC converter of 96% efficiency and
$40/kW cost for fuel cell residential power systems.
Develop a load sharing control strategy for

modularly designed DC/AC inverters in large-scale
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fuel cell power systems to ensure the load sharing
error among the modules is less than 5%.

Validate SOFC dynamic model developed at
Montana State University (MSU).

Demonstrate fuel cell reference simulator using an
SOFC under transient conditions.

Explore electrically induced degradation under
electrical conditions that might occur in stacks
under both static and dynamic conditions.

Accomplishments

Demonstrated PVD coatings on ferritic steels with
excellent corrosion-resistance, high electronic
conductivity and negligible Cr volatility.

Determined that TiCrAlY oxide coated 430 stainless
steel was thermally stable for times up to 270 hours
at 800°C, and exhibited a negligible Cr volatility rate
after a burn-in time of about 70 hours. Area specific
resistance (ASR) for this coating was too high for
interconnect use, but could be reduced to acceptable
levels with additional Co and Mn doping.

Derived replacement for Butler-Volmer equation
that predicts physically reasonable current density
vs. activation polarization behavior in SOFCs and
solid oxide electrolysis cells.

Developed procedures and equipment to carry

out measurements of oxygen diffusion and surface
exchange in electrolyte and cathode materials using
nuclear reaction analysis, and '*O exposures near
atmospheric pressure and 800°C using an evacuated
tube furnace.

Determined with X-ray photoelecton spectroscopy
(XPS) that chromia deposits on yttria-stabilized
zirconia (YSZ) surfaces at 800°C in air were

not stable, and desorbed from the surface. This
suggests that Cr poisoning is most likely occurring
at the cathode, or only with the influence of the
electrochemical potential present at the triple phase
boundary.

Demonstrated the measurement of volatility of Si
from the walls of a quartz tube with flowing moist
air at 800°C setting the stage for rapid, quantitative,
extremely sensitive measurements of volatility of

Si and other elements heavier than carbon, such as
found in SOFC insulation or sealing materials.
Established the effective use of aluminum titanate
and zirconium aluminum titanate filler compounds
to effectively reduce anode CTE by 10% and
improve flexural strength with addition of ~ 5 wt%
filler.

Identified the appropriate organic binders for

the synthesis of suitable copper braze pastes
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for SOFC sealing in both inert and vacuum
atmospheres. Significantly improved performance
and repeatability of brazing processes with the setup
of a new brazing furnace and fabricated a testing
apparatus for pressure testing brazed joints.

e Demonstrated a robust, hermetic braze joint that
surpassed the strength of the bulk YSZ when
subjected to failure.

e Developed a DC/DC converter of 96% efficiency
and $40/kW cost for fuel cell residential power
systems.

e Developed a load sharing control strategy for
modularly designed DC/AC inverters in large-scale
fuel cell power systems to ensure the load sharing
error among the modules is less than 5%.

e The steady-state response of MSU’s SOFC model
was compared with GE data.

e Model reference simulator control circuitry was
finalized and a printed circuit board was designed,
fabricated and tested using INDEC cells under
dynamic conditions.

e  Preliminary results were obtained showing
electrically induced SOFC degradation, consistent
with theoretical predictions.

Introduction

Interconnects and CR Volatility. The requirements
of low-cost and high-temperature corrosion resistance
for bipolar interconnect plates in SOFC stacks has
directed attention to the use of steel plates with more
oxidation resistant compositions. However, volatile Cr
species from these steels find their way to the triple-
phase boundary, leading to rapid degradation of fuel cell
performance. Coatings can slow oxidation rates, and
act as diffusion barriers for the Cr-derived species from
the steel, slowing the degradation process. We have
also developed a relatively quick, quantitative procedure
using Rutherford backscattering spectroscopy (RBS)
to measure the time evolution of various elemental
vaporization rates.

Sulfer Poisoning. One disadvantage of using
currently available fuels is their naturally occurring,
or artificially added, contaminants content such as
hydrogen sulfide (H,S), which is known to have
detrimental effects on SOFC performance. The
results presented here reveal that H,S promotes nickel
migration and can compromise the percolating nickel
network in nickel/ceramic anodes, thereby destroying
their electrical conductivity.

Electrode Development. A prominent factor in
SOFC failure is related to thermal cycling and hence
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thermal stresses within the cell/stack. While all-ceramic
mixed conducting anodes yield good CTE matching,
performance is still poor at best. Ni/YSZ persists as

the most reliable and heavily used anode, therefore,

to minimize difficulties in system integration of anode
supported cell technology the most effective near term
approach is the modification of the current materials set.

Engineered Pore Structures and Tortuosity. Research
activities examining the effects of concentration
polarization under high current densities suggest that
gas diffusion through thick pore structures can limit the
performance of SOFCs. Typical electrode structures
are fabricated with techniques that yield highly tortuous
paths through the electrode, thus impeding the exchange
of steam at the interface with fresh hydrogen. New
processing techniques for graded pore structure are
required to fabricate porous supports specialized for
SOFC application.

Metallic Brazed Seals. Traditional approaches to
SOFC sealing have been focused on compliant and/or
rigid glass or glass/ceramic seals, however, the metallic
braze seal may yield a more robust, chemically bound,
and true hermetic seal. While a key goal for cost
effective implementation is the elimination of noble
metals, additional concerns with metallic seals include
the use of inert/vacuum environments; the potential
shorting of the cell due to the electrical conductivity
of braze; oxidation resistance of non-noble metal base
materials; metal/ceramic bonding; and substantial
thermal expansion mismatch.

Power Electronics. Modular design is an option for
design of the inverter in a large-scale fuel cell power
system. Such design requires a control strategy for
the inverter modules to ensure the modules share load
evenly.

The model reference simulator is an electrical device
that can be connected between a short stack or a single
cell and full-size, full-power (3 kW) electrical loads and
associated control circuitry. This device simplifies effort
needed to characterize the full dynamic and nonlinear
behavior of a cell in order to predict its potential. This
is especially important given that power-conditioning
electronics will generally present the stack with a
negative incremental resistance, which means that
dynamics interactions, if any, would tend to be under
damped.

The concern relative to electrically induced
degradation is that a stack of slightly different cells,
particularly a stack with series and parallel connections,
individual cells may be exposed to unintuitive electrical
terminal conditions. As an example, a cell with an
abnormally high Thevenin equivalent resistance may
actually be reverse-biased in the stack, a situation which
would never occur if that cell were removed from the
stack and connected to a resistive load.
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Approach

Interconnects and Cr Volatility. Corrosion resistant
coatings were deposited on 430 stainless steel by screen
printing and electroplating at MSU and filtered arc
deposition and hybrid filtered arc-assisted electron beam
evaporation at Arcomac, LLC [1]. High-temperature
furnace systems at MSU are used for corrosive
exposures, with before and after analyses performed
using state-of-the-art surface and cross section analytical
tools, e.g., scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy, electron backscattered
diffraction, X-ray diffraction and RBS. ASR is measured
in situ using a standard 4-point probe setup with porous
Pt paste or cathode material for electrical contact. For
the Cr volatility measurements, Cr-containing vapors
from the steel coupons in a tube furnace at 800°C were
transported with various flow rates of humid air to a
Si wafer at ~110°C near the end of the quartz tube
in the furnace, where the vapors adsorbed on the Si
surface were subsequently analyzed using Rutherford
backscattering.

Sulfur Poisoning. We performed XPS and X-ray
absorption spectroscopy (XAS) on the conducting
and insulating parts of the anode before and after H,S
exposure.

Electrode Development. Ultra-low CTE additives (0.5
- 2.0 ppm/°C) were synthesized and mechanically mixed
into 66 wt% NiO/34 wt% YSZ anode powders. Anode
blend bars were sintered at 1,400°C for 2 hours and
evaluated by dilatometry, 4-wire DC conductivity, and
3-point Modulus of Rupture tests.

Engineered Pore Structures and Tortuosity.
A novel freeze-tape casting ceramic processing technique
is being optimized that can create ordered pore
structures with tortuosities approaching unity, without
the additions of thermal fugitives that are based on
commercially available technologies. Varying of solids
loading, freezing rate, and organic additives are used to
tailor the porosity, morphology, and shrinkage.

Metallic Brazed Seals. A copper-based active
braze alloy has been evaluated for sealing SOFCs and
processed via vacuum, inert, and reducing conditions.
The braze employs a titanium dopant to facilitate
chemical bonding with YSZ and aluminum dopant to
improve the oxidation resistance of the copper base.

Power Electronics. We have used scalable design to
reduce the cost of the DC/DC converter, maximized the
duty ratio of the converter to reduce the conduction loss,
and employed soft-switching technique to reduce the
switching loss.

We continued our work on the development of a
physically-based dynamic model for a 5-kW tubular
SOFC. The model steady-state power response was
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compared with the laboratory steady-state data from a
40-cell SOFC stack, reported by GE at the 2006 DOE-
SECA Workshop, September 2006.

The model reference simulator circuitry was
constructed, and the instrumented was tested under
dynamic conditions using an InDEC SOFC in the
modular test stand. To test electrically induced
degradation, we conducted an experiment that
reproduced conditions outlined by Anil Virkar [2, 3].
We believe that some sub-set of Virkar’s conditions
may occur in a stack. The experimental procedure was
to characterize the cell in the normal operating range,
briefly create the degradation conditions, re-characterize
in the normal range until some electrical evidence of
degradation was observed. Then the cell was removed
to determine if any physical evidence of degradation
could be found.

Results

Interconnects and Cr Volatility. Significantly improved
SOFC interconnect performance has been realized
using protective coatings developed by our group.

This includes a dramatic improvement in long-term
surface stability, increased electronic conductivity, and
substantial Cr volatility reduction. Quantified results
include: the essential absence of physical or chemical
changes within the coating for over 1,000 hours at
800°C in air through several thermal cycles; stable ASR
values of <50 mQscm? for over 1,000 hours in 800°C
air with LSM contact paste; and, negligible Cr volatility
compared with uncoated 430SS.

Figure 1 shows the Cr volatility for 430 steel with
and without the TiCrAlY coating calculated from RBS
measurements on the Si wafer condenser as a function
of exposure time for humid air flowing through the tube
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Figure 1. Total Cr Evolved from the Coated and Bare Steel Surface as a
Function of Annealing Time at 800°C in Humid Air
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Figure 2. XPS spectra taken from the Ni/YSZ anode of a tested cell. The upper spectrum was taken on the outer,
conducting part of the cell and the lower spectrum was taken in the center of the anode, which was insulating after
completion of the cell test which included H,S exposure and failure of the cell.

furnace at 800°C. The volatility rate is negligibly small
after the initial 70 hour anneal.

Sulfur Poisoning. Atomic elemental analysis showed
that the nickel-to-ceramic ratio was reduced by a factor
of two. The spectra and regions of acquisition of those
spectra are illustrated in Figure 2. We found that the
insulating parts were severely depleted in nickel. At
such low concentrations the conductive percolating
nickel network is compromised that the anode becomes
non-conductive.

Engineered Pore Structures and Tortuosity. We
extended our previous gas flow analysis based on
molecular and Knudsen diffusion processes to include
permeation flux from convective flow. SOFC V(i) curves
found from our model agree quite well with experiment
[4]. This model replaces the Butler-Volmer i(V, )
expression with one that does not incorrectly predict
infinite 7 if infinite V_ is applied, as in the high-applied-
V limit in the solid oxide electrolysis cell mode.

Metallic Brazed Seals. Significantly improved
brazing results have been achieved using the new
polypropylene carbonate binder system, braze paste
extruder, and dedicated vacuum brazing furnace. Figure
3 shows a macro-defect free joint between stainless
steel and 8 mol% YSZ using the copper-based braze
bead. The braze is well wetted and chemically bound to
the YSZ layer and subsequent prying of the joint yield
failure of the bulk YSZ. A key benefit of this braze is
the high solidus temperature above 960°C, which should
extend the operational range of this composition up to
the 850°C range.

Power Electronics. Development of the DC/DC
converter is under way. Simulation shows that the load
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sharing control strategy can yield a less than 5% load
sharing error among the modules.

The power density characteristic obtained from the
MSU’s 5-kW SOFC stack model compares well with
the GE’s laboratory data for a 40-cell SOFC stack. The
overloading capability of SOFC is mainly affected by its
dynamic characteristics in the short time scale (msec)
and medium time scale (sec).

The fuel cell reference simulator was successfully
demonstrated in a dynamic test with good fidelity
between fuel cell and load terminals. The electrically
induced degradation test appeared to result in an
irreversible change in the current-voltage characteristic
of the cell (InDEC). A significant change was achieved
after approximately 10 minutes of electrical conditions
predicted to induce degradation, see Figure 4. Optical
and SEM examination of the cell revealed massive

YSZ Copper Braze 430SS

Cu + Ti Rich Regions

\

Figure 3. Copper Braze Joint Under Medium Vacuum Environment
(10-4 mb)
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Figure 4. 1V Curves Before and After Degradation Tests

changes in the structure, including cracks, fissures, and
apparent changes in the density gradient of the active
anode region near the electrolyte.

Conclusions and Future Directions

Interconnects and Cr Volatility. The TiCrAlY coatings
characterized to date have good oxidation resistance,
low Cr volatility, but relatively high ASR. Doping
with Co and/or Mn should improved the electron
conductivity of the coated interconnect. In general, our
future measurements include the following:

(1) measurements of corrosion resistance, Cr volatility,
and thermal stability for additional coatings with
improved electrical conductivity; (2) measurements of
elemental volatility from glass seals and metal brazes
being used for the SOFC stack, and consideration

of the impact of these volatile elements on SOFC
operation; and (3) measurements of surface exchange
and diffusion coefficients for oxygen transport in YSZ,
with controlled exposure to poisoning elements from
SOFC components, or from synthetic coal gas on testing
coatings in operating SOFC short stacks.

Sulfur Poisoning. MSU has developed the means to
test, analyze, and characterize the mechanistic effects of
H,S impurities on SOFCs. In addition to aiding in the
development of sulfur resistance anode materials, these
analyses and testing capabilities will be further applied
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to examine alternate anode gas impurities including
phosphorous, arsenic, etc.

Electrode Development. Aluminum titanate has been
shown to effectively reduce CTE, while dramatically
improving strength at low quantities.

Engineered Pore Structures and Tortuosity.
Freeze cast anode supported cells have been successfully
fabricated and comparative tests (both electrochemical
and passive) are underway to establish the real benefits
of graded anodes. Our gas flow equation based on
molecular and Knudsen diffusion and laminar flow will
be applied to SOFCs, to our future opposing-gas-flow
and tortuosity results, and to flow-nuclear magnetic
resonance tortuosity measurements made by another
MSU group.

Metallic Brazed Seals. Copper-based brazes have
shown to form a robust joint between stainless steel
and YSZ. YSZ discs will be brazed to a stainless steel
fixtures to be pressure tested at both room temperature
and operating temperature to evaluate the leakage and
failure modes of the braze. The durability of this joint
may yield the potential to pursue pressurized SOFC
cell/stack development.

Power Electronics. The new DC/DC converter has
the potential to reach 96% efficiency and $40/kW cost
and the load sharing control strategy has the potential
to yield a less than 5% load sharing error. We will verify
the developed DC/DC converter through simulation and
experimental work. We will further develop the control
software to implement the developed load sharing
control strategy.

The steady-state power density curve obtained from
the MSU’s dynamic SOFC model compares well with
that reported by GE.

The fuel cell reference simulator appears to be ready
for experimental use on real system integration problems
with fuel cells. The electrically induced degradation
result appears consistent with the largely theoretical
predictions in Virkar’s papers but we have not had an
opportunity to establish repeatability.

Special Recognitions & Awards/Patents
Issued

1. The 2005 paper, “Dynamic Models and Model Validation
for PEM Fuel Cells using Electrical Circuits”, C. Wang,

M.H. Nehrir, and S.R. Shaw, IEEE Transactions on Energy
Conversion, received the EDPG Technical Committee Prize
Paper Award in 2007 for its impact.

2. Uni-Cell: High Performance, Textured, Electrolyte
Supported Solid Oxide Fuel Cell, patent pending.

3. S. R. Shaw was invited to write a special topic essay on
fuel cell technology for a popular introductory chemistry
text.
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1. P.E. Gannon, “Advanced PVD Nanocomposite
Protective Coatings for SOFC Metallic Interconnects”,
Invited Presentation - TMS Annual Meeting; February
25-March 1, 2007; Orlando, FL.

2. A. Kayani, R. J. Smith, S. Teintze, M. Kopczyk,
P. E. Gannon, M. C. Deibert, V. I. Gorokhovsky,

V. Shutthanandan, “Oxidation Studies of CrAION
Nanolayered Coatings on Steel Plates”, Surface and
Coatings Technology, 201 (2006), 1685-1694.

3. A. Kayani, T.L. Buchanan, M. Kopczyk, C. Collins,

J. Lucas, K. Lund, R. Hutchison, P.E. Gannon, M.C. Deibert,
R.J. Smith, D.-S. Choi, and V.I. Gorokhovsky, “Oxidation
Resistance at 800°C for Magnetron-Sputtered CrAIN
Coatings on 430 Steel”, Surface and Coatings Technology,
201 (2006), 4460-4466.

4. C. Collins, J. Lucas, T.L. Buchanan, M. Kopczyk,

A. Kayani, P.E. Gannon, M.C. Deibert, R. J. Smith,

D.-S. Choi, V.I. Gorokhovsky, “Chromium Volatility of
Coated and Uncoated Steel Interconnects for SOFCs”,
Surface and Coatings Technology, 201 (2006), 4467-4470.

5. S.W. Sofie and J.M. Buscher, “Copper Based Braze for
Robust Sealing of Planar Solid Oxide Fuel Cells,” Submitted
to the 31% International Cocoa Beach Conference &
Exposition on Advanced Ceramics and Composites, January
2007.
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6. S.W. Sofie and D.R. Taylor, “Controlled Thermal
Expansion Anode Compositions with Improved Strength for
Use in Anode Supported SOFC’s” 31% International Cocoa
Beach Conference on Advanced Ceramics and Composites,
January 2007.

1. Alternative Energy System Modeling and Control, invited
presentation, given at the College of Electrical Engineering
at Chongqing University, China, April 24, 2007.
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