SECTION 1. Advanced Natural Gas Recipricating Engine Development
Subtask 1.1 Rotating Arc Spark Plug, RASP (PIC 466)

Jim Tassitano and Jim Parks II
National Transportation Research Center
Oak Ridge National Laboratory, Knoxville, Tennessee
Phone: (865) 946-1527, E-mail: tassitanojb@ornl.gov

Objective

Stable operation of an engine at extremely lean conditions depends upon the ability to consistently ignite
the air and fuel mixture in the cylinder. The Rotating Arc Spark Plug (RASP) uses a magnetic field to
rotate the spark, therby increasing the volume occupied by the spark during each event. The increased
spark volume may improve ignition characteristics at lean conditions. The rotation may also result in
improved wear and extend plug life.

Highlights

Multiple iterations of the Rotating Arc Spark Plug were evaluated in a small natural gas engine. No
improvement in performance over either standard J-plugs or annular gap spark plugs was detected. The
results are being summarized and will be circulated to outside ignition experts for review. A go/no-go
decision on future RASP designs will be made based on feedback from that review.

Technical Progress

In collaboration with Champion, a series of Rotating Arc Spark Plugs with multiple configurations and air
gaps was developed. The first set of observations, using the stock Kohler ignition system, developed
insight into the performance of the different RASP configurations and set the baseline for comparison
with the optimized ignition system. The stock ignition system produced no rotation in the RASP so no
difference in performance was observed.

A second ignition system was developed using an MSD Blaster high power inductance discharge unit.
Using a Labview field programmable gate array board to control timing, a high current, long duration
spark was produced. The spark plugs were thoroughly evaluated, and though there was significant
improvement in the performance of all the plugs at lean conditions, no improvement could be seen in the
RASP over the Standard J-plug or the annular gap plug with no magnet. The results are being
summarized and will be circulated to outside ignition experts for review. A go/no-go decision on future
RASP designs will be made based on feedback from that review.

Status of Milestones

1. Complete evaluation of RASP using multiple ignition systems. Compare RASP to standard J-plug in
small 2-cylinder natural gas engine. June 2005 — complete

2. Report results of RASP evaluation. June 2005 — on track.

Industry Interactions

Several outside experts are being consulted about the results received to date on the Rotating Arc Spark
Plug (RASP). These experts in academia and industry are being given test results and background
information and are being asked to help assess the merit of the concept.




Subtask 1.2 Spark Plug Erosion & Degradation Investigation (P1C 690)

M. P. Brady, H. T. Lin and R. K. Richards
Oak Ridge National Laboratory, Oak Ridge, Tennessee
Phone: (865) 574-5153, E-mail: bradymp@ornl.gov

Objective

Spark plug lifetimes in advanced natural gas engines are on the order of only 1000-4000 h, which result in
loss of performance and necessitate frequent, costly downtime maintenance. Spark plug durability will
become even more critical as future engines are pushed to leaner-burn conditions to reduce emissions.
The goals of this effort are to gain insight into spark plug life- limiting wear processes, and to use this
understanding to develop new electrode alloys to achieve lifetimes of = 8000 h. This project is jointly
funded by the ARES Program and the Materials Program.

Highlights

Multiple spark plugs including ORNL alloys, and control Champion® alloys, and replicates were
manufactured by Federal Mogul (FM)/Champion and delivered to ORNL for evaluation in an industrial
gas engine.

Technical Progress

The first of three planned sets of spark plugs was successfully manufactured by FM in March 2005 and
will be engine tested at NTRC beginning in late Spring/ early Summer 2005. A total of 58 spark plugs,
incorporating 4 developmental ORNL alloys, 3 control Champion® alloys, and replicates were made.
The developmental alloys were used to make the center electrodes, the ground electrodes were made from
a standard FM material. This 1* set does not utilize precious metal inserts and will be used to establish
baseline behavior. The 2™ set of plugs will utilize a control precious metal insert, and the 3™ set will
utilize a developmental high performance ORNL replacement alloy for the precious metal insert. All 58
spark plugs have been characterized in the pressurized test chamber. A data base of the spectral
emissions during the arc process has been established as a baseline for characterizing changes produced
by engine operation. Voltages required for breakdown are also included in the data set.

Status of Milestones

1. Characterize wear of currently used spark plugs as a function of time/ignition system, and engine
exposure conditions to firmly establish key issues controlling wear in natural gas engines. Disseminate
results in at least 1 open literature publication. Sept 2005 — on track

2. Manufacture electrodes from at least one new developmental alloy and evaluate and characterize under
ignition conditions. Benchmark results compared to currently used Pt and Ir alloys. Sept. 2005 — on track.
3. Develop detailed database of spark plug erosion characteristics from spectroscopic and metallurgical
measurements for modeling the erosion process. Dec. 2004 — completed.

4. Develop a detailed model of the erosion/failure process for NG engine spark plugs based on database
results from above. Sept. 2005 — on track.

5. Develop an advanced test chamber to simulate spark plug wear under condition found in existing and
future NG engines. June 2005 — on track.

Industry Interactions

e Conference calls and communications with Drs. Iryna Levina and Jim Lykowski at FM to discuss the
engine testing of the spark plugs using ORNL developmental alloys.

e The project was presented at the 2™ Annual NG Reciprocating Engine Conference in
March with positive results. Project results to date are contrary to conventional
wisdom on spark plug erosion so the project is generating a great deal of interest.




Subtask 1.3 Adaptive Controls for Lean Burn Engines

K. D. Edwards and R. M. Wagner
Oak Ridge National Laboratory, Oak Ridge, Tennessee
Phone: (865) 946-1213, E-mail: edwardskd@ornl.gov

Objective

A drawback of lean-burn operation is that, under these conditions, combustion becomes increasingly
unstable resulting in an increase in cycle-to-cycle variations. These instabilities are responsible for
decreased engine performance, decreased fuel efficiency and increased emissions of unburned fuel and
nitrogen oxides. The goal of this task is to maintain stable combustion using adaptive controls while
extending the lean limit as much as possible. An adaptive control strategy reduces cycle-to-cycle
combustion fluctuations in lean burn engines with active feedback control to make small, but precisely
timed, perturbations to one or more engine parameters (e.g., quantity of injected fuel, ignition timing).

Highlights

Preliminary analysis of engine emissions confirms that a clear correlation exists between the occurrence
of extreme combustion events and elevated emissions. This supports the argument that stabilizing
combustion under lean conditions can decrease unburned hydrocarbons and oxides of nitrogen.

Technical Progress

Under extremely lean operating conditions, combustion instabilities typically force the engine into a
repeating pattern in which a partial-burn event is followed by a high-pressure, high-temperature
“recovery” event. We have theorized that these extreme combustion events are responsible for the
majority of the high emission levels seen during this type of operation. Preliminary fast nitric oxide (NO)
measurements taken from the Kohler engine confirm that high levels of NO are produced during the so-
called recovery events. Further tests are being conducted to develop better estimates of the emission
reduction that adaptive control can provide.

Status of Milestones
1. Demonstrate technique for estimating potential benefits of adaptive control. June 2005 — on track.
2. Transition and demonstrate adaptive control on an ARES-sized NG Engine. Sept. 2005 — on track.

Industry Interactions

1. Presented results demonstrating the correlation between NOx emissions and combustion performance
at the 2™ Annual Advanced Stationary Reciprocating Engine Conference in Diamond Bar, CA.

2. Interacting with each engine manufacturer, natural gas compression companies, and other research
labs (GTI, SWRI) to collect engine data under very lean conditions for analysis.




Subtask 1.4 NOx & NH3 Sensor Development (PIC 714, 639, 635)

Timothy R. Armstrong, David L. West, Fred C. Montgomery

Oak Ridge National Laboratory
Phone: (865) 574-799; E-mail: armstrongt@ornl.gov

Objective
To develop non-catalytic and catalytically selective electrodes for use in NOx and ammonia sensors and
to build and test sensors using the materials and technology developed

Technical Highlights

1. Studied longer-term sensing performance under both “dry” and “wet” ( 1-3 % H,0). This was
in response to CRADA partner requests.
a. Element resistance appears to “plateau” under both “dry” and “wet” conditions.
b. Changes due to NOy variations (between 20 and 190 ppmy) are clearly distinguishable
against “background”.
c. Varying H,O causes changes in element resistance.

2. Discovered that current electrode material (Sr-modified LaCrO;) decomposes when exposed to
H,0, NO, (and perhaps NO), and electrical bias.
a. Decomposition not observed when electrode powder only subjected to moisture and
elevated temperature (600 °C).
b. Decomposition also not observed in absence of H,O.
c. Indicates some “synergy” between electrical stimulus, presence of NOy, and H,O.

3. Pursuant to discovery above, have re-opened investigation into new materials.
a. Results in (obtained testing in dry air with Lag 75S1(25Cro sMng sOs3) are promising,
indicate that “total NOy” behavior may be possible with a variety of oxides.

Future Plans

* Investigate use of Mg-modified electrodes. This will help determince whether decomposition
problem mentioned above is caused by use of alkaline earth modifiers.

e  Work with CRADA partner to develop a screening test for sensitivity to moisture and bias.

e Initiate collaboration with Georgia Tech on Raman, FTIR investigation of NOy species,
crystallography of electrode material at sensor surface.

Status of FY 2005 Milestones
(1) Characterize NOx sensor performance in actual NG engine exhaust (9/05).
We are on track to meet this milestone.

Communications/Visits/Travel

1. Biweekly teleconference were initiated this quarter between DOE, Ford, LLNL, and ORNL.

2. A meeting was held at LLNL in March with all members attending to discuss technical progress
and continue to define the path towards commercialization.

Problems Encountered
None to date.




Subtask 1.5 Emissions Characterization: Lube oil/Catalysts Interaction

John Storey
Oak Ridge National Laboratory, Knoxville, Tennessee
Phone: (865) 946-1232, E-mail: storeyjm@ornl.gov

John Pratapas
Gas Technology Institute
Phone: (847) 768-0820, E-mail: john.pratapas@gastechnology.org

Objective
ORNL and the Gas Technology Institute (GTI) seek to develop critically needed data that can be utilized

by engine companies as well as catalyst and lube oil suppliers to meet the reliability and maintainability
goals of catalyst systems that would be required for future ARES products. To achieve this, the
mechanisms of catalyst failure will be fully investigated, and then applied to an engine-catalyst
combination that can be demonstrated first on a pilot scale and then with long term field validation
testing.

Highlights

An advisory committee, with representatives from the three ARES engine manufacturers, academia, a
catalyst company, and a lubricant additives company was formed. The advisory team’s role is to ensure
that the project provides data that will enable the ARES program to meet its goals.

Technical Progress
e In October, a planning meeting was held at the ASME-ICED meeting in Long Beach, CA
between ORNL and GTI. Subsequently, the statement of work was finalized and the contract put
in place between ORNL and GTL

e At GTI, the single-cylinder research engine that will be used in Phase 1 and Phase 2 testing is
installed and operational on natural gas with micro-pilot diesel injection. The engine will be
converted to spark ignition during the following quarter.

e Field aged catalysts suitable for Phase I of this project have been identified by
Miratech and will be delivered to ORNL for post-mortem analysis in the next
reporting period.

Status of Milestones

1. Characterize available aged NG catalysts for lube oil impact. (September 2005)

2. Conduct tests on a single cylinder engine measuring the impact of lube oil on catalysts. (September
2005) On track.

Industry Interactions

The technical Advisory Committee has been formed with representatives from each ARES engine
manufacturer, Miratech, Chevron Oronite, MIT, and University of Alabama agreeing to participate. A
formal kick-off conference call will take place early in the next reporting period.




Subtask 1.6a Natural Lean Aftertreatment (PIC 687)

J. E. Parks & J. M. Storey
Oak Ridge National Laboratory, Oak Ridge, Tennessee
Phone: (865) 926-1283, E-mail: Parksjeii@ornl.gov

Objective

The main objective of this project is to study lean NOx trap catalysis for emissions control from natural
gas engines. Key emission control areas of interest include: NOx reduction efficiency, operational (fuel)
penalty, and cost basis of lean NOx traps for ARES applications. The initial phases of the project
involved testing of lean NOx trap catalysts on a bench flow reactor with encouraging results. Efforts
shifted to the engine platform where a lean NOx trap catalyst system has been installed on a Cummins
C8.3G natural gas engine.

In FY04, NOx reduction in engine exhaust was demonstrated. ARES program target emission levels of
<0.1 g/bhp-hr NOx were demonstrated, and NOx reduction efficiencies of >90% were obtained with
the lean NOX trap catalyst.

Highlights
In Q1FYO05, the primary focus shifted to research and development of multiple technical issues related to
the practical and cost-effective implementation of the lean NOx trap technology.

Technical Progress

e Bench Reactor Analysis of Opportunity for Cost Reduction
Bench reactor studies of the NOx capacity of NOx adsorber catalysts have been analyzed to
investigate the opportunity for cost reduction via lowering the precious metal content of the
catalyst. Capacity for NOx storage was found to not vary significantly in the temperature ranges
associated with the NG application; therefore, opportunities to use lower cost NOx adsorbers
appears to exist.

e Setup for Methane Utilization Studies
Activities on the engine test platform have been focused on setting up analytical equipment for
experiments planned to investigate the chemistry occurring during methane utilization for
regeneration of the NOx adsorber. Poor methane utilization was observed in the experiments
conducted in FY04; however, high NOx reduction efficiencies were still obtained. We plan to
study the chemistry behind the methane utilization and the effect of the chemistry on NOx
adsorber regeneration.

Status of Milestones
Characterize methane reforming and oxidation by products on the lean NOx trap on operating NG
engines. June 2005 — on track.

Industry Interactions

Results on the lean NOx trap project were presented at two conferences in Q2FY05; the conferences also

provided valuable exchange of information related to natural gas reciprocating engine applications. The

two conferences were:

e Gas Technology Institute Conference and Exhibit on Jan. 30-Feb. 2, 2005 in Orlando, FL.

e 2nd Annual Advanced Stationary Reciprocating Engines Conference: Moving Forward in Low-
Emissions and High-Efficiency Technologies, March 15-16, 2005 at SCAQMD Headquarters in
Diamond Bar, CA.




Subtask 1.6b Natural Lean Aftertreatment (PI1C 687)

C. L. Aardahl, K. G. Rappé, D. R. Herling
Pacific Northwest National Laboratory, Richland, WA
Phone: (509) 376-7022, E-mail: christopher.aardahl@pnl.gov

Obijective

Demonstrate that natural gas can be reformed to species (dimethylether — DME) that are selective for
NOx reduction over suitable catalysts. Build bench scale reformer-enhanced catalytic system to assess
performance. Build slip stream demonstration system and perform engine test at Oak Ridge National
Laboratory.

Highlights

Bench scale validation of individual components is complete. Attention has turned to integration of
components to assess system performance and examination of partial oxidation of methane at pressures
representative of engine fueling.

Technical Progress

All components (reformer, DME synthesis, and lean NOx catalyst) have been demonstrated separately.
Therefore, proof of the original concept of reformer-enhance lean NOx catalysis is complete. Results
from reformer testing show that methane can be reformed at conversions above 90% to mixtures of CO
and H, gas with CO selectivity above 80%. Independent testing on DME synthesis from CO and H,
shows CO conversions as high as 50%. Therefore, single pass conversion of natural gas to DME could be
as high as 30%. This result suggests that a single pass system may work well. Residual fuel value as H,
CO, and unconverted methane could likely be recovered by sending the residual gas to the fuel inlet for
combustion. This not only improves efficiency, but may result in lower NOx levels from the combustion
process.

DME has been screened as a NOx reductant and shows exceptional selectivity for reduction. C;:NOx
levels as low as 2:1 demonstrate reduction levels above 70%. This indicates that low fuel penalty is a
high probability. More will be known when tests of the integrated system are complete.

Status of Milestones

-Complete integration of bench systems — 03/05: This milestone is delayed. FYO05 funds have not been
received at PNNL due to continuing resolution. Schedule will slip accordingly.

-Complete parametric study and characterization of whole system operation — 05/05: This milestone is
delayed. FYO0S5 funds have not been received at PNNL due to continuing resolution. Schedule will slip
accordingly.

-Complete slipstream system design — 06/05: This milestone is delayed. FYO05 funds have not been
received at PNNL due to continuing resolution. Schedule will slip accordingly.

-Complete construction and shakedown of slipstream prototype — 09/05: This milestone is delayed.
FYO05 funds have not been received at PNNL due to continuing resolution. Schedule will slip
accordingly.

Industry Interactions
All industry interactions have been through the prime contractor, Oak Ridge National Laboratory.




Subtask 1.6¢ Natural Lean Aftertreatment (PI1C 687)

Greg Jackson and Bryan Eichhorn
University of Maryland, College Park, Maryland 20742
Phone: (301) 405-2368; E-mail: gsjackso@eng.umd.edu

Objective

The current work is seeking to improve on precious metal catalyst performance for lean-NO, reduction
with Hp-rich reformate by optimizing nanoparticle catalyst composition and architecture. Lean-NOy
reduction catalysts require catalyst/support designs that provide a combination of selectivity (toward N,)
with bifunctional behavior. The precious metal catalysts are promising but improved selectivity (lower
reductant consumption) is still sought. The use of reformate as a more effective reducing agent than
hydrocarbons is being considered.

Highlights

Further tests under lean exhaust conditions revealed that the PtCu bimetallics including the promising
Cu@Pt and Ag@Pt revealed decrease in catalyst performance likely due to partial Cu and Ag oxidation.
Tests with controlled pure Pt particles continued to explore the effects of support, catalyst loading, and
nanoparticles size for optimizing N, yield under O,-rich conditions revealed a very strong dependence on
particle size and catalyst loading. Results suggest that low loadings and small particle size (~ 5 nm) may
provide satisfactory performance in terms of N, yield under lean conditions for exhaust temperatures
below 350°C.

Technical Progress

Further tests on bimetallic nanoparticles revealed that under lean exhaust conditions, activity of
bimetallics for H,-driven NO, reduction fell off to an extent that precious metal loadings would not be
improved with the lower activity bimetallics. Tests are being established for Pt-Au systems including
core-shell particles which are expected to demonstrate the bimetallic N, selectivity enhancement under
lean exhaust conditions observed for the other bimetallics under non-oxidizing conditions.

Tests on catalyst nanoparticle size and on catalyst support effects continued with pure Pt nano-particles.
Increased support interaction with smaller sizes encourages improved conversion and N; selectivity. This
also explains the good performance observed under low Pt loading conditions where catalyst sintering is
minimized.

The completion of the PtCu bimetallic characterization has led to an accepted publication in Angewandte
Chemie entitled “Pt-Cu Core-Shell and Alloy Nanoparticles for Heterogeneous NOy

Reduction” by S. Zhou, B. Varughese, B. Eichhorn, G. Jackson, and K. Mcllwrath”.

Status of Milestones
l1a.) Finished catalyst and structural characterization of Pd-Cu and Pt-Cu systems.(completed)
1b.) Begun to develop synthesis techniques for Pt-Au nanoparticles.

2.) Continued lean exhaust tests for Pd-Cu and Pt-Cu and Pt-Ag bimetallic nanoparticles and tested Pt
nanoparticles catalysts to determine effects of nanoparticles size. (completed)

3.) Improved tools for kinetic model analysis to be studied this year (Aug. 2005)

Industry Interactions
1. Discussed testing promising catalysts for slip-stream testing at ORNL for presentation to engine
manufacturers. Tests to be conducted later in 2005.




SECTION 2. Materials Based Technology for Distributed Generation

Subtask 2.1.1 Advanced Alloys for High Temperature Recuperators

P. J. Maziasz, J. P. Shingledecker, and N. D. Evans
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6115
Phone: (865) 574-5082, E-mail: maziaszpj@ornl.gov

Objective

The main objective of this research is for ORNL to work with recuperator OEMs and commercial foil and
sheet suppliers to test, evaluate, and enable the manufacture of recuperators using alloys that have
improved temperature capability and corrosion resistance at a reasonable cost. The near term goal is
meeting reliability goals of 40,000-80,000h at about 700°C, while the longer term goal is performance up
to 750°C or higher, without sacrificing lifetime. Last year, ORNL began a collaborative project with
Allegheny-Ludlum to produce a wide range of commercial sheets and foils of the new AL20/25+Nb
stainless alloy for properties characterization testing and recuperator manufacturing trials. Phase | of that
project is nearly complete and Phase Il began in FY2005 to study processing parameters to determine the
effects of microstructural condition for optimum creep-resistance for the various sheet and foil products.
The goal this year is to characterize properties and performance of recuperator air-cells manufactured
from AL20/25+Nb alloy.

Highlights

Allegheny-Ludlum has completed processing and delivery of various sheets and foils of AL20/25+Nb
alloy to recuperator OEMs. ORNL has completed creep-rupture testing of Phase | foils and sheets. 4 mil
foils of AL20/25+Nb have creep resistance exceeding HR120 at 700-750°C. For Phase II, Allegheny-
Ludlum has processed 10 mil sheet for creep testing at ORNL and is in final steps of processing foils.

Technical Progress

Recuperators made from 347 stainless steel suffer severe moisture-induce oxidation attack, mechanical
deformation, and failure if moisture and stress exceed critical levels at temperatures above 650°C.
Properties characterization and recuperator trials demonstrated that the Ni-based superalloy 625 had
sufficient oxidation and creep-resistance for use to about or slightly above 700°C, but at 3.5-4X the cost
of stainless steel, it may not be cost effective for all applications. Austenitic stainless alloys HR120 and
AL20/25+Nb have also been identified as more cost effective, higher performance alternatives to 347
stainless steels for recuperator applications.

Last year, ORNL began a collaborative program with Allegheny-Ludlum to produce a wide range of
commercial sheets and foils of the new AL20/25+Nb alloy appropriate for recuperator air-cell
manufacturing. Phase | of this project took standard processing of this alloy and produced materials with
significantly better creep-rupture resistance at 700-750°C relative to 347 steel (see results of creep tests in
plot below). Phase | material has been delivered to recuperator OEMs for manufacturing trials. ORNL
and Allegheny-Ludlum have defined a Phase Il effort to examine processing/microstructure effects on
optimizing the creep-resistance of various sheets and foils. Phase Il foil and sheet production will be
completed next quarter and ORNL properties and microstructural characterization will begin.

Status of Milestones

1. Complete mechanical testing and microstructural characterization of various foils and sheets of new
AL20/25+Nb alloy, and evaluate the effects of modified processing on creep resistance. Characterize
trial air cells manufactured from AL20-25+Nb for engine testing. March 2005 — Phase | creep testing is




finished and microstructural characterization is in progress. Air cell manufacturing trials are in
progress at Ingersoll Rand Energy Systems. Milestone will probably not be completed until July-August,
2005.

Industry Interactions

1. ORNL communicates regularly with Allegheny-Ludlum Technical Center (Chuck Stinner) to provide
input, get feedback and monitor progress of this project. ORNL also communicates when needed with
Capstone Turbines, Inc. and Ingersoll Rand Energy Systems.
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2.1.2 Oxidation/Corrosion Characterization of High-Temperature
Recuperator Alloys and Field Exposed Recuperators

K. L. More
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6064
Phone: (865) 574-7788, e-mail: morekl1@ornl.gov

Objective
Commercially-available and ORNL compositionally-modified alloys for high temperature recuperators
(650°C-750°C) to replace 347SS are being mechanically tested and laboratory exposed (corrosion-tested)
at ORNL as part of 3 separate Subtasks:

2.1.1 P.J. Maziasz “Advanced Alloys for High Temperature Recuperators”

2.1.3 B.A. Pint “Composition Optimization for Corrosion Resistance to High Temperature Exhaust Gas
Environments”

2.1.4 E. Lara-Curzio “Recuperator Testing and Evaluation.”

Microstructural characterization will play a critical role in understanding the corrosion/oxidation behavior
of the different alloys in high H,O-content (laboratory) and microturbine operating environments and will
be used to determine the extent of oxidation of the alloy compositions, to identify the reaction products
formed, and to evaluate changes in the base alloy microstructure accompanying long-term exposures.

Highlights

ORNL-modified compositions of 3 mil thick 347 stainless steel foils were exposed in ORNL’s
Microturbine Recuperator Test Facility (MRTF) for 500 h. Each of 4 different compositions was exposed
simultaneously to two different intermediate temperatures in the MRTF.

Technical Progress

The compositions (in wt.%) of the 4 ORNL-modified 347 stainless steels were:

* SS 18115 (58.3Fe-19.3Cr-12.6Ni-0.25M0-0.37Nb-0.029C-0.25N-0.36Si-4.55Mn-4Cu)

» SS18116 (61.1Fe-19.3Cr-12.5Ni-0.25M0-0.38Nb-0.03C-0.14N-0.38Si-1.8Mn-4Cu)

* SS 18529 (52.5Fe-20.9Cr-20.2Ni-0.3M0-0.25Nb-0.28C0-0.09C-0.17N-0.25Si-4.82Mn-0.3Cu)

* SS 18554 (60Fe-17.5Cr-13.1Ni-0.3M0-0.29Nb-0.29C0-0.077C-0.29N-0.33Si-3.87Mn-3.99Cu)
Cross-sectional characterization using electron probe microanalysis (EPMA) showed that the 2
compositions having similar Fe, Cr, Ni, Mo, Nb, Si, and Cu contents but with a 2.4X difference in Mn
content (SS 18115 and SS 18116) exhibited the best corrosion-resistance in the microturbine and had
much improved performance compared with standard 347 SS foil. The other 2 compositions (SS 18529
and SS 18554) showed extensive nodule formation on the gas-path surface similar to that observed for
347 SS.

Status of Milestones

Report on the microstructural characterization of commercial alloys, which have been laboratory-exposed
(elevated H,0) and engine-tested (in ORNL Microturbine Recuperator Test Facility) at Temp. > 600°C.
June 2005 - on track

Industry Interactions

1. Conducted microstructural characterization of Capstone engine-tested recuperators January 7-11,
2005. Results reported to Wendy Matthews @ Capstone Turbines.

2. Work with Ingersoll Rand to characterize braze joints continued during reporting period.



Subtask 2.1.3 Composition Optimization for Corrosion Resistance to High
Temperature

B. A. Pint
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6156
Phone: (865) 576-2897, E-mail: pintba@ornl.gov

Objective

In order to provide a clear, fundamental understanding of alloy composition effects on corrosion
resistance of stainless steel components used in microturbine recuperators, the oxidation behavior of
model and commercial alloys is being studied. Low alloy steels exhibit accelerated corrosion attack
caused by water vapor in exhaust gas at 650°-800°C. An improved mechanistic understanding will
improve life-prediction models and will assist in the selection and/or development of cost-effective alloys
for recuperators. Issues that continue to be investigated include the effects of temperature, alloy grain
size, phase composition and minor alloy additions.

Highlights

Electron microprobe analysis (EPMA) of commercial alloy foils, NF709, HR120 and 625 oxidized for
10,000h in humid air at 650° and 700°C has shown similar amounts of Cr depletion at each temperature in
the different alloys. These results suggest that Cr evaporation is the primary mechanism for Cr loss in
both Fe- and Ni-base alloys and that the addition of Mn does not significantly change the rate of Cr
consumption.

Technical Progress

Based on the EPMA chemical composition results of after long-term exposures of 100pm commercial
foils, a clearer understanding of the role of water vapor has been developed. In both Fe-base (NF709:
20wt.%Cr-25Ni-1Mn and HR120: 25wt.%Cr-35Ni-0.7Mn) and Ni-base (625: 23wt.%Cr-0.04Mn) foils,
the rates of Cr consumption from the metal were similar at 650° and 700°C with the Cr-consumption rate
being =50% higher at 700°C. Evaporation of the Cr by the formation of an oxy-hydroxide compound led
to significantly higher Cr consumption rates than observed in laboratory (dry) air. The various Mn levels
in these materials did not appear to affect the rate of Cr consumption in humid air at these temperatures.
Three new laboratory-scale versions of Fe-20Cr-20Ni have been rolled to sheet and foil thickness and
creep and corrosion specimens are being prepared. Long-term testing of new commercially made foil
versions of HR120 and AL20/25+Nb are being tested in humid air at 650°-800°C.

Status of Milestones
Submit an open literature publication with long-term data supporting the development of low cost,
oxidation resistant stainless steels for exhaust gas environments. (July 2005, on track)

Industry Interactions
Discussed 347 oxidation behavior with M. Newnham of Midland Turbine Ltd in February 2005

Discussed recuperator performance issues with W. Matthews of Capstone in February 2005



Subtask 2.1.4 Recuperator Materials Testing and Evaluation

Edgar Lara-Curzio, Rosa M. Trejo, K. L. More and Sebastien Dryepondt
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6069
Phone: (865) 574-1749; E-mail: laracurzioe@ornl.gov

Objective

The objective of this sub-task is to screen and evaluate candidate materials for the next generation of
advanced microturbine recuperators. To attain this objective a microturbine was modified to operate at
recuperator inlet temperatures as high as 850°C. The durability of candidate recuperator materials is
determined by placing metallic foil test specimens at a location upstream of the recuperator, followed by
determination of the evolution of the material's physical and mechanical properties as a function of time
of exposure. Metallic foil test specimens can be subjected to various levels of mechanical stress by
pressurizing a specially designed sample holder onto which the metallic foil test specimens are welded.
The selection of materials for evaluation is determined in collaboration with other tasks in this program
and with manufacturers of microturbine recuperators.

Highlights
Tests are in progress to complete 3000-hr exposure of alloy 120® in ORNL’s Microturbine Recuperator
Testing Facility.

Technical Progress

During the reporting period a test campaign was
completed during which test specimens of alloys 120®,
1 214®, 230® and EMS’s FeCrAlY-R were exposed in
ORNL’s microturbine recuperator testing facility. A
new 500-hr test campaign was initiated with test
specimens of alloys 120®, pre-oxidized 214® and
AL20/25+Nb with the objective of achieving 3000 hrs
of exposure for alloy 120®.
® 230® (500 hrs) It was found that the ultimate tensile strength of alloy
: g?gg gggohp)rs) u 230® decreased by 25% after a 1000-hr exposure at
0.7} 750°C, whereas the ultimate tensile strength of alloy
214® decreased by less than 10% after a 500-hr
0.6 . . exposure at 74_7°C. V\/_ork is in progress to c_orrelate
500 600 700 800 these _results v_vlth the microstructural evolution in these
Temperarture (°C) materials. Foils of alloys 120® and AL20/25+Nb were
prepared to evaluate their resistance to intermittent
microturbine operation and these tests are scheduled to be carried-out in the near future.
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0.8

Normalized Strength

Status of Milestones

1) Complete 1000-hr test campaigns and characterization of HR-120® and ORNL-modified stainless
steels (December 2004). Completed.

2) Publish a technical paper that summarizes the testing of HR 120 and NF 709 in ORNL’s microturbine
recuperator test facility (June 2005). On Track.

Industry Interactions
Continued collaborating with Solar Turbines (San Diego, CA) on the evaluation of the creep resistance of
alloy 625 and various grades of stainless steels.




Subtask 2.2.1 Keiser Rig Testing and CFCCs and Advanced Ceramics

P. F. Tortorelli and K. L. More
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6156
Phone: (865) 574-5119; E-mail: tortorellipf@ornl.gov

Objective

The objective of this task is to operate the ORNL slow-flow, high-pressure mixed-gas (Keiser) rigs used
for the exposure part of the evaluation of the effects of high-temperature environments on monolithic
ceramics, ceramic composites, and environmental barrier coatings targeted for use in various distributed
generation schemes employing combustion or steam. It involves ongoing maintenance and operation of
the rigs as well as continuous upgrading to improve operational and scientific reliability as well as
extending their capabilities. With regard to the latter, in FY 2004, operating pressures were increased to
20 atm in one of the rigs to evaluate some volatilization issues of candidate ceramic compositions by
substantially increasing the water-vapor pressure. These higher water-vapor pressures led to increased
maintenance, including more frequent replacement of parts. Despite this, it is anticipated that, during FY
2005, at least 4500 h of high-temperature, high-pressure operation of the Keiser rigs will be achieved.

Highlights

The technical results from this task are reported in sections:

Subtask 2.2.2 - Microstructural Characterization of CFCCs and Protective Coatings
Subtask 2.2.4 - Oxidation/Corrosion Characterization of Microturbine Materials.

Status of Milestones

Complete report that includes a detailed description of the Keiser Rig facility, its capabilities and
associated operating procedures, and a summary of the number and type of specimens exposed to date.
July 2005 - on track




Subtask 2.2.2 Microturbine Characterization of CFCCs and Protective Coatings

K. L. More
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6064
Phone: (865) 574-7788, E-mail: morekl1@ornl.gov

Objective

SiC/SiC continuous-fiber ceramic composite (CFCC) combustor liners with a BSAS-based environmental
barrier coating (EBC) have been exposed in several Solar Turbines engine tests for >10,000 h. The
engine-exposed combustor liners have been characterized microstructurally and mechanically at ORNL to
evaluate degradation of both CFCC liner materials and the EBC system. Simulated exposures of
analogous materials systems have been conducted simultaneously in ORNL’s Keiser Rigs at high water-
vapor pressures. More recently, new EBC compositions and CFCC liners (including oxide/oxide and
another SiC/SiC) have (or will be) exposed in the Solar Turbines engines as well as in the Keiser Rig and
will be evaluated post-exposure. The primary objective of this project is to understand degradation
mechanisms of the various EBC and CFCC materials in combustion environments (elevated H,O
pressure).

Highlights

The exposure of ATK-COI Ceramic’s oxide/oxide ceramic matrix composite, designated A/N 720 CMC,
for 3000 h at each of three temperatures, 1135°C, 1200°C, and 1250°C and 10% H,O, has been completed
in ORNL’s Keiser Rig. Extensive microstructural and mechanical evaluation following each high
temperature exposure condition (1000 h exposure intervals for 3000 h total at each temperature) is well
underway. In addition, short-term (~150 h) exposures in a microbalance at the same temperatures have
been completed.

Technical Progress

A total of twenty-seven (17.8 cm X 2.5 cm X 0.3 cm) in-plane tensile strength A/N720 CMC coupons
were provided for exposure in ORNL’s Keiser Rig. The tensile stress-strain response of the oxide/oxide
specimens was determined at ambient temperature according to ASTM standard test method C1275. The
tests were conducted using an electromechanical testing machine at a constant crosshead displacement
rate of 25 mm/min. The retained UTS was determined for the A/N720 CMC (eight tensile specimens
were tested for each time/temperature condition) exposed for 1000, 2000, and 3000 h at 1135°C, 1200°C,
and 1250°C. The UTS data clearly shows little effect of long-term exposure of the A/N720 CMC at
1135°C in the Keiser Rig’s high H,O pressure environment. While there appears to be a downward trend
of average strength with time for A/N720 CMC exposure at 1200°C, an analysis of variance showed that
the differences among the mean values for the as-processed and 1200°C exposed test specimens was not
significant at the 90% confidence level. An ~25% decrease in UTS was observed for all A/N 720 CMC
exposed at 1250°C.

Status of Milestones
Prepare a report and present results on the expanded use of ORNL’s Keiser Rig to evaluate the volatility
resistance of EBCs. August 2005 — on track

Industry Interactions

1. Attended 29" International Conference on Advanced Ceramics and Composites in Cocoa Beach,
Florida, and Co-Chaired Session on Environmental Barrier Coatings. Gave presentation “EBC
Volatility at High Water-Vapor Pressures.”

2. Conference call with Andy Szweda, ATK-COI Ceramics, on March 21, 2005 to discuss results of
completed Keiser Rig exposures of A/N 720 CMC materials and hybrid liner evaluation.

3. St. Gobain, NASA Glenn, Ceramatec, UTRC, and ATK-COI Ceramics currently have EBCs being
exposed in the Keiser Rig.




Subtask 2.2.3 Advanced Ceramics for Gas Turbines and Microturbines

Robert H. Licht, Vimal K. Pujari, Ara M. Vartabedian, William T. Collins
Saint-Gobain Ceramics & Plastics, Inc.
Northboro R&D Center
Phone: (508) 351-7929, E-mail: Robert.h.licht@saint-gobain.com

Objective
The goal of this program is to develop and optimize a high temperature silicon nitride based
ceramic material and forming process suitable for microturbine hot section component applications.

Highlights

A novel EBC composition has been defined based upon thermodynamic computations and CTE
simulations to match with the NT154 substrate. The rare earth di-silicate based composite EBC
composition so defined was synthesized and tested in the in-house recession rig. The testing
showed at least a factor of three improvement over the bare NT154 substrate. Because of its
excellent CTE match with the substrate, this composite system will be utilized as a bond coat for a
rare earth di- silicate based top coat already proven to be a recession resistant composition.

Technical Progress
Using the novel EBC composition previously defined, the development of a suitable EBC coating
technique is on-going. The two layer dip-coated EBC system has been successfully
. sintered to closed porosity without showing any undesirable cracking between the
layers. Coating process optimization is on-going to improve the coating uniformity
and eliminate the observed drying cracks. Hot pressed test samples of the bond coat
and the top coat compositions have been delivered to ORNL for testing in the high
pressure Keiser rig, to verify the good results achieved in the in-house recession rig.

Top Coat

W

Additional effort has been redirected towards further improvement in the slow crack growth
resistance of NT154. Mechanisms have been identified and possible improvements in the
processing are now being explored.

Status of Milestones

1) Demonstrate a 40% improvement in as processed (AP) strength of NT154 microturbine grade
silicon nitride (July 2004, completed).

2) Evaluate baseline recession resistance for uncoated and surface modified NT154 (September
2004, completed).

3) Develop a suitable surface modification procedure (HEEPS, PC) or EBC for test tiles and
components to improve the recession resistance. (December 2004, on-going).

Industry Interactions

1) Technical papers were presented by V.K. Pujari and R.H. Licht at the 29" ACerS Cocoa Beach
Conference and the 29" USACA ITAR Restricted Conference on Composites, Materials and
Structures (January 23-29, 2005) respectively, highlighting our progress towards ceramic
microturbine component and EBC development. During the meetings useful contacts were




made with microturbine OEMs (UTRC, GE), DoD, and government labs (ORNL, NASA, AIST,
Japan).

2) Hosted a visit to Northboro by Terry Tiegs and H.T. Lin of ORNL to review program technical
results and prioritize Phase 111 program activity.

3) Discussions with Bill Tredway and John Holowczak of UTRC on silicon nitride turbine
components.



Subtask 2.2.4 Oxidation/Corrosion Characterization of Microturbine Materials

K. L. More and P.F. Tortorelli
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6064
Phone: (865) 574-7788, E-mail: morekl1@ornl.gov

Objective

Environmental barrier coatings (EBCs) will be required on surfaces of Si-based ceramic and composite
materials exposed to microturbine combustion (high water-vapor) environments. Numerous EBC
systems are being developed for use on SizN4 hot-section microturbine components. The reliability of
these different EBC compositions, in terms of thermal stability, H,O permeability, and volatility, at high
temperature and water-vapor pressures, is being evaluated long-term in the ORNL Keiser Rigs.

Highlights

The exposure of several candidate EBC compositions (in stand-alone form, i.e., not applied to a substrate,
and applied as a coating on SiC/SiC composite substrates) to extremely high water-vapor pressures in the
Keiser Rig has been initiated. Recent exposures of Si-based standards and hot-pressed BSAS-based
coupons has validated the use of very high H,O pressures (18 atm) to evaluate an EBC’s volatility, even
at the slow-flow gas velocities used in the Keiser Rig. The current exposures will be used to “rank”
numerous EBC formulations being investigated for ceramic composites and monolithics.

Technical Progress
Several proof-of-principle specimens were included in the initial 1500 h high water-vapor-pressure
exposures to demonstrate and measure volatilization in the Keiser Rig (see DE Quarterly Report for
October-December, 2004) and volatilization trends were clearly differentiated between the different
materials using the gravimetric data. Following the exposure of this series of standard materials,
numerous candidate EBC compositions are currently being exposed in ORNL’s Keiser Rig at high water-
vapor pressures (20 atm total system pressure and 18 atm H,0) and 1250°C. The EBC materials being
exposed for the first 500 h include:

(1) 5 proprietary (industrial) EBC compositions

(2) stand-alone coupons of Y,Si,O;, Yb,Si,07, Lu,Si,O, Sr,Al,Si,0g, BSAS, and SAS

(3) plasma-sprayed BSAS, SAS, and Y,SiOs coatings on SiC/SiC composites

(4) A/N 720 oxide/oxide composite and stand-alone friable-graded interface.
Microstructural characterization is being conducted on all the as-processed EBC
compositions for comparison with the materials after sequential 500 h exposures in the
Keiser Rig. Coupon thickness and weight changes will also be monitored. The first 500
h run is scheduled to end on or about April 18, 2005.

Status of Milestones
Report the volatilization results from the exposure of 3 different SisN, compositions to very high H,O-
pressures in ORNL’s Keiser Rig. June 2005 — on track

Industry Interactions

1. Attended 29" International Conference on Advanced Ceramics and Composites in Cocoa Beach,
Florida, and Co-Chaired Session on Environmental Barrier Coatings. Gave presentation “EBC
Volatility at High Water-Vapor Pressures.”

2. Conference call with Andy Szweda, ATK-COI Ceramics, on March 21, 2005 to discuss results of
Keiser Rig exposures of A/N 720 CMC materials.

3. St. Gobain, NASA Glenn, Ceramatec, UTRC, and ATK-COI Ceramics currently have EBCs being
exposed in the Keiser Rig.




Subtask 2.2.5 Modeling of Advanced Materials for Microturbine Applications
(PI1C 698)

M. K. Ferber and A. Wereszczak
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6068
Phone: (865) 576-0818, E-mail: ferbermk@ornl.gov

Objective

The primary objective of this project is to evaluate the long-term mechanical and chemical stability of
advanced materials of interest to the DER program. Currently the project is evaluating (1) structural
ceramic, which are being considered for use as hot-section components in microturbines and (2) thick
thermal barrier coatings (TTBCs) being developed for thermal management in combustor liners used in
industrial gas turbines. The structural ceramics effort focuses on the development and utilization of test
facilities for evaluating the influence of high-pressure and high-temperature water vapor upon the long-
term mechanical behavior of monolithic ceramics having environmental barrier coatings. In the case of
the TTBCs, the primary focus is on the evaluation of changes in microstructure and thermal properties
arising from long-term aging tests. A secondary objective of the program is to develop and characterize
the toughened silicon nitride ceramics

Highlights

The mechanical behavior of NT154 silicon nitride developed in the early 1990s was compared with that
of the current vintage of NT154. The implication of these data on the reliability of the Ingersoll-Rand
rotor was assessed using the Integrated Reliability Assessment Software (described in a previous
highlight).

Technical Progress

Extensive mechanical property data sets were collected for old (1995) and current vintages (2005) of the
NT154 silicon nitride. These data included flexure strength as a function of temperature and slow crack
growth as measured using dynamic fatigue testing. While the fast-fracture strength versus temperature
data for the old and new vintages were comparable, the new vintage was more susceptible to slow crack
growth (reflected by lower N values). The Integrated Reliability Assessment Software was subsequently
used to assess the impact of these differences upon the reliability of the Ingersoll-Rand rotor. As
expected the probability of survival for the current NT154 material decreased more rapidly as the
exposure time increased.

Status of Milestones

(1) Complete the characterization of commercially available environmental barrier coatings and issue
report-March 2005-on track.

(2) Complete development of baseline processing conditions together with seed content to maximize the
strength-toughness response and to tailor thermal expansion confidents -July 2006-on track.

Industry Interactions

1. Discussions were held with John Holowczak concerning possible collaborations in response to the
recently released BAA from the Air Force.

2. Communications with Steve Duffy of CRT concerning use of the Integrated Reliability Assessment
Software.

3. Discussions were held with Ara Vartabedian from Saint-Gobain Ceramics & Plastics concerning
incorporation of current NT154 data into database.




Subtask 2.2.6 Characterization of Structural Ceramic Materials and Potential
Coatings for Turbine Applications

R. R. Wills and S. Goodrich
The University of Dayton Research Institute, Dayton, Ohio
Phone: (937) 229 4341, Email: roger.wills@udri.udayton.edu

Objective
1) Determine the tensile creep properties of Saint Gobain’s latest NT154 grade silicon nitride to

ensure that this batch of material has at least equivalent creep properties to the previous material
made in the mid 1990s.

2) Characterize the oxidation behavior of candidate ceramics and two phase silicon nitrides in an
air/steam environment to eliminate the need for complex costly multilayer coatings. The goal of
this activity is to find materials that can be used in the construction of long life microturbine hot
section components that enable the engine to operate at high efficiencies with good economic
payback.

Highlights
The SisN,4 - BaAl,Si,Og system was selected for oxidation studies together with the system SizN,4
—SizNzO —SCzsiQOTSCzSiOs.

Technical Progress

Dating back to the early work of Pickup and Brook, studies on the addition of SizsN4 to barium
aluminosilicates (BAS) have been reviewed. The system produces a low melting eutectic glass,
which facilitates densification, and the glass transforms to a refractory ceramic BaAl,Si;Og
(Celsian ) on cooling. K. White and coworkers have conducted numerous studies on a 70vol%
SizN4 — 30 vol. % BAS showing that a significant amount of second phase material can coexist
with silicon nitride and can give rise to reasonable mechanical properties. Several samples
designed to study the effect of increasing amounts of Celsian on the oxidation of silicon nitride
have been prepared.

Scandium monosilicate was prepared by hot pressing an appropriate mixture of Sc,Os; and
Cabosil™ grade SiO, at 1800 °C at 5000 psi for 2 hours. The thermal expansion coefficient of
Sc,Si0s was found to be 5.2 x10° per degree centigrade over the temperature range 0 to 1200 °C.
This is slightly higher than that for the disilicate (4.5 x 10°® per degree centigrade).

Status Of Milestones

1) Compare the tensile creep properties of this generation NT154 with that of its predecessor.
December 2005- on track.

2) Determine the oxidation behavior of two phase silicon nitride materials in air/ steam
environment. December 2005 — on track.

Industry Interactions

1) Discussions with Vimal Pujari of St Gobain about delivery of NT154 silicon nitride Creep
samples.

2) Oxidation testing of candidate ceramics was discussed with John Holoczak of United
Technologies.




Subtask 2.2.7 Reliability Evaluation of Microturbine Components

H. T. Lin and M. K. Ferber
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6068
Phone: (865) 576-8857, E-mail: linh@@ornl.gov

Objective

The objective of this study is to facilitate the successful implementation of complex-shaped ceramic
components in advanced microturbines to significantly increase efficiency and reduce NOx emission.
This work also provides a critical insight into how the microturbine environments influence the
microstructure and chemistry, thus mechanical performance of materials.

Highlights

Mechanical strength evaluation of MOR bar machined from the hubs of NT154 rotors has been
completed. Results show that the flexural strength of MOR bars from rotor hubs is lower than that
measured from the billets, presumably due to differences in microstructure and chemistry.

Technical Progress

Studies of dynamic fatigue response of NT154 silicon nitride processed with diffusion barrier coating
(DBC) have been initiated. Preliminary results at room temperature indicate that the NT154 with DBC
exhibits comparable characteristic strength (~950 MPa) and Weibull modulus (m = 10) to those
manufactured without DBC. The fatigue exponent (N) at room temperature is 86, which is higher than
those obtained for samples without DBC (N = 32-40).

Studies of toughness measured via indentation technique as a function of location on the polished airfoil
samples machined from NT154 rotors were initiated. The results show that the toughness in the airfoil
region is ~ 3 MPavm, which is much lower than that obtained from the hub region (~ 5 MPavm). Note
that the reported toughness for the NT154 is ~ 5 MPavm. Detailed SEM analysis will be carried out to
understand origin for the low toughness of airfoil region.

The US-Japan joint project under the US-Japan High-Level Consultation on Climate Change Science and
Technology Working Group has been completed by the end of March 2005. This joint research provides
an important insight into the effect of high-temperature steam on the long-term stability of various RE-
disilicates, and development of potential EBC for gas turbine application.

Status of Milestones
1. Complete mechanical characterization of NT154 microturbine rotors with and without EBC
manufacture under optimized processing conditions. Sept 2005 — on track.

Industry Interactions

1. Communication with Vimal Pujari and Ara Vartabedian at Saint-Gobain on the initial dynamic fatigue
results of NT154 with DBC at room temperature.

2. Communication with John Holowczak and Bill Tredway at UTRC to on the dynamic fatigue results of
Saint-Gobain NT154 silicon nitride.

3. Communication with Tatsuki Ohji and Shunkichi Ueno at AIST, Japan on the progress of the high-
temperature steam jet testing of RE-disilicates.




Subtask 2.2.8 Environmental Protection Systems for Ceramics in
Microturbines and
Industrial Gas Turbine Applications (PIC 708)

S. D. Nunn and R. A. Lowden
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6087
Phone: (865) 576-1668; E-mail: nunnsd@ornl.gov

Objective

The use of advanced structural ceramics, such as silicon nitride (SisN,), in gas turbine engines can allow
operation at higher temperatures, thus improving engine efficiency. However, in the combustion engine
environment, SisN4 can undergo rapid degradation due to the corrosive and erosive effects of high-
temperature, high-pressure, moisture-containing gas flowing at high velocities. A protective
environmental barrier coating (EBC) is needed for SisN, to allow these advanced materials to be utilized
in microturbines and industrial gas turbine engines. The goal of this effort is to develop a method for
producing a protective coating on SizsN, and to evaluate the ability of the coating to protect the ceramic in
a simulated engine environment.

Highlights

Presented a paper entitled “Producing Surface Coatings on Silicon Nitride by Pack Cementation” at the
29™ International Conference & Exposition on Advanced Ceramics and Composites in Cocoa Beach, FL.
The talk described the coating process and the composition and microstructure of coatings that have been
produced on commercially available silicon nitride ceramics.

Technical Progress

A billet of the new-production NT154 SizN, material from Saint-Gobain was sliced to produce specimens
for coating. The slicing was planned so that each specimen would retain a large area of as-processed
surface, similar to what would be found on production component. Samples have been processed under
conditions that produce a Yb,Si,O; + SiO, coating on the silicon nitride surface. Additional samples are
being prepared for pack cementation coating to produce a Ybs;AlsO1, surface layer. The coated specimens
will undergo environmental exposure testing in the Keiser rig.

Specimens of SiC/SiC composite have completed pack cementation coating to form Yb,Si,O; and are
ready for exposure testing in the Keiser rig.

Status of Milestones
Prepare pack cementation coated silicon nitride samples for evaluation in the Keiser rig.
Sept. 2005 - on track

Industry Interactions

1. Met with Vimal Pujari and Ara Vartabedian of Saint-Gobain at the Cocoa Beach Conference to discuss
pack cementation coating of NT154 Si3Nj,.

2. Discussed the possibility of using pack cementation to coat silicon carbide with John Holowczak of
United Technologies Research Center.

3. Met with Irene Spitsberg of GE Aircraft Engines at ORNL to discuss coating results for EBCs on
SiC/SiC composites.




Subtask 2.2.9 Environmental Protection Systems for Ceramics in
Microturbines and Industrial Gas Turbine Applications (PI1C 709)

Beth Armstrong
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6063
Phone: (865)241-5862; E-mail: armstrongbl@ornl.gov

Objective

In order to be cost competitive, microturbines will have to meet aggressive durability targets. Ceramic
components without an environmental protection system (e.g. EBC) will not be able to meet the goals of
> 20,000 operation hours. An EPS may enable these components to meet the expected lifetimes provided
the EPS can be applied at low cost. The goal of this project is to continue to develop a low cost, slurry-
based process to apply protective coatings for silicon based ceramic materials for use in microturbine
and/or industrial gas turbine applications. This effort will be coordinated with industrial partners to assist
in the development of an ideal coating material or material system for steam and high velocity resistance.

Highlights

Slurry development of collaborator’s material systems continues. Coated samples are being evaluated
after densification for appropriate thicknesses and densities. Samples that met the collaborator’s
specifications are being submitted for simulated exposure and characterization.

Technical Progress

Work continues on the collaborator’s candidate materials systems. Surface charge and rheological
characterization was completed on materials received to date, and dipping studies were initiated.
Iterations of coating, sintering, and characterization to minimize sintering temperatures and maximizing
coating uniformity, desired thicknesses and densities are currently in process. Promising systems will be
submitted for simulated exposure testing. ORNL material system evaluation nears completion after
coated bend bars of AS800, SN282, and NT-154 were removed from 500 hours simulated exposure
testing in HT Lin’s steam rig. Post-mortem analysis is on-going.

Status of Milestones
Evaluate the corrosion resistance of rare earth doped silicate materials in a simulated combustion
environment. September 2005 — on track

Industry Interactions
Communications continue with Drs. Charles Lewinsohn (Ceramatec) and Vimal Pujari (Saint-Gobain) to
discuss utilization of ORNL’s colloidal expertise. Collaboration with Honeywell continues.




Subtask 2.2.10 Life Prediction Development and Support for Microturbine
OEMs

S. F. Duffy, E. H. Baker & J. L. Palko
Connecticut Reserve Technologies, Stow, Ohio 44224
Phone: 330-678-7328, E-mail: sduffy@crtechnologies.com

Objective
Update and enhance various software algorithms (ANSCARES, CARES and WeibPar) that are provided

to DER industrial partners. Provide technical support (e.g., theoretical development and modeling
advice) to DER industry partners. Support interfacing the ORNL software algorithm IRASoft with
CARES and WeibPar.

Highlights
The time dependent parameter estimation and component reliability modules of CARES and WeibPar

have been updated. The WeibPar treatment of censored data has been updated. License key technology
has been added to CARES and WeibPar.

Technical Progress

Given a dynamic fatigue (monotonically increasing load) data set, WeibPar now calculates the dynamic
fatigue parameter B, and provides an equivalent static fatigue material specific parameter for use in
CARES. This now allows the user to evaluate subcritical crack growth parameters using one type of load
application, and apply this information to a component that is subject to another type of load application
using what is commonly referred to as g-factors in the literature. Additional load application formats will
be added next quarter. With these updates WeibPar 3.2 is compatible with CARES 6.3.

When analyzing a censored data set each data point can now be identified by a string of characters rather
than the numerals O, 1, etc. Any designation beginning with the letter 'V' will be analyzed as a volume
flaw (e.g., volume, v, vol, voll, vol2, vol3, etc). Likewise any designation beginning with the letter 'S’
will be analyzed as a surface flaw. Designations beginning with anything else will be analyzed as an
unknown flaw.

New licensing key technology will allow CRT to provide executable versions of the algorithms as FTP
downloads. Files can be downloaded free of charge and run in demonstration mode. When a user decides
to license the software, they simply run the licensing program and e-mail a Client Information text file to
CRT. Upon validation that the customer is a DER industrial partner, CRT will create and e-mail a license
key to the customer to “unlock™ the full capability of the codes. With a valid license key a customer may
download upgrades to the codes as they become available.

Status of Milestones

1. ANSCARES Update for Compatibility with ANSYS 9.0. June 2005 - on track

2. CARES and WeibPar updates. October 2005 — on track.

3. Support for DER Industry Partners. Ongoing

4. Support for the Interfacing of IRASoft with CARES and WeibPar. January 2006 — on track

Industry Interactions
CRT met with a major manufacturer of heavy duty diesel engines to discuss the use of CARES and
WeibPar in the design and analysis of next generation, ceramic diesel particulate filters.




Subtask 2.2.11 Evaluation and Application of High Thermal Conductivity
Carbon Materials for Use in Microturbine Heat Recovery Systems

Edgar Lara-Curzio, James G. Hemrick, A. Zaltash and E. Loveland
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6069
Phone: (865) 574-1749; E-mail: laracurzioe@ornl.gov

Objective

Because of low efficiency in power generation, as much as 90 GWh of energy are lost in the United States
every year. However, by recovering waste heat, the efficiency of power generation systems can be
significantly improved. In the case of recuperated microturbines, heat in the exhaust gases can be
captured to dry humid air and/or to produce hot or chilled water for use in space heating, or air
conditioning. The objective of this project is to design, fabricate and evaluate graphite fiber-based heat
recovery systems for microturbines, which currently use aluminum fin heat exchangers. Through
modeling and experimental work, the architecture of woven fiber structures that maximize heat transfer
while minimizing pressure drop and cost will be identified.

Highlights
The permeability and heat transfer characteristics of woven graphite fiber structures incorporating copper
tubing were determined.

Technical Progress

A test facility was designed, fabricated and instrumented with thermocouples, pressure gauges and flow
meters to simultaneously evaluate the permeability and heat transfer characteristics of woven graphite
fiber structures that incorporate copper tubing. Measurements were obtained for woven fiber structures
with different porosities to identify the structure that maximizes heat transfer while minimizing pressure
drop. The test facility also incorporates a water recirculating system with temperature control and a fan to
quantify, for example, the heat removal rate as a function of air volumetric flow and the porosity of the
woven structure.

Temperature (“C)

Time (hours)

Work is in progress to identify conductive epoxies to maximize heat transfer between the water-carrying
tubes and the woven fiber structure.

Status of Milestones
Complete prototype fabrication of advanced heat exchanger using high conductivity fibers. (June 2005)
On Track.

Industry Interactions
Continued collaboration with 3-Tex, Inc. (Rutherford, NC)




Subtask 2.2.13a Silicon Carbonitride EBC Development

Rishi Raj and B. Sudhir
Department of Mechanical Engr., University of Colorado, Boulder, CO 80309
Phone: (303) 492-1029, E-mail: Rishi.Raj@Colorado.EDU

Objective

The need for environmental barrier coatings (zirconia/ hafnia) for silicon nitride turbine components
exposed to hot humid active oxidation conditions is well established. Polymer derived silicon
carboxynitride based composites are candidate materials for bond coats between silicon nitride and the
protective top coats because they show good adhesion to these materials and the composite microstructure
can be tailored to accommodate the thermal expansion mismatch stresses. The aim of the present study is
to optimize (polymer derived) Silicon Carboxynitride (SICNO) composite bond coat for silicon nitride
from studies on particulate composites made from transition metal oxides (hafnia/zirconia) and SICNO.

Highlights

Three point bending (TPB) tests on hydrothermal tested SICNO-50v% hafnia samples showed that these
samples showed a significant decrease in the strength because of the cracks arising in bigger SICNO
particles (when oxidized to SiO,). The SiCNO particles were eliminated by making a hafnia-5 v% SiCNO
composite in which SICNO was coated on the hafnia particles. This SICNO aided in the interparticle
bonding by forming hafnium silicate. These specimens were then hydrothermally tested at 1300 °C, v =
35.5 cm.s™. TPB tests revealed that these specimens did not undergo any appreciable strength degradation
even after 200 hr. of exposure.

Technical Progress

The time dependent strength evolution of hydrothermally tested samples were measured by TPB tests.
Hafnia-50v%SiCNO particulate composite showed a sharp decrease in strength after 30 hr. of
hydrothermal testing (T= 1300°C, v = 17.6 cm.s™). SEM studies revealed that this decrease in strength
could be related to cracking of bigger (> 5 um) SiCNO particles. In order to eliminate the SICNO
particles a hafnia-5v%SiCNO composite was prepared by adding hafnia to Ceraset (preceramic polymer).
This causes the SICNO to coat the hafnia particles and prevents SICNO from forming a distinct
particulate phase. The coated SICNO aids in particle bonding by forming hafnium silicate (confirmed by
XRD). TPB tests revealed that the mechanical strength of this composite did not degrade even under more
severe hydrothermal tests (T=1300°C, v = 35.5 cm.s™%). Further trials are being conducted to optimize the
SiCNO volume content to obtain a stronger and hydrothermally robust bond coating material.

Status of Milestones

1. Understand microstructural origin for the stable mechanical strength in Hafnia — SICNO composites.
June, 2005; on track

2. Optimize SICNO content to design a robust coating material and evaluate its performance under severe
hydrothermal testing. July, 2005; on track

Industry Interactions

1. Discussed the results with Dr. Kang Lee of NASA at the American Ceramic Society Annual Meeting,
Apr. 10-13, Baltimore.

2. Presented these results to Dr. Brian Lawn’s group at NIST, Gaithersburg, MD.




Subtask 2.2.13b EBC Development for Silicon Nitride Ceramics for
Enhanced Hydrothermal Corrosion Resistance

C. Lewinsohn, B. Nair and Q.Zhao
Ceramatec, Inc., 2425 South 900 West, Salt Lake City, UT
Phone: 801-972-2455; E-mail: clewinsohn@ceramatec.com

Objective
The goal of the current program at Ceramatec is to develop a functional environmental barrier coating
system for silicon nitride ceramics, processed using non-line of sight techniques, which will provide
substantially improved hydrothermal corrosion resistance without degradation of bulk mechanical
properties.

Effective protection of silicon nitride ceramics from hydrothermal corrosion will enable components for
microturbine engines, manufactured from these materials, to be operated at conditions that will provide
improved efficiency for microturbine power generation systems.

Highlights
Particle size control was used to sinter promising, geomimetically selected, top coat materials to full
density.

Technical Progress

Powder processing methods were applied to modify the particle size distribution of geomimetically
selected top coat powder. Experiments were performed to select powder processing and sintering
conditions to produce dense specimens of a material which has been shown to have promising
hydrothermal corrosion resistance in screening experiments. Samples of this material were provided to
ORNL for exposure in the Keiser Rig. Processing of specimens of additional compositions that varied
slightly from the first material was initiated to refine material selection. Specimens of these materials will
be provided to ORNL next quarter. A designed series of experiments was initiated to optimize bond coat
processing and performance. Discussions with researchers at ORNL to improve top coat slurry dispersion
and rheology have begun.

Status of Milestones

Industry Interactions
Frequent conference calls and e-mail communications occur between Ceramatec, Inc. and Dr. Vimal
Pujari and Mr. Ara Vartebedian at Saint Gobain, Ceramics and Plastics.




Subtask 2.3.1 Advanced Materials for Reciprocating Engine Components

P. J. Maziasz and N. D. Evans
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6115
Phone: (865) 574-5082, E-mail: maziaszpj@ornl.gov

Objective

Next generation natural gas reciprocating engines will have higher in-cylinder pressures and temperatures
in order to meet the goals of higher power density increased efficiency, and lower emissions. Component
materials face the paradox of increased life and reliability while operating in higher temperatures that
limit material performance and durability. In collaboration with ARES OEM’s and their component
suppliers, ORNL is characterizing the effects of long-term engine exposure on intake and exhaust valves,
their seats, and on exhaust components.

With an appropriate baseline of current material/components mechanical and oxidation

properties behavior, and underlying microstructural changes in various alloys, ORNL will work with the
OEM’s and their suppliers to establish the best materials and processing options for components with
higher performance.

Highlights

Characterization is complete on an initial set of intake and exhaust valves with significant long-term
ARES engine exposure. Ni-based superalloy exhaust valves show significant coarsening of the gamma-
prime structure that provides high-temperature strength. The initial casting trials for making exhaust
components from the new CF8C-Plus austenitic stainless steel were successful, and components have
been sent to Waukesha, and bars for test specimens were sent to ORNL.

Progress

Comparison of fresh components with a series of components exposed to engine testing ranging from
several thousand to up to twenty thousand hours was completed this quarter at ORNL. Steel intake valves
show little change so far. By contrast, Ni-based superalloy exhaust valves show significant effects of
aging after only a few thousand hours of engine service; significant grain boundary My;C¢ carbide
precipitation and coarsening of the Yy’ precipitates that strengthen the alloy at high temperatures.
Coarsening of g’ matrix precipitation continues after much longer engine exposure times. Last quarter,
new discussions began between one of the ARES OEM’s and their exhaust manifold supplier to define a
critical experiment to test the performance of the CF8C-Plus cast stainless steel relative to standard
manifolds made of Ni-resist austenitic cast iron. Initial casting trials with the new CF8C-Plus austenitic
stainless steel were successful and components were sent to Waukesha for engine testing, and bars were
sent to ORNL for tensile and creep testing.

Milestones

Complete initial characterization of new and engine-tested intake and exhaust valves, and their
corresponding seats, to determine aging effects and degradation/failure mechanisms. Interact with engine
designers to identify avenues for improved performance. January 2005 — completed.

Meetings

Conference calls and communications with principal investigators at OEMs or component suppliers
occurs regularly (1-2 times/month) to guide this project.



Subtask 2.3.2 Characterization and Development of Spark Plug Materials

M. P. Brady, H. T. Lin and R. K. Richards
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6115
Phone: (865) 574-5153, E-mail: bradymp@ornl.gov

Objective

Spark plug lifetimes in advanced natural gas engines are on the order of only 1000-4000 h, which result in
loss of performance and necessitate frequent, costly downtime maintenance. Spark plug durability will
become even more critical as future engines are pushed to leaner-burn conditions to reduce emissions.
The goals of this effort are to gain insight into spark plug life- limiting wear processes, and to use this
understanding to develop new electrode alloys to achieve lifetimes of = 8000 h. This project is jointly
funded by the ARES Program and the Materials Program.

Highlights
A total of 58 spark plugs, incorporating 4 developmental ORNL alloys, 3 control Champion® alloys, and
replicates were manufactured by Federal Mogul (FM)/Champion and delivered to ORNL.

Technical Progress

The first of three planned sets of spark plugs was successfully manufactured by FM in March 2005 and
will be engine tested at NTRC beginning in late Spring/ early Summer 2005. A total of 58 spark plugs,
incorporating 4 developmental ORNL alloys, 3 control Champion® alloys, and replicates were made.
The developmental alloys were used to make the center electrodes, the ground electrodes were made from
a standard FM material. This 1* set does not utilize precious metal inserts and will be used to establish
baseline behavior. The 2™ set of plugs will utilize a control precious metal insert, and the 3™ set will
utilize a developmental high performance ORNL replacement alloy for the precious metal insert. All 58
spark plugs have been characterized in the pressurized test chamber. A data base of the spectral
emissions during the arc process has been established as a baseline for characterizing changes produced
by engine operation. Voltages required for breakdown are also included in the data set.

Status of Milestones

1. Characterize wear of currently used spark plugs as a function of time/ignition system, and engine
exposure conditions to firmly establish key issues controlling wear in natural gas engines. Disseminate
results in at least 1 open literature publication. Sept 2005 — on track

2. Manufacture electrodes from at least one new developmental alloy and evaluate and characterize under
ignition conditions. Benchmark results compared to currently used Pt and Ir alloys. Sept. 2005 — on track.
3. Develop detailed database of spark plug erosion characteristics from spectroscopic and metallurgical
measurements for modeling the erosion process. Dec. 2004 — completed.

4. Develop a detailed model of the erosion/failure process for NG engine spark plugs based on database
results from above. Sept. 2005 — on track.

5. Develop an advanced test chamber to simulate spark plug wear under condition found in existing and
future NG engines. June 2005 — on track.

Industry Interactions
Conference calls and communications with Drs. Iryna Levina and Jim Lykowski at FM to discuss the
engine testing of the spark plugs using ORNL developmental alloys.




Subtask 2.3.3 Optimization of In-Cylinder Materials for Reciprocating Natural
Gas Engines

J.J. Truhan and K. L. More
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6063
Phone: (865) 574-1057, E-mail: truhanjjjr@ornl.gov

Objective

In order to achieve optimum performance of natural gas engines in terms of efficiency and durability at
comparable or lower cost, it will require the integration of research on materials and processes
development, lubricant formulation, surface characterization and extensive rig and engine testing. The
approach of this effort is to define the operating environment, identify desired materials properties, select
materials and/or processes to meet these requirements and to characterize the compatibility of materials
with common lubricants in the new and used condition by use of advanced surface analytical techniques.
This includes impact of lubrication on components, such as deposit formation or catalyst poisoning. In
collaboration with Waukesha, a two-step approach is being taken to address these issues:

Objective 1

1.) Characterize the engine and identify new materials, surface treatments and lubrication formulations
that improve engine performance and durability.

Objective 2

2.) Develop a strategy to prevent or minimize deposit formation. The initial phase is to develop a test
method to determine precursors to deposit formation.

Highlights
Surface characterization was completed on two sets of engine-exposed intake valves exhibiting significant
deposit formation for comparison with intake valves characterized after ~2000 h engine use.

Technical Progress

Objective 1

Fixtures to allow for the testing of candidate valve guide materials are in fabrication. This will allow for
the testing of graphite foam materials as a replacement for cast iron to reduce the amount of lubrication
which can migrate past the valves and deposit on the valve sealing surfaces. A paper has been accepted
for the upcoming World Tribology Congress which describes torching in intake valves due to oil deposits.

Objective 2

A test method using thermogravimetric analysis has been developed to measure the amount of higher
molecular weight organic contamination (sludge) in used oil. These contaminants can act as a precursor
to deposit formation. Progressively-aged oil samples were collected from Waukesha and are currently in
testing using this method to look for correlation between oil chemistry and sludge formation.

Status of Milestones
1. Report on the characterization of current valve materials deposit formation as well as used
oil. June 2005 - on track

Industry Inteactions
1. Conference calls and communications with Roger Rangarajan and Joseph Derra of
Waukesha Engine Division to discuss the results of oil deposit characterization.




Subtask 2.4.2 Power Electronics Strategic Plan

T. King, L. Tolbert, B. Ozpineci
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6065
Phone: (865) 241-5756, E-mail: kingtjjr@ornl.gov

Objective

Power electronics (PES) are instrumental to the exploitation of DE. PEs control both the conversion of
power and its flow from the DE system to the utility grid. Therefore, distributed systems can be controlled
to implement a variety of services such as reactive power, voltage regulation, black-start capability,
harmonic compensation, and other ancillary services.

Unfortunately, existing PEs are susceptible to thermal limits, forward currents, reverse voltages, and
packaging techniques that hamper advancements in DE implementation. Thermal management is a
critical element in PE reliability, especially as PEs become smaller even as their power densities increase.
Advanced materials such as silicon carbide (SiC) are pushing PEs beyond the barriers of current silicon
semiconductors, and SiC semiconductors could have a dramatic effect on DE technology. However, PE
costs must be constrained to reap the potential cost benefits of DE implementation.

Highlights
« Developed an action plan that includes the use of power electronics to increase the utilization of
distributed energy assets

e Held meeting to define the action plan for the strategy document

Technical Progress

Developed an action plan that incorporates essential technical areas of power electronics systems. This
information will feed into the strategy document. Topical areas include materials development &
processing, wide band gap materials, topology, thermal management, controls and system applications.

Technical leads are being assigned for each area and they will provide technical background, identify
technical challenges, determine key organizations performing work and develop recommendations for
DOE and ORNL to support research and development in power electronics. This work will be leveraged
with activities from the Gridworks program in the Office of Electricity and Energy Assurance.

Status of Milestones
Complete analysis of power electronics strategy — September 2005 — on track

Industry Interactions
Defining list of companies and organizations to visit. These visits will likely occur in the summer.




Subtask 2.4.3 Solid-State NOx Sensor Development

T. Armstrong, F. Montgomery, and D. West
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6186
Phone: 574-7996, E-mail: armstrongt@ornl.gov

Objective

To develop non-catalytic and catalytically selective electrodes for use in NOx and ammonia sensors and
to build and test sensors using the materials and technology developed. This project is jointly funded by
the ARES Program and the Materials Program.

Technical Highlights
1. Studied longer-term sensing performance under both “dry” and “wet” ( 1-3 % H,0). This was in
response to CRADA partner requests.
a. Element resistance appears to “plateau” under both “dry” and “wet” conditions.
b. Changes due to NO, variations (between 20 and 190 ppmy,) are clearly distinguishable against
“background”.
c. Varying H,O causes changes in element resistance.

2. Discovered that current electrode material (Sr-modified LaCrO;) decomposes when exposed to H,0,
NO, (and perhaps NO), and electrical bias.
a. Decomposition not observed when electrode powder only subjected to moisture and elevated
temperature (600°C).
b. Decomposition also not observed in absence of H,O.
c. Indicates some “synergy” between electrical stimulus, presence of NO,, and H,0.

3. Pursuant to discovery above, have re-opened investigation into new materials.
a. Results obtained from testing in dry air with Lag 75Srq25CrosMngsO3 are promising and indicate
that “total NO,” behavior may be possible with a variety of oxides.

Future Plans
e Investigate use of Mg-modified electrodes. This will help determince whether decomposition
problem mentioned above is caused by use of alkaline earth modifiers.

Status of Milestones
(1) Characterize NOx sensor performance in actual NG engine exhaust September 2005 — On Track

Industry Interactions

1. Biweekly teleconference were initiated this quarter between DOE, Ford, LLNL, and ORNL.

2. A meeting was held at LLNL in March with all members attending to discuss technical progress and
continue to define the path towards commercialization.




