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Recuperator Alloys – Composition Optimization for Corrosion Resistance

B. A. Pint
Metals and Ceramics Division

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 recuperators, the oxidation behavior of model alloys
is being studied.  The first phase of this study narrowed the range of Cr and Ni contents required to
minimize the accelerated corrosion attack caused by water vapor at 650°-800°C.  Other factors that
continue to be investigated include the effects of temperature, alloy grain size, phase composition and
minor alloy additions. These composition and microstructure effects also will provide data for life-
prediction models and may suggest a mechanistic explanation for the effect of water vapor on the
oxidation of steels. This information will be used to select cost-effective alloys for higher temperature
recuperators.

Highlights

The oxidation behavior of model austenitic alloys is being studied in order to better understand the
role of minor alloy additions on the accelerated attack (AA) observed in exhaust gas at 650°C-700°C.
Initial characterization has been completed on 10,000h specimens of alloy 120 exposed for 10,000h
at 650° and 700°C in humid air. At the lower exposure temperature, grain boundary Cr depletion was
much more acute near the gas interface and may explain the formation of some Fe-rich oxide nodules
that would not normally be expected on a highly alloyed material.

Technical Progress
Experimental Procedure
As outlined in previous reports, model alloys were vacuum induction melted and cast in a water-
chilled copper mold, followed by hot forging and rolling to 2.5mm.  The sheets were then cold rolled
to 1.25mm and annealed under Ar + 4%H2 for 2 min at 1000°C.  Sheet specimens (12mm x 17mm x
1.2mm) were polished to 600 grit SiC finish.  The oxidation tests were done in air + 10vol.% water
vapor with 100h cycles at 800°C or 1h cycles at 700°C with 10 min cooling between cycles.  After
oxidation, selected specimens were Cu-plated, sectioned and polished to examine the oxide scale
using electron microprobe analysis (EPMA).

Results of oxidation testing
A new series of model alloys was produced to further understand the role of Cr and Ni content on
oxidation resistance and particularly lifetime.  All of the alloys contain Mn and Si additions but no
strengthening elements.  Specimens of the new alloys have reached ≈3,000h of exposure and can be
compared to the results for the previous series of model alloys, Figures 1 and 2.  At 650°C, the most
prominent observation is that discrete jumps (perturbations) in mass gain have been observed for
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Figure 1.  Specimen mass changes for model Fe-Cr-Ni alloys (designated by [Cr]/[Ni]) with Mn and
Si additions during 100h cycles in air plus 10%H2O at (a) 650°C and (b) 700°C.  Especially at 650°C,
perturbations have been observed in the mass gains.

a b

these specimens at various times, Figure 1a.  The reason for these increases is not clear.  However,
they can occur at relatively short or long times.  Nevertheless, these singular events can be
distinguished from a sustained rapid mass increase indicating the onset of accelerated attack (AA)
such as was observed for the Fe-16Cr-20Ni specimen at ≈6,000h.  In general, the mass gains for the
new alloy specimens are consistent with the results for the earlier model alloys except for the
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Figure 2.  Specimen mass changes for model Fe-Cr-Ni alloys (designated by [Cr]/[Ni]) with Mn and
Si additions during 100h cycles in air plus 10%H2O at 800°C.  Accelerated attacked has been
observed for many of the lower Cr and Ni content specimens.



specimen of Fe-18Cr-20Ni has shown an unusually high mass gain.  Figure 1b shows the specimen
mass gains at 700°C.  At this point, the mass gains for the new alloys at 700°C are generally
consistent with the previous observations.  The specimen of Fe-18Cr-17Ni has shown a continued
mass increase consistent with the onset of AA at a relatively short time.  Testing at 800°C has been
used to illustrate the overall benefit of higher Cr and Ni contents, Figure 2.  For the new series of
alloys, the onset of AA for Fe-18Cr-17Ni at 800°C was consistent with observations for the previous
series of alloys.  Several of the new alloys have yet to reach AA.

Characterization of 10,000h foils
As presented previously, 10,000h testing has been completed for foil (100µm) specimens at 650° and
700°C in humid air, Figure 3.  Initial characterization has been completed for the alloy 120 specimens
from these tests.  Figure 4a shows a secondary electron image of a polished cross-section of the alloy
120 specimen exposed for 10,000h at 650°C in humid air.  Consistent with the mass gain increase
noted during the test, some oxide nodules were observed on the foil.  Several types of precipitates
were observed in the foil:  large Nb-rich carbides and Cr-rich sigma phase.  Also, Si was enriched on
all of the grain boundaries in the foil.  The primary focus of the characterization was on the Cr
depletion.  Scans across the foil thickness at 1µm intervals were performed to assess the Cr depletion,
Figure 4b.  The scans revealed the Cr depletion was confined to the outer 12-16µm of material with
the inner material largely unaffected.  Figure 5a shows a higher magnification of the surface oxide
which was mapped for the location of several elements.  For example, Figure 5b is a Cr map of the
same region.  This map reveals that the inner oxide is rich in Cr but where the oxide is thicker, the
outer oxide was primarily Fe-rich, consistent with nodule formation during AA.  In the regions where
the oxide remained relatively thin, the underlying metal was significantly depleted in Cr, especially
along the alloy grain boundaries, Figure 5b.  This behavior is attributed to the slow Cr diffusion at
this temperature.  The implication of these observations is that despite the high Cr and Ni content of
this material, the foil was still susceptible to AA because the flux of Cr from the substrate was not
sufficient to replenish the Cr consumed from the surface by a combination of oxidation and
evaporation of the oxy-hydroxide.

Figure 3.  Specimen mass changes for foil specimens during 100h cycles in air plus 10%H2O at (a)
650°C and (b) 700°C.
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Figure 6a shows a cross-section of the alloy 120 foil after 10,000h at 700°C in humid air.  Consistent
with the low mass loss in Figure 3b, few oxide nodules (arrow) were observed in the cross-section
and a relatively thin compact scale developed.  Similar particles were observed in the center of the
foil as at 650°C and Si also was enriched at the alloy grain boundaries.  Also consistent with the
higher exposure temperature, more Cr was lost from the foil, Figure 6b.  The depletion was to a
greater depth (≈20µm) than at 650°C.  Figure 7a shows a higher magnification of the oxide scale and
Figure 7b shows a Cr map from the same region.  Unlike at 650°C, the Cr depletion appeared to be
more uniform.  This suggests that as the exposure temperature increases, the alloy grain boundaries
are no longer selectively depleted in Cr and the material is less likely to experience AA.  However,
from this single observation, it is not clear if a steady-state situation has arisen where Cr can diffuse
from the interior of the foil to replenish Cr lost at the foil surface.  If not, a similar situation could

Figure 5.  (a) EPMA secondary electron image of the specimen in Figure 4. (b) Cr map of the area in
(a) showing a Cr-rich under scale and Cr depletion on the metal grain boundaries.
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Figure 4.  (a) EPMA secondary electron image of a polished cross-section of alloy 120 foil after
10,000h at 650°C in humid air  (b) Normalized Cr content (at.%) across the foil thickness.  Arrows
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arise as at 650°C where the surface becomes Cr depleted and the Cr flux from the center of the foil
is insufficient to replenish it.  Further work is required to understand this behavior.  However, these
results provide a great deal of information about the onset of AA as a function of temperature.  In
particular, the localized depletion at 650°C explains the observation that the onset of AA is nearly
independent of specimen thickness.  Only the outer 10-20µm of material was depleted.

It should be noted that extrapolation of these results to longer times is not recommended until the
amount and type of depletion can be better quantified.  Quantifying the amount of depletion detected
is highly dependent on the assumed starting Cr content and this value needs to be measured more
accurately in the processed foils.  Depletion rates in other foil materials also are being measured for
comparison.  Additional characterization needs to be performed on these specimens to determine the
composition of the various precipitates observed in the foils after extended high temperature
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Figure 6.  (a) EPMA secondary electron image of a polished cross-section of alloy 120 foil after
10,000h at 700°C in humid air  (b) Normalized Cr content (at.%) across the foil thickness.  Arrow in
(a) marks oxide nodule.

Figure 7.  (a) EPMA secondary electron image of the specimen in Figure 6. (b) Cr map of the area in
(a) showing a Cr-rich scale.
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exposures.

Status of Milestones

Fabricate foil material of two most promising compositions for creep and corrosion testing that
simulate conditions in a recuperator.  (March 2004)  COMPLETED

Industry Interactions

Discussed oxidation results with W. Matthews from Capstone in April and May 2004.

Discussed oxidation mechanisms with G. Hirko from United Technologies in April 2004.

Provided data to Dr. Menon at Honeywell in May 2004.

Problems Encountered

None.

Publications/Presentations

Presented paper entitled “Stainless steels with Improved Oxidation Resistance for Recuperators,” by
B. A. Pint and K. L. More, ASME Paper #GT2004-53627, at the International Gas Turbine Institute
Turbo Expo, Vienna, Austria, June, 2004.

Presented poster entitled “The Use of Model Alloys to Develop Corrosion-Resistant Stainless Steels,”
by B. A. Pint, R. Peraldi and P. J. Maziasz, at the 6th International Conference on High Temperature
Coatings and Protection of Materials, Les Embiez, France, May 2004.

R. Peraldi and B. A. Pint, "Effect of Cr and Ni Contents on the Oxidation Behavior of Ferritic and
Austenitic Model Alloys in Air With Water Vapor," Oxid. Met., 61 (2004) 463-83.



Recuperator Materials Testing and Evaluation 
 

Edgar Lara-Curzio, Rosa Trejo and K. L. More 
Metals and Ceramics Division 

Oak Ridge National Laboratory 
P.O. Box 2008, 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 
commercially available microturbine was acquired and in coordination and collaboration 
with its manufacturer, it was modified to operate at recuperator inlet temperatures as high 
as 843°C.  The durability of candidate recuperator materials will be determined by 
placing 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.  During exposure tests inside the microturbine, it will be 
possible to subject test specimens to various levels of mechanical stress by using a 
specially designed sample holder and pressurized air.  The selection of materials to be 
evaluated in the modified microturbine will be made in coordination and collaboration 
with other tasks of this program and with manufacturers of microturbines and 
recuperators. 
 
Highlights 
 
A 500-hr test campaign was completed to evaluate ORNL-modified stainless steels. 
 
Technical progress 
 
During the reporting period work continued to expose and evaluate candidate materials 
for microturbine recuperators in ORNL’s microturbine recuperator test facility.  Test 
specimens of Haynes alloys HR120®, HR230®, and HR214®, ORNL-modified stainless 
steels, and alloy LCF 625 were evaluated for periods of time up to 1000 hours (Figures 1 
and 2).  The microstructural characterization and evaluation of residual properties of 
these materials, according to procedures described in detail elsewhere,1 is under way.  
The evaluation and characterization of ORNL-modified stainless steels in ORNL’s 
microturbine recuperator test facility constituted one of the milestones for this project in 
FY2004. 
 

                                                 
1 E. Lara-Curzio, “Recuperator Materials Testing and Evaluation” in DER Materials Program Quarterly Report, 
January-March, 2004 



 
 
Figure 1.  Photograph of ORNL’s microturbine recuperator test facility operating with 
four sample holders. 
 

 
 

Figure 2.  Sample holder after 500-hr exposure in ORNL’s microturbine recuperator test 
facility.  From left to right, the foils that were evaluated are: alloy LCF-625, ORNL-
modified stainless steel, ORNL-modified stainless steel, and alloy LCF-625. 
 
During the reporting period, three Bowman microturbines (35 kW, 60 kW and 80 kW) 
were received from Southern California Edison (Figures 3 and 4).  The microturbines had 
been installed and operated at the University of California-Irvine for different periods of 
time.  The microturbines were dismantled and work is under way to determine the 
residual properties of the recuperators (Figure 5). 
 



 
Figure 3.  80 kW Bowman microturbine received from Southern California Edison 
 

 
Figure 4.  35kW and 60 kW Bowman microturbines received from Southern California 
Edison. 

 

 
Figure 5.  Recuperator box removed from Bowman microturbine. 

 



 
Status of Milestones 
 

1. Complete study of how the mechanical properties, microstructure and corrosion 
products of Haynes-214 and HR230 alloys evolve as a function of exposure time 
and applied stress in recuperator testing facility (09/04).  Complete 

2. (2) Complete evaluation of residual properties of five decommissioned 
microturbine recuperators (09/04). In progress. 

 
Industry Interactions 
 
Capstone Turbine Corporation provided some of the foils evaluated in ORNL’s 
microturbine recuperator test facility.  Southern California Edison graciously transferred 
three decommissioned Bowman microturbines to ORNL for evaluation of residual 
recuperator properties. 
 
Problems encountered  
 
None 
 
Publications/Presentations 
 
A paper entitled “Residual Properties of Microturbine Recuperators,” was presented at 
ASME Turbo Expo 2004, Power for Land, Sea, and Air, June 14, 2004, Vienna, Austria.  
The manuscript was published as Paper Number GT2004-54255, Proceedings of ASME 
Turbo Expo 2004. 



Advanced Alloys for High-Temperature Recuperators  
 

P. J. Maziasz, B. A. Pint, K. L. More, 
J. P. Shingledecker, and N. D. Evans 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P.O. Box 2008, Oak Ridge, TN 37831-6115 
Phone: (865) 574-5082, E-mail: maziaszpj@ornl.gov 

 
 

Objective 
 
The main objective of this program is to work with commercial materials suppliers (foil 
and thin sheet) and recuperator manufacturers to enable manufacture and evaluation of 
upgraded recuperators from cost effective alloys with improved performance and 
temperature capability.  The near term goal is better performance to or above 704oC 
(1300oF), and the longer-term goal is reliable performance at 760oC (1400oF) and higher.  
 
Highlights 
 
Materials for use to 760oC (1400oF) or higher 
Commercial recuperator sheet (0.010 in.) of alloy 625 was obtained from IRES earlier 
this year, and continues to show outstanding creep resistance, with no ruptures after over 
5,000 h at 704 and 750oC.  Testing will continue next quarter. 
 
Technical Progress 
 
Recuperator Component Analysis 
Different microturbine OEMs have provided pieces of fresh and engine-tested PFR and 
PSR recuperators made from standard 347 stainless steel for analysis, testing, and 
characterization, which was completed previously.  ORNL continued analysis of PFR 
recuperator air cells and related manufacturing process specimens with Ingersoll Rand 
Energy Systems, including braze alloy and processing evaluations, and this effort is 
nearly complete.  Collaborative efforts between ORNL and the recuperator makers to 
provide or characterize advanced alloys (ie. HR120, 20-25Nb or alloy 625) with more 
temperature capability and reliability continued this quarter. 
 
Selection and Commercial Scale-Up of Advanced Recuperator Materials: 
a) Materials for use to about 704oC (1300oF) 
 
Previous oxidation testing in 10% water vapor at 650-750oC continued this quarter, with 
testing at 650oC exceeding 12,000 h.  HR 120, alloy 625 and NF709 (20-25Nb) all show 
good resistance in this temperature range.  Creep testing of commercial foils (3.5-4.0 mils 
thick) and sheet (10 mils thick) at 704oC and 152 MPa continued, with commercial alloy 
625 sheet exceeding 5000 h, as shown in Fig. 1.  Standard 347 steel foil ruptured after 



less than 100 h while HR120 lasted 900 h at this condition, but the alloy 625 still remains 
in the secondary creep regime with less than 1% strain after 5000 h. 
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Figure 1 – Comparison of creep rupture curves for testing of commercial foils of standard 
347 steel, HR120 and 10 mil sheet of alloy 625 at 704oC and 152 MPa (22 ksi).   
 
b) Materials for use at 760oC (1400oF) or higher 
 
HR 120 (Fe-25Cr-35Ni) is one of the more promising commercially available materials 
which has significantly better creep-resistance and corrosion-resistance in this 
temperature range at 3-4 times the cost of 347 stainless steel.  Commercial 3.5 mil foil of  
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Figure 2 – Comparison of creep rupture curves for testing of commercial or ORNL 
processing of 4 mil foils of high performance alloys at 750oC and 100 MPa (14.5 ksi).  
Foils include prior data on commercial HR120 and new data on commercial HR230, and 
ORNL processed foils of NF709 and alloy 625. New data on continued testing of 
commercial 10 mil sheet of alloy 625 is also included.  
 
HR120 was obtained by ORNL from Elgiloy Specialty Metals (Elgin, IL) and creep-
tested at 704oC/152 MPa (as mentioned above), and at 750oC/100 MPa.   The HR 120 
foil lasted for 3300 h at 750oC, with very good rupture ductility.  The creep resistance of 
HR 120 at 750oC is about 13 times better than standard 347 steel foil with standard 
commercial processing (Fig. 2).  New creep data on similar commercial foil of HR230 
(Ni-22Cr-14W-5Co) tested this quarter is also included.  While HR230 alloy has good 
oxidation resistance and good strength as thicker section material, it’s creep resistance is 
only several times better than 347 steel as foil, and it is about twice the cost of alloy 625. 
Creep data is also included for NF709 (Fe-20Cr-25Ni, Nb,N), from boiler tubing that was 
split and rolled into foil at ORNL.  The NF709 shows about 50% longer rupture life than 
HR120. Alloys 625 foil shows roughly similar creep rupture life, but a much lower creep 
rate. 
 
Last quarter, new samples of commercial 10 mil sheet of alloy 625 used for 
manufacturing PFR recuperator aircells were placed into creep tests at 704 and 750oC, 
and tests continued this quarter to beyond 5,000 h with no rupture (Figs. 1 and 2), and 
testing will continue next quarter.  



 
The commercial HR 120 foil and ORNL foils of alloy 625 and NF709 have also been 
incorporated into the oxidation testing matrix, and at 650-750oC are resistant to water-
vapor enhanced oxidation, at least to about 8000 h.  Oxidation testing will continue next 
quarter, and many of these steels and alloys have also been incorporated into the ORNL 
recuperator testing facility next quarter. 
 
Finally, the new joint project that began last quarter between ORNL and Allegheny-
Ludlum (AL) to produce a range of commercial foils and sheet for recuperator 
manufacturing of their new AL20-25+Nb stainless alloy continued this quarter.  Sheets of 
0.010 and 0.015 inches thick were produced this quarter and will be annealed early next 
quarter. Some of this sheet stock will be final product (for Ingersoll Rand Energy 
Systems (IRES) advanced recuperator manufacturing), while the other portion will be 
further processed into a range of foils (for both Capstone Turbine and IRES recuperator 
manufacturing) early next quarter. ORNL will creep test these sheets and foils next 
quarter.   
 
Status of Milestones 
 
FY2004 – In collaboration with Allegheny Ludlum, process a 5000 lb commercial heat of 
corrosion-resistant 20/25 Nb alloy into foils and sheet for high-temperature recuperators 
(August 2004).  (On-Schedule) 
 
Industry Interactions 
 
Microturbine OEM Ingersoll-Rand Energy Systems sent ORNL a sample of commercial 
10 mil sheet of alloy 625, used for PFR aircell manufacturing, for creep and corrosion 
testing.   ORNL and Ingersoll Rand continued the studies of braze alloy in support of 
their advanced PFR recuperator manufacturing efforts.  Commercial foil of HR230 was 
was sent to ORNL by Haynes International, Inc. this quarter. Plate and foil specimens of 
several heats of ORNL modified 347 steels and HR120 were sent to Fuel Cell Energy, 
Inc. last quarter, for corrosion testing for the fuel cell heat exchangers or structural 
materials applications.  This was an action item from our earlier visit to the Fuel Cell 
Energy facility in Danbury, CT.  
 
Problems Encountered 
 
None 
 
Publications/Presentations 
 
P.J. Maziasz, B.A. Pint, J.P. Shingledecker, K.L. More, N.D. Evans, and E.Lara-Curzio, 
“Austenitic Stainless Steels and Alloys With Improved High-Temperature Performance 
for Advanced Microturbine Recuperators,” paper GT2004-54239 was presented orally 
and published in proceedings (CD by ASME with all papers) at the ASME Turbo Expo 
2004, held 14-17 June, 2004 in Vienna, Austria. 
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Reliability Evaluation of Microturbine Components 
 

H. T. Lin, M. K. Ferber, and T. P. Kirkland 
Metals and Ceramics Division 

Oak Ridge National Laboratory 
P.O. Box 2008, Oak Ridge, TN 37831-6068 

Phone: (865) 576-8857, E-mail: linh@ornl.gov 
 

Objective 
 
Evaluate and document the mechanical properties of very small specimens machined from 
ceramic components (e.g., blades, nozzles, vanes, and rotors) in as processed and after engine 
testing condition at ambient and elevated temperatures under various controlled environments.  
This work will allow microturbine companies to verify mechanical properties of components and 
apply the generated database in probabilistic component design and lifetime prediction 
methodologies.  The work also provides a critical insight into how the microturbine 
environments influence the microstructure and chemistry, thus mechanical performance of 
materials. 
 
Highlights 
 
Studies of mechanical properties of biaxial discs machined from airfoils of NT154 silicon nitride 
microturbine rotor (fabricated by Saint-Gobain Ceramics & Plastics) was completed.  The 
NT154 silicon nitride rotor, similar to the Kyocera SN237 rotor, was designed for Ingersoll-Rand 
70 kWe PowerWorksTM microturbine system.  Biaxial discs with nominal dimensions of 7 mm in 
diameter x 0.5 mm in thickness were machined from airfoils.  Ball-on-ring tests were carried out 
at room temperature with the as-processed surface under tension.  Database generated has been 
provided to Saint-Gobain for processing refinement, and also to Ingersoll-Rand and UTRC for its 
probabilistic component design and life prediction effort. 
 
Technical Progress 
 
Studies of dynamic fatigue properties at elevated temperatures for SiAlON ceramics 
(Kennametal Inc., PA) were completed during this reporting period.  Kennametal was awarded 
by DOE under Microturbine Materials Program to develop SiAlON ceramics for hot-section 
components for advanced microturbines.  The SiAlON ceramics due to their superior wear 
resistance have been developed for metal cutting tools application, and might have great 
potentials for structural applications in microturbine systems. The purpose of this study is to 
generate database for down-selecting the candidate composition(s) and also for probabilistic 
component design and life prediction efforts carried out by microturbine companies.  All of the 
materials, sintered with different chemical compositions, i.e., rare earth oxide content, contain a 
mixture of α- and β-SiAlON grain microstructure.  The SiAlON ceramics were fabricated under 
the Phase I contract, and MOR bars were longitudinally machined per the revised ASTM C116 
standard with 600 grit surface finish.  The dynamic fatigue tests were carried out at 20 and 
1204°C and at stressing rate of 30 and 0.003 MPa/s in air per ASTM C1465.  The 30 MPa/s is 
used to evaluate the inert characteristic strength as a function of temperature, and 0.003 MPa/s is 
applied to measure the slow crack growth (SCG) susceptibility at temperatures.   
 
Test results showed that four of the SiAlON materials evaluated at 1204°C and 30 MPa/s 
exhibited similar 32-42% decrease in characteristic flexure strength as compared with those 



strength values obtained at room temperature (Table 1 and Fig. 1-5).  Also, results showed that 
these SiAlON materials exhibited low Weibull modulus due to the presence of various sizes of 
metal particles introduced from processing contamination.  These obtained low Weibull moduli 
were similar to the values reported at room temperature.  The dynamic fatigue results at 1204°C 
showed that the AB132 material exhibited minor strength degradation with fatigue exponent of 
65.  Both AB831 and AB531 were down selected by Kennametal for further processing 
refinement and more complete database generation.  AB831 bend bars with as-processed and 
machined surfaces have been received.  Dynamic fatigue tests will be carried out at temperatures 
up to 1204°C in air.  Initial test results will be described in the next quarterly report. 
 
Table 1. Summary of uncensored Weibull and strength distributions for Kennametal SiAlON 

ceramic specimens with as-machined surface (longitudinally machined per the 
revised ASTM C1161 standard). 

        ± 95% 
      ± 95% Uncens. Uncens. 
  # of     Stressing  Uncens. Uncens. Chrctstic Chrctstic 
  Spmns.  Rate Temp. Weibull Weibull Strength Strength 
 Material Tested    (MPa/s) (°C) Modulus Modulus (MPa) (MPa) 

2308A 15 30 20 5.92 3.80, 
8.55 

651 589, 
715 

2308E 15 30 20 6.06 3.91, 
8.73 

783 710, 
858 

2308E 12 0.003 20 6.62 4.06, 
9.90 

807 729, 
887 

AB132 15 30 20 6.39 4.16, 
9.14 

878 801, 
958 

AB531 15 30 20 10.65 6.75, 
15.55 

801 757, 
844 

AB532 
 

15 30 20 8.47 5.27, 
12.65 

721 673, 
771 

AB582 15 30 20 7.21 4.65, 
10.34 

567 523, 
613 

AB831 15 30 20 8.45 5.42, 
12.29 

960 894, 
1025 

AB832 
 

15 30 20 10.70 6.83, 
15.57 

1029 973, 
1084 

AB132 15 30 1204 8.60 5.65, 
12.17 

507 474, 
541 

AB531 15 30 1204 23.98 15.50, 
34.49 

497 485, 
509 

AB582 15 30 1204 8.88 5.68, 
12.94 

331 310, 
353 

AB831 15 30 1204 10.54 6.69, 
15.32 

607 575, 
640 

AB132 15 0.003 1204 11.43 6.87, 
17.18 

483 413, 
463 

2308A 15 30 1204 9.79 6.52, 
13.62 

393 370, 
415 

2308E 15 30 1204 7.45 4.67, 
11.05 

540 489, 
582 

2308A 15 0.003 1204 10.68 6.87, 
15.38 

415 392, 
437 

2308E 14 0.003 1204 3.37 2.29, 
4.55 

440 369, 
522 

 



Figure 1. Uncensored flexure strength distribution at 1204°C and 30 MPa/s of SiAlON-AB132 ceramic 
with as-machined surface (bulk material). 

Figure 2. Uncensored flexure strength distribution at 1204°C and 30 MPa/s of SiAlON-AB531 
ceramic with as-machined surface (bulk material). 
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Figure 3. Uncensored flexure strength distribution at 1204°C and 30 MPa/s of SiAlON-AB582 
ceramic with as-machined surface (bulk material). 

Figure 4. Uncensored flexure strength distribution at 1204°C and 30 MPa/s of SiAlON-AB831 ceramic 
with as-machined surface (bulk material). 
 

-6

-5

-4

-3

-2

-1

0

1

2

100 1000

Max. Lik. Fit

Strength Data

ln
 ln

 ( 
1 

/ (
 1

 - 
P f ) 

)

Failure Stress (MPa)

Kennametal SiAlON-AB582
Uncensored Flexure Strength Distribution

1204°C - 30 MPa/s - Longitudinally Machined

95% Confidence
Bands Shown

m = 8.88 (5.68, 12.94)
σ

θ
 = 331MPa (310, 353)
n = 15 specimens

ASTMC1161-B
20/40mm fixture
dσ/dt = 30 MPa/s

P
robability of Failure, P

f  , (%
)

99.9
99.0

90.0

50.0

20.0

10.0

2.0

5.0

1.0

0.5

50

-6

-5

-4

-3

-2

-1

0

1

2

100 1000

Max. Lik. Fit

Strength Data

ln
 ln

 ( 
1 

/ (
 1

 - 
P

f ) 
)

Failure Stress (MPa)

Kennametal SiAlON-AB831
Uncensored Flexure Strength Distribution

1204°C - 30 MPa/s - Longitudinally Machined

1500

P
robability of Failure, P

f  , (%
)

99.9

99.0

90.0

50.0

20.0

10.0

2.0

5.0

1.0

0.595% Confidence
Bands Shown

m = 10.54 (6.69, 15.32)
σ

θ
 = 607MPa (575, 640)
n = 15 specimens

ASTMC1161-B
20/40mm fixture
dσ/dt = 30 MPa/s



Figure 5. Flexure strength versus stressing rate for SiAlON-AB132 with as-machined surface 
(bulk material) tested at 1204°C. 
 
Figure 6 shows the uncensored biaxial strength distribution of Kyocera SN282 integrated vane 
ring.  The SN282 vane ring, acquired from UTRC, was designed for ST5+ advanced microtubine 
system.  Results shows the biaxial discs machined from airfoils with as-processed surfaces 
exhibited moderate characteristic strength with a low Weibull modulus.  Test results have been 
provided to UTRC for verification of probabilistic component design and life prediction.  

 

Figure 6. Uncensored biaxial strength distribution for discs machined from Kyocera SN282 vane ring 
with as-processed surfaces. 
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Status of Milestones 
 
Complete evaluation of next generation Si3N4 with EBC from SMRC, Japan after long-term 
steam jet testing.  September 2004.  On schedule. 
 
Industry Interactions 
 
Communication with John Holowczak, Venkata Vedula, and Jun Shih at UTRC to discuss SEM 
analysis results for SN282 integrated vane ring samples. 
 
Communication with Vimal Pujari and Ara Vartabedian at Saint-Gobain Ceramics & Plastics on 
the updates of the machining status for NT154 silicon nitride microturbine rotor. 
 
Communication with Russ Yeckley at Kennametal on the high temperature dynamic fatigue test 
results of SiAlON ceramics manufactured during Task I effort.   
 
Russ Yeckley at Kennametal visited ORNL on April 5th to review the up-to-date Phase I status 
on SiAlON ceramics development.   
 
Problems Encountered 
 
None 
 
Publications/Presentations 
 
H. T. Lin and M. K. Ferber, “Characterization of Mechanical reliability of Silicon Nitride 
Microturbine Rotors,” presented and to be published in Proceedings of International Symposium 
on New Frontier of Advanced Si-Based Ceramics and Composites, June 20-23, 2004, Gyeongju, 
Korea. 
 
S. M. Zemskova, H. T. Lin, M. K. Feber, and A. J. Haynes, “CVD Mullite Coatings Performance 
Under High Temperature High Load Conditions,” presented and to be published in Proceedings 
of International Symposium on New Frontier of Advanced Si-Based Ceramics and Composites, 
June 20-23, 2004, Gyeongju, Korea.  
 
M. K. Ferber and H. T. Lin, “Mechanical Characterization of Monolithic Ceramics for Gas 
Turbine Applications,” Invited Paper, presented and to be published in Proceedings of 
International Symposium on New Frontier of Advanced Si-Based Ceramics and Composites, 
June 20-23, 2004, Gyeongju, Korea. 
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Metals and Ceramics Division 
Oak Ridge National Laboratory 
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Phone:  (865) 576-0818, E-mail:  ferberk@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 with the following attributes: 

 
• Fracture toughness ≥ 10 MPa•m1/2 with fracture strengths > 1 GPa, and 
• High mechanical reliability at low and intermediate temperatures coupled with creep    

resistance at the desired operating temperatures, 
• Enhanced resistance to elevated temperature environmental damage, and 
• Thermal expansion coefficients tailored to enhance the effectiveness of environmental 

barrier coating (EBC) systems. 
 
Highlights 
 
Dilatometry was used to evaluate the extent of sintering occurring in thick thermal barrier 
coatings exposed at elevated temperatures for extended times.  This technique, which also has 
the potential to identify phase transformations, is being used to study the long-term stability of 
these materials.  Results will be compared to those obtained from previous aging tests conducted 
at Solar Turbines. 
 
Technical Progress 
 
Thick Thermal Barrier Coatings 
 
As reported previously [1], the thermal physical properties of thick thermal barrier coatings 
(TTBCs), which were aged at temperatures of 1800, 1900, 2000, 2100, 2150, 2200, 2250, and 



2300°F (982, 1038, 1093, 1149, 1177, 1204, 1232, and 1260°C), were measured as a function of 
time (for 100, 500, 1000, 2000 and 5000 h).   
 
As shown in Figure 1, the apparent density of these specimens increased with aging time and 
temperature.  As discussed previously, SEM showed that sintering was the primary cause of 
these density variations.  It is also likely that sintering of the TTBC was a major cause of the 
increase in thermal conductivity. 
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Figure 1: Apparent density as a function of aging temperature and time. 
 
Subsequent dilatometry studies were used to evaluate the extent of sintering occurring during 
aging.  Specifically, thin rectangular free-standing TTBC specimens having a nominal length of 
25 mm, were aged at 1310°C in commercial dual-rod system (Theta Industries, Inc., 26 Valley 
Road, Port Washington, NY 11050.  The dilation of each specimen was measured relative to that 
of a single crystal sapphire reference specimen.  The resulting data were used to calculate the 
percent relative shrinkage, ∆L/Lo (%), as a function of time at temperature (Figure 2).  The 
density of the specimen was also calculated as a function of time by assuming that the shrinkage 
was isotropic (Figure 3).  The increase in density occurring during the first 60 h is comparable to 
that for the TTBC specimen aged at 1260°C (Figure 1). 
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Figure 2: Shrinkage versus time data generated at 1310°C using a dual-rod dilatometer.    
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Figure 3: Density versus time curve at 1310°C calculated from the data in Figure 2. 
 



Toughened Silicon Nitride 
 
During this reporting period, mechanical property data were collected for the seeded Al-Y 
silicon nitride composition described in Refs. [2-5].  The room-temperature results for the 
toughness, Weibull modulus, and four-point flexure strength are shown in Figures 4-6, 
respectively.  For purposes of comparison, data are also provided for several varieties of silicon 
nitride [reaction sintered (RS SN), hot pressed (HP SN), sintered (early vintages-S SN), hot 
isotatically pressed (HIPed SN), and self-reinforced (SR SSN)] as well as several types of silicon 
carbide [reaction sintered (RS SiC), hot pressed (HP SiC), and (c) sintered silicon carbides 
(SSiC)]. 
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Figure 4: Comparison of fracture toughness of various silicon nitrides and silicon carbides at 
room temperature.  The TSN-1 represents the toughened silicon nitride described in [2-5]. 
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Figure 5: Comparison of four-point flexure Weibull modulus of various silicon nitrides and 
silicon carbides at room temperature.  The TSN-1 represents the toughened silicon nitride 
described in [2-5]. 
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Figure 6: Comparison of flexure strength of various silicon nitrides and silicon carbides at room 
temperature.  The TSN-1 represents the toughened silicon nitride described in [2-5]. 



 
Status of Milestones 
 
(1) Complete the characterization of thick thermal barrier coatings (supplied by Solar Turbines) 
aged for periods up to 5000 and issue report-March 2004 Completed 
 
(2) Complete mechanical property assessment of toughened silicon nitride ceramics and 
incorporate into database-October 2004   
 
(3) Complete the characterization of commercially available environmental barrier coatings and 
issue report-March 2005. 
 
Industry Interactions 
 
Discussions were held with Mark van Roode of Solar Turbines concerning future material 
characterization needs with respect to their Advanced Materials program. 
 
Problems Encountered 
 
None 
 
Publications 
 
M-K Ferber and H-T Lin, “Mechanical Characterization Of Monolithic Ceramics For Gas 
Turbine Applications,” presented at the International Symposium on New Frontier of Advanced 
Si-Based Ceramics and Composites held on June 20-23, 2004 in the Hotel Hyundai, Gyeongju, 
Korea (to be published as a proceedings by Trans Tech Publications Ltd.). 
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Objective 
 
Connecticut Reserve Technologies, LLC (CRT) is continuing to develop and enhance the 
methodology to determine Weibull distribution metrics for complex shaped microturbine 
components (for example the Ingersol Rand (IR) microturbine rotor).  The combination of service 
stress state and a requisite probability of survival for a Si3N4 microturbine rotor are being used to 
determine Weibull modulus - characteristic strength pairs for any arbitrary Si3N4 scaled to standard 
mechanical test coupons and test methods. 
 
CRT has also developed the ability to compute effective area, effective volumes, and reliability 
prediction confidence bounds using the CARES algorithm and the WeibPar software for arbitrary 
component geometries. 
 
Technical Progress 
 
As noted in the previous quarterly report the finite element model of the IR rotor originally provided 
to CRT had the surface geometry removed at some point in the creation of the model.  CRT has 
modified an ANSYS macro under this contract that is designed to extract surface information (stress 
states and geometry) for elements that were attached to areas created in the solid modeling phase.  
The original rotor is depicted in Figure 1. 
 

 
 

Figure 1.  Entire Mesh - Ingersoll Rand Rotor 
 

In extensively modifying an existing surface macro originally developed at NASA Glenn Research 
Center, CRT was subsequently able to identify elements from within the mesh that have an element 
surface coincident with a surface of the rotor.  These selected elements are depicted in Figure 2.  



 

Note that for elements with surfaces coincident with the surface of the rotor the entire element is 
shown, not just the face of the element coincident with the surface of the rotor.  

 

 
 

Figure 2.  Elements with Surfaces Coincident with the Surface of the IR Rotor 
 
With the capability of isolating element surfaces and capturing stress states as well as surface 
geometries, CRT can now generate Weibull metrics relative to a surface flaw analysis.  CRT has 
begun generating results relative to defining material parameters for the Ingersoll Rand rotor.  Figure 
3 depicts a family of curves that represent the relationship between the Weibull modulus and the 
material characteristic strength (σ0 ) for failure rates of 1 in 500,000; 1 in 50,000; 1 in 5,000; and 1 in 
500. 
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Figure 3.  Material Characteristic Strength as a function of 
Weibull modulus And Failure Rate 

 



 

 
The information in Figure 3 can be cast in a more relevant context if the relationship between the 
material characteristic strength (σ0 ) and Weibull characteristic strength (σθ ) is utilized.  This 
requires adopting a specific test specimen which then stipulates a relationship between (σ0 ) and 
(σθ ).  In this report a modulus of rupture (MOR) bar test specimen was adopted to illustrate results.  
In Figure 4 the characteristic strength (σθ ) of a MOR bar specimen (ASTM C1161B) is graphed as a 
function of the Weibull modulus and the failure rates stipulated above. 
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Figure 4.  Characteristic Strength of a MIL-HNBK-B Bend Bar Specimen  
as a Function of the Weibull modulus 

 
Not all common test specimens currently used in ceramic testing have closed form relationships 
between (σ0 ) and (σθ ).  At the present time CRT is developing a curve for the disk specimen H.T. 
Lin (ORNL) is utilizing to assess strength for the as-processed and as-machined Kyocera material.  
This curve will establish a functional relationship between kA•A and Weibull modulus for the biaxial 
stress state developed in ball on ring specimens.  Once the relationship between kA•A and Weibull 
modulus has been established, the relationship between (σ0 ) and (σθ ) can be computed using the 
expression 
 
 ( ) ( ) ( ) A1/m

AA 0 Ak θσσ =A   (1) 
 
where the subscript A denotes area.  This effort will be presented in the next quarterly report. 
 
Status of Milestones 
 
Determine characteristic strength - Weibull modulus “maps” for both surface- and volume-based 
flaws that limit strength in ASTM C1161B and ASTM C1161C bend bar and ASTM C1273 Button-
head tensile specimen geometries.  Use the stress state of the Ingersol-Rand rotor to direct those 



 

calculations and compose and submit a publication-ready ORNL/TM Report summarizing those 
methods and results.  [30Sep04]  On schedule. 
 
Provide ORNL with latest versions of CARES and WeibPar.  [30Sep04]  On schedule. 
 
Industry Interactions 
 
None 
 
Publications Encountered 
 
None 
 



NDE Technology Development for Microturbines 
 

W. A. Ellingson, C. Deemer, E. R. Koehl, R. Visher, and Z. Metzger 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, IL 60439 

Phone: (630) 252-5058, E-mail:  Ellingson@anl.gov 
 
 
Objective 
 
The objective of this project is development of low-cost, reliable nondestructive 
evaluation/characterization (NDE/C) technologies for:  (1) evaluating low-cost monolithic 
ceramics for hot section components of microturbines or industrial gas turbines,  (2) evaluating 
environmental barrier coatings (EBCs) for monolithic ceramics and ceramic matrix composites, 
and (3) evaluating other materials which are part of the technology to advance the programs for 
the Distributed Energy Resources-Electrical Reliability (DE-ER) technologies.  The project is 
directly coupled to other Office of Distributed Energy and Electrical Reliability projects focused 
on materials developments. 
 
Highlights 
 
There are two highlights this period. First, we made significant progress on the automated feature 
detection for flaws in ceramic parts and second we significantly improved the reliability and 
speed of reconstruction from the 3D x-ray CT data sets.   
 
 
Technical progress 
 
Automated Feature Detection and Visualization of Flaws in Ceramic Rotor 
 
Efforts this period focused on development of automated feature detection for ceramic 
microturbine components using X-ray computed tomographic (XCT) data.  For automated 
feature detection,  efforts have  concentrated on development and implementation of automated 
edge detection methods.  Several edge detection algorithms were investigated: 1) grey level 
hysteresis threshold with an “edge crawl” for feature detection, 2) Sobel filtering, and 3) Canny 
optimal edge detection.  XCT image data from a section of a gelcast Si3N4 AS800 rotor (see Fig 
1) was used to evaluate the capabilities of the edge detection routines to perform automated 
feature detection.  The section was cut from an unbladed rotor which had a diameter of 112 mm.  
Three flat-bottom holes (having diameters of 0.4 mm, 0.6 mm, and 1.5 mm) were machined into 
the section using an ultrasonic drilling system (see first Microturbine quarterly report from 
2004).   
 
Three edge detection routines were applied to the XCT reconstruction as shown in Fig. 2.  The 
results of the various operations are shown in Figs. 3-5.  It was determined that the grey level 
hysteresis threshold was extremely sensitive to input parameters (i.e. the gray levels chosen for 



 

the thresholding).  This implies that the hysteresis thresholding technique lacks the robustness 
required for automated feature recognition.  This technique was also sensitive to noise, causing 
false positive results because of data acquisition and reconstruction artifacts.  The Sobel filter 
(see Fig. 4) was less sensitive to input parameters but was extremely sensitive to noise.  Multiple 
noise reducing filters were attempted, including median and Gaussian filters, in an attempt to 
reduce the effects of the data acquisition and reconstruction artifacts prior to applying the Sobel 
filter.  However, it was determined that these noise reducing filters could not compensate for the  
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Fig. 1. Specimen used for automated feature detection.  a) Schematic diagram of unbladed gelcast 
AS800 microturbine rotor showing location of section and b) digital photograph showing the seeded 
defects in sections. 

 
 

Fig. 2. XCT reconstruction of the 112 mm diameter section showing the the seeded defects and an 
internal crack. 

 
Sobel operator’s high sensitivity to noise.  The most robust investigated method was the Canny 
edge detection method (see Fig. 5).  This technique was comparatively more stable in response to 



 

artifacts and noise in the reconstructed image.  The Canny edge detection technique was not able 
to completely discriminate the seeded defects and internal cracking from the data acquisition and 
reconstruction artifacts causing the feature edge to be broken and incomplete.  To counteract this 
effect, the Canny  
 
 

 
 

Fig.3.   Edges of the XCT reconstruction shown in Fig. 2 determined by the threshold method 
 

 
Fig. 4.   Edges of the XCT reconstruction shown in Fig. 2 determined by the Sobel operator 

 
method is being modified to incorporate the “crawl” technique (used in the hysteresis threshold 
method) to provide a complete description of the feature.  Additional efforts are under way to 
decrease the prominence of the artifacts in the reconstructed image.  These efforts will 



 

concentrate on applying noise reducing filters to the data prior to data reconstruction.  Work will 
also be done to determining the optimal parameters for the edge detection algorithms. 

 
Fig. 5.   Edges of the XCT reconstruction shown in Fig. 2 determined by the Canny method 

 
 
High Speed Image Reconstructions using the Beowulf Computer cluster 
 
The advances in the area of large area, high resolution flat panel X-ray detectors has enabled X-ray 
computed tomography (CT) to detect features much smaller in real components than were  possible 
less than 3 years ago.  However, the larger size and high resolution of these detectors, such as the 
RID 1620 detector (17” square with a 200 µm Pixel size) used at ANL, causes the time for data 
reconstruction to increase dramatically.  The number of calculation required to compute an XCT 
reconstruction is on the order of magnitude of N3, where N is the number of columns in the data set.  
For the RID 1620, the floating point operations (FLOPs) required for reconstruction is on the order 
of 100 GigaFLOPs.  For a detector with half the resolution, only 10 GigaFLOPs would be required.    
 
Work this period focused on improving the computational time by upgrading the hardware and 
making modifications to the reconstruction software.   The 18 nodes previously using the Intel PIII 
450 MHz processors were upgraded to Intel P4 2.8 GHz processors.  Additional computers were also 
added bringing the total number to 50.  Three nodes containing the PIII processors were not 
upgraded but removed from the large cluster and formed into a three node development cluster.  All 
modifications to the reconstruction software are developed on this smaller cluster to eliminate 
extensive time used for debugging code on the main cluster.   
 
The software upgrades focused on several major issues: A)- recovering data lost because of a 
program crash, B)- reducing reconstruction time, C)- improving the functional reliability, and D)-  
improved diagnostic error reporting.  Upon closer investigation of the code and reconstruction 
results, it was evident that these problems were linked.  A Beowulf cluster uses an Ethernet 
communication channel—a random communication protocol.  This random nature means that if a 
node attempted to send a message over a busy channel, it would wait a random amount of time, then 



 

make another attempt at communication.  After several failures, the node would abort the 
communication attempt and respond with an error message.  Such a situation causes the complete 
failure of the reconstruction code, all reconstructed data to be lost and a misleading error message to 
be displayed.  The hardware upgrades have helped resolve some of these issues by improving 
hardware timing performance, however, software modifications were necessary to resolve the rest of 
the issue.   
 
Modifications were made that have allowed the cluster to perform reconstructions of large data sets 
with more reliability.  For instance, a reconstruction of a 75 slice block with 121 MB could not be 
reconstructed before the upgrades discussed above.  To reconstruct this volume, it needed to be 
reconstructed in 3 smaller subsets.  After the upgrades, this block was reconstructed successfully 
without the need to segment.  Reconstructions times have decreased to approximately 8 seconds per 
slices with these changes.   
 
  
Status of milestones 
 
Demonstrate high-speed 3D-X-ray computed tomography to detect critical sized flaws in full-
sized monolithic rotors.  The new CMOS 80µm detector has allowed detection of necessary 
flaws.  However, we continue to work on speed of reconstruction for 3D volumes with the 
Beowolf Cluster. 
 
Complete installation of software for modeling laser scatter and demonstrate the ability to predict 
sensitivity of detection in EBCs.  The software, Emflex, installed on a Sun Blade 100 computer, 
has now been run successfully.  However, we had to add memory up to 2 gigabytes.  Parameteric 
variables studied included thickness and laser input power.  
 
Industry/National Lab Interactions 
 
Additional discussions took place this period relative to interactions with staff from Saint-Gobain 
Industrial Ceramics and Plastics, Solar Turbines , Siemens-Westinghouse and COI relative to 
oxide/oxide composites 
 
Problems encountered/resolved 
 
The RID1620 large area x-ray detector had to again be returned to Germany for more repairs.  It 
is also being upgraded to allow 3 frames per second which is an increase over the 0.8 frames per 
second previously.   
 
Trips/meetings 
 
1. W. A. Ellingson attended the International Gas Turbine Conference held in Vienna, Austria, 

June 13-17, 2004. He presented a paper titled ”  Optical Coherence Tomography as a  
Nondestructive Evaluation method for Ceramic Coatings.”  He has visited several other 
laboratories in Germany, Switzerland and Sweden. 



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHARACTERIZATION OF ADVANCED 
CERAMICS FOR INDUSTRIAL GAS TURBINE/ 

MICROTURBINE APPLICATIONS 
 



Oxidation/Corrosion Characterization of Microturbine Materials 
 

K. L. More and P. F. Tortorelli 
Metals and Ceramics Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831-6064 

Phone: (865) 574-7788, E-mail: morekl1@ornl.gov 
 
 
Objectives 
 
Characterization and corrosion analyses of Si3N4 materials provided to ORNL as part of the 
Hot-Section Materials/Component Development Program 
 
Exposures of candidate Si3N4 materials to high water-vapor pressures (in Keiser Rig) to 
simulate high-temperature, high-pressure environmental effects associated with microturbines  
 
Evaluate the reliability of environmental barrier coatings (EBCs) on silicon nitrides for selected 
microturbine applications 
 
Highlight 
 
During this reporting period, Keiser Rig exposures of Saint Gobain Ceramic’s NT-154 Si3N4 
were completed at 1200°C.  The Si3N4 materials were exposed at 1200°C, 10 atm total 
pressure, and two different water-vapor contents, 0.3 and 2.0 atm, for a total of 2000 h.  The 
exposure conditions used for these Si3N4 specimens were also used to expose other 
manufacturer’s Si3N4 and Sialon compositions (Honeywell Ceramic Components AS-800, 
Kennametal Sialon, and Kyocera SN-282).  Thus, direct comparisons of recession behavior at 
high water-vapor pressures can be made. 
 
Technical Progress 
 
Coupons of three different Saint Gobain Ceramic’s NT-154 Si3N4 (similar NT-154 
compositions produced via different processing routes) were exposed in ORNL’s Keiser Rig 
for a total of 2000 h (in 500 h increments) at 1200°C, 10 atm total system pressure, and two 
different H2O pressures, 0.3 and 2.0 atm.  Differences in oxidation performance were observed 
between the three NT-154 Si3N4 materials following exposure up to 1000 h (only 1000 h data 
analyzed to date and presented here).   
 
The oxidation performance for the three NT-154 Si3N4 materials exposed for 1000 h at 1200°C 
are compared in Figure 1.   For this graph, the thickness of the silica scale that forms on the 



NT-154 specimen surface is plotted versus the square root of the specimen exposure time at 
1200°C.  These data quantify the oxidation rates for the different NT-154 Si3N4 materials, 
which were exposed under similar conditions in the Keiser Rig.  As Figure 1 shows, clear 
differences in oxidation rates were measured for the specimens exposed to 20% H2O whereas 
the difference in rates between the specimens exposed to 3% H2O were not nearly as distinct.  
The reason for the difference in oxidation rate observed for exposure to 20% H2O depends on 
the starting Si3N4 microstructure, which is produced as a result of the Si3N4 processing (all 
three Si3N4 materials contained the same amount of additives).  The Si3N4 microstructure and 
surface oxide scale formed on the three NT-154 Si3N4 specimens are shown in Figure 2 a-c 
(these Si3N4 specimens are the same ones used to generate data plotted in Figure 1, 500 h 
exposure at 1200°C and 20% H2O).  Note that the NT-154 specimen that had the highest 
oxidation rate (designated as 20B-9-1, Fig. 2c) had the smallest overall Si3N4 grain size and a 
finer secondary phase size (finer-scale distribution) and that the NT-154 specimen that had the 
lowest oxidation rate (designated 20A-1-1, Fig. 2a) had the largest overall Si3N4 grain size and 
a much wider/larger dispersion/distribution of the secondary phase.  Additional characterization 
and data reduction will be conducted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Scale thickness vs. exposure time+H2O pressure for different Saint Gobain NT-154 
Si3N4 materials.  Exposures conducted at 1200°C, 10 atm total pressure, and H2O pressures of 
0.3 and 2.0 atm, for 2000 h. 
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Figure 2.  SEM images of Si3N4 cross-sections showing microstructure of three different NT-

154 specimens tested in ORNL’s Keiser Rig for 500 h at 1200°C and 20% H2O.  
For comparison with oxidation data presented in Figure 1. 

 
Status of Milestones 
 
07/2004 Compile and report the results of the evaluation and comparison of uncoated 

Si3N4 (manufactured by Honeywell, Kyocera, St. Gobain, and Kennametal) 
exposed in the Keiser Rig for two different temperatures and two water-vapor 
pressures after 1000 h exposure. 

 Work is currently in progress. 
 
Industry Interactions 
 
1. Visit to ORNL by R. Yeckley and D. Siddle from Kennametal and K. Fox from Penn State to 
discuss status of Kennametal/ORNL collaboration on characterization of Sialon.  April 5, 2004. 
2. Visit to ORNL by Ara Vartebedian, Vimal Pujari, and Charles Bateman from Saint Gobain 
Ceramics to discuss status of Saint Gobain/ORNL collaboration on characterization of NT-154 
Si3N4.  June 2-3, 2004. 
3. Exposures of Saint-Gobain Si3N4 and Kennametal Sialon in Keiser Rig are ongoing. 
 
Problems Encountered 
 
None 
 

20 µm 

20B-9-1 



Publications/Presentations 
 
None 



 

 

Mechanical Characterization of Monolithic Silicon Nitride Si3N4 
 
 

R. R. Wills and S. Goodrich 
University of Dayton Research Institute 

300 College Park, KL-165, Dayton, OH 45469-0162 
Phone:  (927) 229-4341, E-mail:  roger.wills@udri.udayton.edu 

 
 
Objective 

 
The objective of this project is to work closely with microturbine materials suppliers to 
characterize monolithic ceramics and provide the data obtained to microturbine manufacturers 
via a website database.  User-friendly software, that will allow prospective users to readily 
compare different silicon nitrides, will also be developed.  This project consists of the following 
four tasks. 
 
Task 1:  Evaluate Strength and Mechanical Properties of New Materials 
 
This task is motivated by the materials needs of the microturbine manufacturers and the ceramic 
component suppliers.  Consequently, Task 1 will focus on the generation of key mechanical 
property data for these materials with emphasis on strength, strength distribution, time-dependent 
failure, elastic properties, and fracture toughness. In particular, the effects of water vapor are 
very important. 
 
Continued testing and evaluation of SN281/282 at 1400 °C will be conducted by dynamic 
stressing and creep in air and water vapor.  Baseline mechanical property data will also be 
measured for materials supplied by Kennametal and Saint Gobain Advanced Ceramics as part of 
their materials development effort funded by ORNL.  The initial focus will be on measuring 
creep flexure strength.  For new materials and EBC systems the focus will be on determining 
other properties such as thermal expansion, thermal diffusivity, hardness, elastic modulus and 
fracture toughness.  This type of data is needed to support finite elements analyses.  
 
Task 2:  Develop “User Friendly” Software for Searching Existing Mechanical Properties 
Database 
 
UDRI has received a number of requests from microturbine manufacturers for strength and time-
dependent mechanical property data for current silicon nitride and silicon carbide ceramics.  The 
current database contains a number of searchable PDF files and an Excel database containing the 
individual strength and creep data points by material for different temperatures.  Integration of 
the site, with the National Aeronautics and Space Administration (NASA) Glenn’s Ceramics 
Analysis and Reliability Evaluation of Structures (CARES)/Life software, will allow the user to 
predict reliability and life of various advanced ceramic materials. This tool will aid designers in 
their search for application-appropriate advanced ceramic materials. 
 



 

 

The CARES computer code has a specific input format, but the existing data format used in the 
website is not compatible with this format.  This task will focus on generating these input files 
for all the existing data and for data generated on new materials.  In addition, the website will be 
redesigned and given a new URL to facilitate easier access. 
 
Task 3:  Screening of Novel Oxidation Resistant and EBC Compatible Silicon Based Ceramics 
 
Above 1100 °C, the long-term reliability of structural ceramic components is limited by loss of 
material through water vapor enhancing the corrosion of silicon based structural ceramics.  This 
has necessitated the development of multilayer environmental barrier coatings (EBCs) to protect 
the underlying structural ceramic.  In this task, UDRI will screen potential new EBC coating 
materials such as the aluminum silicon carbides for which little or no data currently exists.  The 
primary screening test will be oxidation in water vapor.  For new materials and EBC systems, 
focus will also be on determining other properties such as thermal expansion, thermal diffusivity, 
hardness, elastic modulus and fracture toughness, which are needed to support design work using 
finite element analyses.  
 
A second approach to solving this problem is not to coat the silicon nitride but to fabricate 
composite silicon nitrides that contain 10-30 mol % of an oxidation resistant second phase.  
Studies on silicon nitride-barium aluminosilicate ceramics have shown that good mechanical 
properties can be obtained despite the relatively high amount of second phase.  This task will 
concentrate on the preparation and characterization of  
two-phase silicon nitrides containing alkali aluminosilicates. Emphasis will be on determining 
the oxidation behaviour of such composites in water vapor. 
 
Highlights 
 
The kinetics of oxidation of Al4SiC4 in both air and air/saturated water vapor atmospheres at 
1500°C are similar.  This is in agreement with the oxidation of other materials that form alumina 
scales. Compressive creep rates of SN281 are similar to those found in tensile creep validating 
the argument that SN281 does not exhibit cavitation during tensile creep. Lanthanum phosphate, 
a potential oxidation barrier material, was compatible with silicon at elevated temperature but 
reacted with silicon nitride at 1200 °C. 
 
Technical Progress 
 
 Properties of Kyocera SN-281 Silicon Nitride  
 
In the last report it was concluded that slow crack growth in this form of silicon nitride occurred 
by a different mechanism than normally exhibited by other silicon nitrides.  Furthermore it was 
suggested that crack propagates along the grain boundary by a process of surface and grain 
boundary diffusion in which adjoining grains behave elastically.  In order to test this hypothesis 
crack growth studies need to be conducted.  A high temperature Double Torsion fixture has been 
designed and an estimate for its construction is being obtained. 
 



 

 

Compression creep studies have been conducted over the temperature range 1400°C to 1500 °C, 
and stress range of 5000psi to 10000psi.  The temperature and stress was varied within these 
conditions principally to determine the activation energy (Q) and stress exponent(n)  values for 
secondary creep found in the Orr Sherby Dorn equation. 
 
                        ε = Aσn(e-Q/RT )                                                           (2) 
 
Where A is a constant, ε is the strain, Q the activation energy, R the gas constant and T the 
temperature. 
 
In Table 1 these values are compared with those of  Lofaj et al(1) derived from tensile creep 
experiments. 
 
                              Table 1 Comparison of  Sherby Dorn Creep Parameters For SN281 
 
                                         Compressive Creep   Tensile Creep(1) 
 
Activation Energy(kJ/mole)         776.1                    757 
Stress Exponent                            1.003                       5 
 
The activation energies are very similar indicating identical mechanisms are operating in both 
tensile and creep experiments. However the stress exponent values differ considerably. 
Communications with Dr. Weiderhorn(2) have indicated that the stress exponent value of 5 is 
incorrect, the correct value being 1.89.  At 1500 C this material was found to exhibit a 
compressive steady creep rate of 0.00279 microstrain/s, very similar to the rate found by 
Weiderhorn under tensile loading.  Thus it is apparent that the creep mechanism is similiar in 
both tension and compression, and consistent with the observation that cavitation is not exhibited 
by this material(1) during tensile creep.  
 
Properties of NT154 
 
Thermal expansion, heat capacity and thermal diffusivity properties of the latest St. Gobain 
material were measured.  The graphs and data have been sent to Dr. Ferber at ORNL and to Dr. 
Pujari at St. Gobain. 

 
 
Upgrading the Website 
 
The dynamic fatigue graphs have been added to the PDF file for SN281. 
 
Aluminum Silicon Carbide: a Potential EBC 
 
Aluminum containing ceramics generally possess good oxidation resistance and are thus worthy 
of consideration as EBCs.  While many of these have been considered or are currently under 
investigation as potential EBCs, one group of aluminum containing ceramics that has received 
little attention to date is the aluminum silicon carbides. Although little property data exists for 




