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ABSTRACT 
       The Oak Ridge National Laboratory (ORNL) has been 
involved in research and development related to improved 
performance of recuperators for industrial gas turbines since 
about 1996, and in improving recuperators for advanced 
microturbines since 2000. Recuperators are compact, high 
efficiency heat-exchangers that improve the efficiency of 
smaller gas turbines and microturbines.  Recuperators were 
traditionally made from 347 stainless steel and operated below 
or close to 650oC, but today are being designed for reliable 
operation above 700oC. The Department of Energy (DOE) 
sponsored programs at ORNL have helped defined the failure 
mechanisms in stainless steel foils, including creep due to fine 
grain size, accelerated oxidation due to moisture in the hot 
exhaust gas, and loss of ductility due to aging.  ORNL has also 
been involved in selecting and characterizing commercial heat-
resistant stainless alloys, like HR120 or the new AL20-25+Nb, 
that should offer dramatically improved recuperator capability 
and performance at a reasonable cost. This paper summarizes 
research on sheets and foils of such alloys over the last few 
years, and suggests the next likely stages for manufacturing 
recuperators with upgraded performance for the next generation 
of larger 200-250 kW advanced microturbines.    
 
INTRODUCTION 
       Microturbines are ultraclean, relatively quiet, and fuel 
flexible, and are attractive for distributed generation (DG), 
combined heat and power (CHP), and possibly combined cycle 
(microturbine-fuel cell) applications. DG can immediately 
remedy some of the power transmission grid problems and 
deficiencies that were magnified by the Blackout of 2003 in the 
Midwestern and the Northeastern U.S.[1].  Microturbines can 

also play an important role in various homeland security 
strategies in the U.S. by removing critical facilities, like hospitals 
and water treatment plants and infrastructure, from dependence 
on the electric grid [1,2].  Recuperators are the compact heat 
exchangers necessary for high-efficiency, advanced 
microturbines; however, recuperators are also a costly and 
challenging component of such systems that limit maximum 
operating temperature and lifetime [3-5].  Recuperators for 
industrial turbines and microturbines have traditionally been 
made from 347 stainless steel, but problems with performance 
and durability are becoming evident for such steels as 
temperatures approach or exceed 675-700oC, particularly in 
moist air.  Economic and efficiency advantages have pushed 
microturbine engine sizes up from 30-70 kW to 200-250 kW, for 
both stand-alone power generation and CHP applications. If 
microturbines are used to generate power during peak demand, 
then cycling will further challenge the recuperator with thermal 
shock during rapid heat-up. Durable, reliable recuperators (and 
packaging or ducting) are critical components for any attractive 
microturbine systems. 
 
RECUPERATOR DEVELOPMENT OVER THE LAST DECADE 
       Today, there are two main types of recuperator used on 
commercial microturbines in the U.S.  Both are compact, 
counterflow recuperators with high effectiveness, and both are 
designed for high quality mass manufacturing at a reasonable 
cost [4]. One type is the primary surface recuperator (PSR), 
designed by Solar Turbines and Caterpillar; it consists of 
welded air cells made from folded foils, and is used in several 
different kinds of final geometries [3-6].  Rectangular PSR air 
cell stacks positioned horizontally above the engine have been 
employed in various Solar Turbines industrial gas turbines, in 



Honeywell 75kW microturbines, and most recently, in the new 
Mercury 50 4.6 MW gas turbine engine [7]. The Capstone 
Turbines microturbine systems (30kW, 60kW, and new 200kW 
units) all have used specially-designed annular essemblies of 
the PSR air cells, which surround the turbine [8].   The other 
type is the brazed plate and fin recuperator (BPFR), which 
includes (a) the completely-brazed, vertical stack developed by 
Toyo [5], and (b) the uniquely-designed air cells of folded foils 
brazed to sheet-plates which are also stacked vertically and 
were developed by Ingersoll Rand for their PowerWorks 70 kW, 
and new 250 kW, microturbines [9]. The Ingersoll Rand BPFR 
made from foils and sheets of alloy 625 is also employed on the 
Rolls Royce WR21 advanced cycle gas turbine designed for 
naval marine applications [10].   Another type of primary surface 
recuperator is the spirally-wrapped recuperator, manufactured 
by continuously spooling foils or sheets [5], with different 
designs and sizes being developed by Rolls Royce [11] and by 
Acte, S.A. [12]. 
       Development of durable and reliable recuperator 
technology has paralleled and been pushed by the introduction 
of commercial microturbines in 1996-1997, in conjunction with 
the initial and continuing phases of a collaboration by Southern 
California Edison, U.S. Department of Energy (DOE), and 
others to study the installation, operation and maintenance of 
microturbines to promote distributed power generation [13,14].  
Another driver for the development of higher temperature 
recuperators came from the DOE Advanced Microturbine 
Program in 2000 [15], which included the ambitious goal to 
design and build microturbines with efficiencies of 40% or more.  
Prior to 2000, recuperators were made almost exclusively from 
347 stainless steel (Fig. 1) [5,16], and generally performed well 
at temperatures below 650oC (1200oF).  More recent research 
has highlighted the problems that can limit the performance of 
347 stainless steel at 675-700oC (about 1250-1300oF) and 
above, particularly the accelerated attack (AA) caused by 
moisture enhanced oxidation at these conditions (Fig. 2) 
[17,18].   Larger microturbines with higher efficiencies will also 
operate with higher temperatures and pressures in the 
recuperator.   Focused research on the DOE Advanced 
Microturbines Program over the last several years has defined 
and addressed the needs for better metal foils and sheets that 
can withstand prolonged use at higher temperatures, but which 
also still remain affordable for recuperator applications.  
        
SUMMARY OF CHALLENGES TO METAL SHEET/FOIL 
RECUPERATORS 
       The first challenge is, of course, manufacturing the desired 
components, but by far the greatest challenge is long-term 
operation at elevated temperatures without failure. While the 
minimum need for recuperators is to survive until scheduled 
maintenance intervals (5000 to 10,000 h), the desired lifetime is 
the same as that of the overall microturbine system, which can 
range from 40,000 to 80,000 h [13,15].  Both PSR and BPFR air 
cells are made using high-quality, automated and/or continuous 
manufacturing processes that produce consistent results, and 
each air cell is pressure checked at room temperature to ensure 
no leakage [8,9].  
       In service, several metallurgical effects of high-temperature 
exposure can degrade recuperator performance prior to the 
cracking that causes leakage of pressurized air into the 
exhaust, or the severe deformation that reduces effectiveness. 
These effects include oxidation, creep, fatigue, and aging-

induced precipitation in the matrix and along grain boundaries 
of the alloy.  For 347 stainless steel, such effects are not 
significant at 1100-1200oF, become concerns at 1200-1250oF, 
and can be severe at 1300oF and above. Creep can close the 
exhaust gas passages of a PSR to restrict gas flow, and the 
heavy ferrous oxide growth on the surfaces of foils associated 
with severe AA can reduce thermal conductivity and heat 
transfer.  Oxidation resistance is mainly a function of alloy 
composition (Cr and Ni contents [19]), but oxidation, creep and 
aging behavior can all also be affected by metallurgical 
processing parameters (ie. grain size, solution annealing (SA) 
temperature, dispersion and abundance of various precipitate 
phases). 
       The significant differences in manufacturing processes 
between PSR and BPFR air cells may also affect how they 
behave, particularly for service above 1300oF.  The PSR air 
cells are made from folded foils of 347 stainless steel that are 
0.003 to 0.005 in. thick, and are welded to similar steel wire or 
bar (321 or 347 steel) to form the seal at the end.  Folding 
produces from 5-15% cold strain in the foil, depending on the 
location along the fold.  However, the ends of the foil near the 
weld are crushed flat prior to welding, so they may be cold-
worked 30% or more. Relative to SA material (which is usually 
tested to produce properties data), 20-25% cold-working can 
enhance the formation of deleterious intermetallic phases (σ, 
Laves) during aging, and would certainly cause recrystallization 
of the original grain structure into a new fine-grained 
microstructure, with details that are very sensitive to minor or 
impurity alloying elements in austenitic stainless steels [20-22].  
Moreover, 5-15% cold work can cause either accelerated or 
retarded creep-rates [20-22].  By contrast, BPFR air cells are 
welded to seal the ends and then brazed, which removes all 
prior cold deformation and restores all the materials in the air 
cell to a SA condition.  However, the braze joint and its effects 
on the bonded stainless steel sheets and foils are an additional 
and unique factor that needs to be considered for this kind of 
recuperator.   To date, there are no systematic studies or data 
to address all of these concerns, but data should be 
accumulated as ongoing studies of turbine-exposed or failed air 
cells continue, particularly the studies from the ORNL 
Recuperator Test Facility [23]. 
   
SELECTION AND EVALUATION OF ADVANCED ALLOYS 
FOR RECUPERATORS WITH HIGHER-TEMPERATURE 
CAPABILITY 
Creep-Rupture Testing of Advanced Alloys 
        Advanced alloy sheets and foils with higher-temperature 
capability and more reliability than type 347 stainless steel (Fe-
18Cr-10Ni) above 700oC are heat- and corrosion-resistant 
alloys with more Cr and more Ni, plus various other alloying 
elements added for more strength.  However, these elements, 
particularly Ni, make better alloys more expensive, so that 
higher cost must also be balanced with improved performance.  
Relative to the same alloys made as coarse-grained plate or 
tubing, fine-grained foils tend to be much weaker in creep; 
therefore, there is no guarantee that alloy rankings from 
strongest to weakest will be the same for both foil and plate 
products.  ORNL worked with Solar Turbines and Allegheny-
Ludlum in 1996-1999 to define creep properties of foils of type 
347 stainless steel, and lab-scale experiments led to modified 
processing parameters for improved creep-rupture resistance 
[22,24].  In 2002-2003, ORNL and Allegheny Ludlum engaged 



in a follow-up commercial-scale 347 steel foil and sheet 
processing effort [25-27], and produced AL347HPTM with more 
creep-resistance, which is now commercially available [27].  
However, improved creep strength and rupture resistance for 
foils and sheets of 347 steel still does not solve the inherent 
oxidation and AA problem; oxidation data in air with 10% H2O 
shows severe AA after only about 1000 h at 650oC [25,26,28].  
       Since about 2000, there have been several broader studies 
considering the properties of foils made from a range of heat-
resistant and corrosion resistant alloys for microturbine 
applications [16,23,25,26,28-32].  These alloys can be divided 
into two groups, one for alloys that can be used from 650oC to 
up to 800oC, and the other for use at 800oC and above.  Many 
of these alloys are also considered and used for many other 
high-temperature applications of thicker, larger components, 
including power boiler and turbine applications [33-36].  For 
temperatures above 800oC, Ni-based alloys with aluminum, for 
example HR214, or the Fe-based oxide dispersion- 
strengthened (ODS) Plansee alloy, PM2000, have both the 
strength and oxidation resistance as sheets and foils to be used 
for recuperators.  However, fabricating and manufacturing 
recuperator air cells or components from such alloys may be 
more difficult, and their cost is at least ten times that of 347 
stainless steel.  There are several commercial or near-
commercial alloys that show good strength and oxidation 
resistance at 650-750oC, including alloy 625 (Ni-22Cr-9Mo-
3.5Nb), HR120 (Fe-25Cr-35Ni – Mo,Nb,N) and the new AL20-
25+Nb (Fe-20Cr-25Ni – Mo,Nb,N), which are 2-4 times more 
expensive that 347 steel.  ORNL efforts in the last few years 
have focused on testing and evaluating commercial sheets and 
foils of these particular alloys, because of their interest to 
recuperator manufacturers.   
       Results of creep testing of recent commercial sheets and 
foils obtained from commercial materials producers or from 
recuperator manufacturers, creep-rupture tested at 750oC and 
100 MPa, are shown in Fig. 3.  PM2000 sheet showed virtually 
no creep (even at 120 MPa), and alloy 625 showed very little 
after 7000-8000h (both tests are ongoing).   Previous results for 
alloy 625 foil with lab-scale processing at ORNL indicated 
rupture after only about 4500h at the same creep conditions, so 
that the commercial sheet is much stronger.  Both alloy 625 and 
PM2000 would have advantages for recuperators in which 
strain limits, rather than rupture, define lifetime. Alloy 625 is 
being used for the PSR for the Solar Turbines Mercury 50 
industrial turbine engine [7], and for the Ingersoll-Rand BPFR 
used with the Rolls-Royce WR-21 marine turbine engine [10].  
Given the combination of cost and creep resistance, alloy 625 is 
clearly the most cost effective at about 3.5-4 times the cost of 
347 steel [9,16].  Foils of HR120 and HR230 (0.003-0.004 in. 
thick) show much less creep resistance than alloy 625, but are 
still about ten times better than 347 steel.   
        The effects of grain size/processing on creep resistance at 
these conditions are shown for HR230 in Fig. 4 and HR120 in 
Fig. 5.  Thicker products (boiler-tubing, plate) of HR230 showed 
much more creep resistance than foils [36], indicating that these 
foils have a grain size below the critical grain size for creep 
resistance in this alloy (typically 10-20 µm grain size).  
Processing and microstructural behavior during aging determine 
such creep behavior, with foils usually being exposed to  
somewhat lower processing temperatures, and much shorter 
processing times than plate or tubing products.  Given the 
tubing behavior, it is unlikely that sheet of HR230 would perform 

as well as alloy 625, and at 8-9 times the cost of 347 steel, 
HR230 is not a cost-effective choice.   
       By contrast, the creep-rupture resistance of HR120 is 
similar for foil and bar products (Fig. 5), indicating much less 
sensitivity to grain size/processing than HR230.  However, 
previous ORNL data on a similar foil showed 2-3 times better 
creep resistance for the same test conditions [25,32], so that 
there is clearly a need for more data to better define the typical 
creep resistance of such foils and their microstructural 
characteristics.   It is likely that HR120 sheet would have similar 
creep resistance as foil, and at about 3.5 times the cost of 347 
steel, this also represents a cost-effective performance 
upgrade, particularly considering its excellent oxidation 
resistance. 
       Creep-rupture testing on this group of alloys was also 
performed at 704oC (1300oF) and 150 MPa, because most 
near-term microturbine recuperators would benefit from reliable 
materials that can be used at or slightly above this temperature; 
data are shown in Fig. 6.  Alloy 625 sheet was very creep-
resistant (test is ongoing), while 347 steel foil was very weak.  
The two foils of HR120 alloy  behaved differently, with one 
being only slightly weaker at 704oC, and the other being several 
times weaker than the same foils tested at 750oC [25,26]. 
       In 2003-2004, Allegheny Ludlum introduced a new high 
temperature alloy, AL20-25+Nb, which was developed together 
with Solar Turbines for foil recuperator applications [6].  This 
alloy is another in a group of improved alloys based on the 
austenitic stainless alloy composition of Fe-20Cr-25Ni 
developed during the 1980’s, which includes British work on 
that alloy for high-temperature gas-cooled fission reactors,  
Nippon Steel Corp.’s NF709 and Sandvik’s 12R72HV, for fossil 
energy boiler tubing with more corrosion resistance and creep 
strength than 17-14CuMo and 347H stainless steels [34, 37-39].  
ORNL made some lab-scale foils, rolled from slit and flattened 
NF709 boiler tubing, for creep and oxidation testing in 2001-
2003 [25,26,28].  Based on these preliminary results, interest 
from the microturbine recuperator manufacturers, and potential 
for pricing inbetween the cost of 347 steel and alloy 625, ORNL 
and Allegheny defined a joint project in 2004 to expand 
commercial foil development for microturbine recuperator 
manufactures.  Phase I of this project has produced 10 and 15 
mil sheets and 4, 5 and 8 mil foils in commercial quantities 
suitable for manufacturing trials of PSR and BPFR recuperator 
aircells.  ORNL is currently performing creep-testing and 
microstructural analyses. Creep rupture data for a foil of AL20-
25+Nb at 704oC are also shown in Fig. 6.  The creep resistance 
of AL20-25+Nb was only slightly less that than of HR120 
(particularly below 5% strain), and several times better than 
standard 347 steel, with excellent rupture ductility. Based on 
these initial data, ORNL and Allegheny-Ludlum are now 
defining processing changes that can improve the creep-
resistance (similar to the previous joint project on 347 steel [25-
27]), and then will produce limited quantities of selected sheets 
and foils in a Phase II effort of commercial processing.   
        These advanced alloys, particularly HR120 and AL20-
25+Nb, are expected to provide microturbine recuperators with 
all of the fabrication benefits of 347 steel (easy folding, welding 
and brazing), and still provide performance and durability 
improvements, even with higher recuperator temperatures, 
cyclic operation or alternative, more corrosive opportunity fuels 
(flare gas, land-fill gas, biofuels, etc.).  
  



Microstructural Analysis of Creep-Tested Foils  
       Microstructural analysis of the gage portions of creep-
ruptured foil specimens tested at 704 or 750oC has included 
scanning and analytical electron microscopy (SEM and AEM) to 
characterize the microstructural changes and identify precipitate 
phases forming during creep.  Creep data on these alloys, 
including 347 steel, and alloys HR120, NF709 and 625, have 
been published previously [25,26].  Figure 7a shows the  
formation of Fe-Cr σ-phase at grain boundary triple points in 
standard 347 steel (having a very fine, 2-5 µm grain size) after 
only 51.4h creep at 704oC.   Coarser-grained (>20 µm) alloy 
625 creep-tested at 750oC for 4510h exhibited a stable 
dispersion of Si-Mo-Cr-Ni M6C particles along the grain 
boundaries, and dense lath/subgrain boundary structure within 
each grain (Fig. 7b).  The grains in alloy 625 showed no 
dislocation networks and no fine γ’ precipitation.  Apparently the 
fine laths and intergranular precipitation helped to provide the 
creep-strength observed in alloy 625.   
       The NF709 and HR120 austenitic stainless alloys 
developed similar grain boundary structures during creep, but 
exhibited somewhat different intragranular precipitate 
structures, as shown in Fig. 8.  The NF709 showed a finer grain 
structure (10-15 µm), a uniform dispersion of  mainly Si-Mo-Cr-
Ni M6C and some Cr-rich M23C6 particles along the grain 
boundaries, and little or no coarse intragranular precipitation 
after 5015h of creep.  By comparison, the HR120 had a coarser 
grain structure (30-40 µm), and copious precipitation of M23C6 
along the grain boundaries and inside the grains.  Higher 
magnification AEM showed that both NF709 and HR120 contain 
fine dispersions of NbC precipitates within the grains that 
formed during creep and pinned the dislocation networks.  The 
stable carbide strengthening of grain boundaries and matrix 
provides the creep resistance for both of these alloys. 
 
Screening in the ORNL Recuperator Test Facility 
       Commercial foils and sheets of advanced alloys evaluated 
by laboratory creep and oxidation tests at ORNL are also being 
evaluated in an actual microturbine exhaust environment in the 
ORNL Recuperator Test Facility, based on a modified Capstone 
60 KW microturbine [23,40].  More comprehensive test data on 
many different alloys has been presented elsewhere [23], and 
data directly comparing standard 347 steel and HR120 alloy 
foils, as well as other alloys, are presented in another paper at 
this conference [41].  Actual recuperator applications involve 
much lower stresses than the high-stress creep-rupture tests 
described above, but do include the dynamic interplay of stress, 
creep and oxidation with water vapor in a flowing, high gas 
velocity environment.  Initial screening tests for 500h clearly 
show that 347 steel foils degrade rapidly due to moisture-
induced AA during oxidation and creep at 700oC and above.  
Consistent with the relative alloy comparisons in this work, the 
HR120 alloy has dramatically better performance at 700oC and 
above.  Currently, similar testing of the ORNL modified 347 
steels developed earlier [25,26] is in progress, and testing of 
foils of the new AL20-25+Nb alloy will begin shortly.   
 
SUMMARY AND FUTURE WORK 
       Alloys 625 and HR120 are commercially available in sheet 
and foil forms that have significantly better oxidation- and creep-
resistance compared to standard commercial 347 steel at 650-
750oC.  Such property differences should enable enhanced 
performance and temperature capability of recuperators at 

about 3.5-4 times the cost of 347 steel.  The new AL20-25+Nb 
alloy has the potential to offer similar improvements in 
performance at a lower cost.   
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Figure 1 – Photograph of two PSR aircells from a Honeywell recuperator made from 347 stainless steel foil, after relatively 
short term microturbine exposure. The darker right-hand portion of the air cell has seen the maximum temperature and 
oxidation, whereas the lighter golden left-hand side has seen a lower temperature and has developed a slight heat tint; 
this indicates the temperature gradient across the air cell that such components typically have due to the counterflows of 
cool air and hot exhaust. This component showed no evident of AA yet. 

 
 
 



 
 
 
 
 
Figure 2 – a) Scanning electron microscope (SEM) back-scattered electron (BSE) imaging of 347 stainless steel air-cell 
foil cross-section from a recuperator with significant service in a microturbine. It shows (a) the formation of heavy, Fe-rich 
oxide nodules at the exhaust-side surface (higher % of H20) that are characteristic of the onset of AA due to oxidation in 
the presence of water vapor.  Higher magnification SEM X-ray mapping images using Kα peaks of the elements indicated 
show the complex nature of the surface oxides for the elements (b) Cr, (c) Fe, and (d) Ni.  The thick outer oxide scale is 
Fe-rich (c), with a thin Cr-rich oxide (b) and a Ni-depleted region in the sub-surface metal beneath (d).  
 
 
 
 
 
 
 
 
 
 
 
 
 

20 µm 

Cr 

Fe 

Ni 

3 mil 347SS

Cr2O3+Fe2O3 

a 

b 

c 

d 



0

5

10

15

20

25

0 1000 2000 3000 4000 5000 6000 7000 8000
TIME (hrs)

CREEP AT 750oC  100MPa*Std. 347
Comm. Foil

HR 120
Comm. Foil

PM2000*
10 mil Sheet

Alloy 625 Comm.
10 mil Sheet

Haynes 230
Comm. Foil

*PM2000 Tested at 750C, 120MPa

 
 
Fig. 3, Creep data for commercial sheets and foils tested at 750oC and 100 MPa (except for the PM2000 ODS alloy, 
tested at 120 MPa) in air.  The 3-4 mil (0.003-0.004 inch thick) foils crept at a high rate with little secondary creep regime, 
but both the HR120 and HR230 alloy foils exhibited almost 10 times longer rupture life than typical 347 steel foil.  By 
contrast, both alloy 625 and the PM2000 (ODS ferritic alloy) exhibited a prolonged secondary creep regime, with a very 
low creep rate, and lasted more than 100 times longer than 347 steel (still in test). 
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Fig. 4 – Creep tests of fine-grained foils and coarser-grained tubing of HR230, illustrating the fine-grain size effect, which 
dramatically reduced or eliminated the secondary creep regime, when that grain size was below the critical grain size for 
creep resistance.  Such data are the basis for the premise that foil behavior cannot be predicted from creep data on tube 
or plate of the same alloy. 
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Fig. 5 -  Creep testing of foil and bar of alloy HR 120 shows roughly parallel creep curves, despite significant differences in 
processing and grain size between these specimens.   
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Fig. 6 - Creep data on commercial sheets and foils tested at 704oC and 150 MPa in air.  Two different foils of HR120 
showed similar creep curves, but differences in rupture elongation that directly determine the differences in rupture 
lifetime.  Foil of the new AL20-25+Nb alloy showed a slightly higher creep rate than HR120, but both were many times 
better that 347 steel.  Sheet of alloy 625 showed little or no creep at these conditions. 
 

 
 
Fig. 7 – SEM micrographs showed a) formation of Fe-Cr σ-phase at grain boundaries in 347 steel during creep at 704oC 
and 152 MPa (rupture after only 51.4 h), whereas b) a relatively stable dispersion of Si-Mo-Cr-Ni M6C phase developed 
and remained stable along grain boundaries of alloy 625 during creep at 750oC and 100 MPa (rupture after 4510 h). 
 



 

 
 
 
Fig. 8 – SEM micrographs show the precipitation that occured along grain boundaries in foils of a) alloy NF709 (rupture 
after 5015h), and b) alloy HR120 (rupture after 3319h), both creep tested at 750oC and 100 MPa.  The NF709 alloy has 
mainly the Si-Mo-Cr-Ni M6C particles with some Cr-rich M23C6 particles, while the HR120 alloy has only M23C6 particles 
dispersed along the grain boundaries and in the matrix. 
 
 
 

 
 
 
Fig. 9 – TEM micrographs show the fine NbC precipitation within the grains in foils of a) alloy NF709 (rupture after 5015h), 
and b) alloy HR120 (rupture after 3319h), both creep tested at 750oC and 100 MPa.   
 
 
 
 
 
 
 
 
 
 


