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ABSTRACT

Alumina-forming austenitic (AFA) steels represent a new class of corrosion- and creep-resistant

austenitic steels designed to enable higher temperature recuperators.  Field trials are in progress for

commercially rolled foil with widths over 39 cm.  The first trial completed 3,000 h in a microturbine

recuperator with an elevated turbine inlet temperature and showed limited degradation.  A longer

microturbine trial is in progress.  A third exposure in a larger turbine has passed 16,000 h.  To reduce alloy

cost and address foil fabrication issues with the initial AFA composition, several new AFA compositions

are being evaluated in creep and laboratory oxidation testing at 650°-800°C and the results compared to

commercially fabricated AFA foil and conventional recuperator foil performance.  

INTRODUCTION

Combined Heat and Power (CHP) systems are an attractive distributed generation (DG) solution

offering high (>80%) efficiency and flexible operation.  Waste heat from a small gas turbine can be used

for process heat, steam generation and/or heating and cooling [1-4].  Strategies to increase the market

penetration of turbine-based CHP systems include decreasing current materials costs and increasing

electrical efficiency, while maintaining low emissions.  Two key pathways to higher efficiency are

recuperation and higher turbine inlet temperatures.  Small (<5MW) gas turbines (and especially 25-
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400 kW microturbines [5-7]) can significantly increase efficiency (<30% for microturbines, <40% for

small gas turbines) by using the turbine exhaust gas to preheat the compressed air in a recuperator [7-10]

before it enters the combustor.  Increasing the turbine inlet temperature can cause material selection and

durability issues in the hot section and the recuperator, typically requiring more expensive materials with

higher temperature capability.

High efficiency recuperators typically rely on thin-walled (75-125µm, 3-5mil) metal foils in order to

maximize heat transfer [8-10].  Since the push to higher efficiency DG/CHP systems began ~20 years ago,

it is now well-established that conventional stainless steel foils, such as type 347 (Table 1), are rapidly

attacked in exhaust gas due to the formation of a volatile oxy-hydroxide (CrO2(OH)2) when the Cr-rich

oxide on the steel surface reacts with water in the exhaust above 600°C [11-18].  Less appreciated is that

the same mechanism affects all Cr2O3-forming foils, including Ni-base alloy 625.  Consumption of the

limited Cr reservoir present in a ~100 µm thick foil can be dominated by linear volatilization kinetics,

rather than the slower, parabolic oxidation kinetics for Cr2O3 formation, especially at higher gas

velocities and long exposure times (minimum 30-40 kh recuperator lifetime).  For current ~650°C

recuperator temperatures, turbine manufacturers have turned to alloy 625, Nb-modified Fe-20Cr-25Ni

(composition similar to alloy 709) and alloy 120 foils (Table 1) [19-21].  All of these alloys are

susceptible to accelerated degradation due to volatilization and significant Cr losses have been quantified

in long-term laboratory and field exposures [14-16,18,20-22].  The rate of Cr loss increases with

temperature and this has been studied in laboratory testing [14,15,23].  Figure 1 shows that after only 6kh

at 800°C, the Cr content in 625 foil has dropped from 23wt.% to <18% due to oxide formation and Cr

volatilization. Obviously, if the recuperator needs to operate for 25-40kh [20-22], the rate of Cr loss is

unacceptably high at 800°C.  Almost 25% of the total alloy Cr reservoir in the foil had been consumed in

only 6kh. When the Cr content drops below some critical level (~15%Cr), more accelerated oxidation

would be expected as the alloy would no longer be able to exclusively form a protective Cr-rich oxide

and more Ni-rich oxide would form.  Even after 10kh at 700°C, significant Cr loss was measured, Figure

1.  If a similar linear rate persisted for 40kh, the 625 foil would be severely depleted.  For the next

generation of recuperators to operate at 700°C or higher temperatures, more oxidation resistant alloys are
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needed.

In 2007, a new class of Fe-base creep-resistant alumina-forming austenitic (AFA) alloys was

developed, relevant to higher temperature recuperator application [24-30].  Alloys that form an Al-rich

surface oxide are more resistant to oxidation in the presence of water vapor because of the higher stability

of α-Al2O3[13].  The AFA alloy properties are well-suited for thin-walled recuperators because of the

combination of creep strength, which approaches that of alloy 709, and oxidation resistance not found in

the other candidate alloy foils [26-30].  Laboratory testing of AFA foil (composition F4 in Table 1) has

shown protective behavior after 10kh at 800°C in wet air (10%H2O) used to simulate exhaust gas [30]

and in initial engine trials using sheet material [28].  Progress continues on commercializing AFA foil for

recuperators with an update on laboratory testing of commercial foil [30] and the completion of the first

engine test in a rainbow recuperator with alloy 120.  In addition, an update is provided on laboratory

evaluation of new AFA compositions with lower cost, similar properties and easier processing parameters

[30].

EXPERIMENTAL PROCEDURE

Laboratory scale (~13kg) vacuum induction melted (VIM) heats of AFA compositions were cast by

Carpenter Technology Corp.  Further details of the laboratory-scale processing were provided previously

[27].  For these four new AFA compositions (Table 1), the solutionizing temperature was lowered from

1200°C (used for previous laboratory batches) to 1100°C, resulting in a grain size of 5-10µm.  Their

compositions were selected to lower the raw material cost of the alloy relative to the F4 composition,

especially by lowering the Nb, W and Ni contents [30].  In addition, larger (1100 and 4500 kg)

commercial heats of F4 were produced for commercial processing to foil.  The first F4 foil batches were

~18 cm wide and 80 and 106 µm thick (3.2 and 4.2 mil).  Subsequent batches were 80 µm (~21 cm wide),

106 µm (~39 cm wide) and 150 µm (15 cm wide) fabricated by two different suppliers.  As-fabricated

microstructures have been reported previously [30].    Both of the wider foil batches were successfully

folded for fabrication into recuperator air cells and the ~80 µm x 21 cm foil was engine tested in a 65 kW

microturbine at Capstone Turbine Corp. This turbine has been modified to produce exhaust temperatures
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of ~720°C and has been detailed elsewhere [20].

For laboratory testing, creep specimens were machined by electro-discharge machining.  The creep

specimens were 114 mm (4.5 in.) long with a gauge length of 25.4 mm (1 in.) and 6.35 mm (0.25 in) wide.

The shoulders were approximately 16mm wide.  Pads of the same thickness as the foil were spot-welded

on the shoulders for re-enforcement and 3.17 mm (0.125 in.) diameter pin holes were cut in the shoulders

for gripping.  The extensometer was a rod-in-tube type that transmitted extension out of the hot zone of

the furnace to averaging LVDT sensors.  Because of the small section areas, specimens were dead loaded.

Creep testing was performed in laboratory air at 650°C with a 250 MPa load, at 677°C with 117 MPa load

and at 750°C with 100 MPa load to induce rupture in a reasonably short time.

Foil oxidation coupons (~12 mm x 18 mm x ~80-150 µm) were tested in the as-annealed surface

condition and ultrasonically cleaned in acetone and methanol prior to oxidation.  Exposures were 100 h

cycles at 650°, 700°, 750° or 800°C and mass changes were measured after every cycle using a Mettler-

Toledo model XP205 balance, with an accuracy of ±0.04 mg or  ±0.01 mg/cm2.  The amount of water

injected was used to calibrate the water content at 10±1 vol.% for these experiments.  Up to 40 specimens

were positioned in alumina boats in the furnace hot zone so as to expose the specimen faces parallel to

the flowing (~1.7-1.9 cm/s) gas.  After laboratory exposures, specimens were Cu-plated and sectioned for

metallographic analysis.  A similar metallographic procedure was used for the engine-exposed foil.

RESULTS

Laboratory Testing of Commercial AFA Foils

A brief update is provided of the oxidation and creep data provided earlier [30].  Figure 2 shows

polished cross-sections of the first commercial AFA foil batches (with the commercial F4 composition

shown in Table 1) that were 80 and 106 µm thick after 10,000 h exposures at 650°-800°C.  In general, thin

reaction products were observed with occasional oxide nodules formed.  A small amount of internal

oxidation was observed that may be associated with internal nitridation of the as-annealed foil (due to N2

in the environment).  The depth of internal attack did not change significantly with exposure temperature

and was more notable for the 106 µm thick foil, Figure 2.
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Figure 3 summarizes the creep results for these commercial AFA foils compared to commercial foil

of 347, 310, 120 and 709 (2025Nb).  At the two conditions investigated, the time to rupture is shown as

well as the time to 5% strain.  At 5% strain the recuperator deformation is significant and airflow is

restricted.  For the accelerated conditions at 750°C, the alloy 709 and 120 times to 5% strain are 50-190%

higher than the AFA foils.  These alloys also showed an advantage at 677°C, with the alloy 120 specimen

rupturing at almost 35,000 h.  However, the time to 5% strain for alloy 709 (~9,000 h) at 677°C was

comparable to the AFA foils.  For oxidation-resistant 310 foil with similar Cr content as alloys 120 and

625, the creep properties are very poor due to a lack of elements such as Nb needed to form stable

carbides, Table 1.

Engine Testing of Commercial AFA Foil

Figure 4 shows a completed air cell with AFA foil like those used for the engine test on a 65kW

(model C65) microturbine.  The recuperator consisted of a mixture of AFA and alloy 120 air cells for a

comparison of their relative performance.  The engine ran for a total of 3,000 h with an increased

recuperator inlet temperature of ~720°C and the engine was cycled 3,000 times to simulate the heating

and cooling of much longer applications.  During the test, no drop in engine performance was observed.

After completion, sections of the recuperator were removed for characterization of both foils, Figure 5.

Figures 6 and 7 show polished cross-sections of the foils in the hottest locations of the air cells.  Copper

plating was used to assist in protecting and imaging the thin reaction products, however, the plating was

not uniform.  Similar to the laboratory exposures of the F4 foil shown in Figure 2, the scale formed on

the F4 air cells after the engine test was generally thin with occasional oxide nodules, Figure 6.  In a few

convex locations, larger oxide nodules formed with one of the worst locations shown in Figure 6c.  The

nodules appear to have the duplex structure typical of Fe-rich oxides formed in exhaust gas.  Their

selective formation in these locations was surprising and further characterization is in progress to

determine any potential reason for this observation.  Figure 7 shows similar images from alloy 120 foil

air cells.  As expected, a thin reaction product was observed on both sides of the foil.  Figure 7c shows

an example of the small oxide nodules that were occasionally observed on this material.

A second rainbow core was assembled for a longer (8kh) C65 microturbine engine test at ORNL that
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is in progress and should conclude in late 2016.  Based on the occasional nodule formation observed in

the 3,000 h test, this longer test will assist in indicating if any oxidation issues exist for the AFA F4

composition in the engine.  In addition, folded AFA F4 panels have been exposed in an exhaust duct of a

recuperated 4.6 MW turbine since January 2013.  This is the same location that specimens of 625 and

2025Nb (709) have been exposed previously [19,21].  The first AFA panel removed from this exposure

will have more than 16 kh of exposure time.

Laboratory Testing of New AFA Compositions

Initial oxidation and creep data were reported earlier [30] for the four new laboratory-scale AFA

compositions, which were optimized for a final anneal of only 1100°C (rather than 1200°C for the F4

composition) and used lower levels of Nb, W and/or Ni to lower the cost of AFA foil, Table 1.  The

alloying strategy was discussed previously [30].  Of course, these leaner compositions were not expected

to perform as well as the F4 composition.  Figure 8 shows the long-term oxidation behavior of these new

AFA foils at 700°C in humid air.  The AFA foils with only 20%Ni (F20N and F20W) began to show signs

of accelerated oxidation after 3-6 kh.  In contrast, the 25%Ni AFA foils (F25N and F25W) showed low

mass gains for 10 kh, similar to the commercial F4 foil shown for comparison in Figure 8.  Figure 9 shows

the same foils at 800°C in humid air.  At this higher temperature, many of the specimens showed higher

mass gains almost immediately, except for the 25%Ni composition with W, F25W, which matched the F4

performance for 10 kh.  

The creep testing of these alloys showed a much different performance ranking, Figure 10.  The new

alloys were first evaluated at 750°C/100MPa to provide a rapid evaluation [30] and several compositions

had times to 5% strain similar to F4 foil.  The F25W foil, which exhibited the best oxidation resistance,

had the lowest creep rupture life at 750°C.  This composition was most strongly affected by the lower

final annealing temperature (1100°C rather than 1200°C).  The F25W composition had the lowest C

content (0.1%) of the four alloys, Table 1, and relies on MC supersaturation for 750°C creep strength

while the other alloys with 0.2%C form M23C6 [29,31].  Because of the long lifetimes observed at

677°C/117MPa (Figure 3), the new AFA foils were evaluated at 650°C/250MPa.  With these conditions,

the F20W foil performed exceptionally well and the higher creep rupture lifetime for F20W compared to
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F20N, suggests more than just the 1%W addition contributed to the excellent creep behavior.

Nevertheless, the poor oxidation behavior of both 20%Ni compositions, Figures 8 and 9, suggests that

F25N is the most attractive new AFA composition.  Taking into account that the F25N foil had a finer

grain size (<10µm) than the 27 µm grain size in the commercial F4 material, the F25N creep behavior is

very promising.  The F25N composition retained good oxidation resistance at 700°C but not at 800°C.  If

higher temperature oxidation resistance were needed, higher Al contents in F25N (up to 4%) are a

potential variation to investigate.

CONCLUSION

The development of alumina-forming austenitic steels has progressed to the first engine tests of AFA

air cells and folded material.  The 3,000 h/3,000 cycle engine test resulted in no drop in engine

performance during this exposure.  A few large oxide nodules were observed on the AFA foil after the

engine test and a longer (8,000 h) engine test is in progress.  Excellent oxidation behavior of the

commercially fabricated AFA F4 foil has been observed in laboratory testing at 650°-800°C, similar to

previous laboratory-made sheet and foil specimens.  In addition to the current F4 composition, new AFA

foil compositions are being evaluated which are expected to have lower cost and easier fabrication with

a solutionizing anneal temperature of only 1100°C (rather than 1200°C).  Development of a lower-cost

AFA grade with similar creep and oxidation properties and easier processing is being pursued in order to

increase the possibility for an AFA foil to be commercially adopted for future high-efficiency CHP

applications.
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FIGURE CAPTIONS

Figure 1.  Measured Cr depletion from 100μm alloy 625 foil specimens as a function of exposure

temperature in wet air for 6-10kh [23].

Figure 2.  Light microscopy of polished cross-sections of AFA F4 (a,c,e,g) 80 µm and (b,d,f,h) 106 µm foil

specimens after 10,000h in wet air at (a,b) 650°C, (c,d) 700°C, (e,f) 750°C and (g,h) 800°C.

Figure 3.  Summary of creep rupture life and time to 5% strain at 677°C (1250°F)/117MPa and 750°C

(1380°F)/100MPa for several commercial alloy foils.

Figure 4.  Folded, crushed and welded AFA F4 80µm foil air cell that was assembled into a C65

recuperator.

Figure 5.  Sections of the recuperator removed for analysis.

Figure 6.  Light microscopy of polished cross-sections of the 80µm F4 foil exposed for 3,000h in a C65

microturbine recuperator.  (a) and (b) show a thin surface oxide with occasional small oxide nodules,

while (c) shows large oxide nodules observed in one location.

Figure 7.  Light microscopy of polished cross-sections of the 80µm alloy 120 foil exposed for 3,000h in

a C65 microturbine recuperator.  Occasional oxide nodules were observed as shown in (c).

Figure 8.  Specimen mass change for new laboratory AFA foils (~100µm thick) compared to commercial

AFA F4 foil during 100 h cycles in humid air at 700°C.

Figure 9.  Specimen mass change for new laboratory AFA foils (~100µm thick) compared to commercial

AFA F4 foil during 100 h cycles in humid air at 800°C.

Figure 10.  Summary of creep rupture life and time to 5% strain at 650°C/250MPa and 750°C/100MPa

for new laboratory AFA ~100µm foils compared to commercial 106µm F4 foil.
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Table 1.  Alloy chemical composition (weight %) and
average alloy grain size (µm) of the candidate materials.

Grain Size
Alloy Cr Ni Al Si   Nb Other (µm)
Type 347 17.8 9.9 0.01 0.5 0.5 1.6Mn 5
709 20.3 24.7 0.05 0.4 0.2 1.5Mo,1.0Mn 16
310 24.1 19.5 0.01 0.3 0.01 1.7Mn,0.2V 10
120 24.7 37.6 0.1 0.2 0.6 0.3Mo,0.7Mn 23-28
625 23.1 63.8 0.2 0.2 0.2 8.9Mo,3Fe 12
AFA*:
F4 (lab.) 14.0 25.0 3.6 0.1 2.5 2Mn,1W,2Mo,0.1C 45
F4 (comm.) 13.9 25.2 3.5 0.2 2.5 2Mn,1W,2Mo,0.1C 27
F20W (lab.) 13.8 20.1 3.1 0.1 1.0 2Mn,1W,2Mo,0.2C <10
F20N (lab.) 14.0 20.1 2.9 0.1 1.0 1.9Mn,2Mo,0.2C <10
F25W (lab.) 13.9 25.3 3.0 0.1 1.0 2Mn,1W,2Mo,0.1C <10
F25N (lab.) 14.1 25.0 2.9 0.1 1.0 1.9Mn,2Mo,0.2C <10
* all AFA compositions also contain 0.5Cu and 0.01B
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Figure 1.  Measured Cr depletion from 100μm alloy 625 foil specimens as a function of exposure temperature in wet
air for 6-10kh [23].

e

Figure 2.  Light microscopy of polished cross-sections of AFA F4 (a,c,e,g) 80 µm and (b,d,f,h) 106 µm foil specimens
after 10,000h in wet air at (a,b) 650°C, (c,d) 700°C, (e,f) 750°C and (g,h) 800°C.
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Figure 3.  Summary of creep rupture life and time to 5% strain at 677°C (1250°F)/117MPa and 750°C (1380°F)/100MPa
for several commercial alloy foils.

Figure 4.  Folded, crushed and welded AFA F4 80µm foil air cell that was assembled into a C65 recuperator.
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Figure 5.  Sections of the recuperator removed for analysis.

Figure 6.  Light microscopy of polished cross-sections of the 80µm F4 foil exposed for 3,000h in a C65 microturbine
recuperator.  (a) and (b) show a thin surface oxide with occasional small oxide nodules, while (c) shows large oxide

nodules observed in one location.
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Figure 7.  Light microscopy of polished cross-sections of the 80µm alloy 120 foil exposed for 3,000h in a C65
microturbine recuperator.  Occasional oxide nodules were observed as shown in (c).
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Figure 8.  Specimen mass change for new laboratory AFA foils (~100µm thick) compared to commercial AFA F4 foil
during 100 h cycles in humid air at 700°C.
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Figure 9.  Specimen mass change for new laboratory AFA foils (~100µm thick) compared to commercial AFA F4 foil
during 100 h cycles in humid air at 800°C.

Figure 10.  Summary of creep rupture life and time to 5% strain at 650°C/250MPa and 750°C/100MPa for new
laboratory AFA ~100µm foils compared to commercial 106µm F4 foil.


