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ABSTRACT 
 
Reducing cost or enhancing efficiency are 
straightforward solutions to increase the market 
penetration of turbine-based combined heat and 
power (CHP) systems, and both could be achieved 
through materials development. For microturbine 
and small gas turbines the primary heat exchanger or 
recuperator is a key component for the turbine 
thermal efficiency, but also represents a significant 
cost (up to 40%). Recuperators are made of foil ~80-
125 µm thick, and typical commercial materials 
include chromia-forming foils such as Haynes® 
HR120® (Fe-38Ni-25Cr), ATI’s AL2025Nb (Fe-
20Cr-25Ni-Nb) and alloy 625 (64Ni-23Cr-3Fe). 
Alumina-forming austenitic (AFA, Fe-25Ni-14Cr-
3.5Al) foils exhibit good creep resistance and 
significantly better high temperature oxidation 
resistance in humid atmospheres in comparison with 
these chromia-forming alloys and could allow for a 
drastic increase of the turbine exhaust temperature, 
from ~650ºC up to ~750ºC-800ºC. ORNL is 

developing lifetime models based on the foil 
oxidation resistance to quantify the potential gains of 
switching from chromia to alumina forming alloys.  
If simple models can be used to describe the 
parabolic growth of alumina scale, more complex 
models based on para-linear growth kinetics need to 
be used for chromia forming alloys. This is because 
of the formation and volatilization of the oxy-
hydroxide CrO2(OH)2 in H2O-containing 
atmospheres. The volatilization rate varies from one 
alloy to another because it is quite sensitive to the 
oxide scale composition (Cr-rich scale + Mn, Ni and 
Fe oxides), which is a function of the alloy 
composition. ORNL has, therefore, used its 
extensive long-term oxidation database to determine 
the key lifetime model parameters i.e. the scale 
parabolic growth rate and volatilization rate as well 
as the Cr consumption with time. In addition, the 
volatilization rate is very sensitive to gas velocity. 
ORNL is, therefore, collaborating with Solar 
Turbines and Capstone to validate the models 
through the characterization of foils exposed to 
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actual engine tests, with some foils being tested for 
~100,000h. Scanning electron microscopy was used 
to determine the foil microstructure and chemical 
evolution. 

. 

 
INTRODUCTION 

 Combined heat and power (CHP) is a type of 
distributed energy that can offer high efficiency 
(>80%) due to the recovery of waste heat to produce, 
for example, hot water or low pressure steam [1-3]. 
Reducing cost or enhancing efficiency are 
straightforward solutions to increase the market 
penetration of turbine-based CHP systems, and both 
could be achieved through materials development. A 
key component for the efficiency of small gas 
turbine and microturbine is the recuperator, because 
it uses the turbine exhaust gas to preheat the 
compressed air before entering the combustion 
chamber. To maximize the heat transfer, 
recuperators are composed of thin-walled metal foils 
made of alloys such as 120 (Fe-38Ni-25Cr), 
2025Nb/709 (Fe-20Cr-25Ni-Nb) or 625 (64Ni-23Cr-
3Fe)[4,5]. The high level of Cr and Ni in these alloys 
will result in the formation of thin Cr-rich scale in 
air, but, in H2O containing atmospheres such as 
combustion environments, formation and 
volatilization of oxy-hydroxide (CrO2 (OH)2 ) will 
result in ~linear consumption of Cr in the foil, thus 
limiting the foil lifetime [6-12]. 

A new class of alumina forming austenitic (AFA) 
steels have been developed at ORNL, with similar 
creep strength but better oxidation resistance than 
chromia-forming recuperator alloys [13-21]. In 
addition to slow growth rates, alumina scales are, 
indeed, very stable at high temperature in humid 
environments, and the Al consumption rate in AFA 
foils is expected to be minimal below 850ºC. In this 
paper, the oxidation behavior at 650ºC-800ºC in 
air+10%H2O of various chromia-former and AFA 
foils is described. These data were used to develop 
oxidation-based lifetime models for recuperator 
foils, and validation of these models using field 
exposure is discussed. 

 

 
EXPERIMENTAL PROCEDURE 

 
Larger (1100 and 4500 kg) heats of AFA foils 

were produced for commercial processing to foil. 
The two foil batches characterized in this paper were 
80 μm thick and ~21 cm wide (AFA-80) and 106 μm 
thick and ~39 cm wide (AFA-106).  Two main 
microstructural differences between the two foils 
were noted. First, aluminum nitrides were present at 
the surface of AFA-106 due to insufficient cover gas 
during the foil heat treatments, and second, the AFA-
106 foil exhibited a smaller grain size, ~5 to 10um 
versus ~50um for the AFA-80.  
Commercial foils of 310, 709, 120 and 625 were 
received from vendors or industrial partners. The 
composition, thickness and grain size of the different 
foils are summarized in Table 1. 

 
Table 1: Composition of the alloy in wt% 

measured by ICP spectroscopy, combustion and IGF 
analysis 

*Nominal composition. AFA foils contain 1W, 
0.1C, 0.5Cu and 0.01B 

 
Oxidation testing was conducted on foil coupons 

(~12mm x 18mm x ~80-200 μm) in the as-annealed 
surface condition after cleaning in acetone and 
methanol. 100h exposures were conducted in 
horizontal furnace at 650°, 700° and 800°C in air 
+10%Vol. H2O with a flowing gas of 1.7-1.9 cm/s.  
The mass changes were measured after every cycle 
using a Mettler-Toledo model XP205 balance, with 
an accuracy of ~±0.01mg/cm2. After exposure, 
selected specimens were Cu-plated and sectioned 
using conventional metallographic techniques for 
optical and scanning electron microscopy (SEM) 
observation as well as electron probe microanalysis 
(EPMA). 

 

Alloy Cr Ni Al Nb Si Other Thickness 
(um)

Grain 
size(um)

120 24.7 37.6 0.1 0.6 0.2 0.2 Mo, 0.7Mn 88 23-28
310 24.1 19.5 0.01 0.01 0.33 1.7Mn, 0.15V 80 10
625 23.1 63.8 0.2 0.2 0.2 8.9Mo, 3Fe 125 12
709 20.3 24.7 0.05 0.2 0.4 1.5Mo, 1Mn 100 to 200 16

AFA-80* 14 25 3.5 2.5 0.2 2Mo, 2Mn 80 50
AFA-106* 14 25 3.5 2.5 0.2 2Mo, 2Mn 106 5 to 10
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RESULTS 
 
Laboratory Oxidation Testing 

Figure 1 shows representative mass change 
curves for the 120, 310, 709, 625 and AFA foils 
exposed at 650ºC, 700ºC and 800ºC in air 
+10%H2O. At all temperatures, the two AFA foils 
exhibited very limited mass gains after exposure for 
15,000h. The behavior of the 310 and 625 foils was 
quite different with linear mass losses at 650ºC and 
700ºC, due to the formation and volatilization of 
oxy-hydroxides (CrO2 (OH)2) [6-9]. A final 
oxidation stage with no mass change was observed 
for some 310 coupons, after ~5,000h of exposure at 
650ºC and 10,000h at 700ºC. The 120 and 709 foils 
showed more complex behaviors with several 
oxidation stages. At 650ºC, the 709 foils did not 
show any mass change for 2,000h, but then 
significant mass gains were observed, followed after 
~ 4,000h by a new steady state stage for the 
specimen tested for 15,000h. At 700ºC, mass losses 
were first observed for the 709 foils, followed by 
rapid mass gains and, again, a final steady state stage 
after ~4,000h. One 709 foil was interrupted after 
5,000h before a significant mass increase was 
observed (black arrow in Figure 1b). For the 120 foil 
tested at 650ºC, slight mass gains were first 
measured for 4,000h, followed by linear mass losses 
until the test was stopped after 20,000h of exposure. 
At 700ºC, the 120 foils exhibited linear mass losses, 

followed by significant mass gains during a few 
100h cycles, and then a steady state stage. For one 
foil the mass increase was observed after ~4,000h 
while the mass increase was observed after ~10,000h 
for another 120 foil. The last 120 foil was still in the 
linear mass loss regime when it was stopped after 
5,000h (black arrow in Figure 1b). 

At 800ºC, all the chromia forming foils showed 
significant mass gains due to the formation of fast-
growing Fe or Ni-rich oxides. One 120 foil exhibited 
limited mass change for 8,000h, while for the 625 
foil, an acceleration of the mass losses was observed 
after 8,000h, partly due to scale volatilization but 
also because spallation took place at the foil edges.  

Chemical maps for the 120 foil that was 
interrupted after 5,000h while still in the linear mass 
loss stage are shown in Figure 2. A thin (Cr,Mn)-rich 
scale can be observed at the foil surface, with oxide 
penetration along grain boundaries. In addition, Cr 
depleted and (Ni,Fe) enriched zones are visible 
beneath the oxide scale, above all in the grain 
boundary vicinity. Similar maps are presented in 
Figure 3 for the 120 foil tested for 20,000h at 700ºC. 
A much thicker bi-layer scale was observed, with a 
(Cr,Mn)-rich inner layer and a thick (Fe,Mn)-rich 
outer layer. This thick outer layer was consistent 
with the significant mass increase measured after 
10,000h of exposure.  
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Figure 1. Mass change curves for the 310, 709, 

2025Nb, 625 and AFA foils exposed in air+10%H2O 
at a) 650ºC, b)700ºC and c)800ºC 

 
 
Oxide penetration was o slightly deeper compared to 
the 5,000h foil exposure, and again a Cr-depleted 
zone was present beneath the scale.  This change of 
scale morphology between the 5,000h and 20,000h 
exposure can be explained by the progressive 
decrease of the Cr concentration at the foil surface 
below the critical Cr concentration Crcri required for 
Cr-rich scale formation, leading to the sudden 
formation of fast growing Fe and Ni-rich oxides. The 
consumption of Fe and Ni to form these Fe and Ni-
rich oxides will result in an increase of the Cr 
concentration at the foil surface above the Crcri, 
allowing the formation of a new Cr-rich scale below 
these Fe and Ni oxides. 
 

Figure 2. Chemical mapping of one 120 foil 
exposed for 5,000h at 700ºC in air + 10%H2O, a) Cr 
map, b) O map, c) Fe map, d) Mn map, e) Ni map 

and f) SEM micrograph 
 

Finally, chemical maps for the 120 foil exposed 
in air+10%H2O for 20,000h at 650ºC are shown in 
Figure 4. 
A thin (Cr,Mn) oxide layer is present at the specimen 
surface, and, even if no sudden mass increase was 
observed during the  20,000h test (Figure 1a) many 
Fe-rich nodules grew atop the Cr-rich layer. Oxide 
penetration along grain boundaries and Cr-depleted 
zones were again observed beneath the scale. 

 
Optical images of the 709 foils tested at 700ºC in 

air +10%H2O for 5,000h and 10,000h are shown in 
Figure 5. As was observed for the 120 foil, a thin 
protective oxide layer was observed after 5,000h but 
a much thicker scale was observed after exposure for 
10,000h. 
 

Figure 3: Chemical mapping of 120 foil exposed 
for 20,000h at 700ºC in air + 10%H2O, a) Cr map, b) 

O map, c) Fe map, d) Mn map, e) Ni map and f) 
SEM micrograph 

 

 
 

Figure 4: Chemical mapping of 120 foil exposed 
for 20,000h at 650ºC in air + 10%H2O, a) Cr map, b) 

O map, c) Fe map, d) Mn map, e) Ni map and f) 
SEM micrograph 
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Figure 5: Cross-section optical micrographs of 

foils exposed in air+10%H2O a) 709, 5,000h at 
700ºC, b) 709, 10,000h at 700ºC, c) 310, 5,000h at 

700ºC and d) 310, 2,000h at 800ºC 
 

 
For the 310 foils, nodules started to form at the 
surface after 5,000h at 700ºC, and a massive oxide 
scale was formed at 800ºC after only 2,000h of 
exposure. 
 

Figure 6 shows SEM pictures of the AFA-80 and 
AFA-106 foils after exposure for 15,000h at 650ºC, 
700ºC and 800ºC. As expected from the mass gains, 
very thin oxide scales, less than 1µm thick, were 
observed at all temperatures. The scales grown on 
the AFA-80 and AFA-106 foils looked very similar 
which demonstrates that the formation of AlN 
precipitates in the AFA-106 foil during the foil 
processing heat treatment did not affect the growth 
of a protective Al-rich oxide scale. 

 
 

 
Figure 6: SEM micrographs of AFA foils 

exposed in air +10%H2O for 15,000h at 650-800ºC, 
a)-c) AFA-80 foil, d)-f) AFA-106 foil 

 
Foil lifetime modeling 
 
Alumina scale 
 
For alumina forming alloys, a stable scale is 

expected to form according to a simple parabolic 
law:  

 (1)  
 
Where Dm is the mass change, A the coupon 

surface area, M0 a fitting parameter to consider 
formation of transient oxides at the very beginning 
of the high temperature exposure, and kp, the 
parabolic growth rate. Figure 7 shows the evolution 
of kp wersus the inverse of temperature according to 
an Arrhenius law based on mass change data 
generated in air+10%H2O for AFA foils, 80, 106 and 
150µm thick. At 800ºC, a two-stage parabolic 
growth was observed, and the kp values calculated 
during the second stage were consistent with values 
calculated from tests in air at 800ºC. Even if we 
consider only the kp from the first oxidation stage at 
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800ºC, the Al consumption after 40,000h at 800ºC is 
only ~0.4mg/cm2. For an 100µm thick foil, this leads 
to a decrease of the Al concentration in the foil from 
3.5wt% to ~3wt%. The Al reservoir in AFA foil is, 
therefore, sufficient to ensure the formation of a 
protective alumina scale for duration much longer 
than 40,000h even at 800ºC. 

 
Cr-rich scale 
 
In humid environment, the formation and 

volatilization of the oxy-hydroxide CrO2(OH)2 will 
result in para-linear oxidation kinetic for chromia-
forming foils due to the simultaneous parabolic 
growth and linear volatilization of the scale [6-9]: 

 
  (2) 

 
with x the scale thickness, r the scale density, a 

a parameter related to the scale composition, kp the 
scale parabolic growth rate and kl the linear 
volatilization rate from the surface.  

One can assume that the scale growth rate kp is 
the same in air and humid air. The evolutions of kp 
versus temperature determined from long-term 
laboratory air tests are given in Figure 7 for alloy 
709, 120 and 625. Even without considering scale 
volatilization, the scale growth rate is significantly 
slower for the AFA foils at T>700ºC compared to 
the chromia former foils.  

Once kp has been determined, they are at least 
four different methods to determine the volatilization 
rate kl: 

- (1) the gas transfer theory can be used to 
calculate the volatilization rate from the Cr2O3 scale 
based on the operating parameters such as the gas 
composition and velocity [9]. 

- (2) for laboratory tests, the mass gains data can 
be fitted with para-linear curves to determine kl.  

- (3) measurement of the scale thickness from 
cross section. Once the para-linear steady state stage 
is reached, i.e. the oxide scale thickness became 
nearly constant, the scale thickness X is simply given 
by: X = kp/kl 

- (4) measurement of the Cr concentration in the 
entire foil after exposure. Cr consumption due to the 

growth and volatilization of the scale leads to a 
~linear decrease of the Cr concentration in the foil. 

Young and Pint have used with some success 
these different methods to determine kl and Cr 
consumption in 709 foils exposed at 800ºC in 
air+10%H2O for duration ranging from 1000h to 
6000h [9]. All these methods work quite well when a 
pure oxide scale is formed, but, the oxide scales that 
form on commercial alloys are much more complex. 
First, as was shown in Figure 2, the Cr-rich scale 
often contains a significant amount of Mn. The 
volatilization rate of a MnCr2O4 spinel scale is lower 
than the volatilization rate of a Cr2O3 scale [6] and 
(Cr,Mn)-rich scales are likely to exhibited 
intermediate volatilization rates. The foils studied in 
this paper have Mn contents varying  from ~0% for 
the 625 foil to 1.7% for the 310 foil, and the Mn 
concentration in the Cr-rich scale is expected to 
change significantly from one alloy to another. 

 
In addition, the composition of the oxide scale varies 
with time with the progressive (310 and 625) or 
sudden (120 and 709) formation of Fe and Ni--rich 
nodules above the Cr-rich scale, leading with time to 
the formation of a dense outer (Fe,Ni)-rich layer. 
This scale is expected to have a low volatilization 
rate and could slow down Cr consumption. 
Measurement of the Cr content through the foil after 
exposure is the most reliable way to estimate foil 
lifetime, since the oxidation-based failure of the foil 
will be related to the Cr consumption during high 
temperature exposure. Figure 8 shows measurements 
of Cr loss for 120 foils exposed at 650 and 700ºC for 
up to 30,000h and 625 and 709 foils tested for up to 
10,000h at the same temperature. Based on the 
10,000h  data, the difference between exposure at 
650 and 700ºC is quite limited, and all the foils seem 
to show similar linear Cr consumption. Only the data 
generated for alloy 120 for duration up to 30,000h 
show a clear difference between the 650 and 700ºc 
exposures, highlighting the need for experimental 
long-term data to validate lifetime models. 
 

Long term engine tests 
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Due to the difference in terms of gas velocity and 
composition, the foil volatilization rates can be quite 
different during microturbine operation and 
laboratory testing. Engine tests are, therefore, 
necessary to determine kl and Cr consumption rate, 
and ORNL has conducted a 15,000h engine test with 
a 65kw capstone microturbine equipped with a 
rainbow recuperator made of AFA, 120 and 310 
foils. The turbine exhaust temperature was increased 
to ~690ºC compared to ~633ºC in standard 
operation. The microturbine was disassembled by 
Capstone once the test was complete and the 
rainbow recuperator was recently shipped back to 
ORNL for microstructure characterization.  
 

 
Figure 7: Arrhenius plot of the parabolic growth 

rate kp based on oxidation data generated in air at 
650-800ºC for AFA, 709, 120 and 625 foils 

 
Figure 8: Cr loss from 709, 625 and 120 foils 

after exposure in air+10%H2O at 650ºC and 700ºC 
measured by EPMA over the entire foil thickness 

 
ORNL is also conducted microstructure 
characterization of AFA, 625 and 2025Nb 
(composition similar to 709) foil panels exposed in 
an engine test at Solar Turbines Inc. for duration 
ranging from 40kh to ~100 kh. Chemical maps of the 
oxide scale formed at the surface of the 625 panel is 
shown in Figure 9. A-bilayer oxide scale was 
observed with an outer (Ni,Fe)-rich layer and a Cr-
rich inner layer with Al and Nb oxides incorporated 
into the inner scale.  Si was detected in both layers 
but segregated preferentially at the outer scale/gas 
interface.  
Similar maps for the scale grown at the surface of 
the 2025Nb are presented in Figure 10. A thinner bi-
layer structure was observed, with Mn being 
detected in both scales but no Si. Al internal oxides 
and voids were also present beneath the Cr-rich inner 
layer, preferentially along grain boundaries. These 
differences between the 625 and 2025Nb foils 
highlights the importance of minor elements such as 
Mn and Si on scale formation and volatilization, and 
these mounted foils will be analyzed by EPMA to 
measure Cr profile and determine volatilization rates.  
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Figure 9: Chemical maps of the scale formed on 
a 625 foil after exposure in an engine test for 

100000h at 643ºC, a) Cr, b) O, c) Al, d) Si, e) EM 
picture, f) Mn, g) Ni, h) Fe and i) Nb 

 

 
Figure 10: Chemical maps of the scale formed on 

a 2025Nb foil after exposure in an engine test for 
100000h at 643ºC, a) Cr, b) O, c) Al, d) Si, e) EM 

picture, f) Mn, g) Ni, h) Fe and i) Nb 
 
 

CONCLUSION 
 
Long term oxidation data were generated at 650-
800ºC for both chromia and alumina forming foils to 
develop oxidation-based lifetime models. Simple 

parabolic laws can be used to model the growth of 
alumina during high temperature exposure in 
air+10%H2O for AFA foils, and the very low growth 
rate indicate that these foils can be used in 
recuperator at temperature up to 800ºC. The situation 
is more complex for chromia forming foils due to the 
volatilization of Cr-rich scale in humid air, and 
lifetime models are based on para linear kinetics. 
The volatilization rate depends on many parameters 
such as the oxide scale composition and the gas flow 
rate, and characterization of foils exposed in the field 
is required to determine the Cr consumption rate and 
validate the lifetime models for chromia forming 
foils. 
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