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Abstract

Residual Al contents were measured in Fe- and Ni-base alloys in order to improve lifetime

prediction models based on the consumption of the Al reservoir.  Measurements were made using

electron probe microanalysis (EPMA) on both foil (50-125µm thickness) and plate (0.5-2mm) material.

For FeCrAl, NiCrAl and Fe3Al plate specimens, significant Al concentration gradients were measured.

An Al gradient is not considered in current reservoir type models.  Residual Al contents at the onset of

breakaway oxidation were somewhat lower than previously reported for several FeCrAl alloys and

significantly higher (≈10at.%) for Fe3Al and Fe-Al alloys.  The implications of these results for

performance and lifetime predictions are discussed.

Introduction

The oxidation performance of alumina-forming alloys has been widely studied but recent

emphasis has been on modeling their failure in order to better predict their oxidation-limited service

lifetime.  Initial modeling work on Ni-base alloys and coatings fitted specimen mass change data and

calculated times and exposure temperatures to critical mass losses.1-6 This strategy was applicable to

NiAl and Ni-base coatings where much faster degradation occurs when the Ni3Al phase begins to form

due to loss of Al.2,7 A different strategy has been used for modeling the performance of Fe-base alumina-

formers, especially oxide dispersion-strengthened (ODS) FeCrAl, where a lifetime model8-10, which

predicts the time to breakaway oxidation based on the consumption of the available Al reservoir, has been

used11-16

For any oxidation-resistant alloy, the basic definition of the exposure time to breakaway failure

at a given oxidation temperature is the time required for the concentration at the alloy-oxide interface of
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the element required to form the protective oxide scale (e.g. Cr or Al) to fall to some critical level (Cbi)

at which protection breaks down.  This critical concentration is different from that calculated from

thermodynamic considerations because of the kinetic factors involved in the growth of the oxide scale

and interdiffusion in the alloy.  Growth of the oxide results in preferential consumption of the element of

interest and its depletion from the alloy surface regions.  If the rate of removal by oxidation is faster than

the rate of diffusion of the element from the bulk of the alloy, then a concentration gradient will develop.

Thus for chromia formers, it would be anticipated that at breakaway, the Cr concentration at the metal-

scale interface would be Cbi while the residual Cr content in the center of the alloy at breakaway would

be some higher concentration, Cbr.

For alloys designed to form alumina scales, such as NiAl, FeCrAl-type alloys and iron aluminides

(Fe3Al), the rate of diffusion of Al in the alloy typically is assumed to be faster than the oxidation rate at

high temperatures.  With no Al gradient, Cbi and Cbr are a constant Cb and the difference between the

starting content (Co) and Cb, along with the component thickness, defines the available Al reservoir.8-10

These reservoir-type models assume that all of the Al in the alloy in excess of Cb is available to form a

protective oxide;  thus it is essential to determine Cb in order to accurately model oxidation behavior. The

value of Cb potentially changes depending on the alloy composition,14,17 microstructure (especially alloy

grain size),18 substrate strength13 (wrought vs. oxide-dispersed) and exposure temperature.18

This study was undertaken to measure Cb values in foil and plate material of various alumina-

forming alloys after long-term oxidation exposures, including those which resulted in the breakdown of

the alumina scale and the formation of Fe-rich oxide.  On plate specimens, 0.5-2mm in thickness, Al

gradients were observed in specimens of FeCrAl, Fe3Al and NiCrAl.  The implication of such an

observation on performance and modeling failure is discussed using several examples.

Experimental Procedure

The chemical composition of the alloys examined in this study are given in Table I in atom%,

which is used throughout this paper. The commercial alloys and foils were provided by the

manufacturers, whereas FeCrAl+Y and Fe3Al+Hf were vacuum induction melted, cast in a water-chilled
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Cu mold and annealed 4h at 1300°C.  The Allegheny-Ludlum FeCrAl foil (FCAZM) was an experimental

laboratory heat containing both Zr and mischmetal (Ce and La) and ODS Fe3Al was made using a

commercial process.15 Specimen thicknesses varied from 0.4-2mm to foils (40-125µm thickness). In

some tests, a wedge-shaped specimen19 (0.5-2mm variation in thickness) was used.  Prior to oxidation,

the plate specimens (>0.4mm thickness) were polished to a 0.3µm surface finish on all faces.  All

specimens were cleaned ultrasonically in acetone and methanol prior to oxidation.  Oxidation exposures

were conducted in resistively heated furnaces with temperatures of 1050°-1300°C in either laboratory air

or dry O2.  Cycle time at temperature was either 1h or 100h (more detailed cyclic exposure experimental

procedures are provided elsewhere20).  Specimen mass gains were measured using a Mettler model

AG245 balance.  After exposure, the specimens were examined using scanning electron microscopy

(SEM) and electron probe microanalysis (EPMA) with a JEOL model 733 or JEOL model 8200.  To

examine the Al content in the alloy, specimens were Cu-plated, sectioned and metallographically

polished.  Figure 1 shows an example of the EPMA profiles made on a typical specimen.

Results

Figure 2 gives an example of the measured EPMA profiles in ODS Fe3Al after 28, 100h cycles

at 1300°C, Figure 1a.  The locations of the profiles on the metallographically sectioned specimen are

indicated in Figure 1a and the EPMA results are summarized in Table II.  The profiles shown in Figure

2 indicate that there is not a uniform Al profile in ODS Fe3Al.  Very low levels of Al were measured near

the end where breakaway occurred and iron oxide formed.  In the first 200µm, the Al level varies

considerably which may reflect an internally oxidized zone.  Over the next 200µm into the specimen, the

Al content increased from 3 to 4.5%.  A previous study of the failure of wrought Fe3Al+Zr measured a

residual Al content of 4.8% (2.4wt%) Al and did not detect a gradient over a distance of 20µm into the

substrate.21 At a distance of 1600µm into the ODS Fe3Al specimen, the Al content was >11%.  In the

center of the specimen (scan 2), the Al profile did not show a gradient and averaged 12.4%.  On the

opposite end of the specimen, the Al content increased from 10.3% to over 11%, similar to the content at

the opposite end of the specimen at a distance of 1.5mm into the metal.  In each scan, the Cr profiles
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showed a constant value across the specimen, Figure 2.  A second ODS Fe3Al specimen examined after

failure at a much shorter time at 1300°C also showed an Al gradient in one end, but the Al content

dropped to only 7.5% at the outer surface of the specimen, Table II.  However, this specimen was not

sectioned such that the iron oxide region was visible, and it began breakaway oxidation at a much shorter

time (1400h) compared to the first specimen (2800h), Table II.

In order to obtain breakaway failures of ODS Fe3Al at lower temperatures, the cycle time at

temperature was reduced from 100h to 1h.  An ODS Fe3Al specimen that failed after 3950, 1h cycles at

1200°C showed Al contents which varied from 7% at the metal-scale interface to 11% near the center of

the specimen.  This indicates that at 1200°C there were similar Al levels remaining in ODS Fe3Al as at

1300°C.  In both cases, the Al content, >10%, at the center of the specimen was much higher than

anticipated and represents a large reservoir of Al that was not consumed and did not contribute to a longer

lifetime.  The Al content dropped to a much lower level near the breakaway oxidation front but was much

higher throughout the rest of the specimen.  At the opposite end of the specimen exposed at 1300°C, the

Al content beneath a nominally protective scale had dropped to only 10.4% (Scan 3 in Figure 2)

suggesting that the critical Al content for ODS Fe3Al is ≈10%.

Because of the reported differences between ODS and wrought alloys,13 the Al content of a

wrought Fe3Al+Hf specimen also was measured in order to check for Al gradients.  In this case, a 1.5mm

thick specimen exposed for 15, 100h cycles was examined, prior to the onset of breakaway oxidation.

This specimen showed a very shallow gradient, less than 1% over 5mm, Figure 3, indicating a lack of

significant gradient formation during steady state oxidation.  The difference between the Al profiles in

the wrought and ODS Fe3Al alloys suggests that the larger Al gradients occur during breakaway

oxidation, or that gradients occur only in ODS alloys.  Figure 4 shows various measured lifetimes for

ODS and Hf-doped Fe3Al specimens as a function of specimen thickness.  Two ODS specimens had

lifetimes similar to those observed for Fe3Al+Hf, one of them being the 1.6mm specimen shown in

Figures 1 and 2.  However, three other ODS Fe3Al specimens had substantially shorter lifetimes.  It is

not clear why such a large scatter was observed, but the presence of an Al gradient in the substrate could

account for such variable performance.
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Iron aluminide specimens were not the only specimens where Al gradients were observed.  Three

APM specimens were examined after exposures of 5, 10 and 15, 100h cycles at 1300°C, Table II.  Figure

5 compares Al profiles measured at the center and ends of these specimens.  In each case, the end of the

specimen contained a substantially lower Al content (≤1% Al) than the center of the specimen.  However,

in two specimens where breakaway oxidation was observed during 100h cycles at 1300°C, no Al gradient

was observed in the ends of the specimen to a depth of 1mm (e.g. Figure 5), and fairly uniform values of

0.1% were measured, Table II.  A specimen of MA956HT showed a similar residual Al content after

failure after 48, 100h cycles at 1200°C, Figure 6a and Table II.  A slight gradient existed in the specimen

with ≈0%Al detected in the first ≈200µm of material and 0.1-0.2% detected at 400-500µm from the end

of the specimen, Figure 6a.  For a PM2000 specimen, which failed after 3950, 1h cycles at 1200°C, no

gradient was detected to a depth of 6mm from the end of the specimen.  A slight gradient was observed

for a PM2000 specimen after 31, 100h cycles at 1300°C, Figure 6b.  Both a profile at the specimen end

and one near the center showed an Al content of 0.1% to a depth of ≈200µm and then a 0.2% content.  In

each of these ODS FeCrAl specimens, the residual Al content appeared to be significantly lower than the

value of 2-2.6% (1-1.3wt.%) in other studies.8,9,14

A more extensive experimental study is being performed on the effect of oxidation temperature

and specimen thickness (initially using parallelepipeds) on the time to breakaway oxidation for MA956

in order to improve lifetime predictions.  Thinner specimens (0.5-0.75mm) have been examined after

failures at 1200°, 1250° and 1300°C, Figure 7a and Table II.  The 0.75mm thick specimen exposed at

1250°C for 5, 100h cycles showed a significant difference between the center of the specimen and the

end where breakaway oxidation occurred.  From the end of the specimen, the Al content was ≈0.1% to a

depth of 650µm.  However, near the center of the specimen, the Al content was 1.1-1.2%.  A similar Al

content was measured near the center of the 0.75mm thick MA956 specimen exposed at 1300°C for 3,

100h cycles, Figure 7a.  However, the 0.5mm thick specimen exposed at 1200°C for 11, 100h cycles

showed a much lower Al content at the center, with an average value of 0.2%.  A 0.5mm thick MA956

specimen which failed after 350, 1h cycles at 1200°C showed a residual Al content of 0.1% to a depth of

1.5mm into the specimen and an average Al content of 0.2% in cross-section, Table II.
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The difference in final Al content among the various specimens may be due to their different

thicknesses, but it also may be an effect of oxidation temperature.  Figure 8 shows some results for the

time to breakaway for MA956 specimens as a function of time at different oxidation temperatures.

During 100h cyclic exposures at 1250° and 1300°C, increasing the specimen thickness did not produce

a uniform increase in time to breakaway oxidation.  A similar response was found for specimens exposed

to 1h cycles at 1200°C.  Particularly for the thicker specimens in each case, there did not appear to be a

significant increase in lifetime compared to thinner specimens.  The existence of Al gradients in the

thicker specimens may explain the limited benefit of increasing thickness as more Al at the center of a

thick specimen is left unconsumed at breakaway.  In contrast, for the specimens exposed in 100h cycles

at 1200°C, where little gradient was observed after failure, a more uniform increase in time to breakaway

with specimen thickness was observed for specimens from 0.5-1.5mm in thickness, Figure 8.

Along with plate specimens, foil specimens also were characterized.  In general, the foil

specimens of FeCrAl, alloy 214 and PM2000 tended to have little or no gradients, Table II.  This is not

surprising given the short diffusion distance.  For breakaway failures at 1050° and 1100°C, FCAZM had

no residual Al content, i.e. Cb=0.  Likewise, Haynes 214 foil showed no residual Al content after failure

at 1100°C, Table II.  The PM2000 foil had average residual Al contents of 0.3% after failure at both

1050°C and 1100°C, which is only slightly higher than values measured at higher temperatures in plate

material, Table II.  The lower Cb values, combined with less scale spallation, resulted in longer lifetimes

for the ingot-processed foils at 1050° and 1100°C, Table II.

Besides PM2000, plate specimens of the other foil compositions also were examined.  A 0.7mm

thick FeCrAl+Y specimen oxidized to breakaway at 1200°C for 2600, 1h cycles showed no residual Al,

similar to the FeCrAl foil, Table II.  For comparison to ODS Fe3Al and PM2000, a 1.5mm thick

FeCrAl+Y specimen had a lifetime of 8800, 1h cycles at 1200°C.  The much longer life for FeCrAl+Y

was attributed to a lower Cb value.  Alloy 214 also was examined in plate form at 1100°C and 1200°C.

A plate specimen was examined after 10,000h at 1100°C.  Figure 9 shows that Al gradients had developed

in the specimen both at the end of the specimen and also at the center of the specimen.  These gradients

may explain the limited effect of specimen thickness on the time to breakaway oxidation at 1200°C,
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Figure 10.  For this Ni-base alloy in 1h cycles at 1200°C, breakaway was signalled by the onset of very

high mass losses rather than a region oxidizing to all oxide, as in Figure 1a.  The relatively short lifetimes

found at 1200°C for alloy 214 (Figure 10) indicate that this alloy is limited to lower temperature

applications, even with thicker cross-sections.

Another example of a type of  alloy which undergoes early breakaway failure due to the formation

of Al gradients is ferritic Fe-Al, such as Fe-15Al+Hf.  This material showed breakaway oxidation after

11, 100h cycles at 1100°C, and Fe-13Al+Hf after an even shorter exposure, Figure 11.  The failures were

not proceeded by any measured scale spallation.  In Fe-15Al+Hf, a steep Al gradient was measured in

the end close to the accelerated attack, Figure 12, while a large quantity of Al (only slightly less than the

starting Al content of the alloy, Table I) remained near the center of the specimen.  The early breakaway

was not observed with a higher Al content (Fe-20Al+Hf) or when Cr was added to the alloy (Fe-13Al-

5Cr+Hf).  The beneficial effect of Cr, which may decrease Cb, is consistent with a “third element”

effect.14,22

The residual Al content also was evaluated in wedge-shaped specimens of MA956HT and ODS

Fe3Al.  In these specimens, an Al gradient is nominally expected since the specimen began with a

thickness variation from 0.5mm at the tip to 2mm at the opposite end.  In a MA956HT wedge exposed

for 28, 100h cycles at 1200°C, the Al content varied from 0% for the first 400µm of remaining metal to

≈7%, 7mm into the specimen, Figure 13.  In an ODS Fe3Al wedge exposed for 12, 100h cycles at

1300°C, the Al content varied from ≈6% Al at the specimen tip, to ≈16% Al 2mm into the specimen, and

≈18% Al 12mm from the tip, Figure 14.  This minimum value of Al in the gradient was between the 2

observed in “flat” specimens exposed at 1300°C, Table II.

Figure 15 shows the oxidation performance for the wedge specimens at 1200°C in 100h cycles

compared to flat specimens of the same material.  For MA956HT, the wedge specimen showed a 40%

shorter life (28 cycles) than a 1.0mm thick specimen (48 cycles).  With a tip thickness of 0.5mm, the

failure time of the wedge specimen was comparable to that expected for a 0.5mm thick flat specimen.

However, the ODS Fe3Al wedge specimen showed breakaway oxidation after 75 cycles while a 0.5mm

thick specimen failed after 39 cycles.  Despite the Al gradient, the ODS Fe3Al wedge specimen lasted
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considerably longer than expected.  Considering that gradients form in flat specimens as well as wedge-

shaped specimens, it is not clear what information is gained from examining wedge-shaped specimens.

Discussion

In general, the residual Al contents reported here for ODS FeCrAl are lower than those from

several earlier studies and higher for Fe3Al.  Also, the presence of significant Al gradients in Fe3Al and

FeCrAl has not been previously reported.  Gradients in NiCrAl had been expected given phase changes

(e.g. β depletion) near the oxidation front23-25 and their limited life in 1200°C exposures.16 The presence

of Al gradients in Fe-base alloys is a significant issue that needs to be considered in order to accurately

model time to failure, especially in thicker specimens.  The current reservoir-type models do not consider

the formation of concentration gradients, and failure is anticipated to occur with a substrate that has a

uniform Al content throughout.  The application of the concepts of intrinsic chemical failure or

mechanically induced failure26 to alumina-forming alloys needs to be reconsidered.  It is possible that

both types of failure occur with similarly low values of Cbi but scale spallation leads to failures with

higher Cbr values.

Gurrappa et al.14 showed no Al gradients in ODS FeCrAl variants oxidized at 1100°-1200°C for

various times.  However, all of those specimens were 0.5mm thick or less, and the composition was only

reported at one section.  Therefore, while there was no face-to-face gradient in those relatively thin

specimens, this does not prove that there are no end-to-end gradients or that gradients might develop in

thicker specimens at these temperatures.  Aluminum concentration profiles may be flat in the majority of

cases but, where such a gradient exists, a reservoir-type model may not be very accurate in predicting

time to failure.

The presence of Al concentration gradients is extremely important to the performance of Fe3Al

and Fe-Al materials.  Iron aluminides were thought to have strong promise for long lifetimes in high

temperature environments because of their large Al reservoir.  However, their high coefficient of thermal

expansion (CTE) results in more scale spallation compared to FeCrAl-base alloys and thus a faster rate

of Al consumption.15,27 When faster Al consumption is combined with a much higher Cb than previously
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thought,11,12,15,21 the advantage of iron aluminides over FeCrAl is negligible.  After correcting for

thickness differences of specimens tested in 1h cycles at 1200°C, ODS Fe3Al has only a slightly longer

lifetime than ODS FeCrAl, and Fe3Al+Hf has only a slight advantage over FeCrAl+Y.20

The observation of high residual Al contents at the center of ODS Fe3Al specimens was not

especially surprising.  With only ≈2%Cr in the alloy (compared to ≈20%Cr in FeCrAl-type alloys), there

is not enough Cr to have a third element effect which may involve increasing the Al activity.22 Similarly,

reducing the Cr content in FeCrAl was found to increase Cb.14 Implications of the higher residual Al

contents in ODS Fe3Al are significant.  The value previously used for Cb was 4.8% (2.4wt.%).  However,

when Al gradients are taken into account, this measurement21 likely reflected Cbi (as described in the

Introduction) rather than a true Cb which implies no Al gradients exist.  The values measured in the center

of ODS Fe3Al specimens actually are values of Cbr but are likely a better reflection of Cb than the

interfacial Al content.  In the reservoir model, increasing Cb to ≈10% will significantly reduce previous

lifetime predictions at 1000°-1200°C.11,12,15,16 However, the formation of Al gradients in ODS Fe3Al

may explain their erratic performance in 1300°C testing, Figure 4.

Ferritic Fe-Al alloys (≤22%Al) have better spallation resistance than Fe3Al because of their lower

CTE.28 By staying away from the intermetallic phase, these materials may combine sulfidation and

carburization resistance with better alumina scale adhesion than Fe3Al, and so be useful for coating

applications.  However, they have a somewhat limited Al reservoir due to their high Cb, and their

performance has been difficult to assess because of unexpected early failures, e.g. Figure 11.  While Fe-

15Al+Hf failed after 1100h at 1100°C, it has not failed after 4000h at 1200°C, suggesting that there may

be lower Al concentration gradients at 1200°C.  The Al gradient measured after exposure at 1100°C

explains the early failure, but it is not clear why such a large gradient developed.  With a ferritic structure,

it might be expected that the Al diffusivity would be similar to that of FeCrAl.  Longer lifetimes at

1100°C were observed for alloys with higher Al contents and by the addition of Cr, Figure 11.  However,

moving to a finer-grained alloy microstructure could reduce the formation of Al gradients by increasing

the effective Al diffusivity in the alloy.18

A study of Hf-doped Fe-Al alloys showed that specimens of cast, Fe-9.9%Al+Hf appeared to
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have an Al content less than a critical value, since the time to breakaway oxidation at 1000°-1200°C was

essentially zero.29 Thus, 10%Al appears to be a reasonable estimation of Cb for modeling both wrought

and ODS Fe-Al base materials.  Whenever the Al content drops below ≈10%, whether because of an Al

gradient or overall Al consumption, breakaway oxidation is likely to occur.

The development of Al concentration gradients in MA956 may explain some of the observations

of lower than expected lifetimes as a function of thickness and temperature, Figure 8.  As mentioned

above, the thicker specimens of MA956 did not continue to show an essentially linearly-increasing time

to breakaway as indicated by thinner specimens.  However, this was not observed for specimens exposed

for 100h cycles at 1200°C where no Al concentration gradient was observed.  Figure 16 compares the

experimental data at 1250°C with lifetimes predicted using a reservoir model with different Cb values.

Generally, the experimental data match lifetimes predicted with Cb values between 1-2%.  Note that the

measured residual Al content in the 0.7mm thick specimen varied between 0.1% for Cbi and 1.2% for

Cbr.  In practice, thinner specimens had longer lifetimes than might have been predicted.  This may have

been due to reduced Al gradients in the thinner specimens, or because the thinner specimens are weaker

and may show improved scale adhesion because of their lower creep strength.13,30

Previously, Cb values were calculated based on mass changes of ODS FeCrAl at breakaway.13

These calculations indicated higher values for Cb in thicker specimens and in ODS FeCrAl compared to

wrought or powder metallurgy-based FeCrAl.  Higher Cb values for thick ODS FeCrAl specimens were

attributed to spallation or mechanically induced failure.  In light of the current results, these calculations

appear flawed because Al concentration gradients were not considered.  Those calculations may reflect

some average value of Al remaining in the specimen or an effective Cb;  however, the important value

for a mechanistic understanding of breakaway oxidation is Cbi.  Based on the current results, Cbi appears

to be similar for all FeCrAl alloys and independent of substrate strength and specimen thickness.  For

example, FeCrAlYshowed a Cbi of zero at 1200°C, but so did MA956HT over a distance of 200µm from

the end of the specimen, Figure 6a.  After breakaway at 1300°C, specimens of APM and PM2000 showed

Cbi values of 0.1% Al, Figures 5b and 6b.  Thus both intrinsic chemical failure at longer times of the more

spallation resistant FeCrAlY and spallation induced failure of ODS FeCrAl alloys at shorter times
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occurred with similar values of Cbi. The largest difference between ODS and wrought FeCrAl was

observed for foil material tested at 1050° and 1100°C, Table II.  In this case, specimens of PM2000 foil

showed higher Cb values without an Al gradient and more scale spallation, which may be attributed to

the much higher strength of the PM2000 foil.31

The results from MA956 indicated some increase in Cbr as a function of exposure temperature,

Figure 7.  For PM2000, little effect of temperature was noted, Table II.  However, due to the presence of

Al concentration gradients and thickness variations in the specimens examined, further work will be

necessary to verify this relationship.  A theoretical examination of the transition from internal to external

oxidation calculated the parameter NB, the critical mole fraction of the solute B (in this case, Al) for the

transition, which basically compares the square root of the ratio of the parabolic rate constant to the Al

diffusivity.32 A calculation of NB using FeCrAl kinetic data from this study and others12,15,20,29 and Al

diffusion data from the literature33 suggests that NB would increase with temperature, Figure 17, which

may be an indication that Cbi may also increase with temperature.  Since there appear to be many factors

involved in determining Cbi and Cbr, it may be that their variation with temperature needs to be evaluated

for each class of material.

Aluminum concentration gradients were not observed in all specimens.  The foil materials had

fairly uniform Al contents at failure, so that current lifetime models should be accurate for foil specimens.

Also, ingot-processed FeCrAl had no residual Al content and thus no gradient after testing. The full use

of the Al reservoir led to exceptionally long lifetimes for this class of materials in both foil and plate form,

Table II.  An early study34 of FeCrAlY performance measured a residual Al content of 1.2% (0.6wt.%)

after 3000h at 1200°C in a 0.5-0.8mm thick sheet, and did not report the presence of an Al concentration

gradient.  Although APM showed Al gradients in specimens stopped prior to the onset of failure at

1300°C, two failed specimens showed little gradient immediately after failure, Figure 5.  Also, essentially

no gradient was measured for specimens of MA956HT and PM2000, which showed similar oxidation

performance.

Obviously the formation of an Al concentration gradient is determined by the relative rates of

diffusion in the alloy and consumption by oxidation which vary with temperature and time.  Examining
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the results of a wide range of materials and exposure conditions has helped in identify factors that are

important to the formation of an Al concentration gradient:

(1)  Specimen geometry. The specimen ends and especially corners on parallelepiped specimens are

regions of high surface area/volume.  A higher rate of consumption in these areas will likely result in

variations in Al content across the specimen.

(2)  Scale adhesion.  This is especially relevant for iron aluminides because of their relatively high CTE

and ODS alloys which are known to exhibit more scale spallation than less creep-resistant wrought

alloys.20,30 With increased scale spallation, a higher Al consumption rate is expected which may lead to

Al gradients.

(3)  Alloy grain size.  As mentioned above, finer grained alloys allow faster Al transport and have been

shown to produce lower values of Cb in Fe-Al alloys.18 Coarse-grained alloys may be more prone to

producing Al concentration gradients.  However, these grain size observations are all from Fe-Al alloys

and may not be relevant to FeCrAl-type alloys, although all are ferritic.

(4)  Low Cr content.  Empirically, alloys such as Fe-Al and Fe3Al have high Cb levels and tend to exhibit

Al depletion gradients, but the reasons are not clear.  Higher Cr levels may increase Al diffusivity, thus

reducing gradients.  Also, these alloys may be more susceptible to spallation assisted failures rather than

intrinsic chemical failure,26 which could affect the Al profile when breakaway occurs.

One additional issue that has not been considered is that many of the specimens contain different

types of reactive element additions, Table I.  Aside from oxide dispersions vs. alloy additions, it is not

known if these different RE additions affect Cbi.  Until there is a better understanding of all of the relevant

factors, it will be difficult to develop improved lifetime models.

Summary

The residual Al content was measured in ferritic FeCrAl and Fe-Al, Fe3Al as well as NiCrAl

specimens exposed for various times and temperatures and with varying specimen thicknesses.  Values

were reported which differed from earlier studies.  Higher values were measured for Fe-Al and Fe3Al and

somewhat lower values were measured for FeCrAl.  Surprisingly, in each class of material, examples
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were found where the Al concentration profile was not flat and significant gradients existed in the

specimen.  Thus, in some cases rather than measuring a uniform Al concentration (Cb), the Al

concentration at the metal-scale interface (Cbi) was significantly different than the Al concentration at the

center of the specimen (Cbr).  For Fe-Al and Fe3Al, Cbi varied from 2.5-7.7%Al and Cbr from 10-12%.

However, in most FeCrAl specimens, the gradient was minimal by the time the specimen reached

breakaway oxidation.  Comparing values of Cbi in various FeCrAl alloys, there was little effect of

substrate strength on its value at 1200°-1300°C.  In many cases, the presence or absence of gradients

could be explained by the diffusion length, i.e. specimen thickness or geometry. The presence of Al

concentration gradients could have a significant effect on the oxidation-limited lifetime realized in

service and needs to be considered in lifetime models.
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List of Figures

Figure 1.  (a) Light microscopy of polished cross-section of ODS Fe3Al oxidized for 28x100h at 1300°C.
A thick non-uniform oxide covers the specimen except at the left end where breakaway oxidation has
begun oxidizing the entire section.  Three EPMAline scans are indicated. (b) schematic showing standard
scans.

Figure 2.  EPMAAl and Cr line scans from the ODS Fe3Al specimen in Figure 1a. Near the iron oxide,
a different profile was detected.  The Cr content was uniform in all three areas.

Figure 3.  EPMA Al and Cr line scans from 1.49mm thick Fe3Al+Hf specimen oxidized for 15, 100h
cycles at 1300°C. Very little Al gradient was observed in this specimen.

Figure 4.  Time to breakaway as a function of specimen thickness for several materials in 100h cycles
at 1300°C.  The behavior of ODS Fe3Al was less predictable than the other materials.

Figure 5.  EPMAAl line scans from 3 different APM specimens oxidized for different times at 1300°C.
In the two thicker specimens examined before breakaway oxidation had occurred, there was a substantial
difference in the Al content in the end of the specimen compared to the center of the specimen.

Figure 6. EPMAAl line scan from (a) the end of a MA956HT specimen oxidized for 48, 100h cycles at
1200°C and (b) a PM2000 specimen oxidized for 31, 100h cycles at 1300°C.  Neither show a significant
Al gradient.

Figure 7.  EPMA Al line scans from several different MA956 specimens (a) oxidized to breakaway at
1200°C-1300°C and (b) oxidized to shorter times at 1200°C.

Figure 8.  Time to breakaway as a function of specimen thickness for MA956 in 4 different cyclic tests.  

Figure 9.  EPMAAl and Cr line scans from alloy 214 oxidized for 100, 100h cycles at 1100°C. A slight
Al gradient was observed in both the end of the specimen and near the center of the specimen.

Figure 10.  Time to breakaway as a function of specimen thickness for alloy 214 and MA956 during 1h
cycles at 1200°C in dry O2.  Even thick 214 specimens failed in relatively short times in this test.

Figure 11.  Total (specimen + spalled oxide) mass gain for several Hf-doped Fe-Al alloys during 100h
cycles at 1100°C in laboratory air.  Breakaway failures were observed for some specimens.

Figure 12.  EPMAAl line scans from Fe-15Al+Hf oxidized for 17, 100h cycles at 1100°C. A strong Al
gradient was observed near the end of the specimen which went into breakaway.

Figure 13.  EPMAAl line scans from the MA956HT wedge specimen oxidized for 2800h at 1200°C.

Figure 14.  EPMAAl line scans from the ODS Fe3Al wedge specimen oxidized for 1200h at 1300°C.

Figure 15.  Total and specimen mass gains for plate and wedge specimens of MA956HT and ODS Fe3Al
oxidized in 100h cycles at 1200°C.

Figure 16.  Time to breakaway as a function of specimen thickness for MA956 oxidized in 100h cycles
at 1250°C.  The experimental data points are plotted along with predicted lifetimes with different Cb
levels.

Figure 17.  Values of NB as a function of temperature calculated using parabolic rate constants from
cyclicly and isothermally exposed FeCrAl specimens.
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Table I.  Chemical composition (in atomic%) of alloys examined in this study obtained by inductively coupled plasma analysis
and combustion analysis.

Alloys:        MA956  MA956HT PM2000 APM FeCrAl FeCrAl   ODS Fe3Al  Fe3Al+Hf Fe-Al+Hf   Alloy 214
Dopant(s): Y2O3 Y2O3 Y2O3 ZrO2 Zr,Ce,La       Y Y2O3 Hf           Hf            Y,Zr

Fe 69.45 65.78 69.40 68.09 68.79 69.83 69.35 70.15 84.79 3.37
Ni 0.07 0.04 0.09 0.20 <0.01 0.02 <0.01 <0.01 70.54
Cr 20.07 21.74 18.91 20.37 20.21 20.21 2.13 1.96 0.01 16.73
Al 8.78 10.68 9.82 10.65 10.24 9.86 27.07 27.67 15.09 8.73
Si 0.13 0.11 0.07 0.43 0.15 <0.01 0.05 <0.01 0.02 0.16
Ti 0.40 0.43 0.49 0.03 0.005 <0.01 <0.01 <0.01 <0.01 0.01
Y 0.24 0.23 0.22 <0.01 0.082 0.21 <0.003 <0.01 0.0025
Zr <0.01 <0.01 <0.01 0.057 0.036 <0.01 <0.01 <0.01 <0.01 0.0120
Other 0.01 Cu 0.01 Cu 0.01 Cu 0.08 Mn 0.003 Ce 0.01 Cu 0.01 Cu 0.10 Hf 0.052 Hf 0.17 Mn

0.03 Co 0.02 Co 0.01 Co 0.002 La 0.01 Cu 0.02 Co
0.01 W 0.02 Mo 0.01 W 0.22 Mn 0.01 Mo
0.08 Mn 0.06 Mn 0.009 Mg
0.02 V 0.03 V 0.016 V

B <0.005 <0.005 <0.005 <0.005 <0.005 0.013 0.014 0.005
P 0.014 0.008 <0.01 0.030 <0.01 0.012 0.006 0.007 0.007
C 0.064 0.170 0.043 0.130 0.078 <0.04 0.158 0.080 0.004 0.225
N  (ppma) 608 1065 104 140 11 3480 <4 15 101
O  (ppma) 6490 6779 8050 1710 110 6160 120 139 48
S  (ppma) 41 71 34 16 5 16 30 36 45 5

Table II.  Average residual Al contents for various specimens oxidized to failure at time t
b

or shorter times.
Residual

Alloy Thickness Temperature tb(h)            Cycle Frequency C0(at.%) Al (at.%)
ORNL ODS Fe3Al 1.6mm 1300°C 2800 100h 2.5-12.4

1.7mm 1300°C 1400 100h 7.5-10.5
1.5mm 1200°C 3950 1h 27.1 7.0-11

Fe3Al+Hf 1.5mm 1300°C 1500* 100h 27.7 17.5-18.3
Fe-15Al+Hf 1.5mm 1100°C 1100 100h 15.1 7.7-14.8
APM (FeCrAl + Zr) 1.4mm 1300°C 500* 100h 10.7 3.0-5.9

1.7mm 1300°C 1000* 100h 2.6-3.5
1.8mm 1300°C 1500* 100h 0.4-1.4
1.3mm 1300°C 1500 100h 0.1
1.9mm 1300°C 1700 100h 0.1

MA956HT (ODS FeCrAl)  1mm 1200°C 4800 100h 11.0 0.1
MA956 (ODS FeCrAl) 0.5mm 1200°C 350 1h 8.4 0.1-0.2

0.5mm 1200°C 1100 100h 0.2
1.5mm 1200°C 1000* 100h 7.0-7.2
0.75mm 1250°C 500 100h 0.3-1.2
0.75mm 1300°C 300 100h 1.2

PM2000 (ODS FeCrAl) 40µm 1050°C 350 1h 9.8 0.3
40µm 1100°C 125 1h 0.3

1.7mm 1200°C 3950 1h 0.2
1.6mm 1300°C 3100 100h 0.2

FeCrAl+Zr/Ce/La 60µm 1050°C 2100 1h 10.2 0
60µm 1100°C 750 1h 0

FeCrAl + Y 0.7mm 1200°C 2600 1h 9.9 0
Alloy 214 60µm 1100°C 400 1h 8.7 0

1.4mm 1100°C 10000* 100h 7.0-8.3

*specimen removed from test prior to breakaway oxidation
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Figure 1.  (a) Light microscopy of polished cross-section of ODS Fe3Al oxidized for 28x100h at 1300°C.

A thick non-uniform oxide covers the specimen except at the left end where breakaway oxidation has
begun oxidizing the entire section.  Three EPMAline scans are indicated. (b) schematic showing standard
scans.
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Figure 2.  EPMAAl and Cr line scans from the ODS Fe3Al specimen in Figure 1a. Near the iron oxide,

a different profile was detected.  The Cr content was uniform in all three areas.
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Figure 3.  EPMA Al and Cr line scans from 1.49mm thick Fe3Al+Hf specimen oxidized for 15, 100h

cycles at 1300°C. Very little Al gradient was observed in this specimen.

Figure 4.  Time to breakaway as a function of specimen thickness for several materials in 100h cycles

at 1300°C.  The behavior of ODS Fe3Al was less predictable than the other materials.
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Figure 5.  EPMAAl line scans from 3 different APM specimens oxidized for different times at 1300°C.

In the two thicker specimens examined before breakaway oxidation had occurred, there was a substantial

difference in the Al content in the end of the specimen compared to the center of the specimen.
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Figure 6. EPMAAl line scan from (a) the end of a MA956HT specimen oxidized for 48, 100h cycles at

1200°C and (b) a PM2000 specimen oxidized for 31, 100h cycles at 1300°C.  Neither show a significant

Al gradient.
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Figure 8.  Time to breakaway as a function of specimen thickness for MA956 in 4 different cyclic tests.  
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Figure 7.  EPMA Al line scans from several different MA956 specimens (a) oxidized to breakaway at

1200°C-1300°C and (b) oxidized to shorter times at 1200°C.
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Figure 9.  EPMAAl and Cr line scans from alloy 214 oxidized for 100, 100h cycles at 1100°C. A slight

Al gradient was observed in both the end of the specimen and near the center of the specimen.

Figure 10.  Time to breakaway as a function of specimen thickness for alloy 214 and MA956 during 1h

cycles at 1200°C in dry O2.  Even thick 214 specimens failed in relatively short times in this test.



23

0

1

2

3

4

5

6

7

8

T
ot

al
 M

as
s 

G
ai

n 
(m

g/
cm

2 )

0 1000 2000 3000 4000 5000

Time (h) in 100h cycles at 1100°C

Fe-20Al+Hf

Fe-15Al+Hf

Fe-13Al+Hf

Fe-13Al-5Cr+Hf

6

8

10

12

14

16

N
or

m
al

iz
ed

 A
l C

on
te

nt
 (

at
.%

)

0 100 200 300 400 500

Distance (µm)

Breakaway end

Center

Starting

1.46mm Fe-15Al-0.05Hf
1700h 1100°C

Figure 12.  EPMAAl line scans from Fe-15Al+Hf oxidized for 17, 100h cycles at 1100°C. A strong Al

gradient was observed near the end of the specimen which went into breakaway.

Figure 11.  Total (specimen + spalled oxide) mass gain for several Hf-doped Fe-Al alloys during 100h

cycles at 1100°C in laboratory air.  Breakaway failures were observed for some specimens.
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Figure 13.  EPMAAl line scans from the MA956HT wedge specimen oxidized for 2800h at 1200°C.
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Figure 14.  EPMAAl line scans from the ODS Fe3Al wedge specimen oxidized for 1200h at 1300°C.
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