
ABSTRACT
Durable alloy foils are needed for gas turbine recuperators

operating at 650°-700°C.  It has been established that water vapor in the
exhaust gas causes more rapid consumption of Cr in austenitic stainless
steels leading to a reduction in operating lifetime of these thin-walled
components.  Laboratory testing at 650°-800°C of commercial and
model alloys is being used to develop a better understanding of the
long-term rate of Cr consumption in these environments.  Results are
presented for commercial alloys 709, 120 and 625.  After 10,000h
exposures at 650° and 700°C in humid air, grain boundary Cr depletion
was observed near the surface of all these materials.  In the Fe-base
alloys, 709 and 120, this depletion led to localized Fe-rich nodule
formation.  This information then can be used to develop low-cost
alternatives to currently available candidate materials.

INTRODUCTION
Improving gas turbine engine efficiency has always been an

attractive goal for reducing operating costs and net emissions.
However, increasing engine temperatures to increase efficiency often
requires more expensive materials to meet durability goals.  With rising
fuel costs, it is easier to justify the use of such high temperature alloys
in a cost benefit analysis.

One example of this type of materials upgrade is for applications
in recuperators or heat exchangers used to improve the efficiency of
microturbines and small gas turbines[1].  Over the past 10 years,
research and development efforts have been directed at finding
replacements for type 347 (Fe-18Cr-10Ni) stainless steel, which is the
standard material used for recuperators operating to ≈600°C[2].  At
higher temperatures, it has been demonstrated that type 347, like
similar composition 300-series stainless steels, is susceptible to
accelerated oxidation attack (AA) in exhaust gas due to water vapor
from the combustion process [3-9].  Clear replacement candidates have
been identified.  For example, alloy 625 (Ni-22Cr-9Mo) was
appropriate for the recuperator in the Solar Turbine Inc. 4.6MW
Mercury 50 gas turbine with an overall efficiency of 38.5%[10] and

could easily increase recuperator operating temperatures into the 650-
700°C range.  However, for small (30-250kW) single-shaft, gas turbine
engines or microturbines[11], initial cost is a more significant market
issue and a Ni-base alloy may be prohibitively expensive.  Therefore,
some work has focused on Fe-base alloys, such as alloy 709 (Fe-20Cr-
2 5 N i)[12,13] or Fe-20Cr-20Ni, which model alloy work[ 7 - 9 , 1 4 ]
suggested may provide sufficient oxidation resistance in this
environment.  The model alloy results also indicated that higher alloyed
materials such as alloy 120 (Fe-25Cr-35Ni) should be even more
durable.

In order to determine if these candidate alloys have sufficient
corrosion resistance to meet the recuperator durability goal of 40,000h
set by the U.S. Department of Energ y ’s Distributed Energ y
P r o g r am[15], laboratory testing in a simulated exhaust gas
environment is being conducted.  One objective is to obtain a clearer
mechanistic understanding of the role of water vapor in this
environment.  Long-term test results are presented, illustrating the
effect of water vapor additions and the effect of test temperature on the
amount and type of Cr depletion.

EXPERIMENTAL PROCEDURE
The materials tested in this study were a combination of

commercial alloys and laboratory-melted model alloys.  Some of the
materials were obtained from commercial vendors in foil form, while
others were obtained in thicker sections and then hot and cold rolled at
Oak Ridge National Laboratory (ORNL) to ≈100µm thickness with
average grain sizes given in Table I.  Model alloys were vacuum
induction melted at ORNL and hot and cold rolled to 1.25mm sheet.
After the final cold rolling step, the sheets were annealed in Ar for 2min
at 1000°C.  Selected alloys were then rolled to foil under similar
conditions as used for the commercial alloys.  The chemical
compositions of representative alloys are shown in Table I.

Specimens (≈1 x 12 x 18mm) cut from sheet material were
polished to a 600 grit surface finish.  Similar-sized foil (≈100µm)
specimens were tested in the as-rolled condition.  All specimens were
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cleaned in acetone and methanol prior to oxidation and mass changes
were measured using a Mettler- Toledo model AG245 balance.
Exposures were 100h cycles at 650°, 700° or 800°C.

Oxidation exposures in humid air were conducted by flowing the
gas at 850cc/min through an alumina tube that was inside a resistively-
heated tube furnace.  Distilled water was atomized into the flowing gas
stream above its condensation temperature and heated to the reaction
temperature within the alumina tube.  Water was collected and
measured after flowing through the tube to calculate its concentration
and calibrate the amount of injected water. A water content of 10±1
vol.% was used 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 gas.  For testing in air, the
alumina furnace tubes were not sealed.  After oxidation, selected
specimens were Cu-plated and sectioned for metallographic analysis
and electron probe microanalysis (EPMA) to determine Cr depletion.

RESULTS
Oxidation in Laboratory Air

To give perspective to the importance of added water vapor,
Figure 1 shows oxidation results for several stainless steel foils in

laboratory air at 650°C.  The mass gain is plotted versus the square root
of time to show the parabolic relationship[16].  Without the addition of
water vapor, specimens of type 347 and alloy 709 formed a protective,
slow-growing scale during ≤50,000h tests.  A thin Cr- and Mn-rich
oxide scale formed in laboratory air without the Fe-rich oxide nodules
formed in the presence of water vapor at 650°C (Fig. 2).

Oxidation Results at 650°C
Figure 3 shows that the addition of 10% water vapor at 650°C

resulted in AA (i.e. high mass gains) for type 347 foils after <2,000h,
when Fe-rich nodules began to form on the specimen surface (Fig. 2b).
These nodules grew wider and deeper with time, consuming a large
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Figure 1.  Specimen mass gain of various stainless steels plotted versus
square root time to show the parabolic relationship during 500h cycles
in laboratory air at 650°C.

347 foil, 40,000h, air 10µm
a

b

Figure 2.  Light microscopy of polished cross-sections of stainless steel
foils oxidized at 650°C: (a) type 347, 40,000h in air (b) 347, 2,000h in
humid air and (c) alloy 709, 10,000h in humid air.
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Table I.  Alloy chemical compositions (weight %) and average grain
sizes (µm) of the foil and sheet materials.  (Balance Fe except for 625.)

Grain Size
Cr Ni Mn Si Other         (µm)

Type 347 17.8 9.9 1.6 0.5 0.5Nb 5
709 20.3 24.7 1.0 0.4     1.5Mo,0.2Nb 16
120 24.7 37.6 0.7 0.2 13,23*

625 23.1 63.8 0.04 0.2    8.9Mo, 4Nb, 3Fe 12
Fe-16/20+2Mn 15.8 19.7 1.7 0.2 26
Fe-20/20+4Mn 20.9 20.8 3.8 0.2 0.3Nb,0.3Cu,0.3Mo 10
* ORNL- and commercial-rolled foils, respectively
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fraction of the foil thickness in relatively short times.  The onset of AA
was delayed in higher alloyed steels.  Figure 3 shows the results for
10,000h (100, 100h cycles) exposures for a number of foil materials.
The commercial foils, alloys 120, 625 and 709 initially showed low
mass gains or losses.  The losses are attributed to the volatilization of
CrO2(OH)2[5].    However, the specimen of Fe-20Cr-25Ni+Nb (rolled
from 709 or 20/25Nb) showed increased mass gain (the onset of AA)
during the last 2,000h of testing (Figs. 2c and 3).  The specimen of alloy
120 (Fe-25Cr-35Ni) also showed an increase at one point but did not
continue to gain afterwards.  A specimen of Ni-base alloy 625 also
showed a fairly continuous mass loss during the test and no indication
of AA.  Two foil specimens of Fe-20Cr-20Ni-4Mn also were tested at
650°C.  This material shows a higher mass gain which is attributed to
its high Mn content which increases the Mn content in the scale and its
growth rate[14,17].

Oxidation Results at 700°C
Figure 4 shows specimen mass gains for the same materials at

700°C for up to 10,000h.  Again, low mass gains or losses indicate
protective behavior with a thin oxide and some evaporation.  A
specimen of alloy 709 stopped after 5,000h showed protective behavior
while a second specimen, continued to 10,000h, showed an increase
after ≈8,500h.  Similar mass change results were found for mill-rolled
and ORNL-rolled alloy 120 foils.  As at 650°C, the mass gain for Fe-
20Cr-20Ni-4Mn was higher than for the other materials, but no nodule
formation was observed in a specimen stopped after 6,000h.

Oxidation Results at 800°C
Mass change results at 800°C in humid air are shown in Fig. 5.

Only the foil specimen of alloy 120 was run to 10,000h.  This specimen
showed a larger mass gain for the last 2,000h of the test, suggesting the
onset of AA.  However, it was a relatively modest increase in mass
compared to some of the other specimens.  The foil specimen of alloy
625 was stopped at 6,000h for characterization and did not show any
signs of AA[7].  Two specimens of alloy 709 were stopped after 6,000

and 7,000h, when rapid mass gains were observed.  Two specimens of
Fe-20Cr-20Ni-4Mn were stopped after 2,000h due to excessive mass
gain.  These specimens outlasted commercial 347 foil, which showed
AA after less than 1,000h at 800°C (Fig. 5).  However, this incremental
improvement was likely reduced, due to the higher oxidation rate of
this high Mn material.  New laboratory scale heats, with compositions
based on Fe-20Cr-20Ni, have been fabricated in an attempt to achieve
better corrosion resistance.

In general, the failure times for the various foils show the benefit
of increasing Cr and Ni contents.  Alloy 120, with the highest Cr and
Ni contents of the Fe-base alloys, only showed a modest increase in
mass after 8,000h.  A similar benefit was noted in a series of model
alloys containing different Cr and Ni contents (Fig. 6).  Sheet
specimens were used in this test and all of the alloys contained
≈1.7%Mn and 0.25%Si (e.g. Table I).  Unlike foil specimens, the onset
of AA for sheet specimens led to scale spallation and a mass loss (likely
due to thermal stresses in the oxide).  Like the commercial alloy foils,
the model alloy results showed that the time to AA increased with
increasing Cr and/or Ni contents.  The lowest alloyed material, Fe-
16Cr-15Ni, showed AAafter the first 100h cycle.  The highest alloyed
material, Fe-20Cr-25Ni, has yet to show AAafter 4,300h.

Characterization by EPMA
In typical high temperature oxidation experiments conducted in

laboratory air, there is some reasonable correlation between mass gain
and the thickness of the reaction product.  As noted previously[7], this
is not the case for testing in humid air due to the significant
evaporation.  In general, the specimen mass changes (∆Mspecimen) from
these results are a combination of mass changes from several factors,
including oxide growth, evaporation and spallation of the reaction
product:

∆Mspecimen = ∆Moxide growth-∆Mevap.-∆Mspall (1)

Thus, while mass gain can be used to differentiate the onset of AAit is
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Figure 5.  Specimen mass gains for various foil (100µm thick)
materials during 100h cycles in humid air at 800°C.
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not very useful in quantifying the extent of attack because of these
competing processes.  Thus, additional characterization of the residual
Cr content is necessary.

Figure 7 gives an example of quantitative Cr concentration
profiles that were measured across mounted cross-sections of a 100µm
thick alloy 120 foil specimen.  In general, three profiles with a 1µm

step size were taken across the foil thickness.  A Cr depletion zone was
noted at both surfaces.  In the center of the specimen, the Cr content
was not uniform due to the precipitation of Cr-rich phases in these
materials.  For the specimens exposed at 650° and 700°C in humid air,
the depletion depth was generally 10-20µm with the center of the foil
being relatively unchanged.  As expected, the depth and amount of
depletion increased with increasing time and temperature.

The amount of Cr remaining was determined from the profiles by
summing the Cr in each 1µm increment across the foil which also
specified the remaining foil thickness.  This value was then compared
with the starting specimen thickness and Cr content..  Table II
summarizes the results for the three commercial alloy foil compositions
exposed for 10,000h at 650° and 700°C and various times at 800°C.  As
expected, the residual Cr dropped with increasing exposure
temperature.  However, due to the different starting Cr contents (Table
I), the percentage values are not directly comparable.  The Cr depletion
also is presented as the amount of Cr consumed in wt.%.  For example,
for alloy 625 after 10,000h at 650°C in humid air, ≈6% of the original
23wt.%Cr reservoir was consumed with ≈21.5wt.% Cr remaining, or a
loss of ≈1.5wt.%.  Comparing these values for the three materials
shows that a very similar amount of Cr was consumed in the foils after
10,000h at 650° and 700°C in humid air. A slightly higher amount of
Cr consumption was noted for alloy 625 at 700°C, perhaps related to
the absence of Mn in this material, which is thought to inhibit Cr
evaporation[18].   However, this difference is within the scatter band of
the other two materials.

The results are more difficult to compare at 800°C because of the
different exposure times.  The large amount of Cr consumption for
alloy 709 reflects the onset of AAfor this specimen between 5,000 and
6,000h (Fig. 5).  A similar loss of Cr for alloy 120 after 10,000h also
likely reflects the increased mass gain between 8,000 and 10,000h
associated with AA.  Alloy 625 showed much less Cr loss after 6,000h
and showed no signs of excessive oxidation when the test was stopped.
(Fe-rich nodule formation associated with AAwould not occur on a Ni-
base alloy.)

In order to better understand the change in Cr content with
exposure time, a series of alloy 709 foil specimens was exposed in
1,000h increments at 800°C in humid air.  Figure 8 shows the
percentage of the Cr remaining from the starting material for specimens
exposed in humid air, compared to two specimens exposed in
laboratory air. The laboratory air specimens showed a typical parabolic
relationship with exposure time for the Cr consumption consistent with
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Table II.  Remaining Cr (% of starting content) and the actual amount
of Cr consumed (wt.%) for various foil materials oxidized in humid air
for 10,000h (except where noted).*

Alloy 650°C 700°C 800°C

709 92±5% 89±4% 51±2% (6,000h)
-1.7±1.0wt% -2.2±0.8wt% -10.2±0.5wt%

120 (ORNL) 94±1% 91±2%
-1.6±0.3wt% -2.3±0.6wt%

120 (Commercial) 92±4% 53±1%(10,000h)
-2.1±0.9wt% -11.8±0.5wt%

625 94±4% 89±2% 77±4% (6,000h)
-1.5±0.9wt% -2.6±0.6wt% -5.3±0.9wt%

* The standard deviation for three EPMA profiles is indicated.
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growth of a protective surface oxide layer. After 1,000h, the humid and
laboratory air specimens showed similar Cr consumption.  However, at
longer times, the specimens exposed in humid air showed increasingly
higher Cr losses, with a precipitous drop in residual Cr between 5,000
and 6,000h, consistent with the mass gain data and the onset of rapid
metal consumption during AA.  A similar drop in residual Cr likely
occurred for alloy 120 after the onset of AAnear 8,000h.

One of the surprising findings from the 10,000h exposures that
was observed in the mass change data (Fig. 3) and confirmed during
post-test characterization was the nodule formation observed for alloys
709 (Figure  2c) and 120.  Previously, it was assumed that alloys with
high Cr and Ni contents (i.e. alloys 120 and 709) would be virtually
immune from AA at these temperatures.  The reason that these alloys
are susceptible to AA is reflected in Fig. 7, where the Cr depletion in
alloy 120 was confined to a thin (12-15µm) surface region in the metal.
For this narrow region, >25% of the total Cr content had been
consumed after 10,000h at 650°C.  EPMA maps of the Cr content
clearly illustrate the situation (Fig. 9).  Not only was the Cr depletion
concentrated near the surface, but also the alloy grain boundaries had
been selectively depleted.  Whenever the localized depletion reached a
critical level, ≈10at.% Cr, AA was observed.  In these maps, bright
areas mark Cr-rich carbides (e.g. M6C and M23C6[19,20]) phases in the
metal and the Cr-rich oxide at the specimen surface.  Chromium also
was enriched in the large oxidized region that formed into the metal
beneath the Fe-rich outer oxide nodules (arrows in Fig. 9).  Alloy 625
also showed grain boundary depletion of Cr but, with little Fe present,
did not form nodules.  Both alloys 709 and 120 were susceptible to AA
after 10,000h at 650°C (Figs. 9a and 9c).  However, at 700°C, only

Figure 9.  EPMACr maps after 10,000h exposures in humid air of (a)
alloy 709 at 650°C, (b) alloy 709 at 700°C, (c) alloy 120 at 650°C, (d)
alloy 120 at 700°C, (e) alloy 625 at 650°C and (f) alloy 625 at 700°C.
The foils are all 100µm in thickness and arrows mark nodule
formation.
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Figure 10.  EPMAmaps of 90µm thick commercial alloy 120 foil after
a 10,000h exposure in humid air at 700°C (a) Cr, and (b) Mo.  A grain-
boundary phase containing Cr, Mo and Si marked the large grains
within the metal and Cr depletion was observed on grain boundaries
near the surface.
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alloy 709 formed nodules after 10,000h as a result of Cr-depletion on
the alloy grain boundaries near the surface (Fig. 9b).  With its higher Cr
and Ni contents, alloy 120 did not appear to show significant depletion
or AAafter 10,000h at 700°C (Fig. 9d).  This is likely due to faster Cr
diffusion at 700°C, which allowed Cr from the center of the specimen
to diffuse to the surface and reduce the extent of the depletion.

Commercial and ORNL-rolled alloy 120 specimens were oxidized
for 10,000h at 700°C and showed similar mass changes (Fig. 4) and Cr
depletion (Table II).  However, the commercial material had a
significantly larger grain size (23±6µm) compared to the laboratory
material (13±3µm).  The Cr map for the commercial material is shown
in Fig. 10a with several nodules forming at depleted alloy grain
boundaries, unlike the finer grained material (Fig. 9d).  The coarser
grain size may have resulted in more severe Cr depletion on the grain
boundaries.  Another difference between the two materials was the
carbide morphology.  Much finer M6C particles[20] were observed in
the commercial material after the 10,000h exposure.  A map of the Mo
content (Fig. 10b) shows the precipitates, which also contained Cr and
Si, highlighting the alloy grain boundaries.

Characterization of some of the model alloys after long exposures
in humid air also is continuing in order to better understand the
oxidation mechanisms in this environment.  Even though these
specimens are typically 1.2mm thick, they exhibit similar surface
depletion and AA as the foil specimens.  For example, Fig. 11 shows
results for Fe-16Cr-20Ni-2Mn+Si which began to exhibit mass gain
associated with AAafter 5,000h at 650°C in humid air and was stopped
after 7,000h (dashed line in Fig. 3).  This specimen showed numerous
nodules on the surface, the outer portion of which were rich in Fe
(arrow in Fig. 11a).  The Cr map in Fig. 11b shows Cr depletion in the
alloy beneath the nodules and a very strong Cr signal in the oxide
beneath each nodule.  This suggested that a Cr-rich oxide re-formed
and prevented the nodule from growing.  A line profile in an area
without any overlying nodules showed the Cr content was ≈13wt%
(15at.%) in the alloy grain adjacent to the surface and ≈11at,% near a
grain boundary (Fig. 12).  A line profile beneath an oxide nodule

showed no Cr depletion in the underlying metal (Fig. 12).  Before a
nodule forms, the underlying metal is Cr-depleted.  As the nodule
grows, forming Fe-rich oxide, the adjacent substrate becomes enriched
in Ni and appears to form a Ni-rich oxide below the nodule (Figs. 11c
and 11d).  This may explain the benefit of increasing the Ni content.
With only 10wt.%Ni in type 347 stainless steel, the nodules may grow
significantly larger before their growth is arrested by the formation of
a Ni-rich or Cr-rich oxide.  Information from higher-alloyed model
materials may clarify the role of alloy composition in the formation and
growth of nodules during AA.

DISCUSSION
Continued experimental work on the role of water vapor on

oxidation behavior in exhaust gas environments is beginning to show a
clearer picture of how austenitic steels are adversely affected by this
environment.  Initial work had shown that higher-alloyed steels were
more resistant to AA [3].  Based on the current results, a higher Cr
content is critical because Cr is mainly depleted from the near-surface
region at 650° (e.g. Fig. 7) and 700°C.  Also, because Cr depletion is
concentrated at the specimen surface, increasing the specimen
thickness does not assist in preventing AA.

Several hypotheses have been proposed about the role of Ni [8].
While none have been explicitly proven, it does appear that higher Ni
contents may be beneficial in minimizing the growth of nodules during
AA.  Comparing the rates of Cr loss in the various commercial foils at
650° and 700°C (Table II), higher Ni contents did not reduce the
consumption of Cr by oxidation/evaporation.  However, in a model
alloy with double the Ni content of type 347 stainless steel, Fe-16Cr-
20Ni-2Mn, Ni-rich oxide was observed in nodules formed after 7,000h
at 650°C (Fig. 11).  Since NiO is slower growing than any of the iron
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Figure 11.  EPMA maps of Fe-16Cr-20Ni-2Mn+Si after 7,000h at
650°C in humid air:  (a) Fe, (b) Cr, (c) Ni and (d) O.  Surface oxide
nodules having a Ni-rich center, a Cr-rich underlayer and a Fe-rich
outer layer have begun to form.
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oxides[21], the formation of a Ni-rich oxide may slow the growth of
the overlying nodule and more quickly allow the formation of an
underlying Cr-rich oxide.

Previous work noted the role of alloy grain size on the onset of AA
with finer-grained type 347 or ferritic steels being more resistant to AA
than coarser-grained material of the same composition[9,22].  The
benefit of a finer grain size is an increased Cr flux due to faster Cr
transport on grain boundaries than in the bulk for both austenitic and
ferritic steels[23].  The current results showing Cr depletion on alloy
grain boundaries also reflects the faster grain boundary diffusion of Cr.
At 650° and 700°C, slower Cr diffusion within alloy grains results in
higher Cr contents at the center of grains, while the grain boundaries
become depleted (Fig. 12).  This selective depletion was not noted at
800°C[7,9] where there is less difference between bulk and grain
boundary diffusion rates, and more uniform depletion profiles were
observed.  This difference in depletion behavior as a function of
exposure temperature illustrates the problem with attempting to
accelerate laboratory tests by increasing the test temperature.  The most
critical temperature range for stainless steels in recuperators is 600°-
700°C and, even if the inlet temperature increases further, a significant
portion of the recuperator will still operate in this temperature range.

While it was surprising to observe nodule formation and the onset
of AA in higher-alloyed stainless steels like alloys 709 and 120, it is
worth noting that the nodules formed in depleted regions near the
surface and the underlying metal is essentially unaffected (e.g. Figs. 7
and 12).  If nodule formation after 10,000h at 650° or 700°C is
confined to the outer 5-10µm of material, there is still a high
probability that ≈100µm foil will meet the 40,000h durability goal.
The underlying material was essentially unaffected and a similar period
of time should be required for the next layer of metal to be depleted and
consumed.  There appears to be a very low probability that any Fe-base
alloy could operate for extended periods in this temperature range
without some degradation due to Cr depletion and subsequent nodule
formation.  If the Fe-rich oxide remains adherent, this will eventually
degrade heat transfer in the recuperator, a factor that should be
considered in recuperator performance models.  If the Fe-rich oxide
spalls during service, there should be less effect on heat transfer, but the
spall could collect and inhibit flow.

The quantification presented here of Cr depletion as a function of
temperature (Table II) and time (Fig. 8) are specific values for the gas
velocity (relatively low in this test compared to a recuperator) and
water vapor content (relatively high) used in these experiments, and
could vary significantly under different environmental conditions.  In
extrapolating these values to longer times, linear kinetics may be
expected, because of the importance of evaporation during long-term
exposures at 650°-700°C.  However, the kinetics need to be confirmed
at these temperatures, similar to the results at 800°C (Fig. 8).  Future
work also will examine Cr depletion in similar commercial alloys in the
microturbine test facility at ORNL[24,25].

The standard deviations for the residual Cr results show the
difficulty in making these measurements.  Small changes in the
measured remaining metal thickness will have a strong effect on the
residual Cr measurement.  Also, the non-uniform presence of oxide
nodules in the profiles has a strong effect on the calculated Cr depletion
values.  Furthermore, the starting Cr content needs to be carefully
verified.  During thermo-mechanical processing to foil, some Cr
depletion or other change in composition may occur, making
composition measurements from the starting sheet stock (Table I) less
applicable.

Finally, as cost is still an important issue for microturbine
components, future work will examine the long-term viability of the
leanest alloy compositions (Fe-20Cr-25Ni and Fe-20Cr-20Ni) for this
application.  Continued work is examining methods for improving the
creep strength of these alloys, while maintaining the corrosion
resistance.  For a primary surface recuperator [10,13,19,26], creep
strength is an important issue;  however, for plate and fin
recuperators[2], this is less of a priority.

SUMMARY
The completion of 10,000h laboratory oxidation exposures at

650°, 700° and 800°C of several candidate commercial alloys for
advanced recuperators has yielded some important information about
the role of water vapor in this environment.  Even with high levels of
Cr and Ni, Fe-base alloys exhibited the onset of Fe-rich nodule
formation, due to Cr depletion near the alloy substrate surface,
particularly at alloy grain boundaries.  At 650°-700°C, only the outer
10-20µm of material is affected, with no change in composition for the
inner foil material.  This localized attack is likely due to the relatively
slow diffusion of Cr in this temperature range.  Results on commercial
alloys and model alloys indicate that higher Cr and/or Ni contents
confer more resistance to this form of attack.  Quantification of the
residual Cr content in the commercial alloy foils showed similar
amounts of Cr consumption for all of the materials at 650° and 700°C,
illustrating the benefit of a higher starting Cr content. T h e s e
observations will need to be taken into account for development of a
lifetime model.
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