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ABSTRACT

Ferritic and austenitic model alloys with various contents of Cr and Ni ranging between 10-20%
and 0-30% respectively, were oxidized in air + 10% water vapor during 1h cyclic oxidation at 650 and
800°C. Depending on the alloy composition and temperature, either a thin protective oxide scale was
observed or accelerated attack occurred which sometimes included spallation. For austenitic model
alloys, increasing either the Cr or Ni contents delayed the accelerated attack. For lower Cr and Ni
contents at 800°C, accelerated attack, including spallation, occurred at short exposure times. No
spallation was observed for the ferritic model alloys. However, accelerated attack can occur quickly
with low Cr contents. Increasing the temperature delayed the breakaway observed on ferritic alloys

whereas it reduced the protective oxide growth stage for austenitic alloys.



INTRODUCTION

The oxidation performance of stainless steels used in high-temperature applications (such as
heat exchangers in power generation) depends on their potential to form and maintain a Cr-rich
protective oxide scale. Most stainless steels are well known for their ability to form and maintain a
Cr,05 oxide scale under dry atmospheres. However, this behavior must be reevaluated when water
vapor is present in the oxidizing atmosphere [1]. The presence of water vapor (wet air, wet oxygen or
steam) can have a dramatic effect on stainless steel oxidation behavior, inducing a rapid and
catastrophic oxidation (accelerated attack or breakaway) where a non-protective iron-rich oxide scale
forms and reduces the expected performance life of the alloy. Higher water vapor partial pressures or
faster gas flow rates reduced the protective behavior of scales [2-3], and one alternative appeared to be
selecting alloys with higher Cr contents (above 20-25%) [4-5]. However, this strategy greatly increases
the alloy cost and may be detrimental to the mechanical properties.

Numerous factors play a role in water vapor effects. An important one is the diffusivity of Cr in
the alloy, with differences expected between ferritic and austenitic alloys, or alloys with different grain
size, or with different amounts of surface deformation to alter the density of fast diffusion paths (grain
boundaries and dislocations) [6-7]. This study was undertaken to provide a clear, fundamental
understanding of the role of alloy composition and phase content on the corrosion resistance of
stainless steels in wet atmospheres. The oxidation behavior of several ferritic and austenitic model
alloys was examined under mixed air+10% water vapor to simulate exhaust gas environments. These
model alloys (free of minor alloying elements) cover a large range of Ni and Cr contents: between 0-
30wt.% and 10-20wt.%, respectively. The goal of the first part of this study was to determine the
critical Cr content and the effect of Ni concentration in order to avoid the accelerated corrosion attack

caused by water vapor. Later stages will examine the effect of alloy grain size and minor alloying



elements (e.g. Mn, Si) in order to develop guidelines for low-cost stainless steels that are resistant to

water vapor attack.

EXPERIMENTAL PROCEDURE

The model alloys were vacuum induction melted and solidified in water-cooled copper molds.
Chemical compositions of the as-cast alloys are listed in Table 1. These inductively coupled plasma
(ICP) quantitative analyses show that the actual compositions of the alloys were close to the nominal
levels. The amounts of metallic and metalloid impurities were less than 0.04 and 0.2wt% respectively.
Prior to cutting into oxidation coupons, all of the alloys were vacuum annealed for 4 hours at 1100°C in
sealed quartz ampoules. Disc-shaped specimens (1mm thick, ~<15mm diameter) were cut from each
casting and polished to 600-grit SiC paper. Prior to oxidation, samples were cleaned in acetone and
methanol. In Figure 1, optical micrographs of the annealed and etched alloys are shown with
corresponding X-ray diffraction results. Model alloys without Ni are fully ferritic, whereas those with
Ni contents higher than 10% are all austenitic. Average grain sizes (about 150-300um) of these
specimens were similar. Only the Fe-XCr-10Ni model alloys, which were both austenitic and ferritic,
showed a smaller grain size.

The oxidation exposures reported here were in air with injected water (10vol.% water vapor) at
650 and 800°C. Distilled water was atomized into the flowing gas stream above its condensation
temperature and heated to the reaction temperature within the furnace alumina tube. Cycle times at
temperature were 1h with 10min cooling between cycles. Samples were hung from an alumina rod and
attached by Pt-Rh wire. Mass change data were generated by weighing the specimens every 20h using
a Mettler model AG245 balance.

The surfaces of the exposed specimens were examined using light microscopy (LM) and

secondary electron microscopy (SEM) in order to characterize the surface morphology of the oxide



scales. X-Ray diffraction (XRD) analyses using Cu-K, radiation were made on these surfaces to
determine the oxide phases. Then, selected specimens were Cu-plated and sectioned for
metallographic examination using LM, SEM, back-scattered electron microscopy (BSEM), energy
dispersion X-ray analysis (EDX) and/or electron probe microanalysis (EPMA) for characterization of

the oxide scale.

EXPERIMENTAL RESULTS

Specimen mass change

Figure 2 shows the effects of Cr and Ni contents on the specimen mass change of Fe-Cr-Ni
alloys during oxidation at 650°C. Depending on the alloy composition and on the oxidation
temperature, three different behaviors were observed: 1) growth of a thin protective oxide scale (POS)
with a corresponding small mass change, i1) accelerated attack without spallation (AA) which is noted
by a large positive mass change corresponding to the fast growth of an unprotective oxide scale, iii)
accelerated attack with oxide spallation (AAS) which is characterized by a large mass loss. For alloys
with 16%Cr, AAS was observed for Fe-16Cr-10Ni after 20x1h cycles, whereas 80x1h cycles of
oxidation were needed for Fe-16Cr-15Ni. AA was observed for Fe-16Cr-20Ni for 80x1h cycles
whereas the growth of a POS was observed up to 100 cycles for higher Ni contents (>25%). The same
conclusion can generally be made for Fe-18Cr-Ni (Figure 2b) and Fe-20Cr-Ni (Figure 2c¢, with an
expanded Y-axis). Comparing the behavior of these model alloys with the same Ni content, the
beneficial effect of a higher Cr concentration is clear. For alloys with 20%Cr, the growth of a POS was
observed for all Ni contents. Figure 2¢ also shows that a small mass loss was observed during the
growth of the POS. At 800°C (Figure 3), the behavior of Fe-Cr-Ni steels was similar: both higher Cr
and Ni contents delayed the AA or AAS. However, at this higher temperature, a POS could not be
maintained for 100h for any of the compositions. It should be noted that the specimen mass gains or
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mass losses were higher at 800°C than at 650°C. Therefore, for these Fe-Cr-Ni model alloys,
increasing the oxidation temperature led to faster breakaway with more spallation of the scale and/or a
thicker non-protective scale.

For the Fe-Cr ferritic alloys, no scale spallation was observed for any of the specimens
(Figure 4). At 650°C, all of the specimens showed AA. Specimens with 18 and 20%Cr showed
protective behavior after 20x1h but then showed AA (Figure 4a). The final mass gain after 100h
decreased with increasing Cr content. At 800°C, AA was observed for lower Cr content (<14%)
specimens whereas a POS was observed after 100x1h cycles for higher Cr contents (>16), Figure 4b.
A small mass loss was observed for these specimens after 20 cycles, likely due to Cr,O; evaporation
(Figure 4c). Thus, for ferritic Fe-Cr alloys, increasing both temperature and Cr content enhanced the

growth of a POS.

Characterization of the oxide scales

Figure 5 shows LM of the samples after 100x1h cycles at 650°C for representative Fe-Cr-Ni
alloys. Both XRD and SEM results also are included in Figure 5. The morphology of the POS
appeared uniform across the specimen (Figures 5c-d). A SEM micrograph of the scale shows facetted
Cr,03 oxide grains, Figure 5d. For lower Ni and Cr contents, the growth of a reddish Fe,O5 oxide scale
was observed near the edge and the hole of the sample (Figure 5b) and likely corresponded to the first
step of an AA characterized by the growth of oxide whiskers. As the mass gain corresponding to the
growth of these whiskers might be small, this first step of the AA would not be observed in the
specimen mass change (e.g., Fe-20Cr-10Ni in Figure 2¢). For lower Cr and Ni contents, following the
growth of oxide whiskers, spallation of a part of the oxide scale occurred (e.g. Figure 5a). This resulted
in a cellular morphology. On these cells, the growth of oxide blades or platelets was observed and
these regions corresponded to reddish areas of the sample surface whereas the darker areas were

associated with a non-uniform rough and spalled oxide morphology (Figure 5a). Both Fe,Os3 and Fe;04
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were detected by XRD on this sample. At 800°C, the main morphology of the AAS samples was
characterized by a cellular morphology that was rough and cracked due to macroscopic deformation of
the specimen (Figures 6a-c). Morphology of AA scales (Fe,O3; + Fe;04) showed open pores and the
nucleation of some small grains (Figures 6d).

For the Fe-Cr model alloys, the reaction products were relatively uniform, Figures 7a-f. The
surface morphology was either characterized by the growth of whiskers on an oriented cellular scale
(Fe,O3) when AA occurred (Figure 7e), or by small Cr,O; grains of the POS (Figure 7). At 650°C,
one other XRD peak (20=61.09°) was observed but could not be clearly identified (Figures 7a and c).

LM of cross sections of Fe-Cr-Ni alloys oxidized at 650 and 800°C are shown with
compositions labeled from EDX and EPMA analyses, Figures 8 and 9, respectively. The very thin
POS were Cr-rich corundum (Cr,Fe),03 phase (Figures 8c-¢). As these oxide scales were very thin and
rough, accurate quantitative determination of the Fe content was difficult. A small Cr depletion in the
alloy, a few microns below the oxide scale, was found on Fe-20Cr-30Ni (Figure 8¢). The minimum Cr
content detected was 18.3+£0.2at% (17.2+0.2wt%) reduced from the starting content of 21.1+0.2at.%
(19.7£0.2wt%). No Ni depletion was observed. Both POS and AA scales formed at 650°C were
observed on Fe-20Cr-10Ni (Figures 8b-c). This first step of AA was characterized by the growth of
iron-rich nodules. The thicker AA scales were more uniform and consisted of 3 different layers
(Figures 8a and 9). The Fe,O; external layer contained 0.2-0.3at% of Cr and 0.1-0.2at% of Ni . The
intermediate layer contained 40-50at% of Fe, 30-40at% of Cr and 20at% of Ni, and was associated with
a spinel (Fe,Cr,Ni)xO,; phase with X ranging between 0.8 and 1.0. This layer is likely a mixture of iron
rich-(Fe,Cr,Ni)O and iron rich-(Fe,Cr,Ni);04. The inner layer with about the same proportions of Fe,
Cr and Ni was more difficult to analyze as a stoichiometric oxide as X ranged between 1.4 and 1.7
(Figures 8a and 9b). No Cr depletion was found in the alloy below these thick oxide scales. The

compositions of both AA and AAS oxide scales obtained at 650 and 800°C were similar.



For Fe-Cr model alloys, the Cr-rich (Cr,Fe),0; scale grew on a Cr-depleted alloy (Figures 10d
and f). The Cr content on Fe-20Cr alloy near the oxide/metal interface was about 17.4+0.2at.%
(16.4+0.2wt%) whereas the nominal content of the alloy (20.6+0.2at.% or 19.5+0.2wt%) was found
about 15um from the oxide/alloy interface (Figure 10f). The AA scales (Figures 10a-c and e) were
thicker and showed less interfacial roughness and fewer defects (pores and cracks) than AA scales
formed on Fe-Cr-Ni alloys, but also contained 3 layers. In all cases, the external layer was analyzed as
Fe,O; with less than 0.1+0.2at.% Cr. The Fe;O4 intermediate layer contained 0-0.4at.% Cr. At 650°C,
the inner layer was Fe-rich (Fe,Cr);04 spinel with a Cr content ranging between 20 and 50at.%. The Cr
content in the oxide increased with increasing Cr in the alloy. At 800°C, (Feo75,Cro2s)08501 was
identified on Fe-10Cr model alloys.

The AA formed at 800°C contained more microstructural defects (cracks, pores) than at 650°C
(Figures 10a-b). The defects were both perpendicular (especially those found in the outer part of the
oxide scale), and parallel to the oxide/alloy interface (Figure 10b). Large cracks due to macroscopic
deformation at 800°C (Figures 6a-c) could also be observed on cross-sections of the austenitic alloys
(black block arrows in Figures 9b-c). Less macroscopic deformation was observed for the ferritic
alloys. In general, the crystallographic orientation of the alloy grains (white block arrows in
Figure 10a), as well as the presence of grain boundaries (white block arrows in Figures 9b-c), seemed

to influence scale growth (especially for the inner layer) and defect density in the oxide.

DISCUSSION

Mass change-microstructure correlation

Microstructures of the oxide scales obtained on both Fe-Cr-Ni and Fe-Cr model alloys

corresponding to POS, AA or AAS can be correlated to the specimen mass changes:



i) POS: For very small mass gain, the growth of the very thin protective Cr-rich (Cr,Fe),03
scale was observed. The morphology of the POS characterized by fine grains typical of a Cr-rich
(Cr,Fe),0; scale was in good agreement with those previously reported in the literature [8-10]. During
the growth of a POS, a small specimen mass loss was observed on both austenitic and ferritic alloys
(Figures 2c¢ and 4c) which was likely the result of volatilization of some Cr species. It has been
speculated that water vapor accelerates the formation of volatile species such as CrOs;, CrO,(OH) or
especially CrO(OH), [11] which changes the (Fe,Cr),0; scale from a Cr-rich POS to a non-protective
a-Fe,Os scale [7]. Therefore, increasing the water vapor partial pressure and/or the gas velocity would
be expected to result in less protective behavior of stainless steels [12]. Another study calculated that
the Cr,Os volatilization rate could be negligible during oxidation of stabilized ferritic steels under
Ar+15%H,0 suggesting that evaporation may not be the only important mechanism [3].

ii) Transition from POS to AA: The first stage of the AA scales formed on Fe-Ni-Cr and Fe-Cr
alloys showed a porous-cellular morphology with whiskers [13-14]. This very first step of the AA
might correspond to a slight increase of the specimen mass change. However, competition with mass
loss due to vaporization (or spallation) could make it difficult to detect. In many cases, the first sign of
the AA usually occurred near the edges of the samples (e.g. Figure 5b). For these 1h cyclic exposures,
it is likely that the high cycle frequency with the associated thermal stresses could cause scale
spallation near the specimen edge leading to AA. Also, the AA could be enhanced near the edge
where, because of the higher surface/volume, the Cr content could become depleted more quickly than
near the center of the specimen.

ii1) Thick AA and AAS: When the entire surface of the oxidized sample showed AA, the
specimen mass change increased and could be easily detected. The whiskers observed on the surface
of the sample are indicative of a-Fe,O3; and support the XRD and EPM results that the underlying oxide

layer also is a-Fe,O3;. The microstructure of the AA or AAS scales grown on Fe-Cr-Ni alloys were



characterized by three different oxide layers: an external scale of Fe;Os, an intermediate layer of
(Fe,Cr,Ni)p5.10; and an inner layer of (Fe,Cr,Ni); 4.170,. For the Fe-Cr alloys, the three layers were:
Fe,03;, Fe;04 and (Feps.0.8,Cro2-0.5)304. Such a three layer structure has been previously observed [15].
However some studies reported only two layers growth in steam: an external layer of Fe;O4 and an
inner scale of (Fe,Cr);04 [5, 13]. The absence of the Fe,O; layer could be due to spallation during
cooling as observed by Otsuka et al. [5] or because the low oxygen partial pressure reached in steam
could prevent the formation of Fe,Os;. The outer layers in the present study contained numerous
microstructural defects (as cracks and pores) on Fe-Cr-Ni alloys (black and gray block arrows in
Figures 9a-c) and spallation occurred mainly through these scales. The inner layer grown on Fe-Cr-Ni
alloys has been previously characterized as spinel oxide particles dispersed within a metal matrix [5] or
as sub-micron metallic particles suspended in an oxide matrix [2]. The EDX and EPMA analyses from
this study support some type of metal-oxide mixture as X values ranged between 1.4 and 1.7 in
(Fe,Cr,Ni)xO instead of 0.6-1.0 expected for spinel.

The AAS was associated with large mass losses. It occurred on Fe-Cr-Ni model alloys only for
lower Ni and Cr contents, but not for the lower-Cr ferritic alloys. The difference in spallation behavior
between ferritic and austenitic alloys could be explained because of the differences in the thermal
expansion coefficient (about 18.4x10°°C™" for austenitic alloys and 14.8-15.6x10°°C™" for ferritic
alloys in the temperature range 650-800°C, [16]). Considering only Fe-Cr-Ni alloys, Fe-Cr-10Ni
alloys that were both constituted of austenitic and ferritic phases (Table 1) all showed greater spallation
at 650 and 800°C (Figures 2-3). Increasing the Ni content could alter the thermal expansion
coefficient. However, there is no indication in the literature of this effect and there was no change in
the room temperature lattice parameter (based on XRD) with different Ni level. An alternative
explanation for the large spallation observed on the specimens with low Ni contents could be the faster

growth of the non-protective scale. However, such a correlation between the amount of spallation and



the thickness of the oxide scale has not been quantitatively confirmed by these observations.
Measuring the total mass change (specimen + spallation) rather than only the specimen mass change
would be useful. The different oxide phases observed between the ferritic and austenitic alloys also

might be a factor in the different spallation behavior.

Effects of Cr and Ni contents

Perhaps the most interesting result of this study was the determination of the Cr and Ni content
needed to observe protective behavior in the presence of water vapor. Results for the Fe-Cr-Ni alloys
are summarized in Figure 11 showing maps of three types of behavior observed at 650 and 800°C. It
should be emphasized that these results are specific to the large as-cast grain structure. A finer alloy
grain size can produce different results [17]. Also, these alloys contain none of the typical elements
(Mn, Nb, Si, C, etc) found in commercial stainless steels.

The beneficial effect of increasing the Cr content is a well-known fundamental of oxidation
science. Evans et al. [18] recently summarized criteria for scale failure: for a Cr,Os-forming alloy,
intrinsic chemical failure (for highest temperature above 1117°C) is expected when the activity of Cr at
the scale/alloy interface falls below the thermodynamical equilibrium of the Cr/Cr,O3 system. Between
650 and 800°C, this critical Cr content is close to zero. However, a mechanically-induced chemical
failure can occur if the base alloy surface (after cracking and/or spalling) shows too much Cr depletion
to reform a protective Cr-rich oxide layer [18]. The Cr-depletion found below the POS would support
this model. Increasing the Cr content in the alloy would lower the Cr depletion at the interface for a
given exposure time.

The present results also indicate a beneficial effect of increasing Ni content. This relationship
has been suspected but not widely studied. Increasing the Ni content on Fe-Cr-Ni model alloys delayed
the AA and/or AAS and lowered the amount of spallation. However, the role of Ni in delaying AA is

not certain. Several possibilities are discussed.
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1) Ni could have an effect on the Cr diffusivity in the alloy. As the oxide grain size was similar
for all the alloys, enhanced Cr diffusivity could affect performance in these tests. However, no clear
indication of the beneficial effect of the Ni on Cr diffusivity in stainless steels has been reported.
Moreover recent measurements [19] of the coefficient of Cr diffusion in austenitic alloys showed that
the diffusivity of Cr in Fe-18Cr-8Ni was slightly higher than in Fe-20Cr-32Ni (Figure 12).

i1) Ni could reduce the evaporation of the Cr-rich (Cr,Fe),0s;. However, specimen mass
changes during growth of the POS were similar for all Ni contents (Figure 2¢). Thus, this explanation
is unlikely.

iiil) Ni in the alloy is likely to become incorporated into the scale. A small amount of
substituted Ni in the Cr-rich (Cr,Fe),0s scale could affect the defect structure and diffusivities. This
explanation also appears unlikely.

iv) Ni can possibly affect the activity of Cr and/or Fe at the oxide/alloy interface. As
previously reported [3, 19], catastrophic oxidation could be the result of an intrinsic effect of water
vapor on the scale growth mechanism, including the inward diffusion of hydroxide ions. An effect of
surface acidity on the generation of hydroxide species by decomposition of H>O has been postulated to
explain the different behavior of pure metals in water vapor [20]. It also has been shown that in mixed
H,+H,0 atmospheres, some H dissolves in the chromia scale and affects its conductivity [21-22].
Other models proposed that gaseous transport across pores with H,O, H, or O, play an important role
[13, 15]. Because of the transport of OH, H,O or H, species, the activity of Cr at the alloy/oxide
interface must be high enough to reform a chromia scale. The higher Ni content at this interface could
increase the Cr activity and/or decrease the Fe activity, delaying the growth of iron-rich nodules
corresponding to the AA.

v) Ni could lower the oxygen solubility/diffusivity in the alloy. If the mechanism by which Cr

is incorporated into the inner oxide layer involves the formation of internal Cr-rich oxide precipitates in
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the alloy immediately ahead of the advancing oxidation front, decreased oxygen solubility would have

an effect similar to increasing the Cr activity.

Austenitic vs. Ferritic

Generally, ferritic alloys are thought to be more oxidation resistant than austenitic alloys
because of their higher Cr diffusivity [7]. In the same way, a fine alloy grain size would increase the
Cr diffusivity and therefore the corrosion resistance of the alloy. Comparison of Cr diffusivity in
austenitic and ferritic alloys was made from diffusion data measured by Tokei et al. [19]. In Figure 12,
effective diffusion coefficients (taking into account both volume diffusion and grain-boundary
diffusion with an average grain size of 150um corresponding to the alloys in this study) are shown and
compared to the volume diffusion coefficient. In the temperature range of 597-805°C, the average
grain size of the cast alloys was too large to strongly enhance the Cr diffusivity in both ferritic and
austenitic alloys.

At 800°C, the Cr diffusivity was calculated to be more than one order of magnitude higher in
the ferritic than in austenitic alloys (Figure 12) providing a plausible explanation of the better corrosion
resistance of ferritic alloys. Between 600 and 650°C, the calculated Cr diffusion was similar for ferritic
and austenitic alloys. Without an advantage in Cr diffusivity, the superior performance of the
austenitic alloys at lower temperatures, suggests some beneficial role of Ni in improving resistance to

water vapor.

SUMMARY

The oxidation behavior in water vapor-containing environments of model cast austenitic and
ferritic alloys has been studied over a range of Cr (10-20wt%) and Ni (0-30wt%) contents. Increasing
either the Cr or Ni content delayed the onset of accelerated attack with or without spallation. The

growth of a protective Cr-rich corundum (Fe,Cr),03 scale was observed for higher Cr and Ni contents
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at 650°C for austenitic alloys and at 800°C for Fe-Cr alloys with 16%Cr or higher. Oxide scales
formed on Fe-Cr-Ni alloys after accelerated attack were characterized by three oxide layers: an external
Fe,0; layer, an intermediate layer of (Fe,Cr,Ni)o5.;O; and an inner layer of (Fe,Cr,Ni); 4.;70;. For Fe-
Cr model alloys, the three layers were Fe,O3, Fe;O4 and (Feos.0.8,Cro2.05)304. For lower Ni contents,
Fe-Cr-Ni showed spallation after breakaway, whereas no spallation was observed on Fe-Cr alloys. The
austenitic alloys performed better at 650°C whereas the ferritic alloys performed better at 800°C. The
better behavior of ferritic Fe-Cr model alloys at 800°C could be explained by a higher Cr diffusivity in

the alloy. At 650°C, the better behavior of the Fe-Cr-Ni alloys suggests a beneficial effect of Ni.
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TABLE CAPTION

Table 1: Chemical compositions (mass %) of the model stainless steel alloys using ICP quantitative
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Table 1: Chemical compositions (mass %) of the model stainless steel alloys using ICP quantitative
analysis.

Nominal - p 0y B p Si C S N 0
compositions

Fe-10Cr Bal. 944 <0.01 <0.001 0.002 0.02 0.0044 0.0044 0.0010 0.0608
Fe-12Cr Bal. 11.85 <0.01 0.002 0.006 <0.01 0.0045 0.0045 0.0008 0.0548
Fe-14Cr Bal. 13.84 <0.01 0.003 0.003 <0.01 0.0016 0.0052 0.0009 0.0609
Fe-16Cr Bal. 1571 <0.01 0.009 0.005 <0.01 0.0009 0.0046 0.0010 0.0657
Fe-18Cr Bal. 17.78 <0.01 0.012 0.005 <0.01 0.0013 0.0043 0.0015 0.0554
Fe-20Cr Bal. 19.64 <0.01 0.016 <0.002 <0.01 0.0017 0.0048 0.0008 0.0635

Fe-20Cr-30Ni Bal. 19.59 30.07 <0.001 0.004 0.01 0.0020 0.0047 0.0044 0.0409
Fe-20Cr-25Ni Bal. 19.52 24.82 0.007 0.004 <0.01 0.0018 0.0045 0.0024 0.0434
Fe-20Cr-20Ni Bal. 19.68 20.12 <0.001 0.005 0.01 0.0010 0.0041 0.0009 0.0421
Fe-20Cr-15Ni Bal. 19.38 1527 0.002 <0.002 0.01 0.0020 0.0047 0.0008 0.0428
Fe-20Cr-10Ni Bal. 19.85 9.89  0.002 <0.002 <0.01 0.0020 0.0050 0.0223 0.0944

Fe-18Cr-30Ni Bal. 17.76 30.04 <0.001 0.004 <0.01 0.0010 0.0042 0.0006 0.0385
Fe-18Cr-25Ni Bal. 17.53 24.60 0.006 0.008 <0.01 0.0017 0.0040 0.0006 0.0378
Fe-18Cr-20Ni Bal. 17.75 20.05 0.003 0.004 0.01 0.0030 0.0036 0.0007 0.0464
Fe-18Cr-15Ni Bal. 17.85 15.04 <0.001 0.004 0.01 0.0010 0.0042 0.0007 0.0564
Fe-18Cr-10Ni Bal. 17.86 9.92  0.001 0.002 <0.01 0.0016 0.0046 0.0008 0.0441

Fe-16Cr-30Ni Bal. 15.68 29.60 0.012 0.011 <0.01 0.0039 0.0031 0.0006 0.0356
Fe-16Cr-25Ni Bal. 1597 24.84 0.001 0.006 <0.01 0.0019 0.0040 0.0008 0.0373
Fe-16Cr-20Ni Bal. 15.61 19.54 0.010 0.005 <0.01 0.0020 0.0038 0.0045 0.0351
Fe-16Cr-15Ni Bal. 15.80 14.82 <0.001 0.004 <0.01 0.0019 0.0043 0.0009 0.0389
Fe-16Cr-10N1 Bal. 15.79 9.88 <0.001 0.005 <0.01 0.0020 0.0045 0.0008 0.0494
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Figure 1: Light microscopy of etched Fe-Cr and Fe-Cr-Ni model samples after vacuum annealing at
1100°C and before oxidation. XRD results are indicated: A: Austenitic and F: Ferritic.
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Fe-16Cr-10Ni: AAS  (a)

Fe-16Cr-30Ni: POS _ (c) | (d)  Fe-20Cr-30Ni: POS

Figure 5: Light microscopy of the Fe-Cr-Ni sample surface after 100x1h cycles at 650°C under mixed
air +10% water vapor. XRD results and SEM micrographs of the surface are shown.
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Figure 6: Light microscopy of the Fe-Cr-Ni sample surface after 100x1h cycles at 800°C under mixed
air +10% water vapor. XRD results and SEM micrographs of the surface are shown.
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Figure 7: Light microscopy of the Fe-Cr sample surface after 100x1h cycles at 650 and 800°C under

mixed air +10% water vapor. XRD results and SEM micrographs of the surface are shown.
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Figure 8: Light microscopy of polished sections of the oxide scales grown on Fe-Cr-Ni after 100x1h

cycles at 650°C under mixed air +10% water vapor.
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Figure 9: Light microscopy of polished sections of the oxide scales grown on Fe-Cr-Ni after 100x1h

cycles at 800°C under mixed air +10% water vapor. White block arrows in (b) and (c) indicate oxide

penetration at alloy grain boundaries. Gray block arrows in (a), (b) and (c) indicate microstructural
defects such as pores or cracks.
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Figure 10: Light microscopy of polished sections of the oxide scales grown on Fe-Cr-Ni after 100x1h
cycles at 650 and 800°C under mixed air +10% water vapor. White block arrows in (a) indicate
probable influence on grain orientation of scale growth.
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Figure 11: Maps of the 3 different behaviors (protective oxide scale (POS), accelerated attack without
spallation (AA) and with spallation (AAS)) depending on Ni and Cr contents observed for 100x1h
cycles under air+10% water vapor.

29




10000/T (K™

8.5 9 95 10 10.5 11 11.5 12
1E'14 T T T T T T
TE-15 4
TE-16 A N

TE-17

Dvol and Deff (m’.s™)

Dvol (solid)
1E-18 4 Deff (dashed) g=150um

for Aus. Fe-18Cr-8Ni /
Dvol (solid

Deff (dashed) g=150um
for Aus. Fe-20Cr-32Ni

TE-19 4

1E-20 } : f } } }
350 a00 750 700 G50 GO0

Temperature (")

Figure 12: Arrhenius plot of Cr coefficient diffusion in austenitic and ferritic alloys. Solid and dashed

lines were calculated from Tokei et al. data [19] for bulk (a) and grain boundary diffusion with an
average grain size of g = 150 um (b), respectively.
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