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Abstract

Standard reactive element (RE) studies have characterized the behavior of single RE additions
suchasY, Laor Hf. However, severa commercial alumina-forming alloys are “co-doped” with two or
more RE additions which allows the total amount of RE dopant in the alloy to be reduced. The oxidation
performance of both commercial and laboratory-made co-doped alloys shows better scale adhesion
and/or slower scale growth rates than comparable aloys with one RE addition. Characterization of the
alumina scales showed no significant change in the grain structure with co-doping; however, asthe total
RE addition was reduced in co-doped alloys, a smaller volume of RE-rich oxides was observed within
the scale. Quantification of the amount of RE ionic segregation on alumina scale grain boundaries

formed on single doped and co-doped alloys showed similar amounts of segregation.

Introduction

The effects of reactive element (RE) additions (e.g. Y, Zr, Hf, La, Ce, etc.) has been widely
studied for more than 65 yearsl-7 but has been a special focus of attention for the past 25 years because
of the interest in developing corrosion resistant alloys that form protective alumina scales. For chromia-
forming alloys, a RE addition is not necessarily needed for adequate oxidation resistance. However, for
alumina forming alloys, a RE addition imparts such a strong benefit on spallation resistance that most
commercial alumina-forming alloys contain either a RE alloy addition or an RE oxide dispersion.

When the corrosion performance of arange of commercial alumina-forming alloysis considered,
some of the best performing aloys tend to contain more than one RE addition, e.g. Genera Electric
Aircraft Engine's René N5, Haynes aloy 214 and Krupp VDM’s Aluchrom YHf. Each alloy contains a
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relatively low Y addition and either Hf and/or Zr. In Ni-base alloys, these “co-doped” aloys show
improved scale adhesion and in Fe-base alloys, lower scale growth rates.8

In order to better understand the performance of co-doped alumina formers, commercially
available and laboratory-made co-doped alloys have been tested in cyclic and isothermal oxidation tests
at 1100°-1200°C and results have been compared to similar alloys with a single RE addition. Also, the
alumina scales have been characterized after oxidation to determine the effect of co-doping on the scale
microstructure. Of particular interest is that co-doping alows the RE addition to be minimized thereby
reducing internal oxidation and the volume of RE-rich oxides within the scale. Using analytical
transmission electron microscopy (TEM), the amount of Y, Hf and Zr ionic segregation on the alumina
scale grain boundaries has been quantified. The results of this study indicate that co-doping allows the
total RE addition to be minimized which produces optimized performance that cannot be obtained with
a single RE addition. However, the RE and impurity levels need to be carefully controlled in order to

obtain the co-doped benefits.

Experimental Procedure

The compositions of the alloys examined in this study are given in Table | in atom %, which is
used throughout this paper. The commercial alloyswere provided by the manufacturers. The laboratory-
made alloys were inductively melted and cast in a chilled copper mold and annealed for 4h at 1300°C in
a sealed quartz ampule prior to sectioning. Coupons »15mm in diameter and 1.0-1.5mm thick were cut
and polished to a 0.3nm finish. All specimens were cleaned ultrasonically in acetone and methanol prior
to oxidation. Oxidation exposures were conducted in resistively heated furnaces in either laboratory air
or dry O, with temperatures of 1100°C for the Ni-base aloys and 1200°C for the Fe-base aloys.
Isothermal reaction kinetics were measured using a Cahn model 1000 microbalance in dry flowing O..
Mass changes were corrected for the evaporation of the Pt-Rh hangdown wire. Cyclic tests were
conducted with cycle times at temperature of either 1h or 100h (more detailed experimenta procedures
are provided elsewhere®). Specimen mass gains were measured using a Mettler model AG245 balance.

After exposure, selected specimens were characterized by field emission gun (FEG), scanning
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electron microscopy (SEM), electron probe microanalysis (EPMA), TEM and scanning transmission
electron microscopy (STEM). Specimens were Cu-plated prior to sectioning for metallography. TEM
cross-sectional specimens were prepared by the focused ion beam (FIB) technique.10

The TEM/STEM work was performed using a FEG Phillips CM 200 equipped with an EmiSpec
integrated acquisition systemll for energy dispersive spectrometry (EDS) and electron energy loss
spectroscopy (EELS). EDS spectrum images of the primary RE distributions (Hf, Y, Zr) along aumina
grain boundaries were acquired in high resolution STEM mode with anominal electron probe size of 1.0-
1.2nm. The EDS data were acquired using a spectrum image size of 200nm x 200nm, a pixel size of
2.0nm, and a dwell time of 0.4s. In this way, high resolution EDS maps were generated from several
different grain boundaries in each specimen and at different locations within the scale (near the metal
interface, near the center of the scale, and near the gasinterface). The EDS maps were created by setting
the window for each elemental peak at approximately full-width half-maximum and calculating the
integrated intensity for the RE dopant peak (K, or L,) and Al(K,). Thus, each pixel on the EDS map
represented an integrated intensity for an individual element at that point. A series of line profiles was
then extracted for the respective elements (using the same location on each set of maps) on each grain
boundary map. An average RE/AI integrated intensity ratio as a function of distance across the grain
boundary was determined from the series of line profiles generated for each sample and peak segregation
values were determined from each average. The ratio is taken to correct for changesin TEM specimen

thickness. Beam spreading likely is minimal in these analyses.12

Results

Oxidation performance and scale microstructure of Ni-base alloys

The first aloys to attract attention to the co-doping strategy were General Electric Aircraft
Engine's René N5 and Haynes alloy 214 which strongly outperformed a variety of cast model NiCrAl
bond coat alloys.!3 The excellent performance of these creep-resistant alloys compared to weaker
compositions was contrary to the established model that better scale adhesion occurs on compliant

substrates which are able to accommodate stresses from the scale. 14 However, the oxidation resistance



of these alloys was strongly temperature dependent, degrading rapidly at 1200°C, Table I1, likely due to
their relatively high coefficient of thermal expansion (CTE) compared to NiAl and FeCrAl.1316 Thus,
their oxidation performance and scale microstructure were assessed at 1100°C where more extensive
testing was performed.

Figure 1 shows the total and specimen mass gains of these alloys during 100h cycles at 1100°C.
Both alloys showed some mass | oss due to the spallation of the Ni-rich transient scale. However, the total
mass gains for both aloys were low compared to FeCrAlY and approached the slow growth of Hf-doped
NiAl which does not form a Ni-rich transient oxide.17-20 René N5 and alloy 214 both showed excellent
scale spallation resistance and slow scale growth with a minimal Y content (that would not typically
result in good scale adhesion!3), but was effective in conjunction with additions of Hf and/or Zr, Tablel.

In order to further study this phenomenon, co-doped NiCrAl aloys with Hf and Y were madein
the laboratory. Figure 2 shows results for a series of alloys with a base composition of Ni-20Cr-19Al.
The co-doped alloy showed no mass loss or visual evidence of scale spallation until »800 1h cycles at
1100°C. Alloys with only Hf or Y additions showed significant scale spallation at much shorter times.
Similar results were observed for base Ni-7Cr-13Al alloys.8

Characterization of the scales on the commercia alloys showed little or no internal oxidation. For
example, after 100, 100h cycles at 1100°C, the scale formed on alloy 214 shows arelatively flat metal-
scale interface and few RE-rich particles in or beneath the scale, Figure 3. Some Ni-rich scale remains
at the gas interface but only in patches, as much of this outer layer has spalled.

In order to match an existing microstructural database, 1921 the TEM cross-sections of the Ni-base
alloys all were made after a standard exposure of 100, 1h cyclesat 1100°C. (Previouswork showed little
difference between isothermal and cyclic exposures at this time and temperature.19) The scale formed
on alloy 214 showed the anticipated duplex structure with an outer Ni(Al.Cr),0O4 layer and an inner,
columnar a-Al,05 scale, Figure 4. Despite the low levels of Y and Zr in this material, Tablel, Y and Zr
were till easily detected as segregants on the alumina scale grain boundaries in this specimen, Figure 5.
A similar scale microstucture was observed to form on René N5, Figure 6. In this case, because of the

Tain the substrate, Ta-rich oxides (e.g. NiTa,Og) aso were observed in the outer layer, especialy at the



alumina-spinel interface (arrows in Figure 6).

For comparison, the scale formed on Y-doped Ni-20Cr-19Al is shown in Figure 7a. (The cyclic
oxidation performance of this material is shown in Figure 2.) In this case, the spinel layer is thinner
because this alloy contains more Al than either co-doped alloy, Table I, and numerous voids are observed
at the spinel-alumina interface as has been observed for NigAl.2223 Also, the columnar alumina grains
are not as uniform and well-defined as for the scales formed on alloy 214 and René N5. However, the
larger alumina grain diameters provide fewer diffusion paths for O diffusion. This TEM cross-section
does not show the internal oxidation (i.e. oxide pegs) observed in the metallographic cross-section, which
penetrated to »50um in some locations. 19

Figure 7b shows the alumina scale formed on co-doped Ni-20Cr-19Al containing Y and Hf.
Compared to the scale formed on NiCrAlY, asimilar spinel layer formed but the underlying alumina
layer is thinner and has a smaller grain size. The oxide formed in the metal beneath the scale is due to
internal oxidation which extended to a maximum depth of »10um in some locations. The void in the
center of the oxidized region is unusual. In general, the amount of internal oxidation for co-doped
NiCrAl waslessthan for NiCrAlY but more than that observed for the commercia co-doped alloys. Thus
the scales in Figure 7 show that co-doping reduced the inner alumina scale thickness but did not
substantially change the grain structure.

Since single additions of Zr or Hf in NiCrAl did not significantly improve scale adhesion,13 it was
not possible to compare single-doped alumina scale microstructures after a similar exposure as the co-
doped NiCrAl alloys. However, since single additions of these elements are effective in NiAl, Hf- and
Zr-doped NiAl were examined to provide some information about the RE segregation behavior. Those
scales are shown in Figure 8. Their scale microstructures are somewhat different because they do not
form aNi-rich transient scale but instead form cubic aluminas during their transient oxidation stage.242°
As was noted in a previous study,19 the outer portion of the scale which transformed from the cubic g
phase to a-Al,O3 contains more voids in both cases. The inner portion of the scale which formed as a-
Al,O3ismore dense and defect free. Compared to the inner alumina scales formed on the NiCrAl alloys,

the scale also is thinner and typically only one grain thick.



Oxidation performance and scale microstructure of Fe-base alloys

A similar co-doping strategy can be used with Fe-base alloys. In this case, because of their better
scale adhesion and existing microstructural database, the Fe-base alloys were tested at 1200°C, Table l1.
A series of co-doped Fe-20Cr-10Al aloys was fabricated with different Y and Hf contents,® Table I.
Figure 9 shows the slower isothermal scale growth rate achieved by co-doping with a low total RE
content. The oxidation rate for the slowest growing scale on co-doped FeCrAl approaches that for Hf-
doped Fe;Al,26 Tablell. Inlong-term cyclic testing using 100h cycles, the potential benefit of co-doping
was more clearly observed, Figure 10. The co-doped FeCrAl showed more scale spalation than
FeCrAlY, but a significantly lower total mass gain because of its slower scale growth rate. However,
because of the long life of FeCrAlY a 1200°C, (»9000, 1h cycles normalized to a 1.5mm thick
specimen’9) it has not been determined yet if co-doped FeCrAl alloys can exceed the oxidation-limited
lifetime of FeCrAlY.8

Characterizing the scale formed on FeCrAlY and the three co-doped alloys after 10, 100h cycles
at 1200°C showed some interesting trends. The most significant effect of co-doping was on the scale
thickness and amount of internal oxidation, Figure 11. Obviously, the alloy with 0.14%Hf and Y was
significantly overdoped and massive internal oxidation occurred, Figure 11b. (It is worth noting that
severa early studies of the RE effect used alloys with similar dopant concentrations to reach the incorrect
conclusion that RE additions do not reduce the growth rate of alumina scales.) As the RE content was
reduced in the other co-doped alloys, the depth and volume of internal oxidation was greatly reduced
compared to FeCrAlY, Figure 11.

In addition to the reduction in internal oxidation, minimizing the RE content in the alloy aso
reduced the volume of RE-rich particles in the alumina scale. Figure 12 focuses on the scale portion of
the cross-sections shown in Figure 11 using SEM back-scattered electron imaging. From this series of
micrographs it is clear that the volume of RE-rich particles is still significant in the scale formed on
FeCrAl+0.02%Hf,Y but is greatly reduced compared to the other alloys. Since RE-rich oxides are
generally fast oxygen conductors, it is obvious that minimizing the volume of RE-rich particles in the

scale should reduce the scale growth rate.2’



Again, to utilize an existing microstructural database,6:1920.26 g| of the TEM cross-sections were
made after 2h at 1200°C. Figure 13a shows the scale formed on FeCrAlY which is not unlike those
formed on the Ni-base alloys at 1100°C. The smaller, outermost grains at the gas interface are a-Al,03
but contain higher quantities of Fe and Cr than the columnar grains. A similar grain structure devel oped
on Hf-doped Fe;Al.26 The image in Figure 13b of the alumina scale formed on FeCrAl+0.02%Hf,Y is
somewhat difficult to interpret because the grain structure is less well defined than in Figure 13a due to
magnetic distortion. Inthiscase, thelow level of RE dopant in the co-doped alloy may have had alimited
effect on the scale microstructure at this relatively early stage of oxidation and there is no significant
difference in scale thickness at this point. A similar observation was made for low levels of Zr in
FeCrAl.28 However, RE-rich particles had already formed within the scale at this stage (bright grainsin
Figurel3b). While a clear columnar grain structure is not as evident, the grain size generally is similar
to that observed in the scale formed on FeCrAlY.

Quantification of Segregation

The ionic segregation of RE additions to alumina scale grain boundaries has been widely
observed for avariety of RE dopants and at various oxidation times and temperatures. These findingsin
the literature have been summarized several times.6:729 Thus, it is not surprising that each of the alloys
studied here showed grain boundary segregation of each of the dopants present in the substrate, e.g.
Figure 5. A more interesting goal is to quantify and compare the relative amounts of segregation
observed in each case and, particularly, to compare the amount of segregation observed in the single-
doped alloysto that in the co-doped alloys. Someinitial results quantifying the amount of grain boundary
segregation (reported as RE/Al ratios) observed in the scales of these specimens is shown in Tablelll.
The results are the average peak intensity ratios, and are listed by location in the scale because of
observations that the amount of segregation is not constant across the scale.23

Figure 14a gives an example of the profiles obtained in the alumina scale near the metal-scale
interface in the Fe-base alloys. The amount of Hf on the scale boundary formed on Hf-doped FesAl is
significantly higher than the Y measured in the scale formed on FeCrAlY or the Hf or Y measured in the
scale formed on FeCrAI+0.02%Hf,Y. Figure 14b showsthe peak segregation values plotted as afunction



of location in the scale for several of the Ni-base alloys. A previous study of the'Y and Zr segregation in
the scale formed on Y ,O3-dispersed NizAl after 40h at 1200°C showed the amount of segregation
decreased from the gas interface towards the metal interface.23 However, the results in Figure 14b
measured in scales formed at 1100°C show no consistent trend.

For comparison with the segregation observed in the scales formed on single-doped and co-doped
alloys, Figure 15a shows the average peak segregation values plotted versus the concentration of the
segregating element in the substrate for the Fe-base aloys oxidized for 2h at 1200°C and Ni-base aloys
oxidized for 100h at 1100°C. There is a general upward trend but severa exceptions are noted. Also,
the amount of segregation does not strongly increase with RE content. For example, increasing the
amount of Zr in the Ni-base alloys by afactor of 4 only increased the amount of segregation by a factor
of 2. Severa studies have suggested that the ratio of the dopants to other impurities, especially C and S,
has a strong affect on efficacy of the dopant.”-30-34 To explore this relationship, the segregation values
also were plotted in Figure 15b versus the Y/S, Hf/C or Zr/Cratios found in Table I. This produced a
similar level of consistency asin Figure 15a.

Another way of considering the segregation resultsis as a function of their effectiveness, e.g. the
change in the scale growth rate, Table 1. Figure 16a shows the sum of the peak segregation values
measured in the scale near the substrate in each of the Ni-base aloys, plotted versus the steady-state
parabolic rate constant at 1100°C. Figure 16b plots the results for the Fe-base alloys at 1200°C. In both
cases, there is a general trend towards lower rates with more segregation for the single-doped alloys but
the co-doped alloys do not follow a similar pattern. The co-doped alloys exhibited relatively low rate
constants but, in most cases, have relatively low levels of segregation. In general, the Hf-doped
aluminides consistently show the highest levels of segregation intensity ratios and the lowest scale
growth rates. However, while this type of analysis readily allows comparison of segregation levelsfor a
given element between different materials, when comparing the values for different elements, more work
is needed to verify the quantification technique.

Figure 17 may show one implication of the lower grain boundary segregation in scales formed on

co-doped aloys. These are the same alumina scales shown in Figure 11. This series shows that the grain



size of the alumina scale at the gas interface decreased with decreasing RE content. This may appear
counter-intuitive as RE-doping at grain boundaries is expected to refine the grain size S asit does in bulk
alumina.3® However, these results can be explained in terms of the dynamic model where RE ionsin a
growing scale are diffusing towards the gas interface,8 and as theseions supersaturate on the grain
boundaries at the gas interface over time,2° they nucleate to form RE-rich oxide particles at the gas
interface (bright particlesin Figure 11). With high RE contents in the alloy and more RE ions diffusing
to the gas interface, the result is more RE-rich oxide nucleation and growth and lower “ steady-state”
ionic segregation on the grain boundaries.?® As discrete oxide particles, rather than grain boundary
segregants, the RE dopant is ineffective in reducing the growth of the alumina grains at the gasinterface.
However, with the lowest RE contents in the 0.02%Hf,Y co-doped alloy, alower RE ion flux on the grain
boundaries requires longer times to reach supersaturation and thus higher concentrations of RE ions
remain on the scale grain boundaries to inhibit grain growth. A finer scale grain size, with more diffusion
pathways, is not necessarily a benefit, however, it is clearly an effect of reducing the RE content of the

aloy.

Discussion

The goal of thiswork wasto gain a better understanding of why co-doping is an effective strategy
for optimizing the RE effect in alumina-forming alloys. Based on these results it appears that the reason
co-doping is effective is that it allows the total RE content to be reduced while still maintaining the RE
benefits such as good scale adhesion and low scale growth rates. TEM cross-sections did not show any
significant change in the scale microstructure with co-doping and analysis of the grain boundary
segregation did not revea any significant increase or decrease in the amount of segregation when more
than one RE was added to the substrate.

The clear difference between the single-doped and co-doped alloys was the reduction in the
amount of internal oxidation in the alloy and alower concentration of RE-rich oxides within the alumina
scale. Early work on RE effects noted that Y-rich internal oxides appeared to be associated with scale

spallation36 and more recent work on Y doping in NiCrAl alloys observed a similar effect.1337 |t also

9



has been noted previously that RE-rich oxides contribute to faster scale growth because they allow faster
bulk O diffusion than alumina2’ or by providing heterogeneous interfaces within the scale where O
diffusion rates may be faster.38 In numerous studies, an optimum RE level was attained where the
beneficial effects were maximized, e.g. where the parabolic rate constant was minimized.1/8 At lower
than optimum dopant levels, little or no RE effect was observed, presumably because there was
insufficient dopant and, at higher concentrations, the oxidation rate began to increase as “over-doping”
problems, such as internal oxidation, became detrimental. Oneissuefor Y isthat it has arelatively low
solubility limit in both Ni- and Fe-base alloys, such that at the optimum Y content for NiCrAl, internal
oxidation was still evident.3” By lowering the Y content, less internal oxidation occurred but the RE
benefits, especially spallation resistance, began to degrade.13 Thus, one obvious advantage of co-doping
is that the Y content can be lowered (Table 1) to below the optimal level needed for a single Y-doped
alloy. This reduces any potential detrimental effects.

These observationsfor Y might suggest that other RE dopants would be more effective. However,
the co-doped performance was not achieved without the small Y addition,8 e.g. Figure 2. It has been
suggested that a Y/Sratio > 1 is needed to getter excess Sin the alloy and prevent the detrimental effects
associated with S.30:31,34 Sych a critical ratio was observed in these co-doped alloys, as shown in Table
I. In addition, a commercial co-doped FeCrAl, Aluchrom HF, contains an even lower Slevel than in
these laboratory-made FeCrAl aloys.3° During development of the co-doped laboratory alloys, when
the Y/S ratio was less than one, poor scale adhesion was observed.8 However, these observations do not
elucidate any mechanistic significance of this ratio. Scale adhesion was not a problem for Hf- and Zr-
doped NiAl because of their low S contents, Table 1. In Hf-doped NiAl, the Hf/C ratio has been observed
to be important in optimizing scale adhesion.33 However, that ratio or the Zr/C ratio has not been proven
to be critical for co-doped alloys, Tablel.

The grain boundary segregation quantification work was undertaken to determine if the use of
two or more dopants increased the total amount of segregation by some synergistic effect. It also is
possible that dopants of different sizes or charges segregate to different sites on the alumina grain

boundaries, resulting in a stronger influence on diffusion in the scale. While the latter hypothesisis still
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a possibility, the former does not appear to occur. The amount of segregation detected in the scales on
the co-doped aloys was not higher than in the single-doped alloys. There was some correlation between
the alloy RE content and the amount of segregation detected, Figure 14a, but no consistent relationship
was observed. With low levels of Y in the co-doped aloys, Y ions were detected on the scale grain
boundaries suggesting that 20-30ppma was sufficient to create the beneficial effects® and higher Y
contents only increase the number of Y-rich oxides in the alloy and within the oxide. Thisobservationis
consistent with results for René N5 where Y contents between ~10-100ppma produced similar
improvements in scale adhesion34 Furthermore, the excellent performance of alloy 214 suggests that the
second element (Zr for alloy 214) also isonly needed at alow level. Higher quantities of Zr or Hf leads
to increased RE-rich oxide formation, Figure 12. Thus, the current lowest RE content in co-doped
FeCrAl might be further reduced. This could result in even fewer RE-rich particles in the scale, Figure
13d, and potentially lower scale growth rates.

In developing an optimized alumina-forming alloy, several areas have already been widely
addressed in the literature, such as CTE mismatch between aloy and scale, S impurity management and
stress relaxation in the substrate. The CTE issue is clear in the divergent performance of the various
NiCrAl and FeCrAl alloys between 1100° and 1200°C, Table I1. NiCrAl-based aloyswith alarger CTE
mismatch with alumina than FeCrAl-based aloys are expected to have more spallation problems as the
temperature increases. Sulfur effects have been mentioned above, and low levels of Y appear to mitigate
any detrimental sulfur effect. The ability of the substrate to relieve stress in the scalel4 is an important
issue especially for FeCrAl where wrought aloys are the most spallation-resistant, but have low creep
strength. Oxide dispersion strengthened FeCrAl alloys have much better creep strength but also suffer
more scale spallation.”.940 |f corrosion-resistant structural alloys are required, some compromise is
necessary. Weaker materials may be used in non-structural applications or as coatings. The type and
amount of RE dopant is one areawith further potential for optimization. Asmentioned previously, single
dopant optimization studies have been widely reported, but co-doping opens the possibility for future

improvements.
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Summary

The oxidation performance of Ni- and Fe-based co-doped alumina-forming alloys show improved
scale adhesion and/or slower scale growth rates compared to similar alloyswith single RE additions. The
addition of two or more dopants does not appear to result in any significant change in the scale
microstructure or the amount of ionic segregation on the alumina scale grain boundaries. Co-doping does
allow for lower total amounts of RE dopant in the alloy which reduces the amount of internal oxidation
and the volume of RE-rich oxides within the scale. These changes appear to result in improved oxidation
performance suggesting that co-doping strategies in alumina-forming alloys will produce an optimized
RE effect in terms of scale adhesion and slow scale growth, and likely improve the oxidation-limited life
of aloysand coatings. These results also suggest that RE dopants are effective when located on the scale
grain boundaries asions, but when they form RE-rich oxides beneath or within the scale they detract from

the beneficial RE effect.
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Table|. Chemical composition (in atomic%) of alloys examined in this study obtained by inductively coupled plasma analysis and
combustion analysis. Composition ratios of interest also have been cal culated.

Alloys: NiAl NiAl NiCrAl  RenéN5 Alloy 214 NiCrAl  FCAY FesAl FeCrAl  FeCrAl FeCrAl
Dopant(s): Hf Zr Y Hf,Y.Zr  ZrY Hf,Y Y Hf Hf,Y Hf,Y Hf,Y
Ni 49.83 49.95 60.92 64.85 70.54 61.37 <0.01 <0.01 <0.01 0.01 0.01
Fe <0.01 <0.01 <0.01 0.08 3.37 0.01 69.83 69.58 69.58 70.08 69.58
Cr 0.01 <0.01 19.95 7.79 16.73 19.54 20.21 1.98 20.32 20.07 20.28
Al 50.07 49.99 19.01 13.88 8.73 18.94 9.86 28.09 9.90 9.79 10.09
Si <0.01 <0.01 <0.01 0.15 0.16 0.02 <0.01 <0.01 <0.01 <0.01 <0.01
Ti <0.01 <0.01 <0.01 0.013 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Y <0.01 <0.01 0.052 0.003 0.0025  0.006 0.082 <0.01 0.094 0.003 0.002
Zr <0.01 0.052 <0.01 0.003 0.0120 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Hf 0.048 <0.01 <0.01 0.054 <0.01 0.046 <0.01 0.053 0.047 0.035 0.018
Other 001Cu 211Ta 017Mn 002Cu 0.01Cu

1.61W 0.02Co
1.02Re 0.01 Mo

7.28 Co

0.90 Mo
B <0.001 0.003 <0.001 0.028 0.005 0.005 <0.001 0.004 <0.001  0.005 0.005
P <0.005 <0.005 <0.005 0.004 0.007 <0.005 <0.01 <0.005 <0.005 <0.005 0.005
C 0.036 <0.04 0.043 0.249 0.225 0.042 <0.04 0.040 0.040 <0.04 0.010
N (ppma) <4 <4 15 <4 101 37 11 <4 11 <10 15
O (ppma) 43 48 58 52 48 109 110 66 85 69 39
S (ppma) <4 4 8 7 5 5 16 31 15 16 16
Y/S 65 4 5 12 51 63 2 2
Hf/C 13 0.2 11 13 12 »1 18
Zr/C 13 0.01 0.05

Tablell. Isothermal parabolic rate constants and specimen and total mass changes for various cyclic exposures at 1100° and 1200°C
for the aloysin this study.

Temperature: 1100°C 1200°C

Conditions: Isotherm. 100x1h  1000x1h 20x100h 20x100h |Isotherm. 100x1h  1000x1h 10x100h 10x100h
Mass Change: rate Spec. spec. total Spec. rate Spec. Spec. total Spec.
Units g?/cm?s  mg/cm?  mglem?  mg/em?  ma/cm? | g?ecm?s  mg/em?  mg/cm?  mg/cm?  mg/cm?
NiAl+Hf 0.53x10-13 0.29 0.42 0.85 0.76 0.8x10'120.54 0.89 1.94 0.42
NiAl+Zr 10 0.38 1.01 not tested 3.6 0.67 1.14 2.90 1.63
NiCrAlY 14 0.51 -5.03 8.84 -9.19 7.8 -5.84 -8.92b 13.42 -5.28
René N5 1.2 0.35 0.612 1.39 0.97 1.2 0.14 -2.42C 3.08 -2.41
Alloy 214 0.8 -0.04 -0.29 1.26 0.62 0.8 0.56 -41.33 2.37 0.81
NiCrAl+Y Hf 3.6 0.43 0.77 2.00 0.58 2.6 0.83 -4.28 4.68 -2.46
FeCrAl+Y 43 0.55 1.31 281 2.74 75 1.50 1.63 3.71 3.68
FesAl+Hf 3.7 0.60 1.68 1.93 1.58 14 0.78 0.09 2.85 1.06
FeCrAl+0.14Y Hf | 18 not tested 4.43 4.29 33 3.42 8.09 9.05 8.85
FeCrAl+0.04Y Hf [ 2.0 0.71 1.62 2.27 2.22 5.6 1.32 2.04 2.96 2.85
FeCrAl+0.02Y Hf | 1.2 0.49 1.12 1.33 1.30 35 0.84 1.34 1.82 1.73
a926 cyclesat 1100°C

b 250 cycles at 1200°C
¢ 500 cycles at 1200°C
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Table 1ll. STEM/EDX alumina grain boundary segregation data showing the peak x-ray intensity ratios (RE/Al) and standard
deviations as a function of location within the scale: at the metal-scale interface (int), in the middle of the scale (mid) and at the gas
interface (gas).

Alloys: NiAl NiAl NiCrAl Alloy 214 | NiCrAl FeCrAlY FesAl FeCrAl
Dopant(s): Hf Zr Y ZrY Hf,Y Y Hf HfY

Hf int 0.046+0.009 0.026+0.006 0.021+0.005] 0.032+0.01 |0.014+0.003
Hf mid 0.037+0.009

Hf gas 0.023+0.008

Y int 0.013+0.003(0.004+0.002] 0.011+0.003]|0.007+0.002/0.018+0.005 0.004+0.001
Y mid 0.015+0.004 0.007

Y gas 0.017+0.005 0.010

Zrint 0.019+0.006 0.00620.002| 0.009+0.002

Zr mid 0.022+0.007 0.006

Zr gas 0.015+0.004 0.007
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Figure 1. Total and specimen mass gains for several materials tested in 100h cycles at 1100°C. Haynes
214 and René N5 both show scale spallation but relatively low mass gains relative to FeCrAlY.
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Figure 2. Specimen mass change during testing in 1h cycles at 1100°C for various NiCrAl aloys.
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Cu plating

Ni-rich oxide

Alloy 214 o

Figure 3. Polished cross-section of the duplex scale remaining on Haynes 214 after 100, 100h cycles at
1100°C.

alloy 214

Figure4. STEM annular dark field image of the duplex scale formed on alloy 214 after 100, 1h cycles
at 1100°C. Aninner columnar alumina layer and an outer spinel layer were observed.
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Alumina

Figure5. (a) STEM annular dark field image of the duplex scale formed on alloy 214 after 100, 1h cycles
at 1100°C. (b) Y x-ray map and (c) Zr x-ray map from the box in (a) showing segregation of both
elements.
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Figure6. STEM annular dark field image of the duplex scale formed on alloy 214 after 100, 1h cycles
at 1100°C.
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Figure 7. STEM annular dark field images of the duplex scales formed after 100, 1h cycles at 1100°C
formed on (a) NiCrAlY and (b) NiCrAl doped with Y and Hf.
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Figure 8. TEM cross-sections of the scale formed after 100, 1h cyclesat 1100°C on (a) NiAl+Zr and (b)
NiAl+Hf.
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Figure 9. Isothermal mass gain data at 1200°C plotted versus the square root of time for various Fe-base
aloys.
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Figure 10. Total mass gain (symbols) and specimen mass change (dashed lines) during 100h cycles at 1200°C
for various FeCrAl aloys.
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C FeCrAl+0.038% Hf+Y

Figure 11. Light microscopy of the polished cross-section of the scale formed after 10, 100h cycles at
1200°C on FeCrAl with additions of (a) 0.08%Y (b) 0.14%Hf/Y (c) 0.038 Hf/Y and (d) 0.020%Hf/Y.

d FeCrAl+0.020% Hf+Y

alumina

FeCrAl+0.020% Hf+Y

Figure 13. STEM annular dark field images of the scale formed after 2h at 1200°C on (a) FeCrAl+0.08Y
and (b) FeCrAl +0.02%(Hf+Y)
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Flgure 12 SEM back scattered electron i images of the polished cross-section of the scale formed after 10, 100h
cycles at 1200°C on FeCrAl with additions of (a) 0.08%Y (b) 0.14%Hf/Y (c) 0.038 Hf/Y and (d) 0.020%Hf/Y.
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Figure 14. (a) Line scans across scal e grain boundaries near the metal interface show the average relative
x-ray intensities (RE/AI) for several Fe-base alloys oxidized for 2h at 1200°C. (b) Average peak grain
boundary intensity ratios as a function of location in the alumina scale for Ni-base aloys oxidized for

100h at 1100°C.
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Figure 15. Average peak X-ray intensity ratios measured on scale grain boundaries near the metal-oxide
interface in Fe-base and Ni-base alloys as a function of (a) RE concentration in the substrate alloy and

(b) ratio of RE content to C or S content.
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Figure 16. Average peak x-ray intensity ratios measured on alumina grain boundaries near the metal-

scaleinterface versus the oxidation rate (a) for the Ni-base alloys at 1100°C and (b) for the Fe-base alloys
at 1200°C.
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Figure 17. Plan view SEM secondary €electron imag of the sce formed after 10, 100h cycles at
1200°C on FeCrAl with additions of (a) 0.08%Y (b) 0.14%Hf/Y (c) 0.038 Hf/Y and (d) 0.020%Hf/Y.

26



