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ABSTRACT 

Advanced analytical characterization work over the past decade has resulted 
in an increased understanding of the formation, growth and adhesion of alumina 
scales. It is proposed that much of this same type of information can now be 
inferred from scanning electron microscopy images of the Al2O3 scale morphology. 
The presence of blade-like grains is an indicator of metastable alumina phases and 
an outward growth mechanism. Large surface ridges indicate that the scale has 
transformed to a-A1203. A columnar grain structure is associated with an inward 
growth mechanism while an equiaxed grain structure typically forms when both Al 
and 0 diffusion is occurring. Grain boundary segregation typically results in a fine 
grain size at the scale-gas interface. Examples are given from Ni- and Fe-base 
alumina formers to illustrate these correlations. 

INTRODUCTION 

Substantial progress has been made in the past decade in understanding the 
formation, growth and adhesion of alumina scales. X-ray and electron diffraction have 
identified the formation of metastable alumina scales (1-12). Tracer experiments with '*O 
have identified the growth mechanisms of 0-Al203 (4,ll) and a-Al203 with and without a 
reactive element (RE) addition (9,13-16). High-resolution analytical electron microscopy 
has detected the presence of a wide range of segregants on a-Al2O3 grain boundaries and at 
the alumina-substrate interface (9,10,15,17-22). In combination, these observations have 
greatly helped in understanding the oxidation kinetics, the wide range of scale 
morphologies that are formed, and the factors which most affect scale adhesion. 

Based on these observations of A1203 scales grown on RE-doped and undoped Ni- 
Al, Fe-AI, and FeCrAl, it is proposed that much of this same information on the phase 
composition of the scale, growth mechanisms and segregation behavior can now be 
inferred from scanning electron microscopy (SEM) images of the A1203 scale morphology 
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by examining a combination of fracture cross-sections and gas-interface, morphologies. A 
series of examples is shown to illustrate the basis of these correlations. Many of these 
suppositions were made much earlier by other authors and are now reinforced with results 
from the appropriate analytical techniques. In addition, this paper also illustrates that 
alumina scales form similar morphologies on a range of substrates and with a range of RE 
dopants . 

EXPERIMENTALPROCEDURE 

The example alloys are described more fully in other papers: cast p-NiAl (9-1 l), 
oxide-dispersed P-NiAl( 12), oxide-dispersed FeCrAl(22-24) and oxide-dispersed and cast 
iron aluminides (23,25). Unless otherwise noted, compositions are given in at.% and alloy 
sulfur contents are 10-5Oppm. The alloys were prepared for oxidation by polishing to 
0.3pm alumina and were ultrasonically cleaned in acetone and methanol prior to oxidation. 
Oxidation was performed in dry flowing 0 2  and samples were rapidly inserted and 
removed from the furnace. It is important to specify all of the experimental parameters. 
Rougher surfaces distort the alumina scale morphology. Slow heating may result in 
different microstructures, while slow cooling may allow re-oxidation of metal surfaces 
exposed by scale spallation. All exposures were isothermal. Spallation and re-growth 
associated with cyclic testing can lead to very complicated microstructures which are much 
more difficult to interpret. 

Characterization reported in this paper consisted of weighing the specimens before 
and after oxidation to screen for anomalous behavior, followed by analysis in a field 
emission gun, scanning electron microscope (FEG-SEM) equipped with energy dispersive 
x-ray analysis (SEMEDXA). Samples were C- (most cases) or Au-coated for SEM 
analysis. 

RESULTS & DISCUSSION 

Observations on the Phase Composition of the Scale & Transformation Historv 

Although it was recognized much earlier (l), only within the past decade has the 
formation of metastable alumina scales attracted a significant amount of attention. Perhaps 
one of the problems was difficulty in identifying metastable aluminas. Typically, they form 
in the early stages of oxidation at low temperatures where the scale is very thin and difficult 
to analyze. The use of glancing-angle X-ray diffraction (GAXRD) greatly improved the 
ability to analyze thin surface oxide layers. Formation of metastable alumina phases is 
most commonly observed on aluminides, particularly p-NiAl, although it can occur on 
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MCrAl alloys at lower temperatures (2,7,11). The hallmark of metastable alumina scales 
are blade- and/or whisker-like protrusions at the scale-gas interface, Figure la. However, 
on thinner scales, the blades may be less well-developed and more difficult to identify, 
Figure lb. While blade-like grains are easily observed in plan views of the scale-gas 
interface, no conclusions should be drawn about the phase composition of the entire scale. 
Cross-sectional transmission electron microscopy work has determined that a-A1203 
nucleates at the metal-oxide interface (26). Thus, for example, blade-like grains at the gas 
interface do not insure that the scale is fully B-Al203.(Using GAXRD, the scales in Figures 
la and lb  were 95% and 91% e-A1203, with the remainder a (lo).) 

The transformation of the scale from 0- to a-Al2O3 involves a volume reduction that 
causes scale cracking (33) and the formation of "extrinsic" oxide ridges at the metal-scale 
interface. The exact spacing and width of the ridges may vary with alloy composition and 
oxidation temperature but their presence indicates that the +a phase transformation has 
occurred and that the scale is now mainly a-Al2O3 (Figures lc and Id). If the scale did not 
go through the phase transformation then this type of ridge will not be observed. For 
undoped P-NiAl, extrinsic ridges are observed after oxidation at 1OOO"C (Figure IC) but not 
after oxidation at 1200°C (Figure le). Even at very short times at 1200OC, there is no 
evidence by GAXRD of metastable alumina formation. (The finer "intrinsic" ridges in 
Figure le  are observed on other undoped alumina-formers and will be discussed in the 
following section.) However, a Zr (or any RE) addition to P-NiAl stabilizes the formation 
of &A1203 (9-12) resulting in extrinsic ridges after oxidation at 1200°C. A Y203 
dispersion also stabilizes the 8 phase, however, only a few blades remain after 50h at 
1OOO"C (Figure If). GAXRD of this scale showed no 0 peak, apparently due to the small 
volume remaining at the surface. The morphology suggests that there is still a small 
amount of 8-Al2O3 remaining. 

Extrinsic ridge formation is unique to aluminides. On FeCrAl alloys, even after 
0.2h at 1000"C, no 8-A1203 is detected in the scale (18). The morphology is affected by 
the addition of RE dopants, Figures 2a and 2b, but not by the phase transformation. 
However, the ridge structure can be completely eliminated in P-NiAl by the addition of a 
Ti02-dispersion, Figure 2c, which apparently accelerates the phase transformation (12). 

Comparison with Fe&. An application of these inferences is the case of RE- 
doped Fe-28Al-2Cr. After oxidation at 10oO°C, the a-Al2O3 scale shows an extrinsic ridge 
structure (27) indicating the phase transformation occurred during the growth of the scale. 
However, unlike P-NiAl+Zr (Figure Id), no extrinsic ridges are observed after oxidation at 
1200°C (Figure 2d). Neither Zr- or Y203-doping results in the type of ridges observed on 
RE-doped P-NiAl. Instead, the scale appears similar to that on RE-doped Fe-2OCr-lOAl 
alloys (Figure 2b). The similarities with well-identified structures reduces the need for 
GAXRD work. 



Figure 1 .  SEM secondary electron plan-view images of the alumina scale formed on (a) 
Y-implanted p-NiAI, 50h, 1000°C, (b) P-NiAl + O.ll%Zr, lh, 1000°C, (c)  undoped /3- 
NiAl, 50h, 1000°C, (d) P-NiAI + O.ll%Zr, 2h, 120O0C, (e) undoped P-NiAl, 2h, 120O0C, 
and (f) Y203-dispersed p-NiAI, 50h, 1OOO"C. 



Figure 2. SEM secondary electron plan-view images of the alumina scale formed on (a) 
undoped, cast FeCrAl, 2h, 1200"C, (b) Yb203-dispersed FeCrAl, 2h, 1200"C, (c) Ti02- 
dispersed P-NiAI, 2h, 1200"C, and (d) Fe-28Al-5Cr + O.l%Zr, 2h, 1200°C. 

Figure 3. SEM secondary electron fracture section images of the alumina scale formed 
after oxidation for 2h at 1200°C on (a) A1203-dispersed Fe-2OCr-lOAl and (b) Er203-dis- 
persed Fe-2OCr- IOAI. 



Observations on Al$& Growth Mechanisms 

The use of l80 tracer experiments has led to a better understanding of the growth 
mechanism of A1203 scales. However, long before these experiments were made, there 
was speculation that a blade-like morphology grew by the outward transport of Al (2,28) 
and that the columnar grain structure observed on FeCrAlY was the result of growth solely 
by oxygen boundary transport (29). These inferences have since been confmed by tracer 
experiments. Some confusion in tracer results can be explained by experiments conducted 
with mixed B-a phase scales (9,ll). When the scale is fully B-Al203, growth has been 
shown to occur primarily by the outward transport of A1 (1 1). The addition of a RE 
addition has been found to suppress the A1 transport in a-Al203 formed on FeCrAl(9,14), 
NiCrAl(l3) and NiAl(9). 

Tracer experiments are typically performed on thin scales so it is often difficult to 
make comparisons with thicker scales where the scale structure is more developed. 
However, l80 tracers on FeCrAl oxidized for a total of l h  at 1200°C showed a clear 
change in the oxidation mechanism with the addition of Y2O3 (9). Scales of similar 
thickness (2h at 1200°C) have a very different grain structure with and without a RE 
addition, Figure 3. It is concluded that by inhibiting the outward grain boundary transport 
of Al, the resulting scale has a more columnar structure, thus indicative of RE-doping and 
growth primarily by inward 0 diffusion. As the scale thickens, this structure is maintained 
and is clearly observed at 100-500h at 1200°C (Figure 4) and at 1300°C (Table I and Refs. 
22-24). A time series at 1200°C illustrated that the primary change in scale microstructure 
is the lengthening of these columnar grains (18). Figure 4 also illustrates that the more 
equiaxed structure is common to undoped alumina scales formed on NiAl, FeCrAl and 
Fe3Al. The columnar structure is also common to RE-doped alumina-formers, with a 
variety of RE dopants (Figure 4d-f and Table I). The growth mechanism of each of these 
samples has not been determined by l80 experiments but it is reasonable to infer that those 
with an equiaxed structure grew by a mixed A1 and 0 boundary diffusion process while 
those with a columnar grain structure grew by 0 boundary transport. 

There are other indicators of the growth mechanism, particularly the outward 
diffusion of Al. Intrinsic ridges observed on each scale grain boundary at the gas interface 
(Figures le  and 2a) indicate that new oxide is forming at the boundary by A1 transport 
through the scale. Extrinsic ridges formed during the 0-a phase transformation on RE- 
doped NiAl (Figure Id) do not continue to grow with time indicating that there is not a 
significant amount of outward diffusion in these scales. Whiskers at the gas interface 
(Figures 4a-c) further illustrate outward transport. (The stability of these whiskers at long 
times at 1200°C precludes the possibility that they are a metastable alumina phase, and 
therefore must be a.) These features indicate that Al transport contributes to the growth of 
the scale, however, tracer experiments indicate that Al transport is not the predominant 
diffusion mechanism (9,13,14). 



Figure 4. SEM secondary electron images of the (11-Al2O3 scale on (a) Al203-dispersed 
Ni-49A1, 200h, 1200°C, (b) A1203dispersed Fe-28Al-2Cr, 100h, 1200°C, (c) A1203-dis- 
persed Fe-20Cr-lOA1, 100h, 1200°C, (d) gXiAl+ 0.1 1%Zr, 500h, 1200°C, (e) Y203-dis- 
persed Fe-28Al-2Cr, 100h, 120O0C, and (f) Nd203-dispersed Fe-2OCr- lOAl,  looh, 
1200°C. A RE addition produces a denser, more columnar scale. The whiskers in (ac) 
are an indicator of outward Al transport. No whiskers are observed with RE doping. The 
columnar grain structure in (b) is indicative of growth predominantly by the inward trans- 
port of oxygen. 



Table I. Current experimental results from the oxidation of oxide-dispersed FeCrAl with 
various cation additions (24). Based on the scale grain structure and the results from those 
samples already tested using analytical electron microscopy (22), the behavior of those 
cations that have yet to be tested is predicted. 

FeCrAl 
with oxide 

dispersions of: 

Undoped cast 
extruded 

Al 
V(N) 
Si 
Mn 
Mg 
Te 
Ta 
Nb 
Ti 
Ca 
s c  
Hf 
L a  
Yb 
Er 
Ho 
ce 
Nd 

Dy 
Sm 
Tb 
Gd 
Zr in APM 
Y 
Y in MA956 

~ 

Nominal 
Cation 
Dopant 
Level 
(at%) 

NIA 
- 

N/A 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.025 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.06 
0.2 
0.3 

Gas-side 
Scale 

Morphology 
after 2h at 

1200°C 

ridges 
ridges 
ridges 
ridges 
ridges 
ridges 
ridges 
ridges 
mixed 

medium 
medium 
mixed 

convoluted 
convoluted 

mixed 
fine 
fine 
fine 
fine 
fine 
fine 
fine 
fine 
fine 

medium 
fine 
fine 

n.t. : this particular specimen not tested 
a : evaluated at 1200°C 

Scale Cross- 
sectional 

Grain 
Structure 

after lOOh at 
1300°C 

equiaxed 
equiaxed 
equiaxed 
equiaxed 
equiaxed 
equiaxed 
equiaxed 
equiaxeda 
equiaxed 
equiaxed 
equiaxed 
equiaxed 

convoluted 
convoluted 
convoluted 
convoluted 
convoluted 
convoluted 
columnar 
columnar 
columnar 
columnar 
columnar 
columnar 
columnar 
columnar 
columnar 

Ionic 
Radius 

(A) 
6-fold 

coordi- 
nation 
N/A 
- 

0.53 
0.64 
0.26f 
0.67d 
0.72 
0.97 
0.64 
0.72 
0.61 
1 .oo 
0.75 
0.83e 
1.04 
0.87 
0.89 
0.90 
0.87 
0.98 
0.91 
0.96 
0.92 
0.94 
0.84e 
0.90 
0.90 

- 

- 

~ ~~ ~ 

Grain 
Boundary 

Segregation 
after 2h at 
1200"C20 

N/A 

NIA 
Not detected 
Predict NO 
Not detected 
Not detected 
Predict NO 

Detected 
Detected 
Detected 
Detected 
Detected 
n.t.-Yesb 
n.t.-Yesb 

Predict YES 
Predict YES 
Predict YES 

n.t.-Yesb 
n.t.-Yesb 

Predict YES 
Predict YES 
Predict YES 

Detected 
Detected 

Detected 
c : 4-fold coordination 
d : for Mn2+ 

b : segregation observed in other alumina-formers, see Ref. 22 e : 8-fold coordination 
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Predicting Foreign Ion Segregation to a-Al& Grain Boundaries 

It has been widely observed that cation dopants segregate to the a-Al2O3 scale grain 
boundaries and to the metal-oxide interface (9,10,15,17-22,26). Grain boundary 
segregation is easily identified using analytical electron microscopy and numerous dopants 
have been identified both in scales (22) and in bulk a-Al203 (30). As mentioned in the 
previous section, RE doping appears to change the scale growth mechanism and results in a 
columnar grain structure (Figures 4d-f). It has been proposed that the segregation of RE 
ions to the scale grain boundaries blocks the outward transport of A1 (20,29), thus the 
columnar grain structures should also be indicative of grain boundary segregation. A 
columnar structure is not observed unless a RE dopant is present (Figure 4). Furthermore, 
RE grain boundary segregants inhibit scale grain growth just as they inhibit grain growth in 
bulk a-A1203 (31). Thus a fine grain size (e.g. Figure 2b) also indicates the presence of 
grain boundary segregation. 

Table I summarizes some morphology information for a set of oxide-dispersed 
FeCrAl alloys (22-24) and two commercial FeCrAl alloys (18), Inco MA956 and Kanthal 
APM. The descriptive terms are ridges (Figure 2a), and fine (Figure 2b), equiaxed 
(Figures 3a, 4a-c) and columnar (Figures 3b, 4d-f) grains. In some cases there were 
intermediate results or the dopant resulted in a convoluted scale (23,24), unlike those 
discussed here. About half of these specimens have already been analyzed for segregation 
(22). However, it is possible, based on the morphological observations, to predict the 
segregation behavior of the unanalyzed dopants, Table I. Apparently, segregation behavior 
is not solely based on ion size since the large Te ion does not appear to change the scale 
morphology and thus is not expected to segregate. Future work will determine the 
accuracy of these predictions. 

Because of the difficulty in specimen preparation, there is far less information 
available on interfacial segregation and thus it is much more difficult to draw any 
morphological conclusions. A tentative prediction is that interfacial void formation is 
suppressed by the presence of an interfacial RE segregant. However, de-sulfurization may 
also reduce void formation without segregation (20,32). This issue is discussed elsewhere 
(33). 

The case of DY203-disDersed FeCrAl. Figure 5 shows the morphology of the 
A1203 scale formed onDy203-dispersed FeCrAl. Dy is known to be an effective RE 
addition (34,35) but has never been carefully studied. Based only on Figure 5 it is 
predicted that: (1) the scale is a -4203  and did not go through a phase transformation (no 
extrinsic ridges); (2) the scale grew primarily by the inward transport of oxygen (no 
intrinsic ridges or whiskers, columnar grain structure); and (3) Dy segregates to the scale 
grain boundaries (fine grain size and columnar grain structure). Furthermore, the large Dy- 
rich particles that nucleate and grow at the gas interface (Figure 5d) indicate that Dy is 
diffusing from the metal through the scale (20). 



, .. 

Figure 5. SEM secondary electron images of the alumina scale formed on Dy203-dis- 
persed Fe-2OCr-lOAl after oxidation for (a) and (b) 2h at 1200"C, (c) and (d) l00h at 
1300°C. (a) and (c) are fracture cross-sections of the scale, (b) and (d) are plan-views of 
the scale-gas interface. The columnar grain structure and the absence of surface oxide 
ridges indicate that the scale grew predominantly by the inward diffusion of oxygen. The 
fine grain size at the gas interface (b) indicates that Dy segregates to the scale grain bound- 
aries and inhibits grain growth. The large Dy-rich oxide particles at the gas interface indi- 
cate that Dy is diffusing from the metal through the scale. 



SUMMARY 

Inferences about A1203 scales can be made based on a wide variety of experimental 
results and advanced analytical work that has been performed previously. Based on these 
correlations, it is possible to draw conclusions about alumina scales that have not been as 
precisely characterized. The only information required is scanning electron micrographs of 
the scale surface and cross-sectional morphology. 
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