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Abstract

Andytical eectron microscopy and Auger spectroscopy were used to study the amount
and digribution of Fe, Cr and Simpuritiesin the Al,O3 scale grown on an FeCrAl dloy.
Segregations of Fe on grain boundaries and S on internd void surfaces were found, and a
mechaniam of intragranular void formation in Al,O3 is proposed.
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1. Introduction

The growth of a-Al,O3 scalesthat form on FeCrAl dloys during high temperature
oxidation is generdly considered to be controlled by oxygen inward diffusion through oxide
gran boundaries[1,2]. Aluminum aso diffuses out, which can cause growth within the scale
[3]. The degree of Al outward transport can be significantly reduced by the presence of
reactive dements, such as'Y, Hf or Zr [1,2], which segregate to Al,O3 grain boundaries [4].
However, the extent of outward growth seemsto differ gppreciably among severd reactive-
element doped Fe based aloys[5]. Similar conclusons have been drawn from creep studies,
where the addition of Zr, Nd, Y, or Lain bulk Al,O3; decreases the creep rate (roughly in the
order given) and is believed to reduce the Al grain boundary diffusvity [6,7]. Other dopants,
such as Fe and Ti, were found to increase creep rates instead, but it is unclear whether they
affect the duminum lattice [8,9] or boundary diffuson [10] rates. These creep results al point
to a strong dependence of the AlL,O3 transport properties on dopant types and even
concentrations [8,9]. Similar effects should exist during dumina scde growth, asthereisalarge
source of foreign alomsin the underlying dloy that can be incorporated into the scde. These
effects are important as the magnitudes of the diffusvities influence the oxidation rates, and the
relative magnitude of the cation and anion diffuson rates influence scale wrinkling or other
substrate distortion [11].

The mogt abundant impurities in agrowing Al,O; scale must be the base metas from the
dloy, which are often incorporated during the initid stage of oxidation [2]. Although thisfact is
well known, their distribution in the scale as it thickens has not been systematicaly studied.
Another possble impurity in the scaleis sulfur, which istypicdly present in tens of ppm levelsin
commercid dloys. Thissulfur has been shown to segregate strongly to the Al,Os/FeCrAl
interface [12], but it is uncertain whether it would ether diffuse or be carried into the scae.
Some have suggested that it segregates at the oxide grain boundary and thereby reduce the



scale growth rate [13,14]; yet there has been little evidence to support this proposd. Before
any conclusions can be drawn on the important question of whether and how these e ements
may affect trangport through Al,O3 scales, it isimperdive to first determine their distribution
within the scae as afunction of scale growth. The purpose of this work, therefore, is to Sudy
the digtribution of Fe, Cr, S and any other noticeable impurities in Al,O3 scales grown on an
FeCrAl dloy a different temperatures and times using andytical transmisson eectron
microcopy (TEM) and scanning Auger electron spectroscopy (AES).

2. Experimental methods

A high purity Fe-18.4Cr-9.2Al (at%) aloy, with 52 ppm sulfur and atotal impurity level
of 0.16%, was used for thisstudy. The dloy was made by induction melting, followed by
cutting then annediing & 1100°C. Specimens typically 15x10x1mm were polished to a1l nm
surface finish, cleaned, then placed in an duminaboat and oxidized. Mot oxidation took place
inflowing dry O, at 1000°C; afew specimens were oxidized a 1200°C in O, or in ambient air.

AES depth profiling through thin scales oxidized for short times at 1000°C was used to
study the scde composition during early stages of oxidation. Thicker scalesthat spaled during
sample cooling (4-6 nm thick) were collected and fractured inside the ultra high vacuum (UHV)
chamber to evaluate the composition at the fractured Al,O5 grain boundaries by AES. Some of
the pieces were aso mounted on Au washers for ion-mill thinning from both sdesfor
subsequent observations using TEM. Thin scales that formed after short time oxidation were
mounted on gold washers, after they were spalled by indentation or stub pulling, and were ion
milled as necessary if thin regions were not produced by the fracture. Cross sectiona
gpecimens were not used to avoid contamination from Fe and Cr in the dloy during ion thinning
of specimens.

TEM anadyses were carried out using a 200 kV Philips CM 200 microscope, to
determine the average grain Sze, compostion and structure of the scales. Polycrystdlinering
patterns from eectron diffraction of 30 nm diameter areas were used to identify the Al,Os
structure and measure lattice parameters. Chemica microanayses were performed by X-ray
energy-dispersive spectroscopy (EDS). Spectrawere collected using a windowless detector,
and processed with ES Vision 4.0 software. For quantification of impurities, the K, peaks of
detected elements, Fe, Cr, S, and Al, were integrated, after absorption and fluorescence
corrections, background subtraction, and Gaussian pesk fitting. The dominant Al-K, peak was
used asareference. Thus, Fe/Al, Cr/Al, and S/Al ratios, obtained using the Cliff- Lorimer
equation [15], led to determination of the impurity contents. Point-EDS andlyses with an
electron beam typicaly focused to a 17 nm diameter circular probe alowed direct comparison
of the impurity contents at grain boundaries from that in adjacent grains. Electron beam
broadening through the 50-100 nm fail thickness was accounted using the single scattering
modd. Large areaandysis, i.e., 14 mm diameter, was used to obtain an average concentration
of impuritiesin the scae.



3. Results and Discussion

3.1 Base metal incorporation and its effect on transport

Scade composition during the initid stage of oxidation was sudied usng AES depth
profiling (Fig. 1). Before heat trestment, an oxide afew nm thick existed on the sample surface.
This oxide contained Fe, Cr and Al where Fe is enriched at the outer portion and Cr at the inner
portion. Exposure to high temperatures caused immediate thickening of the Fe and Cr oxide
while Al gtarted to enrich in the oxide near the scale/dloy interface. Further oxidation resulted in
acomplete Al,O3 surface layer, and, moreover, the initialy formed Fe and Cr oxides became
fully incorporated into it. Studies reported elsawhere for FeCrAl dloys reveded that after some
minutes at 1000°C, the trandent oxides that initidly formed had largely been converted to the
a-Al,O; dructure [16], i.e., by thetime for the spectrain Fig. 1(c). Integrating the depth
profile curves with distance, the relative change of scale compaosition with oxidation time (or
scae thickness) can be determined and the results are shown in Fig. 1(d). Thefirst-formed
scaeis clearly seen to contain alarge amount of Fe and Cr, which quickly became incorporated
into and then diluted in a continuoudy growing a-Al,O; scae.

The most abundant impuritiesin the Al,O5 scales as detected by TEM were also Fe and
Cr. Sulfur was found only occasonaly, which will be discussed later. No other impurities were
detected. The detectability of an dement in Al,O3 is~0.1 &% and increases with increasing
atomic weight. Under the 17 nm beam used experimentally and assuming a scae thickness of
100 nm, if dl the impurity were at the grain boundary, these limits would correspond to impurity
adsorption levels ranging from 0.51 atoms/nm? for Fe to 0.54 nm?for Ca[17]. Using an
interface density of 10 aoms/nm?, these numbers correspond to ~0.05 monolayer at the grain
boundary.

The EDS results of the average Fe and Cr concentrations in the scale as afunction of
scale thickness from different TEM specimens are summarized in Table 1. The scales examined
by TEM, dl identified as a-Al,O3, were thicker than those studied using AES depth profile, but
consgstently the average amounts of Cr and Fe in them continually decreased with scae
thickness. The oxide grain size dmost doubled over 0.5 to 26 hrsat 1000°C, and more grain
growth was observed at 1200°C. The a-Al,Os unit cel was enlarged, particularly dong its ¢c-
axis. The degree of enlargement was proportiond to the amount of Fe and Cr present,
indicating thet some of these dements were dissolved in the duminalattice. Low magnification
andyses dways gave uniform Fe and Cr didributions, but point andyss a different regions
often showed large variations, which was not due to the presence of any second phase particles.
Thismay be rdated to a non-uniform didtribution of the initialy formed Fe and/or Cr-containing
oxide.

Under these conditions, segregation of Fe or Cr at the grain boundaries was studied by
comparing point analyses made a a boundary and within the grains adjacent to it. An average
of 38% of the boundaries had higher concentrations of Fe compared to the adjacent grain
interiors, but none exhibited Cr enrichment. The maximum Fe enrichment was found to be 1.4



a% in excess of the amount in the grains, ~ 7 atomynm™®. As the scales thicken and average Fe
levels decrease, the segregation levels should decline; however, quantification of the difference
between grain and boundary isimprecise because the grains contain some Fe and detection
levels for Fe segregation exceed the level mentioned previoudly (0.5 nm®). Indeed the thickest
scae (1200°C/120h) was nearly free from any detectable impurities. The grain faces of these
thickest scales exposed in UHV on fracture cross-sections also did not contain any detectable
impurities, over the entire scale cross-section. The detectability of Fe on ALO; by AESIis
about 0.24 monolayer and the level is0.03 for S.

Since Cr,0O5 forms a complete solid solution with AlLO; at elevated temperatures [18],
it is expected to dissolve and not segregate strongly a grain boundaries. Fe, on the other hand,
evidently segregated to some grain boundaries. In the ALO; scale, Fe can exist as Fe?* or
Fe*. The laiter has an gppreciable solubility in AlL,O3, about 3-5 at% at the temperatures of
interest [19], but the former is only soluble a ppm levels[20]. This solubility difference
suggests that Fe** istheion that should segregate. Under the oxygen potential gradient across
the duminascae, Fe?* is expected to exist closer to the scale/dloy interface (where the oxygen
activity isvery low). Future work should involve EEL S to differentiate the charge states of the
Fe and study the segregation distribution across the thickness of the scde.

Results from both AES and TEM sudies have shown that Al,O3 scales became purer
as they thickened with oxidation time. The oxide grain Sze, at 1000°C, did not change
noticeably from 1-26 hours (Table 1), but the parabolic oxidation rate parameter-decreased by
afactor of two during thistime [21]. Similar results showing a decreasaing Al,O3 growth rate
parameter with time have aso been reported by others[14]. This decrease may very well be
associated with an effect of impurities on grain boundary transport, particularly that of Fe, snce
its concentration in the scale decreases with time during this period and it is the only eement
found to segregate with appreciable amounts a grain boundaries. A faster Al transport dueto
the presence of Fein the scdeisin agreement with the fact that Fe additions increase Al,O3
creep rates [8-10]. Such an enhancement would aso explain the extensve laterd growth found
on FeCrAl dloys during the early stage of oxidation that causes scale convolutions [22,11].
The latera growth isaresult of O and Al reacting within the oxide [3], the extent of which
should increase with higher transport rates of Al. However, in anote of caution, it is recognized
that the evidence for faster creep rates with Fe present is only unambiguous in aregime
controlled by lattice diffusion rather than boundary diffusion [8-10].

3.2 Sin the scales and the mechanism of intragranular pore formation

Sulfur was not detected by TEM in any of the scales that spaled ether during cooling or
induced by indentation, except at pore surfaces and a one grain boundary where it was dso
enriched with Cr. No other boundaries exhibited detectable S, dthough many grains and grain
boundaries on scaes from severd samples were carefully andyzed. However, when an entire
piece of scae was pulled away from the substrate using an adhesive, S was found everywhere
on the metal Sde and occasiondly on the oxide Sde of the interface. Possibly, depending on the
fracture method, some of the sulfur that segregated at the interface can remain on the oxide sde



when the scale spdls. Thismay be related to the fracture path at the interface dong the 2-3
atom layers of segregated sulfur [12]. Similar behavior has been noted before from AES
examinations of the scale undersde in UHV [12].

While examining thin sections of Al,O3 scales, sub-micron sized voids were often found,
and mogt of them were located within the grains (Fig. 2). This morphology has been shown
before [23,24], but chemica andysis around the pores has never been made. Using the smdll
probe EDS andys's, compositions around many of these voids were determined. It was found
that al of them at some location on their surfaces contained noticeable amounts of sulfur, but the
amount varied gppreciably around the pore edge. A high sulfur content was dways associated
with a higher Fe and/or Cr content, but higher magnification examination around the pores (Fig.
2b) did not reved any precipitates. Hence, the Fe and Cr may be co-adsorbed with the Son
these pore surfaces. Since S and Cr are abundantly found at Al,O4/FeCrAl interfaces due to
co-segregation effects[12], these interna voids most likely nucleated at the interface in order to
have incorporated these e ements onto their surfaces. Similar intragranular voids have adso been
observed in Al,O3; grown on NiCrAl [24]. Therethe void size was found to increase with
distance from the scae/dloy interface. This sze didtribution throughout the scale suggests that
the pores formed at the scae/dloy interface and codesced to larger Sizes further away from the
interface in an inwardly growing scae.

A possible mechanism for pore formation at the interface in the grain faces isillustrated
inFig. 3. The growth of the Al,O3 layer is dominated by the transport of O down oxide grain
boundaries, with aminor contribution of Al outward diffuson [1,2]. In order to maintain
compatible growth of al the grains at the scale/dloy interface, diffusion of O and counter
diffuson of metal dong the interface are necessary. In the case where the interface diffusivity of
Oislessthan therate a which O is transported down the grain boundary to the interface, a
driving force for pore nuclegtion at the interior of the grain exigts. 1t might be expected that the
newly formed oxide would smply form a projection into the metal, anadlogous to the ridges that
form on the free surface, Fig. 3. However, midfit stresses arise owing to the volume change.
Gradientsin these stresses as well as the interface curvature can drive diffuson dong the
interface and keep it flatter than occurs at the free surface. Although the normal stress acting
across the oxide/meta interface must average zero, it can be compressive near the oxide grain
boundary and tensile near the grain center and thereby drive the oxygen transport. When a
poreisformed near the grain center, the diffusion distance adong the dower path then decreases
and the stresses are reduced. Once asmall intragranular pore forms at the interface, its surface
on the metal side and perhaps on the oxide sde will be enriched with S that segregates from the
dloy. The presence of this sulfur then stabilizes the void by reducing its surface energy [25]. As
growth of the oxide scae continues inward, the void would be entrgpped into the grain, leaving
gamall amounts of Son the void surface. That iswhy within the scale Sis only detected on the
void surface but not anywhere else.



4. Conclusons

Iron and chromium are the mgor impurities present in Al,O3 scaes formed on FeCrAll.
Primarily their oxides formed during the transent stage and were incorporated into the a-Al,O3
scae. Fe segregated to some a-Al,O; grain boundaries, but not Cr. The Al,O; scale became
progressvely purer with oxidation time. It is possble that the Fein the Al,O3 scale increases
the scdling rate and, in particular, enhances lateral growth that causes scale convolution.

Sulfur was found at the scale/dloy interface, around internd voids within the oxide and
on an occasiond oxide grain boundary. At the latter two locations, it was present with the co-
adsorption of Fe and/or Cr. This S distribution suggests that sulfur, which segregatesto the
scaefdloy interface, does not diffuse into the scale. Intragranular voids within the AL,O3; scae
probably nucleated at the scae/dloy interface prior to being entrapped in the oxide grain. One
driving force for their nucleation derives from stresses needed to enforce uniform scale growth
when diffugvities a the oxide grain boundary are greeter than dong the interface.
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Table 1. Feand Cr concentrationsin a-Al,O3 scales and effect on lattice parameters

Scde

Oxide

Average

Average

Oxidation _ . et Lattice parameter’
condition thickness” | grainsze | [Cr] [Fe]
(Mm) | (hm) (at%) (at%)
1000°C, 0.5h 0.39 107436 | 4.12+0.95 | 4.49+1.67 | a= 4.95+0.04 A
c=13.53+0.08 A
1000°C, 1h 0.9 191+44 | 0.34+0.85 | 1.91+0.49
1000°C, 26h 177 186+53 | 0.24+0.28 | 0.60+0.32 | a=4.75+0.04 A
c=13.47+0.08 A
1200°C, 2h 2.94 291+ 46 0.3x0.64 | 0.70+£0.57
1200°C, 120h | 4-5.5 | 1546+423 | 0.27+0.20 | 0.06+0.06 | a= 4.71 + 0.04A
c=13.23+0.08 A

*Calculated from weight gain except the last sample where thickness was determined from SEM
micrographs of scale cross sections.
"Standard parameters for a-Al,O; are: a= 4.758 A, c=12.991 A.
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Figure 1. AES depth profiles of surface oxides on the FeCrAl after oxidation for: (a) starting
surface, (b) 1 min, sample surface at T=670°C and (c) 11 min, T=1000°C. (d) Relative
concentration of dementsin the scale from integrating the curvesin the oxide portion of depth
profiles. The oxide/metd interfaceis located nomindly (albeit imprecisely owing to oxide scale
roughness) at the inflection points for O and Fe Sgnds.

Figure 2. (a) TEM micrograph of the Al,O3 scde formed at 1200°C/120h after ion-mill thinning
from both sides showing the presence of sub-micron sized intragranular voids. (b) Magnified
view of atypicd void.
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Figure 3: Schematic illugtration of a mechanism of pore formation & the scae/dloy interface
away from oxide grain boundaries. Poresthat form when diffusion dong the interface is dower



than that on the oxide grain boundaries will shorten diffusion distances and reduce the stresses
acting across the oxide/metd interface.
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