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Sulfur Segregation to Al2O3–FeAl Interfaces Studied
by Field Emission-Auger Electron Spectroscopy

P. Y. Hou* and J. Moskito†

Receiûed June 11, 2002

Using a 30-nm field-emission Auger spectroscopy probe, the segregation of
sulfur to a growing oxide–metal interface was studied. The interfaces were
formed by the oxidation of a Fe–40at.% Al alloy at 1000°C for ûarious times.
Both the oxide and the alloy sides of the interface were examined after spalling
the surface Al2O3 layer in ultra-high ûacuum. Results were compared with
similar studies performed using conûentional AES and related to scale deûelop-
ment and the interface microstructure. Sulfur started to segregate to the
interface only after a complete layer of α -Al2O3 deûeloped there, its concen-
tration then increased slowly with further oxidation until reaching a leûel close
to half a monolayer. Higher amounts were obserûed on interfacial-ûoid sur-
faces, where Al and S cosegregated. The study showed that sulfur segregation
to oxide–alloy interfaces depended on the type of interface, indicating possible
relationships between segregation energies and interface microstructure.

KEY WORDS: auger electron microscopy; iron alloys; surfaces and interfaces; oxidation;
segregation.

INTRODUCTION

All commercial metals and alloys contain small amounts of nonmetallic
impurities, such as C, N, and S, which readily segregate to surfaces when
the alloys are heated in vacuum. The type and the amount segregated are
functions of temperature and time, which depend on the impurity concen-
tration, the segregation free energy, and the diffusion rate of the segregant.1

*Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California
94720

†Charles Evans and Associates, Sunnyvale, California 94086.

559

0030-770X�03�0600-0000�0  2003 Plenum Publishing Corporation



560 Hou and Moskito

Similar segregation occurs on alloy grain boundaries, usually to a lesser
degree, and the coverage often depends on grain-boundary structures.2–4

Under the operating temperatures, 900–1150°C, of heat-resisting alloys that
form Al2O3 scales, sulfur is expected to segregate to the alloy surface.5 How-
ever, in an oxidizing environment, where a surface-oxide layer always exists,
it is uncertain if similar segregation would occur at the oxide–metal
interface.

As it is well known that S segregation at metal grain boundaries causes
boundary embrittlement,6–8 it was proposed over a decade ago that sulfur
also segregates to growing oxide–metal interfaces to weaken the interfacial
bonds and reduce scale adhesion.9 Subsequent studies on H2-annealed
alloys10–14 or those containing very low sulfur concentrations15,16 have dem-
onstrated that removing sulfur in the alloy, indeed, improves oxide-scale
adhesion. However, the phenomenon of impurity segregation to a growing
oxide–alloy interface in relation to interface structure and strength has
received little attention. Questions have been raised concerning whether a
large sulfur ion is energetically favorable to segregate to a well-bonded
oxide–metal interface.17 Other important questions pertinent to understand-
ing factors affecting scale adhesion include the rate, content, type, and struc-
ture of any impurity present at the interface. Furthermore, in light of the
dynamic nature of the growing scale, it is also essential to understand how
the segregation process is related to oxide growth.

The build up of S with oxidation time has been studied using conven-
tional Auger spectroscopy (AES) on Al2O3�FeCrAl, Fe3Al, FeAl18–21 and
on Cr2O3�Cr18 interfaces after the surface scales were removed by scratching
in ultra-high vacuum (UHV). Results on FeAl showed that sulfur did not
segregate to the scale–alloy interface until a complete layer of α -Al2O3

formed at the interface. Its concentration then built up slowly with oxi-
dation time.21 This finding seems to indicate that sulfur not only segregates
to growing oxide–metal interfaces, but the process is strongly related to
scale development. However, as one observes the microstructure of the alloy
surface after scale removal, as those shown later in Figs. 3 and 5, it appears
that very small voids may exist between the facets imprinted by α -Al2O3

grains. A 0.5-1-µm Auger probe can easily include these voids, whose sur-
face is expected to have saturated amounts of sulfur. Hence, S would be
detected and more of these voids may exist with longer oxidation times to
produce the apparent increase in S concentration at the interface. Therefore,
in order to truly determine whether sulfur segregates to oxide–metal
interfaces, individual facets at the alloy surface made by imprints of the
Al2O3 grain above them should be analyzed. The purpose of this paper is
to report results of this kind using field-emission (FE) AES with a probe
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size of 30 nm. Results from conventional AES are presented for comparison,
with a brief summary of scale development.

EXPERIMENTAL METHODS

The Fe–Al alloy, from Oak Ridge National Laboratory, was prepared
by arc melting and casting, followed by hot rolling to a ∼1 mm-thick sheet.
The alloy contains 40 at.% aluminum and 20 ppm by weight of sulfur
impurity. It was annealed in He at 1100°C for 50 hr before cutting into
15B10B1 mm coupons. Specimens were polished to a 1-µm finish with dia-
mond paste and cleaned ultrasonically in acetone prior to oxidation, which
was carried out in a horizontal furnace in flowing, dry oxygen at 1000°C.
Each specimen was placed in an alumina boat with a thermocouple attached
at its back, equilibrated with the oxygen flow, then inserted into the hot
zone to be oxidized for times ranging from 1 min to 24 hr. At the end of
the desired oxidation time, the boat and specimen were quickly pulled out
of the furnace and cooled in ambient air. Cooling to 500°C took about 1.3
min; cooling to 300°C took an additional 2 min. One specimen was furnace-
cooled in argon gas to establish different cooling rates. The furnace cooling
had a linear rate of 3.9°C�min from 1000 to 300°C.

The surface-oxide scale that formed after oxidation was characterized
using X-ray diffraction (XRD), Auger depth profiling, and scanning-elec-
tron microscopy (SEM). Chemical analyses of the alloy and oxide sides of
the interface were carried out using conventional and field-emission Auger
electron spectroscopy (AES).

A PHI 660 conventional AES with a special scratch device was used.
The device contained a Vickers micro-indenter mounted on a linear trans-
lator, and was placed in the UHV chamber to scratch the specimen surface
under typically 10−10 Torr vacuum.22 To begin a scratch, the indenter was
first placed and secured above the specimen. An oxidized face was pushed
into the indenter tip using the Z-control of the specimen stage to make an
indent. Subsequent movement of the specimen holder along the X or the Y
direction could then make a several millimeter long scratch on the surface.
Such scratches, when applied with sufficient load, caused delamination and
spallation of the oxide scale at numerous spots adjacent to the scratch mark,
exposing the scale–alloy interface. An example is seen in Fig. 1a. A 0.5- to
1-µm diameter electron beam was then placed on the exposed metal surface
to study its composition. Usually 10–15 areas were surveyed. With the
attached scanning-electron microscope, the morphology of the surveyed
area, such as interfacial voids, alloy grains, and grain boundaries, could be
distinguished. The composition at the oxide side of the interface was deter-
mined by analyzing spalled-oxide pieces that turned over after spallation.
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A similar scratch device was not available in the FE–AES PHI model
670 scanning Auger microprobe system, so the parking stage arm inside the
chamber was used to remove already spallation prone scales to expose the
alloy surface. These are scales formed at 1000°C for more than 1 hr. With
a typical probe size of 30 nm, individual facets on the alloy surface made
by oxide grain imprints could be analyzed, providing much greater spatial
resolution. An unoxidized FeAl specimen was analyzed as standards for the
Fe and Al concentrations in the alloy. Since sputtering preferentially
removed Al, a light scratch by the parking-stage arm was used to remove
any surface oxide present at room temperature to obtain consistent and
more accurate data on the starting material.

RESULTS

Morphologies of the oxide scale and the scale–alloy interface after dif-
ferent oxidation times are shown in Fig. 1. In Fig. 1a, the specimen was
oxidized for 3 min, forming a scale less than 0.2 µm thick that consisted of
a single Al2O3 layer. The alumina that formed at this early stage was cubic,
identified by XRD to be θ and γ -Al2O3 , rather than the more stable α
form. The thin oxide cracked and delaminated under the force of the scratch
made in vacuum. Spallation of the oxide pieces exposed the alloy surface,
which was smooth and featureless, on which AES analysis found only Al
and Fe, as seen in Fig. 2a.

After 10 min (Fig. 1b), whiskers of about 0.2–0.3 µm, which are typical
of the cubic transition alumina,23 can be seen on the outer surface and crys-
talline grains. These whiskers start to appear at random locations on the
scale underside. According to past TEM experiences,24,25 these grains should
be α -Al2O3 that nucleated at the scale–alloy interface. Imprints of these
grains are seen on the surface of the alloy (Fig. 1c), which was again free
from any impurity, whether on the smooth part beneath the cubic alumina
or the faceted areas that were in contact with the α -Al2O3.

After 1-hr oxidation (Fig. 1d), XRD analysis showed that the scale
consisted mainly of α -Al2O3. Whiskers on the outer oxide surface became
less apparent, the scale underside was covered with α -Al2O3 grains, and the
alloy surface showed imprints that corresponded in shape and size to these
grains. This type of morphology persisted with further oxidation time with
little oxide grain growth at the scale–alloy interface.26 Small amounts of
sulfur were detected everywhere on the alloy surface after 1-hr oxidation;
an Auger spectrum is shown in Fig. 2b. On the underside of the scale, i.e.,
the oxide side of the interface, only Al and O were detected (Fig. 2d); this
was true regardless of the oxidation time. Splitting of the low-energy Al
peak seen in Fig. 2(d) was due to slight surface charging.
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Fig. 2. Spectra of the Al2O3–FeAl interface examined using conventional AES after
scale removal in vacuum. Alloy side after (a) 3 min and (b) 1-hr oxidation; (c) surface
of large micron-sized voids; (d) oxide side after all oxidation times.
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Fig. 3. SEM micrograph of a large micron-sized void with
neighboring oxide-imprinted region at the scale–alloy
interface after 1-hr oxidation.

Voids several microns in diameter and more than an order of magni-
tude larger than the oxide grains (an example is shown in Fig. 3), were
always found on the alloy surface beneath the external scale. Their surfaces
had a much higher concentration of sulfur (Fig. 2c) than on the neighboring
oxide imprinted areas. The average sulfur content at the alloy surface, deter-
mined from conventional AES and calculated from Auger peak heights and
tabulated sensitivity factors,27 as a function of oxidation time is plotted as
circles in Fig. 4. Initially, the interface was free from any impurity, although
large interfacial void surfaces were covered with sulfur. After 1-hr oxidation,
S began to appear at the interface. Its concentration increased with oxi-
dation time and gradually reached saturation at about 10 at.% after 24 hr.
The level of S on the large micron-sized void surfaces, on the other hand,
was unchanged with time, reaching a constant level of more than 20 at.%
after only 3 min of oxidation.

Summary of FE–AES results is also presented in Fig. 4. High levels of
sulfur were again detected on the surfaces of large micron-sized interfacial
voids. The interface area that consisted of many facets, as seen in Fig. 5,
turned out to be a mixture of small voids and oxide imprints. Arrows on
Fig. 5 mark the locations of voids. Their sizes are similar to that of the
oxide imprints, but the voids had considerably higher levels of sulfur on
their surfaces. The average amount of sulfur on grain facets increased slowly
with a trend similar to that found by conventional AES, but at a lower level
because there was no longer any contribution from the higher sulfur level
on neighboring small voids. On the small voids that distributed among the
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Fig. 4. Conventional and FE–AES results of S build up as a func-
tion of oxidation time on different features on alloy surfaces
beneath an Al2O3 scale that was removed in UHV.

Fig. 5. SEM micrograph of an alloy surface after 2-hr oxidation examined using
FE–AES. Arrows point to small interfacial voids. Numbers show types of oxide-
imprinted areas that contained slightly different levels of S, as given in Table I.
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imprints, the average sulfur level appeared to stay fairly constant with oxi-
dation time, but, in fact, while evaluating all the experimental data, the
amount of S on void surfaces actually increased with void size until it
reached a very high level of about 20 at.% on the large micron-sized voids.
The relationship between void size and the amount of S on its surface is
shown in Fig. 6.

Within experimental errors, the slower cooling rate did not seem to
alter the amount of sulfur present at the interface (Fig. 4). The same inde-
pendence of cooling rate has also been shown on a Fe–Cr–Al alloy,20 where
the amount of interfacial sulfur remained unchanged with cooling rates that
varied by a factor of 1000 through slow furnace cooling or water quenching.

Different shapes and orientations of interface facets that were
imprinted by the oxide grain tend to have slightly different levels of sulfur.
This result is summarized in Table I with three types of grains, whose
examples are labeled by numbers in Fig. 5. It is seen that slight variations
existed on different types of interfacial morphology and the S content
increased with time on each type. Two alloy grains were analyzed on one
sample, showing rather different S levels at the interface, indicating a poss-
ible substrate grain-orientation dependence.

The S that was present at the interface has been shown by depth profi-
ling and X-ray photoelectron spectroscopy to be concentrated at the alloy
surface.28 The same is consistently shown with the current FE-AES data. In
Fig. 7a the change in Fe surface concentration is plotted as a function of

Fig. 6. Relationship between interfacial void size and the amount of S on void
surfaces. Data are taken from different oxidation times.
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Table I. Variation of Interface Sulfur Content with Microstructure and Oxidation Time

Oxidation condition

11.7 hr
Description of

interface structurea 2 hr 4 hr Grain 1 Grain 2 12 hrb

Oxide Fine (1) 1.53J0.11
grain Flat (2) 2.40J0.30 2.93J0.42 1.36J0.55 6.42J0.59
imprints Slit (3) 4.31J0.55 3.57J0.32 5.63J1.03
aNumbers as indicated on Fig. 5.
bFurnace cooled.

Fig. 7. Relationships of surface S, Fe, and Al con-
centrations, showing (a) a linear decrease of Fe
with increasing S coverage, (b) the change of Al
content as a function of S coverage, and (c) the
cosegregation of Al and S on void surfaces.
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Table II. Summary of Sulfur Coverage on Different Interfacial Structures

Fe(47) Average ratio Average ratio Average S Approximate
Interface structure peak height Al(68)�Fe(47) S(152)�Fe(47) (at.%) monolayer

Starting alloy 7.42J0.17 1.17J0.02 0 0 0
Oxide grain imprints 5.54J0.52 1.23J0.09 0.42J0.25 3.46J1.94 0.45J0.15
Imprint sized voids 4.77J0.69 1.36J0.12 1.49J0.51 9.95J2.63 0.68J0.23
Micron-sized voids 2.70J0.52 1.70J0.17 3.90J0.71 19.17J1.90 1.56J0.31

sulfur content. A linear relationship is observed, indicating a constant
attenuation of the Fe signal due to the build up of sulfur on the alloy sur-
face. Similar results are also shown in Table II, where as the S content
increased, the Fe peak heights decreased correspondingly. The surface alu-
minum content, however, did not change with small amounts of S segre-
gation, as seen in Fig. 7b, but decreased quickly after about 5 at.% S at the
alloy surface, and then leveled off after more than 11 at.% of S. Figure 7c
shows peak-height ratios of Al�Fe and S�Fe for each surface analyzed. A
linear relationship exists after an S�Fe ratio of ∼1.5, which according to
Table II is equivalent to ∼10 at.% S, or ∼1 monolayer. This linear relation
indicates Al and S cosegregation, which did not seem to occur under low-
sulfur coverage on oxide grain-imprinted areas. The Al content on the
oxide–alloy interface was similar to that on the starting alloy, as seen from
the Al�Fe ratio in Table II, but increased on void surfaces, suggesting that
Al segregation occurs there.

Knowing that S is present at the surface of the alloy, a layer model of
n layers with interlayer spacing d can be used to estimate its coverage.29 The
intensity of any Auger peak signal emitted by the element A in an alloy is
given by

IAGC (σEp
A )RA ∑

nG0

S

Nnd
A exp(−nd�λA cos θ ) (1)

where C is an instrument constant, σEp
A the ionization cross section of A at

an operating electron energy Ep, RA a backscatter term that depends on the
matrix and the core electron energy, Nnd

A the number density of A atoms at
depth nd, λA the elastic mean-free path, and θ the angle of emission from
the surface normal.

The product λA cos θ denotes the characteristic depth from which
Auger electrons can be emitted. Thus, when sulfur and�or Al is adsorbed
on the surface of Fe, IFe will be attenuated in proportion to
exp(−nd�λA cos θ ). Comparing the low-energy Fe signal intensity at 57 eV
on each type of interface structure with that of the starting alloy, an
approximate surface coverage could be determined and is given in the last
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column of Table II. The level of coverage on oxide-grain imprints, or intact
interfacial areas, was about 0.5 monolayer, and all of this should be attri-
buted to S, since Al did not segregate to these surfaces. On the surface of
small voids with similar size as the oxide imprints and large voids that were
a few microns in diameter, the coverage was close to 1 and 1.5 monolayers,
respectively. These values included some degree of Al cosegregation with
sulfur, but the major contributor is still S. Exact quantification of the sur-
face coverage requires data on S and Al surface adsorptions on the binary
FeAl alloy, which are not available.

DISCUSSION

After pieces of α -Al2O3 scale grown above the FeAl alloy were mechan-
ically removed in UHV, small probe FE-AES detected sulfur on every alloy
facet that was examined, and the level was insensitive to the cooling rate.
This result indicates that impurity segregation must have taken place at the
oxide–alloy interface during scale growth. It is possible that parts of the
scale delaminated due to stresses in the oxide film, causing S segregation to
an alloy surface that was no longer in contact with the oxide.30 This argu-
ment essentially states that the detected sulfur was a result of segregation
to free alloy surfaces beneath a piece of detached scale. However, if that
were the case, the amount of S found on the faceted grain imprints would
not have been so uniform everywhere under every piece of scale that was
mechanically removed. Usually, these pieces were more than 10 µm2 in size,
exposing a fairly substantial area. If this size of scale above the alloy were
entirely delaminated, spallation of the piece would definitely occur during
cooling due to the high thermal-mismatch stress between the Al2O3 scale
and the underlying substrate.14,31 The fact that scale pieces had to be
scratched away indicates that some areas must still be in contact with the
alloy prior to its removal in the AES vacuum chamber, and all areas were
detected by FE–AES to contain sulfur.

Another possible source of sulfur at the interface is from interface
sweeping. There, the oxide–metal interface moves inward with oxidation
time as the alloy is consumed by oxidation and S in the alloy becomes
incorporated onto the interface. Assuming that the oxidation process
involved only inward-scale growth and the sulfur that was swept by the
interface stayed and moved with it, the total amount of sulfur accumulated
at the interface due to the oxidation process, JS , can be determined from
the sulfur content in the alloy, NS , and the rate of scale thickening, or metal
consumption, dh�dt:

JsGcoNS dh�dtGcoNS[d(∆m�A)�dt]�coνMO (2)
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where co is the alloy density in mole�cm3, ∆m�A the specimen weight gain
per unit area from oxidation, ν the ratio between O and Al in Al2O3 , and
Mo the weight of oxygen. Taking the density of Fe–40 at.% Al32 at
5.6 g�cm3 with an approximate surface density of 1.8B1015 atoms�cm2, and
assuming one monolayer of sulfur coverage corresponds to about 11 at.%
(Table II), JS thus calculated is 0.8 at.% after 40 hr of oxidation. This level
is much too low to account for the amount of S observed at oxide grain-
imprinted areas. Results obtained from this work, therefore, indicated that
sulfur could indeed segregate to growing oxide–alloy interfaces. This con-
clusion agrees with limited TEM observations that have detected S at intact
oxide–metal interfaces without the presence of any pores. These include
Cr2O3 grown on Cr33, Al2O3 on NiAl,34 and Al2O3 on Fe3Al.25 The last study
was performed on a deposited amorphous Al2O3 film that transformed to
θ or γ and then to α . Sulfur was detected at the α and the transition-
alumina–alloy interfaces that were obviously void-free.

Combining FE and conventional AES results, the build up of sulfur at
the Al2O3–FeAl interface was found to be much slower than that expected
from segregation to free surfaces, as on interfacial voids. Micron-sized voids
existed at the interface even for oxidation times as short as 3 min. Although
how these voids nucleated at the early stage and grew to such a large size
is not entirely understood, their surfaces clearly were covered with high
levels of sulfur. The fact that this concentration could be achieved by as
quickly as 3 min with oxidation time suggests that sulfur diffusion in the
alloy was not rate limiting in this segregation process. During the first
10 min of oxidization, although all void surfaces were saturated with sulfur,
none could be detected at oxide-imprinted areas, while the detection limit
for S, calculated from signal-to-noise ratio, Auger sensitivity factors, and
escape depths for Fe and S, was as good as 0.014 monolayer. Sulfur began
to appear at these interfaces only with longer oxidation times; its concen-
tration increased and slowly leveled off at times greater than 10 hr to about
5 at.%, which is equivalent to about 0.5 monolayer surface coverage.

The observed slow buildup at interfaces was not related to S diffusion
rates in the alloy. Since oxidation is a dynamic process where new oxides
form at the scale–alloy interface, and the interface progresses with time and
with the scale-growth process, it is likely that the sulfur observed here is
related to interface structures that change continuously with oxidation.
Some indications of this can be seen from Fig. 5 and Table I, where alloy
facets of similar shapes tend to have similar amounts of S. Thermodynamic-
driving forces should dictate interfacial S segregation, like segregation to
free surfaces. One possibility is that as the interface microstructure changes,
segregation energy also changes, making it more favorable for S to segre-
gate. Microscopically, this can be understood as an increase in the available
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or preferential sites for segregation, as proposed by Hou et al.,25 The process
would be similar to that observed at alloy grain boundaries, where the
extent of solute segregation often depends on the boundary structure,2,3 with
the tilt angle being the most significant factor.4

The details of how interface microstructure changes with oxidation
have received little attention. The only system that had been characterized
by high-resolution TEM was that of Al2O3 grown on NiAl.24,35 Initially,
transition alumina grew as a complete surface layer that formed a coherent
interface with the alloy. With time, α -Al2O3 grains nucleated at the scale–
alloy interface and established a complete layer. The α grains were ran-
domly oriented with respect to the alloy, forming an incoherent interface.35

If the extent of segregation were a strong function of interface coherency,
it would be consistent with these TEM observations that S was not detected
initially at transition alumina–alloy interfaces but only started to appear
after α -Al2O3 formed. It should be noted that the interface between the
alloy and the first-formed, isolated α -Al2O3 grains was clean. Only when a
complete layer of α -Al2O3 grains formed at the interface was sulfur
detected. It is possible that higher interfacial stress developed after a com-
plete α -Al2O3 layer established and this high stress caused the oxide to lose
coherency with the underlying alloy. Further changes at the interface may
be efforts that continue to relax the oxide growth stress.

The amount of sulfur on interfacial voids increased with void size
asymptotically from more than 0.5 monolayer to as high as 1.5 monolayers
(Fig. 6). Condensation of sulfur-containing vapor species inside the voids at
the oxidation temperature onto their surfaces during cooling could not
account for the large increase. The observed increase is believed to be a
result of void growth,26 indicating that excess sulfur accumulated at the pore
surface as the pores grew. Results in Fig. 7c show that cosegregation of Al
and S took place on void faces, causing the sulfur content on the voids to
increase, probably forming a 2-dimensional Al-S structure. Steps, as those
seen on the upper right corner of the void shown in Fig. 3, were often
present on void surfaces. The occurrence of such large surface steps is
known to be closely related to high levels of surface sulfur segregation.36,37

Since growth of these pores is achieved by Al-vapor transport across the
pore to the oxide,26 S cosegregation with Al to the surface followed by Al
evaporation can then leave excess S on the surface and, hence, more S on
larger pores.

Evaluating the relationships between the surface Fe, Al, and S contents
on each area (Fig. 7 and Table II) provides an indication of how S is present
at the interface. At the oxide grain-imprinted facets, where the oxide scale
was in contact with the alloy prior to the AES observation, the amount of
segregated sulfur was no more than 0.5 monolayer. Furthermore, it must
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have bonded with Fe, since the Al surface concentration at these locations
and at this level of S coverage remained the same as that on the original
alloy. This result confirms a previous conclusion drawn from X-ray photo-
electron spectroscopy studies28 that S at the interface was bonded to the Fe
in the FeAl alloy, while Al was bonded with O. After the sulfur coverage
was greater than∼0.5 monolayer, additional S adsorbed on top of Al, thus
quickly decreasing the Al surface concentration, i.e., the Al Auger signal
being attenuated by the adsorbed sulfur. On void surfaces, cosegregation of
Al and S occurred, so that the observed Al concentration no longer changed
with a further S increase. Evaporation of Al from the void surface to supply
scale growth above large voids then left excess S on the void surfaces.

CONCLUSIONS

Examinations of the alloy and oxide sides of Al2O3–alloy interfaces
that formed by oxidizing a Fe–40 at.% Al alloy at 1000°C using Auger-
electron spectroscopy showed evidence of sulfur segregation at the interface.
While sulfur quickly segregated to interfacial-void surfaces, on areas where
the scale was in contact with the alloy prior to the analyses, it was only
detected after a complete layer of α -Al2O3 established at the interface. The
amount then gradually built up with oxidation time to a saturation level of
about 4 at.%, or close to half a monolayer. The level of segregation at
oxide–alloy interfaces depended strongly on the interface microstructure. As
the interface continued to change with oxide growth, it became more access-
ible to sulfur segregation, indicating a likely relationship between segre-
gation energies and interface microstructure.

The first segregated sulfur at the interface bonded with Fe. A further
increase in sulfur, found only on void surfaces, caused more than a mono-
layer of coverage due to the cosegregation of S and Al, followed by Al
evaporation from the void faces to sustain scale growth.
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