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Abstract

The growth of Al,O3 scales on FeCrAl and B-NiAl was studied
between 1000°C and 1500°C. By segregating to the oxide grain
boundaries and the metal oxide interface, reactive element additions
such as Y and Zr are found to improve the oxidation behavior of these
materials. Without the addition of a reactive element, a-Al>;03 is
found to grow by the combined diffusion of Al and O. When doped
with a reactive element, the cation boundary diffusion through the
a-Al,O4 scale is suppressed, thus reducing the oxidation rate. At
temperatures of 1000°C and less, where metastable 6-Al;O3 is
formed, oxide growth is predominantly by outward diffusion of Al.

Reactive element additions are also observed to improve oxide
adhesion during cyclic oxidation tests. At the metal-oxide
interface, the reactive element eliminates the detrimental role of
indigenous sulfur ostensibly by prohibiting its segregation to this
interface. Reactive element segregation on the oxide grain
boundaries slows the grain growth in the scale, most probably by a
solute drag effect.

An oxide dispersion in the alloy is found to produce a
consistent, long-lasting improvement in the oxidation behavior. lon
implantation of Y is found to be an inappropriate technique for the
study of the reactive element effect at the temperatures used in
this study. At lower temperatures, the Y implant stabilizes the
first-forming, faster-growing metastable 6-phase. At higher
temperatures, the Y implant, which is concentrated at the substrate
surface, is insufficient to produce a long-term change in the
oxidation behavior. Alloy additions of Zr to NiAl were beneficial at
lower temperatures, but scales on doped alloys nevertheless became
less protective than undoped scales at 1400°C.

Thesis Supervisor. Linn W. Hcbbs
Title: Frofessor of Ceramics and Materials Science
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1.0 Introduction

Small additions of certain "reactive" elements (REs) have a
large beneficial effect on the oxidation behavior of alloys. This
improvement, known as the reactive element effect (REE), has been
used in the manufacture of high-temperature, oxidation resistant
alloys since its discovery 55 years ago [Pfeil, 1937]. From an
engineering perspective, the primary effect is a marked
enhancement in the spallation resistance of protective oxide scales,
such as Cr203 and Al203, grown on these alloys. Also, reductions in
the oxidation rate by as much as 100 times have been documented
for the case of alloys that form CroO3 scales. These effects and
others have been studied extensively since their discovery.
However, the basic reasons for the beneficial effects of reactive
elements have not been fully determined.

In recent years, the study of corrosion processes has changed
dramatically.  With the recent advent of a number of superior
analytical tools, the study of oxidation mechanisms has taken a
quantum leap forward. The scanning transmission electron
microscope (STEM) combines the high resolution of electron
microscopy with the analytical capabilities of energy dispersive X-
ray analysis (EDXA). Also, secondary ion mass spectrometry (SIMS)
can identify tracer elements (such as 180) to identify diffusion
mechanisms without some of the uncertainties of inert marker
experiments.

Using these techniques, a new understanding has emerged of

the effect of reactive elements on the oxide growth mechanisms,
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microstructures and growth rates. The primary observation has been
that foreign ions, such as Y3+, segregate to oxide grain boundaries in
Cr203 and Al2O3 scales [Przybylski, et al., 1987; Cotell, et al.,
1987, Yurek, et al., 1987a]. The segregants are present as
individual ions and not in separate phaces.

Another recent finding about the REE that s¢ . :s ciear is that a
combined effect of the RE and sulfur exists. According to the
results of Smeggil et al. [1985] and Smialek [1987a), one role of REs
in enhancing the spallation resistance of oxide scales is the
"gettering” of sulfur, an impurity in all commercial alloys.
According to this model, sulfur not .ied up by reaction with a RE can
segregate to the alloy/scale interface. This segregation lowers the
interfacial free energies of the metal and oxide and promotes
decohesion of the scale from the alloy by lowering the energy
required for spallation.

For chromia-formers, segregation of the RE to the oxide grain
boundaries has been demonstrated and the REE fully outlined as

follows:

(1) a change in the rate-limiting step of oxidation, from
predominantly chromium transport outwards to oxygen
diffusion inward, which reduces the parabolic oxidation
rate;

(2) an improvement in scale adhesion;

(3) a change in oxide microstructure including a reduction in
oxide grain size;

(4) improved selective oxidation of Cr, thus requiring less Cr
in the alloy to form a continuous Cr,O3 scale.
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All these effects have been observed for the oxidation of
alloys that form CroOg3 scales, while only the second effect has been
clearly observed for alloys that form Al2O3 scales. These effects
have been attributed to the segregation of the RE ions, e.g. Y3+, to
grain boundaries in Cr,O3 scales [Przybylski and Yurek, 1989].

These effects have, in fact, been studied extensively for
chromia forming alloys. However, as maximum-use temperatures
increase (>1200°C), chromia is no longer protective, due to its
volatility. At higher temperatures, alumina gives better protection
due to its relatively low volatility, its slow grow kinetics, and its
chemical inertness. The same type of fundamental understanding
established for chromia scale growth is now required for alumina
scales. Applications for high temperature intermetallics such as
nickel aluminide (T, = 1638°C), are being developed, and the
oxidation behavior of such materials needs to be studied more
closely in order to maximize their potential.

While various alloy systems form AlI,Og3 scales, the
concentration here is on the formation of compact, dense scales at
very high temperatures (>1300°C). This excludes systems such as
TiAl where, because of the thermodynamic stability of TiOp, a mixed
TiO5-Al,03 scale is formed. It also excludes a variety of lower
melting point intermetallics such as FeAl, NizAl, and NiAls.

This study focuses on the oxidation mechanisms of alloys that
form AloO3 scales (primarily FeCrAl and B-NiAl), and the effects of
yttrium and zirconium on the oxidation mechanisms and the
resistance to scale spallation, in order to optimize oxidation

resistance at elevated temperatures.
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The goals of this study are relatively simpie:

(1) to characterize the oxidation behavior of undoped alloys,
especially the oxidation mechanism and the oxide
microstructure;

(2) to determine the effect of RE additions on the oxidation
behavior; and

(3) to examine the effect of temperature on these phenomena over
the range 1000° to 1500°C.
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2.0 Literature Review

As in many other scientific fields, the literature on high
temperature oxidation has grown by orders of magnitude in the past
20 years. The following is an attempt to peruse the large mass of

printed matter to identify the most salient issues.

2.1 Oxidation Behavior of Alumina-forming Alloys

By way of introduction to the subtleties of this rather small,
but vigorous field, a few basic facts of high temperature (>600°C)
oxidation are outlined. High temperature oxidation involves very
basic thermodynamics and kinetics. The aim of corrosion protection
is not to prevent the reaction of metal and oxidant (in this study
exclusively oxygen) but to use the reaction product to inhibit further
oxidation. In order to achieve this goa!, the oxide must be dense and
stable, preferably slow-growing, and adherent to the metal. For
engineering purposes, these characteristics are usually achieved by
combining some base element such as Fe, Ni, or Co with one or more
elements, such as Cr, Al or Si, which form protective oxides. Figure
2.1 shows an Ellingham diagram of the free energies of formation of
various oxides. In general, oxides with lower free energies also
have slower growth rates. For illustration, the case of Ni-Al alloys
will be discussed. The lines for NiO and Al,O3 are emphasized in
rigure 2.1. Because Al,O3 has a lower formation free energy than
NiQ, it is thermodynamically more stable. Thus, in equilibrium, Al

will oxidize preferentially to Ni. In the absence of equilibrium, the
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kinetics of the oxidation reaction require a minimum Al content in
order to achieve preferential or selective oxidation of Al

The basic stages of the oxidation reaction are shown
schematically in Figure 2.2. Assuming there is sufficient Al, a
protective steady-state Al,O3 scale will form. Prior to the steady-
state stage is a transient stage, when less noble oxides, such as NiO
or NiAl,O4 may form. Typically, this initial layer is undercut by
Al,O3 to begin steady-state oxidation. Al,Og3 grows thtee orders of
magnitude more slowly than NiO, so the change to steady-state also
usually implies a substantial reduction in the oxidation rate [Fueki
and Wagner, 1965]. When the substrate becomes depleted in Al, Ni-
rich oxides form rapidly, leading to breakaway oxidation. At this
point, protective oxidation is no longer possible, and the reaction
proceeds more rapialy to eventual full consumption of the metal.

There are, of course, variations on this simple model. For
instance, breakdown may occur in the steady-state period followed
by the formation of a nealing Al,O3 scale. Repeated breakdown-
healing cycles may even characterize the steady-state period. The
breakaway period implies that the reaction is out of control and no
healing will occur. Thus, to produce an oxidation resistant alloy, the
goal is to minimize the transient stage and maximize the length of
the steady-state oxidation period.

From a kinetic standpoint, the hallmark of protective, steady-
state oxidation is a parabolic rate law. In this case, the rate is
limited by diffusion through the oxidation product which, as it
becomes thicker, slows the reaction rate. One begins with Fick's

second law,
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where ¢ = concentration, x = the diffusion distance, D = the diffusion

coefficient, and t = time. The concentration of reactants across the

scale is assumed constant, as is the diffusion coefficient D.

Representing by Ax the instantaneous scale thickness and with all of

the constants subsumed in one constant k, Equation 2.1 reduces to:
d(Ax)/dt = k/Ax (2.2)
which, when integrated, results in the parabolic rate law:
(Ax)2 = 2kot + C (2.3)

where C is the integration constant, physically representing a
simple correction for the scale thickness formed during the non-
parabolic transient stage.

The above is a first-order introduction into the basic
thermodynamics and kinetics of oxidation. The complexities are

outlined in the rest of the chapter.

2.1.1  Ni-Al Alloys

The Ni-Al phase diagram is shown in Figure 2.3. The interest
here is on high temperature alloys that will also grow a continuous

Al,O5 scale. Therefore, the right hand side of the phase diagram is

emphasized for high temperature alloys. The next step is to
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determine the amount of Al necessary to form a protective Al,Oj4
scale.

One of the earliest reported studies of the oxidation of Ni-Al
alloys was carried out by Pettit [1967]. Working with Al
compositions between 3 and 25wt%, he established a minimum
aluminum content for the formation of a protective AloO3 scale for
temperatures between 900° and 1300°C in 0.1atm O2 and in a CO-
CO2 gas mixture with a CO/CO2 ratio of 2.0, Figure 2.4. Using both
thermodynamic fundamentals and experimental evidence, Pettit
identified three separate mechanisms: Region |, primarily NiO
formation; Region Il, initially AloO3 but giving way to NiO when the
alloy becomes Al depleted; Region lll, external Al2O3 layer. Pettit
calculated that the aluminum concentration at the alloy surface
must be less than 1ppm in order for NiO or NiAl204 to be
thermodynamically stable oxides. Therefore, if the diffusion flux of
aluminum in the alloy, Ja 0y, is greater than the rate of consumption
of Al to form oxide, Jgoxide (independent of oxidation mechanism),
Al203 will form a permanent protective scale. This is because the
near-surface Al consumed by scale growth is replaced, i.e. no
depletion occurs.

Based on the relationship between Al content and temperature
(Figure 2.4), Pettit concluded that AloO3 grows by oxygen diffusion
inward and that NiO forms when oxygen is able to diffuse through
the scale faster than aluminum can diffuse in the alloy. Also, due to
the temperature-composition dependence for the formation of a

continuous Al203 scale, he concluded that the diffusion of aluminum
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in nickel is more temperature dependent than the diffusion of oxygen
in Al2O3.

More recent studies have looked at other issues regarding NiAl
oxidation. Jedlinski et al. [1987] studied the difference between
polycrystalline and single-crystal stoichiometric B-NiAl. They
reported that the oxidation of single-crystal B-NiA!l showed slower
growth of a-Al20O3 than both wunimplanted or Y-implanted
polycrystalline B-NiAl. The absence of grain boundaries in the alloy
favored the formation of a coarse-grained scale, which grew more
slowly. No mention was made oi the adherence of Al203 on single-
crystal B-NiAl.

Doychak et al. [1988] studied Ni-rich Ni-Al intermetallics. The
conclusion was that the rate increased slightly with lower Al
content over the range 26-50at%Al. The motivation for studying the
lower Al content alloys is the improvement in ductility relative to
stoichiometric B-NiAl [Russell and Edington, 1972]. However, in
cyclic tests even with Zr-doping, alloys with less than 40at% Al
were found to spall readily at 1200°C. This also corresponds to a
composition outside the B-NiAl phase field and includes some 7v'-
NizAl which has a much lower melting point.

Some work also has been conducted on NiAlg, which was found
to form more adherent Al,O3 scales than B-NiAl [Young and de Wit,
1983]. However, the usefulness of this material is limited by its
relatively low melting temperature, =3900°C.

Several studies have found that at temperatures below
1000°C, metastable Al,O4 phases such as vy, 3, and 6 are formed

[Doychak, et al., 1985; Smialek and Gibala, 1983]). This literature is

-Page 35-



not reviewed further because the lowest temperature in this study
is 1000°C. However, the transient formation of metastable oxides

and especially the 6-o. phase transformation at 1000°C is discussed

further in Section 2.1.3.

2.1.2 FeCrAl Alloys

There are a number of studies which give essentially only
kinetic data for FeCrAl [e.g., Hagel, 1965a] A few important
characterization results will be noted about the general oxidation
behavior. More data about FeCrAl oxidation is included in later
sections.

Golightly et al. [1975] noted that the undoped Al>Og3 scale on
FeCrAl was severely buckled. This study also noted that Y-doped
Al»O3 was not buckled. The reason for this difference in
microstructure was ascribed to a change in the oxidation
mechanism. The undoped buckled scale being caused by simultaneous
Al and O transport and new oxide being fcrmed in the center of the
scale.

Another standard study of FeCrAl alloys looked at the effect of
the addition of Al on the oxidation rate [Lambertin and Beranger,
1990]. According to this study, the formation of a continuous Al,Oj3
scale required 4wt%Al. Higher Al contents reduced the transient
period but did not change the oxidation rate significantly.

More recent work by Bennett et al. [1991] examined the
oxidation of doped and undoped FeCrAl from 1200°C to 1400°C. This

study concluded that higher Al contents were required as the
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temperature was increased. An unusual feature that was observed
after oxidation was the formation of voids in the interior of the
alloy. This occurred on both doped and undoped alloys and apparently
did not effect oxide adherence. It was proposed that residual gas in

the alloy from processing coalesced to form these voids.

2.1.3 Transient Oxidation Behavior

The transient period is most typically characterized by the

formation of less noble oxides (FeO and CroO3 in the case of FeCrAl).
In the case of Al,Oj3, the transient period can also be complicated by
the formation of the metastable 8-Al,O3 instead of the stable a-
Al1,O3. For instance, Doychak, et al. [1988] investigated the
transient oxidation of a B/y' Ni-Al alloy using TEM parallel sections.
After 0.05hr at 1100°C, NiAl,QO4 was formed over the y'-NizAl phase
while 8-Al,O03 was formed over the B-NiAl phase. At longer times,
the 8-Al>,O3 transforms to o and the the Ni-rich oxide was undercut
to form a continuous a-AloO3 scale.

Hagel [1965a) was one of the first studies to report the
formation of 6-Al,O3 scales on various alumina-formers below
1000°C. Rybicki and Smialek [1989] more clearly outlined the effect
of the phase transformation of Al,O3 on Zr-doped B-NiAl. In this
work, they detail the formation of 6-AloO3 at temperatures below
1000°C and the transformation to a-AloO5. At 1000°C, the rate of
growth of 8 is approximately two orders of magnitude faster than
the growth of a. This was attributed to a change in the oxidation

mechanism between the two phases.
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The scale phase and the phase transformation also has a large
effect on the oxide morphology. 6-Al,O3 forms a blade like
morphoiogy while the transformation, especially near 1000°C,
produces surface ridges on the o scale and cracks within the scale.
The cracks are attributed to the >10% volume reduction during
transformation to o-AlpO3. This type of microstructure was also
observed by Doychak, et al. [1985].

At higher temperatures (>1200°C), the transient period is
reduced due to faster diffusion of Al in the alloy and thus a faster
formation of a continuous Al,Og3 scale. Also at higher temperatures,
the formation of 6-Al,O4 is limited to very short times or does not

form at all.

2.2 Attempts to Explain the Reactive Element Effect

In 1937, the use of certain elements to improve alloy oxidation
behavior was patented in the U.K. by Pfeil [1937]. Since that time,
countless observations have been made of this so-called "reactive
element effect" (REE). The phenomenon has also been misnamed the
"rare earth effect,” but two of the primary elements, Y and Zr, are
not rare earths. The REE literature has been reviewed numerous
times, with the compilation by Whittle and Stringer [1980] being
cited most often. More recently it was reviewed by Moon [1988] and
Jedlinski [1990]. The following is a brief synopsis of the effects
followed by the most popular theories to explain the role of REs.

In both chromia- and alumina-forming systems, the reactive

element effect is most basically characterized from an engineering
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or macroscopic view by a reduction in the rate of oxidation and an
improvement in oxide adherence. The change in oxidation rate for
chromia-formers is 1-2 orders of magnitude, while the reduction for
alumina-formers is less. A reduction of 2-4 times is often
reported, but some authors have reported no change in the rate
[Bennett, et al., 1990]. On the other hand, the greater effect in
alumina-formers appears to be the improvement in oxide adherence.
Without some type of modification, spallation of Al,O5 scales from
most alloys is severe. Undoped Cr,Og3 scales are usually somewhat
adherent. Both oxides are observed to be more adherent when doped
with a RE.

The macroscopic change in the oxidation rate also implies an
atomistic change in the rate-limiting step for the oxidation
reaction. In chromia-formers, the addition of an RE changes the
predominant oxidation mechanism from primarily outward Cr
transport without a dopant to predominantly inward O diffusion with
a RE [Cotell, et al., 1990a]. For alumina-formers the effect is not so
well documented (see Section 2.4).

A RE addition is also reported to improve the selective
oxidation of chromia-formers, i.e less Cr is required in the alloy to
achieve a continuous Cr film. This effect has not been directly
observed in alumina-formers. The addition of a RE furthermore
results in a change in the oxide microstructure and especially a
reduction in the oxide scale grain size.

All of these experimental observations, taken together, show

an improvement in the oxidation behavior of RE-doped alloys.
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However, the exact mechanisms by which a RE addition changes the
oxidation behavior have not been conclusively identified.

While experiments have abounded, coherent explanations for
the role of these elements have been few, and a robust theory
explaining all of the effects has not been put forth. Like grammar
rules, whenever a theory is laid out, there always seems to be some
exception. The following is an attempt to cover all the bases.
However, the amount of coverage given to each theory does not
necessarily reflect the number of papers advocating a particular
theory. Some of the theories, for instance the peg theory and the
void theory, either have been shown to be obsolete or are relatir~ly

simple concepts that do not require much explanation.

2.2.1 The Segregation Theory

Listed first by no accident is a theory which attempts to
explain all of the observed REE based on one observation -- the
segregation of the RE to the oxide-metal interface and the oxide
grain boundaries. While the theory is far from proven conclusive, it
does take all of the major effects into account. It is also attractive
because of its simplicity and inclusiveness in explaining all of the
RE effects. Grain boundary segregation is reviewed more
extensively in Section 2.7.

While other researchers have hypothesized previously and
since observed this segregation, the segregation theory was first
outlined by Przybylski and Yurek [1989] for chromia-formers. The

major observation, by Cotell et al., [1987], was that the growth
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mechanicm for Y-implanted Cr (2 x 10'6/cm?) was changed to
primarily oxygen transport inward. The grain boundary flux of
outward-diffusing Cr was limited by the segregation of Y to the
oxide grain boundaries. Due to this change in mechanism and a
solute-drag effect, the segregant also had a profound effect on the
oxide microstructure. Without a dopant, new oxide formed at the gas
interface, leading to large columnar grains (axis normal to the metal
interface) near the gas interface ai 900°C. With a dopant, the much
thinner scale had a finer grain size and more equiaxed grains.
Columnar grains were observed in this case near the metal
interface, exactly the opposite of the undoped case.

According to this theory, the RE addition reduces scale
spallation due to a number of factors. The cnange in oxidation
mechanism and oxidation rate reduces the scale thickness thus
reducing growth stresses. Przybylski and Yurek [1989] also
concluded that while impurities (like S) in the alloy were
deleterious to the oxide adhesion, removing them without a RE
addition would not improve long-term adherence. Eventually the
faster-growing undoped scale would generate sufficient stress to
cause failure. Thus S removal could not be substituted for a RE
addition in the long run.

A broad-based attempt to apply this theory to alumina-

formers has not appeared in the literature.
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2.2.2 Interface Theories

In order to save space, several theories related to the metal-
oxide interface will be discussed together in this section.

(1) The Graded Seal. This is the simple idea that a RE-rich
layer forms between the substrate and the oxide. According to this
hypothesis, the rate-limiting step is modified because of slower
diffusion through this layer and adhesion is improved because this
layer acts as a strengthening intermediary phase. This theory
persisted because early analytical techniques such as EPMA did not
have sufficient resolution to detect a thin layer [Wood and Boustead,
1968]. When more advanced analytical techniques (such as XTEM)
began to be employed, the interface between the oxide and the
substrate could be analyzed. These studies found that such a layer
did not exist [e.g. Ramanarayanan, et al., 1984; Katz, et al., 1987].

(2) Oxide Pegs. This idea was based on observations of
internal oxidation of the RE when the RE was added by alloying (see
Sec. 2.3.1). The selective internal oxidation of the RE near the
surface would often form oxide protrusions into the substrate which
were attached to the external scale. These oxide "fingers" were
proposed to grab onto the alloy, thus improving scale adherence
[Felten, 1961; Allam, et al., 1978; Pendse and Stringer, 1985; etc.]

Over the past 20 years, as RE additions have moved beyond
simple alloying, this theory has become less prominent. Addition of
the RE by ion implantation and oxide dispersions improves the oxide
adherence without the formation of pegs. Thus, while pegs may play

a role, they are not necessary to improve adherence.
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(3) Interface Bonding. According to this hypothesis, the
undoped metal-oxide bond is normally weak. By adding a RE to the
alloy, the bond is strengthened. Obviously, this theory is somewhat
unspecific regarding exact mechanisms. After the detrimental role
of indigenous sulfur was demonstrated [e.g., Smeggil, 1985], S was
identified as the reason for the weak undoped interface. The role of
sulfur is discussed more thoroughly in Sections 2.2.5 and 2.5.

(4) Void Theory. This theory is another hypothesis arising
from observations of the alloy-oxide interface. In this case, the
undoped interface is observed to have voids at the interface, while
the doped interface is adherent and no voids are observed. An idea
attributed to Stringer [1966] is that the RE in the alloy acts as a
vacancy sink. Thus, vacancies are captured by the RE rather than
coalescing into voids at the alloy-oxide interface. Kumar, et al,
[1974] proposed that an internally-oxidized RE in the alloy forms
dislocation loops which annihilate these vacancies. (No attempt was
made to look for these dislocations.) Accordingly, when the RE
addition becomes saturated with vacancies, voids would form and
cause failure.

Tsuzi [1980]) observed, in FeCr with 0.87% Y, that no voids
were present at the alloy-oxide interface, but voids were found
centered on internally-oxidized Y,Oj3 particles in the alloy. These
voids were observed in metallographic cross-sections and no
consideration was made of possible polishing effects or the
difference in thermal expansion between Y,O3 and FeCr. The void
explanation has also been used in numerous other systems including
the addition of Y to NizAl [Kuenzly and Dougiass, 1974].
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Experimental observations have not always been consistent
with this hypothesis. A Y,Oj-dispersed NiCr alloy oxidized at 900°C
[Pint, et al., 1988] and 1000°C [Katz, et al., 1987] was investigated
for possible void formation near YAI,O,, particles in the alloy.
Before and after oxidation, TEM parallel sections of the alloy near
the oxide interface were examined. No voids were found at these
interfaces in either case. However, at both temperatures, the oxide
adherence was excellent.

One of the weaknesses of the void theory is that it deals
mainly with the issue of improved adherence. It does not address
the other RE effects such as the observed changes in the oxidation

mechanism or the oxide microstructure.

2.2.3 Scale Plasticity

This hypothesis is experimentally based, mainly on the
observation of a reduction in the oxide grain size with the addition
of a RE. It is proposed that this reduction in grain size improves the
mechanical properties of the scale (e.g. plasticity), thus improving
the oxide adherence [Antill and Peakall, 1968; Francis and Jutson,
1968; Ramanarayanan, et al., 1983]. This idea is fully consistent
with the segregation theory in that the segregation of the RE to the
oxide grain boundaries slows the grain growth, producing a finer
grained scale. A reduction in grain size would alter the mechanical
properties of the scale, with a likely improvement in ease of creep

deformation and thus a greater ability to relieve growth stresses.
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However, there is no evidence to show conclusively that a finer

oxide scale is more adherent than a larger grained scale.

2.2.4 Elimination of Growth Stresses

This theory is also based on one observation -- the change in
the rate-limiting step of oxidation. In both chromia and alumina
scales, cation transport is reduced with the addition of a RE
[Mrowec, et al., i987]. Mrowec, et al. concluded that the entire REE
(especially slower growth and improved adherence) is due to a
change in the oxidation mechanism and not due to any interfacial
phenomena, such as sulfur segregation or oxide pegging. Golightly et
al. [1976] had earlier proposed a similar explanation for alumina-
formers. When cation transport is eliminated, metal vacancies
responsible for the outward diffusion are no longer generated, thus
eliminating voids at the metal-oxide interface and improving oxide
adhesion. Oxide microstructures are aiso modified by the change in
the scale growth mechanism.

Also involved in this type of argument is the calculation of
stresses in a growing oxide film [e.g. Cathcart, 1976]. The
contention here is that, for chromia-formers, comparing doped and
undoped scales is inappropriate, because the faster oxidation rate in
the undoped case will cause higher stresses, always leading to
agreater failure rate. With a reduction by 1-2 orders of magnitude
in the scale growth rate for RE-doped substrates, it is more logical
to compare scales of equal thickness. However, this type of

argument does not hold for the case of alumina-formers where
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reductions in the oxidation rate are generally less than an order of
magnitude. In this case, the doped and undoped scales of equivalent
thicknesses exhibit radically different behavior. Undoped alumina
scales often spall completely, leaving only the bare metal
[Przybyiski, et al., 1987].

The major difference between this theory and the segregation
theory is that this theory does not recognize the role of sulfur as

important to adherence.

2.2.5 The Sulfur Effect

One of the more recent additions to the list of possible
explanations is the sulfur effect. This hypothesis goes beyond the
findings of Funkenbush, et al. [1985] and Smialek [1987a] about oxide
adherence (see Section 2.5) to conclude that the presence of sulfur
explains all REEs. First proposed by Lees in 1987 in an unreviewed
journal article, this hypothesis remains largely unsubstantiated.
Like other theories, this idea relies on one simple premise -- that
sulfur causes all of the detrimental effects in high temperature
oxidation. According to this theory, the RE combines with sulfur and
prevents it from affecting the oxidation behavior.

In the absence of sulfur, however, a RE addition would be
unnecessary -- adherence would be good, the oxide would naturally
grow by the slower anion transport, and presumably the grain size
would be reduced. Yet despite the fact that ultra low-sulfur alloys
are available, none of these effects has been observed except for the

improvement in oxide adherence. A recent paper by Fox, Lees, and
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Lorimer [1991], studied the oxide formed on Cr-165ppmS
(approximately ten times the S content found in a conventional
alloy). Using EDXA on an FEG-STEM, S was detected to have
segregated to high angle grain boundaries and the metal-oxide
interface. This was claimed to be proof of the sulfur effect - S
segregated to these interfaces promoted the outward diffusion of Cr
and oxide spallation. No published work has shown any evidence that
in a sulfur-free alloy, CroO3 or Al,O53 grow predominantly by inward
oxygen diffusion. Furthermore, Smialek [1989] demonstrated that
there was no change in the oxide microstructure when S was
removed from NiCrAl. The only effect of S removal was to improve
oxide adhesion.

While this hypothesis is plausible, there is simply no published
experimental evidence to prove that S has any effect other than

being detrimental to scale adherence.

2.3 Methods of Reactive Element Addition

Now that the benefits of a RE addition have been expounded,
the more practical issue of actually adding the RE to a system
becomes significant. While most of the first 30 years of RE
research examined mainly RE alloy additions, the last two decades
have emphasized other types of additions. A RE oxide dispersion is
particularly attractive because of the dual purpose of the dispersion.
A stable RE oxide (such as Y203) not only benefits the oxidation
behavior but also improves the creep properties at high temperature.

A second technique, first used in the electronics industry, is ion
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implantation. This surface treatment essentially allows any
element to be added to any solid substrate in the near-surface
region. Both oxide dispersions and ion implantation provide a
uniform source of the RE, eliminating problems associated with

alloying.

2.3.1 Alloying Additions

While alloying of the reactive element would seem to be the
simplest and easiest way of adding the element to the system, the
success of RE alloy additions is sometimes limited because of their
phase separation in the metal. Numerous studies have found a more
beneficial effect of a RE when it is more evenly dispersed in the
alloy. For example, a Hf addition produces better oxidation behavior
than an equal addition of Y in CoCrAl [Allam, et al.,, 1978]. Hf is
more soluble in CoCrAl, while Y is found to be concentrated in
second-phase particles at the alloy grain boundaries. Yet, besides
the formation of Y-rich intermetallics, there is no other evidence to
suggest that Y is not as effective as Hf as a RE addition.

Kuenzly and Douglass [1974] found general detrimental effects
for the addition of 0.5wt%Y to NizAl at temperatures between 1100°
and 1200°C. While Y prevented short-term spallation and eliminated
void formation at the alloy-oxide interface, it did not affect the
weight gain and it enhanced the formation of NiO. Kuenzly and
Douglass found that Y in the NigAl-0.5Y alloy is present as Ni-Y
intermetallics, which upon oxidation form Y203 and eventually

yttrium-aluminum garnet (YAG). After longer exposures, YAG
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particles in the scale were believed to act as stress concentrators
and to cause spallation during cooling. Similar results were found in
the case of Y additions to NiCrAl alloys [Kumar, et al., 1974].

In cases where second phases are not formed in the alloy, more
successful results are found. One significant example is the use of
alloyed Zr in NiAl. This is the type of RE addition used in many of
the studies done by the NASA group and Doychak [Barrett, 1988;
Doychak, et al., 1985, 1989a, 1989b; Reddy, et al., 1982].

2.3.2 lon Implantation

Surface implantation of a RE has been found to yield more
uniform effects than alloying, for which RE-rich particles often
form in the alloy. Microstructurally, this leads to a more uniform
scale, where no oxide pegs or other anomalies are found. For
instance, Sprague and Johnston [1983] found that voids formed
beneath oxide films on both CoCrAl and CoCrAl + 0.5%Y but did not
form when the alloy was implanted with Y. The conclusion was that
because Y segregated in the alloy, the voids on CoCrAlY formed in
areas without Y. The even-distribution of the implant eliminated
these undoped regions.

Jedlinski and Mrowec [1987] studied the effect of implanted
yttrium on the oxidation of Ni-Al (51.9 at%Al) between 1000 and
1300°C. Without Y implants, AloO3 scales exhibited poor adherence.
With doses of 2x1016 Y*/cm? at 70keV, adherence was improved and

weight gain was reduced.
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Further work by Mrowec, Gil and Jedlinski [1987] showed that
an ion-implanted yttrium dose of 2 x 1016 cm-2 at 70kV was
required to improve Al2O3 adherence on B-NiAl in 2hr cyclic tests at
1200°C in air, Figure 2.5. [Mrowec, et al., 1987] Similar work by
Jedlinski and Mrowec [1987] used “perfect” to describe the
adherence of the scales on Y-implanted NiAl. However, a similar
dose of lanthanum (which exhibit: all of the REE in chromia-
formers) had no effect on adherence, but did slightly slow the
growth of Al,Oj5 in isothermal tests.

lon implantation of Y also has been used extensively to study
the REE in chromia-formers [Przybylski and Yurek, 1989]. Collins et
al. [1979] separately implanted 35 different elements into Cr
substrates to determine which species exhibited the REE. No
specific effect of ionic radius or valence was found. Cotell, et al.
[1990b] demonstrated that an Y implantation level of 1 x 101%/cm?
was insufficient to change the oxidation mechanism. A fluence of 2
x 10'6Y+/cm? was required to affect the oxidation behavior.

Extensive AEM work has also been done on Cr,O3 scales. One of
the microstructural features unique to ion implantation in this case
is the formation of coherent YCrO3 perovskite-type particles within
the Cr,O45 scale [Przybylski, et al.,, 1986]. Y was also found to
segregate to the CroOg3 grain boundaries. The formation of Y-rich
precipitates was believed to be due to the high concentration of Y in
the near surface region. Similar Y-rich grains were found by
Bennett, et al. [1985] in Y implanted (10'7/cm?) stainless steel
after oxidation for 6500hr at 825°C. In this case, the particles

were identified as Y,Og3 by rmicrodiffraction.
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Figure 2.5 Weight change versus time for various implants of Y in
B-NiAl cyclicly oxidized (1hr cycles) in air at 1200°C [Mrowec, et
al.,, 1987].
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The limited nature of a surface implant has also been
occasionally explored. Bennett, et al. [1980] found that a Y implant
(3 x 10'9/cm? at 300kV) in FeCrAl was only effective up to 500hr at
1100°C. Al implants up to 10'7/cm? had no effect at longer times.
However an alloy addition of 0.86% Y produced the REE for at least
3271hr. A similar limitation was also found by Antill, et al. [1976]
with Y and Ce implants into stainless steels. In Y implanted (2 x
10168/cm?2) Cr, Cotell, et al. [1990a], also found that towards the end
of a 20hr exposure at 1025°C there were signs the REE were
diminishing.

There is no experimental evidence to suggest that the
implantation process itself effects the oxidation behavior. For
instance, Pivin et al. [1980] implanted both Y and Ar into Ni-Cr, Fe-
Ni-Cr, and Fe-Ni-Cr-Al alloys. In each of the alloys, implanted Ar
had no effect on the oxidation properties. Thus it is a chemical
effect of the implanted species and not a result of the radiation

damage caused by ion implantation.

2.3.3 Oxide Dispersions

A RE oxide dispersion in an alloy, generally provides the best
method for introducing the RE uniformly throughout the material. It
has the additional benefit for high-temperature structural materials
that the oxide dispersion improves the creep resistance of the
material by pinning dislocations (oxide dispersion strengthening,

ODS). The drawback of the dispersion is in the fabrication. In order
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to achieve a uniform dispersion, powder metallurgy techniques such
as mechanical alloying are necessary [Benjamin, 1970].

There has been general agreement in the literature about the
beneficial effects of a RE oxide dispersion. The most significant
issue has been the case of a non-RE oxide dispersion (especially
Al,O3) which reportedly improves the oxide adherence on both Al;Og3
[Tien and Pettit 1972] and CrpO3 [Wright, et al., 1975]. This resuit
is both interesting and frustrating. If it is true, it requires a
rethinking of some aspects of the REE. However, the observation is
always missing characterization beyond simple isothermal kinetics
and cyclic weight changes. No further investigation has been
published regarding the other REEs; such as changes in oxide
microstiucture and growth mechanisms.

For instance, the Wright paper concludes that the AI,O4
dispersion reduces the oxidation rate. However, it is never clarified
whether this is a reduction in the transient growth of a Ni-rich
layer or in the steady-state growth of CroOg3. Yurek, et al., [1987]
found that a Y,O4 dispersion in Ni-20Cr decreased the thickness of
the outer Ni-rich layer. The result also begs the question why all
commercial ODS alloys contain a RE oxide dispersion. A dispersion
of only Al,O3 must be cheaper than one including Y,03 (Inco MA956)
or ZrO, (Kanthal APM).

Another important issue regarding the role of an oxide
dispersion is its effect on selective oxidation and the transient
period. A rather intuitive argument by Stringer [1972] is that the
oxide dispersion promotes the heterogeneous nucleation of a

continuous oxide film. This allows a protective scale to form with
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less Cr or Al in the alloy and undercuts less-noble oxides faster.
Seltzer and Wilcox [1972] also subscribed to this idea, showing that
the diffusivity of Cr in the alloy was dependent on the alloy grain
size. However, the selective oxidation to form CroO3 was
independent of the alloy grain size and modified by an oxide
dispersion. Further work by Whittle, et al. [1977] showed that 1wt%
additions of Zr, Hf and Ti did not affect the oxidation behavior of Co-
10Cr and Co-15Cr. These alloys normally do not form continuous
protective CroO4 layers. However, when these same alloy additions
were internally cxidized (at low Pg, so no Cr,Og3 is formed), a
continuous adherent scale forms under isothermal conditions. Yet
all of these studies relied mainly on kinetic and some XRD work for
their evidence.

Microstructural characterization does not support these
macroscopic (kinetic) observations. Braski, et al. [1986], studying
Ni-20Cr with and without Y»Oj3, revealed that in the early stages
with a low (10°1° - 10'27atm) oxygen potential there was no effect
of the dispersion on nucleation. The most significant effect was on
the oxide microstructure, not on nucleation. One possible difference
in this case is that with a low Pg,, where NiO is not formed, an
effect of the oxide dispersion on the transient period would not be
expected.

In summary, there appears little question that RE-oxide
dispersions exhibit the REE. However, it is also possible that an
oxide dispersion also adds some additional effects which modify
selective oxidation, transient oxidation and oxide adherence.

Insufficient microstructural characterization prevents conclusive
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arguments to be made about these effects. There is also much more
experimental evidence regarding oxide dispersions in chromia-

formers than alumina-formers.

2.4 Conflicting AloO3 Oxidation Mechanism Experiments

Virtually no argument arises in the case of chromia-formers
about the oxidation mechanism. Both inert markers and 80 tracers
show that undoped Cr,O3 grows predominantly by the outward
diffusion of Cr. When a RE addition is made, the rate-limiting step
is changed to the inward diffusion of oxygen. For the case of Y-
implanted Cr, this was demonstrated using both inert markers and an
180 tracer by Cotell [1988].

Al,O 5 appears to be a more complicated case with little

agreement in the literature.

2.4.1 Inert Marker Experiments

The premise on which inert marker experiments are based is
quite simple. If anion diffusion is the primary growth mechanism,
then the markers should remain at the original metal surface and
oxide grow beneath them. In the case of growth by cation diffusion,
the oxide should grow over the markers, and they should be found
beneath the oxide at the metal-oxide interface. In the case of mixed
mode growth, the markers should be found within the scale.

Pettit's initial work on Ni-Al alloys concluded that Al,Oj

scales grew by the inward diffusion of oxygen. However, because of
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the thin non-adherent scale on these alloys, no marker or other
experiments were conducted to confirm this hypothesis. Marker
experiments on more adherent AloO3 scales, such as those formed on
Fe-25Cr-4AIl-Y alloys at temperatures between 1100° and 1300°C,
have been performed by Wukusick and Coliins [1964]. They concluded
that AloO3 scales grow by inward diffusion of oxygen. This result
has been confirmed a number of times for alloys forming Al2O3
scales [Hindam and Smeltzer, 1980a; Huang, et al., 1985]. Hindam
and Smeltzer [1980b] noted in a second paper that ridges on both
metal-oxide and oxide-gas interfaces on Ni-32.2Al indicated growth
by counter-current diffusion of Al and O despite markers being
detected on the scale surface.

Young and de Wit [1984] cast further doubt on the validity of
marker-type experiments. Using NRA, Young and De Wit [1985] found
that Al2O3 on NiAl (50at%Al) grew primarily by Al transport
outward at 900°C in 1.0atm O2. Some 180 was found to penetrate up
to the alloy-oxide interface, but this was proposed to occur by
limited short-circuit oxygen diffusion. Surprisingly, Pt and Pd
markers in the same experiment were found at the oxide-gas
interface, indicating growth by oxygen diffusion inward. At 1150°C,
similar results were found. Oxygen diffusion inward had gained in
magnitude compared to 900°C, but NRA showed Al diffusion outward
was still the dominant mechanism. Marker experiments again
showed the opposite result.

Young, Bishop and de Wit [1986] implanted Pt into pregrown
Al203 on NiAl.  After further oxidation at 900°C, the Pt was

detected by RBS near the center of the scale, indicating that new
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oxide had grown over it, which coincides with the 180 tracer results.
However, the exact position of the Pt appeared to move slightly
during oxidation, leading to the conclusion that this type of inert
marker was not completely reliable either.

After the findings of Young and de Wit, Mrowec, et al. [1987]
also compared marker and tracer experiments. Au markers and '80
tracer experiments for undoped NiAl both indicated a mixed growth
mode after 24hr at 1075°C. This is noteworthy because no other
study has found inert markers within an Al,O45 scale However, for
Y-implanted NiAl, the two techniques did not agree. In this case,
180/SIMS showed Al diffusion was predominant in scales, but Au
markers found at the gas surface were deemed inconclusive. Thus,
the emphasis in the literature has switched to almost exclusively

180 tracer experiments for determining the growth mechanism of
Al,Og3.

2.4.2 180 Tracer Experiments

The results of numerous 80 tracer experiments have been
reviewed by Jedlinski and Borchardt recently [1991]. One useful
diagram from this paper which draws from the theoretical work of
Basu and Halloran [1986] is shown in Figure 2.6. After comparing the
results of numerous studies, Jedlinski and Borchardt concluded that
no simple model can describe the formation of AloO5 and that the
effect of Y "was found to be quite complex”. They also emphasized
the potential role of pores and cracks for explaining the variety of

results.
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Second Oxidant
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a) Metal Outward b) O inward: cracks
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e) Combined metal and O: f) Combined metal and G:
Different Paths Same paths

Figure 2.6  Theoretical sputter depth profiles for 80 tracer
diffusion experiments given different growth mechanisms. The
shz:ged area refers to the location of the second oxidant (either 160
or '°Q).
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The one point that does not get emphasized enough in the
review is the role of the Al,O3 phase (either 8 or a) on the growth
mechanism.  Also, the various effects of RE additions is not
adequately dissected. Instead they are lumped together, making the
role of the RE difficult to interpret. A few studies appear to clarify
the "complex” role of RE additions.

Young and de Wit [1986] found using an 80 tracer that the
alloying of NiAl with Y caused a change in oxidation mechanism. As
part of the same research group, van Manen, et al. [1987] determined
that, while small additions of yttrium (0.07wt%) caused a decrease
in oxygen transport at 1000°C, larger amounts (0.5wt%) caused the
opposite effect. They concluded that the effect of the larger
yttrium concentration is to retard the transformation of Al2O3 from
the initially-formed, metastable 6-AloO3 phase to the stable -
Al2oO3 phase. They speculated that the a phase favors oxygen
transport, while the 6 phase favors aluminum transport, thereby
explaining the difference between the high- and low-yttrium cases.
However, in most cases, they failed to isolate the single phase and
concluded that the RE addition affects the phase transformation, not
the growth mechanism.

More conclusive experiments have been conducted on NiCrAl
and FeCrAl, both with and without an RE addition. In these cases,
unlike NiAl, primarily a-Al,O3 is found at the temperatures
investigated. Reddy et al. [1982] found by 180 tracer experiments
that AloO3 scales on NiCrAl+Zr grow primarily by oxygen diffusion
inward. This was proposed to be due to the effect of the addition of

Zr. NiCrAl without Zr grew by a combination of Al and O transporl.
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The same result was also found for undoped FeCrAl and Y,035
dispersed FeCrAi (MA956) alloys. Quadakkers, et al. [1989] con-
cluded that the primary role of the RE addition was to suppress
cation diffusion in both Cr,O4 and Al,Oj.

Thus while there appears to be confusion about the effect of an
RE addition on NiAl, there does not appear to be any confusion for
MCrAl alloys. NiAl appears to be a more complicated situation.
However, as outlined by van Manen, et al. [1987], the complication
that many studies do not consider is the potential role of the Al,Oj

phase transformation that occurs near 1000°C.

2.5 Scale Adhesion and the Role of Sulfur

One of the most important issues from an engineering
standpoint is oxide adherence. Even if the oxide grows slowly, if it
spalls readily upon cooling (or at temperature), then the lifetime of
the substrate is limited. Eventually the Al (or Cr, Si) content will
be depleted to the point where less noble oxides will be formed. If
the oxide remains adherent, less depletion occurs and the parabolic
nature of the reaction will slow the degradation at long times.

Over the past ten years, a number of oxide adherence studies
were undertaken, with many concentrating on alumina-formers. The
other RE effects were ignored in order to concentrate on explaining
the reasons for oxide spallation. Indigenous sulfur in the alloy was
found to be a major factor. The general conclusion was that without
a RE, sulfur-free alloys had better adherence. With a RE, sulfur was

found to be neutralized in some manner.
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2.5.1 The Detrimental Role of Sulfur

The first work to discuss the detrimental role of sulfur on
oxide adherence was lkeda, et al. [1983], working on stainless
steels. By heating the metal in vacuum, sulfur was observed to
segregate to the surface by AES. This study concluded that La
additions improved the adherence by gettering sulfur. Also, BN and
TiC surface layers lowered the S surface segregation in vacuum, and
subsequently improved the oxidation adherence.

Funkenbush, et al. [1985] and Smialek [1987a)], working inde-
pendently, demonstrated more conclusively the role of sulfur.
Smeggil, et al. [1986] demonstrated that while adding Y to NiCrAl
improved oxide adherence, adding Y»S3 decreased adherence (ten
times worse than undoped NiCrAl), and adding Y»S3 and Y produced
good adherence again. Y»>S3 additions were proposed to form YS, thus
liberating S which caused scale exfoliation. When additional Y was
added with Y»Sg, all of the S could then be tied up as YS. Smeggil et
al. [1985] also ion implanted S (to a peak concentration of 7wt%)
into NiCrAlY and found that the oxide adherence was reduced in this
case. It was also predicted that if sulfur were eliminated from the
alloy, good scale adherence could be attained without a RE addition.

In a simpler approach, Smialek [1987a] removed the metal
surface of NiCrAl (by polishing) after each oxidation cycle. After
several cycles of this, oxide adherence was improved. This
treatment was observed to lower the bulk alloy S concentration. S

segregating to the metal surface during oxidation was presumably
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removed during polishing, leaving a low S ccntent alloy with
improved oxide adherence.

Lees [1987] produced a similar improvement by hydrogen
annealing pure Cr to reduce the S content in the alloy. Smeggil and
Peterson [1988] used AES and XPS to look at S surface segregation
during vacuum heating (600°C) of NiCrAl. Using XPS, S was found to
be present as both S2 and SX. The AES work confirmed the findings
of lkeda, et al. [1983].

A lone dissenting vote has been cast by Briant and Luthra
[1985]. While they did detect S segregation using AES, a NiCrAl
alloy prepared with a very low S content did not exhibit improved
oxide adhesion in cyclic testing.

One frustrating issue again is that, for the most part,
adherence improvements were mainly characterized by cyclic weight
change data. Smialek [1989] looked at the scale morphology and
concluded that the scale on a S-free, undoped NiCrAl had a different
morphology from that formed on NiCrAlY. The oxide grain size was
larger in the undoped case. Also, no oxide pegs or voids were
observed in the undoped case. No other characterization has been
reported concerning the structure or growth mechanism of adherent

scales on sulfur-free alloys.

2.5.2 Reactive Element-Sulfur Interactions

Both studies by Smialek [1987b] and Smeggil, et al. [1986]
stated that the control of S was a "first order” REE. Smialek even

determined a relationship for the amount of Zr required to
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counteract a given quantity of S. However, in many of these studies
there has been little mention of exactly how an addition (RE or
other) interacts with indigenous S.

Three different theories have been proposed for the interaction
of a reactive element and sulfur. The first is that the RE such as Y
reacts with the indigenous S to form a stable sulfide, thus
preventing the sulfur from degrading oxide adhesion [Smeggil, 1986].
The second premise is that yttrium segregated to the alloy-oxide
interface lowers the driving force for sulfur segregation to this
interface, thus eliminating its detrimental role [Pint, et al.,, 1991].
The third is that RE oxide dispersions or internally oxidized RE
particles provide a free surface for S segregation, diverting it from
the metal-oxide interface [Lees, 1987]. This last idea is discussed
in the next section.

All of these ideas remain largely unproven. Smeggil, et al.
[1986] was unable to find any indication of the reduction of Y2Sj to
YS. Sigler [1989] studied FeCrAl alloys with a wide range of alloy
additions, including Y, Ce, Ti, Zr, Hf, Nb, V, Ta, and Mo. He concluded
that additions which formed more stable sulfides than Al,S3 were
beneficial. This excluded Nb, V, Ta and Mo. However, for the
elements that improved oxide adherence, no effort was made to
detect their sulfides in the alloy.

A RE effect tied to the segregation driving force is also
largely circumstantial. When good adherence is found, the RE and not
S is found at the metal-oxide interface. When adherence is poor

(with no RE addition), S is found to segregate.
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One piece of evidence regarding the role of Y was provided by
Briant and Luthra [1988]. Samples of pure metal (Fe, Ni, Cr, Al, and
Y) were doped with 100ppm S and heated in vacuum. Heavy surface
segregation of S was detected on each of the blocks except Y, which
remained clean. While this observation does not preclude the
formation of YS, it does question why rione of the other metals were
able to form internal stable sulfides under the same conditions as Y.
This experiment points to a potential link between the RE and

interfaces in general.

2.5.3 Sulfur-interface Interactions

S is considered to be a surface-active element, segregating to

boundaries in both metals [e.g., Chaung, et al., 1979; Briant and Taub,
1988] and cxides [Kim, et al., 1986; Fox, et al., 1991]. This idea has
been used to explain the effect of oxide dispersions. Oxide particles
in the alloy provide interfaces for indigenous S segregation. This
diversion lowers the amount of segregation at the metal-oxide
interface, thus improving oxide adherence. The idea has been used to
explain the reported improvement of oxide adiherence with the
addition of any stable oxide (RE or non-RE such as Al,Oj3 or TiOy).
Thus, the chemical composition of the dispersion is unimnortant,
only the alloy-particle interface which it provides.

Two studies at M.I.T. looked for experimental evidence to test
this idea. Katz, et al. [1987] found that in Y>,O3-dispersed FeCrAl
(Inco MA956) with 110ppm S, there was no S detected (FEG-
STEM/EDXA, <2nm probe) before or after oxidation at alloy-particle
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interfaces. A theoretical calculation showed that if all of the S
(110ppm) in the alloy segregated, there would be an entire
monolayer of S surrounding each particle. This level of segregation
would be easily detected by STEM/EDXA. Also no YS, particles were
detected although it is possible that these were preferentially
removed during TEM sample preparation.

A second study by Pint, et al. [1989] looked at an Y5Oj3-
dispersed Ni-20%Cr alloy (Inco MA754) oxidized at 900°C in Hy-HyO-
HoS environments. This alloy contained 10ppm S. When H»S was
added to the gas mixture, S was detected at particle-metal
interfaces near the scale. However, S segregation was not found
when H»>S was absent from the gas mixture. Thus, while several
studies have detected indigenous S segregation to oxide and alloy
grain boundaries, free surfaces and the metal-oxide interface, it is

still only a hypothesis that it segregates to other interfaces.

2.5.4 Adhesion Testing

While cyclic testing remains the most widely used technique
for gauging oxide adhesicn, there are other techniques as well.
Acoustic emissions have been monitored in order to detect signs of
cracking, both isothermally and during cooldown [Huang, et al.,
1985]. Using micro-indentation, Tortorelli and Kaiser [1991] have
attempted to quantify the mechanical properties of scales, including
their adhesion. Sigler [1989] deformed the oxidation coupons after

oxidation with a punch to analyze oxide adherence. These techniques
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remain somewhat controversial and difficult to interpret. In

general, cylic testing is favored because of its simplicity.

2.6 AloOg3 Microstructural Features

There are certain morphologies and microstructures which are
typical of a particular oxide, such as porous or dense scales,
columnar or equiaxed grains, even oxide blades and whiskers. The
review here concentrates on structures typical of Al,Oj scales,
especially those above 1000°C. There is also a section on substrate
morphologies beneath growing Al,O3 scales. One point of confusion
is the convoluted nature of some Al,O3 surface marphologies.
Surface roughness or convolutions can be caused by variations in the
scale thickness, or by a uniform thickness scale that is not flat.
Furthermore the convoluted scale may be adjacent to a flat
substrate interface or an equally convo'uted substrate. Each of
these cases is defined in this section to clarify these descriptions

as used in this study.

2.6.1 Convoluted AloOj3 -- "Buckling”

One of the common structures for undoped a-Al,O5 scales
formed on FeCrAl alloys is the case where a scale of uniform
thickness is convoluted but the underlying alloy remains relatively
flat. For the purposes of this study, scale exhibiting this type of
convolution will be referred to as "buckled". This type of structure

is shown schematically in Figure 2.7a. The scale in this case has
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Figure 2.7 Schematic of various Al,O4 oxide morphologies.
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buckled, leaving voids between the alloy and the oxide. In view of
the reduced contact between the metal and oxide in this case, poor
adhesion is the inevitable consequence.

Smialek, et al. [1988] noted the buckling of Al,O3 scales grown
on FeAl at 1100°C. As mentioned previously, this morphology was
also noted by Golightly, et al. [1976] in Al,O5 formed at 1200°C ¢n
FeCrAl without a RE addition. This structure was attributed to
lateral growth of the scale due to mixed mode oxidation, i.e. both Al
and O diffusing simultaneously. Poor oxide adherence was also
observed. In the case of a Y alloy addition, no buckling was observed
[Golightly, et al., 1976). The doped scale was uniform in thickness
and relatively flat, as was the alloy-oxide interface. The only
exceptions noted when Y was present were oxide protrusions (pegs)
into the alloy in the vicinity of FeY, particles in the alloy. The
elimination of scale buckling was attributed to Y blocking the
diffusion of Al through the lattice. Thus the doped scale was
proposed to grow only by O diffusion and was not buckled.

No other studies have produced a different theory for these
convolutions [e.g., Mrowec, et al.,, 1987]. One speculation is that
these scales also buckle because of decohesion promoted by the
segregation of S to the metal-oxide interface. Unfortunately no
studies have been reported on S-free FeCrAl which could be
examined for scale buckling

Tien and Pettit [1972] noted that the buckling was affected by
polishing scratches after oxidation of FeCrAl at 1200°C. In this
study, the samples were polished to 600grit and buckle ridges

tended to follow the larger surface scratches. This study also noted
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that, while buckling was observed, there were also areas where the
substrate reflected the convolution of the scale. For this study,

these two cases are defined separately.

2.6.2 Convoluted AloO3 -- "Rumpling”

A second type of convolution is characterized by the alloy
conforming to the oxide convolutions, making for a more complete
oxide-metal interface. This will be referred to as "rumpling” to
distinguish it from buckling. This structure is shown schematically
in Figure 2.7b. From the surface, rumpling and buckling look the
same. However, in the case of rumpling, fewer voids are formed and
the scale is in better contact with the substrate. Thus, scale
adhesion is not necessarily reduced when rumpling is observed.

Bennett, et al. [1991] observed this behavior at 1200°C and
1400°C with undoped FeCrAl. The extent to which convolutions of
the alloy followed those of the oxide increased with temperature
over this range. This study included higher tempeiaiures than the
study by Golightly, et al. [1976] at 1200°C. Thus the rumpling is
likely a product of higher oxidation temperatures. With a melting
temperature of =1470°C, the FeCrAl substrate may be mechanically
deformed more easily as the melting point is approached. Thus the
stiffer AloO4 scale may be able to deform the underlying substrate
as the temperature is increased.

Neither sort of rumpling or buckling is as clearly observed on

NiAl at lower temperatures [Doychak, et al., 1989b].
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2.6.3 Oxide Ridge Structure

The work on NiAl oxidation also identified another important
microstructural feature of alumina scales: the ridge structure of a-
AloO5. In this case, oxide ridges on the gas surface of the scale are
formed which correspond to oxide grain boundaries, Figure 2.7c.
These surface features are not to be confused with rumpling or
buckling of the scale for which the entire scale thickness is
affected. For the ridges, there is a localized increase in scale
thickness. Ridges are observed at the gas interface of the oxide and,
less frequently, at the alloy interface [Hindam and Smeltzer, 1980b].

Doychak et al. [1988] proposed that the ridge morphology found
after long times at 1000°C was a remnant of the phase transfor-
mation of 08-Al,O3 to «. The ridge spacing was also inversely
related to the oxidation temperature. However, at higher
temperatures (>1200°C), metastable Al,O3 phases are not observed
to form. Therefore, it is difficult to relate the finer ridge structure
observed at high temperaiures to the coarser ridges found at lower

temperatures.

2.6.4 Oxide Blades and Whiskers

Anotihier class of surface morphologies typical of alumina-

formers is surface blades and whiskers. Numerous studies have

noted that Al,Oj3 scales grown below 1000°C have a blade-type

structure. A number of the earlier studies did not characterize the

phase of the Al,Oj5 scale [e.g. Young, et al., 1986; Pint, et al., 1989].
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However, more recent studies have conclusively identified this
morphology using GAXRD [Rybicki and Smialek, 1989] and SAD
[Doychak, et al., 1983a)] as belonging to the 6-Al,O3 phase.

Whiskers have also been observed to forrn on the surface of
undoped «-Al,O5 scales from 1000°C to 1200°C [e.g. Przybylski and
Mrowec, 1984; Mrowec, et al.,, 1987; Jedlinski and Mrowec, 1987].
Voss, et al. [1682] observed elongated voids near the center of a-
FeoO3 whiskers and attributed their growth to rapid outward surface
diffusion along these defects.

In any case, it is difficult to imagine an oxide protrusion being
formed by an inward growth mechanism. This would mean that new
oxide would be formed at the bottom of the structure rather than at
the tip. Thus, both whiskers and blades are indicators of an outward

growth mechanism.

2.6.5 Epitaxial Growth Relations

Doychak, et al. [1989a] studied the oxidation of electro-
polished, Zr-doped NiAl at 800°C and 1100°C. Single crystals of
various orientations were oxidized and then thinned for parallel TEM
sections in order to look for epitaxial growth relations. At 800°C,
the scale was identified using selected area diffraction (SAD) as
initially NiAl2O4 and 8-AloO43 which were found to grow epitaxially.
In the later stages of oxidation (up to 100hr), the scale was
identified as 6-Al,O3. At 1100°C, the scale up to 1hr was composed
of mainly 6-Al,O3 which transformed to a-AlpOg3 at longer times.

The transient scale in each case was found to grow epitaxially.
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The motivation for this work was to look for a potential slow
growth direction of the oxide and possibly formation of a
monocrystalline scale, as was observed for Cr,O3 on Cr [LaBranche,
1985]. In the latter case, the overall scale growth rate was reduced
because grain boundaries were not present in the scale to provide
fast diffusion pathways. In the case of B-NiAl, certain orientations
were found to oxidize at a slower rate than others but not
significantly slower, and a monocrystalline scale was not formed
[Doychak, et al. 1989a). The rate in this case was determined by the
scale thickness. This change in rate with orientation was also noted
in polycrystalline samples where the scale morphology was
different, depending on the orientation of the substrate grains
[Doychak, et al. 1989a].

Some additional work by Jedlinski and Mrowec [1987] on single
crystal B-NiAl indicated that the scale growth rate on unimplanted
single-crystal NiAl was slower than on Y-implanted polycrystalline
NiAl at 1000°C and that Y-implanted single crystal NiAl exhibited
the slowest scale growth of the three substrates over several
hundred hours. No mention of the oxide ghase or orientation was
made in the study, however.

In general, little work has been done with single crystal,

alumina-forming substrates or on preferred growth directions for
Al,O5.
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2.6.6 Substrate Morphologies (Beneath Al>O3)

As a final point, the substrate at the alloy-oxide interface
also has been observed to have a particular morphology. There are
two major morphologies observed after oxidation: oxide grain
imprints into the alloy and regions with an extremely smooth
surface [Tien and Pettit, 1972; Giggins, et al., 1974; Golightly, et al.,
1976; Smialek, 1978; Hindam and Smeltzer, 1980b].

Oxide grain imprints in the alloy are attributed to at least a
partial inward growth mechanism. This morphology is also an
indicator of good contact between the alloy and the oxide at
temperature and is seen in both doped and undoped substrates.

Typically, in the case of undoped substrates, certain regions
are also observed to be unusually smooth. It has been proposed that
these areas lose contact with the scale at temperature. Once a gap
develops, grain imprints are lost and the scale continues to grow by
the evaporation of Al which is sufficient to sustain the scale growth
rate [Hindam and Smeltzer, 1980b). The evaporation leaves a smooth
and in some cases terraced substrate morphology [Tien and Pettit,
1972].

These smooth-surfaced areas have also been observed to be
faceted [Smialek, 1978]. For a polycrystalline Ni-42at%Al
substrate, the evaporation left faceted voids which appeared to vary
in orientation with that of the substrate. Howes [1969] also noted
faceted voids in FeCr. Whatever the morphology of these voids, the
loss of contact between the metal and oxide is an indicator of the

poor adherence of undoped Al,Og.
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2.7 Oxide Grain Boundary Segregation

There are a large number of experimental observations
regarding the segregation of foreign ions to oxide grain boundaries,
detected by a variety of techniques. Rather than reviewing this
entire literature, a few pertinent features are covered in this

section.

2.7.1 Experimental Observations

A number of analytical techniques has been used to detect the
segregation of foreign ions to oxide grain boundaries. These include
autoradiography, spark-source mass spectroscopy, AES, XPS, EDXA in
SEM and STEM, extended x-ray absorption fine structure (EXAFS) and
atom probe measurements [Cook and Schrott, 1988; Garratt-Reed,
1987].

The earliest detection of Y segregation to 0.05at%Y503-Al>04
grain boundaries was in a study by Nanni, et al. [1976] using AES. In
this case, the Y addition had been observed to reduce the Al,Oj4
sintering rate, and the extent of segregation was estimated at more
than 0.2 monolayer. Bender, et al. [1980] observed Y segregation on
0.05wt%Y,03-Al,03 grain boundaries and Cr on NiO boundaries using
STEM/EDXA with a probe size of <80nm. This study also showed that
more primitive techniques, such as microhardness tests, were not
good indicators of segregation in oxides. EXAFS was employed by
Loudjani, et al. [1985] to study the chemical state of the Y
segregation in a-Al,O3 doped with 1at%Y,0O3. However, most of the
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doped Y was found to have precipitated as Y3AlsO042 (YAG), and
segregation of ions was not detected.

Segregation of foreign ions in oxide scales was first detected
by Ramanarayanan, et al. [1984]. Using XTEM of scales grown on a
commercial YoOgj3-dispersed FeCrAl alloy (MA956), Y was found to
segregate to the oxide grain boundaries. No mention was made of
segregation to the metal-oxide interface. Y and Ti boundary
segregation was detected in the scale on MA956 after oxidation at
1000°C [Przybylski, et al., 1987]. In a related study at MIT, metal-
oxide segregation was detected by Katz, et al. [1987] after oxidation
of MAS56 for 100hr at 1000°C.

Various studies at MIT using FEG-STEM, have also found the
segregation of Y, Ti and S to CroO3 and Al,O3 scale grain boundaries
[Kim, et al., 1986; Yurek, et al., 1987a & 1987b; Cotell, 1988]. Other
research groups have also identified ion segregation in scales, such

as Y segregation to NiCr,O4 grain boundaries [Bennett, et al., 1988]

and Ce to Cr,O4 grain boundaries [Bennett, et al., 1992].

2.7.2 Reasons for Segregation

A number of arguments can be made regarding the possible
reasons for segregation. The most important point is that there are
a variety of driving forces for segregation. Two of the most often-
cited reasons for segregation of foreign ions to oxide grain
boundaries are charge and ion size.

A study of TiO, co-doped with Nb and Al demonstrated that

segregation was dependent on the concentration of the dopants and
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the annealing temperature [lkeda, et al., 1991]). With Ti, Al and Nb
being nearly equal in ion size, this is a case where the charge of the
segregant and the space charge at the boundary are the most
important factors. Mitamura, et al. [1979] also attributed the
segregation of Fe tc MgO boundaries as due to a space charge effect.
Fe and Mg are approximately the same size. Samples quenched from
a higher temperature had less segregation which was consistent
with space charge predictions.

Using AEM, Bender, et al. [1980] studied three cases where
there was no detectable segregation; Ni-doped MgO, Ni-doped Al>,O4
and Al-doped NiO. MgO and NiO are isovalent and of the same size;
thus, no segregation is expected. However, Al and Ni are not
isovalent but are close in size. This may indicate that either ionic
size is more important in this system or that the level of
segregation is too low to be detectable by AEM.

There are also instances of isovalent ion segregation where,
due to lack of a charge effect, the ion size is concluded to be the
cause of segregation. The driving force for this type of segregation
is the relief of lattice strain. it is also an explanation for
aliovalent ion segregation when the ion is significantly larger than
the matrix ion. One example is the segregation of Ca to Al,Og
boundaries [Cook and Schrott, 1988; Chiang, et al., 1981]. Li and
Kingery [1984] studied the grain boundary segregation of a number of
different ions in Al,O5. They concluded that the solute misfit strain
energy was responsible for the segregation of both Y and Zr.

Chiang, et al. [1981] studied the concurrent segregation of Sc,

Ca, and Si to MgO boundaries using AES. The larger Ca and Si ions
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were concluded to segregate by a strain relief mechanism; however,
the similarly-sized Sc did not fit this case and also had a more
widely spread distribution on the boundary. It was therefore
concluded that Sc segregated by a space charge effect.

Thus, there appear to be cases where space charge is more
important and others where lattice misfit determines whether or
not segregation will occur. In the previously cited cases for Y
segregation in Al,Og3, a space charge theory would not seem to apply
to the isovalent Y. However, El-Aiat and Kroger [1982] studied the
conductivity of Y-doped Al,O3 and proposed that Y acted like a donor
because of its size misfit in the lattice. Cawley and Halloran [1986]
strongly disagreed with this interpretation and demonstrated that
the solubility of Y in Al,O4 was too low to account for the results of
El-Aiat and Kroger. Cawley and Halloran concluded that tramp

impurities were more likely to dope Al,O3. Thus, for the larger Y

and Zr ions, size misfit seems to te a more appropriate argument.

2.8 Pertinent Data

A few additional facts are included in this section regarding
the reported thermodynamic, crystallographic and diffusion data for

Al,O3 and other compounds encountered in this study.

2.8.1 Thermodynamic Data

A few remarks about equilibrium phases treated in this study

are in order. The Ni-Al phase diagitam has already been presented,
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Figure 2.3. Also, the AI-O phase diagram is not particularly useful,
since a-Al»Og5 is the only stable phase. The melting temperature of
a-Alp,O3 is approximately 2050°C. The melting point of Y»,Og3 is
2440°C [Warshaw and Roy, 1959], while that of ZrO, is 2995+20°C
[Noguchi and Kozuka, 1966].

Investigations of the Y,03-Al>O5 system have identified two
stable compounds, at molar ratios of 3:5 and 2:1, and a metastable
1:1 compound, YAIO5 [Warshaw and Roy, 1959]. XRD detected almost
no solubility in the system for any of the phases. The two stable
phases are the garnet-structure, Y3AlgsO,- (YAG), and a distorted
cubic structure Y4AI,04. While the YAIO; phase is often observed,
after an extended anneal at 1400°C this compound was found to

transform into the two other phases.

2.8.2 Crystallographic Data

a-Al>O 3 belongs to the R3c space group with a
rhombohedrally-centered hexagonal lattice with a = 4.763A and ¢ =
13.003A. Each cation is coordinated to 6 oxygens in a distorted
octahedron, 2/3 of cation sites are full, and each oxygen has 4
cation nearest neighbors.

v, 8, and 6-Al,O3 are variations of a spinel-type cubic anion
sublattice with y considered to be the most spinel-like, 8 a
tetragonal structure and 6 a more distorted, monoclinic structure. 6
has the space group C2/m (similar to B-GapyOj3) with lattice
dimensions of a=11.813A, b=2.906, c=5.625 and B=104.6°.
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NiAl has the simple cubic CsCl structure with a stoichiometric

lattice constant of 2.89A.

2.8.3 Diffusion Data

Several studies have been conducted to determine diffusion
coefficients in AloO3. The most widely studied and disputed has
been the lattice diffusion of oxygen in single-crystal a-AloO3. A
summary of these data is shown in Figure 2.8 which is from Cawley,
et al. [1986]. Reddy and Cooper [1982] analyzed the samples of Reed
and Wuensch [1980] using a proton activation technique, (NRA).
There was good agreement between their analysis and Reed's SIMS
data; however, the samples prepared by Reddy had a higher
diffusivity than those of Reed and Wuensch. Reddy's samples were
prepared by a gaseous exchange of 80, while Reed's were prepared
by fully oxidizing a vapor-deposited Al film in 180. Reddy concluded
that the diffusivity of oxygen was by a vacancy mechanism and
observed a reduction in Do with the addition of Ti. Reed concluded
that the diffusion was extrinsically controlled by the presence of Si
impurities.

Cawley, et al. [1986] found the diffusion coefficient to be
independent of impurities and partial pressure of oxygen in the range
1 - 10°''%atm. They found two models to be consistent with the
data; one for impurity point defect clusters, and the other for
Schottky clusters of 3 oxygen vacancies and 2 aluminum vacancies.
They further conciuded that SIMS is the superior analytical tool for

studying diffusion because of the high (=10A) depth resolution.
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Figure 2.8 Diffusion data from the literature for Al and O in single-
and poly-crystalline Al,O3 [Cawley, et al., 1986].
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Far fewer data have been reported for O boundary diffusion and
Al diffusion. Oishi and Kingery [1960] studied the diffusion of O in
polycrystalline oa-Al>O5 from 1200° to 1800°C. Paladino and
Kingery [1962] studied the diffusion of Al using radioactive 26Al.
While studying only polycrystalline (average grain sizes of 130 and
200pum) «o-Al,O4, Paladino and Kingery concluded that Al diffuses by
the same mechanism in both single- and poly-crystalline alumina
from 1670° to 1905°C. Smialek [1979] pointed out how limited this
conclusion was with respect to oxidation at temperatures like
1000°C where scales have submicron grain sizes. He concluded that,
at lower temperatures, boundary diffusion of Al should be
considered as a viable diffusion path.

One point should be emphasized about the Al,O3 grown during
oxidation: it cannot be considered even nominally pure. In contact
with the substrate, the oxide is doped by the other elements in the
substrate, both base metals, like Fe, Co, Ni and Cr, and REs Using
RBS, Young and de Wit [1983] found 0.5at% Ni in the Al,O5 scale
grown on NiAl and NiAly from 700°C-900°C. These impurities likely
dominate the defect structure of the oxide. This makes comparisons
with published Al,O4 diffusion data difficult.

2.9 Summary

Several important points emerge from review of the literature

on the oxidation of nickel- and iron- base, alumina-forming alloys:
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(1) There is not complete agreement regarding the mechanism of
alumina scale growth on alloys; the 6-a phase
transformation has not been clarified in many papers

(2) The effect of a RE addition on alumina films, especially on
the scale growth mechanism, is not well defined; and

(3) Little work has been done at higher temperatures, e.g.
between 1200° and 1500°C.

Thus, there is need for more work in this area to establish a better
understanding of these phenomena and to expand the knowledge to
higher temperatures where applications are moving.

A review of the various theories about the REE reveals a
decided paucity of appropriate microstructural characterization.
Several prior hypotheses have been discarded once proper
characterization was done, while others remain in doubt because of
the lack of characterization. Clearly, many hypotheses havs been
proposed, based on various theories and models, without sufficient
accompanying experimental observations. Thus, the emphasis in this
study is on observations using a variety of analytical techniques,
and on determining a REE theory for alumina-formers consistent

with these observations.
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3.0 Experimental Procedure

This section describes the variety of materials, environments
and characterization techniques that were employed in this study.
While some materials were studied more thoroughly and some
techniques used more frequently (and with greater success), all are

described in equal detail herein.

3.1 The Alloys

Since the thrust of this work was the characterization of the
oxidation products, all of the alloys and intermetallic compounds
used in this study were procured from others. Conventionally—cast»
Fe-20Cr-10Al and Ni-20Cr-10Al alloys were made by Dr. Wei Gao at
MIT. Commercial FeCrAl alloys were obtained from Dr. William
Lipscomb at Inco (in 1985) and Mr. Bo Jonsson at Kanthal (in 1990).
The first set of NiAl samples (with Al contents of 23, 30 and
36wt%) were obtained from Norman Bornstein at the United
Technologies Research Center. Additional NiAl samples (31.5wt%Al
only) were obtained from Dr. Joseph Doychak at NASA Lewis
Research Center. A final material, NizAl with a Y,O3 dispersion, was
obtained from Dr. Ralph Mason at MIT.

Two commercial oxide dispersion strengthened (ODS) FeCrAl
alloys were studied along with an undoped FeCrAl alloy. Their
compositions, determined by inductively coupled plasma
spectroscopy (ICPS), are given in Table 3.1. Inco alloy MA956 is a

commercial Fe-20Cr-4.5A1-0.35Ti alloy containing an oxide
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Table 3.1 Chemical composition of the FeCrAl alloys.
FeCrAl Inco Kanthal Conventional
Alloys MA956 APM FeCrAl
Dispersion Y203-Al;03 | ZrO3-Al203 None
Fe 75.38wt% 73.31wt% 70.97wt%
Cr 19.22 20.42 19.27
Al (Al, Al2O3) 4.32 5.54 9.71
Y (Y203) 0.50 < 0.01
Zr (ZrO2) 0.10
Ti 0.36 0.03
Si 0.23
Mn 0.08
C 0.01 0.03 0.02
O 0.20 0.0526
S 0.011 0.001 0.002
Table 3.2 Chemical composition of the Ni-Al alloys.
NiAl |Ni-31.5AI| Ni-31Al | Ni-23Al1| Ni-30AI | Ni-36A1| NizAl
Alloys + Zr +Y203
Ni 68.30wt%|67.88wt%| Balance |Balance |Balance |Balance
Al 31.68 31.30 23.5Wt% | 29.75Ww%| 36.0wt% | 11.9wt%
Fe < 0.01 0.03
Cr < 0.01 < 0.01
Si < 0.01 0.02
Cu N/A 0.54
Zr N/A 0.23 1.06 (Y)
C 0.02 0.02
S 0.002 0.002
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dispersion of Y,03-Al,O3 particles. |Initial studies were made at
MIT by Przybylski [1987] at 1000°C. This was the first RE-doped
alumina-former that was analyzed by AEM to detect the segregation
of Y and Ti [Ramanarayanan, et al., 1984]. Alsc, another commercial
ODS alloy, Kanthal's APM (Fe-20Cr-5Al1-0.3Si + ZrO5-Al,04
dispersion) was studied. Apart from the addition of 0.23wit% Si
rather than 0.36wt% Ti (as in MA956) the largest difference between
the two alloys is the oxide dispersions. The alloy grain size was
also significantly smaller in APM, of order 10um, rather than the
=tmm grains in MA956. As a base material, a vacuum induction-
melted Fe-20Cr-10Al alloy was also studied, in order to study the
oxidation behavior without a RE. A similarly cast Ni-20Cr-10Al
alloy was also briefly considered. Both of these materials were
vacuum annealed prior to oxidation at 1100°C for 24hr.

Ni-Al samples were studied with a variety of Al contents and
several different additions, Table 3.2. Only the two stoichiometric
NiAl compositions, with and without Zr, were analyzed by ICPS to
deiermine the exact compositions. Most of the characterization
work centers on these two materials. Only the Al content specified
by the supplier is indicated for the other materials. The Al contents
include four different compositions from the B-NiAl phase field and
NigAl.

While most of the work in the study concentrated on adding the
reactive element to NiAl by ion implantation, two other cases were
studied. NigAl had an oxide dispersion of Y,O3 and one NiAl ingot
from NASA had a 0.23%Zr alloy addition, which is the same

composition that is used in many of the NASA experiments. The
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YO 3-dispersed NijAl was prepared by a powder metallurgical
process. A prealloyed ingot of Ni-12.1wt%AI-0.02%B was ultrason-
ically gas atomized to form a powder which was then wet attrited
and powders between 38 and 180um were then ball milled with
2vol% Y,0O4 to torm composite powders. These powders were then
canned, hot degassed, and extruded at 1175°C to form a 12.7mm
diameter bar [Mason, 1992].

The grain size of the NiAl materials varied somewhat
depending on where in the ingot the coupon was cut, but for the most

part a grain size of 0.5-3.0mm was observed.

3.1.1 Specimen Preparation

All alloy coupons were ground with SiC paper through 600grit
(=40um), then polished through 0.3um alumina powder, to achieve a
mirror-like finish. Immediately prior to oxidation the sample was
ultrasonically cleaned in acetone followed by high purity methanol.
Samples were weighed prior to and after oxidation on a Mettler

AE163 balance.

3.1.2 Surface Area Calculations

Specimen surface areas prior to oxidation were measured
before the final cleaning and calculated in two ways. Measurements
were taken using a Mitutoyo digital micrometer. For samples with
sharp corners (i.e. nearly quadrilateral), the thickness and the length

of each edge were measured and the area calculated geometrically.
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Similarly for nearly-circular specimens, the diameter was measured
in two locations, and from this dimension and the thickness a
geometrical area was calculated. For oval or oddly-shaped
specimens (broken or otherwise misshapen), the thickness was
measured and the shape was traced on 1mm spaced graph paper from
which a surface area could be deduced. Comparisons indicated less

than a 5% difference between the two techniques.

3.2 lon Implantation

In view of the problems associated with the formation of Ni-Y
intermetallics with alloy additions of Y, this option for introducing
the RE was not considered. Likewise, the processing problems
associated with producing Y20 3-dispersed NiAl precluded this
choice. Thus, because of its availability at M.I.T., ion implantation
was chosen as the method of RE addition. Based on previous work,
one level of doping (fluence = 2x10'® ¢cm-2) was used for each of the

specimens.

3.2.1 Implantation at MIT

B-NiAl was ion implanted with 2x10'6 Y+/cm2 at 70kV. A Y+
current of several uA was achieved by using a heated YCly source
and Ar as the carrier gas. Two sets of Ni-Al samples were
implanted using this technique.

Prior to implantation the samples were ultrasonically cleaned

in acetone followed by methanol. Samples were mounted for
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implantation using silver paint which could be removed after

implantation without leaving a residue.

Implantation of La was also attempted. LaClz was used as a
source material with an Ar carrier gas. However, because of low
La* currents and problems with the implanter, this work was

discontinued.

3.2.2 Implantation at NRL

In order to confirm the effect of Y implantation, another group
of NiAl samples, prepared in the same way as described above, were
implanted with Y (2 x 10'6cm-2 at 70kV) at the Naval Research
Laboratory (NRL) in Washington D.C.. Higher currents are achieved in
the NRL implanter by reacting Y metal powder and a Cl, carrier gas.
As part of an additional study of the implantation process, Cr and Al
were also implanted at NRL to the same evel (2 x 1016cm-2 at
70kV) into NiAl. Special thanks goes to Dr. Catherine M. Cotell for

arranging to have this work done.

323 Pre-oxidation Characterization

Several samples were characterized before and after Y
implantation to look at the effect of the implantation and to
estimate the peak depth of the implant. The Y implant was modeled
using a TRIM - 88 simulation. The peak implant concentration of

4 2at% occurred at a depth of 22.9nm.
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Several surface analytical techniques (GAXRD, RBS, XPS, and
SIMS) were used to characterize the substrate after implantation.
Given the shallow implant depth, none of these techniques was able
to quantify the peak depth, although RBS, SIMS and XPS indicated the
same order of magnitude as the simulation.

GAXRD was used to look at the effect of the implant on the
crystal structure. In the near surface region, there was little effect
on the lattice spacing and no indication of amorphization. There was
a larger peak shift from changing the Al content in B-NiAl than from
implanting Y. In one case there was a single weak peak which
matched the YAl intermetallic. However, there was no other
evidence to confirm this observation.

RBS was done at NRL and again through the MIT-Harvard Joint
Surface Analytical Facility. The NRL work showed that a Ni- and O-
rich layer was formed at the surface. This layer could be a
passivation layer formed at room temperature or an indication that
Al is selectively sputtered during implantation. RBS at Harvard
showed that there was virtually no difference between the MIT and
NRL implants with regard to implant quantity or depth profile.

XPS analysis of the NiAl produced an opposite result to RBS.
XPS indicated that Ni was depleted frcm the surface and mainly Al
and O were found at the surface. An XPS sputter profile indicated an
Al-O layer of ~100A thickness. Sputtering by SIMS showed a surface
enriched in O hut did not indicate any significant difference in the
Ni-Al ratio. Thus, while it is clear that the implantation process
formed a thin surface oxide layer, the composition of the layer could

not be verified. While selective oxidation at high temperature
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favors the formation of Al,Og4, passivation or sputtering of the

lighter Al atom favors NiO formation.

3.3 Isothermal Oxidation Experiments

Oxidation weight gain was measured continuously using a Cahn
1000 microbalance. At lower temperatures, a 1mg scale was used
to record data with an accuracy of approximately 0.01mg. At
temperatures above 1200°C, a 10mg scale was used, reducing the
accuracy to 0.05mg. These are total weight gain accuracies. W.ith
areas of 2-5cm?2, the associated errors are acceptably reduced when
converted to mg/cm?2.

Coupons =1.5cm x 1.5cm x 0.1cm were polished to a 0.3um
alumina finish before oxidation. Isothermal oxidation experiments
were performed at 1000°, 1200°, 1400° and 1500°C in 1.0 atm of
dry, flowing O2. Specimens were cold-inserted into a hot vertical
furnace for periods from 0.1 to 100hr. Cyclic tests are discussed in

Section 3.4.

3.3.1 Furnace/Balance Apparatus

The oxidation rig is shown in Figure 3.1. The clam-shell type
furnace was heated by six vertical MoSio elements. The insulation
was Kaowool fiber board for the top and bottom and flexible ZrO;
blanket material on the walls (both rated to 1650°C). The
temperature was kept near constant by a Eurother . . antroller

(Model #990) using a B-type thermocouple and Eurotherm thyristor

-Page 90-



'smesedde uonepixo syl Jo weisbelp JNEW3YIS |°¢ ainbiy

uj seq) —»

3S Ysoludep

N

1sneyxy

9oUB|BqOIIIN
0001 uyej

J91EM de) pu3 _
PI0D i JEYIET\Helg)
jebiq,/bojeuy
L»]
ajdnooowiayy I
13pullA) uawidadg U /./
seq
uaunsads —] m_aﬂ__mwmﬁ%c 1L
M YY-Id (v
| )
Sjuswal] ZISOW \:_ de) pu3 M_M_MF___MUU_
-.—— 1nQ Se9 \J F
agn] uoideay eulwn|y
9IBMSSE|D |01310D)
|
HED umopBuer — RIIT 32UBEqOIIN
wnuneld .

eleg aumessdws |
/ute9 1ybram

-Page 91-

eleq ue9 ybrom
1apJoday 1ey)




(Model #932/40A). At 1000°C, the temperature fluctuated by +4°C,
but this fluctuation decreased as the temperature was increased. At
1500°C, the fluctuation was only 2°C. In order to achieve
sufficient power, a transformer was used to lower the line voltage
from 240 to 120V, thus increasing the current. While the furnace
elements could potentially go higher, 1500°C was the highest
temperature that the furnace could maintain on a steady basis,
sufficient for isothermal experiments.

The reaction tube was alumina (3.2cm ID) with water-cooled
stainless steel endcaps. The lower cap contained inlets for gas and
for a thermocouple sheath. The hot-zone temperature was rmonitored
by a Type S thermocouple. The upper cap was connected to silica
glassware which connected to the microbalance. A gas outlet is
situated immediately above the upper endcap. The glassware
directly above the furnace was cooled by two small electric fans.
The balance is approximately 0.9m above the endcap to keep it at
room temperature and to allow the specimen to be raised from the
furnace.

The sample is attached to a multi-component hangdown chain.
The upper half is a Pt chain, while the lowest part which goes into
the hot zone is a Pt-33wt%Rh wire. In the middle of the chain
(outside of the furnace), is a piece of iron which can be manipulated
using a magnet outside the glassware. The magnet is used to gently
raise and lower the specimen so as not to shake the balance.

Except for one experiment in flowing air, all of the
experiments were conducted in 1atm of dry, flowing, O,. The

minimum gas purity was 99.8%. The gas was dried over CaSOy4
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(Drierite) and flowed from the bottom end cap to the ‘np of the
furnace, where it was exhausted through Tygon tubing to an exhaust
hood. Flow into the furnace was controlled by bubbling the O,
through a column of dibutyl phthalate. The column exerted a back
pressure on the gas, diverting it through a capillary. The pressure
difference across the capillary was measured using a simple
manometer consisting of two small vertical columns of dibutyl
phthalate. The difference in height between the two columns was
fixed for all of the experiments to achieve a flow rate in the
reaction tube of approximately 58cm/min (= 28.3 I/hr, 1 cu.ft./hr,

470cm3/min, or 1cm/s).

3.3.2 Standard Thermocouple

The furnace temperature wés monitored constantly by a Type S
thermocouple in the reaction tube. In order to check the accuracy of
this thermocouple, a standard Type S thermocouple was used to
check the accuracy each time the fuinace temperature was changed.
This thermocouple was manufactured by Leeds & Northrup Co., St.
Petersburg, FL, serial number BS-8828. It was calibrated by the
former National Bureau of Standards in May 1988 (Test No. 240845).

3.3.3 Pt-Rh Evaporation

Above 1200°C, the evaporation of the Pt-Rh hangdown wire
began to become significant, the linear evaporation (expressed as

weight loss), approaching the long term oxidation weight gain. The
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weight loss was standardized by using a 2.0cm long, 0.41mm
diameter, Pt-10wt%Rh wire to attach the sample to the Pt-33wt%Rh
hangdown wire. In order to calculate the weight loss, a sintered
Al,O5 coupon was placed in the furnace for 50hr exposures at each
reaction temperature. A linear rate of weight loss was determined
at each temperature, Table 3.3. The rate was found to be
independent of the Pgp, content of the gas stream and most dependent
on the gas flow rate. Therefore the flow rate was kept constant for
all of the experiments (=1cm/s).

The evaporation of the hangdown wire also lead to the
formation of an inadvertant marker during oxidation. Rh particles
(approximately 50nm in diameter) were found in the scale of many
samples when thinned for AEM both near the gas interface and near
the center of the scale. These particles were not visible by any

other characterization techniques because of their small size.

3.4 Cyclic Oxidation Experiments

Since the largest stresses between the metal and oxide are
generated during cooldown, cyclic experiments were performed in
order to test the oxide adherence. Samples were exposed to the
reaction temperature for a fixed cycle time and then allowed to cool
to room temperature before reinsertion. In order to maintain
consistency, these experiments were performed in the same
apparatus as the isothermal experiments. A cold-insertion
technique again was used, and the samples were rapidly (in 2s)

removed from the hot zone to cooldown. An initial test at 1500°C

-Page 94-



Table 3.3 Linear evaporation rates for the Pt-Rh hangdown wire at
each of the reaction temperatures.

Table 3.4 Comparison of the weight gain during 1 cycle at each

Reaction Evaporation
Temperature Rate
(mg/hr)
1000°C 0.00075
1200°C 0.0185
1400°C 0.1025
1500°C 0.2295

reaction temperature.

Temperature| CYcle Rate :’;’:;gf:t Sgler; Oxide
Time Constant Thickness

(°C) (hr) | (g%cm?s) | (mg/cm?) (um)

1200°C 2.0 ~6 x 10712 0.208 1.13

1400°C 1.0 =5 x 10°11 0.424 2.31

1500°C 0.2 =2 x 10°10 0.379 2.07
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charging. Initial testing showed C coating resulted in too much
charging. Charging problems with Au and Pd were nevertheless still
encountered in several cases, especially with non-adherent scales
and very rough scales.

The two SEM's used in this study were an AMR Model 1000 and
a Cambridge Model S-250. The Cambridge instrument was equipped
with a Si-Li drifted x-ray detector with a Be window and a Kevex
energy dispersive X-ray analyzer.

Only a few cross-sections were examined, primarily pieces of
non-adherent scales mounted to image only the oxide. A few
attempts to make metallographic cross-sections did not yield much
information. Occasionally, a TEM cross-section was examined in the
SEM to get an idea of the scale thickness near the thin area and away

from it.

3.6 Glancing Angle X-ray Diffraction (GAXRD)

The thin oxide scales produced in this preject required thin
film x-ray diffraction techniques in order to determine their phase
composition. Rigaku models 200 (12kW) and 300 (18kW), coupled to
a Rigaku x-ray diffractometer equipped with a glancing angle
attachment, were used in this study. After some preliminary
experiments, a fixed glancing angle of 0.5° was selected in order to
get diffraction information from primarily the surface region. This
involves simply fixing the incident angle and varying the detector

through 20 values of 20° to 137° (the widest range possible).
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Experiments were carried out using a rotating Cu Ka anode at
50kV and 150mA, using an incident slit of 0.2mm wide. No receiving
slit was used. The samples were rotated (at =100rpm) during
analysis in order to average out orientation effects. In most cases,
the samples were scanned at a rate of 10°(20)/min, using a step size
of 0.05. Table 3.5 lists the principle JCPDS cards referenced in this

study.

Table 3.5 Primary JCPDS cards used in this study.

Compound JCPDS Compound JCPDS
Phase Card Phase Card
0-Al,04 35,121 NiO 22,1189
6-Al,04 23,1009 Crp045 6,504
a-AloOj5 10,173 Y203 25,1200
B-NiAl 20,19 Y3AlsOq9 33,40
NizAl 9,97 yA(O)) 17,923
NiAI>O4 10,339

3.7 TEM/STEM Sample Preparation

The majority of TEM/STEM samples were prepared after
oxidation to study the scale microstructure and microchemistry. A
few alloy specimens were thinned, both prior to oxidation and after
oxidation to study the alloy microstructure, and especially for those
materials with an oxide dispersion to study its distribution.

Samples of the cxide scales were prepared both parallel and

perpendicular (transverse) to the alloy-oxide interface [Hobbs and
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Mitchell, 1983]. To make a parallel sampie, the coupon was cored
with a 3mm ultrasonic drill to a depth of =300um. The sample was
then ground from the opposite side to produce a disk. The resulting
disk was next jet electropolished in a 10% perchloric acid -
methanol solution at -40°C to remove the metal; the scale side was
coated with a clear resin to protect it during electropolishing. This
procedure typically produced a sample with a hole through the metal
substrate, revealing the scale. Because the polishing is stopped by a
light sensor and the resin and Al,O4 scale are translucent, the
electropclishing did not always produce a hole in the scale. To
produce an electron-transparent sample (and sometimes a hole), the
ccale then must be ion thinned.

lon thinning was effected using a Gatan 600 duomill with an Ar
beam at 6kV and =0.5mA per gun. While the exact depth of the thin
area in the sample cannot be determined, an approximate depth can
be estimated. For examining the scale near the gas interface, the
sample was milled exclusively from the alloy side. Milling was done
from the scale side of the disk in order to examine the oxide near
the alloy. And finally by milling from both sides, the thin area is
close to the center of the scale.

The technique to produce transverse sections is a hybrid form
of the method first described by Tinker and Labun [1982] and later
modified by King [1984] and then by Cotell [1988]. Strips of oxidized
coupon are epoxied between halves of a Ta rod then epoxied inside a
3mm OD stainless steel tube, Figure 3.2. This "sandwich" is then
sliced, mechanically thinned and polished, dimpled and ion thinned.

A Cu or Ni slotted grid is often glued to the sample before ion

-Page 99-



Cu Grid Stainless Steel Tube
Oval slot in
Cu Grid

Surfaces of Epoxy

Interest

Oxidized Pieces
Dimple

(diameter may vary)

3mm

Figure 3.2 Schematic diagram of a TEM transverse section.
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thinning in order to protect the epoxy from milling away from the

edges of the disk.

3.7.1 Contamination Problems

One problem encountered during sample preparation is
contamination.  Especially during the ion milling process, several
sources of contamination are encountered. For example, Ar peaks
are often detected during EDXA analysis from the milling. A more
critical problem is Mo deposited from the sample holder. The S Ka
and Mo La characteristic x-ray enecrgies are very close together;
thus when Mo is present S detection is hampered. One solution to
this problem is the use of a Ta holder. The ion milling process also
presents a problem of self-contamination. Depending on the
substrate, Ni or Fe and Cr can be spread across the sample during
milling, especially when making a parallel section. This
contamination prevents quantification of the amount of these
elements detected in the scale, although it usually does not affect

segregation comparisons.

3.8 AEM Analysis

The primary instrument used in this study was a field-
emission gun scanning transmission electron microscope (FEG-STEM)
equipped with energy dispersive x-ray analysis (EDXA) and electron
energy-loss spectroscopy (EELS). The STEM work was done with a

Vacuum Generator Microscopes Ltd. (East Grinstead, UK) model HBS5
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instrument with a <2nm electron probe using a windowless Si-Li x-
ray detector (solid angle of 0.077Sr). The small probe size is
critical for detecting grain boundary segregation. The electron
energy was 100kV for all experiments and the EELS was used in a
few situations to determine the elements present in individual
particles. Some conventional TEM work was done using a JEOL Co.

(Tokyo, Japan), model 200-CX instrument.

3.8.1 EDXA Data

One of the most difficult parts of analyzing grain boundary
segregation is trying to quantify x-ray spectra after analysis.
Comparing spectra originating from and away from the grain
boundary can confirm the presence or absence of a particular
element based on its characteristic x-ray peaks. However, to
quantify this observation is not straightforward. The excitation
volume from which the x-rays are detected is dependent on the probe
diameter, the sample thickness and the beam spreading. Once this
velume is determined, the issue is then to determine what fraction
of the this volume is grain boundary and which belong to the grain
interior.

While these parameters are well worth studying, it was not
the focus of this work. The most pertinent issue here is qualitative
not quantitative. The question is whether REs segregate to Al>05
grain boundaries. To simplify the issue of quantification, a simple
method was chosen. The probe size and the grain boundary width

were assumed to be constant and the beam spreading ignored
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[Furdanowicz, et al., 1991] Thus, the ratio of grairn boundary volume
to grain volume is constant, independent of sample thickness.
Weight percentages were calculated from the EDXA spectra using the
Cliff and Lorimer [1975] method of thin film analysis. Weight
percentages were ignored when the net count was less than twice
the squareroot of the gross count. The ratio of the cation weight
percentages were compared on and away from the boundary, e.g. Zr

wt% / Al wt%.

3.9 '®0/'®0 Sequential Oxidation Experiments

In order to avoid the problems associated with inert marker
experiments (Sec. 2.4.1), sequential oxidation experiments were
used in order to study the oxidation mechanism of Al,O3. The basic
premise is relatively simple. The sample is oxidized first in an
environment rich in one oxygen isotope, followed by oxidation in a
second environment rich in a second isotope. The resultant oxide can
then be examined by a variety of techniques, e.g. SIMS or NRA, in
order to determine the distribution of the isotopes in the scale.
SIMS was chosen in this case because of the availability of the
instrument at MIT.

In practice, however, a number of limitations make the actual
experiment more difficult. First of all, in the case of alumina-
formers without a RE addition, the second oxidation period must
occur immediately after the first without cooling the sample, in
order to avoid oxide spallation. Thus both environments must be

achievable in the same furnace. Also, due to "crater" effects
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associated with sputtering through a very thick scale, the total
scale thickness was kept to a maximum of 1um. This was a
significant restriction at higher temperatures, even with the

relatively slow-growing AlpO4 scales. Crater effects will be

discussed further in Section 3.10.

3.9.1 Gas Exchange Vacuum Furnace

A small-volume vacuum furnace was used for the sequential
oxidation experiments. Using SiC heating elements, this furnace
was built especially for these experiments, Figure 3.3. By placing
the SiC elements perpend-icular to the reaction tube, the endcaps
did not require water cooling. Using a vacuum feedthrough rod, the
samples could be moved from the furnace hot zone to near room
temperature at the ends while still in vacuum The furnace was
primarily designed to be able to perform the isotope exchange at
1500°C when the total oxidation time was 160s (40s/120s). Thus
the atmosphere had to be changed within approximately 10s in order
to perform the experiment. This short time prohibited the use of an
extensive vacuum system or an 180 storage system.

Because the experiments were a maximum of 1hr in duration,
an extensive control system was not used. Instead a simple variac
was used to control the furnace temperature. The hot zone was
measured (=2.5cm) and calibrated using the standard thermocouple
described in Section 3.3.2. The temperature was monitored during
the experiment using a Type-S thermocouple. The furnace hot zone

was somewhat small, but with the specimen size (=0.5cm x 0.5cm x
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0.1cm) being much smaller than the other experiments it was
sufficient. The sample size was kept small te fit in the SIMS holder.

To start the experiments, the samples were placed in an
alumina boat, with a Pt cage surrounding the samples. The cage
prevented the samples from falling out of the boat while also
allowing faster heating by not having the sample in contact with the
slow-heating alumina boat. With the sample in the cold end of the
reaction tube, the chamber was evacuated with a simple mechanical
pump. The vacuum was measured with a thermocouple vacuum gauge.
The initial gas was first introduced into a side chamber to get a
fixed volume while the reaction tube was evacuated to <100mTorr.
The pump was then isolated. The first oxidant was next introduced
into the reaction tube, and the sample moved into the hot zone. The
two gases used were research grade oxygen, which typically is
~99.8% 160, and oxygen enriched to >95% '80. The isotope order was
varied depending on the experiment.

After the first oxidation, the reaction tube and the side
chamber were evacuated. At lower tciiiperatures, the system was
evacuated for 1min, at 150G°C for 5s. The side chamber was then
isolated and filled with the secend isotope gas. A pressure of 10psi
in this chamber corresponded to approximately 50Torr in the
reaction tube. When the chamber had pumped to a minimum of
200mTorr, the pump was then isolated and the second oxidant
introduced to the reaction tube. At the end of the second oxidation
period, the sample was then moved out of the hot zone to cool. The
system was finally evacuated and flushed with Ar three times while

the samples cooled.

-Page 106-



3.10 SIMS Sputter Depth Profiles

A Vacuum Generator Microscopes Ltd., mode! 1X705 secondary
ion mass spectrometer (SIMS) was used to make sputter depth
profiles of the sequentially-grown oxide. This type of analysis,
ofien referred to as dynamic SIMS, is surface specific and can easily
distinguish between 160 and '80. After numerous attempts, the best
results were obtained with a Cs source with a negative extraction
potential. The sample was coated with Au to limit charging. The
species detected in the FeCrAl and NiAl samples are listed in Table
3.6. The ones that were profiled in most cases were 60, 180,
2771160, 277180 and either 58Fe or °8Ni, depending on the
substrate. These species produced the strongest and most

consistent signals.

Table 3.6 Possible species detectable by SIMS.

Species Atomic Species Atomic
Wit. Wt.
160 16 AI80, 63
180 18 Al, 180 70
Al 27 Al,180 72
AI'60 43 Fel60 72
Al180 45 Al21602 86
Fe 56 Al,180160 88
Ni 58 Y 89
AI160, 59 AlL180, 90
Al160180 61 Zr 90
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In order to achieve a well-structured crater in a reasonable
amount of time, a beam current of 3nA and a sample area of =20um x
40um (500X setting) was used. The idea of sputter depth profiles is
that material is removed at a uniform linear rate from the bottom of
the crater. When a deep crater is created, there are potential
problems. Crater effects include problems associated with rounding
of the crater walls especially when the crater gets deep. This may
produce an uneven sputtering rate, slowing as the crater gets deeper.
Also, rather than the signal coming exclusively from the bottom of
the crater, some ions may be sputtered from the crater walls. To
limit this problem, a high resolution 5% gate was used. This
selected ions only from the central 5% of the crater to analyze. This
also helped avoid detector saturation.

Typical total sputter times were 1.5 to 3hr. However, because
the crater sides and bottom were so rough, no clear estimation could
be made of the sputter rate. The rough crater also made
identification of the metal-oxide interface difficult to determine.
Detection of negative ions emphasized the O isotopes and limited
detection of positive metal ions (Fe, Cr, Al, or Ni). Thus,
termination of the profile was made when the O signals fell to a
sufficiently small value. In a few instances, the sputtering was
stopped due to problems with the Cs source or sample charging

problems.
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3.10.1 SIMS Data Presentation

Interpreting the raw data generated by the depth profiles was
not straightforward. While in some instances a clear differentiation
could be made between, for example, an '80 layer and a 180 layer,
this was not always the case. Several samples showed only subtle
changes in the profile.

After trying several techniques, the one which worked the best
was to compare the isotope fractions profiled through the scale.
This technique is also preferred because of its simplicity. The
species representing 160 (180 and AI'60) were combined, as were
those representing 180 (180 and AI'80). The sum of the signals from
all four of these were the total of all O isotopes detected. This
produced fractions reflecting the total 180 and 80 detected. The
procedure allows a normalization of the signals, eliminating signal
enhancement near the Au coated surface and signal decay at long
sputter times. This type of plot is somewhat confusing because it
does not identify the metal-oxide interface. However, since there
was no clear marker of the surface, precise identification was not
possible. Thus the end of the profile can be regarded as

approximately the metal-scale interface.
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4.0 FeCrAl Alloys

The first study of the reactive element effect used
commercial FeCrAl alloys with a reactive element oxide dispersion -
- Y203 in MA956 (Fe-20Cr-5Al and ZrO, in APM (Fe-20Cr-5Ail). This
was compared to a conventionally cast Fe-20Cr-10Al alloy.

This part of the study builds on the initial work done at MIT
[Przybylski, 1987] studying the segregation phenomena in scales
formed at 1000°C on MA956.

4.1 Results at 1000°C

Besides the REE, at 1000°C one of the most important issues
was the phase transformation in Al,Oj from the metastable 6 to the

stable o phase and the transient stage formation of less-noble

oxides.
4.1.1 Kinetic Resulis

The isothermal kinetic data at 1000°C are shown in Figure
4.1.1. As would be expected for the REE, the commercial FeCrAl's
have a lower oxidation rate than the undoped FeCrAl. However, the
most interesting aspect of the oxidation at this temperature is a
repeatable minor breakdown of the scale on the undoped FeCrAl at
=15hr and at 90hr. A parabolic rate law is obeyed except during the
breakdown events in the undoped FeCrAl. Comparing only the early
oxidation period, the reduction in rate constant is between a factor

of 2 and 4 with a RE addition. However after the breakdown, the
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Figure 4.1.1 Parabolic plot of weight gain versus squareroot of time
for FeCrAl alloys at 1000°C in 1atm Os.
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second parabolic region of the undoped FeCrAl has a lower rate more
comparable to the RE case.

No cyclic experiments were performed at 1000°C. Also, short
term experiments (i2min and 1hr) did not produce reliable,
repeatable results due to problems in stabilizing the balance in a
very short time (to establish a starting weight) and in resolving the

very small weight gains.

4.1.2 SEM Results

The oxide morphology was very different with and without a RE
addition at 1000°C. Unless otherwise specified, the images found
here and throughout the thesis are SEM secondary electron images.
Figure 4.1.2 shows the partially spalled scales on FeCrAl after 1hr.
Based on the kinetic information, this spallation occurred during
cooldown. In contrast, Figure 4.1.3 shows the scale on APM after
100hr; a relatively-uniform, adherent scale is observed throughout.
Figure 4.1.4a is a higher magnification of the FeCrAl scale after 1hr.
The scale is "buckled" throughout, see Figure 2.7a. After 100hr,
Figure 4.1.4b, the buckling is still observed but at a scaiz almost
twice as large. Also, an occasional whisker occurs on the surface
after 100hr. These were not observed after 1hr, but become more
prominent at 1200°C. Figure 4.1.5 again compares the scales on
FeCrAl after 1hr and 100hr. While after 1hr the surface appears to
be covered by a sub-micron ridge-type structure, after 100hr the
ridges appear to have coarsened and now look more like pores than

ridges. In areas where the oxide has spalled off, the underlying alloy
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Figure 4.1.4 SEM secondary electron images of the undoped FeCrAl
after oxidation at 1000°C for (a) thr and (b) 100hr.
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Figure 4.1.5. SEM secondary electron images of the undoped FeCrAl
after oxidation at 1000°C for (a) 1hr and (b) 100hr.
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reflects the buckling of the scale and the alloy-oxide contact, Figure
4.1.6. On the same scale as the buckling, the alloy is observed to
have areas of oxide grain imprinting (the bottom of the buckle) and
smooth areas where the alloy presumably lost contact with the
oxide (the top of the buckle). Based on the smooth alloy morphology,
Al transport would most likely have occurred by vapor or surface
diffusion across this gap. Although only a small fraction of adherent
oxide is examined here, there is no clear explanation from the
morphology to explain the kinetic breakdown events shown in Figure
4.1.1. In general, the severe spallation cof the undoped scale during
cooldown disguises any failure that may have occurred isothermally.

The scales formed on the ODS alloy were much more uniform
than those on FeCrAl. Most likely due to the oxide dispersion, the
most prominent feature on the surface of MA956 after 1hr and 100hr
are large oxide grains intermixed in a matrix of smaller grains,
Figure 4.1.7. While occasionally these particles are found by EDXA to
be rich in Y or Ti, they have no special chemical composition. The
oxide grain growth is evident between 1 and 100hr. However, while
the largest grains on the surface of MA956 after 100hr are
comparable to those formed on FeCrAl (using the grain imprints in
Figure 4.1.6b), the average oxide grain size on MA956 is much finer
than that measured on the undoped FeCrAl.

APM also has a very flat surface, but some important
distinctions are noted. One major difference on APM after thr, as
compared to MA956, were occasional areas with blade-like oxide
grains, Figure 4.1.8a. These are indicative of 8-Al,O5. After 100hr,

these regions are no longer observed but this surface is also unique,
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Figure 4.1.6 SEM secondary electron images of an undoped FeCrAl
alloy substrate beneath the oxide grown for 100hr at 1000°C. The
oxide spalled away during cooldown. Note in (b) the oxide grain
imprints in the alloy.
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Figure 4.1.7 SEM secondary electron images of MA956 after
oxidation at 1000°C for (a) 1hr and (b) 100hr.
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Figure 4.1.8 SEM secondary electron images of APM after oxidation
at 1000°C for (a) 1hr and (b) 100hr.

-Page 119-



Figure 4.1.8b. The pores on the surface of APM after 100hr are
reminiscent of those found on the undoped FeCrAl; however, the
scale on APM is flat like that observed on MA956. One interesting
anomaly found on the surface of APM after 100hr is shown in Figure
4.1.9. There are only a few of these small "nests" on the entire
surface but the morphology is striking. The center is a particle with
a high Zr content (by EDXA). The surrounding oxide is again
indicative of the metastable 6-Al>,O3 but in this case it has been
retained after 100hr at 1000°C while the majority of the scale had
transformed to a-Al,O4 in less than 1hr.

In order to study the early stages of oxidation at 1000°C,
samples of APM and MA956 were oxidized for only 12min. However,
at these very short times, the blade-like morphology has not
developed sufficiently to distinguish clearly between the o and 6

morphologies.

4.1.3 Glancing Angle X-ray Diffraction Results

The SEM observations of APM and MA956 after oxidation at
1000°C for 1hr suggested the possihility of a different oxide phases
formirg on each alloy. GAXRD indicated, however, that after thr and
25hr exposures, both APM and MA956 formed only o-Al>O3. No
diffraction peaks were detected for the metastable 6-Al>Oj.

Kinetic weight gain experiments and SEM morphologies could
not determine which oxide phase was formed during short exposures,
and GAXRD is also hampered by the small volume of oxide formed at

short times. After a 12min exposure both APM and MA956 were
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Figure 4.1.9 SEM secondary electron images of APM after oxidation
at 1000°C for 100hr. The central particle was identified by EDXA as
Zr-rich. The surrounding blade-like oxide structure is indicative of

metastable 6-Al,0g4.
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found to form predominantly «-Al,Og3, Figure 4.1.10. This does not
rule out a difference in the 6 to a phase transformation on the two
alloys. However, other reasons could explain the different oxide
morphologies on the doped FeCrAl alloys. Fcr instance, formation of
less-noble oxides during the transient stage ma result in a slightly
different morphology.

In order to study the growth mechanism of 8-Al,O3, oxide
grown on MA956 and APM at 950°C for 1hr was examined. While the
thin oxide made quantification difficult, the primary 6-Al,O5 peak
observed for these samples was larger than that for a-Al,O3, Figure

4.1.11.

4.1.4 Tracer Results

The sequential isotope oxidation experiments performed were
actually carried out at 950+10°C in order to form the metastable ©-
Al;O3 phase. Since 6-Al,O3 was not observed to form on MA956
even after only a 12min exposure at 1000°C, the temperature was
reduced in the hope of forming the metastable phase. Oxidation was
carried out for 15min in 180 and for 45min in 160. Excessive
spalling on the undoped FeCrAl prevented analysis of the scale on
that alloy.

As confirmed by GAXRD, the 6-Al,O3 phase was sputtered
through by SIMS. Figure 4.1.12 shows the sputter depth profiles for
both MAS56 and APM. In both cases, the second oxidant was detected
most strongly near the gas surface, indicating that the scale grew

mainly by the outward diffusion of Al. This confirms the work of
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Figure 4.1.12 SIMS sputter depth profiles of the primarily 6-Al,04

scale formed after oxidation for 15min in 180 and 45min in 160 at
950°C on (a) MAS56 and (b) APM. The second oxidant 160 is found
primarily near the surface indicating that the scale grows primarily
by the outward diffusion of Al
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van Manen, et al. [1987] that also observed 6-Al,O5 growing by

outward transport using NRA.

4.1.5 AEM Results

As mentioned in the introduction to this chapter, previous
work on MA956 had detected the segregation of Y to the oxide grain
boundaries [Przybylski, et al., 1987] and to the alloy-oxide interface
[Katz, et al., 1987). A few additional observations were made of the
scale on undoped FeCrAl and on APM in order to confirm the
analogous segregation of Zr to the oxide grain boundaries.

Due to the excessive spallation on undoped FeCrAl, only small
pieces of oxide were left after a 100hr oxidation. These pieces
were placed on a Cu grid and ion thinned from both sides to look at
the center of the oxide scale. Figure 4.1.13 shows the numerous
voids observed in the scale. The voids are observed both on grain
boundaries and within grains and they are not evenly dispersed.
Some areas contain no voids while others contain a large volume
fraction. In thick areas of the sample, the voids were never seen to
extend through the entire sample thickness. This indicates that no
single void provides a long range pathway foi material transjort.
However, networks of voids may exist. No elements were found to
segregate to the oxide grain boundaries in this sample and no Rh
particles were observed.

The a-Al;O3 scale formed on APM after 100hr was examined in
parallel sections near both alloy and gas interfaces. In these

sections, only a few voids were observed on the entire sample.
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400nm

Figure 4.1.13 STEM bright field image of the scale on undoped
FeCrAl after oxidation at 1000°C for 100hr. Parallel section near
the center of the scale. Numerous voids are apparent.

FE

200nm

Figure 4.1.14 STEM bright field image of the scale near the gas
interface on APM after oxidation at 1000°C for 100hr. The arrows
mark Rh particles on the grain boundaries. Few voids are observed.
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Figure 4.1.14 shows the oxide near the gas interface. The small dark
spots in this bright field image are Rh particles from the
evaporation of the hangdown wire. These particles are not observed
near the alloy interface. Both locations had essentially equiaxed
grains, but the grain size was noticeably different. The average
grain size was 180nm near the gas interface and 360nm near the
alloy, Table 4.1. While the coarser grains near the alloy may suggest
that these grains were grown first and coarsened, it could also
reflect preferred orientation in an inward direction such as in
solidification.

In both areas, Zr was found to segregate preferentially to the
oxide grain boundaries. The segregation level was relatively low
except on boundaries near a ZrO, particle where the Zr/Al ratio was
much higher. There was a higher average Zr/Al ratio (0.017) near
the alloy interface than the gas interface (0.006), but comparing
these values is difficult. Variations in sample thickness can cause
changes in this ratio. The average Zr/Al value at 1000°C is given in
Table 4.2. This table also includes the Y/Al and Ti/Al ratios for
MA956 at 1000°C from Przybylski's work. Two differences are
noted: since the alloy contains little Ti relative to MA956 (0.03 vs.
0.36wt%), no Ti segregation is detected; and, with a smaller amount
of Zr (0.1%) compared to Y (0.5%) and a coarser oxide distribution in
the alloy, there are fewer RE-rich oxide particles in the oxide but
only slightly less segregation. Equivalent amounts of segregation
are consistent with the oxidation kinetics which show no difference

in the oxidation rates of the two materials.
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Table 4.1

alloys for various times.

Al,O4 scale average grain size after oxidation of FeCrAl
The technique used to measure the grains

is listed along with the approximate location within the scale.
* from Przybylski, et al. [1987].

Temperature/ APM MA956 FeCrAl
Location (um/time) (um/time) (um/time)
1000°C near alloy |0.36/100h TEM|0.5/100h TEM*
center
gas 0.18/100h TEM|0.20/100h SEM]|0.35/100h SEM

1200°C near alloy

1.2/50h SEM
center 0.9/50h TEM
gas 0.6/100h TEM | 0.24/50h SEM | 0.6/50h SEM
1400°C near alloy
center 1.1/1h SEM
gas 1.1/1h SEM 3.0/1hr SEM

Table 4.2 Apparent EDXA weight percentage ratios on Al,Og3 grain

boundaries in scales grown on APM and MA956. tData for MA956 at
1000°C from Przybylski, et al. [1987].

APM: MA956: MA956: MAQ956:
Temperature Zr/Al Y/Al Ti/Al Y/Ti
1000°C 0.012 0.0141 0.037% 2.643
1200°C 0.130 0.049 0.071 1.431
1400°C - - 0.017 0.003 0.184
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Analysis of a parallel section of APM oxidized for 0.2hr
revealed the formation of a mixed phase oxide scale, mainly Cr-rich
but with nodules of Al,O3. No grain boundaries were adequate for
observation. Again, this transient oxidation behavior is probably
indicative of the coarser RE oxide distribution - in areas with less
Zr, transient oxides predominate.

A transverse section was also made of the scale on APM after
oxidation for 0.2hr. In some areas the scale was =200nm thick but
the gas interface was always smooth, with no signs of oxide blades
or pores. Based on the SEM surface morphologies, this suggests that
the outermost scale was milled away. From EDXA, the scale was
rich in Al but also contained significant quantities of Cr and Fe.
Unfortunately, the thickness across the sample was not uniform -
thinner near the gas interface and thicker near the alloy. Thus there
was no way to quantify the composition of the oxide. The
significant (up to 70wt%) Cr and Fe content in the scale may
indicate that the initial scale morphology on APM is more effected
by the formation of transient (Fe- and Cr-rich) oxides than by the 6-
a-Al;O03 phase transformation. The same may be true for the
undoped FeCrAl which had a similar morphology as APM.

The metal-oxide interface was also examined in two locations
where it was sufficiently thin. The Zr content was higher on the
interface than on either side. However, in this case because of the
low Al content in both the alloy and the oxide, a realistic Zr/Al ratio
could not be calculated which would be comparable to the values in

Table 4.2.
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4.2 Results at 1200°C

The improvement in oxide adherence is probably the most
significant effect of the RE addition at 1200°C. Thus, cyclic
experiments were conducted in order to study this effect. At
1200°C, the stable a-Al;,O3 phase is the dominant oxidation product;
thus the role of the phase transformation is diminished, and little

GAXRD analysis was necessary.

4.2.1 Isothermal Oxidation Results

Isothermal kinetic results are shown in a parabolic plot,
Figure 4.2.1. Both with and without a reactive element, a general
parabolic behavior is observed. As at 1000°C, there was excellent
repeatability for the undoped FeCrAl; however, no breakdown events
were observed at this temperature. Depending on the curve usegq,
there is a 2-4 times reduction in the parabolic rate constant with
the addition of a RE.

After the isothermal exposure, the scale on the undoped FeCrAl
spalled almost completely. No spallation was noted on the alloys
with a RE addition. Further testing was done to better assess the

adherence.

4.2.2 Cyclic Oxidation Adherence Results

Compared to the change in the oxidation rate, the improvement
in adherence by the addition of the RE is the more pronounced REE at

1200°C. A plot of the weight change versus number of cycles is
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Figure 4.2.1 Parabolic plot of weight gain versus squareroot of time
for FeCrAl alloys at 1200°C in 1atm O;.
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Figure 4.2.2 Isothermal weight gains plotted with the weight change
over 20 2-hr cycles at 1200°C in tatm O,. Both alloys with a RE
addition show nearly perfect oxide adherence.
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shown in Figure 4.2.2. Both APM and MA956 show nearly perfect
adherence, while the undoped FeCrAl exhibits massive scale
exfoliation. Based on the isothermal measurements, the thickness
of the oxide on the doped and undoped material is not significantly
different. Thus, an argument based on increased stresses from a

thicker scale would not seem to apply in this case.

423 SEM Results

Since all of the scale spalled off the undoped FeCrAl at
1200°C, it was not possible to examine the scale on the alloy.
Instead a piece of oxide was mounted perpendicular to the beam and
tilted to examine the gas and alloy interfaces and the cross-section.
Figure 4.2.23 shows the cross-sections of the scale on undoped
FeCrAl after oxidation for (a) 2hr and (b) 50hr. As at 1000°C, the
scales here are also buckled. The more striking feature at 1200°C is
the high density of whiskers on the surface, especially after S50hr,
Figure 4.2.4a. The alloy side of the oxide was relatively smooth and
featureless, Figure 4.2.4b.

The oxide on the commercial FeCrAl alloys was much more
adherent and had fewer features. One significant difference
between the two RE-doped alloys was the effect of the alloy on the
oxide morphology. On APM after a 2hr exposure, remnants of the
alloy grain structure could be seen clearly, as well as after 100hr,
Figure 4.2.5. At higher magnification these features appeared to be
simply thicker oxide growing on particular grains, Figure 4.2.6a. The

overall morphology was reminiscent of the structure at 1000°C with
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Figure 4.2.3 SEM secondary electron images of undoped FeCrAl after
oxidation at 1200°C for (a) 2hr and (b) 50hr.
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Figure 4.2.4 SEM secondary electron images of undoped FeCrAl after
oxidation at 1200°C for 50hr. Morphologies of the (a) gas interface
and (b) alloy interface.
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Figure 4.2.5 SEM secondary electron images of APM after oxidation
at 1200°C for (a) 2hr and (b) 100hr. The features at each time
correspond to the alloy grain size.
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Figure 4.2.6 SEM secondary electron images of APM after oxidation
at 1200°C for 100hr
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a coarser pore/grain size. At the edge of the sample is the only area
where spallation occurs, revealing the oxide cross-section, Figure
4.27. Compared to the undoped FeCrAl cross-section in Figure
4.2.3b, the scale on APM appears to be more columnar in nature.

The columnar structure is also observed on MA956. However,
the surface morphology on MA956 is very different. The scale on
MA956 is uniformly flat and not visibly affected by the alloy
microstructure, except for the sprinkling of larger grains, Figure
4.2.38. These may be remnants of the initial heterogeneous
nucleation caused by the oxide dispersion in the alloy. At higher
magnification, grain growth is again observed between 2hr and 50hr
exposures, Figure 4.2.9.

A study was also made of the scale on MA956 after cyclic
testing. The only oxide spallation observed was at the sample edges.
However, at higher magnification the oxide was observed to be
cracked throughout, Figure 4.2.10. While this may be the precursor
to long term breakdown, it did not cause any significant failure
after 20, 2hr cycles. Scale cracking on APM appeared to be
concentrated on those areas of thicker oxide growth, as observed in

isothermal exposures, Figure 4.2.6a.

42.4 Tracer Results

Sequential isotope oxidation experiments were performed on
each of the three FeCrAl materials at 1200°C. The more adherent
oxides on MA956 and APM were more easily examined than the

spalled oxide on undoped FeCrAl. Figure 4.2.11a shows the depth
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Figure 4.2.7 SEM secondary electron images of APM after oxidation
at 1200°C for 100hr. The oxide has spalled away at the edge of the
sample revealing the columnar structure of the oxide

N A “\’ o

Figure 4.2.8 SEM secondary electron images of MA956 after
oxidation at 1200°C for 50hr.
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Figure 4.29 SEM secondary electron images of MA956 after
oxidation at 1200°C for {(a) 2hr anc (b) 50hr.
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Figure 4.2.10 SEM secondary electron images of MAQ956 after
oxidation at 1200°C for 20, 2hr cycles.
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profile of the oxide formed on MA956 after 15min in 60O and 5min in
180. Two areas of 180 enrichment are noted - first a very sharp
peak at the surface and a second weaker but wider area near the
alloy interface. Although it could be anomalous, the first peak could
imply a small amount of lattice diffusion of the second oxidant. The
second peak, which represents the most heavily concentrated area of
180 in the scale, is the hallmark of a predominant inward oxidation
mechanism. The location of the peak also indicates oxygen diffusion
via short-circuit pathways (see Figure 2.6). This 180 peak
compromises less than 50% of the total oxygen signal at that depth,
probably due to the short exposure time and crater effects after an
extended sputtering time. A similar profile was found for APM.

The scale formed on the undoped FeCrAl was again difficult to
analyze because of the nearly complete spallation. In a few cases,
sputtering the scale appeared to cause the scale to flake off of the
substrate. One complete sputter profile appeared to indicate that
the first oxidant '80 was located at the center of the scale while
new oxide ('80) formed both at the gas and alloy interfaces, Figure
4.2.11b. This profile could not be repeated, but it correponds well to
the profiles found for the scale on undoped NiAl (see Section 5.2.5).
Further attempts to characterize this scale included placing large
pieces of spalled oxide =20mm? in area on a stub. However, no
sensible data could be acquired.

Thus, unlike the 6-AloO5 phase described in Section 4.1.4, the
doped «-Al,Q3 scale formed on MA956 at 1200°C forms by short-

circuit oxygen diffusion. Also, the undoped o-Al,O5 appears to grow
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Figure 4.2.11  SIMS sputter depth profiles of the primarily o-Ai,Oj5
scale formed after oxidation at 1200°C on (a) MA956 oxidized for
15min 180 and 5min 180 and (b) FeCrAl oxidized for 10min '80 and
30min 160,
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by a different mechanism with both Al and O diffusing

simultaneously.

425 AEM Results

Again, due to the massive spallation, study of the oxide formed
on undoped FeCrAl proved difficuit. The only possibility for TEM
study was to ion thin a piece of the spalled oxide. Figure 4.2.12
shows a thin area near the center of the oxide formed after 5Chr.
Many of the larger grains contain a void in their centers.

The first test of the segregation theory for this study was
made on a short exposure of MA956 for 25hr in air at 1200°C. The
EDXA x-ray map from the STEM is shown in Figure 4.2.13. Both Y and
Ti are observed to segregate strongly to the oxide grain boundaries,
Table 4.2. A more controlled exposure for APM was then used to
achieve the same result after 100hr in Oo, Figure 4.2.14. The only
boundary where the segregation is not clear is the boundary in the
lower left corner which is not parallel to the beam, thus making
analysis difficult. The segregation of Ti is not detected in scales
grown on APM because of the low Ti content in the alloy.

A transverse section of APM was made to check if Zr would
also segregate to the alloy-oxide interface. Figure 4.2.15 is a
schematic showing the apparent EDXA weight percentage ratios
across the interface in two separate locations. In this case, Ti is
found to segregate as in MA956. A questionable S peak (possibly Mo

contamination, see section 3.7.1) was apparent in several spectra,
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Figure 4.2.12 STEM bright field image of the oxide formed on
undoped FeCrAl after oxidation for 50hr at 1200°C. A large void is
found in the center of many grains.

100nm

Figure 4.2.13 STEM high resolution X-ray map of Al,O5 formed on
MAS56 near the oxide-gas interface after 25hr at 1200°C; 1) the
binary image, and X-ray maps of 2) Al, 3) Y, and 4) Ti.

-Page 146-



100nm

Figure 4.2.14 STEM (a) bright field image and (b) high resolution X-
ray map of Al,O3 formed on APM near the oxide-gas interface after
100hr at 1200°C: 1) the binary image; X-ray maps of 2) Al 3) Cr,
and 4) Zr.
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100hr at 1200°C. Ti is found to segregate more strongly than Zr.
The filled and open symbols represent two separate analysis points.
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but it appeared to be stronger in the alloy and thus not to have

segregated to the interface in the same way as Ti and Zr.

4.3 Results at 1400°C

A broader range of experiments was performed at 1400°C after
the discovery of TiNy particles near the oxide-gas interface in the
scale on MA956. These particles are believed to cause cracking
within the oxide, but not catastrophic spallation [Pint, et al., 1992].

No sequential isotope oxidation experiments were done at 1400°C.

4.3.1 Isothermal Oxidation Results

The kinetic data are plotted in Figure 4.3.1. Just as for the
data at lower temperatures, a parabolic rate law is followed.
However, unlike at lower temperatures, the scale on MA956 appeared
to spall after isothermal oxidation for 25 and 75hr at 1400°C.
Based on the kinetic data, this spallation occurred during cooldown.
After oxidation for only 1hr, MA956 showed no signs of spallation.
APM was oxidized for 25 and 50hr and, while it oxidized at a similar
rate, it showed no signs of spallation. The undoped FeCrAl exhibited
various behaviors. The sample with the higher weight gain was
much thinner than the other. Most likely, it became depleted in Al
and began to form less noble oxides, increasing the weight gain. The
other sample appeared to form a more uniform scale. In comparison
with the doped alloys, this sample had a slightly higher weight gain,
but less than a factor of 2 difference on average. The undoped

FeCrAl appeared to spall after the isothermal oxidation more
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Figure 4.3.1 Parabolic plot of weight gain versus squareroot of time
for FeCrAl alloys at 1400°C in 1atm O,.
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severely than MAS56. Surprisingly though, the spallation at 1400°C
was not as severe as at 1200°C. Only localized spallation occurred,
rather than the entire scale breaking off, as at 1200°C.

In order to study the possible sources of nitrogen in the scale

(for the formation of TiN,), MA956 was subsequently oxidized in a
carefully-flushed O, atmosphere and again in flowing air. No
appreciable difference was noted in the oxidation rate in air
compared to that in O,. The same quantity and type of spalling was

observed on both alloys.

4.3.2 Cyclic Oxidation Adherence Results

Each alloy was oxidized for twenty, 1hr cycles in dry, flowing
O,, Figure 4.3.2. As noted in the isothermal results, the spallation
of Al,O3 on the undoped FeCrAl material was not as severe as at
1200°C. Despite the faster oxidation rate, the weight loss at
1400°C was less and the first few cycles showed relatively good
adherence followed by a more serious breakdown.

The doped FeCrAl materials both exhibited relatively good
adherence at 1400°C. The spalling on MA956 observed after 25hr
was not observed after the first few cycles. By the 6th cycle, the
level of spallation was similar. However, more serious breakdown
was not observed. APM which did not appear to spall in isothermal
tests, exhibited a different behavior. After 10 cycles, large
microcracks were observed on the surface. These cracks became
more pronounced during the next 10 cycles but no major breakdown

was observed.
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4.3.3 SEM Results

The SEM studies at this temperature were mainly geared for
studying the spallation morphologies. Figure 4.3.3b is a typical view
of the scale morphology on MA956 after oxidation for 25hr at
1400°C. The scale surface appears much rougher than at lower
temperatures (e.g. Figure 4.2.9), but the same type of grain growth
occurs near the surface, Figure 4.3.3a. Spallation occurs on less
than 10% of the surface and is only found in small isolated areas 20-
200um across, Figure 4.3.4. This spallation occurs within the
oxide, not to the bare metal. One of the spall regions contained a Ti-
rich particle (identified by EDXA) while others contained Fe- and Cr-
rich particles, Figure 4.3.4b. These particles could be remnants of
the initial transient stage or new growth after spallation. At higher
magnification, spallation appears to have proceeded intragranularly,
Figure 4.3.5. The grains appear to be cleaved fairly uniformly and
voids are observed both within grains and on grain boundaries.
Identical spallation occurs from samples oxidized in Oy (Figure
4.3.4) and in air (Figure 4.3.5). Higher magnification of the unspalled
scale on MA956 revealed faceted Y-rich grains on the surface, Figure
4.3.6. At lower temperatures these grains were not as clearly
evident.

Attempts to make a transverse section of the scale on MA956
after oxidation for 25hr were unsuccessful. However, analysis of
the unthinned TEM sample in the SEM revealed a great deal. Figure
4.3.7 shows a typical section of the scale. Two important features

are noted. First of all, while the gas interface appeared flat, the
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Figure 4.3.3 SEM secondary electron images of MA956 after
oxidation at 1400°C for (a) thr and (b) 25hr.
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Figure 4.3.4 SEM secondary electron images of oxide spall regions on
MA956 after oxidation at 1400°C for 25hr. Spallation is within the
oxide, not to the bare metal. The central region in (b) is rich in Fe

and Cr.
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Figure 4.3.5 SEM secondary electron image of MA956 after oxidation
at 1400°C for 25hr in air High magnification of the center of a
spalled region showing the intragranular fracture.

20KV 4

Figure 4.3.6 SEM secondary electron image of MA956 after oxidation
at 1400°C for 1hr. The faceted grains are identified by EDXA as rich

in Y. The small round spots are contamination from the electron
probe.
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f-igure 4.3.7 SEM secondary electron image of scale cross-section on
MAQ56 after oxidation for 25hr at 1400°C in 1atm of O,. The scale
appears to be "rumpled" with the alloy following the convolutions of
the scale. Voids can be seen at the alloy-oxide interface.
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metal interface appears to be rumpled (see Figure 2.7b). This
rumpling was observed across the entire cross-section and was
periodic. Secondly, small voids are observed throughout the scale
while larger voids are found at the metal-oxide interface. However,
these voids do not appear to cover a large fraction of the interface
nor do they correspond at all to the periodic rumpling.

As at lower temperatures, the scale on undoped FeCrAl has a
different oxide morphology from MA956. After 1hr, a fine ridge-like
structure is evident, Figure 4.3.8a; however, after 50hr this
structure appears to have coarsened and lost its ridge-like nature,
Figure 4.3.8b. Otherwise the structure is relatively flat with almost
no whiskers. This is significant departure from the scales observed
after 1000° (Figure 4.1.4) and 1200°C (Figure 4.2.3).

The scale on APM exhibited no significant isothermal
spallation, and the scale appeared relatively smooth. The only
significant feature was the small particles appearing on the scale
surface, Figure 4.3.9. These particles were observed after 1hr and
25hr exposures. Many but not all of these particles were found to be
rich in Zr using EDXA. After a cyclic exposure of 20 cycles, large
macrocracking of the sample occurred which could not be related to
the alloy grain structure, Figure 4.3.10. This type of cracking was
not observed on cyclicly-oxidized MA956, which spalled in the same
manner as the isothermal exposures. Neither alloy exhibited
breakaway oxidation, but based on the macrocracking, APM appeared

to be heading towards a more critical breakdown.
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Figure 4.3.8 SEM secondary electron images of undoped FeCrAl after
oxidation at 1400°C for (a) 1hr and (b) 50hr.
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Figure 4.3.9 SEM secondary electron image of APM after oxidation at
1400°C for 25hr. Many of the small bright particles are rich in Zr by

EDXA.

Figure 4.3.10 SEM secondary electron image of APM after oxidation
at 1400°C for 20, 1hr cycles. Macro-cracking of the scale occurs,

unrelated to the alloy grain structure.
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4.3.4 GAXRD Results

Oxide scales on each of the three alloys were analyzed after
oxidation at 1400°C for 1hr. Only a-Al,O45 could be detected in each
case, Figure 4.3.11. The undoped FeCrAl showed stronger peaks from
the matrix, most likely because of oxide spallation. Small peaks
from oxidized MA956 appeared to best match YAG (which corelates
with the observation of Y-rich faceted grains on the scale surface,
Figure 4.3.6), while APM had a small peak which best matched ZrOo,
Figure 4.3.12. This also corelates with the particles observed on the

scale surface, Figure 4.3.9.

4.3.5 AEM Results

Parallel sections of the oxide scale on MA956 after a 25hr
exposure to O, were analyzed. An unusual cracking of the scale was
observed in a number of areas, Figure 4.3.13a. Every oxide boundary
examined showed the segregation of Y; however, Ti was discernible
in only very small quantities. This is distinctly different from
observations at 1000°C and 1200°C, Table 4.2. Rather than strongly
segregating at 1400°C, Ti is observed to form TiN, particles, 0.3-
1.5um in diameter in a matrix of 1-5um Al,O4 grains, Figures
4.3.13b and 4.3.14a. This STEM image (Figure 4.3.13b) also reveals
the apparent decohesion of the particle from the matrix in the lower
right hand corner. The particles were identified first by EDXA then
reconfirmed by EELS, Figure 4.3.15.
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400nm

Figure 4.3.13 STEM annular dark field images of the oxide formed on
MA956 after oxidation for 25hr at 1400°C - (a) cracks in the oxide
and (b) TiN, particle in the scale, the arrow indicates separation

between the particle and the matrix.
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200nm

Figure 4.3.14 (a) TEM bright field image of a TiN, particle in the
Al,O3 scale formed on MA956 after oxidation for 25hr at 1400°C in
latm of O,. (b) selected area diffraction pattern of the same
particle.
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Figure 4.3.15 EELS spectrum from TiN, particle in the Al,O5 scale
formed on MA956 after oxidation for 25hr in O, at 1400°C. Only
peaks for Ti and N are observed.



EDXA and EELS quantifications of the Ti/N ratio were not
conclusive. The EDXA spectra also contained some peaks from the
surrounding matrix. The EELS quantification of a 2:1 Ti/N atomic
ratio could not be confirmed, but the EELS spectra clearly shows
that Ti and N are the only significant components. Selected area
diffraction of the particle was performed by conventional TEM but a
specific structure has not been identified, Figure 4.3.14b. No clear
match could be found with compounds such as TiN or TioN.

A second MA956 sample was oxidized in a carefully flushed O
atmosphere for 25hr, and TiN, particles were also observed in this
scale. TEM samples of the scale grown on MA956 in air did not have
sufficient thin area to observe any particles in the matrix. Analysis
of several of the samples ran into resolution problems because
FeCrAl is magnetic. This was the case with an APM sample oxidized
for 25hr. A large number of ZrO, particles were observed near the
gas interface, but because of stigmation problems associated with a
magnetic sample, no boundaries could be analyzed. Also, because the
oxide grain size was so large, it could not be estimated by TEM. An
estimation of the grain size was made using SEM images of the scale

surface and cross-sections, Table 4.1.

4.4 Summary of FeCrAl Results

The comparison of the doped and undoped FeCrAl samples gives
a fairly clear picture of the REE for alumina-formers. The most
obvious effect is the improvement in oxide adherence especially at

the lower temperatures. There is also a small but discernable
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reduction in the oxidation rate. The sequential isotope oxidation
experiments conducted at 1200°C indicate a possible change in the
oxidation mechanism for «-Al,O5, which would expiain this change
in rate. The doped scale grew solely by a short-circuit inward
diffusion mechanism while the undoped scale appeared to grow by a
mixed Al and O diffusion mode. At 950°C, 6-Al,O3 was found to
grow by the outward diffusion of Al

The oxide microstructure is also changed by the reduction in
the grain size at each temperature and the change, especially at
1200°C from an equiaxed-grain, rumpled scale to a columnar-grain,
flat scale.

While the REE is observed in these materials, attempting to
conclusively explain these effects runs into problems, because of
the complexities of the commercial FeCrAl alloys. The Si and Ti
additions and the different types of dispersions add more questions
to the problem rather than solutions. The work on Y-implanted B-

NiAl was an effort to study the REE in a simpler system.
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5.0 B-NiAl

In order to more fully study the reactive element effect,
including the effect of increasing the oxidation temperature, a more
idealized system was chosen to eliminate a number of the variables
associated with the commercial FeCrAl materials (e.g. Si and Ti
alloy additions). A single-phase, high Al material, B-NiAl, was first
characterized and the reactive element (Y) was then added as a
surface addition by ion implantation. However, this model-type
system, widely used at lower temperatures in the literature, was
found to have a number of significant problems. The reactive
element effect was not fully observed at any temperature in this.
part of the study. This section details the results that were
observed and their deviation from the typical RE behavior. The
effect of Al content was also studied during the first set of
experiments at each temperature. The rest of the experiments
concentrated on stoichiometric 5-NiAl, viz. 31.5wt% Al (with and
without a Y-implant), on RE alloy additions (0.23wt% Zr), and on a
Y>03-Alo03 oxide dispersion in NigAl. As a basic nomenclature, the
stoichiometric B-NiAl will often be referred to as NiAl. The Ni- and
Al-rich samples wili be referred to by their Al weight percentage,
e.g. Ni-30AL

5.1 Results at 1000°C

The initia! work on NiAl implanted with Y revealed that not

only were the typical RE effects not observed but entirely different
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effects were occurring. The main area of interest is the
transformation of metastable 6-Al,O3 to the stable a-Al,O3. In
order to further study the effect of implanted species on the phase
transformation, Cr and Al were also implanted at the same level as Y
(2x1016/cm?2). The original selection of 1000°C as the lowest
temperature of interest was made in order to avoid the formation of
8, which is predominant (though metastable) at lower temperatures.
It was also chosen because much of the literature on alumina-

formers was conducted between 1000° and 1200°C.

5.1.1 Kinetic Results

The first set of kinetic results derived from NiAl samples of
varying Al content: three from within the B (NiAl) phase field and
one sample of NigAl, Table 3.2. On first examination, the Ni-Al
samples appeared to exhibit very non-parabolic behavior, Figure
5.1.1. Taken as a whole, a strong negative deviation from parabolic
behavior is observed. The second striking result is that the addition
of Y to NiAl has increased the oxidation rate rather than resulting in
the usual decrease (e.g. see Figure 4.1.1). The ordering of rates
based on Al content is also unexpected, with the rate first
decreasing, then increasing with Al content.

A more careful examination of these data is necessary. Take
for example the case of Ni-30wt%Al without Y, represented by an
open triangle in Figure 5.1.1. Rather than considering the data as one
set, examine the behavior before and after 2hr (1.4vhr). In each of

these cases, a parabolic rate law is obeyed. An initial higher rate
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set of materials is marked in weight percent. The closed symbols
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followed by a second, extremely low rate. This would suggest two
separate, diffusion-controlled, oxidation mechanisms. Now consider
the behavior of Ni-30Al with Y implantation. In this case, the initial
higher rate lasts for a much longer period and only begins to drop
after longer exposure.

With lower Al content, the most important difference is in the
initial transient period. NigAl (+ Y»,O3) experiences more than half
of its total weight gain in the first 12min of exposure. With only
=23at% Al, an initial Ni-rich oxide layer is likely formed. At longer
times, a significant rate reduction is observed. Now compare the
behavior of unimplanted Ni-23Al to unimplanted Ni-30Al. Remember
that the total weight gain is not as important as the rate of
oxidation -- the indicator of the steady-state, oxidation mechanism.
The major difference between these two materials is the transient
period. The slopes after the first Shr are almost identical, making
parallel lines. The exception to this explanation is the implanted
Ni-23Al.  However, in this case the implant appears to limit the
transient period. The result is that the weight gain is very similar
to that of implanted Ni-30Al. A note about transient effects and
TGA data is in order: The initial stability of the balance is very
delicate, and there is no way to denote the initial weight. The
initial weight is determined by a combination of extrapolation,
experience and total weight gain (e.g., comparison of the measured
total change from the Cahn balance and the total weight change after
oxidation on the Mettler balance). Thus, an estimation of the weight

gain during the transient stage is difficult.
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The wunusual behavior of Ni-836%Al requires a different
explanation. In this case, the numerous cracks and voids in the alloy
are likely an important factor. With all of these "nooks and
crannies”, there is probably a significant miscalculation of surface
area. This would mean a higher than normal weight gain calculation
(mg/cm?2). It would also mean that as these areas filled in with
oxide, the effective surface area would be reduced thus reducing the
oxidation rate at longer times. This idea fits the experimental
results quite well. As a final note, the implanted Ni-36Al (which
presumably has the same surface area problems as the unimplanted
material) has a higher weight gain (and slope) than the unimplanted
case. This is consistent with an increase in oxidation rate with the
addition of Y.

Additional tests were made of the isothermal kinetic behavior
at 1000°C, Figure 5.1.2. Ni-31.5%Al (NiAl) was included in this case
and exhibited a behavior similar to the other Ni-Al samples. Without
Y, two separate stages can be identified; and with Y, a more gradual
transition is observed. The Cr- and Al-implanted samples were
implanted only on one side so no clear kinetic data could be
measured during their oxidation. No cyclic experiments were
conducted at 1000°C. However, limited spallation was visible on

many samples, both implanted and unimplanted.

5.1.2 Glancing Angle X-ray Diffraction Results

Although the initial research plan called for only a small

amount of x-ray diffraction work, the unexplained oxidation behavior
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Fiqure 5.1.2 Parabolic plot of weight gain versus squareroot of time
for Ni-Al materials at 1000°C in 1atm O,.
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at 1000°C required more careful study. (The original plan was
merely to confirm the phase as a-Al,O5 and then move on to more
in-depth characterization.) The increase in oxidation rate with the
implantation of Y was unusual and previously unreported in the
literature. The first step was to identify the phases present in the
oxidation product.

By first looking at the scales formed after 50hr in the first
set of experiments, it became clear that there was a definite
difference in oxide phases between the two samples. Figure 5.1.3
identifies two peaks unique to the implanted sample. These are two
of the main peaks for 6-Al,O3, the first is larger compared to the
JCPDS card (35,121) because it also coincides with a B-NiAl peak,
(JCPDS card No. 20,19, see Table 3.5). After 50hr the unimplanted
sample appears to have a scale consisting of mainly a-Al,O3. The
implanted sample appears to have a significant amount of 6-Al,Og3 in
its scale. Examining the scales after just 1hr of oxidation revealed
that the scales on Y-implanted NiAl were exclusively 6 with no o
peaks detected, Figure 5.1.4. The results for the unimplanted NiAl
were less consistent. The unimplanted NiAl profile in Figure 5.1.4
after a 1hr exposure shows very strong 6 peaks and weak o peaks,
indicating the transformation is just beginning at this time. In
comparison, the unimplanted sample in Figure 5.1.5 has a scale
which is almost exclusively «a after 1hr. NiAl with a Zr alloy
addition showed strong 6 peaks after 1hr but only a-Al,O4 after
50hr, indicating less of an effect on the transformation than an Y

implant.
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The means by which the Y implant slows the 6-a
transformation was further investigated by implanting NiAl with Cr
and Al at the same level as Y (2x10'6/cm?2 at 70keV). After 50hr,
the profiles of Cr- and Al-implanted NiAl contained no 6 peaks but
appeared to be only a. This indicates that neither Cr nor Al has as
strong an effect on the phase transformation as Y, which clearly
stabilized some 6-Al,O5 up to 100hr.

After a 1hr oxidation, both Cr- and Al-implanted samples
showed strong 6 peaks. An obvious difference was found in both
cases by comparing profiles of the implanted and unimplanted sides
of the same sample. Figure 5.1.5 shows strong 6 peaks only on the
Al-implanted side of this sample after i1hr. This 1hr test was
repeated on a second Al-implanted sample and the same result was
achieved. While Cr was thought to have an effect on the
transformation, Al was implanted to check the effect of the
implantation process itself. In order to check the effect of
increased Al content on the phase transformation, Ni-30Al and Ni-
36Al were compared after oxidation for 1hr. Ni-36Al had a stronger
0-AloO45 peak than Ni-30Al indicating a possible effect of Al content
on the phase transformation.

The retention of 6-AloO3 on the Al-implanted sample may also
indicate a possible effect of the implantation process on the phase
transformation. However, this is only a temporary effect. The
implantation process clearly cannot explain the retention of 6-Al,Oj4
on Y-implanted NiAl after 100hr at 1000°C.

To return to the REE for a moment, this stabilization of 6 is

not one of the conventional REE and is not beneficial because 6
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grows at a faster rate than o. Thus at 1000°C, Y-implanted NiAl is

not an appropriate model system for studying the REE.

5.1.3 SEM Resulis

Morphologies at 1000°C also revealed a clear difference
between the 6 and o phases. The 6-a transformation appears to be
the most important factor in determining the morphology of the
scale at 1000°C. A variety of "typical” examples are given in this
section to illustrate an overall trend. Twenty samples of varying
times and compositions were examined to form a data matrix.

Typical morphologies of the unimplanted and Y-implanted
samples are shown in Figure 5.1.6. These are the same two Ni-23Al
samples profiled in Figure 5.1.3. The blade-like structure in Figure
5.1.6a is the hallmark of 6-Al,O3, which grows by an outward
diffusion mechanism (Sec. 4.1.4). This type of morphology was found
on virtually every Y-implanted sample regardless of time of
oxidation. The blade tips in this image are charging. The darker
areas apparently without blades are believed to be areas where the
oxide has been transformed to «-Al»O3. The morphology of the
unimplanted Ni-23Al has a variety of Ni-rich oxide grains on the
surface but none of the distinctive large blades. In kinetic weight
gain experiments, this sample was observed to gain a large amount
of weight during the early transient period. This behavior is also
observed on NigAl, for which after 1hr large Ni-rich grains are
observed, Figure 5.1.7a. However, at longer times when the outer

transient scale is undercut by Al,Oj, the outer scale appears to "fill
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Figure 5.1.6 SEM secondary electron images of Ni-23Al after
oxidation at 1000°C for 50hr. (a) Y-implanted and (b) unimplanted.
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Figure 5.1.7 SEM secondary electron images of Y,Og3-dispersed NizAl
after oxidation at 1000°C for (a) 1hr and (b) 50hr.
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in" and smooth out, Figure 5.1.7b. Tke original, large Ni-rich oxide
grains can still be observed among a finer grained scale. Neither
case shows any indication of 6-Al,Ogj.

Examination of samples with a higher Al content reveals fewer
Ni-rich oxides. Figure 5.1.8a shows the morphology of NiAl after
oxidation for 1hr. The morphology in this area of the sample
indicates the presence of 6 as was found by GAXRD, Figure 5.1.4.
After a 50hr exposure, some areas still show signs of 6, but most
areas have a ridge morphology, Figure 5.1.8b.

Polycrystalline NiAl reveals a clear variation in oxide
morphology with substrate orientation, which was documented by
Doychak [1986]. An excellent example is found on an Al-implanted
NiAl which happens to have a much finer grain size than most
samples, Figure 5.1.9a. In this case where the scale was found to be
mainly 6-Al,Oj3, the contrast occurs because of charging on grains
with a higher density of blades. However, it is not clear whether the
darker grains transform to o more quickly or if the 68-Al,O3 just has
a smoother morphology. The difference is shown quite strikingly in
Figure 5.1.9b, where a grain with a very high density of oxide blades
is adjacent to a grain with a much sparser blade content. Returning
for a moment to the effect of the implanted species on the phase
transformatiocn, Figure 5.1.10 shows adjacent grains on Cr-
implanted NiAl. In this case, the 6-Al,O5 structure is retained after
S0hr on one NiAl grain while the other grain contains a ridge-like
morphology typical of a-Al,O4 that has transformed from 6. While
GAXRD, showed the scale consisted mainly of «, this indicates that

there may be some effect of the Cr-implant after 50hr.
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rigure 5.1.8 SEM secondary electron images of NiAl after oxidation
at 1000°C for (a) 1hr and (b) 50hr.
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Y

Figure 5.1.9 SEM secondary electron images of Al-implanted NiAl

after oxidation at 1000°C for thr: (a) the lighter NiAl grains contain
a higher density of charging oxide blades, and (b) adjacent high- and

low-density NiAl grains.
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Figure 5.1.10 SEM secondary electron image of Cr-implanted NiAl
after oxidation at 1000°C for 50hr. Adjacent substrate grains have
oxide ridges typical of «-Al,O5 and oxide blades typical of 6.

Figure 5.1.11  SEM secondary electron image of NiAl after oxidation

at 1000°C for 1hr. Cracking appears to occur due to the #--u phase
transformation.
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While having a large effect on the scale morphology, the phase
transformation may also affect scale adherence. Figure 5.1.11
shows commonly-occurring cracks in the scale after 1hr. These
cracks are associated with the more than 10% volume reduction
between the defective 6 structure and the denser o-Al,O3 [Hagel,
1965a)]. The structure in Figure 5.1.11 appears to be the precursor of
the ridge structure where the oxide blades after 1hr will transform
into interconnecting ridges observed after 50hr, Figure 5.1.10.
These cracks, apparently due to the phase transformation, may also
lead to spalling. Figure 5.1.12a shows a spalled region where the
spallation is to the bare metal. This type of spallation occurred on a
very small scale but was found on almost every sample examined.
Figure 5.1.12b is a lower magnification image of the same area on
NiAl + Zr oxidized for 50hr. The spallation appears to bhe
concentrated on NiAl grains where e blade density is highest. This
may indicate that cracking associated with the transformation leads
to oxide spallation.

The potential effect of specimen surface preparation was not
addressed in this project. Specimens were uniformly prepared with
a 0.3um surface polish. However, a single scratch on the surface
provides an interesting revelation about the oxide morphology
formation. Figure 5.1.13a shows a large scratch across a number of
substrate grains. The scratch stands out clearly because it is a
string of charging oxide blades, Figure 5.1.13b. The scratch crosses
numerous grains with different morphologies but is still clearly
evident. The large ridges in Figure 5.1.12b are also brighter because

they are composed of a high concentration of oxide blades. Thus, one
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Figure 5.1.12 SEM secondary electron images of oxide spallation on
NiAl' + Zr after oxidation at 1000°C for 50hr. (b) is a higher
magnification of the spalling observed in (a)
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Figure 5.
Zr after
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R

1.13 SEM secondary electron image of a "scratch" on
oxidation at 1000°C for 50hr. The line is charging
it is made up of a row of oxide blades (b).
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difference between this work and some of the other results in the
literature may be due to specimen preparation. For instance,
Doychack, et al. [1989] reported uniform morphologies of oxide
ridges after transformation to o-Al,O3 but used a 600-grit finish
(=40um). A coarser finish may produce a different type of ridge
structure, with the ridge size and spacing reflecting the pre-

oxidation surface preparation.

5.1.4 Tracer Results

The 180/SIMS experiments were hampered at 1000°C because
of the phase transformation. Because the two Al,O3 phases are
suspected to grow by different mechanisms, it is essential that
before the second oxidant (either 180 or 160) is introduced that the
scale be fully o; or, to study 6, that no o form during any part of the
oxidation.

Unfortunately at 1000°C, and even 950°C, analysis by GAXRD
showed no scale formed on NiAl contained only one phase. As a
result, the sputter depth profiles were spurious, varying from
location to location, presumably depending on the local phase
composition. One example is shown in Fig 5.1.14, where the scalz on
NiAl implanted with Y was profiled. The majority of the second
oxidant 160 was found near the gas interface, indicating strong Al
diffusion outward. However, a secondary 160 peak is found slightly
further into the scale. With both r~hases present in the scale, there
is no way to make any conclusions about the growth mechanism at

this temperature. There may be a mixed diffusion process in 0-
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Figure 5.1.14 SIMS sputter depth profiles of the scale formed on Y-
implanted NiAl after oxidation for 1hr at 1000°C. The second
oxidant 60 is found primarily near the surface but a second peak is
found deeper in the scale.
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_200nm

Figure 5.1.15 STEM bright field image of the Al,Oj3 scale on Y,03-
dispersed NigAl after oxidation at 1000°C for 50hr. The arrow
points to a YAILO, particle identified by EDXA.
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The average grain size was approximately 300nm, Figure

5.1.15. A number of YAI,(Oy particles (50-100nm) also were
observed in the Al,O5 scale (see the arrow in Figure 5.1.15). Since
these particles occasionally fall out during TEM sample preparation,
it is difficult to determine the exact void content. However, the
number of voids is clearly not as high as observed in undoped FeCrAl,
Figure 4.1.13.

5.2 Results at 1200°C

The oxidation behavior at 1200°C was much more consistent
because of the limited role of the phase transformation at this

higher temperature. The scales were predominantly o-Al,Og, yet

once again the Y-implanted samples did not clearly show the REE.

5.2.1 Isothermal Oxidation Results

A parabolic plot of the kinetic data is shown in Figure 5.2.1 for
the various Al contents. Except for Ni-23Al, the data appear to
follow a parabolic rate law. None of the major deviations, observed
at 1000°C, appear at 1200°C. Also unlike at 1000°C, the Y-implant
appears to have reduced the total weight gain in each case. A change
in the oxidaticin rate is not as clear.

The most unusual behavior is that of Y-implanted and
unimplanted Ni-23Al. It appears that after =4hr both samples
experience a large weight gain. This type of behavior may indicate a

breakaway condition where an initial Al,O5 scale is formed, but the
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Al content in the near-surface alloy drops to the point where Ni
begins to oxidize. This would cause a more rapid weight gain when
the protective Al,O3 scale is compromised. Since this behavior is
not typical for the REE, this behavior was not investigated further.

With Al content higher than 23wt%, variation in Al content did
not significantly affect the oxidation rate. All of the unimplanted
samples (30, 31.5 and 36wt%) lie within a definable band and the
implanted samples lie within a second band slightly lower than for
unimplanted NiAl. A parabolic plot of NiAl only with and without a
RE addition, is shown in Figure 5.2.2. In this case, a clear reduction
in the oxidation rate is evident when either Y or Zr is present. The
reduction is by a factor of 3, comparable to the reduction observed
in FeCrAl alloys (Sec. 4.2.1).

No significant transient periods were observed at this
temperature.  Also, there is no kinetic evidence to suggest a

significant effect of the phase transformation at 1200°C.

5.2.2 Cyclic Oxidation Adherence Results

The reduction in the isothermal oxidation rate suggests a
beneficial effect of the Y-implant. Once this effect was confirmed,
the next test was to check to see if the oxide adherence was also
improved by the Y-implant. Figure 5.2.3 shows the weight change
during twenty 2hr cycles for NiAl and NizAl samples. While the Zr
alloy addition appears to improve the oxide adherence, the Y-implant
does not appear to have a lasting effect on adherence. The first few

cycles show little weight loss, but afterward the adherence is little
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Figure 5.2.2 Parabolic plot of weight gain versus squareroot of time
for doped and undoped NiAl at 1200°C in 1atm O,. A clear reduction
in oxidation rate is evident here with the addition of Zr and Y.
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Figure 5.2.3 lIsothermal weight gains plotted with the weight change
over 20 2-hr cycles at 1200°C in 1atm O;. A consistent
improvement in oxide adherence is not observed when NiAl is
implanted with Y. The Zr addition appears to significantly improve
the adherence.
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better than the unimplanted case. Included in Figure 5.2.3 are two Y
implanted samples, one implanted at MIT, the other implanted at the
Naval Research Laboratory (NRL) in Washington, D.C. (the slightly
higher result). Both samples were implanted with 2 x 1016 Y/cm2 at
70keV. The second implant was made in order to check the
implantation work done at MIT. While the second implant shows a
slightly higher weight gain, both samples exhibit a significantly
lower weight gain than in the isothermal case. This indicates loss
of oxide during cycling.

The Y,O5-dispersed NizAl was a most unusual case. During the
first two cycles, a dark, Ni-rich {by EDXA) oxide formed on the
surface of the sample. This is similar to the transient oxide
observed at 1000°C. The total weight gain over the next 10 cycles
appears to be quite low, indicating protective behavior. Between the
13th and 14th cycle, the sample lost more than 1mg/cm2 -- massive
spallation, but not to the bare metal. The sample was still covered
with a light gray film, indicative of Al,Oj3; the outer dark oxide
appeared to be completely spalled off. However, over the next six
cycles this dark surface layer grew back and no further weight loss
was detected. Apparently the outer Ni-rich layer was able to grow
back with additional exposures, while the underlying Al,O3 remained
somewhat protective. This observation raises the question of how
Ni was able to get to the surface through an intermediate Al;O3
oxide layer. The cyclic tests are also equivocal about improvement
in adherence associated with the addition of a Y,O35 oxide dispersion

to NigAl.
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5.2.3 SEM Results

The morphologies at 1200°C observed by SEM shed a little
more light on the effect of the Y-implant and allow a more careful
study of the oxide after cyclic exposures. Just as at 1000°C, the
morphology of the Y-implanted scale after oxidation for 50hr at
1200°C shows remnants in certain areas of initial 6-Al20O3
formation, Figure 5.2.4. This includes cracking and some spallation,
but also what appear to be remnants of oxide blades or whiskers.
The Y-implanted NiAl morphology is significantly different from the
morphology on NiAl + Zr and undoped NiAl, Figure 5.2.5. With the
addition of Zr, a ridge structure is found. In areas where the scale
is still adherent on undoped NiAl, a ridge-type structure is also
observed, but the ridges are much finer, nearly covering the entire
surface. Unique to the undoped NiAl, whiskers are also observed to
occur across the entire surface, though somewhat sparsely compared
to undoped FeCrAl, Figure 4.2.3.

After isothermal exposure of undoped NiAl, much of the scale
spalls off. After a 50hr exposure, the underlying substrate has two
distinctive regions, Figure 5.2.6. One type is imprinted with oxide
grains (=1um grain size). The other type is much smoother. In
Figure 5.2.6a the smoother areas also contain areas with faint
imprints. These areas appear to be areas which once were imprinted
and subsequently lost contact with the oxide. In Figure 5.2.6b, the
smooth areas in this particular image appear to be faceted, probably

with respect to the substrate orientation. This is very similar to
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Figure 5.2.4 SEM secondary electron images of Y-implanted NiAl
after oxidation at 1200°C for 50hr.
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Figure 5.2.5 SEM secondary electron images of oxide scales after
oxidation at 1200°C for 50hr on (a) NiAl + Zr and (b) NiAl.
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Figure 5.2.6 SEM secondary electron images of the Ni-Al substrate
underneath oxide grown at 1200°C for 50hr on (a) Ni-31.5wt%Al and
(b) Ni-30wt%Al.
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the observations of Smialek [1978] on NiAl. The faceting may be
enhanced by evaporation of Al during oxidation.

Another set of samples were examined after a 2hr exposure.
Figure 5.2.7 shows the extensive spallation of the scale on undoped
NiAl after a 2hr exposure (1 cycle). The morphology of the adherent
scale comprises a very fine ridge structure, with no evidence of 6-
Al,O3. With an Y implant after 2hr, it is a very different case.
Figure 5.2.8a shows the scale to be much more adherent than the
undoped case. However, the morphology in some areas is
reminiscent of the oxide blades of 6-Al,Og3, Figure 5.2.8b.

While the SEM observations show a difference in oxide
adherence after 1 cycle (2hr), the differences disappear after 20
cycles. Figure 5.2.9 shows the surface spallation on Y-implanted and
unimplanted NiAl. There is a similar scale morphology and the
amount and type of oxide spallation is virtually the same.

The addition of Zr was observed to improve the oxide
adherence (Figure 5.2.3), and this was also observed in the SEM.
Figure 5.2.10 shows that the scale on NiAl + Zr is very adherent.
There is a slight variation in the ridge morphology, possibly due to
variations in substrate orientation. The surface on Y,Ogj-dispersed
NizAl consisted mainly of Ni-rich oxide which appeared to be
somewhat cracked and finely spalled, Figure 5.2.11. There were no
areas where the oxide scale had spalled to the bare metal. However,
it is difficult to come to any conclusions about the underlying AloOj3

scale because of the overlying Ni-rich layer.
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Figure 5.2.7 SEM secondary electron images of undoped NiAl after
oxidation at 1200°C for 2hr. A large fraction of the scale is spalled
(a); the adherent scale has a fine ridge-type morphology.
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-implanted NiAl

images of Y

SEM secondary electron

Figure 5.2.8

the substrate grain orient-

)
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after oxidation at 1200°C for 2hr;

(b) a

ation effects the density of oxide blades on the scale surface;

higher magnification image of the high-density blade morphology.
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Figure 529 SEM secondary electron images of surface spallation
after 20, 2hr cycles at 1200°C on (a) Y-implanted NiAl and (b)
undoped NiAl.
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Figure 5.2.10 SEM secondary electron image of NiAl + Zr after 20,

2hr cycles at 1200°C. Only a small amount of spallation is found on
this sample.

Figure 5.2.11 SEM secondary electron images of Y>O3-dispersed
NigAl after 20, 2hr cycles at 1200°C.
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5.2.4 GAXRD Results

Because of the more-parabolic behavior at this temperature,
only a few x-ray diffraction experiments were done. The most
important issue was the phase formation for the sequential isotope
oxidation experiments. Profiles of the oxide were made after 2hr on
the undoped and doped samples. The only significant deviations from
the undoped case are shown on an expanded scale in Figure 5.2.12. In
the case of Y-implanted NiAl, a significant peak for 0-Al204 is still
detected after a 2hr exposure. This is not found for either the Zr-
doped or undoped samples which are primarily a-AloO3. The Zr-
doped sample is distinguished by the presence of a small peak for
ZrOs,.

Testing of initial sequential isotope oxidation samples
revealed that after a 40min total exposure at 1200°C, a small
amount of 6-Al;O3 was retained on Y-implanted NiAl but that
undoped NiAl formed a scale of only a. A second set of samples was
tested after exposures of 20min and 1hr. After 20min and 1hr,
undoped and Zr-doped NiAl samples were found to form a-Al2045
scales. These were chosen for profiling because of the possibility

of finding a mixed phase scale in Y-implanted NiAl.

5.2.5 Tracer Results

Sequential isotope oxidation samples at 1200°C had two
conflicting purposes: first, to oxidize for a long enough time to

form only a-Al;03, and second, to grow a scale thin enough that it
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could be sputtered through in a reasonable amount of time (less than
ipum thickness). Initial sequential oxidation experimems were
performed at 1200°C for a total of 40min (10min '80, 30min '60). A
comparison of the sputter depth profiles for undoped and Y-doped
NiAl is shown in Figure 5.2.13. Both profiles are similar, with some
fraction of the new oxide being forimed near the surface and the
remainder being formed beneath the old oxide. However, the first
isotope exposure of 10min is insufficient for the formation of a
100% a-Al,O4 scale on Y-implanted NiAl. Thus, while the a-Al,O4
scale on undoped NiAl may grow by a mixed diffusion mode, it is
impossible in this case to make any more definitive conclusions
about the effect of Y.

Increasing the first stage oxidation to 20min still failed to
form a fully a-Al,O3 scale on Y-implanted NiAl. Tke emphasis was
then switched to the Zr-doped NiAl, on which only « was formed
after the first 20min of oxidation. Irn this case, the Zr-doped a-
Al,O4 very clearly can be seen to grow by only the inward diffusion
of oxygen, Figure 5.2.14a. The same result can also be seen when the
oxidant order is reversed in Figure 5.2.14b. In each case, the second
oxidant enriches the oxide surface slightly, but the strongest signal
is found beneath the first-formed oxide layer. The shape of the
profiles indicates predominant short-circuit diffusion with the
small surface peak reflecting a small amount of lattice diffusion,
Figure 2.6.

Figure 5.2.15 shows the profiles for the a scales on undoped
NiAl in the same conditions as Figure 5.2.14. In each case, the

undoped NiAl is observed to grow by a mixed diffusion mode, with a
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Figure 5.2.13 SIMS sputter depth profile of Al,O3 grown for 10min
in 180 and 30min in 180 on (a) undoped NiAl and (b) Y-implanted NiAl.
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layer of oxide rich in the second isotope at the gas interface. The
absolute values of the two profiles are slightly shifted but the
shapes are very similar. The shift in value is probably due to the
difference in isotope gases. The 180 gas is only =95% enriched
while the 160 gas is 99.8% pure. Comparing the doped and undoped
profiles clearly establishes an effect of the reactive eiement

addition on the oxidation mechanism.

5.2.6 AEM Results

Based on the results for the FeCrAl ailoys, the goal in this
case was to determine the location of the RE in the doped NiAl
samples. Figure 5.2.16 is from a parallel section near the gas
interface of oxide grown on Y-implanted NiAl after a 50hr exposure.
It is difficult to find grain boundaries (or any structure) in this
region of the Al,O3 matrix because of the abundance here of YAILO,
particles and voids. The composition variations and voids are
clearly seen in the x-ray maps of Al and Y in Figure 5.2.16b.
Attempts to identify these Y-rich particles using selected area
diffraction were inconclusive, although YAIO3 most closely fit the
measured lattice plane spacings.

Based on the size and density of the Y rich oxides, most of the
implanted Y must be present in this layer. This does not leave much
Y to dope the oxide below this layer. This Y-rich layer at the gas
interface is also an indicator that the oxide is growing by an inward
growth mechanism as this layer was concentrated prior to oxidation

at the metal interface.
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400nm

Figure 52.16 STEM (a) annular dark field image and (b) high
resolution X-ray map of Al,O4 formed on Y-impanted NiAl near the
oxide-gas interface after 50hr at 1200°C: 1) the binary image, 2) Al

x-ray map and 3) Y x-ray map.
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200nm

Figure 5.2.17 STEM bright field image of the Al,Oj3 scale on Y-
implanted NiAl after oxidation at 1200°C for 50hr. Parallel section
near the alloy interface.

400nm

Figure 5.2.18 STEM bright field image of the Al,O3 scale on NiAl +
Zr after oxidation at 1200°C for 50hr. Parallel section near the gas
interface. The dark particles are rich in Zr by EDXA.
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A second section closer to the alloy interface contained only a
few Y-rich oxides, but voids could be seen both on and away from
grain boundaries, Figure 5.2.17. Y was found to segregate to the
grain boundaries in this section. The average apparent Y/Al ratio at
the boundaries was 0.089. This is within the range detected in the
doped scales on the FeCrAl alloys, Table 4.2.

A parallel section near the gas interface of oxide formed on
NiAl + Zr was also made. In this case, there are numerous ZrO,
particles, Figure 5.2.18. However, unlike the Y-implanted case, the
Al,O4 grain structure is clearly observed, and there are very few
voids. Zr was fcund to segregate to the oxide grain boundaries in
this sample (average Zr/Al ratio = 0.048). Thus, in both doped cases,
the RE was found to concentrate near the gas interface and

segregate to the oxide grain boundaries.

5.3 Results at 1400°C

A limited number of experiments was performed at 1400°C on
B-NiAl in order to establish the oxidation rate and to compare with
the results obtained for FeCrAl materials. At the time this study
was begun there were no published data available for the formation
of Al,O4 scales at this or higher temperatures. As at lower
temperatures, the Y-implant did not exhibit the typical REE, but at
this temperature oxide formed on NiAl with an alloy addition of Zr
was also observed to break down during both isothermal and cyclic

behavior.
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5.3.1 Isothermal Oxidation Results

The isothermal kinetic data are shown in Figure 5.3.1. Each of
the undoped NiAl samples, regardless of Al content, exhibited
parabolic behavior. It should be noted at this point that the
correction for the evaporation of the Pt-Rh hangdown wire is
significant at 1400°C and above. The raw data and the corrected
data for three different NiAl samples are shown in Figure 5.3.2. At
the end of the experiment, the evaporation weight loss approaches
the oxidation weight gain. Ni-36Al again is somewhat higher than
the other two Al compositions. This is most likely because of the
cracks and voids in the alloy, making a higher effective surface area
for oxidation.

While the undoped samples exhibitod parabolic behavior,
several of the doped (Y, Zr) samples broke down after =20hr, Figure
5.3.3. This breakdown is similar to that observed at 1200°C for Ni-
23Al, but in this case it occurred only when 2 RE was present. The
other two runs for Y-implanted NiAl did not exhibit breakdown and
exhibited essentially parabolic behavior, Figure 5.3.1.

Breakdown of the AlI,Oj scales with the addition of a RE is
unusual in that this type of behavior was not observed in any of the
FeCrAl materials. One significant difference in this case is that the
Y and Zr in NiAl are added to the alloy in an unoxidized form. In the
case of the oxide dispersed FeCrAl alloys, the RE is present in very
stable oxides. Unfortunately the Y,Og3-dispersed NizA! melts at

=1395°C and could not be studied for comparison.
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Figure 5.3.3 Parabolic plot of weight gain versus squareroot of time
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5.3.2 Cyclic Oxidation Adherence Results

Oxide adherence was evaluated by cycling NiA! samples for
twenty thr cycles, Figure 5.3.4. Undoped NiAl spalled readily after
the first cycle and continued to lose weight after each cycle. In the
case of NiAl + Zr, the oxide appeared to be somewhat protective for
the first =10 cycles. However, during the next 10 cycles, a
significant breakdown occurred. This is similar to the breakdown
that occurred in the isothermal exposure, Figure 5.3.3. Thus, the REE

was not observed in any of the doped NiAl samples at 1400°C.

5.3.3 SEM Results

A few morphologies were examined after oxidation at 1400°C.
Figure 5.3.5 shows the oxide ridge structure forming on the undoped
NiAl. The ridges (which presumably correspond to the oxide grain
boundaries) are observed to coarsen during exposure. These ridges
are similar in structure but significantly larger in width and spacing
than those observed at 1200°C, Figure 5.2.7b. Another interesting
feature of the undoped Ni-Al is buckling of the oxide scale, Figure
5.3.6. While it is not as widespread, this behavior is similar to the
scale buckling observed on undoped FeCrAl at 1000°C, Figure 4.1.4.

Because of the eventual breakdown of oxide scales with the
addition of a RE at long times, the doped scales were studied only
after 1hr exposures. In the case of NiAl + Zr, the most notable
morphological feature was the presence of numerous sub-micron

particles on the surface, Figure 5.3.7. Some of these particles were
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Figure 5.3.4 Weight changes for doped and undoped NiAl over 20 1hr
cycles at 1400°C in 1atm O,. While the Zr alloy addition improves
the oxide adherence for the first 10 cycles, thereafter it begins to
breakdown.
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Figure 5.3.5 SEM secondary electron images of undoped NiAl after
oxidation at 1400°C for (a) 1hr and (b) 50hr.



Figure 5.3.6 SEM secondary electron image of undoped Ni-23Al after
oxidation at 1400°C for 50hr.

Figure 5.3.7 SEM secondary electron image of NiAl + Zr after
oxidation at 1400°C for t1thr. The sub-micron particles on the
surface are rich in Zr (by EDXA).
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found to be rich in Zr by EDXA. However, detection was sometimes
difficult because of their small size relative to the excitation
volume of the electron probe. The oxide surface was somewhat
rough but did not have the ridged structure like the scale on the
undoped NiAl. This morphology was very similar to that observed on
APM after oxidation at 1400°C, Figure 4.3.9.

Some oxide spallation was observed on NiAl + Zr, possibly a
precursor to later breakdown, Figure 5.3.8. The substrate
morphology revealed by the spallation is similar to morphologies at
lower temperatures, Figure 5.2.6. Some of the areas appear to be
imprinted with oxide grains while other areas appear to be smooth.
Prior to spallation, the latter areas were likely to have been
unattached to the overlying oxide. Some faceting and terracing can
be seen in this case.

Figure 5.3.9 shows the scale surface on Y-implanted NiAl after
oxidation for 1hr. The scale morphology in this case is also very
different from the undoped NiAl. However, no Y-rich particles are
observed in this case. The Y-implanted NiAl had more spallation

than NiAl +Zr, but the type of spallation was similar.

5.3.4 GAXRD Results

The Y- and Zr-doped NiAl samples were profiled after a 1hr
oxidation period, Figure 5.3.10. Because of the severe spallation, the
undoped NiAl was not analyzed. Both doped samples formed

predominantly a-Al,O3 scales. The substrate peaks are more

prominent on the Y-implanted sample because of the increased
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Figure 5.3.8 SEM secondary electron images of NiAl + Zr after
oxidation at 1400°C for 1hr (a) region where oxide has spalled and
(b) bare metal revealed by oxide spallation.
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Figure 5.3.9 SEM secondary electron images of Y-implanted NiAl
after oxidation at 1400°C for thr
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spallation. The most interesting observation is that after a thr

exposure, very strong ZrO, peaks are observed on NiAl + Zr.

5.4 Results at 1500°C

More extensive experiments were condiicted at 1500°C on NiAl
with and without an Y implant. Just as at 1400°C, there were no
published data for Al,O3 scales or the REE at this temperature.
Therefore numerous kinetic tests, both long- and short-term were
conducted as well as a variety of characterization techniques.
Unfortunately, these experiments were conducted before the NiAl +
Zr was acquired. Thus the only RE addition was by ion implantation -
- a surface modification contending with a substantial oxidation

rate at this temperature.

5.4.1 Isothermal Oxidation Results

The isothermal kinetic data at 1500°C are shown in Figure
5.4.1. The data have been corrected for the evaporation of the Pt-Rh
hangdown wire. A number of points are clearly illustrated here.
First, a parabolic rate law is obeyed. The lone exception is a doped
sample which experiences breakaway similar to that observed at
1400°C. Secondly, the effect of alloy content is minimal. Once
again Ni-36Al has the highest weight gain, presumably because of
the higher effective surface area. And finally, the effect of the Y
implant is negligible in these long term experiments. Several

isothermal experiments were conducted for shorter times, but in
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Figure 5.4.1 Parabolic plot of weight gain versus squareroot of time
for Y-implanted and unimplanted Ni-Al at 1500°C in t1atm Oa;.
Circles = 23wt%Al, triangles = 30wt%Al, diamonds = 31.5wt%Al and
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each case the kinetics matched those of the longer term
experiments.

Spallation after the 50hr exposures was massive and usually
complete, i.e. pieces almost as large as the coupon (=1cm x 1cm x
30um) would be intact but unattached to the substrate.
Occasionally these pieces would fall back into the furnace during
cooldown. The NiAl would be left essentially free of surface oxide.
This type of behavior was also reflected in the cyclic oxidation

results.

5.4.2 Cyclic Oxidation Adherence Results

Based on the limited effect of the Y implant after 50hs
exposures at 1500°C, the cycle time was reduced to 0.2hr (12min).
The adherence was still tested by maintaining the number of cycles
at 20. Figure 5.4.2 shows the isothermal weight gain plotted along
with the weight change during twenty 0.2hr cycles. The Y-implanted
NiAl appears to have a higher weight gain for the first 2 cycles but
then begins to spall at the same rate as the unimplanted NiAl. This
is a strong indication of an improvement in oxide adherence but is
far from conclusive. It is also indicates that, if there is an effect
of the implant, it is very short-lived. After the first few cycles,
the spallation by both undoped and doped NiAl is massive. Virtually

all of the oxide is lost after each cycle.
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5.4.3 SEM Results

Morphologies were investigated at several times for both Y-
implanted and unimplanted NiAl.  After only a 0.2hr exposure (1
cycle), the most significant difference was the improvement in
oxide adherence with the Y implant, Figure 5.4.3. A small amount of
oxide was observed to spall on the implanted sample. However, this
was significantly better than the unimplanted NiAl, where massive
spallation occurred. The adherent oxide formed a ridge morphology
as seen at lower temperatures, Figure 5.4.4. This morphology was
observed on both Y-implanted and unimplanted samples.

In agreement with the weight loss data, the morphology after
20 cycles showed no effect of the Y-implant, Figure 5.4.5. After an
isothermal exposure of 4hr, which is equal to the total cyclic
exposure, the oxide scale on Y-implanted NiAl spalled almost
entirely. A cross-section of the oxide showed large voids in the
scale, Figure 5.4.6a. The scale thickness, approximately 10um, is in
good agreement with a calculated estimate based on the corrected
isothermal TGA weight gain. The grain size is several micrometers
and is not particularly columnar nor is it equiaxed. The substrate
beneath the spalled oxide is mostly smooth, with few indications of
oxide grain imprints, Figure 5.4.6b. The troughs in the substrate are
found throughout but appear to be on a much finer scale than the
substrate grain size.

After exposure for 50hr, the scale completely spalled from the
substrate upon cooling. Pieces of this scale were mounted for SEM

cross-section analysis and were tilted in the SEM to look at the gas
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Figure 5.4.3 SEM secondary electron images of the oxide after
oxidation at 1500°C for 0.2hr on (a) Y-implanted NiAl and (b)
unimplanted NiAl. Both images are at the same magnification.
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Figure 5.4.4 SEM secondary electron images of the oxide after
oxidation at 1500°C for 0.2hr on (a) Y-implanted NiAl and (b)
unimplanted NiAl.
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Figure 5.4.5 SEM secondary electron images of the oxide after
oxidation at 1500°C for 20, 0.2hr cycles on (a) Y-implanted NiAl and
(b) unimplanted NiAl.
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Figure 546 SEM secondary electron images of Y-implanted NiAl
after oxidation at 1500°C for 4hr; (a) cross-section of the oxidation
product, and (b) substrate beneath the spalled oxide.



and oxide surfaces. Oxide grown on Y-implanted NiAl showed few
differences from that grown on unimplanted NiAl. Figure 5.4.7 is an
example typical of the oxide morphology after these long-term
exposures. The grains near the gas interface appear to have a
smaller grain size than the underlying grains. Both cross-sections
show numerous voids along the grain boundaries at the fracture
surface. In other locations where the fracture is intragranular,
voids are also observed within the grains. The oxide surface
adjacent to the substrate has a most unusual morphology, Figure
5.4.7b. Each of the oxide grain boundaries is marked by a ridge. In
this particular area, whiskers are also observed to be growing
towards the substrate -- exactly the opposite behavior of whiskers
observed at lower temperatures. While these whiskers are not
observed on most of the surface, a denser region is shown in Figure
5.4.8a. The feature on the left is unidentified but may be a
contaminant. On the right, the whiskers are observed to grow only
from the oxide ridges.

A more typical region of the near-substrate oxide is shown in
Figure 5.4.8b. Ridges on the oxide grain boundaries can be seen
throughout. At higher magnification, the grain surfaces away from
the ridges are either smooth or terraced, Figure 5.4.9 This may be
an indication of growth by evaporation.

Figure 5.4.10 shows the oxide cross-section after 50hr.
Comparing this to Figure 5.4.8b, it is clear that the oxide on both
implanted and unimplanted samples is buckled (Figure 2.7a).
Considering both the ridges and the buckling, it is clear that the

contact between the oxide and the substrate is minimal. The
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Figure 54.7 SEM secondary electron images of Y-implanted Ni-30Al
after oxidation at 1500°C for 50hr; (a) cross-section tilted toward
the gas interface and (b) the same sample tilted toward the alloy

interface.
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Figure 548 SEM secondary electron images of the substrate surtace
of oxide grown on Y-implanted Ni-30Al after oxidation at 1500°C for
50hr.
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Figure 5.4.9 SEM secondary electron images of the oxide surface
adjacent to the substrate after oxidation at 1500°C for 50hr. The
oxide was grown on (a) unimplanted Ni-30Al and (b) Y-implanted

NiAl.
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Figure 5410 SEM secondary electron image of the oxide grown on
undoped Ni-30Al after oxidation at 1500°C for 50hr.

Figure 54.11 SEM secondary electron image of the Y-implanted Ni-
30Al substrate after oxidation at 1500°C for 50hr.
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Figure 5.4.12 SEM secondary electron images of the substrate of
undoped Ni-31.5Al after oxidation at 1500°C for (a) 0.2hr and (b)
50hr.
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relatively-flat substrate morphology reflects this lack of contact,
Figure 5.4.11. A few selected areas appear to have been in contact
with the oxide but most of the surface appears smooth as if
evaporation has been very significant. Further observations of the
substrate after 0.2hr and 50hr shows terracing at short times and
some faceting at longer times, Figure 5.4.12. The troughs in the
substrate (Figures 5.4.12 and 5.4.6b) may be remnants of contact
with the oxide.

Overall, the oxide morphology at 1500°C shows rapid grain
growth, non-adherent oxides and no effect of an Y implant of 2 x

1016/cm?2, except for a short-term improvement in oxide adhesion.

5.4.4 GAXRD Results

The only diffraction work carried out after oxidation at
1500°C was to confirm the scale phase for the 160s sequential
isotope oxidation experiment. In both the implanted and unimplanted
cases, the scale appeared to be predominantly a-Al,O3 with no 6-
Al,O 53 peaks observed. As a is the only stable phase at this
temperature, scales grown for longer times should also be

predominantly a-Al2Oj.

5.4.5 Tracer Results

Study of the oxidation mechanism at higher temperatures was
hampered by the very high oxidation rate. At 1500°C, 1pm of oxide

is formed in approximately 160s. This allows little time for
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switching oxidants and still leaves a relatively thick oxide that is
probably not fully adherent. Sputtering completely through the oxide
proved extremely difficult, and only one profile of Y-implanted NiAl
gave a consistent profile, Figure 5.4.13a. In this case the first
oxidant, 180, was found mainly near the gas interface, indicating a
predominant inward diffusion mechanism.

A similar, but less well-defined, profile was found for the
scale on NiAl+Zr. However, a repeatable result was obtained, Figure
5.4.13b. In this case, there is a small peak in '80 near the surface,
less prominent than in the case of Y-doped NiAl. It is difficult to
draw anything conclusive from this profile, but once again the
highest concentration of the first oxidant is near the gas interface.
This is an indication of growth by an inward diffusion mechanism.

Attempts to characterize the non-adherent scale on
unimplanted NiAl were not entirely conclusive. Again only a single
consistent profile was obtained, Figure 5.4.14. This type of profile
subtilely reflects a mixed oxidation mode with the peak 180 level
being near the middle of the scale. However the fraction of 180 is
very low and a clear layer is not defined. The most significant
problem with interpreting the results on the unimplanted NiAl is the
non-adherent scales. While blatantly spalled regions are avoided
during analysis, the areas that are analyzed may be significantly
cracked or not in good contact with the substrate. It is not clear

what effect if any this has on depth profiling.
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5.4.6 AEM Results

The results at this temperature involve two sets of samples.
The first set comprises the oxide grown isothermally for 50hr. The
second consists of a single sample which was Y-implanted and
oxidized for 0.2hr. After 50hr, there was very little difference in
the oxides formed with and without Y. However, with only a 0.2hr
exposure, an imprcvement in oxide adherence was observed. Thus at
short times the segregation of the reactive element to oxide
interfaces was expected.

Preparing thin samples after oxidation even for short times
was difficult in the case of the implanted NiAl because of the less-
than-perfect adherence and the thick scale. Parallel sections were
prepared near the gas interface and near the alloy interface. As at
1200°C, the scale near the gas interface was filled with YAIO,
particles and voids; although in this case the voids appeared iarger
and there were fewer particles, Figure 5.4.15a. It was again
difficult to see much structure near the gas interface. Rh particles
were observed throughout the sample.

Closer to the alloy interface, there were fewer particles and
voids, Figure 5.4.15b. In this section, voids could be seen both in
grains and on grain boundaries. The grain size was too large (>1um)
relative to the thin area to determine an average. However, the
grain boundaries were more easily distinguished and could be
analyzed. Y was found to segregate to all of the boundaries

examined with an average Y/AIl ratio of 0.029.
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400nm

Figure 5.4.15 STEM bright field images of the AlI,O3 scale on Y-
implanted NiAl after oxidation at 1500°C for 0.2hr. Parallel
sections made near the (a) gas interface and (b) alloy interface.
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2um

400nm.

Figure 5.4.16 STEM images of the Al,Og scale on Y-implanted NiAl
after oxidation at 1500°C for 50hr: (a) annular dark field image of a
parallel section near the alloy interface, and (b) bright field image
near the center of the scale -- Rh particles are observed in the grain
and pinning the grain boundary.
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After a 50hr exposure, spalied pieces of oxide were placed on a
Cu-grid and ion thinned. The grain size in these samples was also
too large relative to the thin area to estimate the grain size by TEM.
It was also difficult to tell the difference between a void and a hole
from milling. The voids observed in the SEM cross-sections were
very large (up to 1um in diameter). @ However a number of
observations were made.

In the scale grown on Y-implanted Ni-30Al, YAIxOy particles
were observed only near the center of the scale. No grain boundary
segregation of any elements was detected in either the implanted or
unimplanted case. In a parallel section near the substrate, a thinned
oxide ridge was found to contain a single grain boundary, but no
segregation was detected, Figure 5.4.16a. Because of the rough
surface, there was very little thin area -- structures were either
too thick or had milled away.

Rh particles were observed in the center of the scale and near
the gas interface. Figure 5.4.16b shows Rh particles in an coxide
grain and pinning a grain boundary. The detection of these particles
(originating from the evaporation of the hangdown wire) within the
growing oxide scale is an indication of outward scale growth that

would bury these particles

5.5 Summary of NiAl Results

In a nutshell, the study of Y-implanted NiAl revealed that ion
implantation is, at best, a flawed technique for the study of the REE.

At 1000°C, the Y-implant modified the 86—-a phase transformation,
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stabilizing the faster-growing 6 phase. This can hardly be
considered beneficial to the oxidation behavior. This was also
observed at shorter times at 1200°C and may have contributed to the
poor scale adherence on the doped NiAl.

At higher temperatures, the implant appeared to be limited in
effect because of its concentration at the substrate surface. When
several pm thick scales form, the nm-deep implant level was
inadequate to modify the oxidation behavior. At 1400°C and 1500°C,
the Y-implant did not change the long-term oxidation rate. An
improvement in the scale adhesion at 1500°C, lasted less than 0.4hr.
At longer times at 1200°C, the limited nature of the implant may
have contributed to the poor scale adhesion in cyclic tests of doped
NiAl. At both 1200° and 1500°C, a large amount of Y was observed
to form Y-rich oxides near the gas interface.

Using NiAl with an alloy addition of Zr, the REE was more
easily observable at 1200°C. The oxidation rate was reduced and
scale adhesion was improved over 20, 2hr cycles. The reduction in
oxidation rate is attributed to the clear difference in the oxidation
mechanism using an 180 tracer. Zr doped o-Al,O3 was observed to
grow solely by the inward diffusion of O while the undoped scale on
NiAl grew by a combined diffusion mechanism with new oxide being
formed both at the gas and alloy interfaces. This agrees with the
mechanisms observed for FeCrAl alloys. The Y-implanted NiAl could
not be analyzed at 1200°C because the scale consisted of both 6- and
a-Al,0g.

At 1500°C, the Y and Zr dopants appeared to change the

oxidation mechanism of a-Al,O5 in the same way, by reducing the
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outward diffusion of Al. However, the evidence was far less
convincing then the 80 profiles at 1200°C. The undoped oxide
microstructure at 1500°C indicated a mixed mode diffusion

mechanism.
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6.0 Discussion

This chapter's role is to define the thread that runs throughout
the project. The most important issue is trying to explain the
reactive element effect based on the observations -- the "how" and
the "why", not the "what". The first section deals with the REE. The
subsequent sections discuss other aspects of the research relating
to this central issue. The goal is to explain the central core of
results with a few diversions that were especially noteworthy.
Certainly the list of central issues has changed since this project
was begun. The following is a list of what is currently felt to be the
crux of the work. And of course, many issues are left unresolved.
These are topics for future work.

One final note is required. To a certain extent, promoting one's
own theory also involves criticizing other theories (some call it
negative campaigning). After all, if the other hypotheses were
perfectly correct, advocating a new one would be unnecessary. The
following arguments represent the most current observations and
interpretations. One of the benefits of having begun this project in
1989 is that the analytical techniques available then (and now) far
exceeded those of even 10 years before. Some of these new
techniques have, so to speak, "thrown dirt" on older theories. Some
day all of the following may appear as only a forgotten irrelevant
footnote. For now, it is an attempt at an objective assessment of

the data.
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6.1 Explaining the Reactive Element Effect

Most of the experiments were conceived with the goal of
explaining the REE. Some were much more successful than others.
Also because of the large number of variables and effects, some
issues were neglected. This section attempts to put the results of
this study into the context of the REE literature.

Since it's discovery in 1937, no theory has been put forward to
explain all of the effects found when a RE is added to an oxidation
resistant alloy. Obviously, with 50 years of research preceding this
work, the idea that one conclusive theory would come from this
work was a bit unrealistic. However, it is necessary in this case to
look at all of the available evidence and all of the available theories
and decide which one best fits the observations. In my opinion, the
segregation theory best fits the majority of experimental evidence.
The following sections describe the implications of this theory with
respect to these observations both from this study and the

literature.

6.1.1 The Choice of the Segregation Theory

The segregation theory is based on one single premise: all of
the reactive element effects can be explained by the segregation of
the reactive element to the oxide grain boundaries and the metal-
oxide interface. This is true for both Al,O45 scales and CroOg scales.

The explanation is set out over the next few sections, but a

brief outline is given here. The growth mechanism is changed by the
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segregation of the RE to the oxide grain boundaries where it limits
the outward cation diffusion (Al in the case of a-Al,Oj3 scales).
This reduction in cation diffusion changes the primary rate-limiting
step to the inward diffusion of oxygen. This modification reduces
the oxidation rate. This effect is discussed in Section 6.1.2.

The improvement in oxide adherence is discussed in Section
6.1.3. This is one of the more complicated effects and is linked to
the role of sulfur on adherence. Other adherence theories have been
proposed regarding oxide pegs, vacancy sinks, enhanced chemical
bonding and a graded seal. The experimental evidence points to a
primary effect of indigenous sulfur on the oxide adherence [e.g.
Smialek, 1987a). Sulfur segregates to the oxide-metal interface and
weakens the bond between the metal and oxide. Rather than reacting
with sulfur to form YS, as was proposed by Smeggil, et al. [1985], it
is suggested that the segregation of the RE to the metal-oxide
interface lowers the driving force for S surface segregation and
thus eliminates the detrimental effect of S. The role of S in scale
adhesion is discussed in Section 6.1.4.

The change in oxide morphology and the reduction in the oxide
grain size can be attributed to a simple solute drag effect. The
larger RE ions on the oxide grain boundaries reduce the mobility of
the boundary, slowing grain growth. This modification is discussed
in section 6.1.5. The selective oxidation of Al was not studied
specifically, but a few comments are included in Section 6.1.6. The
final section discusses the effect of temperature on the REE.

The primary reason for choosing the segregation theory as an

explanation is that the other theories either do not satisfactorily
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explain all of the REE or else are inconsistent with the available
experimental evidence. All of the alternative theories are outlined
in Section 2.2.

Some theories are quite easy to discard. For instance, the
oxide-dispersed FeCrAl alloys exhibited good adherence without the
formation of oxide pegs; thus the peg theory is not a sufficient
explanation of any of the observed RE effects. Also, XTEM of the
alloy-oxide interface did not detect the formation of a "graded seal”
between the metal and scale, thus the graded seal theory can also be
discarded.

The vacancy sink theory is difficult to assess because of the
difficulty in obtaining experimental evidence on point defects.
Voids are observed without a RE and aren't ocbserved with a RE [e.g.,
Tsuzi, 1980]. One reason for discarding the vacancy sink model is
that STEM observation of RE oxide particles near the metal-oxide
interface in both MA956 [Katz, et al., 1987] and Ni-20Cr [Pint, et al.,
1989] did not identify any voids near these particles. However, the
absence of these voids can be explained by a change in the growth
mechanism. Voids can be caused by the outward diffusion of metal
cations through the scale [Yurek and Schmalzred, 1975], and when
this transport is reduced by the RE segregant, the voids are no longer
formed.

Other theories such as the altered oxide plasticity and change
in growth mechanisms do not account for the role of sulfur in oxide
adherence. However, it is my contention that the sulfur theory over-
estimates the role of sulfur. This will be discussed further in

Section 6.1.4.
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The one piece of experimental evidence that remains
unexplained by the segregation theory is that regarding the
improvement in oxide adherence with the addition of non-RE oxide
dispersions such as TiO, and Al,O4 [Tien and Pettit, 1972; Wright, et
al.,, 1975] This evidence must remain inconclusive because the
effect has never been fully characterized. None of these studies
compares this improvement "head-to-head" with an RE addition or
provides any characterization beyond simple kinetic weight gains.
In the case of the paper by Tien and Pettit [1972], no data is given at
all. Frankly, the question arises why commercial allays contain RE
oxide dispersions if cheaper Al,O5 dispersions would provide the
same benefit. The bottom line is that there is not enough
experimental data to support this claim. If more data were provided
in the future, then the segregation theory may have to be reassessed.

In the mean time, this result must remain unexplained.

6.1.2 The Rate-Limiting Step

Based on the kinetic and 80 tracer experiments, there is
clearly a change in the diffusion mechanism and thus the oxidation
rate with the addition of a RE. The change has been characterized in
a-Alp,O5 as a reduction in Al diffusion outward. This has been
observed in both NiAl and FeCrAl and is consistent with the results
of Quadakkers, et al. [1989] on FeCrAl. Further discussion of the
oxidation mechanism is included in Section 6.3.

While some authors have insisted (in some cases in spite of

their data) that an RE addition does not change the oxidation rate

-Page 260-



[e.g. Bennett, et al., 1990)], the data from this study shows a small
but repeatable reduction in the oxidation rate. Figures 6.1.1 and
6.1.2 show a compilation of the isothermal kinetic data for NiAl and
FeCrAl alloys at 1200° and 1400°C respectively. At both
temperatures, the addition of a RE reduced the oxidation rate. A
number of other studies on a variety of alumina-formers also have
concluded that there is a clear reduction in the oxidation rate. For
example, Allam, et al. [1978] found that the growth rate of Al;O3
was reduced when both Y and Hf were added to CoCrAl alloys at
temperatures between 1000° and 1200°C.

The insistence that there is no effect of REs on the oxidation
rate of alumina-formers occasionally involves a comparison with
chromia-formers. For Crp,O3, doping with a RE produces a reduction
in the parabolic rate constant by 1-2 orders of magnitude. Thus, by
simple analogy, a similar reduction is expected when Al,O3 is doped.
However, the two oxides are not so easily compared. In fact, a very
different picture is found when comparing the diffusion data in the
literature.  Figure 6.1.3 shows the boundary diffusion data for
polycrystalline samples. If the REE is interpreted as a reduction in
cation transport for both «-Al,O3 and a-Cr,O3, then the change in
oxidation rate for the two oxides will not be the same. For CryO3,
with a large difference between D¢, and Dq, if D¢, is eliminated by
RE segregation then growth by Dg will be significantly slower. In
fact for pure Cr, the rate reduction is approximately 100 times
[Cotell, 1988]. However, in the case of Al,Oj, a reduction in Dy,

leading to rate control by Dg only, does not result in a significant

change in the mass transport rate. With the observed growth rate

-Page 261-



1.75
— )
™ ]
£ 1.50 -
0 : _
Pe) ] NiAl
£ 1.25 - FeCrAl
=
«
O
i
L 08,° &
o Qo
—— -]
[\T) ae

EE-' NiAl + Y/Zr
FeCrA! + Y/Zr

I'Y"IIII’I'YI""IIl]v!tl‘vvvurvvrv‘vv!

3 4 5 6 7

8
Squareroot Time (Vhr)
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reduction in doped Al,O3 being 2-4 times, the correlation with the
diffusion data is surprisingly accurate, and the lesser effect found
in Al,O3 as compared to Cr,Og3 is consistent with the grain boundary
diffusion data. The favoring of boundary transport over lattice
transport as the rate-limiting diffusion process is discussed further

in Section 6.2.3.

6.1.3 Oxide Adherence

The basic test for oxide adnerence is cyclic testing in which,
in the present study, the sample goes through the cooldown stage 20
times in order to test the degree of adherence between the metal
and the scale. This is mainly an engineering-type test in which the
mechanism of scale adherence is not addressed nor any
characterization performed beyond a simple analysis of the extent
of spallation.

One of the problems in characterizing oxide adherence is not
being able to observe the metal-oxide interface of both adherent and
non-adherent scales using the same technique. RE segregation to
oxide scale grain boundaries has not been detected by any technique
other than STEM analysis using a very fine electron probe. Thus, in
order to detect the segregation of a RE to the metal-oxide interface
this technique was employed in this study also.

XTEM samples were made from APM substrates with adherent
scales oxidized at 1000°C and 1200°C. In each case, Zr segregation
was detected at the interface. In a previous study, Y was found to

segregate to the interface after oxidation of MA956 for 100hr at

-Page 265-



1000°C [Katz, et al.,, 1987]. Y was also found to segregate to the
CryQOy/alloy interface for a Y,Oj-dispersed NiCr alloy oxidized for
20hr at 900°C [Pint, et al., 1989). With each of these adherent,
doped scales, the RE but not S was found to segregate to the
interface. Based on the literature, S would be expected to segregate
to the metal-oxide interface and promote decohesion of the scale.
However, XTEM is limited to nominally adherent scales. In the case
of alumina-formers, undoped scales spall readily and the interface
does not remain intact to be sectioned for XTEM.

Conclusions about non-adherent scales thus must be based on
other observations. The morphologies of scales formed on the
undoped NiAl and FeCrAl substrates are the best available examples.
In the case of the buckled scale formed on undoped FeCrAl, the
substrate beneath the spalled oxide shows clear indications of
regions where the oxide has remained in contact with the alloy and
other smooth aresas where the oxide had lost contact at temperature.
However, while the morphology gives an indication of where the
failure originated, it does not indicate why failure occurred. For
example, the coalescence of vacancies toe form voids could be
occurring or a chemical effect of S segregation could lead to this
loss of cohesion. No S was detected in any location by EDXA in the
SEM, but monolayer segregation would be undetectable by this
technique. The best suggestion from the literature about observing
S segregation at the metal-oxide interface is to use AES and remove
loosely adherent scales in situ. However, this type of equipment

was not readily available at MIT or elsewhere.
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Thus, while the RE addition is observed in each case to at least
temporarily improve oxide adherence, no experimental evidence
suggests a reason for this improvement. Further discussion about

the potential role of sulfur is included in the next section.

6.1.4 The Role of Sulfur

The role of sulfur was not explicitly addressed in this work.
For instance, no effort was made to minimize the S content in any of
the alloys or to study a sulfur-free alloy. Yet, based on the
experimental evidence in the literature, there is virtually no
question that there is a detrimental role of sulfur on oxide
adherence (see Section 2.5). While not studied explicitly, the
possible presence of S was examined. S was always looked for
during characterization, especially in microchemical analysis of the
oxide-metal interface. However, while the analytical techniques
used in this study are well suited to analyzing S segregation, XTEM
sample preparation is not well suited to study non-adherent scales,
where S segregation is most likely to be observed.

Thus, this discussion is based largely on experimental
evidence in the literature and simple estimations. The considered
result is that the other theories present in the literature do not
adequately explain the experimental evidence. A new theory based
on RE segregation is presented to explain the interaction between

the RE addition and S.
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6.1.4.1 The Formation oi Sulfides

One explanation regarding the combined effect of a RE addition
and S is that a RE sulfide is formed which ties up the indigenous S
and prevents the segregation of S to the metal-oxide interface
[Smeggil, et al.,, 1985]. Unfortunately, there is very little
experimental evidence to suggest that these sulfides are formed.
Simple mass balances and thermodynamics also do not favor this
formation.

An STEM/EDXA study of MA956 [Katz, et al. 1987] looked
specifically for sulfide formation in the alloy both before and after
oxidation at 1000°C for 100hr. Sulfide formation was not detected
in either case, despite the large S content in the alloy (110ppm). It
could be argued that YS, particles are preferentially removed during
TEM specimen preparation. However, no other study has identified
the presence of RE sulfides in the alloy, either.

Another unexplained issue regarding sulfide formation
concerns surface ion implantation. Numerous studies have shown
that ion implantation at 700°-1000°C improves the oxide adherence
of both Cr,O3 and Al,O3 (see section 2.3.2). Consider for example,
the case of an Y implant. If the Y reacts with indigenous S to form
YS, then S would be unable to segregate to the metal-oxide
interface. YS is deemed to be the stable sulfide formed because the
addition of Y2S3 to NiCrAl produced catastrophic oxide spallation
[Smeggil, et al.,, 1986]. A simple estimate of the quantity of sulfur
reveals that in a coupon 0.1 x 1.0 x 1.0cm there are approximately

1017 S atoms for 10ppm S in the bulk. With a typical implant of 2 x
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1016/cm? and 40ppm S content, the ratio of S atoms to Y atoms is
10 to 1. Thus, there is a significant fraction of S in the alloy that
would not be tied up as a sulfide.

Furthermore, analysis of scales formed on implanted
substrates reveals large quantities of the implanted RE present in
the scale as RE-rich oxides [e.g. Bennett, et al., 1985; Cotell, 1988;
Przybylski, et al., 1986] This further reduces the quantity of RE
available to react with S to form RE sulfides.

Comparisons of ion implantation results from this study are
not relevant since the implant did not consistently improve oxide
adherence. The ineffectiveness of the implant is most likely a
result of too little RE. This could mean too little to tie up all of the
sulfur present in the NiAl coupon. It could also be argued that there
is not enough RE to segregate sufficiently to the metal-oxide
interface. This is discussed further in Section 6.8.1.

Finally, there is a thermodynamic issue regarding the
formation of YS when an oxide dispersion of Y,O3 is present in the
alloy (MA956). At all temperatures, Y>O3 has a lower free energy of
formation than YS or Y,Sg, [Sigler, 1989]. Therefore, there is no
apparent driving force for the formation of a sulfide when Y is
present in the alloy as Y,O3 or YAILQO,.

The formation of stable RE sulfides may occur on a limited
scale but as an explanation for the REE improvement in oxide

adherence, it does not appear to be adequate.

-Page 269-



6.1.4.2 Inconsistencies with the Sulfur Effect

While the presence of sulfur in alloys is clearly important, the
sulfur effect which attempts to explain all of the REE by the
presence of sulfur [Lees, 1987] appears to overstate the role of
sulfur. This theory, the youngest in a long line, is a sort of "anti-
theory". According to Lees, the improvements associated with the
addition of an RE act only to tie up S. Without S (and a RE) in the
alloy, the oxidation rate would be slower, the oxide adherence would
be excellent and the growth mechanism would be primarily inward O
transport. S is proposed to enhance the outward diffusion of Cr and
Al.  There are numerous studies to support the role of S on oxide
adherence (see Section 2.5). Unfortunately, there is no experimental
evidence to suggest that S changes the rate-limiting step of
oxidation, despite the fact that a simple inert marker experiment
for CroOg3 is quick, reliable and inexpensive.

The attractive feature of this theory is that it seeks to explain
why non-RE oxide dispersions appear to improve oxide adherence.
According to Lees, any stable particle in the alloy will provide an
interface that will attract sulfur away from the metal-oxide
interface. Thus, this effect is independent of particle composition
and works for RE and non-RE oxide dispersions.

However, experimental evidence does not support this idea. An
STEM/EDXA study of MA956 [Katz, et al. 1987] found no evidence for
S segregation to alloy-particle interfaces, despite the high sulfur
content in the alloy (110ppm). S segregation has been detected in

other AEM studies [Kim, et al., 1986; Pint, et al., 1989; Fox, et al.,,
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1991], so there is little question that S segregation is detectable.
However, for MA956, the Y,03-Al,03 particles in the alloy are not
found to be sinks for S. There have been no other studies in the
literature regarding the effect of S segregation on oxidation.

The sulfur theory is another example of a single observation
(the effect of S on oxide adherence) being extended to explain all of
the REE. In this case, however, the explanation is not sufficiently

supported by experimental evidence.

6.1.4.3 Sulfur and Reactive Element Segregation

Models involving the formation of sulfides and the oxide
dispersion sulfur sinks do not appear to adequately explain the
effect of RE on indigenous S. A new theory is thus proposed as part
of the segregation theory in which the segregation of the RE to the
alloy-oxide interface lowers the interfacial free energy, thereby
Jecreasing the driving force for the segregation of S. This idea
recognizes the importance of both S as being detrimental to oxide
adherence and the RE as necessary to neutralize the deleterious role
of indigenous sulfur.

This is one of the less well established effects of segregation.
The segregation of REs to the metal-oxide interface may have no
effect on scale adhesion. On the other hand, if the segregant
effectively reduces the driving force for S segregation, then it is no
longer energetically favorable for S to segregate to the metal-oxide
interface. Thus the detrimental role of sulfur is eliminated not by a

bulk effect of tying up sulfur but by a localized interface effect.
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This localization better explains the improvements associated with
an implanted RE.

This theory is supported by the work of Briant and Luthra
[1988]. In their study, when pure metal blocks of Fe, Ni, Cr, Al, and Y
doped with 100ppm S were heated in vacuum, S was detected by AES
on the surface of each block except Y. Although it is certainly not
conclusive, their result is an indication that Y reduces the surface-
active nature of S.

One thing to keep in mind in this discussion is that the failure
of the oxide-metal interface requires some source of stress. This

requirement is particularly well illustrated by the work of Lee and
Worrell [1989] on Al,O3 grown on IrpAlg. With no RE addition and no

S reduction, adherent Al,O4 scales are grown on IrpAls. This
particular alloy was chosen because the CTE between the alloy and
the oxide are nearly equal. Without any cooling stresses generated
during cooling, the undoped oxide reportedly remained adherent on a
S-containing metal substrate. However, in the case of engineering
alloys such as NiCrAl, stresses are inevitably generated, and dopants

are crucial to achieving good oxide adherence.

6.1.5 Oxide Morphology and Grain Growth

Alteration of oxide morphology and grain growth behavior is
often discarded from the list of REEs; rather, from an engineering
standpoint, the oxidation rate and oxide adherence are often
emphasized. However, it is quite clear that the addition of a RE has

an effect on the oxide morphology and especially oxide grain growth.
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This effect is found for both chromia-formers [Przybyiski and Yurek,
1989] and alumina-formers in this study, e.g. Table 4.1. The change
in oxide microstructure is conveniently ignored in many other REE
explanations, because it is difficult to explain this effect without
looking at the segregation phenomena. There is no evidence that
oxide pegs, interface voids, growth stresses, and the absence or
presence of sulfur changes the oxide grain size or morphology.
Also, TEM sections did not reveal sufficient particles or pores to
account for the reduced grain growth. There is however abundant
evidence from the ceramics literature (e.g. Kingery, et al., 1976,
p.457) to suggest that segregation of foreign ions to ceramic grain
boundaries reduces grain boundary mobility. This is commonly
referred to as the solute drag effect.

One of the strengths of the segregation theory is that it
explains these observed changes. However, the question remains if
this effect is of any practical significance. Perhaps it can be
ignored because it is only a minor effect. The issue of whether the
oxide scale grain size is of first-order importance to the oxidation
behavior has not been fully addressed by any work in the literature.
While it has been proposed that a finer scale grain size improves the
scale plasticity which in turn improves oxide adherence, there is no
experimental evidence to support this contention. Plasticity may
indeed be improved at the reaction temperature, but in fact most
failures occur during cooldown when the temperature is
significantly reduced. However, no conclusive evidence has been
observed concerning the effect of oxide morphology on oxidation

behavior. This topic is discussed further in Section 6.9.
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6.1.6 Selective Oxidation of Al

Pettit's calculations [1967] about the thermodynamics of Ni-Al
alloys determined that only 1ppm of Al was necessary to achieve
thermodynamically-stable, selective oxidation of Al. His
experimental observations indicated that ths formation of a
continuous alumina scale was a kinetic issue. Selective oxidation
was noi formally addressed in this study but some comments on
selective oxidation can be made. First of all, combined with the
other RE effects, the improvement is not unexpected. If the rate at
which the metal (in this case, Al) is consumed is reduced, then less
Al is required in the alloy to maintain scale growth. Also, if
spallation is reduced, then extra Al for regrowing or healing the
scale is not necessary.

The usual technique for studying selective oxidation is to add a
RE to a substrate that does not have a sufficient Al content to form
an AlbOg5 scale. However, for the most part, the materials studied in
this project form continuous AlI;Og3 scales during oxidation with or
without a RE addition. Even NigAl is an alumina-former according to
the analysis of Pettit [1967]. Thus, this issue was not specifically
addressed in any of the experiments.

The effect of Ai content was explored initially for several
compositions within the B-NiAl phase field (see Section 6.5). This
is not really an issue of selective oxidation since all compositions

of B will form an AlI,Og3 scale. It has more to do with the

mechanical properties of NiAl. In this case, increasing the Al
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content too much degrades alloy ductility [Russell and Edington,
1972]. For FeCrAl alloys, at least as based on the work of Lambertin
and Beranger [1990], Al content is not a significant issue, since only
=4wt% Al is necessary tc form a protective alumina scale.

In this study, varying the Al content in the B-NiAl phase field
produced very little change in the oxidation behavior up to 1500°C,
(e.g. Figure 5.4.1). Thus, it appears that reducing the Al-content in
NiAl to improve its mechanical properties would not be detrimental
to the oxidation behavior. One point of caution is warranted. If the
Al content is reduced too far in the B phase field, long-term
oxidation may induce a phase transformation to NigAlg or NizAl (see

Figure 2.3) which could prove detrimental to the oxidation behavior.

6.1.7 Reactive Element Effects at Higher Temperature

It has been predicted in the literature that there is an upper
bound to the applicability of the REE [Whittle and Stringer, 1980].
However, there are very few published studies investigating the REE
at high temperature (>1300°C). From the standpoint of the
segregation model, there is presumably a relationship between
temperature and the extent of segregation. The driving force for
segregation in Al,Og3 is most likely a strain-relief mechanism for
larger cations -- in this case Y, Zr and Ti. It is possible that, as the
temperature is increased, foreign ions could be more easily
accommodated into the lattice, thus limiting the extent of
segregation. Based on the segregation theory, there would be a

critical temperature above which segregation would be too low to
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modify the oxidation behavior. At this point, the REE would no
longer be observed.

An upper bound in the REE also could occur in other ways. At
some point, if the contribution of lattice diffusion of either Al or O
became significant relative to that of boundary diffusion, then even
with a boundary segregant the RE would no longer be effective.
Furthermore, if RE segregation could no longer slow grain growth
sufficiently, then the oxide microstructure would not be modified.

Results from the higher temperatures experiments carried out
in this study produced mixed results. Those for RE oxide-dispersed
FeCrAl clearly show an improvement at 1400°C with the RE addition,
(Figures 4.3.1 and 4.3.2). However the Y and Zr additions to NiAl
effected only temporary improvements at 1400°C and 1500°C. While
there is not sufficient evidence to claim that RE effects are
definitively observed at 1500°C, there is clear evidence to show
that the effects are not restricted to lower temperatures and
persist well above 1200°C.

For example, Y ions were found to segregate at each
temperature investigated (up to 1500°C). Thus (if it exists), a
critical upper-limit temperature was not reached for Y. However, a
change in segregation behavior with temperature was observed in
the case of Ti segregation in the scale formed on MA956 at 1400°C.
This result is discussed further in Section 6.7.3.

Other RE effects are also still observed at higher
temperatures. For oxidation of doped FeCrAl alloys at 1400°C, the
oxidation rate is reduced, oxide adherence is improved, the oxide

grain size is reduced, and Y segregation to oxide grain boundaries is
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detected. All of these effects are also observed at 1200°C and
1000°C. The observations that were unique to oxidation of MA956 at
1400°C, such as the rumpling of the metal-oxide interface and the
minor spallation, did not appear to be overly detrimental to the
overall oxidation behavior. Also, at 1500°C with Y-implanted NiAl,
the short-term nature of the improvement in oxide adherence
appeared to be more related to the limited supply of RE than any
general breakdown of the REE. However, mora experiments are
required to verify the REE at 1500°C. Thus, while it has been
proposed that the REE is limited to the range 0.4-0.6T, (820°-
1230°C for «-Al,0O3, with a melting temperature of 2050°C), a

better upper estimate is probably 0.7 or even 0.8T,.

6.2 General Kinetic Information

Oxidation reaction rate measurements are typically used as an
initial characterization to assign oxidation behavior to the
appropriate regime. But, such measurements are sometimes relied
on as the form of primary characterization, in which case the
limitations of measuring only weight changes can lead to incorrect
interpretations.  There are many examples from the oxidation
literature where kinetic data was misleading. However, in the
present study of alumina-formers, it is asserted that such has not
been the case.

In general, the oxidation rates have been reliable and
repeatable. A simple comparison of kg values measured in this study

with some values from the literature reveals that the scatter from
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the present data falls well within the scatter of the literature,
Figure 6.2.1. There is ever a generic difference observable between
the doped and undoped cases. The average activation energy is
240kJ/mol with oxidation of undoped material having a slightly
lower activation energy and that of doped material slightly higher.
Using the measured oxygen weight gain in mg/cm?2 and the
theoretical density of AlI,O3, a total oxide thickness can be
estimated. Comparing these values to SEM observations, the match
is reasonable, Table 6.1. These kinetic data have provided an initial
starting point for additional characterizations of the oxide phase
and scale microstructure and the growth mechanism. The following
sections detail the information which is obtainable from the Kkinetic
data. In most cases, these results were also confirmed by further

observations.

6.2.1 Parabolic Kinetics

Based cn the general parabolic oxidation behavior observed for
all times and temperatures, it follows that the rate limiting step is
the solid state diffusion of the reactants through the oxide product.
This is the fundamental idea behind a parabolic rate law -- as the
reaction product grows, the diffusion distance increases, thus
slowing the reaction.

The analysis does not specify whether lattice transport or
some form of short-circuit transport occurs, but it does eliminate
the possibility of significant growth by other means, such as

diffusion through cracks or pores. Diffusion through such pathways
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Table 6.1 Comparison of the theoretical scale thicknesses
calculated from the TGA data and scale thicknesses observed using
SEM for various alloys and oxidation conditions.

Substrate/Conditions Estimation SEM Observation
from TGA Approximation
FeCrAl 1200°C 2hr 1.3um 1.5um
FeCrAl 1200°C 50hr 8.3 7.0 + whiskers
APM 1200°C 100hr 5.9 5.0
MA956 1200°C S50hr 4.5 3.5
FeCrAl 1400°C 1hr 5.2 5.0
APM 1400°C 1hr 3.9 3.0
Ni-31.5Al+Y 1500°C 0.2hr 2.1 2.5
Ni-31.5Al+Y 1500°C 4hr 10.7 10
Ni-30Al+Y 1500°C 50hr 31.5 32
Ni-30Al 1500°C 50hr 32.6 31

would be unlikely to result in a single parabolic rate. For cracks,
the corresponding reduction in the solid-state diffusion distance
should produce a positive deviation from parabolic behavior. The
isothermal observation of a unique parabolic rate does not preclude
the possibility of cracks forming during cooldown, which may

nevertheless affect the oxidation rate in cyclic testing.

6.2.2 Phase ldentification

In 1965, Hagel [1965a] determined separate reaction rates for

the formation of 6 and a-Al,O3. 24 years later, Rybicki and Smialek

[1989] found a similar result using kinetic data to indicate which

phase of Al,Og3 is formed. In the case of B3-NiAl at 1000°C, this is
especially apparent, Figure 5.1.2. The undoped NiAl has a clear
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transition between the first-forming, faster-growing 6-Al>,O3 and
the slower-growing o-Al>Og3.

This analysis, however, is much clearer in hindsight. The
kinetic data are not conclusive without further characterization.
The repeatability of the transition renders it more than an anomaly,
but on first glance it might appear to be the result of a transient
oxidation period. Further characterization was required to show
that, for B-NiAl compositions, the volume of Ni-rich oxides was
insufficient to explain the initial rapid weight gains. Only an Al»,Oj3
phase transformation is consistent with this rate change. In fact,
for NigAl, SEM and GAXRD observations after oxidation showed that
the initial high weight gain was the result of a large amount of Ni-
rich oxide, and there was no indication of any 6-Al,O5 formation.

At higher temperatures, where the phase transformation most
likely takes place at very short times, the kinetic data is pot an
especially useful technique for identifying phase transformations.
During the first minute or so, the balance is generally erratic and
unreliable. Thus the usefulness of kinetic data is also limited at

short times and high temperatures.

6.2.3 Diffusion Constants Derived from Rate Constants

Using the derivation of Wagner [1951] and the interpretation of
Yurek [1987], the parabolic oxidation rate constant for the formation
of AlobOg3 can be related to the solid state diffusion constant by the

following equation for Al>Og:
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1"
P

Kp - 1/2 [ [3/2 Dp + Do) dinPoy, (6.1)
F,
where kp = the parabolic oxidation rate constant, Pg,' = the
decomposition pressure of Al,O3, Pg," = the ambient oxygen

pressure, and Dp; and Dy are the respective self diffusion
coefficients for aluminum and oxygen.
Based on diffusion of both Al and O via either vacancy or

interstitial mechanisms, the diffusivities can be written as:
Dai = Daf P2 ¥16 + Dy Po,%18 (6.2)
Do = Do P,'"8 + DY PG, 178 (6.3)

The i and v superscripts refer to diffusion via interstitials or
vacancies, respectively. Equations 6.2 and 6.3 both assume that all

defects are fully ionized. By substituting these equations into

Equation 6.1, a relationship between kp and Pp, can be determined.
Ramanarayanan, et al., [1983] showed that the oxidation of Al,Ogq is
independent of Pg," from 1atm to 10''4atm. Only diffusion by
oxygen vacancies or A! interstitials can satisfy this requirement.
Therefore diffusion will be considered only via these defects,
simplifying Equations 6.2 and 6.3.

Overall diffusion of both Al and O is the sum of both lattice

and short-circuit or boundary diffusion [Yurek, 1987],
Dy = Dy + f; Dy, (6.4)

for ft =43 8/7\.‘ (65)
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where D, and Dy are the diffusion coefficients for lattice and
boundary pathways respectively, f; is the area fraction at time t of
oxide through which boundary diffusion occurs, g is a geometric
factor (equal to 2.3 for hexagonal grains), & is the grain boundary
width, and A, is the average grain size at time t.

The value for the grain boundary width is an important
variable. While Atkinson [1987] uses a value of 1nm universally,
other experimental data [Paladinc and Coble, 1963] suggests that the
"e’fective" width is as high as 20nm. Using the latter value,
experimental data for phenomena such as creep matched better to
the theoretical diffusion result. Carter and Sass [1981] measured
the boundary width in a-Al,O4 using electron diffraction as 6.0-
8.5nm. In order to maintain consistency, however, a value of 1nm is
used in the following calculations because this value appears more
physically significant than larger values. Obviously the choice of
the boundary width can significantly alter the contribution ascribed
to boundary diffusion.

Other mechanisms of short circuit diffusion are neglected in
this simplification. For example, diffusion along dislocations is not
considered. The primary reason for their neglect is that Atkinson
and Taylor [1985] estimated that the dislocation density required to
account for the oxidation of Cr,Og at 1100°C would be >3x10'2/cm?.
Since virtually no dislocations were observed in TEM sections of
Al»,Og4, it seems appropriate to neglect them.

By simplifying Equation 6.1, using Equations 6.2-5 and the
fixed value of 1atm for Ppo," used in these experiments, two simpler

relationships can be generated:
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For boundary diffusion:

kp = ft [3 Do¥ Pop" /8 + 4 Dp|i Py 3/16) (6.6a)
For lattice diffusion:

kp = 3 Do¥ P02 18 + 4 Daji PO, 316 (6.6b)

In order to compare these values to the experimentally-generated

parabolic constant kg, a final relationship is necessary:
kp = 172 (Vim/Ax) Kg (6.7)

where V., = the molar volume of the oxide and A, = the atomic
weight of Al in one mole of Al,Oj5.

The remaining substitutions are relatively straightforward.
Po,' is calculated from the thermodynamic data for the free energy
of formation of u-Al,O5. The average grain size, Ay, is established
at each temperature from the available microstructural information,
e.g. Table 4.1. The values for these variables are included in Table
6.2. For 6-Al,O4 at 1000°C, growth is mainly from the diffusion of
Al, so the terms for Do are left out. For doped a-Al,Q,, growth is
mainly frem the diffusion of O so the terms for Dp| are left out.

However, the first problem with the calculation arises for the

case of undoped a-Al,O4, because unlike NiC and CroO3, where one
species diffuses faster then the other, undoped a-Al,O5 has a mixed

diffusion mode. Thus, because there is no information on how much

of each species is diffusing, no calculation was made for undoped o-

Al,O3.
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Table 6.2 List of the thermodynamic equilibrium AI/Al,O45 oxygen
partial pressure and average grain size A at time t for each reaction
temperature [Chase, et al., 1985].

Reaction Al/Al504 Average grain
Temperature Jequilibrium Po,'| size, A, um
1000°C <1035 atm 0.25 (100hr)
1200°C ~10-29 0.5 (100hr)
1400°C =10-24 1_(1hr)
1500°C ~10°22 10 (50hr)

The calculated D values are listed in Table 6.3 and are plotted
with some data from the literature in Figure 6.2.2. Between 1000°C
and 1400°C, the calculated values for DoP are within an order of
magnitude of the literature data, with a similar activation energy.
On the other hand, the calculated Dg' is significantly removed from
established values over this same rarqge. The discrepancy indicates
that at these lower temperatures the boundary diffusion of O would
have to be several orders of magnitude higher in order to account for
the observed oxidation rates.

However, there is significantly different behavior at 1500°C,
the calculated lattice value being much closer to the literature data
than the calculated DgP. This result probably indicates that lattice
diffusion is gaining in importance at the higher temperatures. It
may also reflect that the kp value for NiAl at 1500°C was not
significantly effected by the Y-implant, thus the rate may reflect a
mixed diffusion mode rather than O diffusion alone.

In order to establish the potential realtive contributions of

boundary and lattice diffusion, a theoretical parabolic rate constant
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Table 6.3 Diffusion constants calculated from the measured
parabolic rate constant for substrates at various temperatures. The
values for Al are calculated for 8-Al,O3 formed by Al diffusion at
short times at 1000°C while the other values are for doped a-Al;O3
which grows primarily by oxygen diffusion.

Substrate/Reaction DAl (cm?/s) DAII (cm2/s)
Temperatuie
NiAl  1000°C (8) 7.7 x 10°18 7.1 x 10720
Doped NiAl (a) DgP (cm?/s) Do! (cm?/s)
1200°C 6.1 x 10°16 28 x 10°18
1400°C 1.1 x 1013 26 x 10716
1500°C 7.9 x 1012 1.8 x 1015
Doped FeCrAl (o)
1000°C 1.0 x 10°18 2.5 x 1020
1200°C 6.1 x 10°16 2.8 x 10°18
1400°C 9.0 x 10°14 21 x 10716

Table 6.4 Parabolic rate constants at 1200°C calculated from
diffusion data from the literature and compared to measured values
for doped and undoped FeCrAl.

Predominant Diffusion Kg (g2/cm?s) 1200°C
Pathway and Species

Boundary Al 1.5 x 10°1
Boundary O 1.4 x 10712
Lattice O 9.3 x 10°14
Measured doped FeCrAl 40 x 10712
Measured undoped FeCrAl i.2 x 101
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was calculated using values from the literature at 1200°C. These Kg
values are given in Table 6.4. The kg values calculated using
boundary diffusion of both Al (for undoped FeCrAl) and O (for doped
FeCrAl) are much closer to the experimental value than the value
predicted using lattice diffusion of O. As before, this analysis
suggests that boundary diffusion is too slow to account for the
observed oxidation rates. |t also excludes the possibility of growth
by gas diffusion, which would be at least several orders of
magnitude higher than solid-state boundary diffusion. The boundary
diffusion predictions are at worst within a factor of 3.

A final note on the validity of this analysis: The comparison of
the literature diffusion data and oxidation rates is perhaps
somewhat simplistic.  Tracer diffusion experiments are typically
done in relatively static environments with high-purity, high-
density constituents. Oxidation experiments involve oxides in a
more dynamic state. Grain growth is occurring, a large oxygen
potential gradient is present (1 - 10"2%atm at 1200°C) and the scale
is doped to a certain extent by the substrate, quite apart from any
RE segregant. Thus, while it is useful to make an order of magnitude

comparison, exact agreement would not be expected.

6.3 Predominant Oxidation Mechanisms of AloOg

While the present research began with the premise that there

was a significant issue regarding the growth mechanism of Al,Oj,
this soon became a lessor issue. Based on the literature of the past

five years and this research, Young and de Wit [1385] appear to have
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neglected one factor -- the metastable phase 6-Al,C 3 -- in their
initial work. Later work from the same group, van Manen, et al.,
(1987], finally identified the appearance of this phase as a
significant issue.

A simple working hypothesis, that 6-Al,O3 and a-Al,O3 grow
by different mechanisms, had a major effect on the design of
experiments. The initial experiments on NiAl at 1000° and 1200°C
produced mixed phase (6 and o) scales which were unable to be
analyzed effectively. Therefore, the second set of samples were
oxidized on a time-temperature schedule so as to achieve a uniform
single phase of Al,O3. A second constraint on the oxidation was
that, in order to sputter through the scale in a reasonable amount of
time, the total scale thickness was required to be less than 1um.
This restriction and the phase boundary are shown in Figure 6.3.1.
The open circles denote the first and second oxidation periods for
the first set of experiments. The closed circles are the revised
oxidation times.

The following sections discuss the 180 tracer profiles for the

various phases and dopants.

6.3.1 6-Alx03

While NiAl proved an uncooperative material in which to study
8-Al,O4 scale formation, the doped FeCrAl materials were more
accommodating. The profiles for 8-AloO3 scales on APM and MAS56
(Figure 4.1.10) quite clearly indicate a predominant outward

diffusion mechanism. Only a minimal amount of the second oxidant
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was found in the lower portion of scale indicating that most of the
new oxide was formed on the surface of the old oxide.

Based on the calculations of Dp; from the initial scale growth
of NiAl at 1000°C, the lattice diffusion of Al alone was not fast
enough to account for the observed oxidation rate (see Section 6.2.3).
Therefore, based on this calculation and the relatively low
temperature, growth is concluded to be via short-circuit diffusion
of Al.

Placed in the context of a predominant 6-Al,O3 scale, the
results of Young and de Wit [1985] for NiAl at 900°C are similar to
those found here. Also, Jedlinski and Mrowec [1987], investigating
Y-implanted NiAl oxidized for 24hr at 1075°C, found the same resuit
(=100% Al outward). This result is expected for a Y-stabilized 6-
Al,O3 scale (see Section 6.6). However, their study did not
determine the phase of the scale.

Since significant 6-Al>,03 is formed only at lower
temperatures, it is proposed that for all times and temperatures
where it is found, 8-Al,O3 grows by the outward, short-circuit

diffusion of Al

6.3.2 «a-AloO3 with a Reactive Element Addition

in both RE-doped NiAl and RE-doped FeCrAl, there is a strong

evidence that «-Al,O3 grows by a predominant inward diffusion of O,
Figures 4.2.11a, 5.2.13 and 5.4.13. This was found for additions of
both Zr and Y and for additions made by alloying, ion implantation

and oxide dispersions. In each case, the second oxidant is found in a
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The results at lower temperatures are in agreement with those
of Quaddakkers, et al., [1989] for scales grown on MA956 at 1000°C.
it also matches those of Reddy, et al., [1982] for Zr-doped scales on
NiCrAl + Zr. Thus it is concluded that for all temperatures

investigated in this study, RE-doped «-AlpO3 scales grow primarily

by the inward diffusion of oxygen.

6.3.3 a-AloO3 without a Reactive Element Addition

Without the addition of either Zr or Y to the substrate, there is
a measurable, repeatable increase in the oxidation rate. Thus it is
concluded that some change in the diffusion mechanism is occurring.
Tracer results on a-Al,O3 grown on both undoped NiAl and undoped
FeCrAl show a significant change in the tracer profile, Figures
4.211b, 5.2.15, and 5.4.14. Unlike for the RE-doped a-Al>Q03, in this
case a large concentration of the second oxidant is found near the
gas interface, while another significant concentration is found
beneath a layer rich in the first oxidant. (No 6-Al,O3 is detected in
these samples by GAXRD, only a-Al»O4.) This indicates that at least
part of the scale is growing by the outward diffusion of Al The
isotope order was reversed for one experiment at 1200°C and the
same result was found for the location of the second oxidant.

At 1500°C, the tracer profile (Figure 5.4.14) is not as distinct
as those observed at lower temperatures. However, the mixed
diffusion mode is also supported by the scale morphology. For long
oxidation exposures, the Y-implant had little effect on the oxidation

rate, Figure 5.4.1. Y-rich oxides, which were observed close to the
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gas interface after a 12min exposure, are observed after a 50hr
exposure only near the center of the =30um thick scale. If the
initial 'Y implant is taken as a marker, this indicates a mixed growth
mode. Also the observation of Rh particles, Figure 5.4.16b, at the
center of the scale also reflects a mixed growth mode. These
particles are the result of the evaporation of the hangdown wire, if
the scale were growing only by an inward growth mechanism, these
particles would only be observed at the gas interface. A final point
regards the observation of oxide whiskers growing towards the
substrate, Figures 5.4.7b and 5.4.8a. These whiskers concentrated at
the scale grain boundaries most likely grew by the inward transport
of oxygen and the evaporation of Al. This morphology is discussed
further in Section 6.9.1.

Interpreting these results is somewhat more difficult.
Because of the scatter in the SIMS profiles, this must be left as a
qualitative characterization. No estimation is made of the relative
importance of either diffusing spaecies, although it appears that the
inward diffusion of O may account for slightly more of the second-
formed oxide than Al. Also because of the mixed mode of oxidation,
it is difficult to apply Wagner's analysis to determine diffusion
coefficients.

However, the profile results, even if qualitative, are in
agreement with other observations. For example, the whiskers on
undoped FeCrAl are not observed with a RE addition, Figure 4.2.4.
There is a significant volume fraction of these whiskers, and their
size and density appear to increase with oxidation time. It is

difficult to imagine these whiskers growing except by the outward
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diffusion of Al. Also, they appear to form throughout the oxidation
process, not just as a transient or other time-dependent stage of
oxidation. Fewer whiskers are observed on the scale grown on NiAl.
However, for NiAl, the widening of oxide ridges on the gas surface
may be an indicator of outward growth.

One issve that is not resolved is that of diffusion paths for
concurrent transport. While it has been assumed that O diffusion
occurs primarily via grain boundaries, a simultaneous pathway for
Al diffusion has not been determined. A theoretical model for mixed
mode oxidation (Figure 2.4.1) determined that the tracer profiles
should be different, depending on whether the species travel by
separate paths or the same path [Jedlinski and Borchardt, 1991].
Clearly, the profiles in this case fit the case of diffusion Dby
separate paths. However, there has been no experimental
confirmation of this model.

Golightly, et al. [1976] proposed that Al diffused through the
lattice and O along the grain boundaries and reaction occurred at the
center of the scale. This internal growth produced growth stresses
which caused the scale to buckle. However, while this model is
admirable in that it attempts to link the oxide microstructure to the
growth mechanism, it does not appear to be supported by the tracer
profiles. The formation of new oxide within the scale would have
left the second oxidant in the center of scale rather than, as the
actual observation shows, at either end.

One possibility is that the oxide that remains attached to the
alloy grows by one mechanism (Al out) while the fraction that

becomes detached during oxidation grows by another (O in). SIMS
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would average over such small-scale spatial differences, and would
not detected them. However, if the whiskers are to be used as an
indicator of at least partial outward growth, there is no indication
of difference in whisker density at the bottom or top of an oxide
buckle. it is not clear from the location of the oxide whiskers that
their origin can be linked to oxide grain boundaries or any other
structure.

Another hypothesis that has not been tested is that certain
grain boundary orientations are more conducive to O transport, while
others transport Al better. Figure 6.3.2 shows a schematic
representation of this model. [f after a continuous layer of a-Al>,O4
is formed, certain boundaries may be more conducive to Al transport.
New oxide would then be formed in different areas, depending on the
locally favored transport mode. In areas of Al diffusion outward,
this would lead to vacancy formatior in the alloy. Eventually due to
the coalesence of vacancies and the weakening of the metal-oxide
interface by S segregation, the oxide and metal would lose contact
in these regions. (As an aside, segregation of REs to those
boundaries favoring Al transport would eliminate this pathway for
diffusion in doped a-Al,0O3.)

In the other regions where inward growth is favored, new
oxide is formed at the metal interface and there is no decohesion.
This eventually leads to a rumpled oxide structure. Al is then
transported across the void by some type of surface diffusion or
evaporation, which leaves the underlying metal smooth, Figure 4.1.6.
Other areas in contact with the oxide grow inward into the alloy

leaving imprints in the alloy substrate. At very long times as the
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buckles coarsen (Figure 4.1.4), more areas lose contact with the
alloy.

The mixed-mode '80 tracer result is also in agreement with
the results of Quaddakkers, et al.,, [1989]. for scales grown on
undoped FeCrAl at 1000°C. However, their study did not discuss the
possible pathways for diffusion.

Thus, while it is not clear by what pathways diffusion occurs,

undoped a-Al,O5 is concluded to grow by the simultaneous diffusion

of Al and O.

6.3.4 Sputter Depth Profiles of Thick Films

Based on the numerous SIMS profiles generated in this study, a
number of observations can be made in general regarding this
technique. Perhaps the clearest advice to the unwary is that the
oxide to be analyzed should be kept as thin as possible. Analysis of
a thin surface oxide is quicker and eliminates many of the problems
associated with sputtering through a thick oxide.

One of the largest problems with sputtering a thick oxide is
that, as the crater created by sputtering gets deeper, there is more
of a possibility that the bottom and walls of the crater will become
distorted. Another problem is that some of the signal may originate
from the walls of the crater rather than only the bottom, especially
for deep craters. This is minimized by taking data only from the
central 5% of the crater and by making a larger crater. However, a
thick scale requires a small crater in order to sputter through the

oxide in a reasonable amount of time.
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Sputtering a non-conductive layer is somewhat problematic by
definition. Like an SEM, the charged Cs beam imparts electrons to
the sample which must be conducted to the sample holder. A non-
conductive sample acquires charge unless coated with a conducting
layer (in this case Au). However, unlike an SEM, the sputtering beam
then removes this Au layer in the area to be examined. For thick
oxides, this can result in charging problems during the extended
sputtering period before the conducting alloy substrate is reached.

The presentation of the data is also a relevant issue. Figure
6.3.3 shows the raw data for the profile of the a-Al;O3 scale grown
on undoped NiAl at 1200°C. The data are plotted on (a) a normal
scale, (b) a log scale, and (c) the style of plot used to report the data
in this study. The method for preparing plot (c) is described in
Section 3.10.1. The data in each form reflect the change in isotope
concentration. The technique in (c) was used because it combines
the information from both the AI*O and *O signals for each isotope
and presents the information in a compact fashion.

A number of other issues are illustrated by these data. First
of all, while the Ni signal would be expected to give some indication
of the metal-oxide interface, it does not. Monitoring of the Al signal
also did not help to identify the interface. One possible explanation
is that the Ni and O signals are linked. Because negative ions are
being collected (in order to concentrate on the oxygen isotopes), the
Ni signal is strongly enhanced by the presence of oxygen. As the O
signals fall, because the oxide layer is being sputtered through, the
percentage of Ni ions detected also falls. This counters any real

increase in Ni revealed by the removal of the oxide layer. Whatever
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Figure 6.3.3 Data from the SIMS sputter depth profile of the a-Al>,O4
scale grown on undoped NiAl oxidized at 1200°C for 20min in 16Q
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plot, (b) log plot, continued on next page
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the reason, no accurate indicator of the metal-oxide interface has
been identified. The chief indicator used is the gradual loss of the
160 and 180 signals, which does not occur sharply but gradually over
a long period of time.

The data are also plotted against sputter time. No attempt
was made to convert this information into a depth measurement,
primarily because of the uncertainty associated with the crater
depth. Figure 6.3.4 shows a typical crater. The walls of the crater
are rounded and the bottom is not particularly flat, although it was
identified as metal by EDXA. This type of morphology is very
difficult to measure by typical surface techniques, because a
reference depth is hard to gauge on the rough oxide and an average
depth is hard to define on the crater bottom. Thus, the total sputter
time reflects the total oxide thickness, but a more precise
measurement is not possible.

These problems with defining the metal-oxide interface and
the rate of sputtering leave the data best suited to only qualitative
conclusions. However, even left at a qualitative level the data are
sufficient to indicate overall trends in the transport behavior.
Based on the spread of raw data from this study, more quantitative
interpretations; such as those arrived at experimentally by Jedlinski
and Mrowec [1987] and theoretically by Basu and Halloran [1987], are
unwarranted. Overall observed trends were repeatable, but exact
profiles were never duplicated. Thus while a theoretical model of
inward and outward diffusion is useful [Basu and Halloran, 1987], it

is not particularly well suited to the data in this study.
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Figure 6.3.4 SEM secondary electron image of a SIMS sputter crater
through the scale formed on APM after oxidation at 1200°C for

40min.
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Another point concerns the oxide morphology and <tructure in
general. It is often assumed that the scale is a ciean flat uniform
layer on a substrate. Deposited films on Si wafers fit this model
nicely. However, even by starting with a uniformly polished
substrate, naturally grown oxide scales usually do not fit this
expectation. Spallation is a big problem. Additionally, while tracer
experiments work best with a uniform film growing by a single
diffusion mechanism, this is also not always the case with oxide
scales.

As shown schematically in Figure 6.3.5, a number of
situations encountered during this study were far from ideal. In
many cases, it was simply impossible to analyze scales because of
the mixed (6-a) phases or the severe spallation (e.g., undoped
FeCrAl). Also the possibility of analyzing at special sites such as at
small-scale oxide ridges or alloy grain boundaries, was not possible
with this SIMS equipment. The sputtering technique inevitably aver-
ages over the central window at the bottom of the crater to reflect
a general trend. In order to prevent anomalous results, the sputter-
ing is at least done in several locations to check repeatability.

There are also problems associated with the tracer. The
principal source of error in the oxidation furnace was gas leakage
into the furnace. The oxidation was conducted at =50Torr O, for
each isotope. While the oxidation rate is not affected by the partial
pressure of oxygen, leakage would always be primarily 60, so that
during oxidation by 18-enriched (>95%) O, the enrichment would be
reduced. In order to minimize this leakage, the '80 was usually

introduced first, since that was usually the shorter oxidation period.

-Page 304-



‘Apnis SIS JoJ a1endosddeur ase yoiym sapixo jo sajdwexa dnewsyds §'e'g ainbig

sainieaj snojewoue Aq yiodsuesy (p

Aojlv

r_._w LJ

"219 ‘sauepunog uiels ‘sabpiy :salewouy

9|e2S 9seyd-oml pasake| (q

Aol

NN N N N N N N N N N N N N N N Y N N N N N N N N N N N

PRI

WISIUBYDW JUBIBHIP
uonisodwod awes
aseyq apIxQ puodss

aseyd apIxQ 1S4

apIxQ Paydeld 10 papong ‘pajieds (2

Aol

L<

ajeds aseyd-omy |euoibal (e

Ao|lv

aseyd puodss

aseyd 1sii4

-Page 305-



As mentioned before, the error of the tracer experiment was
checked several times by reversing the isotope order. The
differences in the profiles reflect that, while the experiment is
repeatable, there is some difference in the detected isotope
fractions. The 180 signal is usually lower than the 80O signal, which
probably reflects some leakage. It also may reflect the level of
purity in the 180 tracer. However, the choice of a nearly pure 80
tracer gas eliminated the need for modifying the raw SIMS data to
enhance the 180 signal. (This is done in virtually every published
paper in the literature.)

In conclusion, the 180 tracer experiments provided a
siubstantial amount of quality information for this study. While
somewhat qualitative in nature, this characterization of the growth
mechanism is central to understanding the effect of reaciive
elements on the growth of Al,Ogj scales. It is an ironic final note
that, despite all of the published work using complex tracer
experiments and profiling techniques, a simple analysis of the
crystalline phases of the scale has removed much of the basis for

the controversy

6.4 FeCrAl vs. Ni-Al Oxidation

A few comments were made at the end of each of the two
results chapters regarding overall trends with FeCrAl (Section 4.4)
and NiAl (Section 5.5). This section is intended to offer some
overall comments about the two materials. Ideally, it would have

been better to stay with one substrate; however, based on the
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availability of materials, it was necessary to entertain a wider
range of alloy substrates.

While the oxidation behaviors of Ni-Al and FeCrAl alloys are
not identical, the basic characteristics of the formation of an
alumina scale are very similar for the two cases. Figures 6.1.1 and
6.1.2 show that the respective oxidation rates at both 1200°C and
1400°C are remarkably similar. At 1200°C, all of the doped samples
(NiAl + Zr, Y-implanted NiAl, APM and MA956) had reaction rates
within a factor of two. Likewise, the undoped FeCrAl and NiAl were
very similar at 1200°C. Slightly more variation was observed at
1400°C, but even so all of the rates were within a factor of four.

One of the differences between the two materials at 1200°C
and 1400°C was the observation of breakdown of the scales on NiAl.
Similar breakdown was not observed for the FeCrAl alloys at these
temperatures. At 1200°C, the breakdown of Ni-23Al could be
ascribed to a depletion of Al, Figure 5.2.1. The FeCrAl alloys have
only 4.5-10%Al, but with =20%Cr acting as an oxygen getter, there is
less of a chance of a breakdown. Nevertheless, this type of
depletion breakdown may have occurred on undoped FeCrAl at
1000°C, Figure 4.1.1. In this case, the breakdown was short-lived
and appeared to reheal after approximately 1-3hr.

Another type of breakdown was observed for NiAl at 1400°C.
In this case, and only with a RE addition, breakaway oxidation took
place on both Zr- and Y-doped NiAl. No similar behavior was found
on the doped FeCrAl ailoys. Rather than Al depletion, this failure
appears to be an effect of the RE addition. While the FeCrAl alloys

have oxide dispersions, the Zr and Y additions to NiAl are in
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unoxidized form. Wholesale diffusion of these elements to the scale
surface may lead to isothermal cracking or other detrimental
breakdown events. The more stable RE oxide dispersions may
restrict this transport. This idea is discussed further in Section
6.8.3.

Probably the most significant difference between Ni-Al and
FeCrAl alloys is in the early stages of oxidation at 1000°C. In an
attempt to study the 6-o phase transformation, NiAl, NizAl, FeCrAl,
and even NiCrAl were oxidized for 1hr or less at 1000°C. However,
only on NiAl (both undoped and doped) was the 6-Al,O3 phase
detected clearly.

GAXRD of the undoped FeCrAl, NiCrAl and NizAl also found no
indication of 6-Al,O3. Instead it appeared that the transient
formation of less noble oxides precluded the formation of 6-Al,04.
Figure 6.4.1 shows a basic schematic of the early stages of
oxidation for these alloys. Except for Y-implanted NiAl, all of these
materials ended up with predominantly a-Al,O3 scales. The paths by
which each material gets to this stage are somewhat different.
Each of these materials forms some type of transient oxide,
although in the case of MA956 there appears to be a minimal
transient period. The first-formed transient oxides remain on the
surface and determine the surface morphology. However, the
transient layer remains essentially constant in thickness during
longer exposure. The later-stage reaction rate is controlled by the
growth of the underlying a-Al>,O4 layer.

Transient stage oxidation also appears to be the reason for the

morphology differences between the two commercial FeCrAl alloys
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at 1000° and 1200°C. At 1000°C, the morphologies of APM (Figure
4.1.8) and FeCrAl (Figure 4.1.4) look remarkably similar except for
the buckling. MAS956 looks completely different than the other two
FeCrAl materials, Figure 4.1.7. The same is true at 1200°C where
the structures look similar, just increased in size by grain growth.

GAXRD indicated that there was not a significant difference in
the 6—a phase transformation between the two doped scales at
1000°C. Neither scale contained 6 peaks after oxidation for 12min
at 1000°C, Figure 4.1.10. The iransient period was not investigated
at 1200°C, but after oxidation for 12min at 1000°C, XTEM of the
scale on APM revealed that the scale contained a large fraction of
Fe- and Cr- rich oxides in an Al,O4 matrix. A useful diffraction
pattern could not be obtained from the complex scale, however
GAXRD of the same sample prior to XTEM preparation had indicated a
scale of predominantly a-Al,Oj3, not 6.

Thus the GAXRD ard XTEM evidence suggest that the difference
in the morphology is related to the transient formation of less noble
oxides on APM rather than the formation of 6-Al,O3. While numerous
factors could account for this difference between APM and MA956,
the most likely reason is the oxide dispersion in MA956 which
appears to be both finer and a higher volume fraction than APM. A
simple comparison of the O content of the materials reveals that
MA956 has 4 times that of APM, Table 3.1. This denser, finer
dispersion may reduce the transient stage formation of Fe- and Cr-
rich oxides, thus producing a more uniform scale surface.

Returning to the comparison of Ni-Al and FeCrAl alloys, only in

the case of Ni-Al compositions in the B phase field does the
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transient stage involve significant generation of 6-Al;,O4. At longer
times on undoped NiAl and NiAl+ Zr, the 6-Al,O43 transforms into a-
Al,O4, making a uniform layer of a. However, the morphology of the
a-Ai,O45 scale does reflect the transformation from the pre-
existent 6, Figure 5.1.8.

Two exceptions of note are undoped Ni-23Al and Y-implanted
Ni-Al.  In the case of undoped Ni-23Al, the transient stage also
includes the formation of a small amount of Ni-rich oxide. This has
been attributed to the lower Al content in this material. When Ni-
23Al is implanted with Y, these Ni-rich oxides are not detected on
the surface.

For Y-implanted Ni-Al in general, the long-term scale is a
unique case. Whereas all of the scale on undoped NiAl transforms to
a-Al, O3 after only a few hours, the scale on Y-implanted NiAl
retains between a third and a half the original 6-Al,O5 after 100hr.
This value is based on a comparison of the principal 6 peak to the
principle o peak in the GAXRD spectra. The schematic representation
ot the 6 phase on the substrate surface is based on the similarity
between the morphologies after 100hr and after 1hr when the scale
is almost 100% 6-Al,O5. Attempts to provide harder evidence by
making an XTEM sample of the scale after oxidation for “0hr at
1000°C were unsuccessful.

Owvovall it appears that there are many similarities between
the alumina scalss ‘ormed on NiAl and those formed on FeCrAl
alloys. One final point about doped FeCrAl alloys is that, by

lowering the oxidation temperature to 950°C, a 100% 6-Al,Og3 scale

(that was also completely adherent) was formed and was very useful
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in studying the growth mechanism of 6-Al,O3. When the oxidation

temperature was raised by only 50°C, only the faintest trace of 6

was detected.

6.5 The Effect of Alloy Composition

One of the original ideas of this work was to explore the width
of the B-NiAl phase field in order to see if the quantity of aluminum
has an effect on the oxidation behavior. One of the motivations was
that Al has a deleterious effect on the mechanical properties of
most alloys and intermetallics. Thus a tradeoff could occur between
the mechanical and oxidation properties.

The isothermal kinetic data at 1500°C (Figure 5.4.1) probably
best characterize the effect of Al content on the oxidation behavior:
almost negligible. The most significant effect of Al content at the
higher temperatures would be extension of lifetime, based on an
eventual depletion or phase transformation of the substrate after
long-term exposure.

At lower temperatures (for example, at 1000°C), two features
are noteworthy. First, three different B-NiAl compositions have
different weight gains, with Ni-30Al having the lowest and Ni-36Al
the highest. The anomolously higher weight gain for Ni-23Al can
most likely be explained by a longer transient period during which
Ni-rich oxides are formed. After longer times, the Ni-23Al and Ni-
30Al curves are almost parallel, indicating similar long-term
oxidation mechanisms and weight gains. The difference in the two

curves is mainly in the first few minutes of oxidation.
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Second, the oxidation behavior of NizAl with a Y,O5 dispersion
also appears to be dominated by the transient period. After an
initial rapid weight gain, the oxidation rate slows significantly at
long times. No oxygen isotope experiments were done on this
material, but based on similar oxidation rates, doped NizAl appeared
to grow by the same mechanism as the other doped alumina-formers.

Ni-36%A! absolutely differently, having a higher weight gain
throughout and a different slope. However, it must be kept in mind
that this material contained numerous cracks and macrovoids. (The
difficulty in producing this material is related to the high Al
content, making it a very brittle, porous material.) Thus the
effective surface area was likely to be much higher than that
calculated simply from the macroscopic dimensions.

The initial results at each temperature give no indication that
changes in the Al content have any substantial effect on the
oxidation mechanism, oxide microstructure or adherence. The most
significant effect is probably on the transient stage rather than the
steady-state oxidation. No benefit was found from Al-rich B-NiAl,
although reducing the Al content in B-NiAl probably affects the
very-long term oxidation behavior (orders of magnitude longer than
any experiment in this study). At some point Al depletion in the
substrate will cause breakaway oxidation, but this eventuality must
be weighed against potential improvements in the mechanical

behavior.
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6.6 The Al»O3 Phase Transformation

The 9-a phase transformation is clearly important to the
oxidation behavior. The observation of stabilization of 6-Al,O3 by
Y-implantation was, however, greeted with mixed emotions. On one
hand, it added a level of complexity that was unintended. On the
other hand, it served to explain the dispute in the literature
regarding the growth mechanism of Al,O5 scales. All the early work
by the Dutch group (Young, de Wit, et al.) and the Polish group
(Jedlinski, Mrowec, et al.) appears to have ignored the importance of

this phase transformation.

6.6.1 Transition or Metastable Aluminas

According to the literature, all of the so-called "transition" or
metastable alumina allotropes are based on a cubic close-packed
anion structure. These include the vy, 8, and 8 phases. These
structures are generally described as having a defective spinel
structure, with 3-Al,O5 being the most spinel-like. There are also
other less-crystalline structures, such as the n and x phases, which
incorporate water structurally. For the case of the dry O, used in
this study, the latter structures are less relevant.

The transformation among metastable aluminas can be thought
of generally, thaugh with some dispute, as a change in the ratio of
occupied octahedral to tetrahedral sites. This ratio decreases from

2.0 in the spinel structure to 1.0 (or lower) in the 6 structure.
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The ordering of the cations and vacancies on their sublattice
leads to the following irreversible transformation [Doychak, et al.,

1989a]:
Yy > 06 —>6

This transformation order appears to be widely accepted. The
irreversible nature of the transformation suggests that each step
leads to a lower-energy metastable state.

The transformation of 6-Al,O5 to the stable a-Al,O3 is also
irreversible, but in contrast this transformation involves a change
in the anion lattice from cubic close-packed (CCP) to hexagonal
close-packed (HCP). Wynnyckyj and Morris [1985] have proposed a
diffusionless martensitic-type transformation to explain the rapid
kinetics of transformation. The transformation data empirically fit
an Avrami-like equation, but the actual transformation is not a
typical nucleation and growth type. The 6 crystallites appear to
coarsen before transforming into o after which further coarsening is
negligible [Wynnyckyj and Morris, 1985]. Other studies have looked
for an aperiodic or other intermediary phase but none has been

detected [Carturan, et al., 1990].
The 6-Al, O3 phase is often identified in the literature by the

distinctive (222) x-ray diffraction peak (32.7° with Cu Ka)
[Wynnyckyj and Morris, 1985). This is the distinctive primary peak

that was used in this study to identify the presence of 6-Al,O3 in

the scales on NiAl.
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6.6.2 The Catalyst Literature

The phase transformation of metastable aluminas has been
studied extensively in the ceramics community, but is most
extensively reported in the catalyst literature. Because of their
high surface area, the metastable aluminas are prized as catalyst
supports. For example, they have been used in automobile catalytic
converters to support various precious metal catalysts. However,
when exposed to high temperature exhaust gases, the metastable
aluminas can transform to the more stable a-Al,Q3. Upon
transformation, the surface area of the support is reduced and the
catalyst is less effective. Additions of various elements (e.g. Ca, Zr,
La, Ce etc.) have been found to inhibit this transformation, thus
increasing the useful lifetime of these supports.

The first report of the effects of dopants on stabilization of
transition aluminas was by Schaper et al.[1983]. La additions were
found to inhibit the transformation of yto a (intermediate phases 38
and 6 were also identified). Using differential thermal analysis and
a constant heating rate, the transformation temperature of doped
Al,O3 was obsetved to occur 100°C higher than for the undoped
powder. Surface diffusion inhibition by LaAIO3 was deemed to be
the most important factor in impeding the transformation.

A more extensive study by Burtin et al. [1987a] found that
certain elements (Zr, Ca, La and Th) had a major inhibiting effect on
the 0-a phase transformation. Other additions (in, Ga, and Mg) were
instead found to accelerate the formation of a-Al>O3. In this case

the dopants were added as nitrates to the alumina powder and then
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calcined. An interpretation of this effect proposed that vacancy
annihilation was the rate-limiting step in the reduction of surface
area and in the transformation to o [Burtin, et al., 1987b].
Therefore, the valence and ionic radii of the dopants were
significant to the sintering rate and the transformation to «a.

Further characterization has been attempted to determine
exactly how certain elements stabilize these structures. For

example, Ozawa et al. [1990], using electron spin resonance (ESR)

showed that La enters the defective 6-Al,O3 lattice substitutionally
and occupies a cation site. (This result contradicts the ESR work of
Schaper et al. [1983] which indicated LaAlO3 on the surface of the
alumina powder.) Ozawa et al. determined that Ce, however, remains
on the surface of the transition alumina. Both elements inhibit the
8-a transformation, but La is proposed to be more effective because
it inhibits lattice diffusion. On the surface, Ce limits only surface
diffusion and thus sintering. Burtin et al. [1987a] also found that La
was a better inhibitor.

While Y has not been explicitly considered in any of these
studies, its effect appears to fit with a similar explanation. In the
case of Y, it has been observed that Y is insoluble in the closed
packed «-Al,O3 corundum structure [Cawley and Halloran, 1986].
However, it might be possible to situate the larger Y ion in the more
defective 0 lattice, as is suggested by the results by Ozawa, et al.
[1990] with La. In this location, distorting the surrounding
structure, it could stall a diffusionless transformation from 6 to a
by requiring more energy to overcome the distortion. This

explanation would be especially plausible if a rapid martensitic
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transformation occurs in the undoped case. The observed inhibiting
effect of Y on the phase transformation found in the present study is

thus entirely expected.

6.6.3 Cr-implanted NiAi

Hagel [1965a] observed that Cr additions enhanced o-Al>O3
formation on FeAl, which initially grows 6-AloO3 at 1000°C much
like NiAl. In order to compare this potential Cr effect with that of
Y, Cr was implanted in NiAl (2 x 10'8/cm?2 at 70kV) on one side of a
coupon. GAXRD profiles showed that 6-Al,O3 was retained only on
the Cr-implanted side of the coupon after oxidation for t1hr at
1000°C. After a 5Chr exposure, though, both the implanted and
unimplanted sides had exclusively o-Al,Og3 scales. Clearly, the Cr-
implant did not have as large an effect on the phase transformation
as an equivalent Y implant. With the Y implantation, strong ©
diffraction peaks were present even after a 100hr exposure at
1000°C.

SEM examination revealed that the Cr-impiant did have some
effect on the oxide morphology even if it did not effect the bulk
scale phase content, Figure 5.1.10. Some of the blade-like
morphology of 6-Al>O5 is retained on the Cr-implanted side but not
on the unimplanted side.

Hagel's findings with Cr alloy additions to Fe-4wt%Al were
quite different from those with Cr implanted into an Al-rich
substrate. A comparison of FeCrAl and NiAl oxidation behavior

without Cr-implants, indicates that the transient formation of Fe-
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and Cr- rich oxides likely precludes the formation of the metastable

® phase. When Al,O5 undercuts these transient oxides, it is
exclusively o However, Hagel's characterization of Fe-4.4wt%Al
indicates that ©-Al,O4 was formed along with a large amount of
FeO,. His observation may indicate that the transient formation (on
FeCrAl) of Cr,O4, which has the a-corundum structure, may help

nucleate o-Al,O5. This is an effect opposite to that of an Y implant.

6.6.4 Al-implanted NiAl

NiAl was implanted with Al (2 x 10'6/cm?2 at 70kV) in order to
investigate the effect of the implantation process itself on the 6-a
phase transformation. In retrospect, this choice was not
particularly prudent, Lecause it left open the question whether
increasing the Al content affecis the phase transformation. The
result was that after 1hr at 1000°C, 6 was retained on the Al-
implanted side of the coupon, while the unimplanted side formed
primarily a«, Figure 5.1.5. After a 50hr exposure, both sides had
scales of exclusively a-Al,O3. SEM observations of the morphology
confirmed the GAXRD result, Figure 5.1.9. Comparing the 1hr and
50hr exposures, however, it is clear that neither increased Al at the
surface nor the implantation process itself can match the effect of
Y implantation.

Comparing Ni-30Al and Ni-36Al after 1hr exposures showed

that a larger 8 peak was found on Ni-36Al. Thus, there is some

indication that an increased Al content affects the phase
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transformation and the early stages of oxidation. Both of these
materials form exclusively o scales after 50hr.

This set of experiments still leaves a potential effect of the
implantation process on the phase transformation. Pre-oxidation
characterization of the Y implant revealed a =100A oxide layer on
the surface after implantation (Section 3.2.3). Its presence could
potentially affect the phase transformation, but as judged by the Al

implantation, it is not a significant effect.

6.6.5 Reactive Element Doping of Metastable Aluminas

While it has been established that a RE addition, changes the
oxidation mechanism of «-Al,Og3, it does not appear to have any
effect on the growth mechanism of 68-Al,Og3 (Section 6.3). Taking
the case of MA956, at 950°C the predominantly 6-Al,O3 scale grows
by an outward diffusion mechanism, Figure 4.1.12a. However, at
higher temperatures, the RE dopant retards the Al diffusion in «-
AloO 4 thus reducing the oxidation rate, Figure 4.2.11a. For
metastable aluminas, especially for the case of Y implantation, the
RE appears to mainly effect the phase transformation. A number of
factors may explain this behavior.

The defective spinel-type structure of 6-Al>Og3 is probably a
major factor. Comparing the crystal structures of o and 6-Al,04
(Section 2.8.2), the 6 phase has a 13% larger volume than o [Rybicki
and Smialek, 1989]. While Y and Zr are found to segregate to o-
Al,O3 grain boundaries (Table 4.2), there are inidications that these

larger ions are more easily incorporated into the 6 lattice [Ozawa, et
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al., 1990]. If the RE does not segregate and the reaction is limited
by Al boundery transport, the RE would not be expected to effect the
growth rate. RE segregation is discussed further in Section 6.7,
Another possibility is that the 6 structure allows a different
type of Al transport process. At 1000°C, the rate of growth of 6 is
approximately two orders of magnitude faster than the growth of «
[Rybicki and Smialek, 1989]. With boundary transport for Al and O
being the same magnitude (Figure 6.1.3), a switch from Al transport
to O transport would not appear to account for this large change in

oxidation rate. Compared to the close-packed corundum (a)
structure, the spinel-type 6 structure with a cubic anion sublattice
may permit more rapid lattice transport. With the more open
structure, both vacancy and interstital volume diffusion would
likely be faster in the 0 structure than in a-Al,O3. If Al RE boundary
segregation would not effect Al lattice transport.

Unfortunately, there is very little diffusion or microstructural
information available about 6-Al,O5 scales. Attempts in this study
to make TEM sections of these scales were unsuccessful and the
catalysis literature is mainly concerned with the 6-a phase
transformation. Doychak and Ruhle [1989] made a cross-section of a
8-Al,O5 scale on B-NiAl and observed a dense scale. No grain
boundary segregation was detected in the scale. The dense scale
indicates that growth by voids or other large defects is unlikely.
However, the TEM used in this study did not have the high spatial
resolution of the FEG-STEM used in this study. Thus, a low level of

segregation may not have been detected.
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Thus while the RE dopant has been found to effect boundary
transport in a-Al,O3 by segregating to the oxide grain boundaries, in
0-Al,O4, it is possible that Al is transported by pathways other than
grain boundaries and that RE segregtion does not occur. Both

possiblities eliminate the effect of the RE on the 6-Al,O3 growth

mechanism.

6.7 Segregation Phenomenon

The segregation theory is based on the observation of RE ions
on Al,O3 grain boundaries and the metal-oxide interface. The
reasons for this enrichment on the boundaries are discussed in the
following section, along with its possible effect on Al diffusion. A
few considerations concerning detection and quantification of
segregation are also discussed. Additionally tha apparent effect of

temperature on Ti segregation is outlined.

6.7.1 Segregation Driving Forces

The segregation of elements sucih as Y to Al,Ogj grain
boundaries is not completely unexpected. Cawlev and Halloran
[1986] used EDXA, AES, and SIMS to examine a single crystal of o-
Al,O5 grown from a melt containing 100ppm Y. While Y-rich oxides
were found on the surface of the boule, none of their techniques
found Y within the crystal. From their analysis, it was concluded

that the solubility of Y in a-Al,O3 is less than 10ppm.
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The precise reason for the segregation is not conclusively
established. However, the most likely reason is that the size of the
RE ion relative to Al creates a driving force to relieve the
associated lattice strain. Yan et al. (1977) determined that the
elastic energy was proportional to the square of the size misfit of
the solute atom. Thus for Y(0.87A) which is =68% larger than
AI(0.53A) and Zr (0.72A, =36% larger) there would be a substantial
energy associated with accommodating a larger ion into the lattice
[Kingery, et al., 1976, p.58].

Cther arguments for segregation include electrostatic forces
and dipole forces from the formation of solute-defect pairs [Cotell,
1988). However, it is difficult to draw any conclusions about these
other forces. While Zr*+ may engender some charge effects, it is
more difficult to argue for Y3+ which is isovalent with Al. The size

misfit alone appears to be sufficient to explain RE segregation.

6.7.2 Detection and Quantification

The first identification of Y segregation to AlpOg3 grain
boundaries was by Nanni [1976] using AES. However, this sintered
alumina sample appears to have had an anomolously high degree of
segregation. Normally, because of the low detectability of Y, AES
has not been successful in detecting Y segregation in oxide scales.

In general, without the use of FEG-STEM, there have been
problems detecting the segregation of RE dopants to scale
boundaries. For instance, Ramanarayanan and Petkovic-Luton [1985],

while detecting the segregation of Y in Al,O3 in an earlier study
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[Ramanarayanan, et al., 1984], did not detect the segregation of Y in
Cr03. In their study, a TEM-STEM was used with a very large
(20nm) probe size. Numerous other studies using FEG-STEM (<2nm
probe size) have detected Y segregation in CroO4 [Cotell, et al.,
1988; Przybylski, et al., 1987; Yurek, et al., 1987].

Quantification techniques generally rely on the thin-film
method of Cliti and Lorimer [1975]. Theirs is a rather simplistic
interpretation in which the characteristic x-rays are assumed to not
interact with the sample. Intensities are related by a simple
constant to the concentration. This method appears to work quite
well and, for lack of a better one, is usually judged sufficient.

Determining the actual quantity of segregant on the boundary
has proved to be a difficult issue. Existing theories of beam
broadening in thicker samples rendered quantification procedures
very combersome and difficult to verify [Garratt-Reed, 1986]. By
taking into account beam broadening, a weak RE signal on a boundary
could actually represent a substantial segregant level in a thick
sample.

More recent work by Furdanowicz, et al. [1991] has established
that a much smaller level of beam broadening than expected occurs
in crystalline thin films due to electron channelling. While this
finding simplifies the quantification process, it also changes the
estimate of the segregant on the boundary. With no beam broadening,
the amount of segregant detected in this study and others appears to
be quite small. For example, after oxidation at 1000°C, the detected

Zr/Al ratio on the Al,O4 grain boundaries is only 0.012, Table 4.2.

This indicates at most only 2-3% Zr on the boundary. If this is an
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accurate reflection of the level of segregation, then it is no wonder
that larger STEM probes and other analytical techniques are unable

to detect the presence of a segregant.

6.7.3 The Effect on Al Diffusion

Once the RE segregates to the oxide grain boundaries, it is
expected that it will have some eifect on the properties cf the
scale. In this case, it has been demonstrated that Zr and Y on AlxOj3
boundaries limit the boundary diffusion of Al (Section 6.3).
However, it is not entirely clear how this inhibition occurs. A
number of hypotheses have been proposed to explain this effect
[Cotell, 1988].

One possibility is that there is a charge effect of the
segregant which produces an effective charge on the boundary. For
Zr4+ this is a plausible explanation, but Y3+ normally could not be
considered to have the same effect. However, El-Aiat and Kroger
[1982] have concluded that Y acts as an isoelectric donor because of
its large ionic radius. Al diffusion in o-Al,O3 is assumed to occur
predominantly by motion of positively-charged Al interstitials.
Thus, if the boundary becomes positively doped, then Al diffusion
would be inhibited. However, the concept of isoelectric donors is
still largely unverified.

Another hypothesis is that RE dopants physically block the
diffusion path or limit it by replacing Al on the boundary. However,
the low level of segregant detected makes this seem improbable.

Furthermore, since it appears the larger O ions must continue to
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diffuse along the same boundaries, a physical blocking of the
boundary seems unlikely.

Other explanations involve the formation of solute-defect
pairs, a change in the boundary structure eliminating dislocations or
point defects, and a generic increase in the Al migration enthalpy by
the presence of the RE, based on Borisov, et al. [1964]. All of these
explanations are possible, but no particular evidence points to any of
them. One of the difficult issues is that Y and Zr appear to affect
diffusion in the same way. While they are similar in size, they
differ in other ways, especially valence. Thus arguments regarding
charge and defect pair formation do not appear to apply equally to
both elements.

One feature that is not usually considered is that the high
oxygen affinity of both of these elements may play a role in a
dynamic oxidation environment. After all, at the reaction
temperature, it is difficult to imagine that these segregants are
static. In the high potential gradient in the oxide, there is a driving
force for the diffusion of the RE to the gas interface. In the case of
the scale grown on NiAl + Zr, large ZrO, particles are detected by
GAXRD and observed by STEM near the gas interface. The Y-rich
grains in the scale of MA956 are also observed to coarsen well
beyond their initial size in the alloy [Ramanarayanan, et al., 1984].
These particles are evidence of this outward RE diffusion.

Now, if one assumes, that their large size slows their flux and
that the cation sublattice boundary structure contains only a limited
number of actual migration pathways, the outward diffusion of the

RE wouid cause an effective "traffic jam" on the boundaries. Even if
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a diffusing Al ion could successfully get around a single RE ion, it
would still get stuck behind the next RE ion. Al diffusion would no
longer be limited by the energy required to move Al cations from
site to site; instead it would be limited by the energy required to
"pass" an RE ion on the boundary, or by the enthalpy of RE boundary
diffusion. Unlike other proposed mechanisms, this is not a
replacement of the Al ions on the boundary, this is a dynamic
blocking on the cation sublattice which requires only a few percent
RE ions to slow the Al diffusion.

This hypothesis explains how a low level of segregation can
have an anomolously large effect on the Al diffusion. It also
explains why RE implantation has a time-limited efficacy. As the RE
diffuses outward, there is not enough dopant left to cover the
metal-oxide interface or the oxide-grain boundaries. At high
temperature (or long time exposures) the oxide adherence would be
lost as well as any change in the oxidation mechanism. This is the

behavior observed for Y-implanted NiAl at 1400° and 1500°C.

6.7.4 The Formation of TiNy

One of the more interesting side excursions of this project

was the observation of TiN, particles in the a-Al,O3 scale of MA956
at 1400°C [Pint, et al., 1992]. At lower temperatures, both Ti and Y
segregate to the oxide grain boundaries. However, at 1400°C, Ti
segregates at much lower levels than Y, Table 4.2. Instead of

segregating, Ti is observed to form TiN, particles. This indicates

that, while at lower temperatures segregation is stable or at least

-Page 327-



metastable, at higher temperatures particles form rather than
segregation being favored. (Since Y and not Ti improves the
oxidation behavior [Ramanarayanan and Petkovic-Luton, 1985; Nagai,
et al.,, 1982; Lagrange, et al., 1984], the REE is still observed at
1400°C). The particles appear to cause spallation within the scale
during cooling, but no oxide spallation from the alloy.

One possible reason for the change from segregation to TiNy
formation at 1400°C is that the driving force for segregation is
reduced at this higher temperature. Since Ti(0.61A) is only =15%
larger than Al, the elastic misfit energy is considerably less than
that for Y which is =68% larger than Al. As the temperature is
increased, the smaller Ti ions may be more easily accommodated
within the lattice. This accomodation would limit the extent of
segregation. Arguments based on the increased stability of TiN at
higher temperatures do not appear to be valid, in view of the
reported free energies of TiN formation [Chase, et al., 1985, p.1542].

The source of the nitrogen is of considerable interest, as is
the stability of a nitride within an oxide film. In order to
investigate the gas phase as a potential source, MA956 was oxidized
in flowing air and in a carefully-flushed oxygen environment. These
changes had no appreciable effect on the oxidation rate nor on the
surface morphology (including the observed spallation). A more
likely source of nitrogen is Inco's use of air as a mechanical alloying
environment [Mason, 1992]. This may promote the formation of TiN,
in the alloy which is a more stable nitride than Fe, Cr or Al nitrides.
Nitrides present in the alloy may be incorporated and ripen in the

growing scale to become effective crack initiators, leading to
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eventual spallation. A study of MA956 before and after oxidation at
1000°C did not detect these particles in the alloy [Katz, et al.,
11987].  However, they were not specifically looked for and therefore
may have been ignored.

At 1400°C, TiN is stable with a nitrogen dissociation pressure
of =10-11atm; however both TiO and TiO, have a lower free energy
of formation than TiN [Chase, et al.,, 1985]. While kinetic factors
may limit the transformation to the more stable oxide, oxygen
activity in the scale could present a thermodynamic issue. Figure
6.7.1 illustrates a conventionally-envisaged oxygen gradient across
the scale and a second, hypothetical one. If the oxygen activity were
to drop precipitously near the gas interface, a TiN, particle in an
Al,O5 matrix would be below the dissociation pressure of TiO and
TiOo. Al and Y, forming more stable oxides, would prevent TiO,
formation.

This change in the behavior of Ti with temperature may be a
sign of a similar effect with the larger Zr or Y ions at higher
temperatures. For example, presumably if at some temperature
segregated Y is no longer stable and begins to form YAIxOy, then at
this temperature and above the REE should no longer be observed.
Segregation was observed at 1500°C in Y-implanted NiAl; thus
apparently such a critical point was not reached in this study. If
boundary diffusion were stili predominant, identification of a
critical temperature would be another indicator of the importance of
segregation for the REE. However, if lattice diffusion began to
dominate, the REE would also be modified without any change in

segregation behavior.
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Figure 6.7.1 Schematic diagram of the oxygen activity across the
scale thickness indicating the dissociation pressure of TiOp and
Al,O5 at 1400°C and the general location of the TiN, particles in the

scale.

-Page 330-



6.8 The Method of Reactive Element Addition

The original research plan proposed to study the REE by ion-
implanting Y into B-NiAl. An additional goal was to implant other
REs such as Zr and La, to see if these elements would react
differently as a function of their atomic radii or valence. The
problem with the plan was that Y-implanted NiAl did not exhibit the
REE; thus ion-implanting other elements became a moot point. This
revelation added a third layer of complexity to the project that was
not anticipated.

Of course, study of the REE could have been abandoned in favor
of more successful pursuits (like superconductors). However,
personal preferences dictated that the REE should remain the central
goal. Thus, the study was broadened to include oxide-dispersed
FeCrAl and NizAl and an alloy addition of Zr to NiAl. This approach
was also an attempt to solve both problems at once. The REE was
studied and at the same time compared to Y-implanted NiAl.

A comparison of the methods for RE addition inevitably
addresses the differences in alumina formation on NiAl and FeCrAl.
The FeCrAl materials contain the oxide dispersions, while NiAl was
alloyed and implanted. One of the problems with making such a
comparison is that there are so many differences between the
materials beyond just the bulk composition and the type of RE
addition that the possible explanations for any particular observed
difference are difficult to pin down. However, in many cases it
fortunately appears that the RE addition was a dominating factor in

determining the oxidation behavior.
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6.8.1 lon Implantation

The overwhelming question here is simply why an Y implant of
2x1016cm 2 did not produce the REE. Jedlinski and Mrowec [1987]
found "perfect” adherence after more than 100hr cycles at 1200°C on
NiAl implanted with Y using the same dose and energy. NiAl
implanted under the same conditions at MIT and NRL appeared to have
significant spallation after just a few cycles, Figure 5.2.2. There
appears to be an irreconcilable difierence between the two results
at 1200°C. The oxidation rate (and mechanism) appear to be
modified by the Y implant at 1200°C but not the oxide adherence.

At 1500°C, the effect of the implant on adherence disappears
after only a 0.4hr exposure and there is no effect of the implant on
the long term oxidation rate or oxide microstructure. At 1000°C,
the oxidation behavior appears to be controlled by the 6-o phase
transformation and is a unique case.

The most likely explanation for the breakdown of Y-implanted
scales is that there is not enough RE to dope the rapidly-growing
scale. Also, because of the oxygen potential gradient, Y near the
surface cannot diffuse back to the metai-oxide interface.

The idea is best illustrated by comparing it to a case where Y
implantation was successful in improving the oxidation behavior.
Using the same implantation of Y as used in this case (2x10'6¢cm-2
at 70kV), Cotell [1988] studied the REE for pure Cr. In her case, with
a relatively slow oxidation rate at 900°C, Y was observed to diffuse
further into the metal where it could be continuously incorporated

into the inwardly growing a-CroO3 scale, Figure 6.8.1. All of the RE
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effects, including an improvement in oxide adherence, were observed
in this case.

The important point here is that Y was available in the metal
and especially at the metal-oxide interface. According to the Gibbs-
Duhem equation, the chemical potentials of the constituents Y, O and

YO (either Y03 or YAL,Oy) are related by the equation:

duy = dpyo - dipo

In the scale, where the oxygen pressure decreases from 1atm at the
gas surface to an equilibrium AlI/Al,O5 pressure (e.g. 10°28atm at
1200°C) at the metal interface, both the O and YO potentials should
be falling. Unless dpg is lower than duygp, this leaves duy 2 O. The
two extreme cases are illustrated in Figure 6.8.2. In one case, there
is no driving force for diffusion. In the other, there is a barrier to
diffusion with a positive potential [Cotell, 1988].

Given that Y will not diffuse in the oxide back to the metal, if
all of the implanted Y becomes incorporated into the oxide then at
long times with an inward growth mechanism the metal-oxide
interface will be essentially undoped, Figure 6.8.3. At this point,
any improvement associated with RE segregation to the metal-oxide
interface would be lost.

Based on the experimental observations at 1200°C and 1500°C,
this situation occurred when the scale reached a thickness of
severai micrometers. The initial peak Y concentration prior to
oxidation is at 23nm below the metal surface. Wwith at least a
partial inward growth direction, the reacticn front would quickly

move deeper into the metal leaving the enriched layer behind.
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Figure 6.8.2 Schematic diagram of chemical potential gradients for
oxygen, yttrium and yttrium oxides in the oxide scale formed on NiAl
implanted with Y. Two cases are presented: (1) ppo > pyo (double
line), based on Cotell [1988]; and (2) po = uyo (dashed line).
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Figure 6.8.3 Model for the distribution of Y in a thick Al,O5 scale
grown on NiAl. The Y is trapped at the gas interface due to the high
oxygen potential across the scale, thus the metal-oxide interface is

essentially undoped.
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A similar behavior was recently reported for FeCrAl surface
coated with RE oxides [iH1ou, et al.,, 1992]. The surface coating was
not effective in improving the oxidation behavior. A rumpled scale
was formed on both the coated and uncoated alloys during oxidation
at 1100° and 1200°C and oxide adhesion was not improved by the
coating. This again appears to be a case where there is no driving
force for the inward diffusion of the RE. Since the RE is added as a
surface addition, new scale formed by at least a partial inward
growth mechanism would be essentially undoped. This is analogous
to ion implantation.

Unfortunately, there is little microstructural evidence to
confirm this hypothesis. In the case of adherent scales on doped
FeCrAl, the RE is always detected at the metal-oxide interface using
XTEM (e.g. Figure 4.2.15). However, in the case of non-adherent
scales, XTEM samples are not available. Also, attempts to produce

XTEM samples of adherent scales on NiAl were unsuccessful.

6.8.2 Alloy Addition

The improvement in oxide adherence at 1200°C with the
addition of 0.23wt%Zr to NiAl is proof that, given a proper RE
addition, improvements are possible for NiAl, Figure 5.2.3. Clearly
there is a difference between the alloy addition of Zr and the ion
implantation of Y. Based on the similarity bewween oxide
dispersions of Yo,Oj3 and ZrO,, it is suspected that the success with
Zr has to do with the method of addition and not with any chemical

difference between the two elements.
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Unlike implantation, where the RE remains only in the near-
surface region, the alloy addition is found throughout the coupon.
Thus, as the scale consumes the substrate during oxidation, there is
more RE available in the metal to segregate to newly formed grain
boundaries and the metal-oxide interface. This maintains the REE to
longer exposures than an implantation.

This behavior was observed at 1200°C. After twenty 2hr
cycles, oxide adherence was excellent (comparable to the oxide-
dispersed FeCrAl alloys) with little evidence of breakdown. The Y-
implanted sample began to spall after just a few cycles, and after
20 cycles it was virtually indistinguishable from the unimplanted
NiAl.

The Zr addition to NiAl did show unusual behavior at 1400°C.
After approximately ten 1hr cycles, the scale began to spall
significantly, Figure 5.3.4. A large increase in oxidation rate was
also observed after =20hr in isothermal exposure, Figure §.3.5. This
type of breakdown was also observed in several Y-implanted NiAl
samples at approximately the same time. The breakdown could be
attributed to excessive stresses of a thick scale or some type of Al
depletion, except that none of the undoped NiAl samples exhibited
similar behavior. Thus, it is most likely an effect of the RE addition
in both samples.

Although no specific observations were made at 1400°C, there
are indications at 1200°C for both Zr and Y that a large quantity of
Zr- and Y-rich oxide forms in the scale during exposure. This was
also observed for Y at 1500°C. In the case of a Zr alloy addition,

after oxidation at 1200°C a substantial number of ZrO, particles
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were observed near the gas interface, Figure 5.2.18. This enrich-
ment likely occurs during oxidation as Zr diffuses out of the alloy
into the scale. This diffusion would be driven by the oxygen gradient
in the scale and would be analogous to the puyp gradient shown in
Figure 6.8.2. The point to be made is that RE segregation on the
oxide boundaries is not a static situation. The RE is moving outward
(towards higher Pg,) during oxidation and is not just "sitting” on the
boundary. This diffusion would be expected to be much slower than
Al or O in Al,O3 because of the larger ion size of Zr and Y. Once the
RE ions diffuse through the scale to the surface of the oxide, they
form RE-rich oxides or coarsen already existing particles.

If this diffusion-induced enrichment of the RE is significant at
1200°C, it should be even greater at 1400°C with a typical
temperature-dependent diffusion rate. If the volume of Zr-rich
particles (identified by GAXRD as tetragonal ZrO,) were to grow too
large during this process, it could lead to isothermal breakdown of
the scale. ZrO, particles could cause cracking, acting as stress-
concentrators in the scale. This type of breakdown could occur
isothermally but would be aggravated by cyclic conditions, with
their increased stresses related to a difference in CTE between
Al,O3 and ZrOs.

In the case of the oxide dispersions in FeCrAl, this type of RE
outward diffusion may be restricted. The RE is not "free" in the
alloy like Zr in NiAl. Instead, it is bound in very stable oxides,
possibly limiting the diffusion from the alloy into the oxide  This
could explain why no major breakdowns analogous to those observed

for NiAl + Zr are observed during the oxidation of doped FeCrAl at
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1400°C. However, there is also significantly less Zr in FeCrAl
(0.1wt%) than in NiAl (0.23wt%), which could also reduce the amount

of Zr diffusing to the gas interface

6.8.3 Oxide Dispeision

A more fruitful course would have been to make NiAl with an
oxide dispersion of Y>O3 (or ZrO, or LapOg). Without getting into the
alloy processing field, the next best alternative was to study the
more readily-available commercial ODS FeCrAl alloys. Unlike ion
implantation, these alloys did show "perfect” adherence at 1200°C.
Overall, the REE was best represented by the RE oxide dispersion
over the temperature range investigated. The spalling and cracking
observed on MA956 and APM at 1400°C were minimal compared to
the major breakdown of scales on the other RE-doped NiAl materials.

At each temperature in the study, a reduction in oxidation rate
and an improvement in oxide adherence was clearly observed for
these alloys. At 1000°C and 1200°C, numerous observations were
made of oxide grain boundaries, and in each case the RE was found to
segregate to every boundary analyzed. Also, observations of the
metal-oxide interface at various times and temperatures also
detected RE segregation in each case.

Establishing exactly what is preferable about an oxide
dispersion is difficult. In comparison with the other methods of
addition, the RE is evenly distributed both parallel and normal to the

metal-oxide interface.
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Few attempts have been made to study the different methods
of addition. Sorting out the large number of variables has proven
very difficult. Hou and Stringer [1988] concluded that oxide
dispersions were superior among the three types of additions to Co-
25Cr. lon implanted Y and an oxide dispersion were compared by
internally oxidizing an Y implant in Co-25Cr. However, the Y-alloyed
material had a much finer grain size than the implanted or
internally-oxidized alloy. Also, the internal oxidation process
introduced Si contamination which might have affected the
comparison.

Thus, while an RE oxide dispersion is the most costly and
difficult type of addition, it appears to produce the best oxidation

behavior, at least in the limited comparison made in this study.

6.9 Scale Microstructures

From a materials science perspective, the microstructure is
always deemed to be influential to the overall properties and
performance of the material. Oxidation is a somewhat aberrant case
in that the oxide microstructure is often ignored. The principal
reason is that there has been no conclusive indication that
parameters like the oxide grain size or morphology are a “first-
order" indication of good oxidation behavior. The RE effect of
modifying the oxide microstructure (viz reducing the oxide grain
size) is the youngest sibling of the four effects -- it is the least
studied and most ignored effect. Even in this discussion it comes

last; but it shall not be ignored.
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6.9.1 Oxide Grain Size

While it has been proposed that a fine oxide grain size
improves the scale plasticity which in turn improves the oxide
adherence, there has been no experimental measurement or
observation to confirm this idea. There is much stronger evidence to
suggest that tramp elements such as sulfur have a much larger
effect on scaie adherence than oxide grain size.

However, one point about the effect of a RE on oxide grain size
requires further discussion. At the temperatures studied here,
boundary diffusion is more significant than lattice diffusion
(Section 6.2.3). Also, with a RE addition there is a significant
reduction in the scale grain size (Table 4.1). It stands to reason that
this reduction is counterproductive to a reduction in oxidation rate.
With a smaller grain size, there is an increased number of diffusion
pathways, which presumably produces a faster oxidation rate, which
is reflected in the factor f; for the caiculated rate, Equation 6.7.
(The actual reduction in oxidation rate is observed because the RE
addition reduces the scale growth by cation diffusion.) In order to
minimize the number of diffusion pathways and thus reduce the
oxidation rate, a larger grain size would be desirable.

However, while a larger grain size may lower the oxidation
rate, it also can be detrimental to the oxidation behavior in other
ways. As observed at 1500°C, large grains can result in limited
contact between the alloy and the oxide, Figure 5.4.8. This
morphology is drawn schematically in Figure 6.9.1. It may be argued

that the illustrated gaps occur because of metal-oxide decohesion

-Page 342-



«-Al05 Oxygen

~30um

-t

T

: O boundary
terracing transport
\ 0 Al evaporation /
\ 1 i
- > NiAl

(b)

Oxide Whiskers O boundary transport

\/

* Al evaporation *

N

NiAl
(c)

Figure 6.9.1 Schematic mcdel of the scale microstructure on NiAl
after oxidation for 50hr at 1500°C. (a) total scale thickness, (b)
metal-oxide interface where the oxide is in contact with the NiAl
substrate, and (c) metal-oxide interface when the oxide loses
contact with the substrate at temperature.
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due to sulfur segregation or vacancy coalescence. However, based on
the present observations, it appears that the size of the grains also
aggravates this decohesion. With new oxide formed primarily at the
grain boundaries, the large =10um gaps between the boundaries are
not able to fill in. This situation most likely occurs because surface
diffusion along the metal-oxide interface which serves to smooth
out the oxidation front, cannot keep up with the boundary transport
of O. Instead of a smooth interface, an inverted ridge structure is
produced in which only the ridges are in contact with the substrate.
In this case, a smaller grain size would at least provide more ridges
and thus increase contact between the oxide and metal. There is
thus a possible tradeoff: smaller grains with RE additions may
improve adherence but at the same time increase the number of
pathways for oxidation. A suitable comparison was not possible in
this study because the Y-implant affected the oxidation behavior
only for a very short time and thus had little effect on the long-term

microstructure development.

6.9.2 Oxide Whiskers and Blades

The oxide morphology often reflects the growth mechanism,
even if the connections are somewhat ambiguous. For example, the
observation of whiskers on the oxide surface, especially on undoped
FeCrAl, is a clear indicator of an outward growth mechanism, Figure
4.2.4. The oxide blade morphology of 6-Al,O3 is also an indicator of
an outward growth mechanism. Simply put, it is difficuit to imagine

a whisker or blade pointing outward growing by an inward growth
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mechanism. This would mean that new oxide is formed at the base
of the protrusion rather than at the tip or sides. The observation of
these structures always coincided with the 80 tracer profiles
indicating at least a partial outward diffusion mechanism. Voss, et
al. [1982] observed a hollow pipe at the center of an a-FepOgj
whisker. This pipe was believed to allow the rapid transport of Fe
to the tip of the whisker.

A more difficult morphology to understand is that of oxide
whiskers growing towards the substrate after oxidation at 1500°C.
An important point is that these whiskers were not observed across
the entire oxide surface but only in patches. This heterogeneity may
indicate that whiskers were only found in areas where some special
event occurred. The most likely possibility is that the whiskers
grew in areas where the oxide buckled, and lost contact with the
substrate. Figure 6.9.1c schematically illustrates this scenario.
The whiskers are located near the oxide ridges where O is being
transported inwards and Al evaporates through the gap to grow the
whiskers. The oxide buckling is shown in Figure 5.4.8b, and the
concentration of whiskers on ridges can be seen in Figure 5.4.8a. In
this case, the whiskers are again indicative of the growth
mechanism. However, in this case, it is an inward growth

mechanism.

6.9.3 Oxide Dislocations

While several different pathways are possible for short-

circuit diffusion, grain boundary diffusion has been emphasized. The
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primary reason for this emphasis is that dislocations are decidedly
absent from the microstructures in this study. Both for doped and
undoped o-Al»,0O4, there were not enough dislocations observed to
consider them a viable alternative to grain boundaries for material

transport.

6.9.4 Voids

The formation of voids within grains in the growing scale is a
significant issue. Besides the large grain size, the large number of
macrovoids in the undoped scale is the most distinctive feature in
TEM parallel sections, Figure 4.2.12. Despite their prominence at
1000° and 1200°C, there is only one paper in the literature that
addresses their presence [Smialek and Gibala, 1983). Clearly they
are linked to the absence of RE-doping, because voids are almost
nonexistent in doped scales at lower temperatures. Their
appearance is also a function of temperature, because the
observation of voids is more frequent at higher temperature. At
higher temperatures, the voids also become more prominent on doped
scales, Figure 4.3.7.

Smialek and Gibala [1983] concluded that void size increased
with distance from the metal-oxide interface and was inversely
proportional to the grain size. They also observed the coalescence
of smaller voids, which suggested an Ostwald ripening process. The
voids were thought to form from the outward diffusion of O
vacancies. At the low Po, near the metal-oxide interface, vacancies

are created and are at equilibrium. However, as they diffuse
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outward and the P, increases the oxide becomes saturated, and they
condense out as voids. The Smialek and Gibala study also concluded
that there were insufficient dislocations observed to represent a
significant diffusion pathway.

Another important factor may be the interplay between grain
boundary diffusion (cations, anions and vacancies) and grain growth.
Voids within grains are often found in oxide microstructures after
rapid grain growth. The faster grain growth in undoped scales and
higher temperatures may increase the void content.

The issue of the importance of voids on the oxidation behavior
has not been investigated sufficiently in this study. Nor has the
effect of RE-doping on void formation (or annihilation) been
investigated. The relationship may very well be an important issue
for understanding the REE, but this among dozens of other

unexplained RE effects is left for another study (see Section 8.0).
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7.0 Conclusions

1. 6-Al,O45 grows by a predominant outward cation diffusion

process at 950°C.

2.  Without a reactive element addition, a-Al,O4 grows by a mixed
diffusion mode of simultaneous Al and O transport. With the
addition of a reactive element, Al diffusion is reduced and growth is
mainly by the inward transport of oxygen via grain boundaries. This
is observed at both 1200°C and 1500°C.

3. The reduction in the transport of Al, which reduces the
macroscopic rate of oxidation, is caused by the segregation of the
reactive element to the scale grain boundaries.

4. All of the reactive element effects can be explained by the

segregation of the reactive element to the oxide grain boundaries

and the metal-oxide interface in AloOg3. This is analogous to
observations for CroO3.

5. lon Implantation is not a viable technique for the study of the

Reactive Element Effect in AloOg-forming materials.

a) Yttrium implantation stabilizes the first-forming
6-AloOg phase, which otherwise transforms into . At

1000°C without an implant, the transformation to o is
complete after =2hr. With a Y-implant, 6 is still present
after 100hr.

b) Above =1300°C, there is little evidence of any

effect of the yttrium due to the shallow implant.
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c) At 1200°C, while an yttrium implant lowers the
oxidation rats, there is no significant improvement in
oxide adherence.

6. Al content does not have a significant effect on the oxidation

behavior within the B-NiAl phase field.
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8.0 Future Work

1. The obvious continuation of this work is to make NiAl with an
oxide dispersion of Y,Oj5. Testing this material in cyclic and
isothermal exposures from 1000° to 16CC°C, will provide much
additional information, viz:

a) The effect of the oxide dispersion of Y on the phase
transformation at 1000°C. Unoxidized implanted Y in the alloy might
be more easily incorporated into the 0 structure. YoOg (and possibly
a-Al203) in the alloy might not be so readily incorporated into 6. It
also could have the same effect as the implant.

b) Comparison of the effect of the oxide dispersion in NiAl to
that in FeCrAl. Similar effects should be found in the oxidation rate,
adherence and reduction in cation transport.

c) Study of the REE at 1500°C and 1800°C. |f the RE does
segregate, will it reduce the oxide grain growth and improve the
contact between the alloy and the oxide as well as produce the other
reactive element effects.

2. A second extension is to study the segregation phenomena,
varying the cation of the dispersed oxide. It appears that cations of
different charge (Y3+ and Zr‘”) will both segregate. By adding a
La,O4 dispersion, the behavior of an isovalent ion with a larger ionic
radius can be studied. Possibly this ion will behave differently (e.g.
forming a second phase rather than segregating) and thus have a
different effect on the oxidation mechanism.

3. Another concern is the breakdown of the Al,Og4 scales. For

instance, YoOgj-dispersed NijzAl forms an outer Ni-rich scale. During
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cyclic testing, this scale is observed to spall and then reform. By
what mechanism does it break down? And more interestingly, if the
underlying Al,O3 scale is believed to be protective and dense, how
does it grow back? A first guess would be that the Al,Ogj scale is
not dense but rather is cracked during cooldown and allows an initial
transient Ni-rich oxide to form. The cracked or otherwise permeable
scale should be studied in order to confirm or disprove this idea.

4. Further microstructural characterization of the effect of the
RE is also warranted. The large volume fraction of voids in the
undoped «-AloO3 was not investigated nor was the scale
transformation from 6-Al>,O5 to «.

5. While the diffusing species were investigated in this study,
the conclusions of the diffusion pathways were largely inferred.
Thus the mechanism by which diffusion occurs needs to studied
further in order to achieve a more fundamental understanding of the
growth mechanism. Of special interest is the mechanism by which

undoped a-Al,O3 can apparently transport Al and O simultaneously.
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10.0 List of Abbreviations

A Angstrom, unit of length; 1A = 10°10m

Al Aluminum

AEM Analytical electron microscopy

AES Auger electron spectroscopy

Al5Oq Aluminum oxide, alumina

APM Advance powder metallurgy FeCrAl alloy manufactured by

Kanthal Inc., contains an oxide dispersion of AlxO3-ZrOs.

Ar Argon

ASC American Superconductor Corporation

atm atmosphere, unit of pressure; tatm = 760Torr =
760mmHg

Au Gold

BAP Bruce Andrew Pint; author

Ce Cerium

cm centimeter, unit of length 100cm = 1m

Co Cobalt

Cr Chromium

Cro0Og chromium(ill)oxide; chromia

Ce Cesium

CTE Coefficient of thermal expansion

) Grain boundary width

D Diffusion coefficient, typical units of cm?2/s

DCE Department of energy, U.S. government agency
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EDXA
EELS
EPMA

EPRI

EXAFS

Fe

FOAD

GAXRD
HAG
hr

Diffusion coefficient of species X along grain boundaries
in the matrix

Diffusion coefficient of species X via interstitials

Diffusion coefficient of species X through the lattice of
the matrix

Diffusion coefficient of species X by a vacancy exchange
mechanism

Energy dispersive x-ray analysis
Electron energy loss spectroscopy

Electron probe microanalysis; connotation of x-ray
analysis using WDXA

Electric Power Research Institute
Electron spin resonance
Extended x-ray absorption fine-structure technique

area fraction of matrix at time t, through which grain
boundary diffusion occurs

lron

Field-emission gun; produces electron beam for
microscopy

Typical reply in Bruce's attempts to get a job
gram, unit of mass; geometrical factor
Glancing angle x-ray diffraction

Huge asian girl

hour, unit of time

interstitial; an ion which occupies a normally unoccupied
lattice site
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ICPS

JCPDS

mA
MAS56

mg

min

pum

Inductively coupled plasma analysis
Inner diameter; measurement used for a tube
Joule, unit of energy; 1J = 0.239cal

flux through medium x; units of mass per unit area per
unit time, e.g. g/cm2s

Joint committee for powder diffraction stuff
Parabolic rate constant measured from weight gain data.
kilojoule, unit of energy; 1kd = 1000J

Parabolic rale constant used to calculate diffusion
coefficients

Kilovolt unit of electrical potential; 1kV = 1000V
Lanthanum

Lanthanum chloride

grain size of the oxide at time t

natural ltogarithm

base 10 lagarithm

meter, unit of length

generic base metal of unspecified identity
milliampere, unit of electric current; 1000mA = 1A

FeCrAl alloy manufactured by the International Nickel
Co., contains an oxide dispersion of Al,O3-Y203.

milligram, unit of weight; 1000mg = 1g
Minute, unit of time;

micrometer, unit of length; micron; 1um = 10°6m
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NASA

Ni
nm

NRA

NRL

160

psi

Pt

RBS

Rh

SAD

National air and space administration, U.S. government
agency

Nickel
nanometer, unit of length; 1nm = 102m

Nuclear reaction analysis; not to be confused with the
National Rifle Association

Naval Research Laboratory, Washington, D.C.
Oxygen

Oxygen isotope atomic weight of 16

Oxygen isotope atomic weight of 18

Outer diameter

Oxide dispersion strengthened

Palladium

oxygen partial pressure

Decomposition pressure of AlpOg

ambient oxygen partial pressure in the gas phase
Pounds per square inch, unit of pressure; 14.5 psi = 1atm
Platinum

Rutherford backscattered spectroscopy
Reactive element

Reactive element effect

Rhodium

second, unit of time

Selected area diffraction
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SIMS

STEM

WDXA
XPS

YAG
YCl3
Y205
Zr
ZrOp

Scanning electron microscope

Secondary ion mass spectroscopy
Stereradian; Strontium

Scanning transmission electron microscopy
Time

Temperature

Transmission electron microscopy
Thermogravimetric analysis

Titanium

unit of pressure; 1Torr = TmmHg = 0.00132atm
Melting temperature

United Kingdom

Vacancy; an unoccupied lattice site
Wavelength dispersive x-ray analysis
X-ray Photoelectron Spectroscopy

X-ray diffraction

Cross-sectional transmission electron microscopy
Yttrium

Yttrium aluminum garnet

Yttrium chloride

yttrium oxide; yttria

Zirconium

Zirconium oxide; zirconia
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