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Abstract

The transient stage of alumina scale formation on alumina-forming alloys is often
accompanied by the formation of metastable Al,O; phases that may affect oxida-
tion kinetics and scale microstructure. To clarify the role of dopants on the transient
stage of NiAl oxidation, we characterized Al,O; scales on a series of oxidized model
B-NiAl samples that were un-doped or doped with additions of Ti, Y, Si, Ti+Y, and
Si+Y. Our results confirm that different dopant elements (Ti, Si, and Y) have var-
ied effects on the length of transient oxidation of alumina-forming alloys. Ti and
Si accelerated the 0- to a-Al,O5 transformation via two different mechanisms. Ti
promoted a-Al,O5 nucleation, while Si delayed nucleation but accelerated the lateral
growth of the a-Al,O; patches. In contrast, Y had little effect on alumina transfor-
mation, possibly due to the low Y concentration used in the current study.

Keywords NiAl - Oxidation - Phase transformation - Alumina - Scanning electron
microscopy (SEM)

Introduction

Nickel-based alloys are widely used for high-temperature structural applications
due to their excellent mechanical properties even at temperatures exceeding 800°C
[1, 2]. However, they are also vulnerable to degradation by rapid oxidation at nor-
mal use temperatures [3]. To protect against high-temperature oxidation, nickel is
often alloyed with aluminum to promote the formation of a protective aluminum
oxide (a-Al,O5) surface layer. The a-Al,O5 phase is preferred because the a-Al,O5
layer thickens slowly, thus limiting the loss of metal over time [4]. However, the
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establishment of a continuous protective a-Al,O; layer is not an instantaneous
process. For oxidation at temperature ranging from 600-1150°C, metastable poly-
morphs of Al,O; often first form during a transient oxidation stage, before trans-
forming into the thermodynamically stable a-Al,O5 phase [5]. In comparison with
the a-Al,O5 phase, the metastable alumina phases have faster growth rates [6], mak-
ing them less desirable as protective oxides than the a phase. Thus, quantifying
Al,O; transformation kinetics and understanding the factors affecting Al,O5 trans-
formation rate are of great interest.

B-NiAl forms an exclusive alumina scale during oxidation and provides a relevant
example of how the metastable to stable alumina phase transformations take place
during the initial stages of Al,O5 scale development. During the early stages of oxi-
dation, metastable y-Al,O; or 8-Al,0; forms a uniform, epitaxial layer on the NiAl
substrate, with a whisker or blade-like surface morphology indicative of rapid out-
ward growth [7]. a-Al,O; is thought to nucleate at the oxide—metal interface [8, 9].
The a-Al,O5 grains then rapidly grow through the thickness of the metastable Al,O,
layer, and expand laterally through the metastable alumina layer, resulting in circu-
lar “patches” visible on the oxide surface [6, 10, 11]. Due to the volume shrinkage
that accompanies the phase transformation, radial cracks are often observed at the
centers of the a-Al,O5 patches [5, 10-12]. Upon further oxidation, the patches con-
tinue to grow laterally until they impinge upon one another and the alumina layer is
transformed entirely to a-Al,O;. The complete transformation to a-Al,O5 coincides
with a drastic decrease in the oxidation kinetics [10] as the oxidation rate becomes
limited by transport along the a-Al,O5 grain boundaries [13]. The length of the tran-
sient stage depends on a number of factors, including oxidation temperature, surface
finish, and alloy composition [14].

Different alloying additions have been found to affect the rate of the alumina
transformation to a fully a-Al,O5 scale during thermal oxidation. Additions of Y
have been found to delay the alumina transformation [12, 15-17], while Ti additions
may accelerate the transformation and reduce the length of the transient oxidation
stage [15, 18, 19]. Similarly, Si additions are thought to accelerate the transforma-
tion to a-Al,O5 [20, 21]. The overall rate of transformation is a convolution of the
nucleation and lateral growth rates of a-Al,O5 patches, and whether dopants affect
one or both mechanisms remains unknown. Yet, such mechanistic understanding is
needed for the design of alloys that rapidly form protective a-Al,O5 layers over a
range of temperatures [22], and to develop models of alumina growth kinetics that
take transient oxidation into account [23, 24].

To clarify the role of dopants on the transient stage of NiAl oxidation, we charac-
terized the microstructures of the Al,O; scales on a series of oxidized f-NiAl sam-
ples that were un-doped or doped with additions of Ti, Y, Si, Ti+Y, and Si+Y.
Emphasis was placed on determining which aspects of the transient stage of alumina
development on NiAl these dopants affect.
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Experimental Details

A single-phase -NiAl alloy was selected with additions of Ti, Y, and Si to under-
stand the effects of different “reactive” elements, and additional alloys containing
combinations of Ti+Y and Si+Y to ascertain any effect of co-doping. Six alloys
with nominal compositions listed in Table 1 were obtained from the Ames Labora-
tory Material Preparation Center, where they were arc-melted and cast into cylindri-
cal rods. The as-received alloys were sectioned, homogenized at 1200°C in argon
gas for at least 20 h, and subsequently quenched in water. Prior to oxidation, samples
were ground with SiC paper using successively finer grit steps through 1200 grit,
then polished with 3 and 1 um diamond slurries. A final polishing step was per-
formed with colloidal silica. Samples were ultrasonically cleaned in ethanol between
each consecutive grinding and polishing step. The as-annealed alloys were polycrys-
talline, with grain sizes ranging from 50 to 300 pm.

Because NiAl grain orientation can have a significant effect on metastable alu-
mina growth and transformation [25-27], care was taken to compare grains of the
same orientation for each alloy at successive oxidation times. Prior to oxidation,
electron back scatter diffraction (EBSD) mapping of each sample was performed
using a TESCAN MIRA3 FEG scanning electron microscope (SEM) equipped with
an EDAX Hikari Camera for EBSD. Sample surfaces were tilted to 70° for data col-
lection, and EBSD maps were obtained for each alloy at 30 keV.

For the short-term isothermal oxidation experiments, polished samples were
placed in an alumina boat inside a quartz tube furnace. The furnace was heated to
950°C in flowing Ar, and then samples were moved into the hot zone of the fur-
nace, where they reached a steady temperature in approximately 1-2 min. Once the
samples reached 950°C, flowing 20% O,-Ar gas was introduced and samples were
oxidized for times ranging from 1 to 15 h before quenching in air. After initial obser-
vations, additional isothermal oxidation experiments were performed for 25 h for the
Ti-, Si- and co-doped alloys, and 50 h for the Y- and un-doped alloys.

Several techniques were used for phase identification, microstructure characteri-
zation, and chemical mapping. Photo-stimulated luminescence spectroscopy (PSLS)
was used to identify the alumina phases present in the transient oxidation experi-
ments [11, 28, 29]. PSLS mapping and correlative SEM imaging were done using a
TESCAN RISE scanning electron microscope (SEM) equipped with a WITec RISE
Confocal Raman microscope. Imaging was done at 10 keV, and PSLS was performed

Table 1 Nominal alloy D Ni Al Ti Y Si

compositions in at.%
NiAl bal 42 0 0 0
NiAlTi bal 42 1 0 0
NiAlY bal 42 0 0.05 0
NiAlSi bal 42 0 0 0.5
NiAITiY bal 42 1 0.05 0
NiAISiY bal 42 0 0.05 0.5
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using a 532 nm laser. Surface imaging after the oxidation experiments was accom-
plished using a TESCAN MIRA3 FEG scanning electron microscope (SEM) at an
accelerating voltage of 10 or 20 keV. For image analysis, at least 3 grains oriented
with the <011 > direction normal to the surface were imaged using the same mag-
nification, and ImageJ software was used for image segmentation to measure the
number density, average diameter, and percent of total surface area of the a-alumina
patches at each oxidation time. Transmission electron microscopy (TEM) and atom
probe tomography (APT) samples were prepared by a standard focused ion beam
(FIB) lift-out technique using a Thermo Fisher Helios 650 NanoLab dual scanning
electron microscope (SEM)/focused ion beam (FIB). TEM imaging and diffrac-
tion were done using a JEOL 2010F analytical electron microscope operated with
an accelerating voltage of 200 keV, and additional imaging and energy dispersive
spectroscopy (EDS) mapping and analysis were done using a JEOL 2100F scanning
transmission electron microscope (STEM) equipped with an EDAX EDS detector
and acquisition software, at an accelerating voltage of 200 keV. Atom probe tomog-
raphy (APT) data collection was performed using a Cameca LEAP 5000HR instru-
ment operated in laser pulsing mode with a pulse energy of 20-30 pJ, a pulse rate
of 125 kHz, and a detection rate of 0.5%, with samples cooled to 50 K. APT data
analysis was done using Cameca IVAS software, version 3.8.2.

Z 3 a-AlO,
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Fig. 1 SEM surface image of the NiAlY alloy oxidized for 15 h at 950°C, with an overlaid PSLS map.
Luminescence spectra from the bright and dark regions are shown on the right. Peak positions in the
spectra from the bright (red) regions were consistent with those of the a-Al,O; phase, while those in
spectra from the dark (blue) region were consistent with those of the 6-Al,0; phase. (Color figure online)
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Results

To examine the nucleation and lateral growth behavior of a-Al,0; SEM imaging
was used to characterize the surface microstructure, while correlative photolumines-
cence imaging allowed for Al,O5 phase identification on the same area. At each oxi-
dation time, ranging from 1 to 15 h of oxidation at 950 °C, bright circular “patches”
could be seen using secondary electron imaging, while most of the surface was
covered by an oxide that appeared darker. A representative image for the NiAlY
alloy oxidized for 15 h is shown in Fig. 1. For all alloys, the surface topography of
the darker phase appeared rougher than the bright patches, and the bright patches
appeared smoother near their centers. Using PSLS mapping (Fig. 1), the dark oxide
exhibited fluorescence spectra with peaks consistent with those of the 6-Al,0O5 phase
(blue in PSLS mapping), while the bright patches revealed fluorescence spectra con-
sistent with those of the a-Al,O5 phase (red). The number density and shape of the
a-Al,O; patches were found to depend on substrate grain orientation, so the remain-
der of the results are presented only for <011 > orientated NiAl grains.

Surface SEM images were taken at progressing oxidation times for each alloy
(Fig. 2) to compare their patch nucleation and growth behaviors. After one hour
of oxidation, both Ti-containing alloys had a few larger a-Al,O; patches and a
higher number density of patches compared to the other alloys. Some of the larger

NiAl (un.) NiAI+Ti  NiAl+Y  NiAl+Si  NiAIHTLY NiAI+SLLY

Oxidation time at 950 °C

Fig.2 SEM surface images increasing oxidation exposures at 950°C from 1 to 15 h. The yellow arrow
indicates a nodule of Ti—rich oxide at the center of one of the a-Al,O5 patches (Color figure online)
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patches that had visibly cracked on the Ti-containing alloys often contained nod-
ules of Ti-rich oxide at their centers (for example, NiAlTi at 5 h). These Ti-rich
oxides were identified by EDS analysis. After 2 h of oxidation, no evolution
was noted for the un-doped, Y- and Si-containing alloys. However, many more
a-Al,O; patches were present on the Ti-doped alloys. Some patches had grown
larger compared to the patches observed after 1 h. After 5 h, a higher number
density of patches as well as larger patches were noted for the un-doped, Y-, and
Si-doped alloys compared to the observations at 1 and 2 h. Patches also continued
to grow on the Ti-containing alloys. After 10 h, the un-doped and Y-doped alloys
had the smallest patches, while the Si and Ti-containing alloys had larger, simi-
larly sized patches. After 15 h the Y- and un-doped alloys again showed smaller
patches than the other alloys. Patches on the Si- and Ti-containing alloys started
to impinge upon each other due to continued growth.

Dark spots can be seen in the SEM images from 1 to 15 h of the un-doped, Y-,
Si-, and SiY-doped alloys, but not on those of the Ti-containing alloys. The spots
(Fig. 3a) are associated with faceted interfacial voids present at the oxide—metal
interface, as evidenced via cross-sectional imaging (Fig. 3b). The number density
and shape of the voids varied with alloy chemistry, grain orientation, and surface
finish. No voids were observed on the Ti-containing alloys. On the un-doped, Y-,
and Si-doped alloys, a higher density of voids was observed on <111 > -oriented
NiAl grains, and on polishing scratches.

The qualitative a-Al,O5 patch nucleation and lateral growth behavior was fur-
ther examined with quantitative image analysis of at least three <011 > grains
from each alloy; results are summarized in Fig. 4. The overall transforma-
tion rate on each alloy was captured via the a-Al,O; surface coverage (Fig. 4a).
After 1 h only a small fraction of the alloy surfaces (less than 3%) had trans-
formed to a-Al,O;. By 5 h the a-Al,O; surface coverage remained limited, but

Fig.3 a SEM surface image and ;
b dark-field STEM image of the (a)
NiAl alloy oxidized for 10 h at
950°C

interfacial voids
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Fig. 4 Summary of quantitative image analysis of surface SEM images showing a % of the surface cov-
ered by the a-Al,O5 phase, b number density of a-Al,O; patches, and ¢ average a-Al,O; patch diameter,
at consecutive oxidation exposures at 950 °C

was higher on the Ti-containing alloys (8—10%) than on the other alloys (< 5%).
After 10 h, the TiY and SiY co-doped alloys showed a significant increase in
transformed area, 33 and 25%, respectively. The Si and Ti-doped alloys showed
a lesser increase in surface coverage to~ 19 and 13%, respectively. The un-doped
and Y-doped alloy still had very low fractions of the total area transformed to
a-Al,O;, with<8% transformed after 10 h. By 25 h, the TiY-doped alloy was
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nearly entirely transformed to a-Al,0;. The Ti-, Si-, and SiY-doped alloys
showed about 80% of the surface transformed to a-Al,O; Over twice the time
(50 h) was needed for the un-doped and Y-doped alloys to exhibit similar 80%
a-Al,O; coverage. In summary, the transformation to a-Al,O; occurred at a faster
rate on Si- and Ti-containing alloys than on the un-doped and Y-doped alloys.

The a-Al,O; nucleation behavior was inferred from the evolution of the number
density of patches at consecutive oxidation times (Fig. 4b). The Ti- and TiY-doped
alloys had significant early increase in the number densities of patches between 1
and 5 h. On the Ti-doped alloy, the patch number density then remained constant,
suggesting that no significant additional nucleation took place. The TiY-doped alloy
exhibited significantly higher nucleation density than the other alloys from 1 to 5 h,
but then showed a decrease at 10 and 15 h to about the same level as the other alloys.
The sudden decrease is not completely understood, but may be attributed to variabil-
ity in the oxide grains examined or slight differences in oxidation conditions. Fur-
ther work would be needed to confirm this unusual result. The number densities on
the un-doped and Y-doped alloys steadily increased from 2 to 5 and 5 to 10 h, reach-
ing comparable values as the Ti-containing alloys by 10 h. Finally, the Si-containing
alloys showed delayed behavior with the most significant increases in the number
densities between 5 and 10 h.

The lateral growth rate of a-Al,O; was then compared for each alloy by meas-
uring the average a-Al,O; patch diameter at successive oxidation times (Fig. 4c).
After 1 h, the Ti-containing alloys exhibited larger patches with diameters, around
4 um, compared to all other alloys with patch diameters around 1 um. As oxidation
progressed, the average a-Al,O5 patch size on the Y-, and Ti-doped alloys increased
slightly faster than that on the un-doped alloy. The Si- and TiY- doped alloys had
significantly higher rates of lateral patch growth, and after 15 h, the Si-containing
alloys and TiY-doped alloy had the largest a-Al,O; patches compared to the other
alloys. Consequently, Y, Ti, and Si increase lateral growth rate of a-Al,O;, with Si
exhibiting the strongest effect.

In the search for mechanisms explaining the changes in nucleation and growth
rates, we hypothesized that the dopants may elicit differences in the 8-Al,O; micro-
structure and/or the structure of the 0-a transformation front. Cross-sectional TEM
lift-outs were examined from each of the alloys on<011>-oriented grains after
10 h of oxidation at 950°C. The 8-Al,0; microstructure was found to be similar for
all the alloys, and a representative bright-field STEM image is shown in Fig. Sa.
Near the oxide—metal interface, the 6-Al,0; was observed to consist of a layer of
discrete, nano-crystalline grains, as evidenced by the rings in the diffraction pattern
(Fig. 5b) that were consistent with the d-spacing of the 8-Al,0; phase. Toward the
surface of the 0-Al,O; layer, elongated lathe-like grains were visible. A diffraction
pattern from this region (Fig. 5c¢) showed textured rings that had d-spacings con-
sistent with 8-Al,05, and contained streaking perpendicular to the lathes. Spacing
between the streaks was consistent with the d-spacing in the <001 > direction of the
0-Al,0; phase. Both the nano-crystalline grains and lathe-like grains can be seen
clearly in the dark-field STEM image shown in Fig. 5d.

While the 0-Al,05 layer exhibited comparable microstructure, its thickness var-
ied with alloy composition. Figure 6 shows a comparison of the 8-Al,O; layer on
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Fig.5 NiAlTi alloy oxidized
for 10 h at 950 °C. a Bright-
field image of the 0-Al,0; layer
in cross-section. ¢ Selected
area diffraction pattern from a
region near the 6-Al,O;-metal
interface. d Selected area dif-
fraction pattern from a region
near the 6-Al,0; layer surface.
b Dark-field TEM image of the
same area

200 nm NiAITi metal

the un-doped, Ti-, Y-, and Si-doped alloys, along with a plot of the 8-Al,0; thick-
ness. The Si- and SiY-doped alloys exhibited the thickest 0-Al,O; layers, followed in
decreasing thickness by the TiY-, Y-, Ti-, and un-doped alloys.

The growth of the a-Al,O5 through the 6-Al,O5 layer in cross-section was similar
for all of the alloys. A representative cross-section through an a-Al,O5 patch on the
TiY-doped alloy is shown in Fig. 7. Diffraction patterns from the bright grain visible
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Fig.6 Bright-field TEM images of the 6-Al,O; layer in cross-section on the a NiAl, b NiAlTi, ¢ NiAlY,
and d NiAlSi alloys oxidized for 10 h at 950°C. e 8-Al,O; layer thicknesses after 10 h of oxidation at
950°C

at the right of the image were consistent with the a-Al,O; phase and revealed that
the patch had nucleated and grown as a single crystal. In some cases, on patches
which had already cracked, grain boundaries could be observed, resulting in slightly
misoriented a-Al,O; sub-grains. On all alloys, the a-Al,O; patches were slightly
wider laterally near the top surface of the scale than at the oxide—metal interface. In
the surface SEM images (Fig. 2), the slightly darker contrast visible around the edge
of some of the patches (for example NiAITiY at 15 h) is thought to be the result
of both 0- and a-Al,O; present through the scale thickness, thus giving different
contrast in SEM than the patch centers, which consisted entirely of a-Al,O;. The
a-Al,O; patches were also observed to be thinner in cross-section near their centers
than at the patch edges due to both volume contraction and slower growth rate of the
a-Al,O; phase compared to 6-Al,05;.

Observing that 6- and a-Al,O; microstructure was similar for each of the alloys,
we next examined potential differences in chemistry of the alumina scales. Using
STEM-EDS mapping, no detectable levels of Y, Ti, and Si were observed in either
the 0- or a-Al,O; phase. APT analyses also showed Ti and Y levels that were below
the instrument detection level in both the 0- and a-Al,O; phase. EDS maps were
also collected on several areas that included the 0-Al,O; layer, the 6/a-Al,O; inter-
face, and the oxide—-metal interface under both the 0- and a-Al,O; on each alloy. No
Y or Si segregation was observed at any of the interfaces. On the Ti- and TiY-doped
alloys, however, a somewhat continuous layer of Ti-segregation at the oxide-metal
interface was observed after a short 30-min exposure (Fig. 8). After 10 h, discrete
Ti-rich regions were observed at the oxide—metal interface under both the 0- and
a-Al,O5, shown in Fig. 9.

NiAITiY metal

Fig. 7 Bright-field cross-sectional TEM image of the NiAITiY alloy oxidized for 10 h at 950°C showing
the 6-Al,0O; layer and an a-Al,O; patch
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Discussion

It is well established that dopant elements can significantly reduce the oxidation rate
of alumina-forming alloys. The majority of the prior studies on this topic focused
on the effect of dopants on the steady-state oxidation stage, i.e. changes in Al and
O transport along the grain boundaries during oxidation. However, as demonstrated
here and in previous literature, e.g. [15, 16], dopants also can have significant effects
on the transient oxidation stage. The prolonged growth of metastable alumina in the
transient stage can deplete the alloy of aluminum, a significant problem for thin-
walled components at intermediate temperatures (~ 800—1000°C) [30]. Thus, under-
standing how various dopants change the length of transient oxidation is of techno-
logical importance.

The overall oxide morphology and its evolution with time observed in this study
are consistent with literature on the transient oxidation of NiAl alloys [6, 11, 26,
31]. An initial metastable alumina layer precedes the nucleation and radial growth

]

Pt dep.

a-ALO;

0-A1,0,

50 nm
—

50 nm
—

50 nm 7 50 nm

Fig.8 STEM-EDS maps of the NiAITiY alloy oxidized for 30 min at 950°C. a Bright-field STEM image
of the 6-a-Al,O; interface, with corresponding elemental maps showing the distribution of b oxygen, ¢
aluminum, d nickel, e titanium
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0.5 pm NiAITi metal
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Fig.9 STEM-EDS maps of the NiAlTi alloy oxidized for 10 h at 950 °C. a Bright-field STEM image
of the 6-a-Al,O; interface, with corresponding elemental maps showing the distribution of b oxygen, ¢
aluminum, d nickel, e titanium

of a-Al,O5. The initial 6-Al,0O5 layer has a rough, blade-like appearance due to the
rapid outward growth of the metastable phase [7, 8, 32]. When the transformation
to a-Al,O5 occurs, the rapid outward growth of 6-Al,0O5 ceases and surface diffu-
sion smooths out the blade-like topology [11, 33]. Thus, a-Al,O5 patches within the
0-Al,0; layer are smoother near their centers where the transformation to a-Al,O5
first takes place.

While the scales on all the NiAl alloys shared these common features, they also
differed by the nucleation and growth rates of the a-Al,O; patches. The present
results suggest that Ti and Si accelerate the transformation, in agreement with prior
literature [15, 18-21]. Our findings also suggest that Y has minimal effect on the
transformation, contrary to prior results [12, 15-17]. Since the rate of transforma-
tion of the 0-Al,0; layer to a fully a-Al,O5 scale is controlled by the nucleation
and the lateral growth rate of a-Al,O; patches, it is worth noting that dopants affect
nucleation and growth differently.

Si retards the onset of nucleation and accelerates lateral growth. The longer incu-
bation time in the presence of Si is consistent with Si acting to stabilize the metasta-
ble Al,O; phase and decrease the driving force of the 6-a transformation [34, 35].
Because Si-containing alloys exhibited the thickest 6-Al,05 layers, Si also accel-
erated the growth of 0-Al,05;, which is dominated by the outward diffusion of Al
cations [32]. Though studies of defect levels in 8-Al,O; could not be found, prior
work showed that minute levels of dopants can dramatically affect the concentra-
tion of intrinsic defects in a-Al,O; [36]. Similarly, if Si** cation substitutes for AI**
in the 0-Al,0; phase [34], charge neutrality would require additional cation vacan-
cies to form, promoting faster diffusion of Al cations than in un-doped 6-Al,0;, and
explaining the faster outward growth of the 8-Al,05 layer observed on the Si-doped
alloy. A significant assumption here is the presence of Si in the scale, which we
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could not confirm. Nonetheless, the increased concentration of cation vacancies
in the Si-doped scale could conceivably accelerate the transformation from 6- to
a-Al,O;, since the transformation is diffusion-controlled [37, 38] and involves the
structural re-arrangement of Al atoms [39, 40].

Ti and Y also have a slight tendency to accelerate lateral growth, but TiY-dop-
ing had a significant effect. The slight acceleration of the lateral a-Al,O; growth
in the presence of Y or Ti compared to Si may be due to smaller changes in the
cation vacancy concentration, which are less expected for Y and Ti since large Y>*
ions typically substitute for AI’** with the same charge state, and Ti can coexist
as Ti** or Ti** in alumina depending on the oxygen partial pressure [41, 42]. The
significant effect of co-doping with Ti+Y on lateral a-Al,0O4 growth is not under-
stood at present. However, the TiY-doped alloy, like the Si-containing alloys, had a
thicker 8-Al,0; layer than the undoped alloy. Therefore, co-doping accelerated both
0-Al,0; growth and the 6-a transformation, suggestive of a mechanism involving
defect concentrations.

Unlike Si, Ti appears to promote early nucleation. After just 30 min, a Ti-rich
layer was observed at the alumina-metal interface of the TiY-doped alloy. It may
be a thin Ti-based oxide phase because of the presence of an oxidizing atmosphere;
however, it was not confirmed. One possible explanation is that the Ti oxide layer
functioned as a seed layer for a-Al,O5, promoting a-Al,O; nucleation. Such tem-
plate layers have previously been reported for Cr- and Fe-containing alloys [6, 43,
44] that can form an initial layer of (Cr,Fe),0; that is isostructural with Al,O5. In
the present case, Ti,Oj; is isostructural with Al,O5; however, other Ti oxide phases
could form as well, so further evidence is needed to support this mechanism. At
longer oxidation times the continuous Ti-rich layer is no longer observed, possibly
due to its destabilization and incorporation into the thickening Al,O; layer. The dis-
appearance of the Ti-rich layer is also consistent with a decrease in the nucleation
rate at longer oxidation times.

An additional feature of the Ti-containing alloys was the absence of interfacial
voids. Faceted interfacial voids have been widely observed upon the oxidation of
NiAl alloys and are thought to occur by vacancy injection and coalescence [26,
31, 45-47]. As aluminum selectively oxidizes to form Al,O;, the alloy becomes
depleted of Al, while vacancies are formed at the oxide—metal interface. The result-
ing surplus nickel at the oxide—metal interface diffuses back into the alloy, leav-
ing additional vacancies at the interface. For Al-lean NiAl alloys, the diffusivity of
nickel is larger than that of aluminum [48] and the flux of Ni back into the alloy
exceeds that of Al. This flux imbalance allows vacancies to coalesce into large inter-
facial cavities underneath the rigid surface oxide [45]. There are several possible
mechanisms by which Ti may be suppressing these interfacial voids. Ti additions
in NiAl may change the diffusivity of Ni or Al such that they are approximately
equal, i.e. increasing the diffusivity of Al or decreasing the diffusivity of Ni. In Pt-
containing NiAl for example, Pt suppresses interfacial void formation by increasing
the aluminum diffusivity [49]. In the case of Ti addition, no evidence from literature
could be found suggesting that Ti alters the Al or Ni diffusivity. Using wavelength
dispersive spectroscopy (WDS), we also verified that the depletion distance of Al
beneath the scale was essentially the same on the un-doped and the Ti-doped NiAl
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alloys. From the oxide thickness observations, Ti is also not reducing the growth
rate of 6-Al,0;, which would reduce the formation of vacancies at the scale-alloy
interface. A possible explanation for the lack of voids comes from the observation
of the Ti-rich layer at early oxidation times. Under the assumption that this layer
is a Ti-based oxide, its formation would be accompanied by an increase in volume
[50, 51]. Vacancies at the oxide—metal interface formed during the growth of Al,0O4
could conceivably be annihilated upon the formation of the Ti-based oxide layer at
the interface.

Y had no conclusive effect on alumina transformation, in contrast with previous
literature reporting that Y hinders the metastable Al,O; to a-Al,O; transformation
[12, 15-17]. The majority of these studies, however, utilized either implanted Y or
larger alloying additions of Y in comparison with the current study, which could
explain the lack of any obvious effect. The alloys co-doped with Ti+Y and Si+Y
behaved similarly to the single-doped Ti- and Si-doped alloys, respectively, consist-
ent with the observation that the Y-addition had little effect on the 6- to a-Al,O4
transformation.

Conclusions

We presented results that clarify the effect of several dopant elements on the nuclea-
tion and growth behavior during transient stage alumina phase transformation. The
following conclusions were reached:

e Ti, Si, and Y doping had no observable effect on the microstructure of the
0-Al,0; layer.

e Doping NiAl with Ti accelerated the 6 to o alumina transformation by reducing
the incubation time for nucleation and increasing nucleation rate.

e On the Ti-containing alloys, a Ti-rich layer was detected at the oxide-metal
interface at the shortest oxidation times, but no segregation or partitioning of the
dopants was otherwise observed.

e Doping NiAl with Ti suppressed interfacial void formation.

¢ Doping NiAl with Si accelerated the 0 to o alumina transformation by accelerat-
ing the lateral growth rate of a-Al,O;, despite slightly increasing the incubation
time for nucleation compared to the un-doped alloy.

e Ti, Si, and Y doping accelerated the outward growth of 68-Al,0; with Si having
the most significant effect.

e The addition of Y had little effect on the overall transformation rate.

e Co-doping with Ti+Y accelerated the overall transformation to o-Al,O; by
increasing both nucleation rate and lateral growth rate of a-Al,O5.

e Co-doping with Si+Y had no additional effect on the transformation rate com-
pared to doping only with Si.

Finally, our results indicate that the length of transient oxidation can be tuned
with the addition of various dopant elements. This has implications for both alloy
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design and modelling oxidation kinetics. Understanding how certain dopants reduce
the length of transient oxidation may enable the design of alloys that quickly form
a protective a-Al,O5 scale over a range of temperatures. Measurements of nucle-
ation and lateral growth rate of a-Al,O; during transient oxidation are needed to
develop more accurate predictive models of oxidation kinetics and component life-
time. Future work is underway to ascertain any relationship between behavior dur-
ing transient oxidation, steady-state scale microstructure and grain size, and steady-
state oxidation kinetics.
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