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Abstract

Oxidation behavior has been investigated for three cast novel Co-
base y-y' alloys and a subset of alloys produced by combinatorial
ion plasma deposition exploring the effect of Ni:Co ratio and Al
content. Oxidation was performed at 1100 °C for 1 h in flowing
dry air; the oxide scale was characterized by luminescence
spectroscopy and scanning electron microscopy (SEM) with
energy  dispersive  spectroscopy  (EDS).  First-principles
thermodynamic modeling of Co-Ni-W-AI-Cr-Ta-O compositions
predicts a-Al,O3 for all two-phase y-y' alloys, but alumina may
often form internally as discrete particles rather than as a
continuous surface scale. Experimental assessment of a-Al,O;
scale formation by combinatorial synthesis suggests that
minimum levels of Al and Ni:Co are needed, but the effect of the
Ni:Co ratio is likely modest above the critical Al content.

Introduction

Nickel-base superalloys have long been the enabling material in
advancing gas turbine technology but are generally considered to
be reaching a fundamental limit to their capability as the solvus
temperature of y' approaches the solidus [1, 2]. Persistent
demands for higher fuel efficiency and concomitant increases in
the component operating temperatures motivate the search for
alternate structural materials for the hot gas path. Co-W-Al based
alloys discovered within the last decade [3] exhibit y-y'
microstructures at 900 °C similar to those characteristic of current
Ni-based superalloys. These new Co-base alloys have attractive
properties including solidus temperature 100 °C - 150 °C higher
than those of commercial alloys such as CMSX-4 [2, 4], as well as
a 0.2 % flow stress exceeding that of Ni-base superalloys above
900 °C [5]. In addition, the Co-W-Al based alloys exhibit
reduced segregation of Al and W during solidification, suggesting
resistance to convective instabilities and freckle formation [6].

As modern superalloys are able to maintain adequate creep
resistance at temperatures approaching 1100 °C [7], competitive
Co-base y-y' alloys must be developed to have both superior
mechanical properties, usually linked to a suitably high y' solvus
temperature, as well as a modicum of intrinsic oxidation
resistance. The rationale for the latter requirement is the potential
loss or damage of the anticipated thermal barrier coating system
that may expose the structural alloy to the chemically aggressive
environment within the gas turbine [8]. Desirable oxidation
resistance at the temperatures of interest is optimally imparted by
the formation of an external a-Al,O3 scale. The latter is not only
more thermodynamically stable, a better oxygen diffusion barrier
which leads to slower growth, and essentially non-volatile in high
temperature water vapor in comparison with the chromia scales
formed in previous generations of Co-base superalloys [9, 10]. In
assessing the effects of alloying additions to the Co-W-Al y-y'
system it is important to consider the potential synergism or trade-
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off between the effects on the y' stability and on the formation of
the a-Al,Oj3 scale at the target temperatures, nominally > 1100 °C.
For example, previous studies have shown that B and Cr benefit
the oxidation resistance [1, 11], but Cr also depresses the y' solvus
[1, 2]. Itis generally accepted that the y+y' field in the ternary Co-
W-AI system is quite small at 900 °C and is not present at 1000
°C [3]. Therefore, alloying additions are necessary to stabilize the
y' phase at the temperatures of interest. Notable amongst them is
Ni, which considerably increases the size of the y+y' field at 900
°C [12]. It has also been shown that modest amounts (2 at. %) of
Ta and Ti increase the y' solvus by 82 °C and 60 °C respectively
[13].

Formation of an external Al,O3 scale in Co-base y-y' alloys has
been reported by various authors [1, 4, 11, 14], but such a scale is
typically convoluted, overlaid by 10-100 um of non-protective
oxides, and is often accompanied by changes in the composition
of the underlying alloy to yield the undesirable topologically close
packed CosW phase. While some amount of overlying non-
protective oxides may be acceptable locally on surfaces exposed
to the environment by coating damage or loss, the oxidation rate
should still proceed slowly to ensure that the mechanical integrity
of the component is retained until a scheduled inspection can
detect the damage. This could typically involve times of
thousands of hours, with scale thicknesses limited to ~10 pm.
One of the most oxidation resistant y-y' Co alloys reported is Co-
7AI-7TW-10Cr (in at. %), which forms ~1.3 um of oxide scale after
196 h cyclic oxidation at 800 °C [1]. Unfortunately, most
investigations into the oxidation resistance of Co alloys have been
performed between 800 °C — 1000 °C, well below the desired
target of 1100 °C for y-y' Co alloys that are also protective a-
Al,O3 formers. Furthermore, it would be advantageous for such
an alloy to generate continuous alumina scale in short times, of
order 1 h, to minimize the growth of overlying oxides or excessive
Al depletion below the scale.

The work reported here is part of a broader investigation on the
effects of alloying on the oxidation resistance and y' solvus
temperature for the novel family of y-y' Co alloys. First
principles thermodynamic modeling has been employed for
investigation of stable oxide phases. To broadly explore the
multidimensional compositional space for a-Al,O3 formation, a
combinatorial synthesis approach has been undertaken. Sample
libraries with variations in Co, Ni, Al, W, and Cr have been
synthesized by ion plasma deposition. The feasibility of Co-base
alloys with the desirable combinations of properties at 1100 °C is
assessed.
Experimental Methods

Three exploratory Co-base alloys with the compositions shown in
Table | were investigated. These alloys contain more than 7 at. %
Cr for improving environmental resistance and high amount of Ni
and Ta to achieve solvi temperatures higher than 1000 °C.



Table I: Cast Alloy Compositions in Atomic %, and y' Solvi as Measured by Dilatometry.

Alloy Co Ni Al w Cr Ta C B Y Mo | y' Solvus
Co-1 43.61 27.41 8.82 5.60 12.37 1.88 0.27 0.03 0 0 1035 °C
Co-2 42.84 30.08 8.64 5.44 8.97 3.68 0.28 0.03 0.04 0 1118 °C
Co-3 42.37 32.00 8.55 5.56 7.60 2.55 0.27 0.03 0.04 1.03 1090 °C

Alloy Co-1 serves as a baseline, with alloys Co-2, and 3 having
only moderate variations in the contents of the major components
but containing small amounts of additional Y, and Y+Mo
respectively. All alloys were vacuum induction melted and
subsequently solution heat treated at 1200 °C for 4 h and aged at
950 °C for 50 h. Sample buttons were electro-discharge machined
from the ingots of the three alloys in Table I, as well as from a
René N5 single crystal for comparison. The buttons were
approximately 15.5 mm in diameter by 2.5 mm in height, polished
to 800 grit finish, and ultrasonically cleaned for 20 minutes in
acetone followed by 20 minutes in isopropanol prior to oxidation.

A set of combinatorial libraries were designed and synthesized by
ion plasma deposition (IPD) [15] to explore systematically the
effects of composition on the oxidation behavior of y-y' alloys.
Each library consisted of a triangular array of 78 buttons arranged
beneath three cathode sources at the corners, each with one of the
compositions listed in Table Il. All cathode sources contained the
baseline ternary elements Co-W-Al, as well as Cr (to enhance
oxidation resistance) and Ta (to increase the y' solvus). Except for
Cathode 1, all others also contained Ni, known to expand the y-y'
field. Cathodes 1 and 2 were used in all three combinatorial
libraries to explore the changes in the Ni:Co ratio. Each library
was then distinguished by the third cathode, designed to provide a
varying concentration of Cr (3), W (4), or Al (5). This paper
reports preliminary results on the library formed by cathodes 1, 2
and 5, with the remaining studies to be published at a later date.

Alloy compositions were deposited on buttons with composition
nominally corresponding to Cathode 1 to minimize the
interdiffusion with the deposited alloy. Each button was
approximately 12.7 mm in diameter by 2.5 mm in height. The
button centers were separated by approximately 20 mm from their
nearest neighbors, and the cathodes were centered over the
corners of the library at distances between centers of
approximately 163 mm. In the present case, each button in a
given combinatorial library had a coating of a composition
varying systematically between those of the cathode sources,
depending on its position in the array. The compositions of these
coatings were selected to represent a range of potential structural
alloys, not bond coats suitable for subsequent deposition of
thermal barrier coatings.

Furthermore, the target coating thickness was 150 um, such that
the layer is thick enough to represent bulk alloy oxidation
behavior. To reduce the alloy heterogeneity inherent to the
deposition process, all buttons were solution heat treated in
vacuum at ~1200 °C, above the highest estimated vy' solvus, and
then polished with 0.05 um colloidal alumina. No aging
treatment was provided as y' would be expected to precipitate in
heating to the oxidation temperature. The surface compositions of
the heat-treated buttons were then measured for selected
specimens by SEM EDS. The analysis was conducted on an
approximately 1 mm? subsection of the button surfaces at an
accelerating voltage of 15 kV. The prepared buttons of the three
exploratory alloys, René N5, and the combinatorial samples were
oxidized at 1100 °C in flowing dry air within a tube furnace. To
conduct oxidation tests, sample buttons were inserted into the hot
zone of the furnace previously heated to the prescribed
temperature and with the established controlled atmosphere, held
for the prescribed time, and then withdrawn from the furnace over
the course of 2 minutes. Any spalled oxidation products were not
recovered from the sample holder. Buttons of the three
exploratory alloys and René N5 were initially oxidized for 1 hour,
and subsequent samples of Co-1 were polished with 0.05 um
colloidal alumina and oxidized for a series of shorter times
ranging from 3 minutes to 1 hour. All combinatorial buttons were
oxidized for 1 hour.

The oxide scales were initially analyzed non-destructively by
luminescence spectroscopy using a Horiba LabRam Aramis
spectrometer with 633 nm incident laser. Spectra were taken at
several points over the oxidized surface of the buttons to
determine the presence or absence of the characteristic a-Al,O3
fluorescence doublet at 14400 cm™ [16]. Non-protective,
typically discontinuous alumina formed internally within the
opaque alloy would not be detectable by this method, so a positive
signal would confirm the presence of a-Al,O; on the surface.
Thus, luminescence spectroscopy offers a rapid-screening
technique to identify alumina-forming regions within the library
of investigated compositions, and allows faster sample throughput
than a technique such as X-ray diffraction.

Table 11: Compositions of the Cathode Sources Used for Creation of the Three Combinatorial Libraries*

Co (at. %) Ni (at. %) W (at. %) Al (at. %) Cr (at. %) Ta (at. %) S (ppmw) | Ni:Co (at.)
Substrate 79.7 0.0 6.7 8.9 33 15 0.5 0:1
Cathode 1 77.1 0.0 5.9 12.2 3.4 1.4 3 0:1
Cathode 2 335 35.4 11.8 14.4 3.4 15 2 11
Cathode 3 30.0 29.3 6.0 11.8 215 1.4 4 11
Cathode 4 40.9 40.4 0.0 13.8 35 1.4 1 1:1
Cathode 5 334 34.6 6.5 20.7 3.4 1.4 1 1:1

* Compositions measured by ICP, with sulfur content in parts per million by weight. Cathodes 1 and 2 were used in all three libraries,
and the library discussed in the present study was created of cathodes 1, 2, 5.
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To verify the results of the luminescence spectroscopy screening,
oxidized samples of René N5 and the three cast alloys were
analyzed in cross-section using backscattered electron imaging
and EDS in the SEM. To prepare samples for microscopy,
oxidized buttons were embedded in epoxy, cross-sectioned, and
polished to a 0.05 um colloidal alumina finish. Some samples
were noted to have friable oxide scale, and were first plated with a
commercial electroless Ni plating solution prior to mounting in
epoxy and cross-sectioning. Unless otherwise noted, samples
should be assumed to have been mounted in epoxy without Ni
plating. The accelerating voltage used for EDS analysis of the
cross-sections was 10kV to reduce the electron interaction
volume and sample drift. The drawback of this approach is that
the voltage was not energetic enough to differentiate between W
and Ta signals.

Computational Methods

The thermodynamic stability of all existing crystal structures were
analyzed for all binary and ternary intermetallics in the Co-Al-W
and Ni-Al-W systems using density functional theory (DFT).
These calculations were performed using the plane-wave
pseudopotential-based Vienna ab initio simulation package
(VASP) [17,18]. The plane-wave basis set is a common DFT
technique used to increase computational efficiency by allowing
for faster switching between real and reciprocal space
calculations.  The use of a pseudopotential also increases
computational efficiency by approximating the effects of core
electrons. The Perdew, Burke, and Ernzerhof (PBE) general
gradient approximation was used for the exchange and
correlational functional [18-20]. All structures were allowed to
relax to equilibrium and k-point convergence tests were
conducted. Formation energies were assessed at 0 K relative to
the pure elements in their ground states. In addition, the
formation energies of a-Al,O3 and other oxides relevant to the
current Co-base alloys were obtained from the Materials Project
database [21]. The oxide formation energies, g, were then
modified to obtain a new characteristic potential, ¢,

¢ =9 HoNo (1)
where uo is the oxygen chemical potential and Ny is the number
of oxygen atoms in the chemical formula. This new potential was
minimized at increasing oxygen chemical potentials to assess the
most thermodynamically stable sequence of oxide formation for
several Co-Ni-W-Al-Cr-Ta compositions.

Results
Cast Alloys:

All three exploratory cast alloys were polycrystalline, with
average grain sizes of approximately 50-250 um. They also
exhibited a W/Ta-rich carbide phase in addition to y and y' phases
(Figure 1). The luminescence spectra for the oxide scales on the
three exploratory alloys and René NS5 are presented in Figure 2.
The scale on the exploratory Co alloys spalled to different
degrees, presumably during cooling from the oxidation
temperature, so multiple luminescence spectra were taken at
diffferent points across the surface of the samples. These data
show that while single crystal René N5 oxidized under the given
conditions exhibits the characteristic a-Al,O3; doublet, the three
cast Co alloys do not show a comparable luminescence signal,
with the exception of local areas in Co-3.
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of (a) the y+'

Backscattered electron
microstructure for the three exploratory alloys, (b) the poly-
crystalline structure of Co-2, and (¢) W/Ta-rich carbides in Co-2.

Figure 1: images

Of the samples analyzed in cross section, only the René N5 alloy
formed external alumina scale after 1 h (Figure 3). The cast Co
alloys exhibit discrete alumina particles within a metal matrix,
forming an internal oxidation zone (IOZ). The IOZ depth varies
between cast alloys, with Co-1 having the thinnest, of
approximately 3 wm. Additionally, segmentation of the I0Z of
Co-1 via ImagelJ reveals an area fraction of approximatley 47 %
alumina. Lastly, the IOZ of the Co-3 sample consists of discrete
alumina particles contained both within the alloy towards the
interior, as well as alumina particles enveloped within an inward-
growing oxide layer closer to the exterior of the sample.
Spallation is frequently observed at the top interface of this layer
of alumina particles in oxide, exposing them to the surface. This
potentially explains the occasional a-Al,O; doublet observed on
the Co-3 sample despite the lack of external alumina scale, as
these alumina particles in the spalled regions would be exposed to
the spectrometer laser.

Chemical analysis of the oxide phases via EDS reveals that the
outer layer oxide in Co-2 and Co-3 consists of Ni and Co (Figure
3). This layer is likely a solid solution (Co,Ni)O, as CoO and NiO
are mutually soluble at the test temperature 1100 °C [22]. SEM
analysis of oxidized sample surfaces before cross-sectioning
revealed outer (Co,Ni)O scale also present on the surface of the
Co-1 alloy on some portions of the button. Under this (Co,Ni)O
layer, Co-1 appears to contain a Co-Cr-Al-O layer, with an
underlying W/Ta-rich scale, and lastly the IOZ consisting of
discrete alumina particles within the metal matrix (Figure 3). The
layers below (Co,Ni)O in Co-2 appear to be particles of W/Ta-
rich oxide interspersed with Co-Cr-Al-O, followed by chromia,
and lastly internal alumina particles within the metal. Oxide scale
below (Co,Ni)O in the Co-3 sample consists of Co-Cr-Al-O
interspersed with particles of W/Ta-rich oxide, followed by the
I0Z. However, the upper portion of the Co-3 I0Z is contained
within an inward-growing W/Ta-rich oxide, with the bottom
portion of the I0Z inside the metal (Figure 3).
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Figure 2: (Top row) Luminescence spectra of samples oxidized
for 1 h in dry air at 1100 °C of alloys René N5, and Co-1
through 3. (Bottom row) Luminescence spectra of an a-Al,05
standard, and NiO grown on Ni metal oxidized for 1 h in dry
air at 1100 °C [23]. Multiple measurements were taken at
various locations across the three exploratory Co alloys, as
oxide spallation was observed on the surfaces. Peaks are

identified as (o) a-Al,O;, (0) 6-Al,03, or (N) NiO. Of the
three Co alloys, none were observed to significantly exhibit the
fluorescence doublet at 14400 cm™ characteristic of a-AlLO;.
The 14700 cm™ NiO peak may be shifted to the ~14600 cm™

peak observed in the cast alloys due to the incorporation of
CoO.

Figure 3: Backscattered electron images of René N5 and the three exploratory Co-base
alloys after oxidation in dry air for 1 h at 1100 °C. EDS analysis reveals (0) the mounting
epoxy; (1) ALLO; present either as an external layer above the alloy, in the case of René
NS, or as discrete internal particles in the case of Co-1, Co-2, and Co-3; (2) the alloy; (3)
Co-Cr-Al-rich oxide; (4) W/Ta-rich oxides present as an external layer in Co-1, as discrete
particles in Co-2 and Co-3, and also in Co-3 as an inward-growing layer enveloping some
of the internal Al,O; particles (denoted by horizontal lines); (5) (Co,Ni)O; (6) Cr,03

994



Baseline Alloy

Figure 4: Backscattered electron images depicting the evolution of oxide scale formed on the baseline Co-1 alloy between 3 minutes and
1 hour. All three samples were polished with 0.05 um colloidal alumina prior to oxidation. EDS analysis reveals (*) Ni plating; (0) the
mounting epoxy; (1) Al,O; particles observed to initially nucleate internally within the alloy matrix by 3 minutes; (2) the alloy; (3) non-
protective Co-containing oxide scale also formed by 3 minutes; (4) W/Ta-rich oxide scale formed between 3 and 10 minutes.

Additional buttons of Co-1 oxidized for times of 3 minutes, 10
minutes, and 1 h were used to further define the order of
formation for the various features (Figure 4). In this series,
discrete alumina particles nucleate internally within the metal
matrix, and external non-protective scales have already formed by
3 minutes. Over time, the alumina particles coarsen while the
10Z grows deeper into the alloy, and the W/Ta-rich oxide scale
develops by 10 minutes. No additional oxide phases were
observed to form between 10 minutes and 1 hour.

Figure 5: Backscattered electron images of the combinatorial
coating on top of substrate button 3-1A (Figure 6) in cross-section
after deposition (a), and after solution heat treatment and surface
polishing (b).
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Combinatorial Alloys:

The combinatorial IPD synthesis resulted in buttons with
relatively thick coatings, approximately 115 um after deposition.
The as-deposited coatings contained some porosity amongst a
somewhat compositionally heterogenous splat-like microstructure,
Figure S5(a). Approximately 100 um of the original coating
thickness remained after the development of the interdiffusion
zone associated with the solution heat treatment, and the removal
of material during polishing of the button surfaces. The average
grain size in the heat treated coatings was approximately 7 um,
Figure 5(b). The compositions of the combinatorial buttons as
measured by SEM EDS (Table III) vary significantly from those
that may be calculated from the cathode sources (Table II). The
implication is that the transfer functions for these alloys need to
be refined for improved prediction of the composition boundaries.
Nevertheless, the resulting combinatorial samples do
systematically explore an adequate compositional range for the
desired oxidation studies, as illustrated in Figure 6.

Luminescence spectroscopy of oxidized buttons along the
boundaries of the combinatorial library, shown in Figure 7,
revealed both samples with and without the characteristic a-Al,O3
signal. Buttons in Figure 7 are colored green if the alumina
doublet was detected in the spectrum, and red if it was not. Of the
buttons tested so far there appears to be a large region of the
library where samples display the a-Al,O; doublet. This region
encompasses compositions higher in Al as well as in Ni:Co ratio,
i.e. originating at the boundary between cathodes 2 and 5. At the
other end, close to cathode 1, the characteristic alumina doublet is
consistently absent.

The transition between the regions where a-Al,O; is detected by
luminescence and those in which it is not is located approximately
along the bounding line between buttons 3-1E and 3-1F, 3-4C and
3-4D, and 3-5A and 3-6A. Comparing the SEM EDS chemical
analysis of the unoxidized 3-1E, 3-1F, 3-4C, 3-4D, and 3-5A
samples reveals that this transition occurs approximately along a



constant Al concentration, ~10.4 at. % and a concomitant Ni:Co
ratio of ~0.46, Figure 6. The extent of coupling between the Al
content and Ni:Co ratio in the formation of the a-Al,Os scale,
however, can not be elucidated from the results available at this
time, since all specimens with higher Al content also have similar

or higher Ni:Co ratio.
subsequent cross-sectioning and compositional analysis are in
progress to define more accurately the boundary between the
alumina forming and non-forming domains, and to assess the
effects of Al and Ni:Co on oxidation behavior individually.

Oxidation of the remaining buttons and

Table I1I: Select Compositions of Unoxidized Combinatorial Buttons After Solution Heat Treatment and Polishing®

Button Co (at. %) Ni (at. %) W (at. %) Al (at. %) Cr (at. %) Ta (at. %) | Ni:Co (at.)
3-1B 65.8 11.2 9.4 7.7 2.3 3.6 0.17
3-1D 60.0 16.2 9.7 8.6 1.7 3.9 0.27
3-1E 55.0 20.1 9.6 9.9 1.8 3.6 0.37
3-1F* 51.1 233 9.7 10.5 1.7 3.7 0.46
3-1H 41.7 31.9 10.1 11.3 1.6 3.5 0.77
3-1J 383 352 10.0 11.4 1.4 3.8 0.92
3-1L 35.5 37.6 10.1 11.3 23 33 1.06
3-4Ct 54.4 20.4 9.2 10.3 2.1 3.5 0.37
3-4D* 51.2 24.1 8.9 10.4 1.7 3.6 0.47
3-5A" 57.7 18.0 9.5 9.8 1.2 3.8 0.31
3-12A 37.9 34.5 7.1 15.5 1.9 3.0 0.91

§ Compositions as measured by SEM EDS.

* Denotes buttons along likely alumina-forming boundary which display the characteristic a-Al,03 doublet
1 Denotes buttons along likely alumina-forming boundary without an a-Al,0; doublet
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Figure 6: Diagrams of relative positions of combinatorial buttons in the present library, colored based on the concentrations of Al and
Ni:Co ratio for select buttons after solution heat treatment and polishing as measured by SEM EDS. Compositional gradients are visible, as
Al content increases primarily vertically across the library, while Ni:Co ratio increases primarily horizontally across the library. Buttons in
white remain under investigation. (The PDF of the manuscript on the Conference CD shows color images.)

Thermodynamic Assessment:

To provide insight into the sequence of formation of the
thermodynamically favorable oxides in the scale, first principles
calculations were performed for select combinatorial buttons in
the senary Co-Ni-W-Al-Cr-Ta system representing the
approximate corners of the combinatorial library in Figure 7, i.e.
3-1B, 3-1L and 3-12A. Amongst all the oxide compounds
considered, a-AlyOs has the largest formation energy at 0 K, viz.
-3.44 eV/atom. As the prescribed oxygen chemical potential
was gradually increased, the first oxide compound to come into
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stable thermodynamic equilibrium with the alloy composition
was a-Al,O; for all compositions of interest. This is driven by
the superior stability of a-Al,O; and the concomitantly low
aluminum content in the alloy required to form this oxide. As
the chemical potential is allowed to increase further, the
sequence of thermodynamically favorable oxides was found to
be AlTa0y, Cr,0;, spinel CoCr,04, and spinel CoAl,O, for the
three button compositions calculated (Figure 8). Beyond
CoALO,, the scale layering differs among the three
compositions. While all contain CrWO,, CoTa,O4, CoCr,O4
returning to equilibrium at higher oxygen potential, and CoO,



only the 3-1B and 3-12A compositions were predicted to contain
CoWO,, and only 3-1B was calculated to contain WO,.
Furthermore, the location of the CoTa,O¢ layer in the stack
differs for the 3-12A composition, where it is calculated to lie
below the CrWO, layer. With even greater oxygen potentials,
the spinel Co;0, is predicted to become stable, and even higher
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oxygen potentials are needed before the Ni oxides are stabilized
(not shown). It is noted that no solid solubility is allowed in
these calculations as implied by the 0 K temperature. A
significant implication is that layers with the same structure are
immiscible, e.g. the spinels CoAl,0, and CoCr,O4, and
presumably the Co30,4 expected above CoO.
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Figure 7: Diagram of the relative positions of combinatorial buttons in the library investigating changing Ni:Co (horizontally), and Al
content (vertically). Cathode sources 1, 2, and 5 in Table II used for synthesis of the shown samples were centered over buttons 3-2B, 3-2]J,
and 3-10B respectively. Buttons are labeled based on their position within the library, and colored based on the detection (green) or
absence (red) of the characteristic a-Al,0; fluorescence doublet (right). Buttons in white remain under investigation. Select measurements
of unoxidized sample compositions are listed in Table III. All buttons were oxidized in flowing dry air for 1 h at 1100 °C. (The PDF of the

manuscript on the Conference CD shows color images.)
Discussion

The results of the 1 h oxidation tests of the three exploratory cast
Co alloys do not reveal formation of a continuous alumina scale
for any of the three alloys, containing between 8.55 and 8.82 at. %
of Al. However, the Co-1 alloy has an internal alumina volume
fraction f, = 0.47. This value is relatively high when compared
with the few available quantified critical oxide volume fractions
necessary for external scale formation (f,*), of 0.3 and 0.5 for Ag-
In and Fe-Si, respectively [24]. Furthermore, the measured y'
solvi of the three cast alloys approach the nominal temperature
range of interest, > 1100 °C. These results suggest that with
proper selection of alloying additions, e.g. [1, 11, 13], it should be
possible to design a multicomponent Co-base y-y' alloy that forms
an external a-Al)O; scale and has a y' solvus comparable to, or
exceeding that of, Ni-base superalloys for the envisaged
applications. Yet, based on the results from the cast alloys, which
all exhibit internal oxidation, it is evident that achieving the
combination of goals above is non-trivial.

To help identify the conditions under which alumina scale is
achievable for y-y' Co alloys, it would be desirable to model both
the thermodynamics and the kinetics of the oxidation reactions.
First principles calculations (at 0 K) indicate that the a-ALO; is
thermodynamically the most stable oxide. However, a large
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number of stable Co-containing oxides are also expected at higher
oxygen potentials, resulting in non-protective outer layers. With
regard to kinetics, current modeling approaches, mostly based
upon Wagner’s analysis [24-26], have typically addressed only
binary or ternary systems, and the accuracy of such models varies
greatly between material systems.

In light of these modeling limitations, an experimental approach
based on the synthesis of combinatorial libraries is being used to
explore the composition space where alumina scales may be
formed by Co-base y-y' alloys, and how systematic changes in
composition affect the ability of Co alloys to form alumina scale.
Current results indicate that compositions of xCo-yNi-10W-zAl-
2Cr-3.5Ta at. %, where the ratio y/x is at least 0.46, and z is at
least 10.4 at. % are likely to yield alumina scales upon oxidation
at 1100 °C. Note, however, that the small grain size of the
combinatorial buttons likely benefits alumina formation, and thus
the Al content necessary for external scale formation after short
times is likely higher at larger grain sizes. In the context of these
combinatorial results, all three cast alloys have Al contents
somewhat below 10.4 at. %, as shown in Table I, the minimum
amount necessary for detectable o-Al,O; in the present
combinatorial library. Indeed, none of the cast alloys are able to
form external a-Al,O; scale. While the cast alloys have higher Cr
contents than the combinatorial samples in this library, and it is
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Figure 8: Order of thermodynamically favorable oxides with
increasing oxygen potential (from bottom to top) in select
combinatorial compositions at 0 K, calculated from first
principles. Alloy phases calculated with less than 5 % phase
fraction are marked (*), and phases calculated to not be present in
all compositions are highlighted in orange and marked (¥).
Samples 3-12A and 3-1L have similar Ni:Co ratios, and samples
3-1B and 3-1L have lower Al content than 3-12A.

known that higher Cr contents promote oxidation resistance as
noted earlier, the extent of the Cr influence on oxidation behavior
is under investigation via the related combinatorial library based
on cathodes 1, 2 and 3.

Beyond the potential for forming alumina, it is of interest to assess
the expected formation of other oxides that may promote (or more
likely interfere), with the formation of the alumina scale. Because
the Ni:Co ratio and Al contents of the three cast alloys fall within
the ranges explored by the present combinatorial library, one can
then compare the thermodynamic predictions for the layered
scales with those observed experimentally. The oxide layer
ordering predicted in Figure 8 is qualitatively consistent with that
observed experimentally in the cast alloys. Notably, a-Al,O5 is
found to be the most thermodynamically favorable oxide to form
on y-y' alloys regardless of Co:Ni ratio or Al content, although the
alumina formation was internal. Only certain layers of those
predicted were actually observed in the cast alloy scales. Notably,
AlTaO4 was not observed, presumably because this phase was
only calculated to be present at small (< 5 %) phase fractions.
Additionally, there is also no predicted Ni content in the phases,
in contrast with the experimental observations. This discrepancy
is most likely a result of the absence of configurational entropy
contributions in the calculations because of the implicit
assumption of no solubility at 0 K. Further modeling efforts will
be aimed at incorporating temperature and solubility effects in the
phase stability. For example, a cluster expansion technique
combined with Monte Carlo simulations can be used to
incorporate the effects of configurational entropy.
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Beyond the thermodynamic effects, it is evident that kinetics play
a paramount role in determining whether an alloy forms the
desired a-Al,O5 as an external scale or as an internal oxide, which
is non-protective, as well as which other oxides do form in the
scale. This kinetic influence is apparent in the samples oxidized
for times less than 1 h (Figure 4), where internal alumina particles
are observed to nucleate and remain discrete and form an 10Z
underneath other external oxides. It is possible that the
development of non-protective external oxides formed in addition
to alumina may alter the mechanisms and kinetics of scale
formation and disrupt the process of forming the continuous o-
AlLyO5 scale. Cross-section analysis of oxides grown on the three
cast alloys reveals a W-rich oxide enveloping alumina particles in
the IOZ of the Co-3 alloy. Such an inward-growing oxide may
have the potential to disrupt external scale growth, however Co-1
and Co-2 both exhibit internal oxidation without the presence of
this inward-growing oxide phase. This implies that the
differentiating factor between internal and external alumina
formers in the presence of other competing oxides requires a more
comprehensive analysis that will be undertaken in future work.

The compositional regions of Co-base alloys with alumina scale
forming behavior elucidated in this work and future publications
will be compared with the location of the y-y' two-phase field.
This will define the design space of possible Co-base high
temperature alloys for aerospace applications, and allow further
desirable properties to be subsequently investigated, such as
resistance to cyclic oxidation, water vapor, and hot corrosion
attack.

Conclusions

1. Co-base y-y' alloys that form alumina scales in air at 1100 °C
are feasible within the composition space investigated.

2. a-ALO; is predicted to be the most thermodynamically
stable oxide across all Co-W-Al y-y' compositions. Because
of kinetic factors, however, it may form as an undesirable,
non-protective assemblage of internal alumina particles
within the metal rather than as a continuous, protective scale.

3. The combinatorial experiments revealed that external
alumina scale formation in alloys with ~7 um grain size
occurs in compositions of xCo-yNi-zAl-10W-2Cr-3.5Ta at.
%, where the ratio y/x is > 0.46, and z is > 10.4 at. %
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