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Abstract 

Oxidation behavior has been investigated for three cast novel Co-
base γ-γ' 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-Al-Cr-Ta-O compositions 
predicts α-Al2O3 for all two-phase γ-γ' alloys, but alumina may 
often form internally as discrete particles rather than as a 
continuous surface scale.  Experimental assessment of α-Al2O3 
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 γ' 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 γ-γ' 
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 γ-γ' alloys must be developed to have both superior 
mechanical properties, usually linked to a suitably high γ' 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 α-Al2O3 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 γ-γ' 
system it is important to consider the potential synergism or trade- 

off between the effects on the γ' stability and on the formation of 
the α-Al2O3 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 γ' solvus 
[1, 2].  It is generally accepted that the γ+γ' field in the ternary Co-
W-Al system is quite small at 900 °C and is not present at 1000 
°C [3].  Therefore, alloying additions are necessary to stabilize the 
γ' phase at the temperatures of interest.  Notable amongst them is 
Ni, which considerably increases the size of the γ+γ' field at 900 
°C [12].  It has also been shown that modest amounts (2 at. %) of 
Ta and Ti increase the γ' solvus by 82 °C and 60 °C respectively 
[13].   

Formation of an external Al2O3 scale in Co-base γ-γ' alloys has 
been reported by various authors [1, 4, 11, 14], but such a scale is 
typically convoluted, overlaid by 10-100 μm of non-protective 
oxides, and is often accompanied by changes in the composition 
of the underlying alloy to yield the undesirable topologically close 
packed Co3W 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 µm. 
One of the most oxidation resistant γ-γ' Co alloys reported is Co-
7Al-7W-10Cr (in at. %), which forms ~1.3 μm 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 γ-γ' Co alloys that are also protective α-
Al2O3 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 γ' solvus 
temperature for the novel family of  γ-γ' Co alloys.  First 
principles thermodynamic modeling has been employed for 
investigation of stable oxide phases.   To broadly explore the 
multidimensional compositional space for α-Al2O3 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 I 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. 
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Table I: Cast Alloy Compositions in Atomic %, and γ' Solvi as Measured by Dilatometry. 

Alloy Co Ni Al W Cr Ta C B Y Mo  γ' 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 γ-γ' 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 II.  All cathode sources contained the 
baseline ternary elements Co-W-Al, as well as Cr (to enhance 
oxidation resistance) and Ta (to increase the γ' solvus).  Except for 
Cathode 1, all others also contained Ni, known to expand the γ-γ' 
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 μm, 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 γ' solvus, and 
then polished with 0.05 μm colloidal alumina.  No aging 
treatment was provided as γ' 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 mm2 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 μm 
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 α-Al2O3 
fluorescence doublet at 14400 cm-1 [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 α-Al2O3 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 II: 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 3.3 1.5 0.5 0:1 
Cathode 1 77.1 0.0 5.9 12.2 3.4 1.4 3 0:1 
Cathode 2 33.5 35.4 11.8 14.4 3.4 1.5 2 1:1 
Cathode 3 30.0 29.3 6.0 11.8 21.5 1.4 4 1:1 
Cathode 4 40.9 40.4 0.0 13.8 3.5 1.4 1 1:1 
Cathode 5 33.4 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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