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The effect of Co:Ni ratio on the oxidation performance of γ-γ' alloys based on the 

(Ni,Co)75Al5Ti5Cr15 system (at.%) was investigated.  Seven model superalloys of Co 

concentration 0, 9, 19, 28, 38, 47 and 56 at.% underwent isothermal oxidation in air at 800°C 

using both box-furnace exposure (1000 hours) and thermogravimetric analysis (100 hours).  

Following 1000 hours oxidation at 800°C, alloys containing 28, 38 and 47 at.% Co exhibited 

a flatter, more compact external scale and Cr2O3 layer as well as reduced oxygen ingress 

compared with alloys of lower Co content.  The alloy containing 47 at.% Co exhibited two 

distinct morphologies. 
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1. Introduction 

Ni-based superalloys have been extensively employed in the hot section of gas 

turbines as they offer an excellent balance of high-temperature strength, creep resistance and 

oxidation resistance.  The outstanding mechanical properties of these alloys derive principally 

from the ordered L12 precipitates (γ') based on Ni3Al that are coherently embedded in an FCC 

Ni-rich solid solution matrix (γ) [1].  For aero-engine applications, single-crystal Ni-based 

superalloys with a relatively high volume fraction of γ' precipitates are typically employed for 

turbine blades, whereas polycrystalline Ni-based superalloys containing a lower γ' volume 

fraction are generally selected for turbine discs.  Most conventional Ni-based turbine disc 

alloys contain sufficient Cr to establish a continuous, slow-growing Cr2O3-rich scale during 

high-temperature oxidation [2,3] that protects the underlying alloy from further oxidative 

degradation and has the ability to self-heal if damaged.  Chen et al. [2] described the 

oxidation products and kinetics of three well known conventional polycrystalline turbine disc 

Ni-based superalloys (Astroloy, Waspaloy and Udimet 720) following oxidation at 750°C as 

well as in the range 875-1000°C.  The external scales formed were predominantly Cr2O3, 

although surface and internal rutile (TiO2) were also observed, as well as internal TiN.  
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Alumina formed as discrete internal oxides below the Cr2O3 scale, although Astroloy, 

following isothermal oxidation at 1000°C, developed a semi-continuous internal Al2O3 layer, 

reportedly due to its relatively high Al content.  An alumina layer is also known to form 

during high-temperature oxidation of single-crystal Ni-based superalloys [4,5].  To elucidate 

the mechanism of scale formation in Ni-based superalloys, Bensch et al. [5] modelled the 

high-temperature oxide growth and substrate response in the single-crystal strong Al2O3-

forming René N5 and weak Al2O3-forming SCA425+ and showed a high degree of 

correlation with experimental data for oxidation at 900°C.  

The continued development of aircraft engines is driven by the need to increase gas 

temperatures to improve thermal efficiency, necessary to achieve reduced fuel consumption 

and emissions.  Currently, the hottest areas of disc rotors in the high-pressure module are in 

the region of 650-700°C but future engine designs may require alloys that can operate at 

higher temperatures of up to 788°C (1450°F) [6].  In developing novel γ-γ' superalloys 

capable of sustaining the required increase in turbine entry temperatures, much work has 

focused on the ternary Co-Al-W system [7,8].  Lee, 1971 [7] documented extensive 

investigations into the precipitation-hardening characteristics of Co-Al-X ternary alloys and 

reported the formation of ordered L12 precipitates in the Co-Al-W system, which distribute 

through the FCC γ-Co matrix in a manner analogous to the distribution of stable L12-Ni3Al in 

the γ-Ni matrix.  In 2006, Sato et al. [8] reported a comparable strengthening γ' L12-

Co3(Al,W) phase at 900°C in the Co-Al-W system, which subsequently triggered significant 

interest in γ-γ' Co-based superalloy design for high-temperature aero-engine components.  

Many studies have since focused on the thermophysical properties of γ-γ' Co-Al-W based 

alloys with promising results [9-12] and, recently, a number of studies have investigated the 

oxidation characteristics of alloys based on the Co-Al-W ternary system [13-19].  Klein et al. 

[14] reported a continuous protective inner alumina layer for the Co-9Al-9W-0.12B (at.%) 

alloy following oxidation at 800°C but not at 900°C.  Similarly, for ternary Co-Al-W alloys 

with 9 at.% Al and 7, 9 and 10 at.% W, a higher tendency for the growth of a continuous 

Al2O3 layer on the internal oxidation front was reportedly observed at 800°C, relative to 

850°C and 900°C [19]. 

Interestingly, Yan et al. [16] observed that 10 at.% Cr addition to the Co-7Al-7W 

(at.%) alloy altered the mechanism of oxide scale formation following oxidation at 800°C 

(196 hours oxidation) in that a thin protective oxide scale was formed comprising three layers 

with good adherence to the substrate: an outer Al2CoO4 layer, a middle scale containing CrO2 
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and Cr2O3 and an inner Al2O3 layer.  This contrasts with the two oxide layers and partial 

delamination reported for the Cr-free Co-Al-W based alloys oxidised at 800°C [16].  

Although 20 at.% Cr incorporation in the Co-Al-W system reportedly destabilised the γ' 

phase and reduced γ' solvus by >100°C [20], addition of Ni in the Co-Al-W system produced 

a modest increase in γ' solvus temperature per at.% [10].  This translates to a potential 

increase in solvus by ~200°C for large amounts of Ni (~80 at.%) due to its high solubility 

[20], implying that beneficial high-temperature properties may be conferred by alloys 

intermediate between Ni- and Co-based compositions.  

As a consequence, a number of recent studies have investigated the oxidation 

resistance of γ-γ' Co-Ni-Al-W-Cr-based alloys for temperatures of 800°C and above [12, 21-

28].  Studies on diffusion barrier growth in Co-Ni-9Al-(7-8)W-8Cr-based (at.%) alloys [25-

27] reported a similar temperature-dependence to that seen for ternary Co-Al-W alloys, with 

a higher tendency for the formation of a continuous inner Al2O3 layer during oxidation at 

800°C compared with 900°C [25-27].  TGA oxidation of Co-Ni-9Al-8W-8Cr (at.%) alloys 

for 100 hours indicated a temperature-dependent effect of Co:Ni ratio, with increasing Co 

reportedly improving oxidation resistance at 800°C but not at 900°C [27].  Several authors 

have postulated mechanisms for the growth of diffusion barrier layers in Co-Ni-Al-W-Cr-

based alloys [22-25, 27], although currently the exact mechanism of oxygen transport from 

the original sample surface towards the internal oxidation front remains elusive [27]. 

For alloys based on the γ-γ' Co-Al-W system, mass density remains a challenge as 

many possess a high W content (~7-10 at.%) resulting in mass densities > 9.0 g.cm-3 [29] 

compared with < 8.5 g.cm-3 for most Ni-based turbine disc alloys [30].  To address this 

problem, Bocchini et al. 2017 [31] substituted Ti (2-8 at.%) for W and Al in the Co-Ni-Al-W 

alloy system and observed reduced mass density with increasing Ti content as well as an 

almost linear increase in γ' solvus temperature (to 1130°C for alloy Co-10Ni-5Al-5W-8Ti, 

at.%, mass density of 8.84 g.cm-3).  Nevertheless, for the emerging γ'-strengthened Co-based 

alloys to realise their full potential, reducing mass density remains a priority.  Fortuitously, 

extensive compositional studies on the W-free Co-Al-Mo-Nb/Ta based systems have proven 

successful in mitigating the inherent problem of low γ' solvus temperature by incorporation of 

Ni, Ti and Cr [32-34].  However, currently few studies on the oxidation behaviour of this 

class of W-free γ-γ' Co-based alloys are available in the literature [35-39]. 
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Hence, in view of the role of Cr and Al in diffusion barrier growth and of the 

importance of Ni and Ti addition in improving the physical properties of both Co-Al-W and 

W-free Co-Al-Mo-Ta systems, there is a need to elucidate the high-temperature oxidation 

behaviour of the fundamental Co-Ni-Al-Ti-Cr system for the new target operating 

temperature for turbine discs of 800°C.  Serendipitously, a continuous γ-γ' two-phase field 

exists between the Ni-Ni3Al and Co-Co3Ti equilibria in the Ni-Al-Co-Ti quaternary system 

for temperatures in the range 750-1100°C [40-42].  Furthermore, it is well known that 

incorporation of higher concentrations of both Co and Ti in conventional Ni-based superalloy 

compositions can produce a γ-γ' microstructure that confers improved high-temperature 

strength and creep resistance [43-47].  Attempts have been made to study the oxidation 

characteristics of individual Ni-Co based alloys with a variety of Ni, Co, Al, Ti and Cr 

concentrations [48].  However, a systematic study on the high-temperature oxidation 

behaviour of the fundamental γ-γ' Ni-Co-Al-Ti-Cr system is required, examining specifically 

the influence of the ratio of the base elements, Ni and Co, over a broad range of Co 

concentration.  This should prove valuable to the future development of both Co-based and 

Ni-based superalloys, in providing a baseline against which to compare the influence of 

higher-order alloying with elements such as Mo, Nb, Ta or W.  A recent systematic study on 

the effect of increasing Co:Ni ratio on the elemental partitioning of the γ-γ' Ni-Co-5Al-5Ti-

15Cr (at.%) system (aged at 800°C) has demonstrated a transition in partitioning behaviour 

for Cr, Al and Ti at ~19 at.% Co [49].  To elucidate further the high-temperature properties of 

this γ-γ' Ni-Co-5Al-5Ti-15Cr (at.%) system, the present study systematically investigates the 

influence of Co:Ni ratio on the oxidation behaviour of seven alloys of Co content 0-56 at.% 

at the potential target operating temperature for turbine discs of 800°C. 

2. Experimental Procedure 

2.1 Materials and heat treatment 

Seven alloys of the (Ni,Co)75Al5Ti5Cr15 (at.%) system were studied with Ni:Co 

concentration ratio varying from 1:0 to ~1:3.  The alloys were named according to their 

nominal atomic concentration of Co: 0Co, 9Co, 19Co, 28Co, 38Co, 47Co and 56Co (Table 

1).  Polycrystalline ingots of the seven alloy compositions were fabricated by arc melting of 

raw elements of at least 99.9% purity under an inert atmosphere.  Each alloy bar produced by 

this method had a mass of ~50 g.  To determine solidus and γ' solvus temperatures prior to 

selecting a homogenisation temperature for each alloy, differential scanning calorimetry 
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(DSC) was performed on alloy discs (5 mm  1 mm) extracted by spark erosion.  For this 

purpose, a Netzsch 404 heat-flux calorimeter was used, operating at temperatures of up to 

1450°C with a heating rate of 10°C min-1.  The cast alloy ingots were encapsulated in quartz 

tubes that had been evacuated and back-filled with argon before being subjected to a 

homogenisation heat treatment of 24 hours at 1250°C to minimise casting-induced micro-

segregation.  This homogenisation heat treatment temperature was chosen to lie within the γ 

single-phase field, above the γ' solvus temperatures of the alloys but sufficiently below their 

solidus temperatures to preclude incipient melting.  Each alloy was then air-cooled from the 

homogenisation temperature of 1250°C through the γ' solvus temperature to precipitate out γ' 

to obtain a two-phase γ-γ' microstructure.  

2.2 Microstructural characterisation of homogenised alloys prior to oxidation 

An alloy specimen of ~1 cm thickness was cut from the end of each homogenised 

ingot and mounted in conductive Bakelite.  The specimens were ground with wet SiC 

abrasive paper and polished using progressively finer diamond suspensions (from 6 µm down 

to 1 µm).  The polished samples were electrolytically etched with a 10% phosphoric acid 

solution to dissolve the γ matrices and highlight γ' precipitates.  The microstructure of each 

alloy was examined using an FEI Nova NanoSEM 450 scanning electron microscope (SEM) 

in secondary electron (SE) mode to verify the presence of a γ-γ' microstructure with no other 

phases present.  Energy dispersive X-ray spectroscopy (EDS) was carried out using a Bruker 

XFlash 6 solid state EDS system to determine a mean measured composition for each alloy 

from a minimum of 5 large area scans of at least 500  500 µm (Table 1).  The measured 

concentrations of each element in the alloys were determined to be within ±1 at.% of their 

nominal values.  The mounted specimens were then re-polished and etched with OP-S 

(colloidal silica suspension) diluted 1:1 in water to highlight γ grain boundaries for 

subsequent determination of alloy grain size using a Camscan MX2600 FEGSEM 

microscope. 

2.3 Isothermal oxidation of homogenised alloys at 800°C 

The seven model superalloys were oxidised isothermally at 800°C in air.  Each alloy 

was oxidised using two separate methods: thermogravimetric analysis (TGA) for 100 hours 

and box-furnace exposure for 1000 hours. 
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Thermogravimetric analysis - For each alloy composition, a rectangular plate (nominally 10 

 6  0.5 mm) was cut from the homogenised alloy ingot using a Secotom-10 cutting 

machine.  Each plate was spark eroded to produce a small hole approximately 2 mm diameter 

close to one end of the sample and equidistant from the sides.  For uniform oxidation of each 

alloy specimen, all surfaces were ground using SiC abrasive paper and polished using a 4000 

SiC grit size.  All edges and corners were chamfered and polished to achieve the same 

surface finish.  Each specimen plate was then measured using a micrometer accurate to ±0.01 

mm to calculate the sample surface area.  The specimen plates were then ultrasonically 

cleaned in ethanol for 6 minutes.  TGA was performed using a Setaram SETSYS Evolution 

instrument to permit continual monitoring of alloy mass as oxidation progressed with time.  

Alloy specimens for TGA were suspended from a platinum wire attached to an electrical 

microbalance and air was introduced into the sample chamber during testing at a rate of 30 

ml.s-1.  For each TGA test, specimen mass was recorded every 30 seconds for 100 hours and 

the mass gain per unit area (specific mass gain) was calculated.  Subsequent data analysis was 

performed using Igor Pro 6.3 software [50] to assess how the oxidation kinetics varied with 

increasing alloy Co:Ni ratio.   

Isothermal box-furnace oxidation - For each alloy composition, two plates (nominally 5  5  

1 mm and 10  6  1 mm) were cut from the homogenised alloy ingot.  To ensure uniform 

oxidation of each alloy plate, all surfaces were polished as for the TGA specimens.  The alloy 

plates for box-furnace exposures were then measured and ultrasonically cleaned as described 

for the TGA specimens.  The clean plates were weighed prior to oxidation using a calibrated 

balance accurate to ±0.01 mg.  The plates were placed in individual open alumina crucibles 

and oxidised for 1000 hours in a box furnace pre-heated to 800°C (temperature measured 

using a calibrated n-type thermocouple).  Specimens were subsequently air-cooled and re-

weighed without the crucible using the same balance. 

2.4 Characterisation of surface oxides using SEM-EDS and X-ray diffraction 

For alloy specimens oxidised by TGA (800°C, 100 hours), the FEI Nova NanoSEM 

450 was used to examine the specimen surfaces and SEM-EDS point analysis performed to 

acquire elemental composition data on any oxide species present.  For the box-furnace 

oxidised specimens (800°C, 1000 hours), the surface oxides were examined using both FEI 

Nova NanoSEM 450 and ZEISS GeminiSEM 300 microscopes.  X-ray diffraction (XRD) 

was carried out on the TGA-oxidised (100 hours) and box furnace-oxidised (1000 hours) 
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alloy specimens to identify the surface oxide phases present.  Diffraction data were collected 

using a Bruker D8 Advance diffractometer, operated at 40 kV and 40 mA with a Cu target 

and a 0.012 mm thick Ni filter.  Data were acquired over a range of 20-120° 2θ, with a step 

size of 0.03° and dwell time of 2 seconds.  The Inorganic Crystal Structure Database (ICSD) 

[51] was consulted to identify individual phases from peaks in XRD traces.  Only the oxides 

that formed in the external scale were analysed by this method due to the limited penetration 

depth of the X-rays. 

2.5 Cross-sectional SEM-EDS analysis of the oxidised alloys 

Cross-sections were obtained for all alloy specimens oxidised for 100 hours or 1000 

hours at 800°C by mounting the specimen in conductive Bakelite, grinding using wet SiC 

abrasive paper (down to 2500 grit size) and polishing using progressively finer diamond 

suspensions (6 µm down to 0.25 µm).  The cross-sectional oxide scale and the sub-scale 

morphology were examined using the FEI Nova NanoSEM 450 in back-scattered electron 

(BSE) mode.  For specimens oxidised for 1000 hours, ten BSE micrographs were generated, 

from which fifty measurements of oxide scale thickness were taken using the ImageJ 

software package.  Similarly, ten BSE micrographs were acquired to permit fifty 

measurements of depth of internal oxidation products using the ImageJ software package.  A 

ZEISS GeminiSEM 300 microscope equipped with an Oxford Aztec EDS system was then 

employed to generate SEM-EDS maps and linescans for the cross-sectioned alloy specimens 

under standardised conditions.  Calibration of the EDS system was achieved using a nickel 

strip prior to acquiring EDS maps and linescans.  

2.6 Secondary ion mass spectrometry (SIMS)  

Secondary ion mass spectrometry (SIMS) was performed on the 10  6  1 mm 

specimens for the oxidised 19Co and 38Co alloys in order to verify the microstructural 

characteristics observed in EDS maps for the 5  5  1 mm specimens.  To generate a ramped 

section across the external oxides and internal oxidation products, an FEI FIB200 SIMS 

instrument equipped with a 69Ga+ primary ion source was used for milling an inclined trench 

at an angle of 30° to the oxidised specimen surface.  A beam energy of 30 kV and a beam 

current of 330 pA were employed to acquire elemental concentration maps across the ramped 

sections.  The elements Al, Ti and Cr were detected by a quadrupole detector as positively 

charged secondary ions.  For the oxidised 38Co alloy specimen, SIMS elemental count vs. 
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time profiles were obtained from a surface region of approximately 25  25 µm using a beam 

current of 3325 pA. 

3. Results and Discussion 

For all seven model superalloys in their homogenised condition, SEM analysis 

indicated a γ-γ' microstructure with no other phases observed (Figure 1).  With increasing Co 

concentration from 0 to 56 at.%, a decrease in mean γ' precipitate size was apparent.  For 

each alloy, the grain size following homogenisation was of the order of millimetres and 

therefore too coarse for implementing conventional methods of grain size analysis. 

3.1 Specific mass gain vs. exposure time during thermogravimetric analysis (TGA) 

The specific mass gain as a function of time was determined for each of the seven 

model superalloys following the 100-hour isothermal TGA oxidation at 800°C and is shown 

in Figure 2.  The initial rate of specific mass gain appeared faster for higher Co alloys (28Co, 

38Co, 47Co, 56Co) than for the 0Co, 9Co and 19Co alloys.  To assess the oxidation kinetics, 

Igor Pro software was used to determine a value of n (Table 2) for each alloy composition 

according to Equation 1: 

         
∆𝑚

𝑆.𝐴.
= 𝐴 ⋅ 𝑡  

1

𝑛             Equation 1 

where Δm is mass change (mg), S.A. is initial surface area (cm2), t is time (s) and A is a 

constant.  An n value of 2 would indicate a parabolic relationship between specific mass gain 

and time, as determined for the 9Co alloy (n = 2.06).  The 47Co and 56Co alloys generated n 

values approaching n = 3, indicative of cubic kinetics thereby implying the formation of a 

number of new oxide species.  The TGA data from alloys containing between 19 and 38 at.% 

Co generated n values between 2 and 3.  To assess reproducibility of n values, an additional 

19Co specimen was taken from the homogenised bar, prepared as before and subjected to 

TGA under the same conditions.  An n value of 2.10 was obtained for this specimen, 

indicating a difference of 0.23 in n values obtained from different samples of the same 19Co 

homogenised alloy bar.  

3.2 Surface oxide analysis following TGA oxidation 

Following TGA oxidation at 800°C for 100 hours, all seven model superalloy surfaces 

were examined using scanning electron microscopy (Figure 3).  The alloys containing 0 and 9 

at.% Co appeared to exhibit a relatively uniform, granular surface oxide morphology, 
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whereas the higher Co alloys (19Co, 28Co, 38Co and 47Co) exhibited two distinct types of 

surface morphology: areas observed as pale with relatively large grains, which contrasted 

with darker areas of apparently smaller grains.  The 56Co alloy appeared to exhibit pale 

nodular areas on the oxidised specimen surface, which were subsequently identified by EDS 

point analysis as being rich in Co (~44 at.%) and O (~52 at.%), plausibly CoO and/or Co3O4. 

XRD traces obtained following 100-hour TGA at 800°C on all seven alloys of Co 

content 0, 9, 19, 28, 38, 47 and 56 at.% are shown in the supplementary information.  From 

the XRD data (summarised in Table 3), all seven alloys appeared to form Cr2O3 with a 

corundum crystal structure, with rutile (TiO2) also detected for all alloys except for the 56Co.  

NiCr2O4/CoCr2O4 spinel phases appeared present in all alloys except for the 0Co alloy, 

although reference peaks for individual NiCr2O4 or CoCr2O4 phases occurred in close 

proximity such that the experimental peaks could not be allocated definitively to either.  

Similarly, NiTiO3/CoTiO3 phases appeared present in all alloys except for the 0Co alloy.  The 

presence of NiO/CoO was identified for alloys with 19 at.% Co and above (Table 3), where 

Ni and Co are known to form a continuous (Ni,Co)O solid solution of variable composition 

from NiO (lattice parameter, aNiO = 4.17 Å) to CoO (lattice parameter, aCoO = 4.25 Å) [52].  

The 47Co and 56Co alloys additionally appeared to form the Co3O4 spinel phase (Table 3), 

although it may be noted that reference peaks for Co3O4 overlapped with those corresponding 

to NiAl2O4, CoAl2O4 and NiCo2O4 spinel phases, such that the latter phases may also be 

present.  Overall, XRD analysis of alloy oxide surfaces detected an increased number of 

phases with increasing Co:Ni ratio, consistent with the higher n values determined for the 

higher Co alloys (Table 2). 

3.3 Cross-sectional examination following TGA and box-furnace oxidation 

Representative cross-sectional SEM-BSE micrographs of typical oxide morphologies 

are shown in Figure 4 for all seven alloy compositions following isothermal oxidation at 

800°C for 100 hours (a) and 1000 hours (b).  For both oxidation methods, the external oxide 

scale could be observed overlying a zone of irregular intrusions penetrating toward the alloy 

interior.  This was the case for all seven alloy compositions tested.  However, from Figure 4b, 

the 47Co alloy following 1000 hours oxidation exhibited a second type of morphology within 

the same specimen.  These two distinct types of morphology for the 47Co were denoted Type 

I or Type II for the purpose of this study (Figure 4b).  The 47Co Type I morphology 

resembled that observed for the 38Co alloy oxidised for 1000 hours in exhibiting distinct 
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relatively thin, flat strata within a compact oxide scale, overlying a zone of conspicuous 

oxidation products projecting into the alloy interior.  In contrast, the Type II 47Co 

morphology exhibited a relatively thick, undulating oxide scale of porous appearance, as 

observed for the lower Co alloys (0Co, 9Co, 19Co and 28Co).  Significantly, the 47Co Type 

II morphology also showed what appeared to be a dense sub-scale, seen as dark contrast on 

BSE micrographs, overlying a region apparently devoid of internal protrusions.  The 38Co, 

47Co Type I and 56Co oxide scales appeared to be thinner than those of the 0Co, 9Co, 19Co, 

28Co and 47Co Type II morphologies following 1000 hours oxidation.  For all alloy 

morphologies other than 47Co Type II, internal phases generated by oxidation were observed 

as irregular intrusions penetrating the alloy interior. 

3.4 EDS elemental concentration mapping of alloys oxidised for 1000 hours 

Cross-sectional SEM-BSE micrographs and corresponding elemental concentration 

maps are shown in Figures 5 and 6 for all seven model superalloys following isothermal box-

furnace oxidation at 800°C for 1000 hours.  The EDS maps indicate the distribution of Co, 

Ni, Al, Ti, Cr, O and N in the oxide scale and the neighbouring bulk material. 

For the alloys of relatively low Co content i.e. 0Co, 9Co, 19Co and 28Co (Figure 5), 

the relatively thick, undulating oxide scale produced appeared to comprise a Cr- and O-rich 

layer, plausibly Cr2O3, beneath an outer layer rich in Ti with associated oxygen, plausibly 

rutile.  Beneath the layer assumed to be Cr2O3, all four alloy compositions exhibited a layer 

rich in Al with associated oxygen, putatively an Al2O3 sub-scale.  Penetrating deeper into the 

alloy, the neighbouring bulk material appeared to show areas of internal damage, enriched in 

Al and O as well as Ti and N, indicating the presence of Al2O3 and titanium nitride.  The 

28Co alloy appeared to show a more distinct Al- and O-rich sub-scale, with less internal Ti 

enrichment compared with the lower Co alloys.  Additionally, for the 28Co alloy, there 

appeared to be less oxygen and nitrogen ingress into the alloy than was observed for the 

lower Co alloys (note the higher magnification for the 28Co alloy).  

The oxide scales observed for alloys of relatively high Co content (38Co, 47Co and 

56Co) following 1000 hours box-furnace oxidation at 800°C are shown in Figure 6.  The 

38Co, 47Co and 56Co oxide morphologies appeared to exhibit distinct layers within the 

external scale (as in Figure 4b), with a well-defined Cr- and O-rich layer, indicative of a 

continuous Cr2O3 scale.  All three high Co specimens (38Co, 47Co and 56Co) appeared to 

demonstrate a more compact Cr2O3 scale and a marked reduction in oxygen ingress into the 
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alloy compared with the lower Co alloys.  The two distinct types of oxide morphology for the 

47Co alloy specimen (Type I and Type II) are evident in Figure 6.  Whilst each of the high 

Co alloys (38Co, 47Co and 56Co) appeared to exhibit a sub-scale rich in Al and O, indicative 

of Al2O3, this sub-scale appeared more distinct and compact for the 47Co Type II 

morphology wherein it was associated with a paucity of conspicuous internal oxidation 

products.  The internal Al- and Ti-rich projections evident in the 38Co, 47Co Type I and 

56Co alloy morphologies did not appear associated with oxygen but rather with nitrogen, 

indicating the presence of nitrides of Al and Ti (Figure 6).  

With respect to the oxide scale, the 38Co, 47Co Type I and 56Co morphologies 

appeared to exhibit less surface Ti enrichment than was observed in the 0Co, 9Co, 19Co and 

28Co alloys, but a more well-defined surface Co- and Ni-rich layer with some associated 

oxygen (Figure 6).  In contrast, the 47Co Type II morphology appeared to show extensive Ti 

enrichment of the scale surface with some associated oxygen.  The micrographs of the 47Co 

Type II morphology and 56Co alloy indicated the presence of a more undulating Cr2O3 scale 

than was observed for the 47Co Type I morphology or 38Co, which both demonstrated a 

relatively flat oxide scale and Cr-rich layer (Figure 6). 

3.5 Scale thickness and depth of internal oxidation products of alloys oxidised for 1000 hours 

Figure 7 shows measurements taken following 1000 hours box-furnace oxidation at 

800°C of the seven alloy specimens of varying Co:Ni ratio: a) oxide scale thickness and b) 

depth of internal oxidation/nitridation products.  The 38Co, 47Co Type I and 56Co oxide 

scales were found to be thinner than the oxide scales of the 0Co, 9Co, 19Co, 28Co and 47Co 

Type II morphologies (Figure 7a), consistent with Figure 4b.  From Figure 7b, the 28Co, 

38Co, 47Co Type I and 56Co morphologies were found to exhibit a lesser depth of internal 

oxidation/nitridation products than was observed for alloys of lower Co content.  The 38Co 

alloy demonstrated a shallower depth of internal oxidation/nitridation products than the 28Co 

alloy.  

3.6 EDS linescans to elucidate the 47Co Type II oxidation morphology 

To investigate further the microstructural characteristics associated with the 47Co 

Type II morphology, SEM-EDS linescan data for the 47Co Type II morphology and 0Co 

alloy obtained following oxidation for 1000 hours at 800°C are compared (Figure 8).  

Whereas the BSE micrograph from the 0Co alloy clearly demonstrates internal projections 
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(Figure 8a), the 47Co Type II morphology exhibits an obvious dense (dark) sub-scale on the 

BSE micrograph and a paucity of internal projections (Figure 8b).  The elemental 

concentration profiles obtained for both the 0Co and 47Co Type II morphologies indicate the 

presence of a Ti-rich outer layer on the external scale (Figures 8a, b).  For both morphologies, 

the underlying layer was identified as being Cr- and O-rich, indicative of Cr2O3.  For the 

47Co Type II morphology, the high intensity Al peak beneath the Cr-rich layer (recorded at 

an x-axis value of ~23 µm) was associated with the presence of oxygen, indicative of an 

Al2O3 sub-scale.  This putative Al2O3 sub-scale appears protective against further oxidation, 

as suggested by the apparent lack of internal oxides or nitrides.  Beneath this Al-rich sub-

scale, a γ'-depleted zone appeared present, as indicated by the predominantly low Al and Ti in 

the x-axis range 25-48 µm.  Of particular interest are two regions at 41-45 µm and 48-51 µm 

that indicate a relative enhancement of Ni, Ti and Al (and associated depletion in Co and Cr) 

compared with the plateau region extending internally from 51 µm, which may represent the 

start of the γ/γ' zone.  This Ni-, Ti-, Al-rich sub-surface phase appears unlikely to be η-Ni3Ti 

as the ternary Ni-Ti-Al phase diagram for 800°C [53] indicates that η-Ni3Ti has negligible 

solubility for Al.  It may transpire that this sub-surface phase is the Heusler Ni2AlTi phase or 

L12 γ' that has coarsened during oxidation.  

3.7 XRD of alloy surfaces following 1000 hours oxidation 

The surface phases detected by XRD for the 28Co, 38Co, 47Co and 56Co alloys 

oxidised at 800°C for 1000 hours are shown in Figure 9, together with micrographs of the 

oxidised specimen surfaces.  As observed for the TGA-oxidised alloys (Figure 3), surface 

micrographs for the 28Co, 38Co and 47Co alloys showed evidence of two distinct 

morphologies and the 56Co alloy exhibited surface nodules (Figure 9).  EDS point analysis 

indicated that these surface nodules were rich in O (~57 at.%) and Co (~39 at.%). 

All seven alloys oxidised for 1000 hours appeared to be Cr2O3-formers and, overall, 

more surface oxide phases were detected as Co:Ni ratio increased, as was the case for the 

100-hour TGA XRD data (Table 3).  The XRD data for the 1000-hour oxidation corroborated 

the 100-hour TGA XRD data with the following exceptions.  No NiTiO3/CoTiO3 phase was 

detected in the 9Co alloy and no TiO2 was detected in the 47Co alloy: the principal peak for 

rutile occurs at a peak position, 2θ, of ~27° (ICSD record number 9161) and this peak was 

not detected in the XRD trace for the 47Co alloy after 1000 hours oxidation.  In addition, 

TiO2 was detected for the 56Co alloy oxidised for 1000 hours, whereas TiO2 was not detected 
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for the 100-hour TGA-oxidised 56Co alloy.  The XRD data for the 1000-hour exposures 

therefore indicate the presence of rutile in all but the 47Co alloy and the presence of 

NiTiO3/CoTiO3 in alloys 19Co and above.  In light of this, the high-intensity surface Ti 

evident in EDS maps for the 0Co, 9Co, 19Co and 28Co alloys (Figure 5) appears likely to 

exist predominantly as rutile, whereas the lower intensity surface Ti observed in EDS maps 

for the 38Co, 47Co Type I and 56Co morphologies (Figure 6) appears likely to exist 

predominantly as NiTiO3/CoTiO3, as indicated by the presence of a well-pronounced Ni- and 

Co-rich surface layer in these higher Co alloys. 

3.8 Use of larger specimens to measure mass gain and to elucidate oxidation behaviour 

Specimens of larger surface area (10  6  1 mm) were used to assess specific mass 

gain and to determine reproducibility of oxide morphologies, in particular for the 47Co Types 

I and II.  These samples were processed as for the smaller specimens (5  5  1 mm) prior to 

isothermal box furnace oxidation at 800°C for 1000 hours, after which mass gain was 

measured and SEM-EDS linescans were obtained.  In addition, SIMS elemental 

concentration maps were generated on the 19Co and 38Co alloys to corroborate the EDS data 

obtained for the smaller specimens (Figures 5 and 6).  A SIMS count vs. time profile was also 

obtained from the 38Co alloy. 

Specific mass gain and oxide surface analysis – A specific mass gain of ~1.1 mg.cm-2 was 

obtained for alloys 0Co, 9Co, 19Co, 28Co, 38Co and 47Co (10  6  1 mm) following 

oxidation for 1000 hours.  However, alloy 56Co of this specimen series exhibited a specific 

mass gain of ~1.6 mg.cm-2, notably higher than that of the other alloy compositions tested.  

The surface of this 56Co alloy specimen showed a thick, undulating, pumice-like oxide scale 

(shown in supplementary information) in contrast to the discrete nodules observed for the 

56Co specimens oxidised for 100 hours and 1000 hours shown in Figures 3 and 9 

respectively.  EDS point analysis indicated that the 56Co alloy contained high levels of Co 

(~42 at.%) and O (~53 at.%), suggesting the presence of cobalt oxides.  XRD data from this 

56Co specimen (supplementary information) displayed peaks corresponding to CoO/NiO and 

a spinel phase (plausibly Co3O4 given the EDS data) as well as CoCr2O4/NiCr2O4.  This 

surface oxide layer may have precluded further penetration of X-rays toward the alloy 

interior.   
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EDS linescans to elucidate the morphology of oxidised 47Co and 38Co alloys - To confirm 

the reproducibility of the Type I and Type II oxidation morphologies for the 47Co alloy and 

to investigate whether the 38Co alloy also exhibited two distinct morphologies, SEM-BSE 

micrographs and EDS linescans were obtained from the 10  6  1 mm alloy specimens 

oxidised for 1000 hours at 800°C (Figure 10).  The 47Co alloy larger specimen displayed 

both Type I and Type II oxidation morphologies within the same specimen, confirming the 

reproducibility of the microstructural characteristics that were observed for the smaller (5  5 

 1 mm) 47Co specimen (Figures 4b and 6).  The morphology denoted Type II in this larger 

47Co specimen (Figure 10a) suggests the presence of a dense Al2O3 sub-scale (shown as dark 

contrast on the BSE micrograph) and an apparent lack of internal projections, consistent with 

the linescan showing the Type II 47Co alloy morphology for the smaller 47Co specimen 

(Figure 8b).  Islands of relatively high Ni, Ti and Al intensity and low Co and Cr intensity 

were observed external to the main bulk of the γ/γ' in this larger 47Co alloy specimen in areas 

exhibiting Type II morphology (at 20-22 µm, Figure 10a) or Type I morphology (at 23-24.5 

µm, Figure 10b).  Importantly, the 38Co alloy appeared to exhibit only one type of 

morphology throughout (Figure 10c).  As with the 47Co alloy (Type I and Type II 

morphologies), the 38Co alloy also displayed the unidentified Ni-, Ti- and Al-rich phase 

within what appeared to be a γ'-depleted zone.  The 47Co Type II morphology (Figure 10a) 

exhibited a more compact oxide scale and Cr-rich layer than was observed for the 5  5  1 

mm specimen (Figure 8b) and was more akin to the 38Co and 47Co Type I morphologies 

with respect to the external scale (Figure 10b, c).  Extensive SEM examination of the 38Co 

alloy cross-section revealed a uniform, flat and compact Cr-rich scale throughout.  XRD 

analysis on these 10  6  1 mm specimens confirmed the presence of Cr2O3 in alloys 0Co, 

9Co, 19Co, 28Co, 38Co and 47Co.  The 38Co alloy (Figure 10c) exhibited extended 

depletion of Cr (dark blue, at 8–30 µm on the x-axis) beneath the Cr2O3 layer, as may be 

expected with significant chromia formation. 

The differing Type I and Type II morphologies of the 47Co alloy may be related to 

the different crystal structures of the metastable Al2O3 phases compared with the stable α-

Al2O3 phase, as described by Birks et al. [54].  The metastable γ-, δ- and θ-Al2O3 polymorphs 

exhibit cubic spinel, tetragonal and monoclinic structures respectively, whereas α-Al2O3 

exhibits a rhombohedral crystal structure comprising hexagonally close-packed oxide anions 

with cations occupying two thirds of octahedral interstitial sites [54].  The α-Al2O3 phase has 

been shown to develop as a dense layer, whereas the metastable polymorphs reportedly form 
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as whiskers or blades [55].  The differing crystal structures and morphologies of the various 

alumina phases reportedly contribute to their differential growth rates [55].  The 

thermodynamically stable form of Al2O3 is the slow-growing α-Al2O3 with the corundum 

crystal structure [54].  However, at temperatures below ~1200°C, oxidation of Al2O3-forming 

alloys frequently leads to the formation of fast-growing transient metastable Al2O3 scales 

[55].  The metastable γ-, δ- and θ-Al2O3 phases transform to the stable α-Al2O3 phase 

providing that activation barriers are overcome.  This can be achieved thermally but depends 

also on the presence of other species [55].  For example, Cr has been reported to accelerate 

the transformation of metastable θ-Al2O3 to α-Al2O3 by initial formation of chromia, which is 

isotypic with α-Al2O3 thereby providing sites for α-Al2O3 nucleation [54, 55]. 

In a systematic study of the effect of Ni:Co ratio on elemental partitioning for the 

same series of alloy compositions following 1000 hours ageing at 800°C [49], the 47Co alloy 

exhibited maximal preferential partitioning of Ni to the γ' phase and substantial partitioning 

of Cr to the γ' phase.  The 47Co alloy possessed a relatively high Al concentration in the γ 

phase (3.09 at.%) compared with lower Co alloys [49].  It is plausible, therefore, that 

development of the 47Co Type II morphology (dense alumina sub-scale and lack of internal 

oxidation products) observed in the present study may be related to the role of Co in 

influencing elemental phase partitioning for this alloy composition at 800°C.  However, it is 

difficult to correlate directly the elemental partitioning data derived from ageing the alloys 

for 1000 hours at 800°C in an argon atmosphere [49] with the present study, which involved 

continual evolution of an external oxide scale over the 1000-hour oxidation period at 800°C 

and concomitant changes in sub-surface composition.  

Secondary ion mass spectrometry (SIMS) of 38Co and 19Co alloys - As the 38Co alloy 

exhibited a consistently flatter, more compact oxide scale and Cr2O3 layer than the lower Co 

alloys or the 47Co and 56Co alloys (Figures 4b, 6, 7a), SIMS was performed on the 38Co 

alloy oxidised at 800°C for 1000 hours to provide further chemical analysis of any thin 

surface oxide layers present (Figure 11).  Figure 11a shows SIMS elemental count vs. time 

profiles obtained for the 38Co alloy to assess how the profiles for Al and Ti vary in relation 

to that of the chromia scale (shown as a blue plateau).  On sputtering down through the 

external oxide scale, Ti abundance decreased as the Cr-rich layer became apparent.  The Cr-

rich layer appeared most dense between 15 and 60 minutes after initiating sputtering.  The 

presence of surface Ti, as seen in Figure 11a, is consistent with the corresponding EDS map 

for the smaller (5  5  1 mm) 38Co specimen (Figure 6).  The aluminium profile observed in 
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Figure 11a exhibited a small peak on initial sputtering, indicating the presence of an Al-rich 

surface layer not easily discernible in the 38Co EDS map (Figure 6), but apparent in the 19Co 

and 28Co EDS maps (Figure 5).  This small initial peak in Al counts preceded a much larger 

Al peak, indicative of an Al2O3 sub-scale beneath the Cr-rich layer (Figure 11a).  An SE 

micrograph of the crater produced following sputtering to a depth of ~10 µm is shown in 

Figure 11b and reveals pillars resistant to sputtering, plausibly a discontinuous Al2O3 sub-

scale.  

Figure 12 shows SE micrographs of ramps made to a maximum vertical depth of ~17 

µm in the 38Co alloy and in the 19Co alloy for comparison, following oxidation of the alloys 

at 800°C for 1000 hours.  Also displayed are SIMS elemental concentration maps showing 

the distribution of O, Ti, Cr and Al in the alloy sub-surface.  Both the 38Co and 19Co alloys 

appear to exhibit a continuous Cr2O3 scale and a discontinuous Al2O3 sub-scale.  The 38Co 

alloy (Figure 12a) appears to demonstrate less oxygen penetration into the alloy interior 

compared with the 19Co alloy (Figure 12b), consistent with EDS maps obtained for the 

smaller specimens (Figures 5 and 6).  The 19Co alloy appears to indicate extensive Al2O3 

formation beneath the Cr2O3 scale (Figure 12b), consistent with EDS maps obtained for the 

smaller (5  5  1 mm) 19Co specimen (Figure 5). 

EDS linescans to elucidate the morphology of oxidised 19Co and 28Co alloys - As the 28Co 

alloy exhibited microstructural features similar to those of the 47Co Type II morphology in 

terms of the distinct Al- and O-rich sub-scale and limited nitrogen and oxygen ingress into 

the alloy interior (Figures 5 and 6), EDS linescans were obtained on the 10  6  1 mm 

specimens to compare the 28Co alloy with the 19Co and 0Co alloys (Figure 13).  

Representative BSE micrographs are shown together with the corresponding EDS linescans 

for alloys 0Co, 19Co and 28Co oxidised at 800°C for 1000 hours.  The 0Co and 19Co 

specimens both demonstrated an undulating, porous-looking external scale similar to those 

seen for these alloy compositions in Figures 4b, 5, 8a, for which internal oxidation products 

were clearly visible.  The 28Co alloy appeared to exhibit a more compact, uniform Cr2O3 

layer (Figure 13c) compared with the 0Co and 19Co alloys (Figure 13a, b).  Thus, this 28Co 

alloy morphology shown in Figure 13c contrasts with the thick porous-looking scale observed 

in the smaller 28Co specimen (Figures 4b and 5).  The 28Co alloy should not therefore be 

dismissed as a basis for a future turbine disc superalloy composition.  Indeed, from Figure 

13c, the larger 28Co specimen (10  6  1 mm) displayed the relatively thin, dense and well-
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defined external scale and Cr2O3 layer characteristic of the 38Co alloy (Figures 4b, 6, 10c) 

and desirable for good oxidation resistance. 

3.9 Comparison with other alloy systems 

Much of the literature concerning Ni-based superalloys relates to their use as single-

crystal turbine blades.  Bensch et al. [5] compared the predicted and experimentally 

determined growth behaviour of the Al2O3 layer in the Ni-Co-Al-W-Ta-Cr-based single-

crystal alloys, René N5 and SCA425+ and reported good agreement between the modelled 

and measured alumina growth for 100 hours oxidation at 900°C.  This model has been shown 

to predict the oxide scale thickness, γ'-free layer as a function of distance to the outer surface 

as well as γ' fraction for alumina-forming Ni-based superalloys.  The mechanism of oxidation 

of such multi-element alloys is known to be complex.  At temperatures of ~1000°C, the 

superalloy René N5 forms an external scale comprising three oxide layers: an outer scale 

containing NiO and Co3O4, an intermediate multiphase layer incorporating α-Al2O3 and 

Cr2O3, as well as a dense and compact Al2O3 inner layer [5].  

Weiser et al. [27] investigated the influence of Co:Ni ratio on the oxidation 

characteristics of the single-crystal Co-Ni-9Al-8W-8Cr (at.%) system following TGA for 100 

hours at 800°C and 900°C.  A temperature-dependent effect of Co:Ni ratio was reportedly 

observed.  For oxidation at 900°C, the Co-free alloy showed the lowest overall mass gain, 

with mass gain increasing systematically with increasing Co up to 75 at.%.  Conversely, for 

oxidation at 800°C, the Ni-free (75 at.% Co) alloy showed the lowest overall mass gain and a 

reverse influence of Co:Ni ratio was reported [27].  These results are consistent with the 

findings of Zenk et al., 2016 [12], who studied the oxidation performance of Co-Ni-9Al-8W-

8Cr-0.04B (at.%) alloys following oxidation at 900°C for 100 hours.  With increasing Co 

content from 0 to 75 at.%, oxidation resistance reportedly diminished.  

In the present study, TGA oxidation of the seven Ni-Co-5Al-5Ti-15Cr (at.%) model 

superalloys at 800°C showed that after 100 hours oxidation, the 56Co alloy exhibited the 

highest overall mass gain compared with the other alloys tested.  With increasing Co content 

towards the higher end of the range (47-56 at.%), the oxidation kinetics determined by TGA 

changed from parabolic to cubic, implying the formation of a higher number of oxide phases, 

which was confirmed by the corresponding XRD data.  It is of note that the lowest overall 

mass gain was achieved for the 47Co alloy, suggesting superior oxidation resistance 

compared with alloys of lower Co content over this duration of exposure.  This may be a 
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consequence of the fact that the 47Co alloy was the only alloy of the seven compositions 

tested to form two distinct cross-sectional morphologies, with the 47Co Type II morphology 

exhibiting a compact continuous Al2O3 sub-scale.  

It is interesting to compare the oxide evolution in the present study with the work of 

Gao et al., 2019 [25], on the 10-element Co-Ni-8.5Al-7W-8Cr-2.5Ti (at.%)-based system (Co 

content 48-56 at.%) oxidised at 800°C and 900°C for 503 hours.  Combined EDS/XRD 

analysis on these alloys oxidised at 800°C reportedly identified an outer oxide scale rich in Cr 

and Co indicating mainly spinel oxides (Co2CrO4 and CoCr2O4) and chromia, above a thinner 

layer of TiTaO4 as well as an inner layer of alumina and CoWO4.  Internal phases were 

documented as Co3W and γ.  The oxide products formed after oxidation at 800°C were 

reportedly similar for the three alloys tested (Co content 48-56 at.%).  Oxidation at 900°C 

apparently produced distinct regions of surface morphology:  either compact spinel oxides or 

blocky CoO with pores together with blocky Co2CrO4 above spinel oxides.  Overall, the 

major features of oxidation at 900°C described by Gao et al. [25] for the W-containing Co-

Ni-Al-W-Cr-Ti-based system (with Co content 48-56 at.%) are the two contrasting oxide 

morphologies and the fact that the nodular oxide formation, described as Region 2, appeared 

associated with CoO formation in the absence of a discontinuous Al2O3 sub-scale.  In 

contrast, Region 1 appeared to exhibit a more continuous Al2O3 sub-scale and less oxidative 

damage.  These authors observed relatively high mass gain following TGA at 900°C 

compared with 800°C, which was attributed to the nodular oxide formation observed in 

Region 2 at 900°C.  The depth of the nodular oxide layer reportedly increased with increasing 

Co content from 48 to 56 at.% [25].  Of note, the oxide scale morphology for 800°C 

oxidation of the same alloy compositions was reported to resemble that denoted Region 1 

observed for 900°C oxidation [25]. 

With respect to the present study on the Ni-Co-5Al-5Ti-15Cr (at.%) system, two 

distinct areas of surface morphology were identified within the same sample following 

oxidation for 100 hours and 1000 hours at 800°C, for alloys of Co content 19-56 at.%.  These 

areas appeared either dark with relatively small grains or pale with larger grains, with the 

56Co alloy exhibiting pale surface nodules, plausibly CoO and/or Co3O4.  EDS point analysis 

on the 100 hour-oxidised specimen surfaces (800°C) indicated that the pale areas were rich in 

O, Ni and Co and that the dark areas were rich in O, Co, Ti and Ni.  Together with XRD data, 

these results suggest that the pale areas contained predominantly (Ni,Co)O and that the dark 

regions contained NiTiO3/CoTiO3 and plausibly TiO2.  Following 1000 hours oxidation, the 
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47Co alloy definitively identified two distinct cross-sectional morphologies: Type I 

resembling the 38Co alloy with thin flat strata in a compact scale overlying a zone of 

conspicuous oxidation products; Type II exhibiting a distinct, compact, continuous Al2O3 

sub-scale with no internal oxides or nitrides apparent.  It should be noted that these 

morphological types (Type I and Type II) observed in the 47Co alloy cannot be definitively 

correlated with either the pale or dark areas of surface morphology.  

In the current study, EDS maps of specimen cross-sections after 1000 hours oxidation 

at 800°C indicated, for the lower Co alloys (0Co, 9Co and 19Co), the presence of internal Al- 

and O- rich areas (plausibly Al2O3 precipitates) underneath a Cr2O3 scale, as well as Ti- and 

N- rich areas, plausibly titanium nitride.  Significantly, for the 28Co alloy, a dense sub-scale 

rich in Al and O, plausibly a discontinuous alumina sub-scale, was evident immediately 

beneath the Cr2O3 layer.  Of note is the fact that Al- and O-rich internal precipitates 

(plausibly Al2O3) were apparent immediately below the dense but discontinuous Al2O3 sub-

scale and the depth of internal damage was reduced compared with the lower Co alloys.  

Furthermore, there was little evidence of internal nitridation or oxygen penetration, such that 

the 28Co alloy showed a similar cross-sectional microstructure to that seen for the 47Co Type 

II.  In contrast, the 38Co alloy, in addition to the discontinuous Al2O3 sub-scale confirmed by 

SIMS, appeared to indicate extensive nitridation associated with both Al and Ti, as was the 

case for the 47Co Type I morphology and for the 56Co alloy, although all three of these 

alloys (38Co, 47Co and 56Co) were associated with a relatively low depth of internal 

oxidative damage and minimal oxygen penetration.  

From a systematic study of elemental partitioning behaviour on the same alloy 

compositions (0Co, 9Co, 19Co, 28Co, 38Co, 47Co and 56Co) aged at 800°C for 1000 hours 

[49], a transition in partitioning of Al, Ti and Cr was observed at ~19 at.% Co, such that 

further increases in Co content up to 47 at.% were associated with increased partitioning of 

Cr, Ni and Co to the γ' phase as well as increased partitioning of Ti and Al to the γ phase.  It 

is plausible that the increasing partitioning of Cr to the γ' phase with increasing Co content 

beyond ~19 at.%, together with the changes in partitioning of the other elements, increasingly 

facilitates formation of a compact, flat, continuous Cr2O3 layer.  As Cr2O3 is known to be 

isotypic with α-Al2O3 [55], the compact, continuous Cr2O3 layer in alloys 28Co, 38Co and 

47Co may provide readily available sites for α-Al2O3 nucleation, thereby facilitating 

formation of a compact, continuous α-Al2O3 sub-scale at the relatively low oxidation 

temperature of 800°C. 
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In striving to select an optimal Co:Ni ratio and Al concentration for an optimum 

balance of oxidation resistance, mechanical properties and microstructural stability, a number 

of studies have focused on low-W or W-free Co-Ni-based alloy systems [22, 35, 38, 39, 56].  

Ismail et al. [22] studied the oxidation behaviour at 800°C of three low-W polycrystalline Co-

Ni based superalloys and reported, for alloy 36Co-35Ni-10Al-3W-15Cr-1Ta (at.%) oxidised 

for 200 hours, formation of a thin, Cr2O3-rich oxide scale with internal Al2O3 that is 

protective and limits the inward diffusion of oxygen.  However, following 1000 hours 

oxidation at 800°C the oxide scale reportedly delaminated, leading to severe internal damage 

[22].  Das et al., 2019 [38] studied the oxidation characteristics of the γ-γ' W-free Co-30Ni-

10Al-5Mo-2Ta (at.%) alloy at 800°C.  Following 50 hours oxidation, no protective oxide 

layer was reportedly observed, although γ-γ' microstructural stability was retained at the 

matrix-oxide interface with no oxidation-induced secondary phases [38].  This therefore 

contrasts with the internal Co3W formation reported in W-containing alloys oxidised at the 

same temperature of 800°C [16, 25].  

The present study on the oxidation at 800°C of the W-free Ni-Co-5Al-5Ti-15Cr 

(at.%) alloy system employed a relatively low Al content compared with other studies.  In 

spite of this, a dense continuous Al2O3 inner layer was observed for the 47Co alloy.  In 

addition, for each of the seven alloys tested, no delamination nor spallation of the oxide scale 

was observed following 1000 hours oxidation at 800°C.  Furthermore, a purely γ-γ' 

microstructure was observed in the homogenised alloys prior to oxidation with no additional 

internal phases apparent as a consequence of oxidation with the exception of a Ni-Ti-Al-rich 

phase within the γ'-depleted zone, which may transpire to be Heusler Ni2AlTi or coarsened γ'.  

These results indicate the potential for γ-γ' superalloys derived from the Ni-Co-5Al-5Ti-15Cr 

(at.%) system to deliver superior oxidation performance compared with other alloy systems at 

the target operating temperature for turbine discs approaching 800°C. 

4. Conclusions 

This study investigated the effect of a systematic increase in Co:Ni ratio on the oxidation 

behaviour of γ-γ' (Ni,Co)75Al5Ti5Cr15 (at.%) alloys at 800°C.  TGA data acquired during 100 

hours oxidation showed a change in oxide scale growth kinetics from parabolic to cubic with 

increasing Co concentration from 9 to 56 at.%, indicating the formation of multiple new 

oxide species in alloys of higher Co content.  XRD data obtained on alloys oxidised at 800°C 
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for 100 or 1000 hours were in close agreement and identified an increased number of surface 

phases as Co:Ni ratio increased.  

Following 1000 hours oxidation at 800°C, alloys containing 28, 38 and 47 at.% Co 

exhibited a flatter, more compact external scale and Cr2O3 layer as well as reduced oxygen 

ingress compared with alloys of lower Co content.  In alloys containing 28, 38 and 47 at.% 

Co, a distinct Al2O3 sub-scale could be observed as well as internal Al- and Ti-rich 

projections apparently associated with nitrogen. 

The alloy containing 47 at.% Co exhibited two distinct morphologies following 1000 

hours oxidation at 800°C.  Type I resembled the 38 at.% Co alloy with thin, flat strata within 

a compact scale overlying a zone of internal Al- and Ti-rich projections apparently associated 

with nitrogen.  In contrast, Type II exhibited an apparent lack of internal oxides or nitrides 

beneath a tightly compact, well-defined Al2O3 sub-scale.  The formation of two distinct 

morphologies within the 47 at.% Co alloy was shown to be reproducible. 

The presence of an Al2O3 sub-scale in (Ni,Co)75Al5Ti5Cr15 (at.%) alloys containing 28, 38 

and 47 at.% Co suggests that manipulating the aluminium content within this Co 

concentration range may enhance oxidation resistance at 800°C by facilitating formation of a 

dense continuous Al2O3 sub-scale that precludes both oxygen and nitrogen ingress. 
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Figure 1. Representative SE images of the microstructures of all seven alloys following 

homogenisation heat treatment at 1250°C for 24 hours.  All alloys exhibited γ' precipitates embedded 

in a γ matrix with no other phases apparent. 

 

 

 

Figure 2. TGA data obtained during 100-hour isothermal oxidation at 800°C for alloys 0Co, 9Co, 

19Co, 28Co, 38Co, 47Co and 56Co.  The graph shows specific mass gain vs. exposure time. 
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Figure 3. Representative SE micrographs of oxidised alloy specimen surfaces following 100-hour 

TGA at 800°C.  Alloys 19Co, 28Co, 38Co and 47Co exhibited pale areas of morphology and 

contrasting darker areas of apparently smaller grains. 
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Figure 4. Cross-sectional SEM-BSE micrographs showing typical oxide morphologies following 

isothermal oxidation at 800°C: a) 100-hour TGA; b) 1000-hour box-furnace exposure using 5  5  1 

mm alloy specimens.  The scale bar applies to (a) and (b). 

 

 

 

 

 

 

 



31 
 

 

Figure 5. Cross-sectional SEM-BSE micrographs and corresponding EDS elemental concentration 

maps for alloys containing 0, 9, 19 and 28 at.% Co following isothermal box-furnace oxidation at 

800°C for 1000 hours (5  5  1 mm specimens).  Note the differing scale bars to best show the 

elemental distribution in the oxide scale and in any internal oxidation products for each alloy 

composition.  
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Figure 6. Cross-sectional SEM-BSE micrographs and corresponding EDS elemental concentration 

maps for alloys containing 38, 47 and 56 at.% Co following isothermal box-furnace oxidation at 

800°C for 1000 hours (5  5  1 mm specimens).  Note the differing scale bars to best show the 

elemental distribution in the oxide scale and in any internal oxidation products for each alloy 

composition.  
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Figure 7. Measurements derived using ImageJ software from cross-sectional micrographs of alloy 

specimens (5  5  1 mm) following 1000 hours oxidation at 800°C: a) external oxide scale thickness; 

b) depth of internal oxidation/nitridation products.  
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Figure 8. Representative SEM-BSE micrographs and corresponding EDS linescans following alloy 

oxidation at 800°C for 1000 hours: a) 0Co showing abundance of internal oxidation products; b) 47Co 

Type II morphology showing a high intensity Al peak and few internal oxidation products (5  5  1 

mm specimens). 
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Figure 9. XRD traces for alloys containing 28, 38, 47 and 56 at.% Co following 1000-hour isothermal 

box-furnace oxidation at 800°C (5  5  1 mm specimens).  The key indicates phases (peak 

identification: 20° < 2θ < 120°).  Insets show SE images of the oxidised specimen surfaces. 
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Figure 10. Representative SEM-BSE micrographs and corresponding EDS linescans following alloy 

oxidation at 800°C for 1000 hours: a) 47Co Type II morphology showing dense Al- and O-rich sub-

scale; b) 47Co Type I morphology; c) 38Co alloy (10  6  1 mm specimens). 
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Figure 11. SIMS for the 38Co alloy oxidised at 800°C for 1000 hours: a) elemental count vs. time 

profiles; b) SE micrograph (tilt 45°) showing crater produced following sputtering of the oxidised 

surface to obtain (a).  Pillars in (b) may correspond to regions of Al2O3 sub-scale (10  6  1 mm 

specimen). 
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Figure 12. SE micrographs and SIMS elemental concentration maps for O, Ti, Cr and Al following 

alloy oxidation at 800°C for 1000 hours: a) 38Co; b) 19Co (10  6  1 mm specimens).  The 

rectangular troughs seen in Figure 12a indicate areas where SIMS depth profiles (not shown) had been 

acquired. 
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Figure 13. Representative SEM-BSE micrographs and corresponding EDS linescans following alloy 

oxidation at 800°C for 1000 hours: a) 0Co; b) 19Co; c) 28Co.  The 28Co alloy exhibits a compact, 

well-defined Cr- and O-rich layer within the oxide scale (10  6  1 mm specimens). 
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Table 1. Nominal and measured chemical compositions (mean ± standard deviation, σ) of the seven 

model superalloys investigated.  Measurements obtained using SEM-EDS on alloys in the 

homogenised condition were within ±1 at.% of their nominal composition. 

 

Alloy 
Nominal composition (at.%) Measured composition (at.%) 

Ni Co Al Ti Cr Ni ±σ Co ±σ Al ±σ Ti ±σ Cr ±σ 

0Co 75.0 0.0 5.0 5.0 15.0 74.96 0.09 - - 5.01 0.04 5.16 0.02 14.87 0.06 

9Co 65.6 9.4 5.0 5.0 15.0 65.55 0.05 9.60 0.03 4.97 0.04 5.13 0.03 14.76 0.09 

19Co 56.3 18.8 5.0 5.0 15.0 56.2 0.1 19.08 0.04 4.82 0.07 5.25 0.04 14.65 0.10 

28Co 46.9 28.1 5.0 5.0 15.0 46.52 0.10 28.9 0.1 4.80 0.09 5.27 0.03 14.55 0.05 

38Co 37.5 37.5 5.0 5.0 15.0 37.42 0.06 38.33 0.11 4.83 0.06 4.92 0.04 14.50 0.05 

47Co 28.1 46.9 5.0 5.0 15.0 28.11 0.13 47.24 0.10 4.83 0.12 5.19 0.18 14.63 0.15 

56Co 18.8 56.3 5.0 5.0 15.0 18.69 0.16 56.81 0.05 4.8 0.1 5.21 0.08 14.5 0.1 
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Table 2. Value of n for each alloy composition derived for the TGA data shown in Figure 2, as 

determined from Equation 1 using Igor Pro software. 

 

Alloy 0Co 9Co 19Co 28Co 38Co 47Co 56Co 

n value 1.59 2.06 2.33 2.66 2.64 2.85 2.98 
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Table 3. Alloy surface oxide phases following 100-hour TGA at 800°C, as indicated by XRD data.  

For each of the seven alloy compositions, the underlying γ-Ni/Co matrix phase was also detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alloy Phases identified by XRD after TGA oxidation (800°C, 100 hours) 

0Co Cr2O3 TiO2 - - - - 

9Co Cr2O3 TiO2 NiCr2O4/CoCr2O4 NiTiO3/CoTiO3 - - 

19Co Cr2O3 TiO2 NiCr2O4/CoCr2O4 NiTiO3/CoTiO3 (Ni,Co)O - 

28Co Cr2O3 TiO2 NiCr2O4/CoCr2O4 NiTiO3/CoTiO3 (Ni,Co)O - 

38Co Cr2O3 TiO2 NiCr2O4/CoCr2O4 NiTiO3/CoTiO3 (Ni,Co)O - 

47Co Cr2O3 TiO2 NiCr2O4/CoCr2O4 NiTiO3/CoTiO3 (Ni,Co)O Co3O4 

56Co Cr2O3 - NiCr2O4/CoCr2O4 NiTiO3/CoTiO3 (Ni,Co)O Co3O4 



43 
 

XRD traces obtained following 100-hour TGA at 800°C on all seven alloys of Co content 0, 

9, 19, 28, 38, 47 and 56 at.%. 

Figure 1. XRD traces for alloys 0Co, 9Co, 19Co and 28Co following TGA oxidation (800°C, 100 

hours).  The key indicates phases (peak identification: 20°< 2θ <120°).  
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Figure 2. XRD traces for alloys 38Co, 47Co and 56Co following TGA oxidation (800°C, 100 hours).  

The key indicates phases (peak identification: 20°< 2θ <120°).  
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Surface morphology and XRD trace for alloy 56Co oxidised at 800°C for 1000 hours: 10  6 

 1 mm specimen. 

 

Figure 3. XRD trace for alloy containing 56 at.% Co following 1000-hour isothermal box-furnace 

oxidation at 800°C (10  6  1 mm specimen).  The key indicates phases (peak identification: 20°< 2θ 

<120°).  Inset shows representative secondary electron micrograph of the oxidised specimen surface.  

 

 


