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ABSTRACT 

The oxidation kinetics of a development nickel-based superalloy over the temperature range 

of 700 to 850 °C under isothermal and 100 hour thermal cycles are presented.  The kinetics 

compare favourably with similar alloys and this is attributed to the formation of 

(Ti,Nb,Ta)(N,C,B) precipitates throughout the alloy.  Between 840 and 850 °C a significant 

increase in the oxidation kinetics was observed; attributed to the dissolution of the precipitate 

phases releasing titanium, tantalum and niobium into the alloy matrix. This demonstrated 

clearly the role of these elements on the oxidation kinetics of the alloy. 

 

1.  Introduction 

Nickel-based superalloys are designed to operate in highly stressed conditions under 

oxidising environments at high temperatures.  Optimum materials properties are achieved 

both compositionally and by the use of heat treatments [1, 2] and the oxidation protection is 

afforded in these alloys by the formation of a surface oxide.  The surface oxide formed 

reflects the composition of the alloy and operating conditions, as demonstrated for ternary 

(Ni, Cr, Al) alloys at temperatures above 1000°C by Giggins et. al. [3].  That work clearly 

showed that a minimum critical concentration of the element forming the surface oxide was 

necessary for a complete coverage of the surface to be achieved.  For Cr2O3 forming Ni-based 

alloys a compositional range of chromium 8 to 17 wt.% has been reported [4-6].  The critical 

concentration of chromium necessary was found to decrease as the aluminium content of the 

alloys increased with some effect of temperature on the actual value.  At lower temperatures, 

i.e. 650°C, it is reported that a minimum concentration of chromium of 16 wt.% is necessary 

to form a surface layer of Cr2O3 [4] although it has been demonstrated that the oxide formed 

on alloys with chromium values as low as 13 wt.% (at 800°C) [5, 6], possibly due to the 

influence of the other alloying additions. 

One application for these high strength alloys is the rotor component within aero- or land-

based gas turbines and many studies have been performed on the oxidation behaviour of this 

group of alloys [4-19].  An Arrhenius plot of the parabolic rate constants obtained from many 

of these papers, against the inverse of the temperature, has been published in ref. 18, 

demonstrating that the oxidation kinetics for Cr2O3 forming alloys can vary by an order of 

magnitude and in all cases were higher than the kinetics for pure Cr2O3 formation [20-23].  

Factors that can result in the variability in the kinetics have been reported as: oxidation of 

other elements present in the alloy e.g. aluminium and titanium [3-5, 9]; surface finish [19]; 

spallation of the surface oxide, either partially or completely [4]; doping of the Cr2O3 which 

increases vacancy concentration thus enhancing diffusion rates through the oxide [5, 18, 24-

27]. 

Alloying elements, added to stabilise beneficial phases, can be affected by the oxidation 

processes and, in turn may influence the oxidation behaviour of the alloy.  One such element 

is niobium, which is a strong carbide former and γ′ stabiliser [1, 2].  When the Gibbs free 

energy of formation of the oxide of niobium, Nb2O5, is plotted in the form of an Ellingham 

Diagram [28], it is shown that, from the pure metal, the stability of Nb2O5 is comparable to 

Cr2O3 formation from chromium.  It has also been found that, where high enough 

concentrations of niobium are present in the nickel-based alloys, the phase Ni3Nb is formed 
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[29-33].  The process whereby this occurs is described in detail in refs 32 and 33.  Many such 

examples exist of the synergistic effects occurring on exposure of complex alloys to high 

temperatures in oxidising environments. 

In this paper, the oxidation kinetics of a new alloy designed for aero-engine rotor 

applications, are presented.  The composition of the alloy [34-36] contains multiple elements 

to achieve the required microstructure and mechanical properties for this critical component.  

Minor alloying additions in this alloy include, aluminium, titanium, tantalum, niobium and 

zirconium.  The oxidation kinetics, based on mass change measurements, presented here 

show an improvement compared to alloys with comparable compositions.  Detailed 

examination of the alloy has been performed and the results are explained in terms of the 

phases formed of the minor elements within in the bulk material. 

 

2.  Experimental procedure 

The composition of the alloy investigated here is given in Table 1 [34-36].  As can be seen 

this is highly alloyed material, containing a relatively low concentration of chromium for this 

alloy type; added to stabilise the γ matrix and also provide oxidation protection by the 

formation of a surface layer of Cr2O3 under operational conditions.  Some of the minor 

elemental additions, e.g. titanium, tantalum, aluminium and niobium, included to stabilise the 

γ′ phase, also form oxides under operational conditions. 

Samples of the alloy were provided by Rolls-Royce, plc, sectioned using Electro-Discharge 

Machining, EDM, to dimensions of approximately 20  10  3 mm3.  All surfaces of these 

samples were ground on SiC paper from 400 to 1200 grit using water as a lubricant, to 

remove the residual stresses produced during sectioning.  The corners and edges were 

chamfered to remove these stress concentrators.  This was followed by polishing with 6 µm 

diamond suspension, again, using water as a lubricant.  Samples were cleaned thoroughly 

including a final ultra-sonic clean in ethanol.  The dimensions and mass of each sample were 

recorded prior to oxidation exposure and the specific mass per surface area (m/SA / mg.cm-2) 

was calculated.  In addition, one batch of samples had been shot-peened using the following 

conditions: 7A intensity, 110H shot and 200% coverage.  These samples were measured, 

cleaned and weighed as above. 

Isothermal oxidation testing at atmospheric pressure in air was conducted on the polished and 

shot-peened samples at temperatures of 700, 750, 800 and C for times up to 2500 hours.  

Samples were placed in to alumina boats and inserted into the furnaces at temperature.  An 

additional set of 150 hour isothermal exposures were performed at 800, 810, 820, 830, 840 

and C.  At the end of the test periods the samples were removed from the furnaces, 

cooled to room temperature and reweighed.  The samples were observed during the cooling 

stage for signs of spallation; no significant spallation was noted. 

To generate more data for a statistical analysis of the oxidation behaviour of the alloy, 100 

hour thermal cycles were performed on batches of 7 samples, again under atmospheric 

pressure in air.  Samples were placed in to alumina boats and inserted into furnaces set to the 

test temperatures of 700, 750 or 80C.  At the end of each 100 hour exposure the samples 

were removed from the furnaces, cooled to room temperature, re-weighed and stored in a 
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desiccator ready for re-inserting into the furnaces for the next 100 hour cycle.  This process 

was repeated for up to a total of 2000 hours.  Again, the samples were observed during the 

cooling stages and no significant spallation of the surface oxide was observed in any of the 

samples. 

Metallographic cross-sections were prepared by mounting selected samples in low viscosity 

resin under vacuum and grinding through by 1 to 2 mm on 240 grit SiC paper.  This was 

followed by grinding on SiC papers from 400 to 1200 grit, with water as a lubricant.  The 

cross-sections were polished using 6 m followed by 1 m diamond in a water-based 

lubricant and finished with a water-based sol.  The samples were examined using Scanning 

Electron Microscopy, SEM, including in Back-Scattered Electron mode, BSE, and Energy 

Dispersive Spectroscopy, EDS.  For higher resolution detail of the microstructure of the 

alloy, Transmission Electron Microscopy, TEM, foils were extracted using Focused Ion 

Beam milling, FIB, from a polished and a shot-peened sample each exposed at 80C. 

 

3.  Results 

The mass change data, obtained under isothermal conditions, for the polished and shot-

peened samples, Figs. 1 (a) and (b), respectively, showed great similarity between the two 

surface variants at the three lower temperatures tested (700-800°C).  This also showed the, as 

expected, temperature dependence of the oxidation behaviour for the alloy.  At C the 

mass change for both surface variants showed some similarity in that the kinetics diverged 

from that observed at the lower temperatures, i.e. the increase in kinetics was greater than 

expected based on the lower temperature data.  Greater sample-to-sample variation was also 

observed in both surface variants at this temperature.   

The data from the thermal cycling testing, Fig. 2, showed good agreement with the isothermal 

data at the same temperatures.  This can be attributed to the lack of spallation occurring 

during testing, and thus the integrity of the surface oxide was maintained throughout.  The 

plots also show the range of values obtained at each temperature demonstrating the variability 

in the oxidation behaviour of this alloy and also the temperature dependence of the oxidation 

process.  The means +/- 1 st.dev. of these data sets were determined for further analysis. 

The means of the thermal cycling specific mass change data were fitted to the standard 

kinetics equation:- 

(
∆𝑚

𝑆𝐴
)
𝑛

= 𝑘𝑛𝑡 + 𝐶      (1) 

where 
∆𝑚

𝑆𝐴
 is the change in mass normalised to the surface area, in mg.cm-2, n is the exponent, 

kn is the rate constant in (mg.cm-2)n.s-1, t is time in seconds and C is a constant, which under 

the experimental conditions used here can be taken as zero. 

The gradients of the log vs log plots of the means of the thermal cycling data were produced 

to determine the exponent, n, in Eq 1, at each temperature, with the values given in Table 2.  

It was found that the data correlated well to parabolic behaviour at 700ºC, i.e., a value of n = 

2.06 is very close to 2, and increasingly departed from this with increasing temperature.  The 

rate constants for these data, kn, were determined from the gradients of the plots of Eq. 1, as 
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shown in Fig. 3 (a), with the values obtained presented in Table 2.  As the values of n were 

close to 2, and to enable comparison of the oxidation behaviour determined here to other 

alloy systems, the data were also fitted to parabolic rate kinetics, i.e. plots with n taken as 2, 

Fig. 3(b), the values determined for kp, are given in Table 2.  This demonstrated that the data 

fitted well to parabolic kinetics, especially at the lower temperatures, and that the fit was 

better when using the n values determined from the data sets, as would be expected. 

As fewer samples were tested under isothermal conditions parabolic behaviour was assumed 

in that analysis.  The kp values were calculated for both surface variants of the alloy and are 

presented in Table 3.  Good agreement was found between the two surface variants at 700, 

750 and 800 ºC.  In addition, the agreement between the data obtained from the isothermal 

exposures and the thermal cycling testing at these temperatures was also good, Tables 2 and 

3.  At 850 ºC, Table 3, the difference in the kp values obtained from the two variants of the 

alloy reflected the variability in the data found at this temperature, Fig. 1.  To assess the large 

increase in oxidation kinetics occurring between 800 and 850 C a series of 150 hour 

isothermal exposures were performed.  The parabolic rate constants, calculated from these 

individual measurements, are presented in Table 4.  This showed a general systematic 

increase in kinetics over this temperature range with some sample-to-sample variation, e.g. 

the 820 ºC result was similar to that obtained at 800 ºC. 

Cross-sectional examination of samples was performed to determine the oxide formed and to 

study the changes occurring in the sub-surface region of the alloy.  Examples of the findings 

are given for a polished sample exposed for 2000 hours at 800ºC and a shot-peened sample 

exposed for 1025 hours at 800 ºC along with compositional profiles for selected elements, 

Figs. 4 and 5, respectively.  Within the bulk of the alloy, away from the surface regions, light 

contrast precipitates consisting of some of the heavier elements present in the alloy were 

identified.  In the shot-peened variant a smaller light contrast precipitate was observed 

forming in the sub-surface region of the samples.  EDS using SEM demonstrated these 

precipitates to be richer in molybdeum, Fig. 5.  Only the larger precipitates were present in 

the polished samples, Fig 4.  EDS analysis showed that the surface oxide formed on both 

variants of the alloy was rich in chromium, assumed to be Cr2O3.  Internal oxidation, leading 

to the formation of Al2O3 was also observed, shown as the dark contrast phase in the sub-

surface region of the alloy.  Also formed sub-surface and extending beneath the Al2O3 

penetration depth, were sub-micrometre sized, dark contrast precipitates.  EDS analysis of 

these showed higher concentrations of titanium compared to adjacent regions devoid of the 

phase along with nitrogen, suggesting TiN formation. 

EDS profiles, shown in Figs. 4 and 5 revealed the compositional variations in the alloy 

extending from the surface into the bulk.  This showed that, in both the polished and shot-

peened variants, depletion of chromium and aluminium occurred to similar depths.  However, 

no significant changes in the concentrations of the minor elements were detected, Figs 4(b) 

and 5(b).  This was particularly relevant for titanium, where significant depletion had been 

observed in other equivalent alloys [9, 18, 19].  The concentration of titanium in the sub-

surface region was approximately 3.5 and 3.8 at.% in the two samples shown in Figs 4 and 5, 

which is similar to the concentration of this element in the bulk alloy, Table 1.  Similarly for 

tantalum and niobium, although an increase in tantalum at the oxide alloy interface in the 

polished sample was observed at the site shown in Fig. 4. 
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To study the sub-surface region in more detail TEM foils were extracted from a number of 

locations from a polished and a shot-peened variant of the alloy, both exposed at 800 ºC for 

2000 and 1025 hours, respectively.  Fig. 6 shows montages of TEM images taken from these 

samples showing the changes occurring at the surface of the alloy due to the oxidation 

processes, also shown is the effect of surface condition prior to oxidation testing, polished 

and shot-peened (a) and (b), respectively.  Internal oxides of Al were identified within an 

oxidation affected region extending from the surface into the bulk of the alloy; this region 

was identifiable by the change in contrast and texture compared to the unaffected bulk alloy.  

This difference emphasised the interface between the oxidation degraded region and the 

unaffected alloy.  The interface in the polished variant was planar whereas in the shot-peened 

condition an undulating interface was present, the latter was due to recrystallisation of grains 

occurring in this variant due to the stresses induced during the shot-peening process, as 

described previously for a similar alloy [5].  It was also noted that a network of dislocations 

were present in the bulk alloy in both variants, i.e. polished and shot-peened.  Also included 

in Fig. 6, indicated as boxes, are the sites presented in Figs. 7 and 8, shot-peened and 

polished, respectively, giving greater detail of the compositions and phases present. 

Precipitates with cubic or needle-shaped morphologies were present in both variants, 

distributed through the alloy.  Details of the morphologies and the compositions of these 

precipitates are presented in Fig. 7, taken from the shot-peened variant within the alloy away 

from the oxidation degradation region of the sample, from the site indicated in Fig. 6 (b).  

The results were observed to be the same in both alloy variants.  The maps show the 

elemental distribution within the phases comprising the matrix enabling the identification of 

the γ′ phase and the γ matrix; most easily identified from the aluminium, chromium and 

cobalt maps. 

Two categories of precipitates were seen throughout the bulk of the alloy.  These were 

distinguishable by morphology differences.  One was cubic in structure and consisted of a 

number of elements, see the nitrogen, niobium, tantalum and titanium maps in Fig. 7.  The 

other precipitate had a high aspect ratio and appeared to consist of nitrides of only titanium 

and niobium and were aligned along pile-ups of dislocations within the matrix.  Examination 

of the elemental distribution connected with the cubic precipitates showed an interesting 

sequence with a centre composed of zirconium oxide.  Surrounding this core was a niobium / 

tantalum rich layer and this, in turn, was encased in a titanium / niobium.  Both sets of 

precipitates were seen in both the polished and shot-peened samples.  EDS maps of boron and 

carbon show enhanced concentrations of these elements at these sites, the boron appears to 

only be present in the cubic precipitates whereas the carbon appears to contribute to both.  

This leads to the assumption that the precipitates are complexes of (Ti,Nb,Ta)(N,C,B), where 

the presence of ZrO2 acts as a nucleation site for the cubic structures. 

Within the oxidation affected outer region of the samples modifications to the microstructure 

had occurred, shown here for the polished sample, Fig. 8.  Dissolution of the γ′ phase had 

occurred, evident in the aluminium and titanium maps.  Also, note the location of the sub-

surface formation of Al2O3 using the aluminium and oxygen maps.  Also shown is the effect 

of the oxidation process on the morphology of the nitrides.  Comparison can be made 

between an unaffected nitride within the bulk alloy, in the top right-hand side of the image in 

Fig. 8, and those within the oxidation affected zone.  The maps show that these precipitates 

have grown towards the surface of the sample, possibility related to the crystallographic 
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orientation of the alloy grain.  This comparison demonstrates the changes occurring in the 

degradation zone were due to the oxidation processes and diffusion of elements through the 

region to the outer surface and were not just an effect of temperature.  It can be envisaged 

that the diffusion of elements from the dissolving γ′ precipitates react with nitrogen diffusing 

into the alloy, nucleating on the surface of the existing phase and leading to the development 

of the distinctive morphology observed.  The effect of the growth of the nitrides was to retain 

those metallic elements within the alloy and prevent emergence at the surface and subsequent 

oxidation or doping of the growing Cr2O3 layer. 

 

4.  Discussion 

To assess the oxidation behaviour of the development alloy and draw comparisons to other 

alloys, the mass change data was plotted according to the Arrhenius relationship: 

𝑘𝑝 = 𝐴. 𝑒𝑥𝑝 (
−𝑄

𝑅𝑇
)      (2) 

where kp is the parabolic rate constant, A is the pre-exponential constant, Q is the Activation 

Energy for the total oxidation process for this alloy in J.mol-1, R is the gas constant in J.mol-1 

and T is temperature in Kelvin.   

A plot of the ln(kp) vs 1/T was produced using all the parabolic rate constants determined in 

this project (dots or crosses in Fig. 9).  The range of data obtained from the literature for 

several relevant alloys [5-19] is shown as the hashed/shaded area, with the lower boundary 

formed by the kinetics for pure Cr2O3 formation on chromium or high chromium stainless 

steels [20-23].  The higher oxide growth kinetics obtained for this alloy reflect the 

contribution to the total mass gain from the oxidation of other elements present in the alloy, 

e.g. aluminium, titanium and tantalum, and also the interaction of various elements on the 

growth kinetics of Cr2O3, as outlined earlier.  It can be seen that this alloy lies towards the 

lower bound of the data range for the Cr2O3 formation over the temperature range of 700 to 

840 ºC inclusive, with a step change in the oxidation behaviour from 840 to 850 ºC where the 

kinetics transfer to the upper boundary of the data is shown.  The gradient of the data from 

700 to 840 ºC inclusive gave a value of Q for the oxidation process for this alloy of 269 

kJ.mol-1 producing the following algorithm:- 

𝑘𝑝 = 612100. 𝑒𝑥𝑝 (
−269000

8.314𝑇
) 

Microstructural examination of the alloy, away from the oxidation affected region of the 

alloy, showed the formation of (Ti,Nb,Ta)(N,C,B) complexes.  One classification of 

complexes contained cores of ZrO2 potentially acting as nucleation sites and had a cubic 

morphology, the other had a high aspect ratio and was aligned to the dislocation network 

within the alloy.  This combination of phases has been widely reported to form in other alloy 

systems [37-39], where it has been shown conclusively that the complexes are composed of 

nitrides, carbides and borides.  EDS maps obtained from TEM foils, Fig. 7, show the 

evidence of carbon and boron the complexes present in this alloy.  The compositional 

layering of the cubic structures is also described in the literature [37, 38], in terms of the 

localised depletion of each element during the formation process, i.e., the initial formation of 

the Nb (C, N ,B) phase, nucleated on the oxide particle, depleted the local region of niobium.  
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Once below a critical concentration of niobium the Ti (C, N, B) phase formed, nucleating on 

the previous phase.  The growth of this layer was, again, limited by the local concentration of 

titanium which was depleted as the phase grew.  Thus, the distribution of the phases was 

influenced by the ZrO2 particle distribution in the alloy and the size and compositional make-

up of the complexes was governed by the local concentration and thermodynamic stability of 

the various elements present.  The distribution of the ZrO2 particles is due to the powder 

metallurgy route of production.  Zirconium in the powder particles readily oxidises during the 

production process, resulting in nanometre sized stable oxides finely distributed throughout 

the material.  It is clear that the presence of the ZrO2 particles acted as nucleation sites for the 

cubic shaped complexes and that the faster diffusion paths at the dislocation pile-ups 

influences the growth of the high aspect ratio complexes.   

The heavier elements comprising the complexes were added to the alloy to stabilise the γ′ 

phase.  The effect of the formation of the complexes would be to tie-up these elements within 

the alloy in more thermodynamically stable phases, thus reducing the concentration in the γ / 

γ′ matrix.  The EDS maps, taken from sites at various locations within the alloys, revealed 

that the required γ / γ′ structure had been achieved.  In the region of the alloy affected by the 

oxidation processes dissolution of the γ′ phase was evident as well as growth of the 

(Ti,Nb,Ta)(N,C,B) complexes.  The change in morphology of both precipitates suggested a 

crystallographic orientation to the dominant growth directions.  The effect was again to retain 

elements usually found as oxides, such as titanium, within the alloy thus explaining the 

compositional profiles as shown in Figs. 4 and 5, where no apparent depletion of titanium had 

occurred.  The impact would be to prevent the additional contribution to the oxidation mass 

change caused by the oxidation of these elements and also to reduce any doping effect on the 

growth rate of Cr2O3. 

Investigations into the stability of the (Ti,NbTa)(N,C,B) complexes in steels has shown that 

these are unstable at temperatures of 850 ºC and higher [39].  In this study a clear step change 

in the oxidation behaviour of the alloy was observed between 840 and 850 ºC, Fig 9.  It is 

proposed here that, above 840 ºC the complexes dissolve and the elements are released into 

the matrix.  The step change in the oxidation kinetics is a clear indication of the impact of 

titanium, niobium and / or tantalum on the oxidation processes in these highly alloyed 

materials.  As the elements are present in low concentrations the significant increase in 

kinetics must also indicate the impact of these elements on the growth rate of Cr2O3, i.e. by 

doping.  There is also a suggestion in this work that there is a time dependence to the 

dissolution of the phases at 850 ºC as shown by comparing the kp from the 150 hour exposed 

sample to the values obtained from the longer term exposures, Tables 4 and 3, respectively.  

Further work is needed to investigate the dissolution process in more detail. 

The work presented here demonstrates the impact of minor elemental additions on the 

oxidation behaviour of alloys.  Also demonstrated in this study was the fact that no 

significant difference was found between the polished, and thus stress-free, and the shot-

peened surface.  It should be noted that the alloy in the polished condition did contain 

considerable dislocation networks which is under further investigation.  The comparison 

between the polished and shot-peened variants further emphasises the significant impact 

minor elements can have on the oxidation processes occurring in these highly alloyed 

materials. 
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Conclusion 

This paper presents an investigation into the oxidation kinetics of a development nickel-based 

superalloy.  Testing at atmospheric conditions in laboratory air was performed over the 

temperature range of 700 to 850 ºC under isothermal and 100 hour thermal cycles for times 

up to 2000 hours.  Two surface conditions were investigated; a complete study was made of 

the alloy in the polished stress-free state, with a limited study made under isothermal 

oxidation conditions of the alloy with a shot-peened surface finish.   

The results showed improved oxidation kinetics compared to comparable alloys up to 840 ºC 

with no significant difference in the oxidation behaviour between the polished and shot-

peened surfaces.  The improvement has been attributed to the formation of two categories of 

(Ti,Nb,Ta)(N,C,B) complexes which where were found distributed throughout the alloy.  The 

formation of the complexes effectively reduced the concentration of titanium, niobium and 

tantalum elements in the matrix of the alloy.  Significantly, in the oxidation affected zone 

beneath the surface oxide, growth of the complexes was observed.  The effect was to prevent 

diffusion to the surface of these elements thus preventing the formation of the oxides and 

reducing any doping effect on the surface Cr2O3 oxide.  A step change in oxidation behaviour 

was noted between 840 and 850 ºC where dissolution of the phases is reported to occur 

thereby releasing the elements into the matrix. 

Data Availability  

All necessary data is included within this paper. 
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TABLES 

 

Table 1 

Nominal composition of development alloy [34-36]. 

 

wt.% Ni  Cr  Co  Mo  Nb  Ti  Ta  Al  W  Zr  C  B  Fe  Mn  Si  Hf 

min bal  11.5  14.6  2.00  1.20  2.60 3.50 2.90 3.30  0.05  0.02  0.010  0.8  0.20  0.10  0.000 

max bal  13.0 15.9 2.40 1.80 3.10 5.10 3.30 3.70 0.11 0.06 0.030 1.2 0.60 0.60 0.045 

 

 

Table 2 

Values of n, kn and kp for the mass change data obtained from the 100 hour thermal cycle tests 

for the polished variant of the alloy at temperatures shown. 

Temp / ºC n kn / (mg cm-2)n.s-1  n kp / mg2cm-4s-1 

700 2.06 1.513 x 10-9  2 1.513 x 10-9 

750 2.2 7.127 x 10-9  2 9.66 x 10-9 

800 2.4 41.6 x 10-9  2 33.3 x 10-9 

 

 

Table 3 

Values of kp determined for the polished and shot-peened surface variants of the alloy under 

isothermal oxidation conditions at temperature shown. 

Temp / °C 
Polished Shot-peened 

kp / mg2 cm-4 s-1 kp / mg2 cm-4 s-1 

700 0.66 x 10-9 0.58 x 10-9 

750 11.0 x 10-9 11.0 x 10-9 

800 48.0 x 10-9 39.0 x 10-9 

850 550 x 10-9 1700 x 10-9 

 

Table 4 

Mass change / surface area (Δm/SA) of polished variant of alloy following 150 hours 

exposure at the temperatures shown. 

Temp / °C 800ºC 810ºC 820ºC 830ºC 840ºC 850ºC 

Δm/SA /mg cm-2 0.1610 0.2182 0.1630 0.2610 0.2970 0.3330 

kp / mg2 cm-4 s-1 48.0 x 10-9 88.2 x 10-9 49.2 x 10-9 126.2 x 10-9 163.3 x 10-9 205.4 x 10-9 
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(a)         (b) 

Fig. 1.  Plots of mass change / surface area against time in hours for each temperature under 

isothermal oxidation conditions showing the similarity in the values obtained for the (a) 

polished and (b) shot-peened surfaces.  The data obtained at 850 °C departs from the trend 

observed in the oxidation kinetics at the lower temperatures and demonstrated greater 

sample-to-sample variation.   
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Fig. 2.  Plots of mass change / surface area against time in hours for each polished sample 

exposed under 100 hour thermal cycling conditions showing the range data collected at each 

temperature and the influence of temperature on the oxidation process.  
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Fig. 3.  Plots of the 100 hour thermal cycled data as (a) (mass change / surface area)n against 

time in seconds, using the values of n presented in Table 2, and (b) (mass change / surface 

area)2 against time in seconds, for each temperature.  The gradients of these plots provided 

the rate constants, kn and kp, (a) and (b), respectively.  Values are given in Table 3.  As can be 

seen the data fits well to parabolic behaviour especially at the lower temperatures. 
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Fig. 4.  (a) SEM image in back scatter mode of a cross-section through a sample of the 

polished variant of the alloy exposed at 800 °C for 2000 hours under isothermal conditions 

showing the formation of a surface layer of oxide with internal dark contrast changes to the 

alloy in the sub-surface region, and (b) EDS elemental profiles from site indicated by solid 

line in (a), of alloying elements showing depletion of aluminium but an enhancement of 

titanium in the sub-surface region of the alloy. 
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Fig. 5.  (a) SEM image in back scattered mode of a cross-section through a sample with a 

shot-peened surface finish exposed at 800 °C for 1025 hours under isothermal conditions, and 

(b) EDS elemental profiles showing a chromium-rich surface oxide with depletion of 

aluminium but little change in the profiles of the other minor elements present in the sub-

surface region of the alloy. 
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(a)  

(b)  

Fig. 6.  Montage of STEM images of: (a) a polished variant of the alloy exposed to 800 ºC for 

2000 hours showing, from left to right, recrystallised alloy beneath the surface oxide (not 

shown) internal Al2O3 in light contrast, a planar interface between the oxidation affected 

region and the unaffected alloy, and (b) a shot-peened variant exposed to 800 °C for 1025 

hours showing, from left to right, the surface oxide, internal Al2O3, recrystallisation of the 

alloy grains adjacent to the surface oxide and an undulating interface with the unaffected 

alloy.  Also shown are precipitates indicted by arrows.  Boxes indicate the sites from which 

higher magnification and EDS maps were taken (Figs.7 and 8). 
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Fig. 7.  TEM images with EDS maps taken from the sample with a shot-peened surface finish 

exposed under isothermal conditions for 1025 hours at 800ºC showing compositional and 

morphology details of two types of precipitates distributed throughout the alloy: a cubic 

shaped phase with a zirconium oxide centre surrounded by layers of Nb, Ta and Ti and a high 

aspect ratio phase of Nb and Ti aligned along dislocations pile-ups, higher nitrogen, carbon 

and boron signal compared to the matrix show these to be a mixture of nitrides, carbides and 

borides. 
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Fig. 8.  TEM image with EDS maps taken from the sample with a polished surface exposed 

under isothermal conditions for 2000 hours at 800ºC showing the distribution of the elements 

in the sub-surface region of the alloy resulting from changes occurring due to the oxidation 

process (left-hand side of images) and including phases present in the unaffected alloy (right-

hand side). 
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Fig. 9.  Arrhenius plot of ln kp against the inverse of the temperature in K.  Open circles are 

the values using the n and kn determined as described in this report and the closed circles are 

the kinetics determined assuming parabolic behaviour. The gradient for both sets of data up 

to 840 °C gave a value of 269 kJ mol-1 for the activation energy for the oxidation process for 

the development alloy. 
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