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Abstract 

Nickel-based superalloys are frequently used under operating conditions that lead to 

the formation of an oxide layer. In this study, the mechanical properties of such a 

submicron oxide scale formed on a nickel-based superalloy were evaluated. The 

Poisson’s ratio and Young’s modulus of the layered oxide structure were determined 

to be respectively 0.29, and 259 GPa. Depth-resolved residual stress profiling with 

nanoscale resolution showed the presence of large compressive residual stresses up 

to 3000 MPa in the oxide, with magnitude correlated to the oxide scale thickness. The 

relevance of the results to the crack initiation and growth behaviour is discussed. 

Keywords: (A) Nickel; (A) Superalloys; (B) FIB-DIC; (C) Oxidation; (C) Residual stress  
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1 Introduction 
Nickel-based superalloys are commonly used for high-temperature structural 

components, such as turbine discs in gas turbine engines, due to their remarkable 

mechanical properties at the required operating temperatures. This includes good 

static properties, i.e. yield stress and ultimate tensile strength, and in particular high 

resistance to creep deformation. Furthermore, these alloys also show good corrosion 

resistance when exposed to oxidising environments at high temperatures, and good 

resistance to fatigue crack initiation and growth during cyclic loading [1]. In fact, turbine 

discs are required to withstand a combination of static, cyclic and sustained static 

loads [2]. The combination of cyclic and sustained loading, commonly referred to as 

dwell fatigue, is particularly crucial, and involves fatigue with a dwell or hold time at 

the maximum load. Resistance to dwell fatigue crack growth is a key requirement for 

nickel-based superalloys in turbine disc applications, and understanding how to 

increase this resistance is challenging because it is governed by several interacting 

mechanisms [3].  

Firstly, the exposure to elevated temperature and dwell loads leads to crack tip 

blunting as well as creep in the region ahead of the crack tip, which causes stress 

relaxation and consequently a reduced crack growth rate [4]. On the other hand, creep 

damage such as the formation of voids at grain boundaries can also lead to a higher 

crack growth rate [5]. Secondly, the oxidising environment leads to intergranular 

oxygen diffusion ahead of the crack tip, causing grain boundary decohesion (i.e. 

dynamic embrittlement) [6]. Furthermore, an oxide layer is formed along the crack 

wake and at the crack tip. This mechanism, which is generally referred to as stress-

assisted grain boundary oxidation (SAGBO) [7–10], results in phase transformation 

stresses, i.e. oxide growth stresses, and a lowered intrinsic fracture toughness at the 

crack tip due to the brittle nature of the oxides [11,12]. The fundamental complexity of 

the high temperature dwell fatigue behaviour of nickel-based superalloys lies in the 

synergy between ‘mechanical’ phenomena, i.e. the stress and deformation fields 

ahead of the crack tip and local mechanical properties, and ‘environmental’ 

phenomena, i.e. oxygen diffusion and oxide formation at the crack tip. For example, 

the presence of tensile stresses tends to facilitate oxygen diffusion [13] and 

consequently promotes the formation of various oxides, which in turn changes the 

local stress field [13,14]. 
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The influence of the environment on dwell fatigue crack growth rates in nickel-based 

superalloys has been shown to be substantial [14,15], which is why oxide formation 

has been studied extensively. However, these studies generally only focus on the 

thermodynamic aspect of oxidation, which is complex due to the fact that nickel-based 

superalloys often contain more than ten alloying elements [1]. The resulting oxide 

structure is layered in a thermodynamic sequence that is governed by the stability of 

the various oxides, the local oxygen partial pressure required for oxide formation, and 

diffusion properties of various metal ions and oxygen. This layered structure evidently 

depends on the precise alloy composition, but typically consists of rapidly forming 

oxides such as NiO and CoO close to the surface, followed by a Cr2O3 layer that to 

some extent acts as a diffusion barrier, and finally TiO2 particles and finger-like Al2O3 

intrusions closest to the metal matrix. Additionally, TiO2 particles are sometimes found 

to be present in the Cr2O3 layer, and in some cases more complex oxides such as (Ni1-

xCox)O, NiCr2O4 or MnCr2O4 have been observed [3,7,16–19]. 

On the other hand, the mechanical aspects of oxide formation are less well 

understood. Micromechanical modelling has shown the importance of phase 

transformation strain, which induces a residual stress field. For most oxides in nickel-

based superalloys, the transformation strains are positive (expansive) and thus lead 

to compressive stresses, although the magnitude depends on the type of oxide and 

the reactant phases. In the case of surface oxidation, these compressive stresses can 

become high enough to cause buckling and spallation [20]. In the case of crack tip 

oxidation, it has been proposed that these compressive residual stresses lead to 

crack-tip shielding [21,22]. In contrast, a self-consistent mathematical model 

developed by Cimbaro et al. suggests that a wedge-shaped oxide intrusion is always 

anti-shielding and leads to an increased local tensile stress at the crack tip, the 

magnitude of which depends on the length of both the crack and the intrusion [11]. 

These models generally assume a simplified morphology containing only one oxide 

species. Furthermore, the width of the oxide intrusion close to the crack tip is 

reportedly only 20-60 nm [19], which explains the lack of experimental verification of 

these mechanical phenomena.  

Oxide formation in nickel-based superalloys does not only affect crack propagation, 

but also crack initiation. In the very high cycle fatigue regime, the initiation stage may 

account for over 90% of the total fatigue life [23], which means that changes in crack 
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nucleation behaviour have a drastic impact on fatigue behaviour. In this regime the 

crack initiation location tends to shift from surface to subsurface regions, i.e. from 

surface defects to intrinsic microstructural features [24]. However, a study by Cruchley 

et al. [25] showed that the formation of a surface oxide layer promoted crack initiation 

at the surface and consequently led to a reduced fatigue life in most cases. In some 

cases, i.e. at certain applied stress levels, surface oxidation had a small beneficial 

effect on the fatigue life because it altered the microstructure underneath the oxide. In 

addition, the formation of residual stresses due to the volume expansion associated 

with oxide growth is also expected to affect crack initiation. This illustrates that the 

effect of surface oxidation on crack initiation is complex. 

The purpose of this study is to investigate the mechanical properties of a naturally 

grown oxide layer with submicron thickness on the surface of a nickel-based 

superalloy, in order to understand better the mechanical behaviour of this complex 

layered structure. The layer morphology, Young’s modulus, Poisson’s ratio and depth-

resolved residual stress variation are evaluated. The applicability of the results to the 

specific case of crack initiation is discussed, as well as the potential issues in 

transferring the results to crack tip oxidation phenomena during dwell fatigue crack 

growth. 

2 Materials and methods 
A rectangular block of approximately 20 x 10 x 5 mm was cut by electro-discharge 

machining from RR1000 alloy. The nominal composition of this alloy in wt.% is 52.3 

Ni, 18.5 Co, 15 Cr, 5 Mo, 3.6 Ti, 3 Al, 2 Ta, 0.5 Hf, 0.06 Zr, 0.027 C and 0.015 B [26]. 

All the surfaces were ground on wet SiC paper and polished using 6 μm diamond 

paste to remove the damage from the EDM process and to produce a surface finish, 

Ra, of approximately 0.4 μm. All edges and corners were chamfered to reduce stress 

concentrators and polished to the same surface finish. The sample was then oxidised 

in air at 650 °C for 4000 hours [17]. Scanning electron microscope (SEM) imaging and 

focused ion beam (FIB) milling were performed at the Multi-Beam Laboratory for 

Engineering Microscopy (MBLEM) in Oxford, using a TESCAN LYRA3 dual beam 

system equipped with an Oxford Instruments X-MaxN detector for energy-dispersive 

X-ray (EDX) analysis.  
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2.1 Poisson’s ratio 
Poisson’s ratio was determined based on the two-stage four-slot ‘focused ion beam – 

digital image correlation’ (FIB-DIC) milling method described by Sebastiani et al. [27]. 

In this experiment, which assumes the stress state to be equibiaxial, firstly two 

horizontal trenches of length 20 μm and width 0.5 μm, with a distance of 2 μm, were 

FIB milled in the surface in 25 steps of 75 nm. This allowed for full stress relief in the 

vertical direction of the wall created in between both trenches. At the second stage, 

two vertical trenches of length 2 μm and width 0.5 μm were milled, forming a central 

rectangular island of 2 by 2 μm which was fully stress relieved in both the vertical and 

horizontal direction. Open source digital image correlation (DIC) software [28] was 

used to track the strain relief of this island during both stages. The relief strain values 

in the vertical direction after the first and second stage were used to determine 

Poisson’s ratio.  

2.2 Young’s modulus 
A micro-cantilever was manufactured by FIB milling and subjected to in situ bending 

using an Alemnis Nanoindenter with a diamond cube corner tip (Synton-MDP) in 

displacement control with a constant tip speed of 50 nm/s. A 3D linear elastic finite 

element model was constructed in order to interpret the load-displacement data, using 

C3D8R and C3D6 elements for oxide and substrate, respectively. The nanoindenter 

tip was represented as a vertical point load. Young’s modulus and Poisson’s ratio of 

the substrate were fixed at 210 GPa and 0.3, respectively [29]. For the oxide, the 

Poisson’s ratio value was taken from the four-slot FIB-DIC experiment and Young’s 

modulus was set as a variable, which allowed its determination by fitting the model 

response to the load-displacement data. 

2.3 Residual stress 
Depth-resolved residual stress profiles were obtained using the ring-core ‘focused ion 

beam – digital image correlation’ (FIB-DIC) technique [30]. This involves incremental 

FIB milling of a circular trench, thereby creating a cylindrical micropillar that is 

gradually being relieved from residual stress. DIC on the patterned top surface of the 

pillar allows for determining the strain relief after each incremental milling step, which 

captures information on in-depth residual stress variation. The depth-resolved residual 

stress profile can then be reconstructed using the eigenstrain-based non-integral 
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method, as fully described elsewhere [31,32]. In the current study, four ring-core FIB-

DIC experiments with pillar diameter 10 µm were performed at random locations on 

the sample surface. The FIB voltage and current were fixed throughout each 

experiment, and the resulting incremental FIB milling step was determined to be 70 

nm in the oxide and 125 nm in the substrate. Residual stress profiles were obtained 

for a depth range between 0.25 µm and 2.5 µm, or equivalently 0.025% and 0.25% of 

the pillar diameter, which is based on the sensitivity of the non-integral method [32]. 

Young’s modulus and Poisson’s ratio, which are needed in order to obtain residual 

stress from the relief strain as measured by DIC, were taken to be respectively 210 

GPa and 0.3 for the substrate [1]. For the oxide, both parameters were experimentally 

evaluated in the current study (see section 3.2 below). The residual stress evaluation 

was based on the assumption of in-plane equibiaxial stress, supported by the fact that 

the measured relief strain values in the horizontal and vertical direction were in close 

agreement for each experiment. Consequently, the average values were used for 

residual stress evaluation. The error bars, which represent a 95% confidence interval, 

take into account the difference in relief strain value between the horizontal and 

vertical direction, the uncertainty in exact milling depth (based on multiple 

measurements from SEM images), the error as a result of DIC analysis and the 

uncertainty due to elastic anisotropy effects in the substrate [33,34]. After each 

experiment was completed, a cross-section of the pillar was made by FIB milling in 

order to examine the local thickness of the oxide layer.  

3 Results 

3.1 Morphology 
The surface morphology of the oxide layer is illustrated in Figure 1, which shows SEM 

images of the sample surface at two different locations. The presence of 

nanocrystalline oxide particles can be observed in Figure 1a, in some cases with 

planar crystal facets. This figure also shows needle-shaped oxides of varying 

thickness and length, which tend to be clustered in islands. A large number of such 

oxide nano-whiskers with high aspect ratio can be seen in Figure 1b. EDX analysis of 

the needles revealed the presence of mainly Ti and O and, to a lesser extent, Cr. 

Similar oxide particles and needle-like oxides have been reported elsewhere for alloy 

RR1000, and were shown to contain high levels of Cr and Ti [20]. 
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Figure 1. SEM images showing (a) oxide needle ‘islands’ on sample surface and (b) oxide 
nano-needles with various aspect ratios 

Cross-sections were made by FIB milling in order to assess the thickness and 

subsurface morphology of the oxide layer. Figure 2a shows a typical cross-section 

through the oxide and the underlying substrate. The total oxide layer thickness at this 

particular location is approximately 700 nm, and more generally ranged between 600 

and 900 nm. However, at certain locations the oxide layer thickness was found to be 

larger. For example, Figure 2b shows a cross-section through a cluster of oxide 

needles, with a local maximum oxide layer thickness of approximately 1.8 µm. In 

general, the observed morphology consists of either nanocrystalline particles or 

needles at the surface (I), below which there is a relatively thick layer (II), a thin layer 

with darker contrast (III) and finally the metal substrate with finger-like oxide intrusions 

(IV). In some cases, e.g. Figure 2b, these intrusions were observed to penetrate up to 

a depth of approximately 4 µm into the substrate. These SEM images also suggest 

the possible presence of voids in the substrate close to the oxide interface, e.g. Figure 

2a. However, it has been reported that void-like artefacts can be produced by FIB 

preparation and SEM imaging, and that these features may in fact be internal oxides 

[35]. 
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Figure 2. SEM backscattered electron images of FIB milled cross-sections through the oxide 
layer at (a) a random location and (b) an oxide needle ‘island’ (sample tilted at 55˚ with 

respect to horizontal axis)  

A qualitative assessment of the chemical composition of the oxide layer was 

performed via EDX analysis on a FIB milled cross-section. Figure 3 shows an SEM 

image of the examined cross-section and element maps for Ni, Co, Al, Ti and Cr. It 

should be noted that the maps of other detected minor elements, such as O and Fe, 

were omitted. The EDX results show that the top layer (I) contains a higher 

concentration of Ti and Cr. The Cr content is still high in the underlying thicker layer 

(II), whereas the thin layer underneath (III) and the intrusions (IV) contain mainly Al. 

The concentration of Ni and Co appears to be more homogeneous, with the exception 

of the Al-containing layer (III) and intrusions (IV) in which it is lower. These 

observations are in agreement with a previous study on the same RR1000 alloy [17], 

which reports that the outer surface contains rutile (TiO2) crystals, with an underlying 

chromia layer and subsurface alumina. Furthermore, these phases may incorporate 

other elements in solid solution. For example, the chromia layer (II) is also known to 

contain dissolved titanium.  
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Figure 3. SEM image and EDX element maps of FIB-milled cross-section through oxide 
layer and underlying substrate 

3.2 Mechanical properties 
A two-stage four-slot FIB-DIC experiment was used to determine Poisson’s ratio of the 

oxide scale [27]. To the author’s knowledge, this technique has never before been 

applied successfully to a submicron native oxide layer. The results of this experiment 

are presented in Figure 4. In stage I, two horizontal slots are FIB milled in a stepwise 

fashion, allowing full residual stress relief in the vertical (y) direction while the material 

is still constrained in the horizontal (x) direction. Next, in stage II two vertical slots are 

FIB milled to create a square island, which is thus fully relieved of residual stress in 

both x and y directions. The total strain relief in the y direction after the second stage 

Δ𝜀𝜀𝑦𝑦𝐼𝐼𝐼𝐼 is different from the strain relief in y after the first stage Δ𝜀𝜀𝑦𝑦𝐼𝐼  due to the Poisson 

effect, as can be observed from Figure 4. Therefore, Poisson’s ratio ν can be 

calculated from this experiment as [27]: 

𝜈𝜈 =
Δ𝜀𝜀𝑦𝑦𝐼𝐼

Δ𝜀𝜀𝑦𝑦𝐼𝐼𝐼𝐼
− 1 

Using this formula, Poisson’s ratio of the oxide scale was found to be approximately 

equal to 0.29. It can also be observed from Figure 4 that after the last milling step the 

relief strain in x (εx) is approximately equal to the relief strain in y (εy). Moreover, both 

εx and εy have reached a plateau during the last five milling steps. This confirms that 

the residual stress in the oxide layer was equibiaxial, and that this stress was fully 

relieved in the central rectangular island after the two-stage four-slot FIB-DIC 

experiment. 
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Figure 4. Relief strain in x (εx) and y (εy) as a function of milling step obtained from two-stage 
four-slot FIB-DIC experiment to determine Poisson's ratio of oxide layer 

A micro-cantilever was produced by FIB milling and subjected to in situ bending by 

means of a nanoindenter in order to obtain Young’s modulus of the oxide layer. Figure 

5a shows an SEM image of the side view of the cantilever and the nanoindenter tip 

during the early stages of the bending test. In Figure 5b, an SEM image of the front 

view of the cantilever prior to the bending test is presented, showing the morphology 

of the cantilever cross-section. It can be observed that the cross-section consists of 

an upper rectangular part, which contains the oxide layer, and a lower triangular part, 

containing the substrate. The triangular part forms angles of 70 degrees with respect 

to the sample surface. This geometry is a result of the constraints of the SEM-FIB dual 

beam system, in which the FIB column is positioned at 55 degrees and the sample 

stage allows for maximum 15 degrees negative tilt. Figure 5c shows a schematic 

drawing of the cantilever, including the dimensions that were measured from SEM 

images and the position of the nanoindenter tip (white arrow).  
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Figure 5. SEM images of FIB milled cantilever, showing (a) side view during bending test 
and (b) front view prior to test (sample tilted at 55˚ with respect to horizontal axis); (c) Model 

for FE simulation (dimensions in nm) 

The results of the cantilever bending test are shown in Figure 6 in the form of load 

versus displacement data for the nanoindenter tip. There is a linear elastic regime up 

to a maximum load of approximately 0.075 x 10-3 N and displacement of around 800 

nm. At this point, a crack propagated through the oxide layer and the load dropped to 

a value of roughly 0.04 x 10-3 N. The load did not drop to zero because the crack 

arrested at the interface between oxide and substrate, which means that the fracture 

did not cause separation of the cantilever from the sample. This can be observed in 

Figure 7, which shows an SEM image of the cantilever after the bending test. In order 

to interpret the load-displacement data in the linear elastic regime, a finite element 

(FE) model was used to simulate the bending test, as shown in Figure 5c. The oxide 

scale in the model is assumed to be homogeneous, which will be discussed further 

below. By fitting of the model response to the load-displacement data, the Young’s 

modulus of the oxide layer was determined to be 259 GPa. Additionally, it is important 

to consider possible errors due to the accuracy in cantilever dimensions. The height 

of the cantilever cross-section is particularly crucial, given the fact that the area 

moment of inertia depends on the height to the power of three. Because of the edge 

effect in SEM images, the dimensional uncertainty can be estimated as approximately 

± 20 nm [36]. A height variation of ± 20 nm was therefore implemented in the FE model, 
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and it was found that this results in a relative error on Young’s modulus of 

approximately ± 12%. 

 

Figure 6. Load (mN) versus displacement (nm) for cantilever bending test, showing 
experimental data and FE model after optimisation 

 

Figure 7. SEM image of cantilever after bending experiment, showing fracture of the oxide 
layer near the base of the cantilever 

The depth-resolved in-plane residual stress near the surface was evaluated by means 

of ring-core FIB-DIC and the non-integral method [32]. Note that the assumed stress 

state is equibiaxial, as confirmed by the two-stage four-slot FIB-DIC experiment 

described above (Figure 4). The obtained residual stress profiles as a function of depth 

are shown in Figure 8 for each of the four probed locations (a, b, c & d). SEM images 

of cross-sections of the surface at each location are also shown in Figure 8a, b, c and 

d. The dashed vertical lines in the plot represent the local oxide thickness, i.e. the 

interface between the oxide layer and the substrate, as measured from the SEM 

images. In general, the shape of the residual stress profiles is similar at all four 

analysed locations, with a maximum compressive stress peak located in the oxide 
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layer close to the interface. By comparing the profiles and cross-sections at locations 

a & b with those at locations c & d, it can be observed that magnitude of residual stress 

appears to be related to the thickness of the oxide layer. At locations a & b, the 

thickness of the oxide is circa 650-680 nm and the residual stress reaches values of 

1600-1800 MPa in compression. On the other hand, at locations c & d, the oxide 

thickness is approximately 840-860 nm and the maximum residual stress is in the 

range of 2400-3000 MPa in compression. The depth at which the maximum residual 

stress peak occurs also shifts corresponding to the thickness of the oxide layer. 

Additionally, it can be observed that there is a sharp decline in residual stress in the 

substrate, although the stress remains compressive up to a depth of at least 2.5 µm. 

To the author’s knowledge, these experiments provide the first direct measurement of 

depth-resolved residual stress in a submicron oxide layer.  

 

Figure 8. Residual stress (MPa) as a function of surface depth (µm) at four locations (a, b, c 
& d) on the sample (error bars represent 95% confidence interval), obtained by ring-core 

FIB-DIC measurements; SEM images on the right show the respective cross-sections 
(sample tilted at 55˚ with respect to horizontal axis) 

The residual stress in the oxide layer reaches very high values of up to 3000 MPa in 

compression and can be linked to the local oxide layer thickness. Consequently, 

buckling failure and spallation of the oxide was observed in certain locations on the 

sample surface. Two examples of such failure are shown in Figure 9. In Figure 9a, the 

oxide layer is bulging out and has partially fractured. From Figure 9b, it can be 

observed that locally the oxide is relatively thick (approximately 1.6 µm), which would 

explain why buckling failure occurred at this specific location. Furthermore, islands of 

oxide needles are present in the gap between the oxide and the substrate. These 
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appear to have grown both upwards from the substrate (i.e. resembling ‘stalagmites’) 

and downwards from underneath the oxide layer (i.e. resembling ‘stalactites’). The 

growth of oxide needles in within this gap implies that the damage indeed occurred by 

spallation during the oxidation process, and was not caused by, for example, thermal 

stresses due to cooling or by sample handling afterwards. 

 

Figure 9. SEM images showing two cases of local buckling and spallation of the oxide layer 
(sample tilted at 55˚ with respect to horizontal axis) 

4 Discussion 
In order to understand the mechanical properties that were measured for the oxide, 

the results should be interpreted within the context of the observed morphology of the 

oxide layer. The oxide has a complex layered structure which consists of a rough layer 

with nanocrystalline particles at the surface (I), followed by a relatively thick layer (II), 

a thin layer with darker contrast (III) and finally the metal substrate with finger-like 

oxide intrusions (IV), as shown in Figure 2. In terms of composition, the element maps 

obtained by EDX (Figure 3) confirm the thermodynamic layering sequence that has 

been reported in literature [7,17]. The outer layer (I) contains TiO2 crystals, below 

which there is a thicker Cr2O3 layer (II), an Al2O3 layer (III) as well as Al2O3 intrusions 

(IV). However, the layers are not well-defined, both structurally and in terms of 

composition. Structurally, the thickness of each layer is inhomogeneous, e.g. the Al2O3 

layer (III) in Figure 3, and the depth of the Al2O3 intrusions shows large variability. In 

terms of composition, the various oxide phases can contain other elements in solid 

solution, and sometimes mixed layers can be formed [19]. For example, the EDX 

results indicate the presence of Ni and Co in most layers, and it has been reported 

previously that the chromia layer (II) also contains titanium [17], possibly in the form 
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of TiO2 particles [16]. Moreover, the current results do not exclude the possibility that 

more complex oxides may have formed [7]. 

Nonetheless, in the first instance it can be worthwhile to compare the mechanical 

properties that were measured for the oxide layer with those found in literature for pure 

oxide phases. From the two-stage four-slot FIB-DIC experiment (Figure 4), the 

Poisson’s ratio of the oxide layer was found to be 0.29. In comparison, the Poisson’s 

ratio is reported to be 0.25-0.3 for pure Cr2O3 [37–39], 0.26 for pure Al2O3 [40], 0.28 

for pure TiO2 [41], 0.416 for sintered pure NiO [42] and 0.38 for CoO [43]. It is clear 

that the values for these oxides cover a rather broad range and, as mentioned in the 

previous paragraph, the possible impurity of the identified phases introduces another 

level of complexity, making comparison difficult. Additionally, it is important to note that 

the various layers will have different contributions to the total strain relief that is 

measured by the FIB-DIC method. This can be understood by considering that while 

the whole central ‘island’ is being incrementally relieved from residual stress during 

FIB milling, DIC is only performed on the top surface. This means that the deeper 

layers have a smaller contribution to the observed strain relief value. This sensitivity 

as a function of milling depth has been evaluated for a ring-core geometry in the form 

of an influence function, showing that the major contribution is provided by layers at 

depths between 1.5% and 20% of the ring-core diameter [44]. In the current case, i.e. 

for a rectangular ‘four-slot’ geometry, the exact influence function is unknown, but it 

can be assumed that the sensitivity is also much larger for the top layers. Therefore, 

it is not surprising that the obtained value for Poisson’s ratio (0.29) is closest to the 

values for TiO2 (0.28) and Cr2O3 (0.25-0.3), seeing as the outer layer consists of mainly 

TiO2 followed by a Cr2O3 layer. 

Young’s modulus of the oxide layer was evaluated by microcantilever bending and 

combined FE modelling, resulting in a value of approximately 259 GPa (see Figure 5 

and Figure 6). For simplicity, it was assumed in the FE model that the oxide layer is 

both homogeneous and smooth, as shown in Figure 5c. In comparison, Young’s 

modulus is reported to be 234-273 GPa for Cr2O3 [37,39,45], 270.7 GPa for TiO2 [22], 

362-393 GPa for Al2O3 [22,46] and 230-260 GPa for NiO [22]. It should also be noted 

that the exact oxide stoichiometry has a large influence on these values [37,47]. 

Although the complex morphology of the oxide makes direct comparison difficult, the 

value that was measured in the current study is in the expected range, i.e. close to the 
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moduli of the relevant pure oxides. In particular, the measured value (259 GPa) is 

closest to the literature values for pure Cr2O3 (234-273 GPa), which is sensible given 

the fact that the cantilever contains a relatively thick chromium-containing oxide layer 

(see layer II in Figure 3). Iyer et al. [48] also used micro-cantilever bending to examine 

the mechanical behaviour of the oxide scale on a superalloy (Allvac 718Plus), and 

they reported a Young’s modulus of 194–206 GPa, which is considerably lower 

compared to the current study. However, a different alloy composition results in the 

formation of different oxide species, e.g. an outer spinel phase in the case of Allvac 

718Plus [48], which would evidently result in a different mechanical behaviour. 

Regarding the FE model, the simplification of using a smooth surface is not expected 

to introduce significant errors on the result, because the surface roughness is mainly 

composed of individual oxide particles which presumably do not contribute any 

structural rigidity during bending. The model could be developed further by including 

the individual layers instead of assuming one homogeneous oxide layer. However, as 

mentioned the morphology is complex and has a large variability. One possible 

strategy, which could be employed in future studies, would be to use FIB tomography 

after the micro-cantilever bending experiment in order to construct a 3D model of the 

cantilever. By performing a large number of tests, each coupled to an accurate 

bespoke FE simulation, the unknown Young’s modulus of each layer could then be 

evaluated statistically.  

The depth-resolved residual stress profiles, shown in Figure 8, reveal that a large 

compressive residual stress peak is present in the oxide. If the oxide layer is thicker, 

the magnitude of residual stress is higher and the peak shifts to a deeper position. At 

locations where the oxide layer grew to a relatively large thickness (circa 1.6 µm), the 

very high compressive residual stress caused local buckling and spallation (see Figure 

9). The development of compressive stress during oxidation is a result of phase 

transformation strain, which occurs because oxide formation involves a volume 

increase. This can be described in the first instance by the Pilling-Bedworth ratio 

(PBR), which is the volumetric misfit of a metal oxide compared to its corresponding 

metal [49]. For example, PBR is equal to 1.65 for NiO in Ni [12]. However, the problem 

becomes more complex for alloys, because several alloying elements can be oxidised 

and the local composition of the alloy substrate will also change [50]. Furthermore, in 

nickel-based superalloys the local depletion of oxide-forming elements causes γ’ 
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precipitates in the substrate to transform to γ, forming a γ’ denuded layer [17]. The 

transformation strains of common oxide phases formed in superalloys were calculated 

by Chan [21]. For example, the transformation strains for the formation of TiO2, Cr2O3 

and Al2O3 in a Ni phase, containing Ti, Cr or Al in solid solution, are respectively 227 

%, 596 % and 519 %. Given these values, the presence of very large compressive 

growth stresses in the oxide layer is not surprising. Another interesting observation 

from Figure 8 is that the residual stress remains compressive in the substrate up to a 

depth of at least 2.5 µm. This cannot be explained by, for example, the presence of a 

γ’ denuded layer, because for RR1000 the misfit strain between γ’ and γ is positive 

and very small at room temperature (approximately 7 x 10-4) [51], which means that 

the lattice parameter of γ’ is larger. However, the SEM images of cross-sections show 

that finger-like Al2O3 intrusions are present up to a maximum depth of about 4 µm 

(Figure 8a and b). The formation of Al2O3 from the γ’ phase (Ni3Al in the simplified 

case) results in a transformation strain of around 466 % [21], which means that the 

formation of these finger-like intrusions is indeed expected to cause compressive 

residual stress. The surface preparation prior to oxidation could also have an 

influence, since it has been shown recently that polishing with diamond slurry induces 

compressive residual stresses up to a few micrometers in depth [52]. Additionally, the 

current results show for the first time that the ring-core FIB-DIC technique is capable 

of providing depth-resolved residual stress profiles in native oxide layers with 

submicron thickness. 

The experimental results obtained in this study provide valuable information that can 

help with understanding the effect of oxidation on fatigue crack initiation. The 

roughness of the outer TiO2 layer as well as the higher Young’s modulus of the entire 

oxide layer compared to the metal substrate would presumably lead to localised high 

stress concentration. This explains why for oxidized specimens surface crack initiation 

is promoted and the fatigue life is generally reduced, as reported by Cruchley et al. 

[25]. However, they also observed an improved fatigue life of oxidized specimens 

when the applied stress ranged between approximately 800 and 1000 MPa, which 

they attribute to plastic yielding of the γ’ denuded layer underneath the oxide. The 

residual stress analysis in the current study may provide another explanation, because 

it reveals the presence of a large compressive residual stress field. At a surface depth 

of approximately 1 µm, which corresponds to the γ’ denuded layer just underneath the 



 
 

19 
 

oxide layer, the residual stress is in fact close to 1000 MPa in compression (see Figure 

8). Therefore, it is clear that in order to correctly estimate the actual stress levels close 

to the surface during fatigue loading, the mechanical response of the oxide layer as 

well as the residual stress field should be considered. 

Finally, a critical reflection should be made regarding the transferability of the results 

to the specific case of crack tip oxidation during dwell fatigue crack growth. A first 

consideration is that the mechanical properties of the oxide layer were evaluated at 

room temperature. At the operating temperature of turbine discs these properties are 

expected to change. For example, pure sintered NiO and CoO reportedly undergo a 

change in magnetic state above 250 ˚C, which is coupled to a significant decrease in 

Poisson’s ratio [42]. As the temperature increases, Young’s modulus also decreases 

[43,53]. Furthermore, differences in thermal expansion coefficients between the 

substrate and the oxide phases will have an effect on the residual stress measured at 

room temperature, due to thermal cooling strains [12]. A second consideration is that 

oxidation on a surface plane and oxidation ahead of a crack tip can to some extent 

result in a different oxide layering sequence, due to the fact that in the latter case the 

matrix/oxide interfaces are aligned with the oxide growth direction, which provides 

easier diffusion paths [7]. Additionally, dwell fatigue cracks generally grow along grain 

boundaries, which also affects the diffusion of both oxygen and oxide-forming 

elements and consequently the oxide layer morphology [19]. A final important 

consideration is that, even though the oxide is under compressive residual stress, the 

geometric constraints in the case of an oxide intrusion at a crack tip can result in the 

presence of a balancing tensile stress ahead of the intrusion [11]. This ‘anti-shielding’ 

effect would explain the observation of accelerated dwell fatigue crack growth due to 

environmental degradation, i.e. SAGBO and crack tip oxidation [2,3]. 

Due to the small scale of crack tip oxidation effects in nickel-based superalloys, 

experimental verification of the mechanical phenomena that govern crack growth is 

extremely challenging. Consequently, most studies generally rely on micromechanical 

modelling via computational methods. The current experimental results for surface 

oxidation may not be directly applicable to the case of crack tip oxidation, yet they do 

provide relevant insights into the morphology and room temperature mechanical 

properties of complex oxide layers in nickel-based superalloys. Furthermore, the 
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results obtained in this study can be interpreted more directly to help improve our 

understanding of the effect of surface oxidation on fatigue crack initiation. 

5 Conclusions 
The crack initiation and propagation behaviour of nickel-based superalloys in turbine 

disc applications is governed by several interacting mechanical and environmental 

mechanisms. One important phenomenon is the formation of a layered oxide scale, 

which changes the local mechanical properties and stress field. In this study, the 

mechanical properties of a naturally grown oxide layer with submicron thickness on 

the surface of a nickel-based superalloy were evaluated, in order to understand better 

the mechanical behaviour of this complex layered structure. The key conclusions are 

summarised as follows: 

- The outer surface of the oxide consisted of either nanocrystalline particles or 

oxide nano-whiskers of varying thickness and length, containing mainly Ti and 

Cr. Below the surface, a relatively thick Cr2O3 layer was present, followed by a 

thin Al2O3 layer and finger-like Al2O3 intrusions into the underlying substrate. 

This layered structure showed some variability in both morphology and 

chemical composition. 

- Using a combination of in situ mechanical microscopy techniques and FE 

modelling, the overall Poisson’s ratio and Young’s modulus of the oxide layer 

were determined to be respectively 0.29 and 259 GPa. 

- Depth-resolved in-plane residual stress profiles were obtained by ring-core FIB-

DIC experiments and showed the presence of a large peak of compressive 

residual stress in the oxide layer. The magnitude of residual stress was found 

to depend on the local oxide thickness, and reached a maximum value of 

approximately 3000 MPa in compression. Furthermore, buckling failure and 

spallation were observed at locations on the sample surface where the oxide 

had grown to a large thickness. To the author’s knowledge, the depth-resolved 

residual stress in a native oxide layer with submicron thickness has never been 

evaluated experimentally before. 

The results obtained in this study provide information that helps with understanding 

the effect of oxidation on fatigue crack initiation, and can help to improve the 

micromechanical modelling of crack tip oxidation during dwell fatigue crack growth. 
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