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Abstract 

The combined effects of environment (oxidation) and mechanical load (fatigue) that control crack 

propagation in a single crystal Ni-based superalloy have been investigated with particular focus on the 

intermediate service temperature range.  Fatigue tests have been carried out at different frequencies, 

hold times and environments, to study the parameters influencing crack propagation at 550
o
C. The 

direct current potential drop method was used to monitor the crack growth while STEM-EDS were 

used to analyse the fracture mode and crack tip regions. 

It was found that the micro-mechanism of fatigue crack propagation at intermediate temperatures is a 

complex process with several competing mechanisms acting on the crack tip simultaneously. 

Crystallographic slip processes by γ’ shearing are active at these temperatures while at the same time 

thermally activated processes that promote crack propagation through the γ channels also take place. 

In addition, the effects of oxidation were found to be two-fold. It was demonstrated that these 

temperatures are not high enough to cause macroscopic embrittlement of the crack tip but finger-like 

protrusions were found to penetrate the material ahead of the crack tip at the nano-scale. The kinetics 

of such a mechanism were accentuated by the plastic strains at the crack tip, which given enough 

time, can promote cleavage fracture at the γ/γ’ interface. At the same time, given that the crack 



driving force is lower than a transition value, oxide formation on the crack tip surfaces can bridge the 

opening of the crack tip and reduce the effective driving force.  

1 Introduction 

Single crystal Ni-based superalloys have long been the material of choice for gas turbine blade 

applications due to their excellent high temperature properties. Comprising the core of the gas turbine, 

the high cost of turbine blade replacement or refurbishment is a real incentive for the power 

generation industry to improve lifing approaches to allow for safe life extension as well as for 

optimising the life management. In order to accurately predict the remaining life, the detrimental, 

synergistic effects of environment and cyclic loading need to be fully understood. In addition, 

considering the complex shape of turbine blades and the significant temperature gradients, resulting 

from the incorporation of internal cooling passages and thermal barrier coatings, unpredictable 

failures can occur at a range of temperatures and therefore life prediction models should be developed 

to account for the associated damage. The main difficulty in doing so arises from the lack of a 

physical description of the interacting processes that take place at a crack tip during high temperature 

dwell fatigue. In many early attempts [1–4], the problem is approached by simply considering a linear 

summation of two independent damage mechanisms: oxide induced (time dependent) crack 

propagation and fatigue (cycle dependent) crack propagation i.e. 
𝑑𝑎

𝑑𝑁𝑡𝑜𝑡𝑎𝑙
=

𝑑𝑎

𝑑𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒
+

𝑑𝑎

𝑑𝑁𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
. 

This approach however, fails to capture the synergistic phenomena that interact and simultaneously 

take place ahead of a propagating crack.  This issue can be exacerbated at intermediate temperatures 

where neither of the two mechanisms (time or cycle dependent) dominates.  

It is known that oxidation can reduce the effective crack driving force by wedging the crack tip due to 

the formation of thick oxides on the crack surfaces (oxidation induced closure) [5,6]. On the other 

hand, in other cases oxidation has been shown to act detrimentally to increase fatigue crack 

propagation. Stress assisted oxidation can lead to embrittlement and degradation of the mechanical 

properties in micro-volume in the material ahead of a crack tip [7,8]. Direct evidence of such an 

embrittled zone has been previously shown in CMSX-4 when the fatigue crack propagation (FCP) 



rates of pre-oxidised and non-oxidised specimens have been compared [9]. At the nano-scale, the 

interaction of dislocations and oxidation was also shown to promote higher fatigue crack growth rates. 

Oxygen adsorbing on freshly emerging slip steps during fatigue inhibits the reversed slip mechanism 

and effectively results in larger, net slip irreversibility [10–12]. 

The majority of published work on the influence of oxidation on FCP in Ni-based superalloys is 

concerned with polycrystalline materials where the aforementioned mechanisms can be distinguished 

principally in terms of their effect on grain boundaries. Two mechanisms can be postulated to take 

place during dwell fatigue in single crystals: i) propagation by failure of an embrittled element ahead 

of the crack tip and ii) propagation by dynamic embrittlement and separation of the matrix-precipitate 

interface. 

This paper aims to examine the damage mechanisms acting at a crack tip during fatigue in a single 

crystal Ni-based superalloy at intermediate service temperatures (550°C) and provide a physical 

interpretation of the damage process.  Carefully designed mechanical tests have therefore been carried 

out at different frequencies, hold times and environments to obtain an understanding of the parameters 

influencing crack propagation. Scanning electron microscopy (SEM) was used to identify the fracture 

mode while scanning transmission electron microscopy (STEM) with high resolution energy 

dispersive spectroscopy (EDS) detectors was used to analyse crack tip regions. 

2 Experimental Procedure 

2.1 Material 

The material used in this study is the 2
nd

 generation single crystal Ni-based superalloy CMSX-4 and 

its composition is given in Table 1. A detailed investigation of its high temperature mechanical 

properties can be found in [13]. The alloy was supplied by ALSTOM in the form of <001> cylindrical 

rod castings. The batch received had undergone a proprietary commercial stepped solution heat 

treatment with a rapid gas fan quench in argon followed by a single stage ageing heat treatment. The 



resulting characteristic γ/γ’ microstructure and the dendritic structure are shown in the SEM 

backscatter electron (BSE) images of Figure 1. 

Alloy Cr Co Al Ti W Mo Ta Hf Re Ni 

CMSX-4 7.53 9.71 12.31 1.24 2.07 0.37 2.13 0.32 0.96 63.37 

Table 1: Nominal composition of the single crystal Ni-based superalloy CMSX-4 (at.%) 

 

Figure 1: SEM BSE images of the fully heat treated CMSX-4 showing a) dendritic structure and porosity mainly 

concentrated within the interdendritic regions and b) cuboidal γ/γ' microstructure 

2.2 Mechanical testing 

Fatigue testing was conducted on a 50kN INSTRON 8501 servo-hydraulic machine retrofitted with a 

high temperature vacuum chamber which utilises four high intensity quartz lamps. All tests were 

conducted at 550ºC and the temperature was controlled to ±1ºC by an R-type thermocouple spot 

welded on the side surface of the samples.  Single edge notched bend (SENB) specimens with a cross-

section of 9mm x 9mm were tested in three point bending with a loading span of 40mm. A through 

thickness starting notch of 2.25mm was machined at the centre of each sample by electrostatic 

discharge machining (EDM). During testing, the tensile axis (TA) was parallel to the <001> direction 

while the EDM notch was along the <010> direction. A schematic of the sample set up, dimensions 

and orientation is shown in Figure 2a. Figure 2b shows a 3D representation of the dendritic structure 

of CMSX-4 (aligned with the sample) constructed by taking optical microscopy images of etched 

surfaces aligned with the (001), (010) and (100) planes.  

  



(a) 

 

(b)  

  

Figure 2: (a) Schematic diagram of the SENB samples used for fatigue testing with coordinate system showing 

crystallographic orientations and (b) 3D reconstruction of optical microscopy images showing the dendritic structure on 3 

planes  

Cyclic loading for all testing was applied under load control, using a load ratio of R=0.1 and a 

trapezoidal waveform of the type 1s – Xs – 1s – 1s, with the 1s segments corresponding to the load 

ramping periods and the dwell at minimum load, while hold time at maximum load (X) was varied 

between tests.   The FCP rate was monitored continuously using the direct current potential drop 

(DCPD) method. A set of PD probes was spot welded across the notch, while a second set was 

attached away from the propagating crack to provide a far field reading for normalisation against 

temperature and current variations. An experimentally obtained calibration function was used to relate 

the crack length (a), sample width (W) ratio to the normalised PD. To ensure accurate values, the 

derived crack lengths were checked and re-calibrated post-test, against beach marks formed on the 

fracture surface. The FCP rates were derived from the curve of the variation in the electrical potential 

with time using the secant method. Prior to testing, the specimens were pre-cracked at the testing 

temperature (550ºC) using a load shedding method with a 2.5Hz sinusoidal waveform, stress ratio of 

0.1 and an initial stress intensity range factor ΔK = 20MPa√m. The ΔK was stepped down in 10% 

increments after the crack had grown through four (plane stress) monotonic plastic zone sizes until a 

ΔK=15MPa√m was achieved. 

The experimental work included three different types of tests as outlined below: 

i. Fatigue crack propagation tests (constant load, increasing ΔΚ) were conducted to obtain 

the characteristic crack growth rate vs. stress intensity factor range graph for CMSX-4 in air 

and in a low oxygen partial pressure environment (referred here as “vacuum”), in order to 
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assess the effect of oxidation. A total of two tests were conducted (air and vacuum), using a 

“baseline” trapezoidal waveform of 1s – 1s – 1s – 1s starting at a ΔK = 15MPa√m and run to 

failure at a constant load, with increasing ΔΚ. For the vacuum test, the chamber was pumped 

down to 10−7bar and was then filled with Nitrogen to 1bar. By then re-evacuating the 

chamber again to 10−7bar and assuming perfect mixture of gases, the oxygen partial pressure 

during testing was estimated to be at the order of  10−15bar. 

ii. Frequency scan tests (constant ΔK = 20MPa√m, Kmax = 22MPa√m) were employed to 

examine the effects of frequency/dwell on the FCP rate at a fixed ΔΚ (and Κmax). The ΔK 

value was selected to be within the low-mid end of the Paris regime in order to achieve a FCP 

rate low enough for significant oxidation processes to take place at the crack tip and at the 

same time to allow accurate control of the ΔK during load shedding. During the test, eight 

different loading frequencies were used ranging from 0.005Hz to 5Hz. For frequencies up to 

0.25Hz, the trapezoidal waveform (1-X-1-1) was used, whereas for higher frequencies a 

sinusoidal waveform was employed to allow a more accurate servo-hydraulic response. The 

frequency test sequence was arranged such that a high frequency testing period was followed 

by a low frequency one. This caused distinct changes in the fracture surface which were later 

used to calibrate the measured crack length to the monitored PD. At each frequency, the crack 

was allowed to grow approximately 0.4-0.5mm corresponding to 4-4.5 monotonic plane stress 

plastic zone sizes.  

iii. Alternating dwell or “Block tests” were conducted to assess the effect of oxidation ahead of 

a crack tip. Such tests (termed “block tests”) were previously employed to identify the extent 

of oxidation induced damage ahead of a crack tip in a polycrystalline Ni-based superalloy 

[14]. By switching between regimes of low and high frequency and examining the transitions 

in crack growth behaviour, the extent of the crack tip damage formed under particular 

conditions (i.e. the interaction between strain rate and oxidation) can be examined. These tests 

were run to failure with increasing ΔK by alternating between short and long dwell 

waveforms for crack increments equal to at least 4 plane stress plastic zone sizes.  Figure 3 



shows a schematic of the loading applied.  Based on the frequency scan test results, 

representative dwell times were selected to induce different propagation mechanisms; 1s was 

selected as the baseline (short) dwell while 90s, 180s and 300s were used as the long dwells 

in different samples. Two of these tests were interrupted at crack lengths of α1 = 6.1mm and 

α2 = 6.4mm and held under sustained load (corresponding to K values of Κ1 = 34MPa√m  

and Κ2 = 28.5MPa√m)  for 12h. During the hold period any crack growth was monitored 

with the DCPD method. Subsequent baseline fatigue crack growth rates were then monitored 

to assess the effect of these hold times. 

 

Figure 3: Loading waveform utilised for block tests. 

 

2.3 Characterisation methods 

The fracture surfaces were examined using a Wild M420 macroscope, an Alicona Infinite Focus 

microscope (IFM G4) and a JEOL JSM 6500 FEG-SEM at an acceleration voltage of 15kV. For the 

crack tip investigations, the interrupted test specimens were sectioned perpendicular to the crack front 

and a volume containing the crack was extracted as shown schematically in Figure 4a. The extracted 

sample was mounted in conductive bakelite and polished down to 0.02μm OPA for SEM and EDS 

investigation of the crack tip surface.  

Microanalysis of the crack tip region was performed by extracting TEM thin foil samples by FIB 

milling in a Versa 3D dual beam system consisting of a focused gallium ion beam and a FEG SEM. 

The TEM samples were extracted parallel to the sample surface in order to allow examination of the 

crack tip and of the material ahead of it (Figure 4b). The TEM foils were then examined in a Talos 

F200X (STEM mode) equipped high resolution energy dispersive spectroscopy (EDS).  

Time 

Load 
Long dwell block Short dwell block Short dwell block 



  

Figure 4: Schematic illustration of the interrupted test samples showing the TEM foil location and extraction: (a) interrupted 

test sample showing the volume extracted around the crack region for SEM investigation, (b) location and orientation of the 

TEM foil sample  

  

3 Results 

3.1 Fatigue crack growth in air and vacuum 

Figure 5a compares the FCP rates of CMSX-4 at 550ºC in air and vacuum, under the baseline 

conditions of 0.25 Hz (1-1-1-1 waveform). From the results, the FCP rates seem to be unaffected by 

the environment and both fracture surfaces appear macroscopically smooth and flat within the FCP 

region, indicating a predominantly stage II propagation. The (001) “+” dendritic structure is more 

evident on the fracture surface produced in vacuum which has experienced less oxidation. Both tests 

exhibit some degree of side faceting (crack growth along {111} planes) with the features being more 

pronounced in vacuum (Figure 6b and c). Figure 6 shows SEM images of the fracture surfaces of the 

two tests at a ΔΚ level of 30MPa√m. Both surfaces exhibit a blocky morphology with the γ matrix in 

the air test appearing heavily oxidised. Evidence of γ’ shearing can only be seen on the fracture 

surface of the vacuum test in Figure 6b. 
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a) b) Air c) Vacuum 

 

Figure 5: a) Fatigue crack propagation rates in air and vacuum for CMSX-4 at 550ºC, b) and c) fracture surface overviews of 

the air and vacuum tests. 

 

a) Air b) Vacuum 

 

Figure 6: SEM images of the fracture surface (ΔΚ~30MPa√m) of CMSX-4 samples tested in a) air and b) vacuum at 550ºC. 

The yellow arrows on b) show locations with evidence of γ’ shearing. 

 

3.2 Effects of frequency on fatigue crack propagation (constant ΔK) 

The effects of frequency on the FCP rate are shown in the crack length against time plot (Figure 7) 

obtained from the frequency scan test (constant ΔΚ=20MPa√m). The discontinuities of the plot 

represent the transition growth data which were discarded to ensure that only the stable growth of 

each frequency regime was further analysed.  

The fatigue crack growth rates derived from the different regions are shown in Figure 8 on the basis 

of (a) cycles (
𝑑𝑎

𝑑𝑁
) and (b) of time (

𝑑𝑎

𝑑𝑡
) against frequency. In both plots, the FCP data can be fitted 



with two straight lines described by a power law, where the exponent is the slope of the line on the 

log-log plot. In Figure 8a the FCP rate increases with decreasing frequency with a slope of -1.04 for 

frequencies lower than 0.043Hz (corresponding to 1-20-1-1 waveform). In this region FCP rates 

become inversely proportional to the loading frequency (time dependent) and the dwell time controls 

crack propagation rates. This is also evident in Figure 8b where the time required to grow the crack by 

a specific length appears to become constant at the lowest frequencies. On the other hand, at 

frequencies higher than 0.043Hz the slope of the curve in Figure 8a approaches 0 indicating a cycle 

dependent FCP. 

 

Figure 7: Fatigue crack growth behaviour of CMSX-4 at a constant ΔΚ of 20MPa√m at 550ºC under different loading 

frequencies/waveforms. At the bottom left of the plot the fracture surface of the CMSX-4 sample used is shown. 
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Figure 8: Effect of frequency on the crack growth rate of CMSX-4 at 550ºC (at a constant ΔΚ~20MPa√m) on the basis of: a) 

cycles and b) time. 

 

A topological surface map of the fracture surface created with the built-in 3D Image-Field feature of 

the Alicona microscope is included is shown in Figure 9a to illustrate the distinct markings (beach 

marks) formed due to changes in the propagation mechanism with alternating frequency. Figure 9b-h 

shows high magnification images of the different areas on the sample, associated with propagation at 

a specific frequency, arranged in order from the highest to the lowest frequency. The location of each 

region on the fracture surface of the sample is indicated on Figure 9a. At the higher frequency regions, 

the fracture surface appears smooth and flat, but progressively becomes more blocky and ratcheted as 

the frequency decreases. To quantify this, an Alicona 3D microscope was used to analyse the different 

regions in terms of their roughness. The results are presented in Figure 10 and show that both the 

average surface roughness (Sa) and the root mean square roughness (Sq) parameters decrease with 

increasing frequency. At this stage, it is important to note that fracture surfaces corresponding to 

frequencies tested earlier in the experiment had been exposed (post cracking) to high temperatures for 

longer and that some of their features might have been masked by oxidation (for the testing sequence 

refer to Figure 7 and Figure 9a).  



 

Figure 9: SEM fractography the CMSX-4 sample tested under constant ΔΚ at 550ºC with alternating frequencies: a) Alicona 

image field overview of the fracture surface, b) - h) higher magnification images of regions formed under different 

frequencies in a descending order. 

 

b

f

c

e

g

d

h

c) 2.5Hz d) 1Hz e) 0.5Hz

f) 1-1-1-1 g) 1-20-1-1 h) 1-90-1-1

a)

100μm100μm

100μm 100μm 100μm

100μm

b) 5Hz

100μm



 

Figure 10: Roughness (Sa and Sq) values obtained from the various frequency regions from the fracture surface of the 

CMSX-4 sample tested under constant ΔΚ=20MPa√m on the frequency scan test sample 

 

3.3 Fatigue crack growth with alternating frequency (block loading) 

The results from the frequency scan test indicated that time or mixed mode dependent fatigue crack 

growth would take place if a trapezoidal loading waveform with dwells longer than 20s is imposed at 

550ºC.  Therefore, the long dwell times of 90s, 180s and 300s were selected for use in the block tests. 

The results from a total of five tests are shown in Figure 11. Among them, two 300s long dwell block 

tests were conducted with the transition from short to long dwell block taking place at intermediate 

and at high ΔΚ levels (shown as blue rhomboid and yellow circular data on Figure 11a). A third test 

was conducted with a long dwell block of 180s and the transition took place an intermediate ΔΚ 

(orange rectangular data in Figure 11b). In a similar manner, a fourth test having a long dwell block of 

90s, with the transitions taking place at an intermediate ΔΚ, is shown in Figure 11c. Finally, a single 

specimen was used to examine a block of 300s dwells at low ΔΚs and a block of 180s at high ΔΚ 

levels. The crack growth results from this test were therefore split into two and are shown in Figure 

11a and Figure 11b for the 300s block (green rectangular data) and the 180s block (grey triangular 

data) respectively. The long dwell blocks are labelled and the 1-1-1-1 trendline from the test of Figure 

5 was added for comparison to all figures. Table 2 shows the details of the tests conducted and the 

figure number upon which the results are displayed. 
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Sample ID 

ΔΚ of long dwell block 
No. of transitions 

between blocks 

Figure displayed 

low mid high 

1 - 300s - 2 Figure 11a 

2 - - 300s 1 Figure 11a 

3 - 180s - 1 Figure 11b 

4 - 90s - 2 Figure 11c 

5 300s - 180s 2 Figure 11a and b 

Table 2: Test matrix summarising the block tests 

As can be seen from Figure 11, the crack growth results obtained during the long dwell blocks are 

generally associated with a significant amount of scatter and in almost all cases, the FCP rates 

decrease during the long dwell block (low frequency, time-dependent) part of the test. This is in 

contrast with the trend observed in the frequency scan test (at a constant K of 20 MPa √m), where 

longer dwells corresponded to higher rates of da/dN. An exception to this is seen in the FCP rates (red 

square data) shown in Figure 11b, where an observable step increase occurs at higher ΔΚ levels 

(>27MPa√m), during the 1-180-1-1 block of the test.  It is important to note that the entire growth rate 

data obtained from this sample (Sample 5) were noticeably higher than the baseline. This is also 

evident from the black rectangular data of Figure 11a, which were obtained from the same sample 

during propagation at low ΔΚs. This is possibly attributed to a different (overall) propagation 

mechanism. All other samples have shown macroscopic stage II propagation with small amounts of 

side faceting, while significant stage I type growth was observed in Sample 5, particularly during the 

formation of extensive side facets. To illustrate this, the fracture surface of Sample 5 is compared with 

that of Sample 2 (purple circular data in Figure 11a) in Figure 12. 

Figure 11b also includes the results obtained using Sample 3, where the transition from the short dwell 

block to the long dwell block (180s), took place at an intermediate ΔΚ range. The FCP rate, which 

initially seems to decrease, when the block changes from short (1s dwells) to long (180s dwells) at 

ΔΚ=24MPa√m, can be presumed to increase when the ΔΚ approaches 30MPa√m.  



 

Figure 11: Fatigue crack growth rates from alternating dwell tests on CMSX-4 at 550ºC: a) tests at low, mid and high ΔΚs 

with 1s and 300s dwells, b) tests at mid and high ΔΚs with 1s and 180s dwells and c) tests at low, mid and high ΔΚs 

alternating 1s and 90s.  
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b) 

 

Figure 12: Fracture surface overviews of: a) sample 5 and b) sample 2 

3.4 Crack tip characterisation 

SEM BSE images of the two fatigue cracks that formed under a 12h sustained load at 550°C are 

shown in Figure 13a and Figure 13b. Crack tip-1 was held at 𝛫1𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 34𝑀𝑃𝑎√𝑚 and propagated 

for 15μm while Crack tip-2 was held at  𝛫2𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 28.5𝑀𝑃𝑎√𝑚 and propagated for 7μm during 

the 12h hold. Both crack tips have a complex morphology with multiple branches emanating from the 

main body. Evidence of oxidised γ’along the branches of both tips were observed, but with no 

indications of an oxide-induced damage zone ahead of them. The complexity of the propagation 

mechanism can be realised in Figure 13c and Figure 13d from the high magnification STEM high 

angle annular dark field (HAADF) images of the foil specimens extracted from the crack tips of both 

samples.  The extracted foils are shown below Figure 13a and Figure 13b and their locations are 

indicated by the dotted rectangles. 

 



  Crack tip-1: Κ1opening = 34𝑀𝑃𝑎√𝑚 Crack tip-2: Κ2opening = 28.5𝑀𝑃𝑎√𝑚 

 

Figure 13: a) & b) SEM BSE images of the crack tips formed under sustained load for 12h at 550°C. The loading axis is 

shown at the top right of each image and the location of the TEM foils is indicated by the dotted rectangles, c) & d) HAADF 

STEM images of the crack tips with the individual branches marked as I, II and III. 

 

Figure 14 shows high magnification bright field (BF) and HAADF images of the three branches of 

Crack tip-1, shown in Figure 13c, accompanied by EDS element maps. From these high magnification 

images, it is apparent that the crack propagates both near the γ/γ’interface and by shearing the γ’ 

particles. The oxidised crack tip of branch I can be seen to  predominately propagate near the γ/γ’ 

interface, before it deflects by approximately 45° degrees from the loading axis (Figure 14a) . Branch 

II, which itself branches out in two sub-tips shows a similar behaviour (Figure 14b). The upper sub-tip 

appears to have propagated along the γ channel while the lower sub-tip penetrated an oxidised γ’ 

particle. Branch III appears to be generally moving along the γ/γ’ interface but its tip is seen arrested 



within a γ’ particle (Figure 14c). Co and Ni-rich oxides forming on the surfaces of all three branches 

are observed to bridge the crack near the tip. Just below these external oxides, a Cr-rich oxide formed 

a thin band. Internally, within a Ni-depleted zone, Ti and Al-rich oxides formed finger-like 

protrusions which penetrate the material ahead and around the crack tip. The penetration depth of the 

oxide for crack tip 1 ranges between 50-150nm. The STEM EDS maps of Crack tip-2 are illustrated 

in Figure 15. This is a less complex crack tip with only two branches propagating at approximately 

45º to each other. The oxide layer sequence and the penetration depths at the tips of the two branches 

are similar to Crack tip-1. The edges of the tips are less defined compared to Crack tip-1and the crack 

appears more open. 
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Figure 14: STEM-EDS maps of Crack tip-1 branches formed at constant load  (𝛫1𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 34𝑀𝑃𝑎√𝑚) for 12h at 550°C 

 



 

   

   

Figure 15: STEM-EDS maps of Crack tip-2 formed at constant load (𝛫1𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 28.5𝑀𝑃𝑎√𝑚) for 12h at 550°C 

4 Discussion 

4.1 Effects of oxidation on the fatigue crack growth behaviour 

At low to intermediate ΔΚ levels crack growth at 550ºC, in both air and vacuum, takes place 

macroscopically along the {100} plane with an overall Stage II mode. Stage II growth at elevated 

temperatures is generally attributed to thermally activated deformation processes such as dislocation 

climb or cross slip [12,15]. In addition, planar slip bands, which contribute to Stage I crack growth, 

can be suppressed by oxidation which then leads to homogenisation of the slip process, making Stage 

II behaviour more favourable [16]. However, such processes have been generally observed during 

fatigue at much higher temperatures in similar systems, e.g. [15,17,18]. Even though the fracture 

surface of the 550ºC test was obscured by oxidation and thus fractography could not yield conclusive 

results, similar processes could be presumed to be active here as well.  This is because oxidation and 

other thermally activated processes, not only depend on temperature but also depend on time, and the 



0.25Hz frequency (1s-1s-1s-1s waveform) used in this study is much lower than those used in the 

aforementioned research.  As noted by Leverant and Gell [15], another condition for Stage I to occur 

is that the crack must form along the slip band faster than the time needed for dislocation recovery out 

of the bands themselves. This suggests that, even at lower temperatures, given that the frequency is 

low enough, there could be enough time for the dislocations to cross slip out of the planar bands 

before the crack manages to grow along them; therefore promoting Stage II propagation. 

Despite the macroscopic Stage II appearance, evidence of γ’ cutting has been found on the fracture 

surfaces of the test in vacuum, suggesting a more complex propagation mechanism (Figure 6b). 

Fundamentally, the critical resolved shear stress in FCC single crystals is much lower along the {111} 

planes and thus deformation is easier compared to the {100} planes [13]. In addition, it is well 

established that the coherent γ’ precipitates can be more easily sheared at low temperatures (peak 

strength of γ’ is seen at approximately 700ºC) [19]. Therefore, it is possible for the fracture surfaces to 

contain evidence of sheared precipitates by {111} type slip bands at these temperatures. Notably, γ’ 

shearing was only observed at intermediate and high ΔKs in the 550ºC test in vacuum, indicating that 

550ºC is sufficiently high to activate significant homogenisation of slip, if the crack growth rate (and 

crack tip opening) is low enough. 

At high ΔΚ levels, near fracture, the fatigue crack growth became purely cycle dependent 

(propagation along alternating {111} planes) for both temperatures and environments. This type of 

propagation can be explained by the alternating shear model proposed by Neumann [20]. The model 

suggests that when a crack is propagating along the primary slip plane, the slip system ahead of the 

crack tip work hardens due to dislocation accumulation, shifting the crack tip to a plane where a softer 

slip system operates. Thus the crack frequently changes the growth direction from one slip system to 

another to essentially follow the path of least resistance.  

Extensive slip-band cracking with faceted <111> crack growth can also take place locally in the 

vicinity of porosity, where complex local stress states may be expected to occur. Similar observations 

were seen on the fatigued surfaces of CMSX-4 samples at 650ºC under a 1-1-1-1 waveform [5]. The 

authors noted that porosity had promoted transition to alternating slip band cracking by providing 



local stress concentrations. Planar slip can be therefore promoted around defects of a certain size at 

∆K levels lower than the ones required to produce extended slip band cracking across the whole 

sample. This behaviour is of particular interest when the interdendritic regions are considered where 

porosity is mainly concentrated. 

The FCP rates at 550ºC in air and vacuum were very similar. This suggests that oxidation has 

negligible effects on the long crack fatigue performance at these temperatures and frequencies.  

Testing conducted on CMSX-4 at a similar temperature (650ºC ) by M. Joyce et al. [5] showed faster 

FCP rates in vacuum compared to air. The faster crack growth rates seen in vacuum were attributed to 

the homogenising effect of oxidation on slip which not only suppressed faster Stage I crack growth 

but possibly increased oxidation-induced closure. Henderson and Martin [17] reported similar 

behaviour in another SX Ni-based superalloy (SRR-99),  also at 650C. Fractographic analysis 

conducted in both of these studies showed that the crack path followed the γ/γ’ interface at low to 

mid-ΔK levels. Contrary to this study, the fracture surfaces of the samples tested by M. Joyce et al. [5] 

showed less Stage I growth, particularly when comparing side facet formation (refer to Figure 5). 

Previous work on U720 single crystal, has shown that Stage I type crack growth is fundamentally 

more rapid than Stage II under the same applied stress levels (given that closure effects are accounted 

for) [21]. Hence, the interaction between the faster Stage I crack growth and oxidation induced 

retardation mechanisms would be expected to be competing in this study. 

4.2 Mixed time and cycle fatigue crack growth dependence 

The results shown in Figure 8 indicate that a dwell of 20s or longer (f < 0.043Hz) is sufficient to 

activate time-dependent damage processes. Comparing with the results of Figure 5, where the FCP 

rates in vacuum and air obtained with 1-1-1-1 waveform (f = 0.25Hz) are very similar, it can be 

deduced that (at ΔΚ=20ΜPa√m) a transition frequency between 0.25-0.04Hz exists where 

environmental damage will contribute to the overall growth rate.   

To investigate the nature of the propagation mechanism in air further, a section was taken 

perpendicular to the fracture surface of the 550ºC test and secondary cracks were examined under the 



SEM in the plain polished and etched conditions as shown in Figure 16. Observations confirmed that 

the crack predominantly propagates through the γ/γ’ interface, although some precipitate cutting is 

occasionally observed (Figure 16a). This indicates that a mechanism other than pure crystallographic 

or faceted crack growth (characteristic of cycle dependent damage) is taking place during 1-1-1-1 

loading (0.25Hz). Depending on the ΔΚ level (and R-ratio [22]), the transition between cycle and time 

dependent fatigue is known to shift [23]. In agreement with previous studies, this transition spans over 

a range of frequencies where synergistic mechanical-environmental damage takes place [23,24]. It is 

therefore possible that at 550ºC, frequencies lower than 0.25Hz promote a mixed time/cycle 

dependent damage. Pure time dependent crack growth would then require even longer dwells. 

 

Figure 16: Secondary cracks in SEI and BSE mode penetrating the fracture surface of CMSX-4 fatigued at 550°C 

 

Assuming a mixed time/cycle dependence regime, at lower ΔΚ levels, where FCP rates are slower, 

thermally activated processes and oxidation induced closure can significantly affect the fracture mode 

and effective driving force. Meanwhile, at higher ΔΚs, the time allowed for O2 diffusion at the near 

tip surfaces before the crack propagates further is potentially inadequate for the oxide to thicken 

enough and cause bridging of the surfaces. In addition, the mechanism of FCP was found to change 
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significantly under the effect of oxidation when the loading frequency is changed. The exponential 

increase in the measured roughness parameters (Figure 10) indicates that prolonged tensile stresses 

(i.e. lower frequencies) in the presence of O2 create a more complex crack front. This could be linked 

to an increased amount of bifurcations and branching resulting from stress/strain assisted oxygen 

diffusion ahead of the crack tip and localised damage. Recent work that examined arrested cracks in a 

polycrystalline Ni-based superalloy in air and vacuum employed micro X-ray CT to quantitatively 

analyse the amount of branching/secondary cracks near the crack tip region [25]. Their results 

revealed that oxidising environments promote more micro cracks and crack bifurcations at the vicinity 

of the crack tip.  

The complexity of the mechanisms operating during fatigue at 550°C was also illustrated from the 

results obtained by the block tests of Figure 11. According to the frequency scan test results, 

alternating between a cycle dependent regime (1-1-1-1) and a time or mixed dependent regime (1-

90,180,300-1-1) the FCP rates should increase. In addition, according to the results of [9,14] the 

embrittling effects of oxidation should be evident and a damage zone ahead of the crack tip would be 

expected to promote higher FCP rates at least within its extent. Instead, FCP rates are found to 

decrease for the majority of the tests at all ΔΚ levels. Oxide induced crack closure is expected to be 

more dominant at lower ΔΚ levels because of the smaller crack tip opening displacements (CTOD) 

during a fatigue cycle. Given sufficient time, the thickness of the fracture surface oxide layer can 

become comparable in size to the CTOD resulting in crack face contact and reduction in the observed 

ΔΚ. This is evident from the SEM-EDS maps of Figure 17 obtained at the wake of the crack from an 

interrupted block test (1s and 300s blocks). The fracture surfaces were formed at a ΔΚ=21MPa√m and 

lie within the 300s dwell block of the test. It is clear that the oxides formed are in contact at a number 

of points but at the same time it should be taken into account that the crack surfaces have been 

exposed to high temperature post cracking for the duration of the test (approx. 15h). Assuming pure 

mode I loading the CTOD can be expressed as [26]: 



𝛿 =
𝛫𝛪

2

𝜎𝑦𝐸𝑚
 

where m is a constant and equals to 1 for plane stress and 2 for plane strain conditions. 𝛫𝛪 , for the 

specific crack length equals to 23.3MPa√m. The yield stress (𝜎𝑦) and Young’s modulus (E) along the 

<001> direction at 550°C are taken from in house testing as 900MPa and 120GPa respectively and the 

resulting CTOD was found to be 2.5μm. A previous study [27] has shown that the rate at which 

oxidation builds up on the surface of CMSX-4 at 550°C can be described by: 

𝑋6.2 = 3.44 × 10−5 × 𝑡 

where X  is the thickness (μm) of the oxide scale building on a surface (under isothermal conditions) 

and t is the exposure time in hours. Taking t=0.08h (for 300s dwell) the oxide scale thickness (X) on 

each fracture surface is calculated to be 0.126μm, giving a total thickness (accounting for both 

surfaces) of ~0.25μm. Assuming no significant oxide spallation during cyclic loading, this indicates 

that, for a 300s dwell, the crack tip would be filled with oxides within 10 cycles, which could explain 

the reduction in FCP rates observed during the long dwell blocks. 

 

Figure 17: EDS mapping of the oxides formed on the crack surfaces at ΔΚ=21MPa 
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4.3 Damage ahead of a crack tip during dwell fatigue 

The effects of long dwells and oxidation on the damage at a fatigue crack tip have been investigated 

by holding pre-cracked samples at a sustained load for 12h.  According to the STEM-EDS results of 

Figure 14 and Figure 15, the oxide layering sequence at the crack tip, beginning from the innermost 

oxide, was AlTiCrNiCo-rich oxides. Interestingly, previous work [27] on the isothermal 

oxidation of CMSX-4 at 550°C, did not show evidence of Cr or Co oxides forming even after 640h of 

exposure, which is significantly longer than the crack tip exposure during 1 cycle. However, evidence 

of Co-rich oxide forming externally on CMSX-4 was observed in samples that have been exposed at 

550ºC while held under tensile loads (Figure 17). The thermodynamic driving force for the oxidation 

of Co is similar in magnitude to that of Ni at 550ºC and the fact that Co is only observed on strained 

surfaces implies that the rate of formation (kinetics) is directly affected by the stress state of the 

substrate.   

Contrary to polycrystalline Ni-based superalloys, where oxidation can readily attack grain boundaries 

and contribute to higher FCG rates [28,29], the effects of environmental damage in equivalent single 

crystal alloys can be twofold. Depending on temperature, load ratio and frequency, two opposing 

mechanisms can influence the crack growth: (i) decrease of the FCG rate resulting from a reduction in 

the effective ΔΚ (or of the crack opening threshold) arising from oxide induced closure taking place 

near the tip and at the wake of the crack [5,30,31]; (ii) increase in the FCG rate by time dependent 

embrittlement ahead of the crack tip due to increased O2 diffusion promoted by prolonged stresses at 

high temperature [8,9,32].  

Based on the findings of this work and the associated literature, two possible damage mechanisms are 

proposed to be acting on the crack tip during fatigue and oxidation interactions. The first mechanism 

involves propagation of the crack by failure of an embrittled volume ahead of the crack tip. The 

effects of such a mechanism would be realised at a microscopic level and its extent would be 

analogous to the size of a microstructural feature that is susceptible to oxidation. The second 

mechanism involves damage at the nanoscale by decohesion at an interface. Such a mechanism is 

generally encountered in intergranular failure in polycrystalline alloys and it is termed as dynamic 



embrittlement. An equivalent mechanism could also be active during high temperature fatigue in 

single crystal superalloys, with the damage taking place at the γ/γ’ interface.  

The high magnification SEM and STEM images of Figure 13 and the STEM-EDS maps shown in 

Figure 14 - Figure 15 did not indicate extensive damage and oxide penetration was confined to within 

only a few tens of nm ahead of the crack. It is recognised though that propagation through a 

potentially damaged volume ahead of the crack tip might have taken place during unloading when 

retrieving the sample from the testing machine, even though there was no noticeable increase in the 

PD reading.  

Naturally the absence of grain boundaries in single crystal superalloys makes them more resistant to 

time dependent damage mechanisms (e.g. creep, dynamic embrittlement). As anticipated at these 

temperatures, after careful examination of the TEM samples (Figure 13 - Figure 16), no indication of 

creep effects on the microstructure, such as rafting of the γ’ and/or expansion of the γ channels [33], 

were found. Nevertheless, the difference in the lattice parameters of the γ and γ’ phases represent a 

source of additional strain in the microstructure. The magnitude of this strain can be substantially 

increased in the case of exposure to high temperatures because of the difference in thermal expansion 

coefficients between the two phases. During the sustained load period in dwell fatigue conditions, the 

applied tensile load will further exaggerate the γ’ tensile stresses and reduce the γ channel 

compressive stress parallel to the loading axis. Because of the Poisson effect, the opposite will take 

place in the direction perpendicular to the loading axis, i.e. the γ’ interface tensile stresses are reduced 

and the γ channel compressive stresses will increase. If the loads are high enough, plastic deformation 

would take place first in the horizontal channels since the compressive stress in vertical channels will 

oppose deformation. As a result, an increased number of dislocations would accumulate in the 

horizontal γ/γ’ interface, perpendicular to the tensile axis (parallel to the crack growth direction) 

[34,35]. An illustration of this process is shown in the schematic of Figure 18. 

 



 

Figure 18: Schematic showing the stresses acting on the γ/γ’microstructure due to a) initial misfit, b) after application of an 

external load and c) after larger external stresses and small plastic deformation (after [35]) 

 

Single crystal Ni-based superalloys have been designed to achieve large negative misfit (-0.2 to -

0.8%) at service temperatures (1000ºC) [36]. Large misfits form denser interfacial dislocations 

networks in order to relieve the misfit stress and act as effective barriers to further gliding dislocations 

from entering and shearing the γ’ [37]. However, the larger amounts of line defects (dislocations) 

concentrated around the γ/γ’ interface could act as low resistance paths for oxygen ingress. As shown 

in the study of Karabela et al. [38] the extent of oxygen induced damage at a fatigue crack tip depends 

on oxygen concentration/oxygen partial pressure and the stress state. Higher concentrations of oxygen 

and larger strains were associated with increased damage. In addition, other studies [39,40], by 

employing first principle density functional calculations, found that oxygen preferentially segregates 

at the γ/γ’ (Ni/Ni3Al) interface and results in a reduction of the cleavage energy (energy required to 

separate the crystal structure).   

Since the temperature of 550ºC investigated here is much lower than 1000°C, it is expected that the 

misfit strains are also lower, resulting in a lower number of dislocations at the γ/γ’interface. However, 

it is well established that at higher temperatures the damage mechanism of creep prevails [41,42], 

during which, the large negative misfits promote particle coalescence and the formation of rafts 

normal to the tensile loading direction that form a plate-like structure on the transverse face [43]. This 

microstructural change opposes glide of dislocations through the γ channels [44] and thus alters the 

concentration of dislocation defects around the previously cuboidal γ’. Therefore a form of dynamic 

a) b) c) 



embrittlement, driven by a faster, short circuit diffusion of oxygen through dislocation defects along 

the γ/γ’ interface, might be more detrimental at intermediate temperatures. 

The occasional shearing of the γ’ particles is generally observed to take place at an angle of 

approximately 45º to the loading axis, indicating that slip along the favourable {111} planes is not 

completely suppressed at these temperatures.  This suggests that at 550ºC a combination of planar slip 

damage and time dependent (oxidation) damage act simultaneously at the crack tip. Evidence of 

dislocations shearing the γ’ particles ahead of the crack tip (Figure 19) indicate that the deformation 

micro-mechanism is similar to that at room temperature, where dislocations glide in the γ matrix and 

shear the γ’ particles. Nevertheless, the crack tips shown in Figure 13 and the secondary cracks in 

Figure 16, were found to propagate predominantly nea r the γ/γ’ interface suggesting that oxidation 

influences propagation through a more macroscopic mechanism that could be explained by a form of 

dynamic embrittlement.  

  

Figure 19: Dislocations propagating along a γ' particle located 3.5μm ahead of “crack tip 2”. 

5 Conclusions 

The effects of oxidation during dwell fatigue on the long crack propagation of CMSX-4 at 550ºC 

were investigated and based on the aforementioned results and discussion, the following conclusions 

can be made: 

a) b) 

b) 



1. The macroscopic fatigue crack propagation of CMSX-4 at 550ºC in both air and vacuum 

occurred in the nominal growth direction producing a Stage II - like fracture surface. At 

550ºC in both air and vacuum the crack propagated along the / interface.  

2. The FCP rate of CMSX-4 at 550ºC is similar in air and vacuum.  The fundamentally more 

rapid increased Stage I propagation in vacuum and the oxidation induced crack closure in air 

offset the overall effect of any oxidation induced damage mechanisms on crack growth rate.  

3. Fatigue crack propagation with longer dwells results in rougher fracture surfaces indicating a 

more complex crack front. Examination of fatigue cracks that formed under sustained load for 

12h (simulating a long dwell) had a complex morphology with multiple branches emanating 

from the main body forming a number of tips. 

4. The crack propagation rates in single crystals are affected by the crack history particularly due 

to the formation of large facets. The fundamentally faster Stage I and the roughness induced 

closure results in less predictable FCP rates and significant sample to sample variability. 

5. A layered oxide structure is formed at the crack tip of CMSX-4 during dwell fatigue at 550ºC. 

This consists of an outer Co and Ni-rich oxide and an inner dominantly Al-rich oxide with Cr 

and Ti-rich oxides also being present. Even though this sequence is in good agreement with 

thermodynamic predictions, isothermal oxidation of unstressed samples did not form external 

Co-rich oxides indicating that the plastic strain acting at the crack tip alters the kinetics of the 

oxide species.   

6. The micro-mechanism of fatigue crack propagation at intermediate temperatures is a complex 

process with several competing mechanisms acting on the crack tip simultaneously. 

Crystallographic slip damage by γ’ shearing is still active at these temperatures but at the 

same time thermally activated processes that promote propagation through the γ channels also 

take place. In addition, the effects of oxidation are two-fold. Even though the temperature is 

not high enough to cause embrittlement of a microstructural element ahead of the crack tip, 

finger-like protrusions of oxide were found to penetrate the material ahead of the crack tip. 

The kinetics of such a mechanism are accentuated by the plastic strains at the crack tip, which 



given enough time can promote cleavage fracture at the γ/γ’ interface. The rate of oxide 

formation on the crack tip surfaces is high enough to form thick oxides that bridge the CTO 

and reduce the effective driving force. 
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