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Abstract 

In this study, to elucidate the oxidation effect on the short fatigue crack 

growth (SFCG) characteristics of Ni-Co based TMW-4M3 superalloy, fatigue 

tests were conducted at room/elevated temperature in air/vacuum and three-

dimensional microscopic observation of the SFCs using a plasma focused ion 

beam – scanning electron microscope (PFIB – SEM) system. Fatigue lives tested 

under vacuum at elevated temperature were comparable to those at room 

temperature while those tested at elevated temperatures in air showed shorter 

fatigue life in higher stress regions and longer fatigue life in lower stress regions 
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than the others. In situ observation of SFCs at elevated temperatures in air 

revealed SFCG deceleration in the small ΔK regions and acceleration in large ΔK 

regions. SFCs opening/closing behaviours at elevated temperatures measured by 

digital image correlation (DIC) showed the crack opening stress to be higher at 

elevated temperature in air, possibly due to oxide-induced crack closure. 

However, the crack closure effect did not fully explain the difference in FCG rate 

between room and elevated temperatures in air. Three-dimensional investigations 

revealed SFCs to form at elevated temperatures in air, showing straight 

transgranular FCG to be insensitive to microstructure in slow growth regions, 

and intergranular FCG to precede that in the surrounding material in fast growth 

regions, in contrast to microstructural SFCs features at room temperature. It 

appears that slow and straight unique SFCG at elevated temperatures might occur 

due to intermittent brittle fracture of oxides formed at the crack tip. This suggests 

a possible role of the oxide layer at the crack tip in broadening the plastic 

deformation distribution, thus contributing to FCGR deceleration. 

 

Keywords: Ni-Co based superalloy, Elevated temperature, oxidation, Short 

fatigue crack, Crack closure, Three-dimensional observation, PFIB-SEM 
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1. Introduction 

γ'-strengthened polycrystalline Ni-based superalloys are in wide use for 

turbine disks in advanced aircraft engines and land-based gas turbines, owing to 

their superior mechanical properties at elevated temperatures, specifically their 

tensile, creep and fatigue properties [1]. Many types of advanced disk superalloys 

have also been developed for further improvement of fuel efficiency. We have 

previously proposed a novel design concept for a Ni-Co based superalloy based 

on a combination of Ni-based superalloys and Co-based alloys with γ- γ' two-

phase structures [2–4]. A series of cast-and-wrought Ni-Co based superalloys 

(TMW alloys) developed based on this concept has been reported to have 

excellent phase stability [5], and better tensile and creep properties [2,4,6,7] than 

conventional Alloy720Li superalloy. They are therefore anticipated to have 

major potential for use in next-generation turbine disks. 

Fatigue failure is one of the most important failure modes that must be 

considered in the design of aerospace structures, especially in cyclically loaded 

aircraft engines [8,9]. Investigation of high-temperature fatigue failure, including 

small crack growth behaviour, will be the key to the safe design of rotating 

turbine discs, which are life-limited parts with advanced safety requirements [9]. 

Zhong et al. [10–13] reported that fatigue crack growth rates (FCGRs) 

increased with increasing temperature due to oxidation-assisted grain boundary 

cracking. However, it is crucial to gain an understanding of the microscopic 

initiation and propagation behaviour of short fatigue cracks (SFCs), which 
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usually grow faster than macroscopic fatigue cracks [14]. Even though short 

fatigue crack growth (SFCG) tends to account for more than 60 % of total fatigue 

life [15], is difficult to describe it in terms of fracture mechanics theory due to 

other effects that include microstructural heterogeneity, large-scale yielding 

conditions, and unsteady-state crack closure [14]. Hence, an understanding of 

short fatigue crack growth behaviour can lead to a more accurate awareness of 

the causes of fatigue life variation. 

In recent advanced lifing methods applied to aero gas turbines, fatigue crack 

initiation and growth life have been evaluated individually, employing non-linear 

analysis [9]. Using this method, ‘engineering’ crack initiation life usually 

includes microscopic fatigue crack growth life. Hence, an appropriate 

understanding of SFCG behavior at elevated temperatures will be a key 

contributor to the accuracy of fatigue life evaluation of aero gas turbines. It is 

also necessary to clarify the effects of oxidation to be able to understand SFCG at 

elevated temperatures. There are currently only a few investigations into SFCG 

behaviour at elevated temperatures [16–21]  for superalloys because of 

impediments to their observation. Their results successfully demonstrated the 

acceleration of SFCs at elevated temperatures. Grain-boundary cracking due to 

oxidation has also been pointed out [22]. However, little remains known of 

SFCG characteristics at elevated temperatures. One key item to be elucidated is 

the effects of oxidation on crack closure, which has also been noted in a previous 

review paper [23], from the perspective of oxidation-induced crack closure [24]. 
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It is necessary to investigate the SFCG mechanism at elevated temperatures from 

the mechanical and metallurgical perspective. 

In this study, to clarify the effects of oxidation on the SFCG characteristics of 

TMW-4M3 superalloy, fatigue tests were carried out under vacuum and in air at 

elevated temperatures. SFC growth and its opening/closing behaviors at RT and 

elevated temperatures were directly observed using an in-house-developed 

microscope system in conjunction with digital image correlation (DIC) [25].  

Furthermore, aiming to clarify the SFCG path, three-dimensional details of SFCs 

were investigated using a plasma focused ion beam - scanning electron 

microscope (PFIB-SEM) system. 

 

2. Material and experimental procedure 

2.1 Material preparation 

The material used in this study was TMW-4M3, a Ni-Co based superalloy 

that had been fabricated using a conventional cast-and-wrought processing route, 

including triple melting, billet making, and high-temperature forging, at Proterial 

Ltd., Japan (formerly Mitsubishi Materials Corporation, Japan). The details of 

the methods can be seen elsewhere [4]. The chemical composition of the alloy is 

given in Table 1. A pancake-shaped disk (440 mm in diameter and 65 mm in 

thickness), fabricated by forging, was subjected to solution heat treatment at 

below the γ'-solvus temperature (1120 ˚C/4 h oil quenching), followed by two-
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step aging heat treatment (650 ˚C/24h/air cooling + 760 ˚C/16h/air cooling). The 

mechanical properties at elevated temperatures are shown in Table 2. 

 

2.2 Initial microstructure  

Figure 1 shows microstructural images of TMW-4M3 superalloy. In the alloy, 

multiple strengthening mechanisms via hierarchical microstructure successively 

come into play and enhance its high-temperature mechanical properties. As can 

be seen in Figs. 1 a) to d), the alloy is strengthened by boundary strengthening 

via grain and annealing twin boundaries; precipitation strengthening due to 

primary, secondary, and tertiary γ' precipitates; and solid solution strengthening 

via multiple alloying elements. Small amounts of MC-type carbide were also 

observed on grain boundaries (Fig. 1 b)). All the microstructural features are 

summarized in Table 3. Here, grain size was measured excluding annealing twin 

boundaries. Further, two types of grain size are also listed in Table 3. One is an 

area average, which is average obtained by multiplying the diameter of each 

grain by the area of the grains, and the other is a number average, in which is the 

sum of all the grain diameters divided by the total number. Further, note that 

grain size also included some of the primary γ' precipitates with a coherent γ/γ' 

interface. 
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2.3 Fatigue testing procedure 

Fatigue specimens were fabricated from the heat-treated pancake-shaped disk. 

Specimen configurations are shown in Figure 2. The three types of specimens: 

type A for conventional fatigue testing and B and C for microscopic in situ 

observation, were prepared. The specimen surfaces were mechanically polished 

with emery paper, followed by buff polishing to obtain a mirror surface. The 

hatched area of the type B and C specimens for surface observation shown in 

Fig. 2 b) and c), were subsequently etched. A small notch was created using 

focused ion beam (FIB) milling at the centre of all specimens as the fatigue crack 

starter. 

Figure 3 shows the experimental setups for fatigue tests. They were 

performed in air and under vacuum at RT and elevated temperatures. Normal 

axial load fatigue testing at 650 ˚C was conducted in air and under vacuum below 

1 x 10–2 Pa at a loading frequency of 20 Hz. Microscopic in situ fatigue crack 

growth observations were performed at RT and at 500 ˚C in air with a loading 

frequency of 20 Hz and 5 Hz respectively. Both fatigue tests were conducted 

using a servo-hydraulic fatigue testing machine under axial load-controlled 

conditions at a stress ratio of –1. The specimen’s temperature was controlled 

using a heat induction coil and thermocouples attached to the specimen’s surface.  

The specimen’s temperature had been previously calibrated using thermocouples 

welded to the specimen’s centre and shoulder. 
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The SFCs growth and opening/closing behaviour was observed using an in-

house-developed automatic in situ microscope observation system, as described 

in our previous paper [25]. The system comprises a fatigue testing machine, a 

digital microscope and an electric three-axis stage with a programmable logic 

controller (PLC). The specimen surfaces were observed thorough the heat 

induction coil using this system. The fatigue test was suspended at regular 

intervals of numbers of cycles, and the observation system was used to 

automatically focus on and capture a series of high-magnification panoramic 

images of the specimen surface. For the crack opening stress evaluation using 

DIC analysis, 40 images were captured from minimum to maximum load at each 

panoramic position, and for all the regular intervals of number of cycles. The 

image captured at the minimum load at that position was used as the reference 

image for the DIC. 

DIC analysis was conducted using commercially available analysis software 

(VIC-2D, Correlated Solutions), employing 8-bit images of 1600 × 1200 pixels 

(0.41 µm/pixel) captured using a digital microscope (VHX5000, Keyence) [25] 

Microstructural features of the alloy visible after etching were used as patterns 

for DIC analysis. The conditions for DIC analysis were set in the range of 61 - 67 

pixels for the subset size and 7 pixels for the step size. 

The long fatigue crack growth tests at room temperature were also conducted 

according to ASTM E647 at a load ratio of 0.05, using a compact tension (CT) 

specimen of W = 50 mm, B = 10 mm, obtained from the same forged disk. Crack 
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opening stress was evaluated using the 1 % compliance offset method described 

in ASTM E647, using a back face strain gauge. 

The initial microstructure was evaluated using scanning electron microscopy 

(SEM), scanning ion microscopy (SIM) and electron backscatter diffraction 

(EBSD) analysis. Energy dispersive X-ray spectrometry (EDS) was performed to 

observe the oxides formed during the fatigue test. 

Three-dimensional observation of SFCs that had propagated at RT and at 500 

˚C in air were conducted using the PFIB-SEM system. The targeted volume 

measured about 200 x 80 x 70 μm and took the form of a rectangular 

parallelepiped. Serial sectioning observation was carried out under the following 

conditions: 1,000 images were recorded every 100 nm slice and EBSD patterns 

were taken every five slices. More details of the 3D analysis procedure are given 

in our previous report [26].  

A total of 5 types of fatigue test conditions were summarized in Table 4. 

 

Table 1. Nominal alloy composition (wt.%) of TMW-4M3 

Alloy Ni Co Cr Mo W Al Ti C B Zr 

TMW-4M3 Bal. 25.0 13.5 2.8 1.2 2.3 6.2 0.015 0.015 0.03 
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Table 2. Mechanical properties of TMW-4M3 

Temperature 

(˚C) 

0.2 % proof 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elongation 

(%) 

Reduction 

of area 

(%) 

Young’s 

modulus 

(GPa) 

RT 1165 1615 13 14 230 

400 1080 1537 12 12 212 

650 1048 1421 14 15 194 

700 1046 1270 13 12 190 

750 1008 1132 9 10 185 

 

 

Figure 1. Microstructure images of TMW-4M3: (a) Inverse pole figure (IPF) 

map; (b) Image quality (IQ) map including MC type carbides on grain 

boundaries; (c) SEM image showing primary γ'; and (d) SEM image showing 

secondary and tertiary γ' precipitates within γ-grains. 
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Table 3. Typical microstructural features in TMW-4M3 Ni-Co based superalloy 

 

 

Figure 2. Fatigue specimen configurations for a) normal axial load fatigue 

testing, b), c) for in situ observations at RT and at elevated temperatures. A small 

FIB notch, shown in d), was cut into all the fatigue specimens to act as a crack 

starter. 

 

Grain size (μm) Primary γ' 

phase 

Secondary γ' 

phase 

Tertiary γ' 

phase 

MC type 

carbide 

Area 

average 

Number 

average 

Volume 

fraction 

Size 

(µm) 

Volume 

fraction 

Size 

(nm) 

Volume 

fraction 

Size 

(nm) 

Volume 

fraction 

Size 

(µm) 

10.7 

± 8.51 

3.77 

± 3.15 0.153 

3.56 

± 

1.27 

0.326 

95.2 

± 

25.6 

0.020 

16.5 

± 

5.6 

< 0.005 
~5-

10 
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Figure 3. Experimental setups of a) in situ observation and b) fatigue testing 

under vacuum.  

 

Table 4 List of fatigue test conditions 

No. Environ
ment 

Temper
ature Specimen Evaluated 

crack 

Crack 
closure 
measure

ment 

Load 
ratio 

Freque
ncy 

1 Air 650˚C Type A - - -1 20 Hz 

2 Vacuum 650˚C Type A - - -1 20 Hz 

3 Air RT Type B Short 
crack DIC -1 20 Hz 

4 Air 500˚C Type C Short 
crack DIC -1 5 Hz 

5 Air RT CT 
specimen 

Long 
crack 

Back 
face 

strain 
gage 

0.05 20 Hz 
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3. Results 

3.1 S-N diagram and fracture surface 

Figure 4 shows the S-N diagram of the TMW-4M3 superalloy at RT and 

elevated temperatures. All the specimens have a small FIB notch of 50 μm length 

cut into them. Hence the fatigue lives are roughly considered to be the fatigue 

crack growth life. The fatigue lives at 650 ˚C under vacuum were comparable to 

those performed at RT in air. The fatigue lives at elevated temperatures in air 

were shorter than the others, although the fatigue limit was higher. Note that the 

fatigue lives in air at 650 ˚C and 500 ˚C were comparable. It appears that the 

effects of temperature alone on SFCG behaviour were relatively minor, whereas 

oxidation at elevated temperatures affected SFCG behaviour.  

 Figure 5 shows typical fracture surfaces. Figure 5 a) shows one at 500 ˚C in 

air. As shown in Fig. 5 a2), the surface looks flat up to a depth of around 150 µm 

from the bottom of the notch. Intergranular fracture surfaces are observed in 

deeper regions, as shown in Fig. 5 a3). In contrast, microstructural facets are 

shown in Fig. 5 b2) and c2), showing RT in air and 650 ˚C under vacuum 

respectively. 
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Figure 4. S-N diagram of the TMW-4M3 superalloy at RT and elevated 

temperatures 

 

 

Figure 5. Typical fracture surface images for a) 500 ˚C in air, b) RT in air and c) 

650 ˚C under vacuum, tested at σa = 600, 900 and 600 MPa respectively. a1), b1) 

and c1) show overviews;  a2), b2) and c2) shows an enlarged area at 0.1 mm 

from the crack initiation region; a3), b3) and c3) shows an enlarged area 0.3 mm 

distant from the crack initiation region. 
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3.2 Short fatigue crack growth behaviour at RT and elevated temperatures 

The microscopic SFCG behaviour of 500 ˚C and RT in air were investigated 

to clarify the effects of oxidation. Figure 6 shows typical microscopic images of 

the SFCs observed at RT and 500 ˚C. White arrows show the crack tip positions 

of each image. The SFCG behaviour at elevated temperatures was clearly 

observed using our digital microscope system. The SFCG at RT shows a zigzag 

path while that at 500 ˚C follows almost a straight across the grains until a crack 

length of around 0.3 mm, where is marked by dotted arrows in Fig. 4 b), after 

which the crack growth takes on a zigzag path. These SFCs appearance 

corresponded to the fracture surface morphology shown in Figure 5. 

Figure 7 shows the crack growth curves at different stress amplitudes, 

measured using our in situ microscope system. Most of the fatigue lives of the 

specimens were consumed by fatigue crack growth life, regardless of temperature 

or stress amplitude. Figure 7 a) shows the fatigue crack growth curves at a stress 

amplitude of 700 MPa. The SFCG life at 500 ˚C is considerably shorter than that 

at RT, and the SFCG rate at 500 ˚C was faster than at RT. Figure 7 b) and c) 

respectively show the curves at the stress amplitudes of 600 MPa and 500 MPa. 

The SFCG lives at 500 ˚C are significantly longer than those at RT. The fatigue 

crack growth rate of the last part of the fatigue test under 600 MPa showed 

sudden acceleration. A non-propagating fatigue crack was also observed at high 

temperatures and at a stress amplitude of 500 MPa, as shown in Figure 7 c). The 

non-propagating fatigue crack length was about 0.2 mm.   
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Figure 8 shows cross-sectional SEM and EDS images observed at about 20 

μm from the FIB notch. As shown in Fig. 8 b), the oxide layer was observed just 

below the fracture surface tested at 500 ˚C.  

 

  

 

Figure 6. Typical microscopic images of the SFCs observed at a) RT and b) 500 

˚C, tested at σa = 600 and 700 MPa respectively. 
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Figure 7. SFC growth curves at RT and 500 ˚C tested in air. Crack 

opening/closing behaviour measured at the point of *1 and *2 in the Figure were 

represented in Fig. 10 and 11 respectively 

 

 

Figure 8. Cross sectional SEM and EDS mapping images of oxide for a) RT and 

b) 500 ˚C tested at σa = 600 MPa in air, measured near the crack origin 
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3.3 Effects of oxidation on SFCs’ opening/closing behaviour 

It is well known that oxidation enhances crack closure; it is termed oxide-

induced crack closure. The opening and closing behaviors of SFCs at elevated 

temperatures were directly measured using the same DIC technique as previously 

applied to the SFCs at room temperature [25,27,28]. Figure 9 shows an example 

of the opening behaviour of SFCs at elevated temperatures, analyzed using the 

DIC technique. The strain contours in the vertical direction, calculated using 

DIC, are represented. When the crack opens, the apparent strain increases due to 

crack opening displacement. The gradually opening behavior of the crack during 

the loading part was successfully visualized by DIC. As shown in Fig. 9, the 

crack tip region did not open at stresses of under 90 MPa, whereas it appears to 

have opened at 360 MPa.  

Figures 10 and 11 shows crack closure curves that were evaluated by 

unloading elastic compliance of the crack opening displacement (COD) 

measured at 50 μm behind of the crack tip. Figure 10 shows measurements under 

conditions in which the FCGR was accelerated at elevated temperatures, with 

Fig. 11 for contrast. Measurements show FCGR to decelerate at elevated 

temperatures. Crack opening points were determined according to the 6 % 

compliance offset method which is described in the appendix of ASTM E647 

[29]. As shown in Fig. 10, the effective stress range, which is the range between 

maximum stress and crack opening stress at RT and elevated temperatures were 

comparable at 600 MPa and 700 MPa respectively. In contrast, the effective 
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stress range at RT in Fig. 11 was 66 % greater than that at elevated temperatures. 

Figure 12 shows crack opening stress to be a function of crack length. Those at 

elevated temperatures at 500 MPa and 600 MPa were higher than that at room 

temperature, especially when the crack was small.  

Figure 13 shows SFCs’ growth rate represented with a) ΔK and b) ΔKeff. The 

long cracks FCGR obtained using CT specimens and of those reported in 

previous research [10,30] are simultaneously represented in the Figure. The SFCs 

growth rate at RT was in fairly close agreement with that of long cracks by using 

the effective stress intensity factor range, whereas it did not match that of FCGR 

at elevated temperatures. SFCs’ growth trend at elevated temperatures appears to 

have a transition point of around ΔKeff = 5 - 7 MPa m0.5. This transition point also 

roughly corresponded to the changing point of the fracture surface of the flat area 

to the intergranular cracking area shown in Figure 4.  

Based on the above evaluation, although the oxide-induced crack closure 

appears to be one of the deceleration factors in the small ΔK region, it was not 

sufficient to explain the difference in FCGR between room and elevated 

temperatures. 
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Figure 9. An example of the directly observed opening behaviour of SFCs at 

elevated temperatures, analyzed using DIC. Black arrows indicate crack tip 

positions. The image captured timings of a) to e) correspond to those indicated in 

Figure 11 b). 

 

 

Figure 10. Crack closure curves of SFCs at a) RT and b) at 500 ˚C, measured 

where the FCGR accelerated at elevated temperatures corresponding to point *1 

marked in Figure 7.  
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Figure 11. Crack closure curves of SFCs in a) RT and b) 500 ˚C, measured 

where the FCGR decelerated at elevated temperatures, corresponding to point *2 

marked in Fig. 7. 

 

 

 

Figure 12. Crack opening stress versus surface crack length at a) σa = 500 MPa, 

b) σa = 600 MPa and c) σa = 700 MPa. 



 22 

  

Figure 13. SFC growth rates represented by a) ΔK and b) ΔKeff corrected with 

crack opening stress measured by DIC. 

 

 

3.4 Three-dimensional evaluation of SFCs morphologies 

Three-dimensional fatigue crack morphologies at room and elevated 

temperatures were investigated using the PFIB – SEM serial sectioning technique 

[26] to elucidate the features of microscopic fatigue crack growth.  

Figure 14 shows the three-dimensional SFCs morphologies at a) RT and b) 

500 ˚C. Figure 15 shows a stereographic projection of the pole figure which 

corresponds to Fig. 14 a2) and b2). Three-dimensional observation results for the 

SFCs at RT of Fig. 14 a) were reported in ref. [26]. As described in this previous 

report, SFCs’ growth path at room temperature mainly corresponded to the {111} 

slip plane of the FCC, as shown in blue in Fig. 14 a2), which corresponds to the 
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four {111} peaks in Fig. 15 a). Hence, a large part of the crack surface was 

declined from the loading axis as shown in Fig. 14 a3).  

In contrast, almost flat, non-crystallographic features of the crack path were 

observed in the SFCs at 500 ˚C. As shown in Fig. 14 b2) and Fig. 15 b), no 

crystallographic textures could not be observed. The crack growth direction was 

close to perpendicular to the loading axis, as shown in Fig. 14 b3). In addition, 

crack growth paths along the grain boundaries of relatively small grain sizes 

were observed. These are marked in red in Fig. 14 b4). The intergranular crack 

precedes the surroundings, but crack s that were completely isolated from the 

main crack were not observed. Figure 16 shows typical grain reference 

orientation deviation (GROD) maps at RT and 500 ˚C where the crack is 

propagating inside of the grain. The apparent plastic zone was more broadly 

distributed at 500 ˚C than at RT.  
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Figure 14. Three-dimensional SFCs morphologies of a) RT and b) 500 ˚C: 

Images a1) and b1) shows overviews of SFCs; the crystal orientation of crack 

growth path is represented in a2) and b2). The crack angle from the loading axis 

is shown in a3) and b3); the crack paths that clearly correspond to the grain 

boundaries are represented as red areas in b4). The stress amplitudes at RT and 

500 ˚C were 900 MPa and 700 MPa respectively.  
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Figure 15. Stereographic projection of pole figure for a) RT and b) 500 ˚C 

corresponding to Fig. 14 a2) and b2). 

 

 

 

Figure 16. GROD map around the crack at a) RT and b) 500 ˚C captured at 10 

μm below the specimen surface. ΔK values at the crack tip were 10 and 7.3 MPa 

m0.5 respectively. 

 

 

 



 26 

4. Discussion 

The fatigue tests carried out in this study revealed the negative and positive 

effects of oxidation on the fatigue properties of Ni-Co based TMW-4M3 

superalloy. The intergranular (IG) fracture mode appeared in the fast FCG region 

and flat transgranular (TG) fractures appeared in the slow FCG region. To 

achieve an accurate understanding of the above experimental results, the crack 

closure effect, transition condition and details of the growth mechanism are 

investigated. 

From the perspective of crack closure, FCGR deceleration due to oxidation is 

also commonly reported for “long” fatigue cracks., J. Telesman et al. recently 

demonstrated that oxidation increases the ΔKth level but accelerates the FCGR of 

the Paris region by investigating the effects of a vacuum environment, testing 

temperature and loading frequency on the “long” fatigue cracks seen in the Ni-

Co based superalloys ME3 and LSHR [30]. They explained the change in ΔKth 

level from the perspective of oxide-induced crack closure. It was noteworthy that 

our results demonstrated that similar positive oxidation effects on ΔKth were also 

true for “small” fatigue cracks. This result is not as would be expected, because 

usually crack closure gradually grows along with crack growth [27,31,32]. We 

have successfully clarified that oxidation increases crack closure levels also for 

short fatigue cracks, as shown in Figure 12. However, according to quantitative 

evaluation of ΔKeff using DIC, the crack closure level was not sufficiently to 

explain the difference in FCGR between RT and elevated temperatures as shown 
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in Fig. 13, since FCGRs at elevated temperatures in air were slower than the 

expected rate. In contrast, the differences in FCGR between “long” and “small” 

fatigue cracks at RT disappeared when using ΔKeff. Hence the change in FCG 

mechanism due to oxidation should be also investigated to gain a quantitative 

understanding. 

The FCG mode transition condition from slow TG FCG to fast IG FCG is 

potentially helpful for understanding the FCG mechanism. Here, the relationship 

between plastic zone size, microstructural size and transition point were 

evaluated as shown in Figure 17. The plastic zone size of the crack tip under 

plane strain condition assuming von Mises yielding criteria is expressed by 

following equations.  

𝑟! =
"
#$
# %
&'!
$
#
  (1), and 

𝜆 =
"()*+"#

,-)*+#"#(("/#0)
#
 (2), 

where K is the stress intensity factor, σy is the yielding strength, ν is Poisson’s 

ratio and θ is the angle from the loading plane. In this approach, plane strain 

conditions were assumed to evaluate the deepest point of the SFCs. The plastic 

zone size during the fatigue test was calculated using ΔKeff, 0.2 % yielding 

strength at the testing temperature and θ = 72˚. It note that ΔKeff was used instead 

of Kmax for this calculation because, as shown in Fig. 13, the transition point was 

related to ΔKeff rather than Kmax which is same as ΔK under R = -1. In addition, 

IG FCG mode possibly related to oxidation damage along grain boundary inside 
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the plastic zone. Hence θ = 72˚ was used in consideration of zig-zag path of IG 

FCG. Figure 17 shows the FCG transition condition represented as number 

fractions of grain size distribution. As shown in Fig. 13, the FCG mode transition 

of the slow TG mode to the fast IG mode occurred around ΔKeff = 5 - 7 MPa m0.5. 

The corresponding plastic zone size at the transition point was 3 - 5 μm. As 

shown in Fig. 17, this plastic zone size was close to the peak of the grain size 

number fraction. The oxidation damage inside the plastic zone that increases 

FCGR was noted in previous research [23,33]. It appears that oxygen 

transportation through the grain boundary and the damage due to the oxidation 

was enhanced inside the plastic zone. It is thus conceivable that the fast IG FCG 

mode dominates when the plastic zone covers the grain size. 

 

  

Figure 17. Schematic of SFCG modes transition states caused by oxidation 
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The details of the FCG mechanism, fast IG, and slow TG FCG mode will be 

discussed below. The abrupt FCGR acceleration in regions with large ΔK 

identified in this study is concluded to occur due to intergranular damage caused 

by oxidation. The FCGR acceleration accompanied by intergranular cracking 

was previously investigated for each long [10,11] and short fatigue crack [22]. 

According to the 3D investigation in Fig. 14, the intergranular (IG) crack region 

preceded the surrounding crack tip, but was connected to the main crack. It thus 

appears likely that IG cracks grow faster than in other areas and occur due to 

oxygen being transported from the crack tip. This fast IG FCG mechanism has 

been closely investigated in previous research [22,23,34]. 

On the other hand, there are no reports on the slow TG FCG mode or its 

mechanism in the small ΔK region. Telesman et al. reported the oxidation effect 

on ΔKth [30], while  the FCGRs in their tests were faster than in our experiment, 

as illustrated for comparison in Figure 13. Hence, they did not report the slow 

TG FCG mode. As shown in Fig. 14, slow TG FCG at elevated temperatures was 

governed by a completely different mechanism from that at room temperature. 

The SFCs at room temperature were growing along the {111} slip plane with 

shear stress as shown in Fig. 14 a). In contrast, the slow crack growth area at 

elevated temperature was insensitive to the microstructure and mostly grew 

perpendicular to the loading axis. This flat crack propagation area in Fig. 14 also 

shows an almost semicircular shape. It therefore appears as if crack growth is 

determined solely by mechanical conditions. Crack growth of this type possibly 
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occurred due to intermittent small embrittlement in the crack tip oxidation 

region. This apparent brittleness is reminiscent of the fast FCG mode in spite of 

the FCGR of this region being slower than the others. Plastic deformation around 

the crack tip might help to explain these curious phenomena.  

As shown in Fig. 16, plastic deformation around the crack at elevated 

temperatures was more broadly distributed than at room temperature. However, 

the calculated crack tip plastic zone size at RT and elevated temperatures were 

comparable. According to Eq (1), (2) and the yielding strength at the tested 

temperatures, the plastic zone sizes in θ = 72˚ were 8.6 and 5.6 μm, respectively, 

at RT and at elevated temperatures. Here, fatigue crack essentially grows due to 

the newly formed surface at the crack tip generated by slip deformation [35]. 

Hence, only dislocations emitted from the crack tip contribute to fatigue crack 

extension. For example, Takahashi et al. proposed dislocation based FCG model 

which explain FCGR acceleration due to the concentration of dislocation 

emission at the crack tip [36]. In other words, plastic deformation at a distance 

from the crack tip does not expand the crack. If the total plastic deformation 

around the crack tip is related to the calculated plastic zone size, slip deformation 

at room temperature appears to be more concentrated at the crack tip than under 

elevated temperature conditions. It appears likely that the broadly distributed 

apparent plastic zone at elevated temperatures, shown in Fig. 16, does not 

contribute to crack extension. In other words, slip deformation at the crack tip at 

elevated temperatures appears to be smaller than that at room temperature. Slip 
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deformation at the crack tip might be interrupted by the oxidation layer. 

According to previous studies, oxidation layer of Ni-Co based superalloy 

consisted of NiO, CoO, Cr2O3, TiO2 and Al2O3 [37,38]. The last three of these 

oxides were formed along the flanks of the fatigue crack [38]. Such oxides are 

usually harder than bulk material [39] while Young’s modulus of oxide layer was 

comparable to base metal [40]. Such a hard oxide layer on the crack surface 

possibly interrupt the dislocation emission from the crack tip. This may be one 

reason why the FCGR at elevated temperatures was slower than at room 

temperature, even if using ΔKeff. However, the microscopic detail for the 

character of oxides around the crack tip was not clarified in this study. For 

example, nanoscopic segregation along grain boundaries [41] possibly affects the 

FCG mode transition behavior. This is the next issue of this study. 

The schematics of the FCG process with and without oxidation, assuming the 

above, are described in Figure 18. As shown in Fig. 18 a1), fatigue cracks grow 

along the slip plane in the first part of the fatigue process in the absence of 

oxidation. Although the observation in Fig. 14 was the result for RT, a similar 

mechanism appears to apply at elevated temperatures in a vacuum, since similar 

facets were observed on fatigue fracture surfaces under vacuum. This process is 

similar to the crack initiation mechanism [42] except that this process continued 

past a surface crack length of 0.3 mm. The usual TG FCG process [35,43], 

shown in Fig. 15 a2), accompanied by fatigue striations, therefore appears to 

apply in larger ΔK regions. Figure 18 b) shows the schematics of SFCG under 
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oxidation. As shown in Fig. 18 b1), SFC appears to grow inside the oxide layer in 

a brittle manner, driven by the principal stress at the crack tip. It should be noted 

that the oxide-induced crack closure of this region was confirmed in our 

experiments, but was not sufficient to explain slow FCGR at elevated 

temperatures. It appears that not the crack tip itself, but areas distant from the tip 

which do not contribute to crack extension undergo plastic deformation of the 

plastic zone, possibly due to the inhibition, by the oxidation layer, of dislocation 

emissions from the crack tip. This slow FCG process could be a unique and 

hitherto unreported process. It then transits to the IG FCG mode shown in Fig. 18 

b2) when the plastic zone covers the grain size as described in Figure 17.  

In summary, FCGR deceleration in the small ΔK region and acceleration in 

the large ΔK region due to oxidation were observed during the SFCG process of 

TMW4M3 superalloy. FCGR differences due to oxidation could not be explained 

solely by crack closure. Our three-dimensional investigation suggests that 

changes in slip deformation mode due to the oxide layer in the crack tip play an 

important role in FCGR deceleration in the small ΔK region. 
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Figure 18. Schematics of the SFCG modes for a) without oxidation and b) with 

oxidation. a1) and b1) show the  first part and a2) and b2) show the latter part of the 

fatigue process. 
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5. Conclusion 

In this research, to elucidate the oxidation effect on SFCG characteristics of Ni-Co 

based TMW-4M3 superalloy, we conducted fatigue tests in air/vacuum at elevated 

temperatures, in situ observation of SFCG behaviour in air at room/elevated temperature 

which include the SFCs opening/closing behaviour, and three-dimensional microscopic 

observations of the SFCs using a PFIB – SEM system. The following conclusions can 

be drawn from our results. 

1. The fatigue lives tested under vacuum at elevated temperatures were comparable 

to those at room temperature. In contrast, those tested at elevated temperatures in 

air showed a shorter fatigue life in higher-stress regions and a longer fatigue life 

in lower-stress regions than the others. 

2. In situ fatigue observations revealed SFCG deceleration in the small ΔK regions 

and acceleration in the large ΔK regions. Non-propagating fatigue cracks were 

observed in the specimen at the fatigue limit at elevated temperatures in air. The 

slow FCGR region showed flat TG fracture surfaces, and fast regions showed 

blocky IG fracture surfaces.  

3. The opening/closing behaviours of SFCs at elevated temperature were 

successfully measured using DIC. The crack opening stress was increased at 

elevated temperatures in air, possibly due to oxide-induced crack closure. 

However, the difference in FCGR between room and elevated temperatures in air 

cannot be explained solely by crack closure effects. 
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4. Three-dimensional investigations revealed a completely different SFCG 

mechanism at room and at elevated temperatures in air. The SFCs at elevated 

temperatures showed straight TG FCG to be insensitive to the microstructure in 

slow growth regions and that IG FCG precedes the surroundings in acceleration 

regions in contrast to microstructural SFCG features at room temperature. The 

apparent plastic zone at elevated temperatures was also more broadly distributed 

than that at room temperature despite the calculated values being comparable. 

5. It appears that slow and straight SFCG at elevated temperatures occurs due to 

intermittent brittle fracture of the oxide that forms at the crack tip. The oxide layer 

of the crack tip likely acts to broaden the plastic deformation distribution, which 

in turn contributes to FCGR deceleration.  
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