
1 
 

Fatigue crack growth mechanisms in powder metallurgy Ni-based 

superalloys—A review 

Abstract. .............................................................................................................. 2 

1. Introduction .................................................................................................. 3 

2. Short fatigue crack growth mechanisms ....................................................... 5 

2.1 Characteristics of short fatigue crack growth and research 

methodologies ...................................................................................................... 5 

2.2 Effects of microstructure ..................................................................... 8 

2.2.1 Effects of grain size .................................................................... 8 

2.2.2 Effects of grain orientation ....................................................... 10 

2.2.3 Effects of γʹ precipitates ............................................................ 12 

2.2.4 Effects of non-metallic inclusions .............................................. 14 

2.3 Extrinsic effects on short fatigue crack growth .................................. 15 

3. Long fatigue crack growth mechanisms ....................................................... 17 

3.1 Effects of microstructure .................................................................... 17 

3.1.1 Effects of grain size ................................................................... 17 

3.1.2 Effects of γ′ precipitates ............................................................ 19 

3.1.3 Effects of grain boundary character and precipitates ............... 25 

3.2 Creep-fatigue crack growth ................................................................ 26 

3.3 Effects of environmental damage ....................................................... 29 

3.3.1 Environmental damage enhanced fatigue crack growth ................ 29 

3.3.2 Threshold fatigue crack growth behaviours .................................. 33 

3.3.3 Characterisation of deformation at the crack tip .......................... 34 

4. Perspectives and concluding remarks ............................................................. 36 

5. Acknowledgement ........................................................................................... 39 

References........................................................................................................... 40 

 

 



2 
 

Fatigue crack growth mechanisms in powder metallurgy Ni-based 

superalloys—A review 

R. Jiang1, 2, 3*, Y. D. Song1, 2, P. A. Reed3* 

1 Key Laboratory of Aero-engine Thermal Environment and Structure, Ministry of Industry 

and Information Technology, Nanjing University of Aeronautics and Astronautics, Nanjing, 

210016, PR China  

2 College of Energy and Power Engineering, Nanjing University of Aeronautics and 

Astronautics, Nanjing, 210016, China 

3 Materials Research Group, Department of Mechanical Engineering, University of 

Southampton, Highfield, Southampton, SO17 1BJ, UK 

*Corresponding author. Email: rjiang@nuaa.edu.cn; p.a.reed@soton.ac.uk  

Abstract: Powder metallurgy (PM) Ni-based superalloys are widely used for aeroengine 

turbine disc applications due to their excellent mechanical properties and good corrosion 

resistance at elevated temperatures. Understanding the fatigue crack growth (FCG) 

mechanisms of PM Ni-based superalloys is important for both disc alloy development and life 

prediction of disc components in these advanced aeroengines where damage tolerance design 

prevails. FCG in PM Ni-based superalloys is a complicated function of microstructure, 

temperature, loading conditions and environment and is usually a consequence of the 

synergistic effects of fatigue, creep and environmental damage. In this review, the 

mechanisms controlled by microstructural features including grain size, grain misorientation, 

γ′ size and distribution on short and long FCG behaviour in PM Ni-based superalloys are 

discussed. The contribution of creep and environmental damage to FCG has been critically 

assessed. The competing effects of mechanical damage (i.e. fatigue and creep) and 

environmental damage at the crack tip are microstructure-sensitive, and usually results in 

transition between transgranular, mixed-trans-intergranular and intergranular FCG depending 

on the contribution of environmental damage to FCG processes.  
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environmental damage; 
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1. Introduction  

Polycrystalline Ni-based superalloys, which mainly consist of γ phase and the 

strengthening γʹ phase, i.e. (Ni3(Al, Ti)), are widely used for turbine disc application in 

aeroengines due to their excellent mechanical properties, fatigue and creep resistance at high 

temperature, good phase stability, in combination with superior corrosion and oxidation 

resistance [1-3]. With the development of more advanced aeroengines, powder metallurgy 

(PM) Ni-based superalloys are increasingly used in turbine discs. Compared with 

conventional cast and wrought Ni-based superalloys, PM Ni-based superalloys can effectively 

eliminate solidification segregation and thereby can allow increases in the alloying levels to 

further improve the overall mechanical properties [1]. This is necessary to meet the 

requirement of increased turbine inlet temperatures in more advanced aeroengines with high 

thrust-to-weight ratios. Through more than half century’s development, the working limit 

temperature has been increased from 650oC for the first generation of PM Ni-based 

superalloys which are characterised by their high strength at elevated temperatures, to 750oC 

or even higher for third and fourth generation PM Ni-based superalloys which are 

characterised by their excellent high temperature strength and exceptional fatigue crack 

growth (FCG) resistance [1, 4-7]. Development of the creep resistance of PM Ni-based 

superalloys is shown in Fig. 1 and their compositions are presented in Table 1.  

  

Fig. 1 Development of the creep resistance of PM Ni-based superalloys in turbine disc 

applications. 
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Table 1 Nominal Composition (wt.%) of PM Ni-based superalloys 

 Cr Co Mo W Nb Al Ti Ta Hf C B Zr Ni 

Rene95 14.0 8.0 3.5 3.5 3.5 3.5 2.5 — — 0.15 0.010 0.05 Bal. 

MERL-76 12.4 18.6 3.3 — 1.4 0.2 0.3 — 0.35 0.050 0.03 0.06 Bal. 

FGH4095 12.69 8.55 3.58 3.36 3.45 3.46 2.69 <0.02  0.06 0.01 0.05 Bal. 

Udimet720Li 16.0 15.0 3.0 1.25 — 2.5 5.0 — — 0.025 0.018 0.05 Bal. 

Rene88DT 16.0 13.0 4.0 4.0 0.7 2.1 3.7 —  — 0.03 0.015 0.03 Bal. 

N18 11.5 15.7 6.5 0.6 — 4.35 4.35 — 0.45 0.015 0.015 0.03 Bal. 

FGH4096 16.0 13.0 4.0 4.0 0.7 2.1 3.7 <0.02 — 0.035 0.011 0.033 Bal. 

FGH4097 9.02 15.69 3.76 4.96 2.59 4.91 1.74 — 0.3 0.045 0.012 0.017 Bal. 

RR1000 15.0 18.5 5.0 — 1.1 3.0 3.6 2.0 0.5 0.027 0.015 0.06 Bal. 

ME3 13.1 18.2 3.8 1.9 1.4 3.5 3.5 2.7 — 0.03 0.03 0.05 Bal. 

Alloy10 11.5 15 2.3 5.9 1.7 3.8 3.9 0.75 — 0.030 0.02 0.05 Bal. 

LSHR 12.5 20.7 2.7 4.3 1.5 3.5 3.5 1.6 — 0.03 0.03 0.05 Bal 

NR3 12.5 14.9 3.55 — — 3.6 5.5 — 0.3 0.02 0.01 0.03 Bal. 

NR6 13.9 15.3 2.2 3.7 — 2.9 4.6 — 0.3 0.02 0.01 0.03 Bal. 

N19 13.2 12.2 4.6 3.0 1.5 2.9 3.6 — 0.25 0.015 0.01 0.05 Bal. 

FGH98 12.65 20.2 3.83 2.18 0.9 3.45 3.7 2.31 — 0.054 0.021 0.05 Bal. 

During the duty cycle (take off – cruise – landing) of the aeroengines, turbine discs are 

subjected to cyclic mechanical stresses, thermal stresses and vibration stresses, which usually 

leads to low cycle fatigue failure in turbine discs. In order to avoid service failures of turbine 

discs, the focus has been on understanding fatigue damage along with the interaction of creep 

and environmental damage in turbine disc alloys [4, 8-12]. Extensive studies have been 

conducted to investigate the fatigue performance of PM superalloys, in order to develop more 

fatigue-resistant disc alloys and to promote the application of new PM superalloys in turbine 

discs so as to optimize disc design. Usually low cycle fatigue tests are employed to evaluate 

the fatigue performance of disc alloys to obtain S-N curves which can be useful for the total 

life design of turbine disc and materials ranking approaches [13-16]. In addition, FCG tests 

are used to assess the crack growth resistance of disc alloys and to obtain FCG rate 
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information (i.e. da/dN vs. ΔK) curves at various temperatures and loading conditions [10-12, 

17-19]. These da/dN vs. ΔK curves of PM Ni-based superalloys are essential in enabling the 

damage tolerance design of turbine discs.  

As damage tolerance design prevails in these more advanced aeroengines, the FCG 

behaviours and the associated mechanisms of PM Ni-based superalloys have received more 

and more attention. Moreover, FCG behaviours under dwell fatigue conditions in aggressive 

environments have become of increasing concern due to the increased turbine inlet 

temperatures which will cause more significant creep and environmental damage 

superimposed onto the fatigue damage processes and can accelerate the crack growth by one 

or two orders of magnitude [11, 12, 17, 19, 20]. Understanding the FCG behaviours and 

mechanisms operational in these service regimes for the new PM alloys is crucial for the 

development of more advanced disc alloys and their continued application in turbine discs.  

Fatigue performance of Ni-based superalloys has been reviewed in several recent 

publications [4, 9, 21-23], with special emphasis on deformation modes and fatigue life in 

Ni-based superalloys or FCG in cast & wrought Ni-based superalloys, e.g. Prakash et al. [21] 

reviewed long FCG micro-mechanisms in IN718 under the combined influence of fatigue, 

creep and oxidation. However, the FCG behaviours and the over-arching related mechanisms 

in PM Ni-based superalloys have not been extensively reviewed in these papers. Therefore, 

this review will focus in particular on the FCG mechanisms in PM Ni-based superalloys 

(including both short and long FCG behaviours). The effects of microstructural features of 

advanced PM Ni-based superalloys and their interaction with the effects of external service 

conditions such as temperature, environment and complex loadings are carefully and 

extensively reviewed, with a particular focus on the relevant literature in this area in the past 

two decades.  

2. Short fatigue crack growth mechanisms 

2.1 Characteristics of short fatigue crack growth and research methodologies 

Generally, fatigue crack initiation occurs in relation to strain localization that is usually 

associated with a microstructural heterogeneity which gives rise to a local stress concentration. 
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In this review, crack initiation is defined as the nucleation of a microstructural crack and 

differs from the definition of “crack initiation” used in typical engineering terminology 

(which usually includes crack nucleation and a certain amount of crack growth before the 

crack length is detectable by in-service engineering or inspection processes). In PM Ni-based 

superalloys, fatigue cracks mainly initiate at metallurgical defects (e.g. non-metallic 

inclusions and pores)[13, 24-26], twin boundaries [27, 28], slip bands [27-30] and precipitates 

[31, 32] in the absence of environmental effects. At elevated temperatures, environmental 

damage enhanced intergranular crack initiation is also commonly observed in aggressive 

environments [10, 33-37].  

Immediately after initiation, the FCG process strongly interacts with local 

microstructural features ahead of the crack tip and is also influenced by temperature, 

environment and loading conditions [4, 8, 24, 38-42]. These cracks in their early propagation 

stages are usually named short or small cracks, and their plastic zone ahead of the crack tip is 

usually comparable to the crack length and thereby linear elastic fracture mechanics (LEFM) 

are not applicable in describing the crack driving force/crack tip stress state. It is widely 

accepted that the most distinctive characteristics of short fatigue cracks are their abnormally 

high but greatly scattered growth rate below the stress intensity threshold of long crack 

observations and a strong interaction with local microstructural features as shown in Fig. 2 

[38, 39]. 

 

Fig. 2 (a) Short FCG behaviours vs. long FCG behaviours in PM Ni-based superalloy Udimet 

720 and (b) the interaction of short fatigue crack with local microstructures in PM Ni-based 

superalloy ME3 [38, 39]. 
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Generally, these short FCG processes contribute to the majority of the fatigue life of PM 

Ni-based superalloys during service due to the high overall component stresses which result 

in a relatively small extent of FCG prior to fast fracture [24, 29, 38, 43-45]. Although the 

short FCG regime accounts for a large proportion of the fatigue lifetime in typical 

applications of PM superalloys, studies on short FCG in PM superalloys are not abundant and 

the majority of reported studies were conducted at room temperature which is not relevant to 

the expected service conditions. This is due to the difficulty in capturing the short FCG 

behaviour immediately after crack initiation and also the time consuming nature of short FCG 

tests (especially at high temperature). As the crack itself and crack tip interaction region 

generally spans only several grain diameters, short cracks cannot be detected by conventional 

methods of non-destructive materials testing such as ultrasonic testing, which typically 

provide a resolution of the order of 0.5 mm. Currently the most widespread method to 

investigate short FCG behaviour is limited to surface observations via replicating the 

morphology of cracks with acetate or silicone compounds, and examining the resultant replica 

via optical and scanning electron microscopy (SEM) [24, 30, 44]. This technique is quite time 

consuming as it requires periodic interruption of the test, cooling and then replication of the 

surface (potentially influencing subsequent crack growth behaviour). Direct current potential 

drop (DCPD) has also been applied in characterization of short crack growth, but the DCPD 

method was found to be inappropriate for very small crack lengths and correct placement of 

the probes requires prior knowledge of the crack path. Generally, it is difficult to capture the 

FCG immediately after initiation accurately and in a timely manner due to the randomness of 

the appearance of the crack. To overcome the uncertainty of capturing behaviour from natural 

crack initiation sites, to ensure specific areas for investigation of short FCG behaviour, 

focused ion beams (FIB) were employed to cut notches (acting as artificial cracks) in 

specimens [42, 46]. These kinds of FIB notched specimens can be observed in in-situ SEM 

fatigue tests and then the early short crack growth can be better captured, but this is usually 

limited by the specimen geometry possible, load capacity, frequency and temperature. Typical 

in-situ SEM tests will occur under vacuum at room temperature, use of high temperature 

heating stages or oxidising environments is very problematic in an SEM. Another feasible 

technique is to use travelling optical microscopes attached in a fatigue test rig with a vacuum 
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chamber, which has achieved some high temperature in-situ short fatigue crack observations, 

but the resolution is still limited and so not able to capture the very early stage growth of short 

cracks [47]. In addition the effects of oxidation are eliminated in such an experimental set-up. 

Although recently developed detection methodologies such as high resolution X-ray 

computed tomography or synchrotron radiation computed tomography can provide a fine 

resolution (down in some circumstances to 0.8 µm) to examine short cracks in-situ 

non-destructively in three dimensions (3D), these approaches are challenging to utilize in PM 

Ni-based superalloys due to X-ray attenuation effects and are also complex to perform at 

elevated temperatures in representative service environments [17, 48-50]. 

Despite these challenges in conducting short FCG tests, efforts have still been made to 

investigate short FCG behaviours and the related mechanisms in PM Ni-based superalloys. 

These have focussed on the effects of microstructure along with other extrinsic influential 

factors such as environmental damage. The effects of microstructural features and extrinsic 

service condition effects on short FCG mechanisms in PM Ni-based superalloys are detailed 

in the following sections. 

2.2 Effects of microstructure 

2.2.1 Effects of grain size  

In the absence of environmental effects, short cracks mainly propagate along slip bands 

after initiation [8, 30, 42, 51, 52]. It is well accepted that grain size has a significant influence 

on dislocation motion under either static or cyclic deformation conditions, and thereby 

impacts the strength of materials. On the one hand, as the grain size increases, the free slip 

length for dislocations increases accordingly, and the amount of dislocations piling up or 

pairing along the slip band increases until either the grain boundary becomes ineffective as a 

barrier for the succeeding dislocations or dislocation sources in the adjacent grains are 

activated. Therefore, a coarse grain size is apt to promote planar slip, which makes Stage I (as 

known as mode II) short cracks grow more easily. In addition, the greater the grain size, the 

lower the number of grain boundaries acting as obstacles to slip transmission of dislocations, 

resulting in poor crack growth resistance. On the other hand, the enhanced planar slip in a 

coarse grained structure is also associated with increased slip reversibility giving lower 
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intrinsic damage accumulation and also more tortuous crack paths (increased shielding) [24, 

29, 44]. 

 Typical influences of grain size on short FCG behaviour at room temperature and 650 oC 

can be found in Pang’s research on the disc alloy Udimet 720Li [24, 29]. In his work, fatigue 

crack initiation and short FCG behaviour in Udimet 720Li and its microstructural variants, i.e. 

Udimet 720Li-LG (large grain variant) and Udimet 720Li-LP (large intragranular coherent γ' 

precipitate variant) have been assessed by replicated short FCG tests. It is found that short 

FCG exhibits a highly faceted fracture surface due to planar slip band cracking occurring 

immediately after crack initiation followed by a transition to a flatter Stage II type crack path 

as crack length increases at room temperature. Udimet 720Li-LG shows a slightly improved 

FCG resistance compared with as-received Udimet 720Li because of the increased slip 

reversibility, although its fatigue lifetime is less than that of Udimet 720Li-LP due to the 

relatively lower fatigue crack initiation resistance. At elevated temperature (650oC), a 

transition from transgranular FCG to oxidation-assisted intergranular FCG can be observed 

after the short crack propagates beyond four to six grains in air. Udimet 720Li-LG shows the 

most significant performance benefits in terms of overall fatigue lifetime under the test 

conditions as the larger grain size not only prolongs the initial slow transgranular FCG after 

crack initiation but also improves high temperature oxidation-assisted intergranular FCG 

resistance due to less embrittled grain boundaries. 

However, it is noteworthy that it is difficult to control only one microstructural variable 

during processing of PM Ni-based superalloys. Grain size variation is usually accompanied 

by a change in γ′ size, which also influences the short FCG behaviour. Jiang [30] studied the 

short FCG behaviours in coarse grained (CG) and fine grained (FG) LSHR alloys processed 

by supersolvus and subsolvus heat treatment (HT) respectively. It is found that although the 

fatigue lifetime is higher in the FG LSHR variant than that of CG LSHR variant, the short 

FCG rates are similar in these two LSHR variants at room temperature. Detailed analysis with 

electron backscatter diffraction (EBSD) indicates that cracks preferentially propagate along 

slip bands associated with high Schmid factor (SF) slip systems after initiation. Small grains 

with low SF are more resistant to short FCG compared to large grains with high SF. Full field 
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strain measurement was carried out (using SEM-DIC) with sub-micron resolution ahead of 

the crack tip in the LSHR alloy where artificial cracks were prepared by FIB. This showed 

that FCG occurred along, and very close to, twin boundaries indicating that crack advance is 

determined by the cracking of slip bands at the crack tip accompanied by the appearance of 

transverse strain in the slip bands [42].  

2.2.2 Effects of grain orientation  

    It is worth mentioning however that short FCG is a complicated function of various 

microstructural factors. Apart from the grain size, the crystallographic orientation of the 

grains (or GB misorientation) and their respective slip planes impact the dislocation slip 

transmission and therefore the short FCG behaviour to a significant extent. It is believed that 

the retardation effects of grain boundaries on transgranular short FCG are determined by the 

crystallographic orientation of neighbouring grains, i.e. the low angle grain boundaries are 

less effective in hindering the short FCG, whereas boundaries with higher misorientation 

angles on average tend to cause larger crack deflections/crack arrest and result in larger FCG 

retardations (if the segregation, precipitation and oxidation of grain boundary are not taken 

into account) [52, 53]. Based on Miao’s study [52], fatigue cracks were seen to subsequently 

grow in grain clusters within which grains are misoriented by less than 20o relative to the 

initiation grains, as observed in Rene 88DT. More highly misoriented neighbouring grains 

resulted in crack arrest [52]. Additionally, at fixed grain-boundary misorientation angles, 

special boundaries are no more effective than random boundaries in impeding transgranular 

short FCG, as observed in PM superalloy ME3 processed by grain boundary engineering [38, 

54].  

Furthermore, the spatial arrangement of slip planes in the adjacent grains or 

misorientation of neighbouring slip planes is a more critical influential factor on short FCG 

than the misorientation of neighbouring grains, according to Zhai’s research [55]. This is 

schematically shown in Fig. 3 and supported by a direct 3D observation of the interaction 

between short cracks and grain boundaries in the recently employed application of FIB 

tomography [56-58]. It is shown that the grain boundary can still continue to exert an 
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effective drag on the crack front due to fracture of the area “abc” on the grain boundary plane 

(Fig. 3) after the crack tip passes the grain boundary on the surface, until the crack crosses the 

whole grain boundary plane beneath the surface because of the normally semi-elliptical shape 

of a short fatigue crack. Therefore the twist angle α (as defined in Fig. 3) of two slip 

planes/crack planes has a more significant influence on short FCG compared to the tilt angle β 

(as defined in Fig. 3) of the crack paths in the two adjacent grains at the surface. As a result, 

the growth rate of the crack tip inside a given grain on the specimen surface is still 

significantly influenced by the grain boundary that it has just passed on the surface, in 

addition to the orientation of that grain.  

 

Fig. 3 Schematic diagram showing a crystallographic mechanism for crack growth along slip 

plane 1 in grain 1 into slip plane 2 in grain 2 [55]. 

    At elevated temperatures, the short fatigue crack propagates in a more intergranular 

mode. The influence of grain orientation on intergranular short FCG at elevated temperatures 

is manifested by stress/strain assisted degradation (e.g. oxidation and corrosion) of grain 

boundary properties which is related to strain accumulation and stress concentration in the 

vicinity of grain boundaries. The orientation-dependent strain accumulation or stress 

concentration at grain or subgrain level can be measured by high resolution digital image 

correlation (DIC) in combination with EBSD [25, 42, 59, 60], and can be simulated by crystal 

plasticity finite element modelling [61, 62]. Generally, large misorientations between 

neighbouring grains or large differences in Schmid factor of the active primary slip systems in 
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the neighbouring grains are associated with significant dislocation pile-ups and strain 

accumulation [59, 63], and thereby may facilitate the degradation processes of grain boundary 

properties induced by oxidation and/or corrosion. In addition, the grain boundary energy 

which is associated with grain orientation and the lattice coherence of the neighbouring grains 

also has influence on the grain boundary degradation processes and further influences the 

intergranular short FCG [54, 64, 65]. Based on the coincident site lattice (CSL) model, low 

angle grain boundaries and special grain boundaries with low CSL Σ value usually correspond 

to low grain boundary energy [66-68], which means these grain boundaries are more 

insensitive to environmental attack. For instance, the frequent observed crack initiation and 

early propagation along slip bands parallel and adjacent to Σ3 twin boundaries (with a 

misorientation angle of 60o) in Ni-based superalloys at low temperatures are closely related to 

the strain accumulation around these Σ3 twin boundaries [28, 30, 42, 59], whereas Σ3 twin 

boundaries show good resistance to short FCG at elevated temperatures due to the high lattice 

coherence and low grain boundary energy as well as more homogeneous deformation (seen at 

elevated temperatures).  

2.2.3 Effects of γʹ precipitates 

γʹ precipitates are the main strengthening phase in PM Ni-based superalloys. Their size 

and distribution can be tailored by heat treatments, which can consequently modify the 

mechanical properties of PM Ni-based superalloys. Generally speaking, γʹ precipitates, 

especially secondary and tertiary γʹ precipitates due to their large volume fraction compared 

with the primary γʹ precipitates, are effective barriers for dislocation motion, and thereby they 

are also effective barriers for FCG. Depending on the γʹ precipitate size, 

dislocation-precipitate shearing or looping mechanisms can occur, producing planar slip or 

wavy slip, which influences in particular early transgranular FCG. In general, it is usually 

observed that finer γ' precipitates are more likely to exhibit precipitate shearing, whereas 

coarser γ' precipitates tend to experience both precipitate shearing and looping mechanisms in 

PM Ni-based superalloys [1, 4, 42, 44, 69]. The γ' precipitate shearing mechanism is 

associated with heterogeneous slip indicating enhanced slip reversibility, which can result in 

lower FCG rates [44]. On the other hand, comparatively less precipitate shearing takes place 
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as precipitate size increases, which is associated with less planar slip but more homogeneous 

deformation and more accumulated damage under cyclic loading.  

Moreover, the retained primary γʹ in PM Ni-based superalloys after solution heat 

treatment produces an elastic strain field which is expected to interact with cracks, and it may 

accelerate or decelerate early short FCG or even cause the crack temporarily to arrest at 

primary γ'/γ interfaces as seen in Udimet 720Li [29, 43, 44]. With traditional metallurgical 

sectioning methods, it is found that the cracks can either cut through the primary γʹ 

precipitates or deflect at the interfaces of primary γʹ precipitates and matrix materials 

depending on the degree of coherence and the elastic-plastic properties of the respective 

particles with respect to the surrounding matrix material. In some cases, the cracks are 

arrested by the precipitates and then stop growing for a few thousands of cycles before the 

FCG resumes or even stop growing completely [29]. Recently, the interaction between short 

cracks and precipitates has been carefully investigated by 3D FIB tomography techniques in a 

Ni-based superalloy [70]. It is reported that the crack tends to bypass the precipitates by 

forming steps in the crack plane and this behaviour depends on the mechanical properties of 

the precipitates with respect to the matrix material. However, as mentioned previously, it is 

difficult to control individual microstructural variables independently during processing of 

PM Ni-based superalloys, the effects of primary γʹ precipitates on short FCG are usually 

coupled with change in other microstructural variables (e.g. different volume fraction, size 

and distribution of primary, secondary and tertiary γʹ precipitates are usually interlinked). 

Further study of the effects of γʹ precipitates on short FCG behaviour requires control of the γʹ 

precipitation behaviours to evaluate the individual effects of primary, secondary and tertiary 

γʹ precipitates on short FCG.  

At elevated temperatures, the effects of γʹ precipitates may become less significant due 

to co-occurring environmental damage. In the cases where oxidation exists, the 

precipitates/matrix interfaces are usually the preferential path for early FCG due to the 

degradation of these boundary properties [10-12]. In the cases where environmental damage 

is absent, the influence of γʹ precipitates on short FCG at elevated temperatures is generally 

embodied by the influence of temperature on the dislocation slip behaviours with respect to γʹ 

precipitates in Ni-based superalloys. At high temperatures, the additional thermal energy 
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stimulates the activation of secondary slip and cross-slip of dislocations [71], resulting in 

reduction of critical resolved shear stress and causing short cracks to grow less 

crystallographically. In addition, when long dwell load is employed, these effects are 

associated with possible stress relaxation/creep behaviour at the crack tip. However, there are 

few studies of the effects of γʹ precipitate distribution on short FCG in PM Ni-based 

superalloys at elevated temperatures, which is probably due to the difficulties both in 

controlling the size and distribution of γʹ precipitates and observing the short FCG behaviour 

at elevated temperatures at high spatial resolution.  

2.2.4 Effects of non-metallic inclusions 

Non-metallic inclusions inherent from powder atomisation processes are important and 

unavoidable metallurgical defects in PM Ni-based superalloys [13, 25]. As the short fatigue 

crack growth usually strongly interacts with the local microstructures, the non-metallic 

inclusions are expected to have evident influences on short fatigue crack growth due to the 

resultant stress concentration effect if they stay in the fatigue crack growth paths. However, 

studies of the effects of the non-metallic inclusions on short fatigue crack growth behaviours 

are quite limited due to the rare occurrence of non-metallic inclusions in PM Ni-based 

superalloys and the low possibility of capturing the inclusions at the fatigue crack growth 

paths. The studies with regards to the effects of non-metallic inclusions on short fatigue crack 

growth in PM Ni-based superalloys that can be found in the open literature were conducted by 

Xie and Dong [72]. They conducted in-situ fatigue tests on alumina (Al2O3) seeded PM 

superalloy Rene’95, and found the crack may propagate directly into or through the inclusion 

and the inclusion can be cut or broken into two or more pieces. TEM observation revealed the 

dislocations pile up at the inclusion/matrix interface to form stress concentration, and the 

mismatch of deformation between inclusion and matrix leads to crack initiation and 

propagation at interface before the alloy matrix yields. In addition, Artamonov [73] recently 

investigated the fatigue crack growth mechanism in PM Ni-based superalloy EP741NP, and 

found that a rugged rough surface of the crack consisted of spherical particles with the size in 

the range between 50 and 150μm was form at the beginning in the case of subsurface crack 

initiation from inclusions. In this subsurface short fatigue crack growth from inclusions, 

nano-grains with the size of 100-200nm were formed in front the crack tip and these 
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misoriented nano-grains led to the appearance of relatively "weak" links at nano-grain 

boundaries, which resulted fatigue crack grew through the boundaries of nano-grains [73]. 

When a crack reached to specimen surface and then air accessed into the crack space, the 

crack surface changed to a quasi-facet morphology. Although these studies provide some 

insights into the effects of non-metallic inclusions on short fatigue crack growth in PM 

Ni-based superalloys, further studies are apparently needed to disclose the role of 

non-metallic inclusions in strain localisation and cracking processes during short fatigue crack 

growth. 

2.3 Extrinsic effects on short fatigue crack growth  

Apart from microstructural effects, extrinsic effects including temperature, environment 

and loading conditions (i.e. loading frequency, load ratio, loading waveform and dwell time) 

can also exert significant influence on short FCG behaviours. In most cases, these extrinsic 

(service) effects exert combined influences on short FCG, e.g. high temperature, aggressive 

environment and low loading frequency can cause enhanced intergranular FCG due to the 

resultant environmental damage. Several researchers have investigated the short FCG 

behaviours at elevated temperatures (450oC and 650oC) in RR1000 [44], IN100 [74], Udimet 

720 Li [24, 44], N18 [75, 76] and LSHR [36]. Generally, enhanced short FCG and increased 

crack coalescences have been observed at elevated temperatures due to the effects of stress 

assisted grain boundary oxidation (SAGBO) [36, 40, 41, 77] or dynamic embrittlement of 

grain boundaries [78-80]. SAGBO is usually more dominant in fine grained PM Ni-based 

superalloys due to the increased availability of grain boundaries for short circuit diffusion of 

oxygen. For this reason, Reed et al. [24, 44] claimed that large grain microstructures gave the 

most significant performance benefits in Udimet 720Li during short FCG tests at 650oC. Due 

to interaction between fatigue and environment damage during short FCG, the FCG rate is 

higher at elevated temperatures and individual (single) crack propagation is rarely observed at 

elevated temperatures in air, especially under dwell-fatigue conditions. As shown in Fig. 4, 

which shows the FCG rate observed in IN100 [74], initial short FCG rates were observed to 

be over an order of magnitude faster when tested with a 6s dwell period, resulting in a fully 

intergranular fracture surface, although this 6s dwell period showed a negligible effect on 

long FCG rates at 650oC. The significant degree of crack coalescence can be observed in 



16 
 

LSHR alloy tested at high temperature (725 oC) as shown in Fig. 5. Due to the grain boundary 

oxidation which produces many small grain boundary cracks, the FCG is predominantly 

determined by the coalescence of these small grain boundary cracks [40, 81]. In addition, the 

oxides that form in the crack wake and at the crack tip, along with the plastic deformation left 

by the wake of propagating crack, a mutual displacement of the two crack faces or the 

asperities of the fracture surface (which are associated with load ratio) may cause crack 

closure and then may influence the short FCG behaviour [82-84]. However the crack closure 

effect on short FCG in PM Ni-based superalloys is rarely investigated and it is believed that 

crack closure is insignificant in the short FCG regime (due to the high effective load ratios 

experienced and the lack of significant crack wake).  

  

Fig. 4 Effects of dwell time on FCG rates in IN100 [74]. 

 Fig. 5 (a) Short fatigue crack coalescences and (b) grain boundary oxidation in FG LSHR 

alloy at 725oC [40, 81]. 
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3. Long fatigue crack growth mechanisms 

As a crack propagates, the plastic zone ahead of the crack tip becomes relatively small 

compared with the crack length itself, which makes LEFM assumptions more applicable to 

describe FCG behaviour, then such cracks can be termed long cracks. The growth behaviour 

of a long fatigue crack is the synergistic result of microstructure, temperature, environment in 

combination with loading conditions, although the influences of microstructure become less 

significant compared with short FCG [10-12, 17, 19, 39, 85-89]. The resultant fracture mode 

can be transgranular or intergranular or a mixture of both depending on the specific in-service 

or testing conditions. Correspondingly, the fatigue behaviour can be termed as 

cycle-dependent fatigue or time-dependent fatigue on the basis of the degree of crack growth 

responding to the time-related effects [85, 86]. Generally, low temperature, high loading 

frequency in combination with vacuum or inert environment tends to produce 

cycle-dependent FCG and result in transgranular fracture surfaces with fatigue striations; 

whereas a high temperature, low loading frequency as well as aggressive environment 

promotes time-dependent FCG and causes intergranular fracture surfaces [10-12, 17, 19-21, 

85, 86]. In the following sections, the mechanisms describing the effects of microstructure on 

long FCG and the effects of the interaction between fatigue, creep and environmental damage 

on long FCG are discussed. In some ways, comparing the mechanistic differences observed 

under long FCG conditions allows a clearer evaluation of the effects of microstructure and 

test environment interactions as the local crack tip stress state is more comparable and 

controlled than in the short crack case. There is also a much larger literature available 

reporting on long crack studies in these systems. 

3.1 Effects of microstructure  

3.1.1 Effects of grain size 

After crack initiation, the crack-propagation direction changes from close to 45° to 90° 

with respect to the remote normal stress after passing through a few grains (i.e. Stage II crack 

growth is established), and then FCG behaviour is relatively insensitive to grain 

misorientation. Even though the influences of microstructure on long FCG become less 
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significant, improved FCG resistance has still been observed in Ni-based superalloys with a 

coarse grained microstructure and large coherent precipitates under the same testing 

conditions, such as in PM Astroloy [90], Udimet 720Li [5, 91, 92] and LSHR [11, 16, 17]. 

This has been explained as being due to the longer slip paths and enhanced slip reversibility, 

as well as more significant crack deflection and crack closure effects. This is despite the 

expected competing effects of fewer grain boundaries which can act as crack-growth barriers 

and a lower degree of discontinuity, which should make cracks able to propagate more 

continuously, resulting in poorer FCG resistance [91, 93-97]. A detailed study of effects of 

grain size on FCG behaviour in an advanced disc alloy LSHR has been conducted in air and 

vacuum by Jiang et al, the faster FCG rate is observed in the FG LSHR than that in CG LSHR 

in vacuum (Fig. 6) [11, 17]. The statistical distribution of grain-size, primary and secondary γʹ 

size in the investigated LSHR variants are presented in Table 2. Although transgranular 

fracture morphologies are observed in both FG and CG LSHR alloys, the CG LSHR variant 

shows crystallographic facets on the fracture surface but no such facets on the FG LSHR 

fracture surface, indicating more planar slip and more inhomogeneous deformation in the CG 

LSHR alloy. The slower FCG rate in the CG LSHR further verified that the beneficial effect 

of increased slip reversal overweighs the detrimental effect of slip continuity in the CG LSHR 

superalloy, contributing to better FCG resistance. However, it is important to note that other 

microstructural features (such as γ′ size) may make contributions to the FCG simultaneously 

along with the effects of grain size, but it is difficult to obtain PM superalloy variants with 

varying grain sizes while keeping other microstructural features identical.  

Table 2 Statistics results of size of grain, primary and secondary γʹ in LSHR variants [11, 17]. 

Materials Grain size (μm) Primary γʹ (μm) Secondary γʹ (nm) 

CG LSHR  38.38+18.07  N/A  153+ 29  

FG LSHR  8.14+2.77  1.74+0.48  89+ 15  

MG LSHR 19.85+7.82 N/A 221+ 28 

For tests conducted in air, the faster FCG in the FG LSHR is related to environmental 

damage such as oxidation along grain boundaries ahead of the crack tip. It is well known that 

the grain boundary usually acts as a short-circuit diffusion path of the oxidizing species due to 
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its relatively high defect density (such as vacancies and dislocations). The FG structure is 

usually associated with more severe preferential oxidation along grain boundaries due to the 

larger number of available grain boundaries, and thus accelerates the FCG [11, 12, 90, 97]. In 

terms of the effects of environmental damage on FCG, further discussion will be presented in 

Section 3.3.  

 

Fig. 6 FCG rate in LSHR alloys with different grain sizes in vacuum [11, 17]. 

3.1.2 Effects of γ′ precipitates 

Although it is difficult to vary the grain size while keeping other microstructural features 

identical, it is possible to vary the γ′ size (especially secondary and tertiary γ′ size) while 

keeping the grain size identical. As shown in Zhang’s study [98], fine secondary and tertiary γ′ 

can provide better cycle-dependent FCG resistance compared to relatively coarse secondary 

and tertiary γ′ in a PM superalloy FGH96 using a non-dwell loading waveform. They also 

observed that the shape of secondary γ′ has an influence on the FCG rate and indicated that 

secondary γ′ in the shape of a “butterfly” shape presents enhanced resistance, compared to 

that detected in an octagonal shape as shown in Fig. 7. But it seems that the FCG rate was not 

solely affected by secondary γ′ shape, as the secondary and tertiary γ′ size are different in 

these two FGH96 microstructural variants. In fact the finer (tertiary) γ′ size is most likely to 

control slip behaviour. 



20 
 

 

Fig. 7 (a) Effects of secondary γ′ shape on fatigue crack growth rate and (b) morphology of 

secondary γ′ in PM nickel-based superalloy FGH96 [98]. 

Maciejewski and Ghonem [88] investigated the influence of precipitates on intergranular 

FCG of PM nickel-based superalloy IN100. By performing different heat treatments and/or 

long term exposures, five subsolvus heat treated IN100 microstructural variants were obtained 

with varying secondary and tertiary γ′ size and volume fraction while the size and volume 

fraction of matrix grains were kept identical (Table 3). Normally, high cooling rate is 

associated with fine secondary γ′ precipitates, whereas the tertiary γ′ sizes are synergistically 

controlled by cooling rate from solution heat treatment, aging heat treatment and subsequent 

thermal exposures. It is found that the FCG rate is influenced by the size and volume fraction 

of secondary and tertiary γ′ precipitates at 650oC, but this γ′-sensitive FCG behaviour is 

diminished at 700oC, where was assumed that the grain boundary cracking process is 

dominated by environmental damage at 700oC. According to Maciejewski and Ghonem [88], 

the influence of γ′ precipitates on intergranular FCG is rationalized by their influence on the 

yield strength of IN100 as shown in Fig. 8. The improved FCG resistance is associated with 

the high yield strength which is contributed to by the relatively small secondary and tertiary γ′ 

size.  
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Table 3 Yield strength (0.2% proof stress at 650oC, σy) and statistics (size, d, and volume 

fraction, f) of secondary and tertiary γ′ of the as received and heat treated IN100 

microstructures. 

Specimen (Heat treatment sequence) 
fγ′t 

 

dγ′t 

(nm) 

fγ′s 

 

dγ′s 

(nm) 

σy 

(MPa) 

HT-A: As received (1149 oC 2 h oil quenched, 982 oC 1 h fan 

cooled, 732 oC 8 h air cooled) 
11 23 29 208 1042 

HT-B: Overaged (815 oC 75 min cooled 1 oC /min, 732 oC 30 

h air cooled) 
24 23 16 155 1095 

HT-C: Long term exposure (650 oC 1500 h air cooled) 21 29 19 130 1119 

HT-D: Very slow cooling from solutioning (1065 oC 2 h 

cooled 1 oC /min for 10 oC with 10 min hold, repeating this 

cooling cycle to room temperature, 982 oC 75 min air cooled, 

732 oC 8 h air cooled) 

14 29 26 258 941 

HT-E: Aging before stabilization (1065 oC 2 h ice water 

quenched, 732 oC 8 h air cooled, 982 oC 75 min air cooled) 
25 20 15 209 1035 

 

Fig. 8 (a) Effects of secondary and tertiary γ′ precipitates on fatigue crack growth rates and (b) 

fatigue crack growth rate, at different Kmax values, as a function of experimentally measured 

yield strength at 650oC for the as received and the heat treated IN100 specimens which have 

the same grain size [88]. 

By varying the solution heat treatment cooling rate (i.e. 72 oC and 202 oC per minute 

from solutioning temperature) and the subsequent aging steps and thermal exposures, Gabb et 

al. [99] obtained LSHR variants with similar intrinsic enviromental resistance to crack growth. 

Further dwell FCG tests on these LSHR variants show that large differences in dwell FCG 

behaviour still persisted, which were related to their measured stress relaxation behaviours. 
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Similar to Ghonem’s finding, Gabb et al. [97] found that the dwell FCG tests conducted at 

704 °C resulted in the FCG rates varying by more than two orders of magnitude for the 

supersolvus heat treated LSHR variants with varying secondary and tertiary γ′ size. It is found 

that the mean size of tertiary γ′ precipitates is the most important microstructural variable 

having the largest influence on both dwell FCG and stress relaxation (Fig. 9). On the contrary, 

the secondary γ' precipitates were only weakly related to the FCG behavour and the stress 

relaxation. The larger the mean size of tertiary γ′, the more the significant stress relaxation 

that occurs at the crack tip, and the stress relaxation is caused by tertiary γ′ coarsening 

accompanied by the dissolution of fine tertiary γ′ precipitates, although direct observation of 

mechanisms of stress relaxation, i.e. dislocation gliding or climbing, was absent. This 

mechanism is further supported by the dwell FCG rate obtained in the CG and FG LSHR 

variants which have similar secondary γ′ size but varying tertiary γ′ size as shown in Fig. 10 

and Table 4. As shown in Fig. 10, accelerated FCG rates are observed in LSHR CGFC1 and 

FGFC1 with relatively fine tertiary γ′, respectively, although intergranular features were 

observed in all the LSHR variants. The effect of tertiary γ′ on dwell FCG behavior can be 

seen more clearly in the LSHR CGFC1 and CGFC2 which have no primary γ′, and the tertiary 

γ′ is the only variable while keeping the grain size and secondary γ′ size identical [16]. 

  

Fig. 9 Relationship between γ′ precipitates size-remaining stress-da/dt: (a) the relationship 
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between the tertiary γ' and stress relaxation; (b) the relationship between the secondary γ' and 

stress relaxation; (c) the relationship between the measured dwell fatigue crack growth rates 

and stress relaxation; and (d) the relationship between tertiary γ' size and dwell fatigue crack 

growth rates [97].  

Table 4 Typical grain size and γ′ precipitate sizes of the LSHR alloys used in [16]  

Material condition Grain size (μm) Secondary γ′ radius (nm) Tertiary γ′ radius (nm) 

LSHR FGFC1 4.3 89 ± 19 11.8 ± 4.8 

LSHR FGFC2 4.2 88 ± 24 16 ± 3.6 

LSHR CGFC1 14.7 122 ± 25 6.5 ± 3.1 

LSHR CGFC2 14.4 137 ± 31 15.1 ± 3.5 

Note: FG and CG mean that the specimens were solution heat treated at 1135 oC and 1171 oC 

for 1.5h respectively. FC1 and FC2 mean that the specimens were cooled down by fan air 

after solution heat treatment followed by 775 oC/8h and 855 oC/4h + 775 oC/8h aging heat 

treatment, respectively. 

  

Fig.10 Effects of tertiary γ′ size on fatigue crack growth rate in LSHR alloy: (a) the dwell 

fatigue crack growth in LSHR variants, the dwell time at the peak stress is 90s; (b) and (c) 

fractography of CGFC1 and CGFC2 respectively [16]. 
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The influence of tertiary γ′ on FCG is also observed in RR1000 [12, 18, 87, 100]. By 

overaging supersolvus heat treated RR1000 at 700 and 750 oC from 50 to 500 hours, Bowen 

et al. [87] investigated coarsening behavior of strengthening γ′ precipitates in coarse grained 

RR1000, and then conducted dwell FCG tests on these overaged RR1000 variants at 700 oC 

in air. The size of secondary and tertiary γ′ in the as-received and overaged RR1000 is 

presented in Table 5. Compared with baseline (0.25 Hz trapezoidal waveform) FCG tests, a 

dwell period of 1 hour at the peak load can increase FCG rates by nearly two orders of 

magnitude as shown in Fig.11. No influence of overaging on baseline FCG behaviour is 

observed, however, after overaging at 750 oC for 500 hours (which increases the mean tertiary 

γ′ size by a factor of two from 17 to 37 nm), dwell FCG rates at 700 oC are reduced by one 

order of magnitude, indicating the beneficial effects of coarse tertiary γ′ on dwell FCG 

resistance in PM Ni-based superalloys.   

Table 5 RR1000 γ′ precipitate mean diameter with respective standard deviation for all 

thermal treatment conditions [87]. 

 
Exposure 

Temperature (oC) 

Exposure time (h) 

As-received 50 100 500 

Secondary γ′ 

(nm) 

700 174 ± 46 177 ± 48 182 ± 47 199 ± 57 

750 176 ± 50 205 ± 64 189 ± 56 203 ± 59 

Tertiary γ′ (nm) 
700 16 ± 3.9 18 ± 4.5 20 ± 4.9 25 ± 5.9 

750 17 ± 4.0 28± 6.6 31 ± 7.2 37 ± 7.7 

Note: The average grain size of the isothermal treatment samples is 34 μm with a standard 

deviation of 25μm. 

  

Fig. 11 (a) Effects of tertiary γ′ size on fatigue crack growth rate in RR1000 and (b) 

morphology of fracture surface [87]. 
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In addition to secondary and tertiary γ΄ precipitates, primary γ΄ precipitates which are 

inherent from subsolvus solution heat treatment may also exert influences on FCG behaviours 

as they may be able to block or deflect the cracks as observed in the sobsolvus heat treated 

LSHR superalloy [11]. However, detailed study on the effect of primary γ′ on FCG 

behaviours is rare and may now be necessary, as this is pertinent to the FCG behaviour in the 

grain size transition zone in these dual microstructure heat treated turbine discs (which 

possess coarse grains at the disc rim and fine grains at the disc bore to optimise the fatigue 

and creep resistance of turbine discs) [101]. 

3.1.3 Effects of grain boundary character and precipitates  

    Apart from γ grain and γ′ precipitates, grain boundary precipitates are found to influence 

FCG behaviour to some extent. As shown in Hunt’s study on FCG in RR1000 in air and 

vacuum at 725 oC [100], it is suggested that grain boundary sigma-phase precipitation causes 

an increase in FCG rate in vacuum through increased crack tip cavity nucleation and 

promotes FCG in air through enhanced oxidation due to chromium depletion and subsequent 

decreased passivation. In addition, the influences of prior particle boundaries (PPBs), PPB 

affected zone (PAZ), grain boundary and phase boundary on crack propagation behaviour has 

been assessed in hot isotropic pressed (HIPed), isothermal forged (Ifed) and heat treated PM 

superalloy FGH96 variants [102]. In these FGH96 variants, PPBs were prevalent in HIPed 

specimens, but they transformed to PAZs in IFed specimens by isothermal forging. After the 

standard heat treatment, PAZs were eliminated, and grain boundaries which were decorated 

with continuously distributed carbides became prevalent in heat treated specimens. It is found 

that the grain boundaries in heat treated specimens made the greatest contribution to FCG, 

and the highest FCG rate was attributed to these predominantly intergranular failures. PPBs 

also had a pronounced influence on FCG, and the dominant failures of intergranular particles 

resulted in high FCG rate in the HIPed specimens. However, PAZs made the least 

contribution to FCG mainly owing to their particular microstructures. Thus, the prevalent 

failures of PAZs resulted in the lowest FCG rate in the IFed specimens. A schematic diagram 

depicting the FCG path associated with these microstructural features is shown in Fig. 12. 

Phase boundaries of large γ′ precipitates in PPBs or PAZs also have accelerating effect on 

FCG, while their contributions were relatively small. Grain boundary M23C6 carbides and 
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non-metallic inclusions are pertinent microstructural features in PM superalloys, however, 

they are found to have no critical influence on the long FCG in LSHR and FGH96 superalloys 

respectively based on the limited studies in the open literature [97, 103]. The trivial influence 

of non-metallic inclusions on the long FCG is probably because that the plastic zone ahead of 

the long fatigue crack is well developed and the plastic zone size is far greater than the size of 

non-metallic inclusions, which makes the stress concentration effects brought by these 

non-metallic inclusions insignificant. However, grain boundary carbides can exert influences 

on grain boundary oxidation ahead of the crack tip, which is expected to further influence the 

long FCG processes. Therefore, effects of grain boundary carbides on the long FCG 

behaviours in PM Ni-based superalloys need further study.  

 

Fig. 12 Effects of grain boundary precipitates on fatigue crack growth behaviours in FGH96 

[102].  

3.2 Creep-fatigue crack growth 

In the dwell FCG tests conducted on PM superalloys, the enhanced FCG behaviour 

associated with the prolonged dwell time at the peak load can be ascribed to the creep and 

environmental damage during the dwell period [11, 12, 20, 85, 88, 89, 104-107]. Similar to 

the stress relaxation processes at the crack tip, the creep processes at the crack tip are also 

closely related to the tertiary γ′ coarsening. In fact, the mechanisms responsible for stress 

relaxation and creep are mainly dislocation climb and grain boundary sliding. Creep refers to 

the process where the applied stress is kept constant and the material response is that the 
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strain is increased, whereas stress relaxation refers to the process where applied strain is kept 

constant and the material reponse is that the stress reduces. As creep and environmental 

damage occur simultaneously at the crack tip in air, it is difficult to separate the respective 

contributions of creep and environmental damage to FCG. Although it might be possible to 

distinguish creep damage from environmental damage occurring during FCG by fractographic 

analysis as shown in FGH96 tested in air [105], the differences between the creep features and 

environmental damage features on the fracture surface are subtle. It is also reported to be 

possible to distinguish creep and environmental damage contributions by evaluating the 

related apparent thermal activation energies associated with the FCG behaviour as detailed in 

[108]. But these methods are still somewhat open to challenge, so to further clarify the effects 

of creep damage alone on FCG, conducting the FCG test in a vacuum environment is 

desirable. 

Although the dwell FCG is usually termed creep-fatigue crack growth, it appears that 

creep damage alone makes only a limited contribution to dwell FCG in PM Ni-based 

superalloys, especially in aggressive environments associated with environmental damage, as 

shown in Udimet 720Li [85, 104]. For tests conducted in vacuum, enhanced FCG can be 

observed in some circumstances due to the creep damage at the crack tip, particularly at 

longer dwell times (>20s) employed at the peak load, as shown in Fig. 13 (a) in a test 

comparison of subsolvus heat treated Udimet 720Li specimens with the same microstructure, 

showing a transgranular to intergranular transition on the fracture surfaces as the dwell time 

increases (Figs. 13 (d)-(f)) [104]. This influence of creep damage on enhanced dwell FCG 

behaviour seems to be diminished at high ΔK levels in Udimet 720Li, which is probably 

related to the high FCG rate at the high ΔK levels that results in limited creep damage at the 

crack tip before the crack tip advances under cyclic loading effects. Conversely, the effects of 

creep on the FCG behaviour seems to become more significant at high ΔK levels in vacuum 

for subsolvus heat treated RR1000 variants with varying microstructures tested (Table 6) 

under the same loading condition, also shown in Fig. 13 [100]. These RR1000 variants had 

different distributions of grain boundary sigma-phase. As the ΔK level increases, there is a 

transition from transgranular to intergranular crack propagation in the as-heat-treated (AHT) 

RR1000 which has no grain boundary sigma-phase precipitation, indicating the contribution 
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of creep damage to crack propagation at higher ΔK levels. It was also noted that grain 

boundary sigma-phase precipitation can promote formation of cavities and enhance 

intergranular FCG modes, especially at high ΔK levels. The dwell FCG in Udimet 720Li and 

RR1000 indicates that the creep damage at the crack tip and its contribution to FCG is 

dependent on the local microstructures, FCG rate and ΔK level at the crack tip. Although the 

high stress state at the crack tip with high ΔK level can promote the occurrence of creep 

damage as seen in RR1000, the creep damage may not have time to fully develop if the crack 

tip advances quickly enough at a high ΔK level as seen in Udimet 720Li. 

Table 6 Microstructural parameters of RR1000 [100] 

Materials 
Wt (%) σ 

phase 

γ′ size Grain size 

(μm) Primary (μm) Secondary (nm) Tertiary (nm) 

A-H-T 0.0 1~5 225 5~25 8~12 

Exp#1 1.0 1~5 228 / 8~12 

Exp#2 0.20 1~5 225 / 8~12 

 Fig. 13 (a) Effects of creep on FCG in subsolvus heat treated Udimet 720 tested at 700 oC 

and in RR1000 variants tested at 725 oC with a load ratio of 0.5 in vacuum; (b) mixed mode 

fracture of as-heat-treated RR1000 at ΔK≈20MPa√m; (c) intergranular fracture of 



29 
 

as-heat-treated RR1000 at ΔK≈40MPa√m; (d), (e) and (f) fracture surfaces of Udimet 720Li 

showing transgranular fracture under the loading waveform of 0.1-0-0.1-0 and 1-1-1-1, and 

mixed-trans-intergranular fracture at 1-120-1-1, respectively [100, 104]. 

3.3 Effects of environmental damage 

3.3.1 Environmental damage enhanced fatigue crack growth 

For those tests conducted in air at elevated temperatures (>650oC), environmental damage 

(particularly oxygen-related damage) is found to enhance FCG significantly, especially when 

long dwell time/low loading frequency (f < 0.1 Hz in most PM Ni-based superalloiys) is 

employed [4, 5, 11, 12, 21, 85, 88, 89, 92, 109-118]. This environmental damage enhanced 

FCG has also been observed in thermomechanical fatigue (TMF) crack growth tests in PM 

Ni-based superalloys [119-121], which is supported by the higher FCG rates associated with 

intergranular fractography under the in-phase (IP) loading conditions compared with 

out-of-phase (OP) testing associated with transgranular fractography, due to the increased 

temperature at peak stress and therefore increased time-dependent FCG. A few reviews of the 

interaction between environmental damage and fatigue in Ni-based superalloys can be found 

in [4, 21, 109]. In general, environmental damage enhanced FCG is a function of temperature 

[11, 12], oxygen partial pressure [11, 17, 122], composition [5, 6, 123], microstructure of the 

disc alloys [11, 12, 97] and loading frequency [19, 86]. As shown in Fig. 14, the FCG rates in 

4 advanced disc superalloys (i.e. N18 [6, 10], Udimet 720Li [92], RR1000 [92] and LSHR [6, 

11]) in air are usually one order of magnitude higher than that in vacuum under the same 

loading conditions. The microstructural characteristics of these 4 disc superalloys are 

summarised in Table 6. Enhanced FCG is usually associated with intergranular fracture 

features, which can be seen clearly in Fig. 15. Although creep damage is claimed to be 

partially responsible for these accelerated FCG processes and creep damage may also result in 

intergranular fracture [20, 21, 106], the creep effect can be distinguished from the 

environmental damage effect by conducting fatigue tests in vacuum or low oxygen partial 

pressure conditions under different loading waveforms and frequencies [10, 11]. As shown in 

Fig. 14, where there is no apparent increase in FCG rate due to a 20s dwell at the peak load in 

vacuum, it appears that the creep effect on FCG processes is much less significant compared 
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with the effects of environmental damage. The environmental damage enhanced FCG is 

related to temperature and alloy composition and microstructure. The discrepancies in 

resistance to environmental damage enhanced FCG among different materials are more 

significant at higher temperature, as shown in Fig. 14. In addition, environmental damage 

enhanced FCG is related closely to the localised deformation at the crack tips which is 

strongly linked to the crack tip microstructure [12, 41, 122, 124-132]. As shown in Fig. 15, a 

transition from intergranular to mixed-inter-transgranular crack propagation is seen at 650 oC 

with a 20s dwell at the peak load as ∆K increases. Moreover, a transition from intergranular to 

transgranular crack growth is observed when a shorter dwell (i.e. 1s) was applied at the peak 

load as reported in [11], and this transition is more likely to occur in disc superalloys with 

coarser microstructures.  

 

Fig. 14 Fatigue crack growth rates in four advanced turbine disc superalloys [23]. 

 

Fig. 15 Fractography of supersolvus heat treated LSHR alloy tested in vacuum and air at 650 
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and 725 oC using 1-1-1-1 and 1-20-1-1 loading waveform [11]. 

Table 6 Grain size and γ΄ size in the disc superalloys presented in Fig.14 [6, 10, 11, 92] 

 Grain size (μm) Primary  γ΄ (μm) Secondary  γ΄ (nm) Tertiary γ΄ (nm) 

N18  8.7+4.7 2.19+0.98 188+ 112  25 

U720Li 6.4+1.8 1.99+0.9 102 16 

RR1000 7.4+2.8 1.75+0.9 140 18 

LSHR  36.1+18.1 N/A  153+ 29  15 

The environmental damage and its contribution to FCG is dependent on the 

microstructures of the investigated alloys and the stress-strain state at the crack tip, and is 

generally ascribed to the mechanism of dynamic embrittlement [78-80, 133] or SAGBO [11, 

12, 23, 40, 41, 77, 81, 122, 124, 127, 134-136]. The former refers to the segregation of 

oxygen at the nanometre scale at the grain boundary ahead of the crack tip subjected to stress 

and a corresponding reduction in cohesive strength of the grain boundary, which then in turn 

accelerates intergranular FCG. The latter is associated with the accelerated formation of 

oxides along grain boundaries with the assistance of strain/stress at the crack tip. Enhanced 

intergranular FCG is achieved via the grain boundary oxide cracking due to its brittle nature 

and low fracture toughness. Detailed characterisation of the oxides at the crack tip in PM 

Ni-based superalloys shows that the oxide intrusions along grain boundaries normally 

consisted of layered oxides in the thermodynamic sequence of CoO, NiO, Cr2O3, TiO2 and 

Al2O3 [40, 41, 77, 124], but variation of oxide compositions and structures at the crack tip 

also exist due to the complex compositions of PM Ni-based superalloys [40, 41, 125, 130]. 

The degree of oxidation and/or the oxide intrusion ahead of the crack tip is dependent on the 

testing or in-service conditions, particularly the applied load and the local accumulated 

inelastic strain [40, 41, 125, 130]. Although the applied load does not change the nature of the 

oxidising products, it enhances the oxidation process and produces a thicker oxide layer in 

comparison to the stress-free scenario [128, 129]. The enhanced oxidation effect associated 

with the applied load/accumulated inelastic strain is rationalised by the accelerated diffusion 

of oxide-forming elements aided by stress or the high densities of dislocation and vacancies 

brought about by the accumulated strain [129, 137]. 

   The dwell FCG behaviours in air observed in PM Ni-based superalloys at elevated 
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temperatures are believed to be a consequence of the competing effects between 

environmental damage (i.e. SAGBO and dynamic embrittlement) and mechanical damage, 

which further depends on the accumulated strain/stress at the crack tip, the FCG rate and the 

delivery rate of oxygen to the crack tip. As a crack propagates, on the one hand, the increased 

local stress and strain at the crack tip can accelerate environmental damage process; on the 

other hand, the increased FCG rate reduces the available time for environmental damage to 

occur in a loading cycle. In addition, the delivery of oxygen to the propagating crack tip is 

hindered to some extent due to the tortuous nature of the crack path and the crack closure 

effect. This is supported by the results reported in [17], where significant environmental 

damage (i.e. oxidation) was found on the polished side surface of a single edge notch bending 

specimen of LSHR alloy, but no evident oxides were observed at the fast propagating crack 

tip in the bulk materials. Under the dwell-fatigue conditions, the oxides that form during the 

dwell period may build up at the crack tip or may be subjected to a dynamic oxide 

formation-cracking cycle depending on the ΔK level at the crack tip, as illustrated in Li’s 

study [12]. However, in the scenario of no oxide cracking during the dwell period at the low 

ΔK level or in the scenario of dynamic oxide formation and cracking during the dwell period 

at the relatively high ΔK level, the contribution of oxidation to FCG increases with ΔK level 

until a transitional FCG rate is reached. Beyond this transitional FCG rate, there is insufficient 

time at the crack tip for evident oxidation to occur, and the oxidation effect diminishes. With 

further increases in FCG rate, then the mechanisms contributing to intergranular FCG may be 

dominated by dynamic embrittlement. As the dynamic embrittlement mechanism is mainly 

linked to stress-assisted oxygen diffusion along the grain boundary within the nanometre scale 

[78, 79], it is expected that the contribution of dynamic embrittlement to FCG is closely 

related to local stress/strain acting on the grain boundaries at the crack tip and is increased 

with the applied stress/strain at the crack tip as indicated in an analytical model proposed by 

Bika [80], where only one-dimensional diffusion of oxygen along the grain boundary is 

considered. At the higher ΔK level, it is feasible for repeated processes of dynamic 

embrittlement-grain boundary cracking to occur, resulting in overall rapid FCG. With further 

increases in FCG rate, the mechanical damage which is mainly determined by the far field 

applied stress, the crack length and the strength of the investigated material may then start to 
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outstrip the environmental damage ahead of the crack tip, giving rise to transgranular FCG. 

This is supported by the observations of the predominantly intergranular FCG at ΔK of 20 

MPa√m converting to transgranular FCG at ΔK of 40 MPa√m at 650 oC under a 1-1-1-1 load 

waveform in the CG LSHR alloy variant [11].  

3.3.2 Threshold fatigue crack growth behaviours 

Apart from the FCG behaviour in the Paris regime, environmental damage also 

influences the threshold FCG behaviors in PM disc superalloys. Gabb et al. [138, 139] 

investigated the high temperature cyclic FCG threshold behaviours of two advanced disc 

alloys (i.e. LSHR and ME3). They studied the unusual crossover effect in the near-threshold 

region of these type of alloys where conditions which produce higher FCG rates in the Paris 

regime, produce higher resistance to FCG in the near threshold regime. It was shown that this 

crossover effect is associated with a sudden change in the fatigue failure mode from a 

predominantly transgranular mode in the Paris regime to a fully intergranular mode in the 

threshold FCG region. What is especially striking is that the predominant transgranular failure 

mode is associated with the faster FCG rates of the Paris regime while the fully intergranular 

failure mode occurs at the onset of transition to much slower near-threshold FCG regime and 

continues throughout the crack growth in the threshold region. This is in contrast to the usual 

trends observed during FCG in superalloys where the intergranular failure mode is associated 

with much faster FCG rates than transgranular failure mode. As shown in Fig.16, both ME3 

and LSHR tests which exhibited mostly transgranular failure and did not exhibit a sudden 

change in the failure mode, resulted in considerably lower threshold stress intensities than 

their counterparts which did experience an transgranular to intergranular failure mode 

transition. Since all the non-transition tests were performed under conditions which minimize 

the effect of environment, i.e. lower temperature, vacuum or high frequency, the results 

provide additional evidence that the observed sudden failure mode transition is due to an 

environmentally driven mechanism.  
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Fig. 16 The crossover effect between threshold and Paris regimes (a) ME3 at various 

temperatures and (b) LSHR in air and vacuum at 704 oC, (c) LSHR FCG rates superimposed 

on the SEM fractograph. Intergranular failure corresponds closely with near-threshold regime 

[138, 139].  

3.3.3 Characterisation of deformation at the crack tip 

As mentioned previously, the operation of SAGBO or dynamic embrittlement is closely 

related to oxygen diffusion in the strain/stress field around the crack tip [4, 40, 77, 79, 127, 

140]. To further clarify the mechanism of stress/strain assisted environmental damage at the 

propagating crack tip, it is necessary to quantify the plastic deformation. As outlined in an 

important early review by Ghonem et al [140], the oxidation process is related to the degree 

of homogeneity of plastic deformation and associated slip density at the crack tip. For 

conditions promoting homogeneous plastic deformation, with a high degree of slip density, 

the environmental damage contribution is shown to be limited, thus permitting the dominance 

of cyclic damage effects which are characterized by a transgranular FCG mode and a lower 

FCG rate. Under conditions leading to inhomogeneous plastic deformation and lower slip 

density, the crack tip damage is described in terms of grain boundary oxidation and related 

intergranular fracture mode.  

Although the relationship between the deformation homogeneity and the FCG mode may 
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still be open to discussion, characterisation of strain/stress on a grain level as a consequence 

of microstructural inhomogeneity (e.g. grain size, precipitate size and grain orientation) at the 

crack tip is essential and is believed to be critical to assess and understand the role of oxygen 

in enhanced FCG behaviours. The challenge lies in obtaining the localised heterogeneous 

deformation at elevated temperatures with high spatial resolution, which rules out the usage 

of long established techniques such as strain gauges or extensometers. DIC has been 

developed to map strains across surfaces [141], and some efforts have been made to produce 

fine speckle patterns via Au particle sputtering [142, 143], etching of intrinsic microstructures 

in Ni-based superalloy such as secondary γʹ [144, 145], and electron beam lithography of 

hafnium oxide [146, 147], in order to improve the spatial resolution of obtained strain field 

and to investigate the deformation at the grain and/or subgrain level. Alternatively, the 

localised strain at the crack tip can be characterised by high resolution EBSD which is 

developed to assess strain on a grain level by analysing Kikuchi pattern variation/degradation 

after a post-test characterisation [25, 148, 149].  

Carroll and Tong et al. have employed DIC to characterize the full-field strain 

distribution at the crack tip [131, 132, 150-153] and detailed the application of DIC in 

full-field characterisation of crack tip deformation and FCG in a recent review [151]. Through 

these full field DIC analyses of crack tip deformation, inhomogeneous plastic strain fields 

associated with FCG are captured at both macro-scale and micro-scale. The macro-scale 

deformation inhomogeneity is manifested by the plastic wake contained high strain regions in 

the form of asymmetric lobes associated with past crack tip plastic zones, and the link 

between the macro-scale deformation inhomogeneity and oxidation is revealed by the oxides 

formed in these regions which take on an upside-down “V” shape at the crack tip as shown in 

reference [17]. Whereas the micro-scale deformation inhomogeneity is reflected by the 

varying plastic strain from grain to grain and the strain localisation in slip bands within grains 

and on twin and grain boundaries, and the link between the micro-scale deformation 

inhomogeneity and oxidation is disclosed by the oxides forming along certain grain 

boundaries and slip bands [40, 42]. There is no doubt that the plastic deformation at the crack 

tip has a significant influence on oxidation processes, but quantification assessment of these 

influences at the crack tip is still rare, especially with respect to the role of plastic deformation 
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in oxygen diffusion. Further study of the deformation-dependant oxygen diffusion and 

oxidation processes at the crack tip is necessary to get an in-depth understanding of the 

environmental damage enhanced FCG behaviours, and thus high resolution full field strain 

measurement at the crack tip is essential.  

4. Perspectives and concluding remarks  

Fatigue of materials is a well-established and important research area with a long history. 

FCG behaviours have been extensively studied, especially after the emergence of the damage 

tolerance design concept which designs engineering components against FCG rates as a 

function of crack driving force. Although the FCG mechanisms have been extensively 

investigated under various loading conditions in PM superalloys with various microstructures, 

clear understanding of the FCG mechanisms still requires separation of the inter-dependent 

effects of fatigue, creep and environmental damage on FCG and to clarify the interaction 

between fatigue, creep and environmental damage. It is also necessary to understand the 

dependence of FCG on individual microstructural features and grain boundary precipitates 

such as carbides. These will be useful to guide the optimisation of manufacturing processes of 

PM Ni-based superalloys with excellent FCG resistance and to develop more advanced and 

microstructure-sensitive mechanistic models for accurate FCG life prediction. In addition, 

measurement of FCG rates under TMF conditions and investigation of effects of 

stress/temperature phasing on FCG is also desirable. TMF crack growth in PM Ni-Based 

superalloys is an emerging field. The effects of phase angle on TMF crack growth behaviours 

in two grain size variants of RR1000 were initially investigated [121, 154, 155] and a 

transition from intergranular to transgranular growth between low and high phase angle tests 

as a result of the onset of high temperature damage mechanisms (time-dependent FCG 

behaviours) is identified based on the fractography analysis. Similar to isothermal 

experiments, the finer grain size is related to higher TMF crack growth rate over all phase 

angles, especially under the IP loading, as there is less microstructural resistance to FCG. 

However, in general, studies with regards to TMF crack growth mechanisms in PM Ni-based 

superalloys are quite limited, and further studies are needed. This is key in providing quasi 
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in-service condition FCG data so that more accurate predictions can be made using 

appropriate phenomenological and mechanistic FCG models for PM superalloy turbine disc 

lifing assessment [120, 156].  

Conventionally, FCG rates have been measured by DCPD method and/or surface based 

2D microscopic observation. These methods usually underestimate the crack length, 

especially in the case where oxygen-assisted FCG is dominant, due to crack branching at the 

propagating intergranular crack tip or micro-cracking processes ahead of the crack tip with 

interlinked uncracked ligaments [17, 116]. Compared with conventional assessments, recent 

development of X-ray computed tomography and diffraction contrast tomography alongside 

in-situ fatigue tests may provide a 3D and/or 4D assessment of FCG behaviours in terms of 

crack morphology and grain structures at higher resolution without damaging the specimens, 

as shown in Fig. 17. In addition, secondary cracks around crack tips can be captured in better 

3D detail with tomography [17], and will be helpful to assess stress redistribution at the crack 

tip and stress relaxation, which is closely related to the environmental damage at the crack tip 

and FCG. These 3D and/or 4D assessments therefore can provide more data-rich results and a 

more complete view of FCG behaviours [49, 50, 157]. Such 3D datasets can be used to 

construct image-based models and hence could potentially be imported into local FE analysis 

models to more accurately simulate FCG behaviours with incorporated visco-plasticity and/or 

crystal plasticity material constitutive models.  

The FCG behaviours in PM Ni-based superalloys are closely related to the damage 

arising from fatigue, creep and environmental attack such as oxidation at the crack tip. 

Understanding more fully the nature of the interactions between fatigue, creep and 

environmental damage processes at the crack tip is necessary to develop 

microstructure-sensitive mechanistic FCG models and a crack advancement criterion which 

combines the influences of fatigue–creep–environmental damage, to yield a cost-effective and 

safe prediction of the FCG performance of PM Ni-based superalloys and their components. 

Such models will require characterisation of environmental damage and deformation 

microstructures as well as quantification of the plastic deformation at the crack tip. The nature 

of environmental damage at the crack tip and the oxygen diffusion processes within the 

plastic zone ahead of the crack tip should be further studied, to quantitatively describe the 
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environmental damage in terms of thermodynamics and kinetics. Characterisation of 

strain/stress ahead of the crack tip at a grain level and the study of the influence of 

microstructural inhomogeneity on the localised deformation should clarify the 

strain/stress-assisted oxygen diffusion processes and diffusion of the relevant oxide-forming 

elements. The measured strain field at the crack tip can provide valuable validation data for 

any CPFE simulation of deformation at the crack tip. These will then allow quantification of 

the relation between microstructural features, deformation processes, environmental damage 

and the local FCG behaviour and provide necessary inputs and validation data for robust FCG 

modelling in PM Ni-based superalloys. 

 

Fig. 17 (a) Cross-section from μ-CT reconstruction juxtaposed with (b) results of 

segmentation of the different phases: matrix, inclusion, and crack. (c) Specimen with inset 

showing the crack growing from the inclusion between 20k and 52k cycles. (d) View of the 

crack along plane P (as defined in c), displaying crack growth relative to the cycle number. (e) 

View of the crack from vantage point Q (as defined in c), showing a bridge in the crack 

structure [49]. 

In summary, FCG in PM Ni-based superalloys is a complicated function of 

microstructural features, temperature, environment and loading conditions, and the synergistic 
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effects of fatigue, creep and environmental damage make the FCG processes quite 

complicated. In general, coarse grained structures show better FCG resistance, and coarser γ′ 

is generally associated with more evident stress relaxation at the crack tip and thereby 

provides relatively better FCG resistance under dwell fatigue conditions. Compared with 

environmental damage, creep makes limited contribution to FCG rates in PM Ni-based 

superalloys. The environmental damage arising from SAGBO and/or dynamic embrittlement, 

which is closely related to plastic deformation and microstructures at the crack tip, can 

accelerate FCG by one or two orders of magnitude. However, due to synergistic effects, the 

individual contribution of grain size, grain orientation, γ′ precipitates etc and the individual 

contribution of fatigue, creep and environmental damage to FCG is still difficult to separate 

and to quantify, which requires further study before fully descriptive models of the process 

can be initialised and validated. [145] 
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