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Abstract 

Finite element (FE) analysis modelling of crack configurations was used to provide insights into the 

role of time-dependent deformation on dwell fatigue crack growth (DFCG) in turbine disc alloys. In 

particular, the potential influence of time-dependent deformation on fatigue crack growth rates observed 

during dwell holding periods and the potential crack growth retardation phenomena that can occur for 

overload-dwell cycles were investigated. The FE model evaluated the mechanical stress state evolution 

in a two-dimensional cracked geometry subjected to standard dwell and overload-dwell stress 

waveforms for a given microstructural condition (based on its Ȗ¶�SDUWLFOH�GLVWULEXWLRQ�� Crack-opening 

stress distributions as a function of dwell time and distance ahead of the crack-tip were interrogated, 

with the aim to investigate the potential influence of local crack-tip stresses on crack growth during 

dwell holding periods and the potential for crack growth retardation following overload cycles. Stress 

distribution profiles predicted by dwell-only simulations showed how quickly local crack-tip stresses 

relax due to time-dependent plasticity. Characteristic effects of overloads of dwell crack growth 

resistance observed in experiments were also reasonably well captured. A numerically-derived 

incubation time was successfully applied in predicting the general trends of achieving more pronounced 

retardation effects with larger overload factors and extended periods of overloading prior to periods of 

dwell. FE modelling predicted a significant difference in behaviour between an overload for a given 

overload factor with a hold time at peak load of 1s and 10s. This study emphasises the importance of 

studying local crack-tip stresses in regards to characterising DFCG behaviour of turbine disc alloys. 

 

Keywords 

Dwell fatigue crack growth, Finite element modelling, Nickel-based turbine disc alloys, Overload, 
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1. Introduction  

Gas turbine development drives to optimise engine performance and efficiency by pushing new 

generation disc alloys (powder metallurgy nickel-based superalloys) to increasing levels of operating 

temperature regimes [1, 2]. At high temperatures (>500°C) in air, a mechanism of brittle intergranular 

dwell fatigue crack growth (DFCG) is observed and has been discussed as being influenced by several 

interacting and (often) competing contributions of: (i) cyclic plastic deformation; (ii) time (and stress)-

dependent oxide formation and/or oxygen embrittlement of grain-boundaries (GB); and (iii) time-

dependent plasticity (creep deformation) [3-6]. Such brittle intergranular fracture occurs in air, but not 

in vacuum. At the highest temperatures (typically above 750°C) the intergranular crack growth 

mechanism transitions to creep fracture by intergranular micro-void coalescence, which can now occur 

in both air and in vacuum. Since such brittle intergranular mechanisms in loading cycles with long dwell 

periods can give crack growth rates (CGR) that are markedly higher than those observed for 

transgranular crack growth in fast loading cycles, DFCG in Ni-based superalloys has potential to 

become one limiting factor on a declaration of certified life for turbine disc applications. Fig. 1 

illustrates three loading waveforms commonly used to simulate representative engine loading cycles.  

 

 

Fig. 1: Three examples of typical engine loading cycles: baseline cycling, dwell cycling and overload 

cycling. 

 

Oxidising environments have long been recognised to cause significant increases FCGR per 

cycle, especially when introducing dwell periods at peak load, as a result of intergranular crack growth 

(Fig. 2) [7-10]. Intergranular failure modes and accelerated FCGR are primarily controlled by 

oxygen/oxide damage effects at and/or very close to the growing crack-tip [6, 11-13]. Stress-assisted 
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grain-boundary oxidation (SAGBO) is widely accepted as the dominant mechanism accounting for the 

detrimental influence of oxygen on DFCG behaviour [14-16]. Under combined conditions of high stress 

and temperature, the preferential (and accelerated) formation and growth of an oxide intrusion along a 

GB ahead of the crack-tip results in GB fracture, thereby increasing CGR with oxide failure. When 

crack growth tests are repeated in vacuum, dwell effects are almost completely eliminated [3, 9, 10, 

12], unless the temperature is high enough (>750°C) for creep crack growth processes (intergranular 

micro-void coalescence) to be activated [16, 17]. 

 

 

Fig. 2: Crack growth resistance curves (da/dN vs 'Kfull) showing an example of dwell and overload-

dwell effects on DFCG behaviour in LSHR alloy at 704°C [18]. 

 

Much previous research has focused on studying the relative significance of creep damage and 

environmental degradation on crack-tip damage. However, a full description of DFCG behaviour needs 

to account for stress relaxation effects occurring in the vicinity of the crack-tip, particularly during 

prolonged dwell periods. Stress relaxation will reduce elevated tensile stresses local to the crack-tip. If 

a stress-controlled fracture criterion is invoked for oxide (or embrittled GB) cracking, then this 

relaxation (due to time-dependent (creep) deformation) might have the potential to retard intergranular 

crack growth. A complete analysis of any oxide cracking mechanism will also consider potential effects 

of the oxide putting itself into compression as it grows (due to a volumetric expansion upon formation) 

as shown schematically in Fig. 3 [14, 19]. In this current paper, emphasis is put on understanding and 

predicting time-dependent plasticity which will promote near-tip stress relaxation (due to the 
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accumulation of creep strain) and concomitant crack-tip blunting which may have the potential to 

reduce the rate of oxide cracking [17, 18]. Given the opposing effects over time (within any dwell 

period) of environmental degradation (increased oxide growth and/or GB embrittlement expected to 

accelerate DFCGR) and near-tip stress relaxation (which may decrease DFCGR) [6, 16, 20] it is useful 

to decouple the effects of creep deformation and oxidation to provide further insight on the separate 

action of these local mechanisms. So, this current paper considers stress relaxation effects arising from 

time-dependent plasticity only.   

 

 

Fig. 3: Schematic illustration showing the variation in normal out-of-plane stress along oxide intrusion 

�����[���O��LQ�WKH�DEVHQFH�RI�DQ�DSSOLHG�load [14]. 

 

The introduction of an overload segment prior to dwell periods may result in further significant 

reductions of FCGR compared to (otherwise similar) dwell-only cycling, with overload effects usually 

being interpreted in terms of transient changes to local crack-tip plasticity. However, within this field, 

relatively few studies have been reported in the scientific literature [9, 13, 18, 21-23]. For severe 

overload conditions, it has been observed that damaging dwell effects can be eliminated entirely, with 

growth rates decreasing down to levels of baseline loading (fatigue crack growth) (Fig. 2) after [18]. 

These dramatic effects of suppressed or retarded crack growth have been rationalised by significant 

variations in near-tip stress relaxation response [21, 22]. Stress relaxation at the crack tip will be 

beneficial provided that the influence from lower stresses and crack tip blunting is greater than any 

potential debit from accumulating higher levels of creep strain. The complexity of this crack growth 

retardation reinforces the motivation here to analyse effects of time-dependent plasticity alone.    
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The need for more detailed physical insight on DFCG behaviour of turbine disc alloys has 

driven the application of FEA modelling of crack configurations. Both a comprehensive mesh 

formulation and a detailed numerical creep model (based on microstructural variables) were available 

from previous work by some of the current authors [19]. The model here considers constitutive 

equations for material creep and plasticity alone (while the original model also includes effects of 

oxidation and oxide growth). By decoupling the effects of oxidation and plasticity, this modelling work 

focuses on the underlying mechanism of stress relaxation due to time-dependent plasticity and studies 

crack-opening stress modifications in the vicinity of the crack-tip to characterise DFCG behaviour of 

Ni-based superalloys. This paper describes the FE method used to evaluate the mechanical stress state 

evolution in a 2D cracked geometry subjected to standard dwell and overload stress waveforms for a 

given microstructural condition (Ȗ
� SDUWLFOH� GLVWULEXWLRQV�� VRPHZKDW� W\SLFDO� RI� WKH� GLVWULEXWLRQV�

applicable to the proprietary alloy RR1000. The primary purpose of this paper is to investigate the 

potential influence of local crack-tip stresses on crack growth during dwell holding periods and the 

potential for crack growth retardation following overload cycles. It is limited here to a time-dependent 

stress field analysis of a stationary crack and it does not incorporate any node release schemes to 

simulate crack advance. 

 

2. Materials and Methods 

2.1. Numerical implementations 

2.1.1. The Finite Element model  

The geometry of the FE model used in this study, a 10x10 mm2 cross-sectional area representative of 

the single-edge notched tension (SENT) specimen geometry, is shown in Fig. 4 . The use of plane-strain 

elements is consistent with a knowledge that the individual crack growth mechanism to which the 

current FE model outputs will be applied occurs more readily away from plane stress regions. For 

computation efficiency, the global model includes a coarse mesh away from the crack and a fine mesh 

of 25 nm size elements near the crack-tip which is needed to obtain accurate stress states locally. The 
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justification for using such a refined local mesh is rationalized in view of the scale of the envisaged 

crack growth increments and is discussed later.  

The boundary conditions are also shown in Fig. 4. AB represents a 2 mm stationary crack. BC 

denotes the GB ahead of the crack-tip defined by a symmetry boundary condition in order to account 

for the material contact that prevents vertical displacement. Point B represents the crack-tip and point 

C is restrained. The applied stress acts on the top surface ED which is allowed to deform freely under 

this pressure loading. 

 

 

Fig. 4: Schematic of the boundary conditions applied to the 2D SENT specimen geometry. Illustration 

of the implemented 2D FE mesh in ABAQUS. Global mesh with coarse mesh and a locally refined 

mesh near the crack-tip.  

 

2.1.2. The Finite Element mesh  

The FE mesh used here is constructed using a local refined mesh near the crack-tip (with element size 

of 25 nm) and a coarser mesh away from the crack-tip, as shown in Fig. 4. The necessity for a refined 

mesh locally can be justified in terms of the local mechanisms envisaged. That the physical length scales 

actually involved here are on an action zone very local to the crack-tip as can be appreciated both in 

terms of crack growth per dwell cycle where: for one-hour dwell testing at 650°C in air, FCGR in 

RR1000 are found experimentally to be around 0.03-0.04 mm/cycle which is roughly equivalent to 8-

11 nm/s for values of K (ǻ.��RI 20-30 MPa.m1/2 [9]; and in terms of oxide growth: ahead of stationary 

cracks, where oxides can grow to about 4.5 µm when exposed under a constant load (stress intensity 

factor) for 5hrs [15] (which can be estimated on a linear basis with time to be 15 nm/s). 
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2.1.3. Material model and microstructure 

The high-temperature strength of Ni-based superalloys (of a given grain size) is primarily derived from 

the distribution of strengthening Ȗ
� SDUWLFOHV�ZKLFK� GLVUXSW� continuous glide of dislocations. Pinned 

dislocations overcome Ȗ
 particles through local climb and creep can be treated as a jerky glide process, 

with climb and glide events happening simultaneously [24, 25]. The mechanical creep behaviour is 

therefore most suitably represented by a constitutive model that connects microstructure and 

macroscopic creep rate. Dyson [26] derived a microstructure-explicit state variable approach for uni-

modal precipitate-strengthened alloys. Basoalto et al. [27-29] extended the dispersion-controlled creep 

model developed by Dyson [26] to account for multi-modal Ȗ
�GLVWULEXWLRQV��For this type of extended 

creep model, the constitutive equations are explicitly expressed in terms of quantitative measures of 

initial microstructural features and their subsequent rates of evolution. Details can be found elsewhere 

[19] but it is noted that the model parameters have been optimised by extensive correlations with 

experimental data and the output of such correlations are reproduced in Table 1.  

The microstructure-explicit visco-plastic model established by Basoalto has been adopted in the 

present modelling work to describe the mechanical material behaviour of a standard heat-treated 

microstructure typical of that to be found in fine-grained RR1000. The commercial FE software 

ABAQUS is used for performing non-linear static stress analyses. Constitutive laws are implemented 

and numerically solved in an ABAQUS user-defined subroutine (UMAT) [19, 30] . In this study, 

spatial-temporal evolution of the multi-PRGDO� Ȗ
� size distribution is not considered. The associated 

microstructural model input are the Ȗ
�dispersion parameters, i.e. volume fraction and mean size of 

primary, secondary and WHUWLDU\�Ȗ
��&UHHS�UDWHV�VFDOH�ZLWK�YROXPH�IUDFWLRQ�RI�Ȗ
�SUHFLSLWDWHV�DQG�WKHUH�LV�

non-linear scaling with inter-particle distances (which means the higher the number density of particles, 

the smaller the spacing and hence the lower the creep rates). Controlling the creep rates with particle 

dispersion is essential for controlling the stress relaxation ahead of the crack-tip which in turn influences 

DFCG behaviour. Grain size distribution effects are neglected based on the assumption that creep 

deformation is controlled by interparticle distances and not grain dimensions. Since this creep model 
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does not contain any dependency on grain size, it is applicable to situations around crack-tips where 

local stresses are high, and deformation will be dominated by dislocation activity alone This, however, 

implies that any hardening behaviour of flow stresses (Hall-3HWFK�W\SH��ZLOO�QRW�EH�FDSWXUHG��7KH�Ȗ
�

particle distributions considered in the present paper are given in Table 2. They are representative of 

distributions that may occur in fine-grained variants of the RR1000 alloy. 

 

Table 1: Microstructural model parameters used in the constitutive model [19, 27]. 

Burger vector, b (m) 2.54 ×10-10 

Taylor factor, M 3.1 

Dislocation multiplication parameter, C 100 

Activation energy, Q (kJ.mol-1) 305 

Pre-exponential diffusivity, D0 (m2.s-1) 1 ×10-5 

Jog density, cj 1 

Mobile dislocation density, ȡm (m-2) 1010 

Misfit stress (MPa) -120 

<RXQJ¶V�0RGXOXV��*3D� 188 

3RLVRQ¶V�UDWLR� 0.33 
 

Table 2: Volume fraction and average diameter size of primary, secondary and tertiary Ȗ
�IRU�D�VLPXODWHG�

(fine-grained) RR1000 microstructure. 

Primary Ȗ
 Volume fraction, Vf1 12 % 

Secondary Ȗ
 
Volume fraction, Vf2 28 % 

Average size, 120 2׎ nm 

Tertiary Ȗ
 
Volume fraction, Vf3 5 % 

Average size, 20 3׎ nm 
Total volume fraction of Ȗ
 45 % 

 

2.1.4. Loading waveforms and simulated conditions   

Within the scope of this project, the simulations explore the mechanical stress fields near a stationary 

crack-tip as a function of time-dependent plasticity. For a stationary 2 mm crack, applied far-field 

stresses of 200 and 300 MPa give linear elastic stress intensity factors of 21.7 and 32.6 MPa.m1/2 
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respectively using Equ.(1) where  WKH�³FRPSOLDQFH´�C for a SENT specimen is given as a function of 

a/W [31] in Equ.(2). 

 

ூܭ ൌ  ሻଵȀଶ           (1)ܽߨ�ሺߪ�ܥ

 

ܥ ൌ ͳǤͳʹ െ ͲǤʹ͵ͳ ቀ௔
ௐ
ቁ ൅ ͳͲǤͷͷ ቀ௔

ௐ
ቁ
ଶ
െ ʹͳǤ͹ʹ ቀ௔

ௐ
ቁ
ଷ
൅ ͵ͲǤ͵ͻ ቀ௔

ௐ
ቁ
ସ
     (2) 

 

Dwell and overload loading waveforms are programmed as stress-time histories (but are guided in all 

cases by previous experiments and/or envisaged by potential in-service loading). Appropriate time step 

resolution definitions allow the time history to be split into smaller suitable time increments in order to 

evaluate the stress state at each node at determined moments in time. The model is run under plane-

strain and isothermal conditions. Each condition is modelled by applying a single stress cycle, 

neglecting the influence of any previous loading history and the simulation stops at the point of 

unloading from dwell to minimum stress. The dwell-only waveform (1-tdwell) is implemented by two 

separate loading segments (Fig. 5(a)). The overload dwell waveform (1- tOL -1- tdwell) is defined by four 

loading segments (Fig. 5(b)). To replicate the variation in stress with time during an overload, an 

amplitude curve based on tabular data is implemented. The magnitude of overload is defined by an 

overload factor (OLF) as follows, ıOL /ıdwell. Note that for OLF = 1.0 no overload is applied, and the 

cycle reduces to the dwell-only waveform. The influence of nominal dwell stress (ıdwell), dwell time 

(tdwell), overload factor (OLF) and overload hold time (tOL) are studied. Loading waveforms are 

simulated for subsequent dwell periods of 30, 120, 300, 600, 1200 and 3600 seconds. Overload factors 

of 1.05 and 1.15, and overload hold times of 1 and 10 seconds are considered in this paper. 
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Fig. 5: Simulated loading waveforms (a) Standard dwell cycle is modelled as 1-tdwell stress waveform: 

initial stress ramp-up to ıdwell in 1s (t1) and hold at ıdwell for tdwell. (b) Overload cycle is modelled as 1-

tOL-1-tdwell stress waveform: initial stress ramp-up to ıOL in 1s (t1), hold at overload until t2 (t2 - t1 denotes 

the overload dwell time), unload from ıOL to ıdwell in 1s (t3) and normal hold at ıdwell for tdwell. 

 

2.2. Data analysis 

In the current paper, a stress-based approach was adopted to investigate crack-opening stress (ı22) 

distributions as a function of dwell time and distance ahead of the crack-tip. The analysis specifically 

focused on local crack-tip stress fields and how these evolved during dwell (hold) periods when 

subjected to a standard dwell condition (STD) compared to an overload condition (OL). To generate 

spatial stress profiles, stress data was extracted from the local nodes and elements that, ahead of the 

modelled crack-tip, defined the plane containing the crack. One readily understood physically based 

approach for characterising near crack-tip behaviour uses the crack-tip opening displacement (CTOD) 

parameter. A sharp crack blunts initially on loading [32] and then it may also potentially blunt further 

under dwell (over time) with an external (far-field) load applied to the geometry. Thus, specifically for 

dwell-only simulations, the variation in CTOD as a function of time was investigated. To do this, a 

crack-tip opening node (CTO-node) was chosen 2 µm behind the crack-tip and examined in terms of 

its spatial vertical displacement. Note that this node was selected since it is close to the blunted crack-

tip, yet one of the first nodes which will only suffer vertical displacement with further opening.  

To consider a quantitative assessment of the effect of overloads on crack-opening stress fields, 

an engineering approximation was introduced to derive an incubation time which can be related to the 

potential for crack growth retardation following overload cycles, and which then leads to an effective 

dwell time (applied dwell time minus incubation time). Numerical outputs of ı22 with dwell time after 
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overloading were interrogated at the very first node (5 nm) ahead of the crack-tip and compared against 

the local stresses due to (non-overload) dwell times alone. This emphasises the importance of a local 

crack-tip stress criterion, but outputs of local stress profiles with time at a distance of up to 120 Ɋm 

ahead of the crack-tip are also presented for selected cases. 

 

3. Results: Application of the model  

3.1. Standard dwell simulations 

Stress-distance profiles predicted by the constitutive creep model using the multi-PRGDO� Ȗ
�

microstructure listed in Table 2 have been computed for dwell-only (standard) loading waveforms at 

650°C. Fig. 6 compares the crack-tip opening stress (S22) distribution at six different dwell times 

ranging from 30 to 3600 seconds for ıdwell of 300 MPa. The stress-distance profile presented in Fig. 6 

is also shown with S22 normalised by the yield stress (S22/ıy). Based on [19], the predicted average 

yield stress of the material (RR1000) is approximately 1000 MPa. During initial loading, the model 

predicts plasticity to occur close to the crack-tip, whereby the stress relaxes to approximately 3700 MPa 

at the crack-tip. When ıdwell is first reached at t = 1s (during initial loading), dwell effects are not yet 

considered. Stress-distance curves demonstrate an overall reduction in ı22 with longer hold times, 

especially in the vicinity of the crack-tip. Significant stress relaxation notably arises within just a few 

tens of seconds into the dwell. However, beyond a certain distance away (0.07 mm for ıdwell = 200 MPa; 

0.18 mm for ıdwell = 300 MPa) from the crack-tip, all profiles collapse into a single curve and re-join 

the t = 1s (initial loading) curve. General trends suggest that major changes to time-dependent plasticity 

occur in local regions very close to the crack-tip (typically within 20 Ɋm). 

Crack-opening stress distributions feature a local peak at a short distance away from the crack-

tip. The magnitude of this maximum ı22 is predicted both to decrease and to move further ahead of the 

crack-tip with increasing hold (dwell) times (Table 3). The distance is expressed here as the distance 

over which tensile stress levels exceed 95% of this peak. With longer dwell times (and higher applied 

K levels), local tensile stresses within 95% of the peak stress extend over a larger distance from the 
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crack-tip. Similar to the original time-independent plasticity analysis of McMeeking [32], the 

magnitude of the maximum ı22 does not vary significantly with different values of applied K.  

Fig. 7 shows the variation in CTOD as a function of time. Note that the computed values of 

CTOD denote only half of the actual CTOD because of modelling geometry symmetry. The initially 

very sharp crack blunts, with CTOD values for initial loading (at t = 1s) of ����DQG�����ȝP��IRU�a ıdwell 

of 200 and 300 MPa respectively). This CTOD value then increases further and appears to be levelling 

RXW�WR������DQG������ȝP�RYHU�WKH�VXEVHTXHQW�RQH-hour dwell period (for ıdwell of 200 and 300 MPa). 

 

Table 3: Tabular data of maximum crack-opening stress (ı22) and corresponding distance covering 95% 

of this peak (d95%). Results are presented for initial loading (at t = 1s) and different dwell times with 

ıdwell = 200 and 300 MPa. 

 Initial loading (t = 1s) 
Applied dwell stress ıdwell (MPa) 200 300 

Maximum ı22 (MPa) 4775 4740 
 Dwell time (s) 
 30 120 300 600 1200 3600 

200 MPa 
(21.7 MPa.m1/2) 

Maximum ı22 
(MPa) 

3340 3060 2895 2780 2670 2490 

d95% (Ɋm) 2.6 3.5 4.5 4.9 5.3 7.3 

300 MPa 
(32.6 MPa.m1/2) 

Maximum ı22 
(MPa) 

3360 3020 2865 2750 2635 2460 

d95% (Ɋm) 4.5 9.2 10.3 11.6 13.3 15.2 
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Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to 

simulated dwell-only cycles with ıdwell of 300 MPa. Stress distribution plotted in regards to crack-tip 

opening stress S22 and S22 normalised by the yield stress (ıy = 1000 MPa). 

 

 

Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at 

the CTO-QRGH�VHOHFWHG����ȝP�EHKLQG�WKH�FUDFN-tip). 

 

3.2. Overload simulations  

Four combinations of overload factors and overload dwell times (Table 4) were applied to the FE 

model. Each simulation was conducted at 650°C with ıdwell of 200 and 300 MPa, matching K values of 

21.7 and 32.6 MPa.m1/2 respectively.  
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Table 4: Overview of the four simulated overload conditions varying in applied overload factor (OLF) 

and overload dwell time (tOL). 

Condition 1 2 3 4 
OLF 1.05 1.15 1.05 1.15 
tOL (s) 1 1 10 10 

 

Fig. 8 illustrates the stress-distance profiles generated at different time points for the OL 

condition 3 (OLF = 1.05, tOL = 10s) simulated with ıdwell of 300 MPa. Upon initial loading (at t1 = 1s 

when ıOL is first reached) the stress distribution (in orange) features similar characteristics to dwell-

only (standard) stress profiles. Local crack opening stresses peak at short distance ahead of the crack-

tip with a steep decrease in stress levels towards the crack-tip. Note that also here (as observed in 

behaviour during dwell-only loading) the constitutive response is modelled through a microstructure 

explicit rate-dependent formulation, resulting in stress relaxation ahead of the crack tip. However, upon 

partially unloading from the overload condition (ıOL to ıdwell), stress-distance profiles change 

significantly in shape with ı22 reducing preferentially close to the crack-tip. Therefore, reductions in 

local tensile stresses immediately ahead of the crack-tip are markedly larger than the percentage of 

unloading applied. Fig. 8 also highlights that, in particular, near crack-tip stresses change appreciably 

with dwell time, while stress fields further away/ahead from the crack-WLS� �GLVWDQFH� !� �� ȝP�� DUH�

relatively flat with subtle differences only in ı22 for different hold (dwell) times.  

 

 

Fig. 8: Stress-distance profiles at different dwell times for the FE model subjected to ıdwell = 300 MPa, 

OLF = 1.05 and tOL = 10s. 
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Fig. 9 compares local crack-WLS�RSHQLQJ�VWUHVV�ILHOGV�DV�D�IXQFWLRQ�RI�GLVWDQFH��XS�WR���ȝP�DKHDG�

of the crack-tip) for simulations run under: standard (STD) dwell; 1s OL; and 10s OL loading conditions 

with ıdwell = 300 MPa and OLF = 1.05. Each graph (a-c) is plotted for a specific dwell time (30, 120 and 

300s respectively) and, in each case, local stress-distance profiles for the three different loading 

conditions can be compared at similar moments in time. For tdwell = 30s (Fig. 9(a)), neither 1s nor 10s 

OL stress curves (1-1-1-30 and 1-10-1-30) have re-joined the STD dwell curve (1-30). For both OL 

conditions, near-tip stresses are recovering towards their non-overload level with ı22 even being 

compressive for 1-10-1-30 (-280 MPa at the crack-tip). For tdwell = 120s (Fig. 9(b)), local stress states 

associated to 1-120 and 1-1-1-120 are now predicted to be essentially identical (at the crack-tip: 2455 

and 2450 MPa respectively). In contrast for 1-10-1-120, tensile stress levels are still appreciably lower 

(2290 MPa). The effect of overloads on near-tip stress recovery seems to reduce more gradually for tOL 

= 10s compared to tOL = 1s. At tdwell = 300s (Fig. 9(c)), all three stress curves have converged and local 

crack-tip stress fields foU���V�2/�DSSHDU�WR�KDYH�QRZ�DOVR�IXOO\�UHFRYHUHG�EDFN�WR�WKHLU�³XQORDGHG�VWDWH´��

These results suggest that, during a first portion of subsequent dwell time, local crack-tip stresses from 

simulated OL cycles relax back towards their standard dwell (non-overload) stress state, whilst 

neighbouring stress fields redistribute. However, with longer hold times, crack-tip stress recovery 

diminishes as local stress states converge, and thereafter normal dwell effects will resume (i.e. ı22 

profiles are progressively lowered with prolonged dwell). 
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Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (ıdwell 

= 300 MPa and OLF = 1.05) (a) tdwell = 30s, (b) tdwell = 120s, (c) tdwell = 300s. 

 

To characterise the entire local crack-tip stress field evolution with dwell time, crack-opening 

stresses are tracked against time at an individual node very close to the crack-tip. Here, the first node 

ahead of the modelled crack-tip (5 nm away) was chosen. Since this node is very local to the crack-tip, 
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stress data extracted from this node is presumed to characterise crack-opening stress levels essentially 

at the crack-tip. Fig. 10 represents the crack-tip stress-time histories generated for all four simulated 

OL conditions and compares them against the standard dwell relaxation curve (in red). Note that the 

time axis captures the onset of non-overload dwell allowing stress-time histories to be compared at 

similar times during subsequent dwell. At the start of dwell, crack-tip ı22 predicted for OL simulations 

are markedly lower, or as is the case for some conditions approach zero, or even become strongly 

compressive (-3700 MPa). Over time, these local crack-tip stress fields slowly relax back towards 

normal dwell stress levels.  

There is a prominent difference in how quickly local tensile stresses recover back to their non-

overload level, strongly dependent on both OLF and tOL. For illustrative purpose, an engineering 

approximation is next adopted to introduce an incubation time (tinc) defined as the time it takes upon 

unloading for crack-tip stresses at this node to recover to within 2% of the local stress at this node under 

relaxation from a standard dwell hold. Numerically-derived incubation times (Table 5) increase with 

higher OLF and longer tOL. Extended OL dwell (10s) as well as larger OL (15%) produce larger 

compressive stress fields close to the crack-tip and so it takes longer for stresses to recover back which 

translates into increased tinc. Note that higher values of K result in slightly shorter tinc which implies a 

slightly reduced OL effect. Modelling even predicts that for OL No. 4 condition (OLF = 1.15 and tOL = 

10s) crack-tip ı22 will never fully recover even after a one-hour dwell cycle. 

 

Table 5: Incubation times, as captured by FE simulations, are presented for all four overload conditions 

simulated for two different applied K values 

Condition 

1 2 3 4 

tOL = 1s 

OLF = 1.05 

tOL = 1s 

OLF = 1.15 

tOL = 10s 

OLF = 1.05 

tOL = 10s 

OLF = 1.15 

tinc (s) 

for K = 21.7 MPa.m1/2 
40 2540 290 >3,600 

tinc (s) 

for K = 32.6 MPa.m1/2 
25 1430 240 >3,600 
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Fig. 10: Crack-tip stress-time histories (ı22 versus non-overload dwell time) are generated at the first 

node ahead of the modelled crack-tip and compare four different overload conditions with the standard 

(STD) dwell loading case (for ıdwell = 300 MPa). 

 

4. Discussion  

Although crack growth testing has led to the development of empirically-based predictive models, 

research has not been able to produce many conclusive results on local crack-tip phenomena involved 

during failure mode interactions of cycle- and time-dependent processes [3, 5, 6]. Oxidising 

environments have long been recognised to cause accelerated FCGR (da/dN) in air, especially under 

dwell conditions, as a result of intergranular crack growth [6-13]. However, during prolonged dwell 

periods, creep strain accumulation (due to time-dependent plasticity) can lead to stress relaxation effects 

in the vicinity of the crack-tip which have been seen to play a beneficial role in retarding intergranular 

crack growth mechanisms [17, 18]. Under extreme conditions (overload), time-dependent plasticity 

might develop to such extent that the crack can no longer advance by oxide cracking, thereby switching 

off the environmentally-enhanced crack growth mechanism during the dwell period [9, 22]. Note that 

at particular high temperatures (>750°C), creep damage processes characterised by intergranular micro-
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void coalescence can start to dominate in both air and vacuum environments and may also lead to 

accelerated FCGR during dwell periods [4, 16]. Furthermore, microstructural changes arising during 

prolonged thermal exposures can also control plasticity responses [8]. In this current paper, the effects 

of oxidation and plasticity are decoupled to focus on local mechanical stress fields due to (time-

dependent) plasticity alone. The rationale for performing stress-based FE modelling to investigate time-

dependent plasticity is ascribed to the significance of stress modifications in the crack-tip region for 

characterising DFCG. The following discussion attempts to address how numerical models may draw 

some insight on dwell crack growth mechanisms (and controlling parameters). 

 

4.1. Dwell effects 

A comprehensive (time-dependent) constitutive creep model is utilised here to carry out stress-based 

FEA on a 2D cracked geometry. Computed stress-distance profiles (for example, in Fig. 6) show that 

the introduction of dwell periods can lead to local stress relaxation, which has experimentally been 

reported to beneficially influence DFCG behaviour either by reducing FCGR or even promoting crack 

arrest [7, 17, 18]. Predicted peak tensile stresses are 4775 and 4740 MPa for applied linear elastic stress 

intensity factors of 21.7 and 32.6 MPa.m1/2 respectively at a time of one second. These are similar to 

those that can be calculated from an earlier (time-independent plasticity) analysis reported by 

McMeeking [32]. During dwell, the crack-tip region accumulates more creep strain which causes tensile 

stresses to further relax local peak stresses and their decay with distance from the crack-tip. It is also of 

note that crack-tip blunting is predicted to occur (Fig. 7). For example, over a 3600s dwell period, the 

CTOD is predicted to increase from 1.2 and 2.4 µm (upon initial loading) to 1.5 and 3.4 µm, for ıdwell 

of 200 and 300 MPa respectively. Although these are relatively modest increases in CTOD in absolute 

terms, they are still considered to have potential to promote crack growth retardations, and such 

retardations are routinely seen experimentally at lower ranges of applied stress intensity factors [15, 

16]. 

In light of the data simulations, creep micro-mechanisms operate in very local regions around 

the crack-tip. Dwell effects were shown to be lost in the far-field material and physical distances 
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governing the action of plasticity were predicted to lie within the micron-scale. A physically-based 

approach for characterising near crack-tip behaviour uses the CTOD parameter. Crack blunting (due to 

local creep deformation) affects a zone of a few CTOD ahead of the crack-tip. With longer hold (dwell) 

WLPHV��WKLV�µGDPDJH�]RQH¶�LV�SXVKHG�IRUZDUG�DQG�WKH�H[WHQW�RI�WKH�UHOD[HG�VWUHVV�ILHOGV�VSUHDGV��On the 

basis of time-dependent plasticity only (assuming no creep damage can occur in crack-tip regions), 

standard dwell simulations predict that the local crack-tip stress state becomes less damaging with 

increasing dwell time. Since crack-opening stress fields are decaying over time, driving forces for crack 

growth are lowered which potentially reduces FCGR and thus fracture becomes more and more 

unlikely. So, for example, if no crack growth is observed over a dwell cycle 1-300-1-1, then based 

purely on the stress relaxation (and a fracture criterion of maximum local stress) no crack growth is to 

be expected over a longer dwell cycle of, for example, 1-600-1-1. Note that some caution should be 

exercised if this approach is ever to be extended to components which can be subjected to significant 

net section stresses and where (³EXON´��FUHHS�PD\�RFFXU�� 

However, high-temperature material degradation due to oxidation majorly contributes to crack 

growth (i.e. accelerated DFCGR) and will inevitably influence the potential for fracture (due to GB 

embrittlement and oxide breaking). So, the overall description for DFCG needs to account for oxide 

growth and its influence on local stress states. Detailed calculations [19] of oxide formation ahead of a 

crack-tip under stressed and stress-free conditions have shown that compressive stress states develop in 

the oxide. Compressive stresses gradually decrease and become tensile with further distance away from 

the crack-tip towards the front end of the oxide. These stress states then become significantly more 

important in magnitude as the oxide grows and thus failure will eventXDOO\�RFFXU��+HUH��WKH�³SDUDGR[´�

is that local stress fields become less damaging (more relaxed) as dwell time increases but longer dwell 

times are more damaging because they are observed to result in increased crack growth rates (da/dN). 

Moreover, it is apparent that immediately at the beginning of dwell periods the oxide will be under the 

least compression when at its thinnest and local tensile stresses are at their highest (in the crack-tip 

region) because they have not yet relaxed as much. Hence, logic claims that fracture cannot be defined 

by a unique stress at a unique point since otherwise the oxide is predicted to break straightaway at the 

start of the dwell period. Clearly due to the complexity associated with the interactions of the time-
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dependent mechanisms of oxide growth and time-dependent stress relaxation, a stress-based analysis 

on its own is insufficient to derive an absolutely precise fracture criterion. 

 

4.2. Overload effects 

The motivation to investigate overload cycling conditions comes from the need to more accurately 

model engine flight profiles in order to improve lifing strategies. Overload waveforms better represent 

in-service stress states; they describe partial unloading from maximum to dwell load which replicates 

WKH� VZLWFK� LQ� HQJLQH� FDSDFLW\� IURP�³WDNH-RII´� WR� ³FOLPE´� HYHQWV� GXULQJ� W\SLFDO� IOLJKW� F\FOHV��&UDFN�

growth retardation phenomena have experimentally been observed to occur when partially unloading 

from higher stress conditions (overload) [9, 13, 18, 21-23]. For fatigue cycling, several mechanisms 

(crack blunting, branching, strain-hardening, crack-tip closure) have been proposed in an attempt to 

rationalise crack growth retardation. Despite some discrepancies, they all emphasise the importance of 

local crack-tip stress fields. For dwell cycling, the most relevant concept postulates that the preferential 

unloading of crack-tip stresses leads to significant changes in near-tip stress levels which introduce 

residual zones ahead of the crack-tip [21, 22].  

In this current paper, FEA modelling of overload conditions has revealed two distinctive 

features with important implications on DFCG behaviour. Significant reductions in local tensile stresses 

induce a compressive (residual) stress zone just ahead of the crack-tip which effectively lowers crack 

driving forces. Secondly, large near-tip stress relaxation driven by active creep mechanisms occurs 

during subsequent dwell periods. Stress relaxation effects are associated with inelastic creep strain rates 

near the crack-tip which may delay intergranular damage processes. Altogether, this sensibly explains 

how overload cycling conditions may reduce FCGR or in some cases even promote crack arrest. This 

current paper specifically studies and compares the crack-tip stress field criterion under standard dwell 

and overload conditions. The beneficial effect of OL on (potential) crack growth retardation reduces 

over time as crack-RSHQLQJ�VWUHVV�ILHOGV�UHFRYHU�EDFN�IURP�WKHLU�³XQORDGHG´�VWDWH��7KHUHIRUH��LW�LV�QDWXUDO�

to reason that there is an incubation time associated to each OL condition which defines the time it takes 

for local crack-tip stresses to converge back to identical stress states under both loading cases. The 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 23 

incubation time characterises the extent of crack growth retardation and is here derived by applying an 

engineering approximation which relies on the basis of matching crack-tip stress relaxation curves 

computed for overload and dwell-only simulations within a 2% difference. A key differentiation 

EHWZHHQ�µSDUWLDO¶�DQG�µIXOO¶�UHWDUGDWLRQ�LV�HVWDEOLVKHG�DV�RXWOLQHG�EHORZ�DQG�FRUUHODWHV�ZHOO�WR�VLPLODU�

classifications presented in previous studies [9]: 

 

(i) If tinc < tdwell : crack growth is inhibited whilst near-tip stresses are recovering towards their non-

overload (dwell) level. Once local tensile stresses have fully relaxed back at tinc = tdwell time-

dependent crack growth will resume as usual for the remainder of the dwell period (resulting 

in partial retardation) and thereafter response to crack growth mechanisms is identical; 

(ii) If tinc > tdwell : near-tip stresses will never relax back to their non-overload (dwell) level within 

one simulated cycle. Time-dependent components of crack growth are completely lost, and full 

retardation must be achieved back to fatigue baseline rates (which are controlled primarily by 

the stress intensity factor range). 

 

A noteworthy finding of the presented modelling work is that the extension of overload dwell time (tOL) 

from 1 to 10 seconds leads to a minimum six-fold increase in incubation time. The model suggests that 

1s OL does not significantly affect local crack-opening stress states (compared against STD dwell) 

whereas 10s OL beneficially reduces near crack-tip stress levels which may even become compressive. 

For longer holds at OL, more extensive creep strain accumulates around the crack-tip which results in 

crack-tip stresses relaxing back more slowly as creep strain evolution approaches a steady state. FEA 

modelling predicts that a 240s incubation time associated with 1-10-1-300 delays time-dependent crack 

growth so that, instead of having the full dwell effect of 300s, only 60s of dwell are contributing. Yet, 

modelling results do not capture that even a short (1s) and small (5%) OL have been observed to reduce 

FCGR compared to those associated with dwell-only loading [9, 18].  

The methodology of analysis used in the current paper relies on the selection of specific dwell 

times and particular nodes within the post-processing module of ABAQUS. This inevitably leads to a 

weakness in the calculation of incubation times which are performed at an individual point (here at the 
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first node 5 nm ahead of the crack-tip). Indeed, it has been shown that the peak in crack-opening stress 

distribution reduces and moves further ahead with time under standard dwell conditions (Fig. 6), precise 

incubation times may differ slightly if local stresses are interrogated at other nodes further ahead of the 

crack-tip. Thus, the model as presented here captures the mechanics of the crack-tip stress field (in the 

absence of any oxide present) accurately at the point interrogated. In addition, the influence of oxide 

growth on local stress states has not been considered and so it is difficult to determine an absolute value 

for a fracture stress criterion from this modelling work alone. This paper has however demonstrated the 

importance of local stresses around the crack-tip when relating overload effects and time-dependent 

plasticity.  

As many mechanisms compete and combine to influence DFCG behaviour, it is important to 

highlight that the complete story of overload effects should be concerned with whether intergranular 

cracking occurs during overload hold (at ıOL) due to time-dependent oxide formation and subsequent 

embrittlement of the GB. Even if local tensile stresses take longer to recover when extended OL periods 

(such as 10s) are applied, potential retardation could be overly optimistic if crack growth can occur 

during the OL dwell period (such as 10s) itself.  

In regards to component integrity assessments, the mechanisms involved during OL cycling 

and associated retardation phenomena still require a comprehensive and complete description. The 

extent of large reductions in FCGR has important implications on lifing strategies. Based on the 

importance of crack-tip stresses and time-dependent plasticity, computational techniques as presented 

in this paper have allowed insight into how overloads can lead to significant retardation effects. Current 

lifing approaches are still extremely conservative and understanding aided by numerical modelling has 

potential to extend certified life in aero-engine turbine discs. 

 

5. Conclusions  

A detailed numerical creep model based on microstructural variables has successfully been 

implemented. Numerical outputs from the FE model, considering time-dependent plasticity  and 

subjected to standard dwell and overload cycles, represent the basis for performing a stress-based 
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analysis of the development of mechanical fields ahead of the crack-tip. The main conclusions are 

summarised as follows.  

1. FEA modelling has provided insight into DFCG behaviour by considering effects of time-

dependent plasticity. Here, it particularly adds confidence to the underlying mechanism of stress 

relaxation arising from such time-dependent plasticity and illustrates how rapidly local crack-tip 

stresses can relax.  

2. The local refined mesh has been validated against the rationale of physical distances (micro-scale) 

involved in controlling the action of time-dependent processes. FEA results considered after initial 

loading (at a time of one second) have also shown good correlation with previous (time-

independent) plasticity analysis in terms of both the value and location of local peak stress values.  

3. Introduction of dwell periods leads to near-tip stress relaxation by time-dependent plasticity. With 

increasing hold times, a larger zone ahead of the crack-tip is affected by crack-tip blunting and the 

extent of relaxed stress fields is pushed forward due to creep strain accumulation. 

4. The beneficial characteristics of overloads are reasonably well captured. FE simulations are able to 

identify (i) the compressive stress fields which lower crack driving forces and (ii) the large near-tip 

stress relaxation. A numerically-derived incubation time has successfully been applied in predicting 

the general trends of achieving more pronounced retardation effects with larger overload factors 

and extended overload dwell. FEA modelling predicts a significant difference in behaviour between 

a 1s and 10s overload period. 

5. Modelling work has given insight into the existing competition between oxide growth and 

plasticity. The importance of studying local crack-tip stress fields in regards to DFCG has been 

emphasised. It is plausible to conclude that the main characteristics for applications to lifing could 

be captured on the basis of crack-tip stresses by plasticity only. A precise definition of a physically-

based fracture criterion for oxide failure under dwell loading still remains a future challenge.  
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Figure Legends 

Fig. 1: Three typical examples of engine loading cycles: baseline cycling, dwell cycling, and overload 

cycling. 

Fig. 2: Crack growth resistance curves (da/dN vs 'Kfull) showing an example of dwell and overload-

dwell effects on DFCG behaviour in LSHR alloy at 704°C [18]. 

Fig. 3: Schematic illustration showing the variation in normal out-of-plane stress along oxide intrusion 

�����[���O��LQ�WKH�DEVHQFH�RI�DQ�DSSOLHG�ORDG�[14]. 

Fig. 4: Schematic of the boundary conditions applied to the 2D SENT specimen geometry. Illustration 

of the implemented 2D FE mesh in ABAQUS. Global mesh with coarse mesh and a locally refined 

mesh near the crack-tip [19]. 

Fig. 5: Simulated loading waveforms (a) The standard dwell cycle is modelled as 1-tdwell stress 

waveform: initial stress ramp-up to ıdwell in 1s (t1) and hold at ıdwell for tdwell. (b) The overload cycle is 

modelled as 1-tOL-1-tdwell stress waveform: initial stress ramp-up to ıOL in 1s (t1), hold at overload until 

t2 (t2 - t1 denotes the overload dwell time), unload from ıOL to ıdwell in 1s (t3) and normal hold at ıdwell 

for tdwell. 

Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to 

simulated dwell-only cycles with ıdwell of 300 MPa. Stress distribution plotted in regards to crack-tip 

opening stress S22 and S22 normalised by the yield stress (ıy = 1000 MPa). 

Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at 

the CTO-QRGH�VHOHFWHG����ȝP�EHKLQG�WKH�FUDFN-tip). 

Fig. 8: Stress-distance profiles at different time points (dwell times) for FE model subjected to ıdwell = 

300 MPa, OLF = 1.05 and tOL = 10s. 

Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (ıdwell 

= 300 MPa and OLF = 1.05) (a) tdwell = 30s, (b) tdwell = 120s, (c) tdwell = 300s. 

Fig. 10: Crack-tip stress-time histories (ı22 versus non-overload dwell time) are generated at the first 

node ahead of the modelled crack-tip and compare four different overload conditions with the standard 

(STD) dwell loading case (for ıdwell = 300 MPa). 
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Abstract 22 

Finite element (FE) analysis modelling of crack configurations was used to provide insights into the 23 

role of time-dependent deformation on dwell fatigue crack growth (DFCG) in turbine disc alloys. In 24 

particular, the potential influence of time-dependent deformation on fatigue crack growth rates observed 25 

during dwell holding periods and the potential crack growth retardation phenomena that can occur for 26 

overload-dwell cycles were investigated. The FE model evaluated the mechanical stress state evolution 27 

in a two-dimensional cracked geometry subjected to standard dwell and overload-dwell stress 28 

waveforms for a given microstructural condition (based on its Ȗ¶�SDUWLFOH�GLVWULEXWLRQ�� Crack-opening 29 

stress distributions as a function of dwell time and distance ahead of the crack-tip were interrogated, 30 

with the aim to investigate the potential influence of local crack-tip stresses on crack growth during 31 

dwell holding periods and the potential for crack growth retardation following overload cycles. Stress 32 

distribution profiles predicted by dwell-only simulations showed how quickly local crack-tip stresses 33 

relax due to time-dependent plasticity. Characteristic effects of overloads of dwell crack growth 34 

resistance observed in experiments were also reasonably well captured. A numerically-derived 35 

incubation time was successfully applied in predicting the general trends of achieving more pronounced 36 

retardation effects with larger overload factors and extended periods of overloading prior to periods of 37 

dwell. FE modelling predicted a significant difference in behaviour between an overload for a given 38 

overload factor with a hold time at peak load of 1s and 10s. This study emphasises the importance of 39 

studying local crack-tip stresses in regards to characterising DFCG behaviour of turbine disc alloys. 40 

 41 

Keywords 42 

Dwell fatigue crack growth, Finite element modelling, Nickel-based turbine disc alloys, Overload, 43 

Time-dependent plasticity 44 

 45 

 46 

 47 

 48 
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1. Introduction  49 

Gas turbine development drives to optimise engine performance and efficiency by pushing new 50 

generation disc alloys (powder metallurgy nickel-based superalloys) to increasing levels of operating 51 

temperature regimes [1, 2]. At high temperatures (>500°C) in air, a mechanism of brittle intergranular 52 

dwell fatigue crack growth (DFCG) is observed and has been discussed as being influenced by several 53 

interacting and (often) competing contributions of: (i) cyclic plastic deformation; (ii) time (and stress)-54 

dependent oxide formation and/or oxygen embrittlement of grain-boundaries (GB); and (iii) time-55 

dependent plasticity (creep deformation) [3-6]. Such brittle intergranular fracture occurs in air, but not 56 

in vacuum. At the highest temperatures (typically above 750°C) the intergranular crack growth 57 

mechanism transitions to creep fracture by intergranular micro-void coalescence, which can now occur 58 

in both air and in vacuum. Since such brittle intergranular mechanisms in loading cycles with long dwell 59 

periods can give crack growth rates (CGR) that are markedly higher than those observed for 60 

transgranular crack growth in fast loading cycles, DFCG in Ni-based superalloys has potential to 61 

become one limiting factor on a declaration of certified life for turbine disc applications. Fig. 1 62 

illustrates three loading waveforms commonly used to simulate representative engine loading cycles.  63 

 64 

 65 

Fig. 1: Three examples of typical engine loading cycles: baseline cycling, dwell cycling and overload 66 

cycling. 67 

 68 

Oxidising environments have long been recognised to cause significant increases FCGR per 69 

cycle, especially when introducing dwell periods at peak load, as a result of intergranular crack growth 70 

(Fig. 2) [7-10]. Intergranular failure modes and accelerated FCGR are primarily controlled by 71 

oxygen/oxide damage effects at and/or very close to the growing crack-tip [6, 11-13]. Stress-assisted 72 
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grain-boundary oxidation (SAGBO) is widely accepted as the dominant mechanism accounting for the 73 

detrimental influence of oxygen on DFCG behaviour [14-16]. Under combined conditions of high stress 74 

and temperature, the preferential (and accelerated) formation and growth of an oxide intrusion along a 75 

GB ahead of the crack-tip results in GB fracture, thereby increasing CGR with oxide failure. When 76 

crack growth tests are repeated in vacuum, dwell effects are almost completely eliminated [3, 9, 10, 77 

12], unless the temperature is high enough (>750°C) for creep crack growth processes (intergranular 78 

micro-void coalescence) to be activated [16, 17]. 79 

 80 

 81 

Fig. 2: Crack growth resistance curves (da/dN vs 'Kfull) showing an example of dwell and overload-82 

dwell effects on DFCG behaviour in LSHR alloy at 704°C [18]. 83 

 84 

Much previous research has focused on studying the relative significance of creep damage and 85 

environmental degradation on crack-tip damage. However, a full description of DFCG behaviour needs 86 

to account for stress relaxation effects occurring in the vicinity of the crack-tip, particularly during 87 

prolonged dwell periods. Stress relaxation will reduce elevated tensile stresses local to the crack-tip. If 88 

a stress-controlled fracture criterion is invoked for oxide (or embrittled GB) cracking, then this 89 

relaxation (due to time-dependent (creep) deformation) might have the potential to retard intergranular 90 

crack growth. A complete analysis of any oxide cracking mechanism will also consider potential effects 91 

of the oxide putting itself into compression as it grows (due to a volumetric expansion upon formation) 92 

as shown schematically in Fig. 3 [14, 19]. In this current paper, emphasis is put on understanding and 93 

predicting time-dependent plasticity which will promote near-tip stress relaxation (due to the 94 
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accumulation of creep strain) and concomitant crack-tip blunting which may have the potential to 95 

reduce the rate of oxide cracking [17, 18]. Given the opposing effects over time (within any dwell 96 

period) of environmental degradation (increased oxide growth and/or GB embrittlement expected to 97 

accelerate DFCGR) and near-tip stress relaxation (which may decrease DFCGR) [6, 16, 20] it is useful 98 

to decouple the effects of creep deformation and oxidation to provide further insight on the separate 99 

action of these local mechanisms. So, this current paper considers stress relaxation effects arising from 100 

time-dependent plasticity only.   101 

 102 

 103 

Fig. 3: Schematic illustration showing the variation in normal out-of-plane stress along oxide intrusion 104 

�����[���O��LQ�WKH�DEVHQFH�RI�DQ�DSSOLHG�load [14]. 105 

 106 

The introduction of an overload segment prior to dwell periods may result in further significant 107 

reductions of FCGR compared to (otherwise similar) dwell-only cycling, with overload effects usually 108 

being interpreted in terms of transient changes to local crack-tip plasticity. However, within this field, 109 

relatively few studies have been reported in the scientific literature [9, 13, 18, 21-23]. For severe 110 

overload conditions, it has been observed that damaging dwell effects can be eliminated entirely, with 111 

growth rates decreasing down to levels of baseline loading (fatigue crack growth) (Fig. 2) after [18]. 112 

These dramatic effects of suppressed or retarded crack growth have been rationalised by significant 113 

variations in near-tip stress relaxation response [21, 22]. Stress relaxation at the crack tip will be 114 

beneficial provided that the influence from lower stresses and crack tip blunting is greater than any 115 

potential debit from accumulating higher levels of creep strain. The complexity of this crack growth 116 

retardation reinforces the motivation here to analyse effects of time-dependent plasticity alone.    117 
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The need for more detailed physical insight on DFCG behaviour of turbine disc alloys has 118 

driven the application of FEA modelling of crack configurations. Both a comprehensive mesh 119 

formulation and a detailed numerical creep model (based on microstructural variables) were available 120 

from previous work by some of the current authors [19]. The model here considers constitutive 121 

equations for material creep and plasticity alone (while the original model also includes effects of 122 

oxidation and oxide growth). By decoupling the effects of oxidation and plasticity, this modelling work 123 

focuses on the underlying mechanism of stress relaxation due to time-dependent plasticity and studies 124 

crack-opening stress modifications in the vicinity of the crack-tip to characterise DFCG behaviour of 125 

Ni-based superalloys. This paper describes the FE method used to evaluate the mechanical stress state 126 

evolution in a 2D cracked geometry subjected to standard dwell and overload stress waveforms for a 127 

given microstructural condition (Ȗ
� SDUWLFOH� GLVWULEXWLRQV�� VRPHZKDW� W\SLFDO� RI� WKH� GLVWULEXWLRQV�128 

applicable to the proprietary alloy RR1000. The primary purpose of this paper is to investigate the 129 

potential influence of local crack-tip stresses on crack growth during dwell holding periods and the 130 

potential for crack growth retardation following overload cycles. It is limited here to a time-dependent 131 

stress field analysis of a stationary crack and it does not incorporate any node release schemes to 132 

simulate crack advance. 133 

 134 

2. Materials and Methods 135 

2.1. Numerical implementations 136 

2.1.1. The Finite Element model  137 

The geometry of the FE model used in this study, a 10x10 mm2 cross-sectional area representative of 138 

the single-edge notched tension (SENT) specimen geometry, is shown in Fig. 4 . The use of plane-strain 139 

elements is consistent with a knowledge that the individual crack growth mechanism to which the 140 

current FE model outputs will be applied occurs more readily away from plane stress regions. For 141 

computation efficiency, the global model includes a coarse mesh away from the crack and a fine mesh 142 

of 25 nm size elements near the crack-tip which is needed to obtain accurate stress states locally. The 143 
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justification for using such a refined local mesh is rationalized in view of the scale of the envisaged 144 

crack growth increments and is discussed later.  145 

The boundary conditions are also shown in Fig. 4. AB represents a 2 mm stationary crack. BC 146 

denotes the GB ahead of the crack-tip defined by a symmetry boundary condition in order to account 147 

for the material contact that prevents vertical displacement. Point B represents the crack-tip and point 148 

C is restrained. The applied stress acts on the top surface ED which is allowed to deform freely under 149 

this pressure loading. 150 

 151 

 152 

Fig. 4: Schematic of the boundary conditions applied to the 2D SENT specimen geometry. Illustration 153 

of the implemented 2D FE mesh in ABAQUS. Global mesh with coarse mesh and a locally refined 154 

mesh near the crack-tip.  155 

 156 

2.1.2. The Finite Element mesh  157 

The FE mesh used here is constructed using a local refined mesh near the crack-tip (with element size 158 

of 25 nm) and a coarser mesh away from the crack-tip, as shown in Fig. 4. The necessity for a refined 159 

mesh locally can be justified in terms of the local mechanisms envisaged. That the physical length scales 160 

actually involved here are on an action zone very local to the crack-tip as can be appreciated both in 161 

terms of crack growth per dwell cycle where: for one-hour dwell testing at 650°C in air, FCGR in 162 

RR1000 are found experimentally to be around 0.03-0.04 mm/cycle which is roughly equivalent to 8-163 

11 nm/s for values of K (ǻ.��RI 20-30 MPa.m1/2 [9]; and in terms of oxide growth: ahead of stationary 164 

cracks, where oxides can grow to about 4.5 µm when exposed under a constant load (stress intensity 165 

factor) for 5hrs [15] (which can be estimated on a linear basis with time to be 15 nm/s). 166 
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 167 

2.1.3. Material model and microstructure 168 

The high-temperature strength of Ni-based superalloys (of a given grain size) is primarily derived from 169 

the distribution of strengthening Ȗ
� SDUWLFOHV�ZKLFK� GLVUXSW� continuous glide of dislocations. Pinned 170 

dislocations overcome Ȗ
 particles through local climb and creep can be treated as a jerky glide process, 171 

with climb and glide events happening simultaneously [24, 25]. The mechanical creep behaviour is 172 

therefore most suitably represented by a constitutive model that connects microstructure and 173 

macroscopic creep rate. Dyson [26] derived a microstructure-explicit state variable approach for uni-174 

modal precipitate-strengthened alloys. Basoalto et al. [27-29] extended the dispersion-controlled creep 175 

model developed by Dyson [26] to account for multi-modal Ȗ
�GLVWULEXWLRQV��For this type of extended 176 

creep model, the constitutive equations are explicitly expressed in terms of quantitative measures of 177 

initial microstructural features and their subsequent rates of evolution. Details can be found elsewhere 178 

[19] but it is noted that the model parameters have been optimised by extensive correlations with 179 

experimental data and the output of such correlations are reproduced in Table 1.  180 

The microstructure-explicit visco-plastic model established by Basoalto has been adopted in the 181 

present modelling work to describe the mechanical material behaviour of a standard heat-treated 182 

microstructure typical of that to be found in fine-grained RR1000. The commercial FE software 183 

ABAQUS is used for performing non-linear static stress analyses. Constitutive laws are implemented 184 

and numerically solved in an ABAQUS user-defined subroutine (UMAT) [19, 30] . In this study, 185 

spatial-temporal evolution of the multi-PRGDO� Ȗ
� size distribution is not considered. The associated 186 

microstructural model input are the Ȗ
�dispersion parameters, i.e. volume fraction and mean size of 187 

primary, secondary and WHUWLDU\�Ȗ
��&UHHS�UDWHV�VFDOH�ZLWK�YROXPH�IUDFWLRQ�RI�Ȗ
�SUHFLSLWDWHV�DQG�WKHUH�LV�188 

non-linear scaling with inter-particle distances (which means the higher the number density of particles, 189 

the smaller the spacing and hence the lower the creep rates). Controlling the creep rates with particle 190 

dispersion is essential for controlling the stress relaxation ahead of the crack-tip which in turn influences 191 

DFCG behaviour. Grain size distribution effects are neglected based on the assumption that creep 192 

deformation is controlled by interparticle distances and not grain dimensions. Since this creep model 193 
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does not contain any dependency on grain size, it is applicable to situations around crack-tips where 194 

local stresses are high, and deformation will be dominated by dislocation activity alone This, however, 195 

implies that any hardening behaviour of flow stresses (Hall-3HWFK�W\SH��ZLOO�QRW�EH�FDSWXUHG��7KH�Ȗ
�196 

particle distributions considered in the present paper are given in Table 2. They are representative of 197 

distributions that may occur in fine-grained variants of the RR1000 alloy. 198 

 199 

Table 1: Microstructural model parameters used in the constitutive model [19, 27]. 200 

Burger vector, b (m) 2.54 ×10-10 

Taylor factor, M 3.1 

Dislocation multiplication parameter, C 100 

Activation energy, Q (kJ.mol-1) 305 

Pre-exponential diffusivity, D0 (m2.s-1) 1 ×10-5 

Jog density, cj 1 

Mobile dislocation density, ȡm (m-2) 1010 

Misfit stress (MPa) -120 

<RXQJ¶V�0RGXOXV��*3D� 188 

3RLVRQ¶V�UDWLR� 0.33 
 201 

Table 2: Volume fraction and average diameter size of primary, secondary and tertiary Ȗ
�IRU�D�VLPXODWHG�202 

(fine-grained) RR1000 microstructure. 203 

Primary Ȗ
 Volume fraction, Vf1 12 % 

Secondary Ȗ
 
Volume fraction, Vf2 28 % 

Average size, 120 2׎ nm 

Tertiary Ȗ
 
Volume fraction, Vf3 5 % 

Average size, 20 3׎ nm 
Total volume fraction of Ȗ
 45 % 

 204 

2.1.4. Loading waveforms and simulated conditions   205 

Within the scope of this project, the simulations explore the mechanical stress fields near a stationary 206 

crack-tip as a function of time-dependent plasticity. For a stationary 2 mm crack, applied far-field 207 

stresses of 200 and 300 MPa give linear elastic stress intensity factors of 21.7 and 32.6 MPa.m1/2 208 



 10 

respectively using Equ.(1) where  WKH�³FRPSOLDQFH´�C for a SENT specimen is given as a function of 209 

a/W [31] in Equ.(2). 210 

 211 

ூܭ ൌ  ሻଵȀଶ           (1) 212ܽߨ�ሺߪ�ܥ

 213 

ܥ ൌ ͳǤͳʹ െ ͲǤʹ͵ͳ ቀ௔
ௐ
ቁ ൅ ͳͲǤͷͷ ቀ௔

ௐ
ቁ
ଶ
െ ʹͳǤ͹ʹ ቀ௔

ௐ
ቁ
ଷ
൅ ͵ͲǤ͵ͻ ቀ௔

ௐ
ቁ
ସ
     (2) 214 

 215 

Dwell and overload loading waveforms are programmed as stress-time histories (but are guided in all 216 

cases by previous experiments and/or envisaged by potential in-service loading). Appropriate time step 217 

resolution definitions allow the time history to be split into smaller suitable time increments in order to 218 

evaluate the stress state at each node at determined moments in time. The model is run under plane-219 

strain and isothermal conditions. Each condition is modelled by applying a single stress cycle, 220 

neglecting the influence of any previous loading history and the simulation stops at the point of 221 

unloading from dwell to minimum stress. The dwell-only waveform (1-tdwell) is implemented by two 222 

separate loading segments (Fig. 5(a)). The overload dwell waveform (1- tOL -1- tdwell) is defined by four 223 

loading segments (Fig. 5(b)). To replicate the variation in stress with time during an overload, an 224 

amplitude curve based on tabular data is implemented. The magnitude of overload is defined by an 225 

overload factor (OLF) as follows, ıOL /ıdwell. Note that for OLF = 1.0 no overload is applied, and the 226 

cycle reduces to the dwell-only waveform. The influence of nominal dwell stress (ıdwell), dwell time 227 

(tdwell), overload factor (OLF) and overload hold time (tOL) are studied. Loading waveforms are 228 

simulated for subsequent dwell periods of 30, 120, 300, 600, 1200 and 3600 seconds. Overload factors 229 

of 1.05 and 1.15, and overload hold times of 1 and 10 seconds are considered in this paper. 230 

 231 
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 232 

Fig. 5: Simulated loading waveforms (a) Standard dwell cycle is modelled as 1-tdwell stress waveform: 233 

initial stress ramp-up to ıdwell in 1s (t1) and hold at ıdwell for tdwell. (b) Overload cycle is modelled as 1-234 

tOL-1-tdwell stress waveform: initial stress ramp-up to ıOL in 1s (t1), hold at overload until t2 (t2 - t1 denotes 235 

the overload dwell time), unload from ıOL to ıdwell in 1s (t3) and normal hold at ıdwell for tdwell. 236 

 237 

2.2. Data analysis 238 

In the current paper, a stress-based approach was adopted to investigate crack-opening stress (ı22) 239 

distributions as a function of dwell time and distance ahead of the crack-tip. The analysis specifically 240 

focused on local crack-tip stress fields and how these evolved during dwell (hold) periods when 241 

subjected to a standard dwell condition (STD) compared to an overload condition (OL). To generate 242 

spatial stress profiles, stress data was extracted from the local nodes and elements that, ahead of the 243 

modelled crack-tip, defined the plane containing the crack. One readily understood physically based 244 

approach for characterising near crack-tip behaviour uses the crack-tip opening displacement (CTOD) 245 

parameter. A sharp crack blunts initially on loading [32] and then it may also potentially blunt further 246 

under dwell (over time) with an external (far-field) load applied to the geometry. Thus, specifically for 247 

dwell-only simulations, the variation in CTOD as a function of time was investigated. To do this, a 248 

crack-tip opening node (CTO-node) was chosen 2 µm behind the crack-tip and examined in terms of 249 

its spatial vertical displacement. Note that this node was selected since it is close to the blunted crack-250 

tip, yet one of the first nodes which will only suffer vertical displacement with further opening.  251 

To consider a quantitative assessment of the effect of overloads on crack-opening stress fields, 252 

an engineering approximation was introduced to derive an incubation time which can be related to the 253 

potential for crack growth retardation following overload cycles, and which then leads to an effective 254 

dwell time (applied dwell time minus incubation time). Numerical outputs of ı22 with dwell time after 255 
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overloading were interrogated at the very first node (5 nm) ahead of the crack-tip and compared against 256 

the local stresses due to (non-overload) dwell times alone. This emphasises the importance of a local 257 

crack-tip stress criterion, but outputs of local stress profiles with time at a distance of up to 120 Ɋm 258 

ahead of the crack-tip are also presented for selected cases. 259 

 260 

3. Results: Application of the model  261 

3.1. Standard dwell simulations 262 

Stress-distance profiles predicted by the constitutive creep model using the multi-PRGDO� Ȗ
�263 

microstructure listed in Table 2 have been computed for dwell-only (standard) loading waveforms at 264 

650°C. Fig. 6 compares the crack-tip opening stress (S22) distribution at six different dwell times 265 

ranging from 30 to 3600 seconds for ıdwell of 300 MPa. The stress-distance profile presented in Fig. 6 266 

is also shown with S22 normalised by the yield stress (S22/ıy). Based on [19], the predicted average 267 

yield stress of the material (RR1000) is approximately 1000 MPa. During initial loading, the model 268 

predicts plasticity to occur close to the crack-tip, whereby the stress relaxes to approximately 3700 MPa 269 

at the crack-tip. When ıdwell is first reached at t = 1s (during initial loading), dwell effects are not yet 270 

considered. Stress-distance curves demonstrate an overall reduction in ı22 with longer hold times, 271 

especially in the vicinity of the crack-tip. Significant stress relaxation notably arises within just a few 272 

tens of seconds into the dwell. However, beyond a certain distance away (0.07 mm for ıdwell = 200 MPa; 273 

0.18 mm for ıdwell = 300 MPa) from the crack-tip, all profiles collapse into a single curve and re-join 274 

the t = 1s (initial loading) curve. General trends suggest that major changes to time-dependent plasticity 275 

occur in local regions very close to the crack-tip (typically within 20 Ɋm). 276 

Crack-opening stress distributions feature a local peak at a short distance away from the crack-277 

tip. The magnitude of this maximum ı22 is predicted both to decrease and to move further ahead of the 278 

crack-tip with increasing hold (dwell) times (Table 3). The distance is expressed here as the distance 279 

over which tensile stress levels exceed 95% of this peak. With longer dwell times (and higher applied 280 

K levels), local tensile stresses within 95% of the peak stress extend over a larger distance from the 281 
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crack-tip. Similar to the original time-independent plasticity analysis of McMeeking [32], the 282 

magnitude of the maximum ı22 does not vary significantly with different values of applied K.  283 

Fig. 7 shows the variation in CTOD as a function of time. Note that the computed values of 284 

CTOD denote only half of the actual CTOD because of modelling geometry symmetry. The initially 285 

very sharp crack blunts, with CTOD values for initial loading (at t = 1s) of ����DQG�����ȝP��IRU�a ıdwell 286 

of 200 and 300 MPa respectively). This CTOD value then increases further and appears to be levelling 287 

RXW�WR������DQG������ȝP�RYHU�WKH�VXEVHTXHQW�RQH-hour dwell period (for ıdwell of 200 and 300 MPa). 288 

 289 

Table 3: Tabular data of maximum crack-opening stress (ı22) and corresponding distance covering 95% 290 

of this peak (d95%). Results are presented for initial loading (at t = 1s) and different dwell times with 291 

ıdwell = 200 and 300 MPa. 292 

 Initial loading (t = 1s) 
Applied dwell stress ıdwell (MPa) 200 300 

Maximum ı22 (MPa) 4775 4740 
 Dwell time (s) 
 30 120 300 600 1200 3600 

200 MPa 
(21.7 MPa.m1/2) 

Maximum ı22 
(MPa) 

3340 3060 2895 2780 2670 2490 

d95% (Ɋm) 2.6 3.5 4.5 4.9 5.3 7.3 

300 MPa 
(32.6 MPa.m1/2) 

Maximum ı22 
(MPa) 

3360 3020 2865 2750 2635 2460 

d95% (Ɋm) 4.5 9.2 10.3 11.6 13.3 15.2 
 293 
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 294 

Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to 295 

simulated dwell-only cycles with ıdwell of 300 MPa. Stress distribution plotted in regards to crack-tip 296 

opening stress S22 and S22 normalised by the yield stress (ıy = 1000 MPa). 297 

 298 

 299 

Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at 300 

the CTO-QRGH�VHOHFWHG����ȝP�EHKLQG�WKH�FUDFN-tip). 301 

 302 

3.2. Overload simulations  303 

Four combinations of overload factors and overload dwell times (Table 4) were applied to the FE 304 

model. Each simulation was conducted at 650°C with ıdwell of 200 and 300 MPa, matching K values of 305 

21.7 and 32.6 MPa.m1/2 respectively.  306 

 307 
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Table 4: Overview of the four simulated overload conditions varying in applied overload factor (OLF) 308 

and overload dwell time (tOL). 309 

Condition 1 2 3 4 
OLF 1.05 1.15 1.05 1.15 
tOL (s) 1 1 10 10 

 310 

Fig. 8 illustrates the stress-distance profiles generated at different time points for the OL 311 

condition 3 (OLF = 1.05, tOL = 10s) simulated with ıdwell of 300 MPa. Upon initial loading (at t1 = 1s 312 

when ıOL is first reached) the stress distribution (in orange) features similar characteristics to dwell-313 

only (standard) stress profiles. Local crack opening stresses peak at short distance ahead of the crack-314 

tip with a steep decrease in stress levels towards the crack-tip. Note that also here (as observed in 315 

behaviour during dwell-only loading) the constitutive response is modelled through a microstructure 316 

explicit rate-dependent formulation, resulting in stress relaxation ahead of the crack tip. However, upon 317 

partially unloading from the overload condition (ıOL to ıdwell), stress-distance profiles change 318 

significantly in shape with ı22 reducing preferentially close to the crack-tip. Therefore, reductions in 319 

local tensile stresses immediately ahead of the crack-tip are markedly larger than the percentage of 320 

unloading applied. Fig. 8 also highlights that, in particular, near crack-tip stresses change appreciably 321 

with dwell time, while stress fields further away/ahead from the crack-WLS� �GLVWDQFH� !� �� ȝP�� DUH�322 

relatively flat with subtle differences only in ı22 for different hold (dwell) times.  323 

 324 

 325 

Fig. 8: Stress-distance profiles at different dwell times for the FE model subjected to ıdwell = 300 MPa, 326 

OLF = 1.05 and tOL = 10s. 327 
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 328 

Fig. 9 compares local crack-WLS�RSHQLQJ�VWUHVV�ILHOGV�DV�D�IXQFWLRQ�RI�GLVWDQFH��XS�WR���ȝP�DKHDG�329 

of the crack-tip) for simulations run under: standard (STD) dwell; 1s OL; and 10s OL loading conditions 330 

with ıdwell = 300 MPa and OLF = 1.05. Each graph (a-c) is plotted for a specific dwell time (30, 120 and 331 

300s respectively) and, in each case, local stress-distance profiles for the three different loading 332 

conditions can be compared at similar moments in time. For tdwell = 30s (Fig. 9(a)), neither 1s nor 10s 333 

OL stress curves (1-1-1-30 and 1-10-1-30) have re-joined the STD dwell curve (1-30). For both OL 334 

conditions, near-tip stresses are recovering towards their non-overload level with ı22 even being 335 

compressive for 1-10-1-30 (-280 MPa at the crack-tip). For tdwell = 120s (Fig. 9(b)), local stress states 336 

associated to 1-120 and 1-1-1-120 are now predicted to be essentially identical (at the crack-tip: 2455 337 

and 2450 MPa respectively). In contrast for 1-10-1-120, tensile stress levels are still appreciably lower 338 

(2290 MPa). The effect of overloads on near-tip stress recovery seems to reduce more gradually for tOL 339 

= 10s compared to tOL = 1s. At tdwell = 300s (Fig. 9(c)), all three stress curves have converged and local 340 

crack-tip stress fields for 10s OL appear to have now also fully recoYHUHG�EDFN�WR�WKHLU�³XQORDGHG�VWDWH´��341 

These results suggest that, during a first portion of subsequent dwell time, local crack-tip stresses from 342 

simulated OL cycles relax back towards their standard dwell (non-overload) stress state, whilst 343 

neighbouring stress fields redistribute. However, with longer hold times, crack-tip stress recovery 344 

diminishes as local stress states converge, and thereafter normal dwell effects will resume (i.e. ı22 345 

profiles are progressively lowered with prolonged dwell). 346 

 347 
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 348 

Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (ıdwell 349 

= 300 MPa and OLF = 1.05) (a) tdwell = 30s, (b) tdwell = 120s, (c) tdwell = 300s. 350 

 351 

To characterise the entire local crack-tip stress field evolution with dwell time, crack-opening 352 

stresses are tracked against time at an individual node very close to the crack-tip. Here, the first node 353 

ahead of the modelled crack-tip (5 nm away) was chosen. Since this node is very local to the crack-tip, 354 
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stress data extracted from this node is presumed to characterise crack-opening stress levels essentially 355 

at the crack-tip. Fig. 10 represents the crack-tip stress-time histories generated for all four simulated 356 

OL conditions and compares them against the standard dwell relaxation curve (in red). Note that the 357 

time axis captures the onset of non-overload dwell allowing stress-time histories to be compared at 358 

similar times during subsequent dwell. At the start of dwell, crack-tip ı22 predicted for OL simulations 359 

are markedly lower, or as is the case for some conditions approach zero, or even become strongly 360 

compressive (-3700 MPa). Over time, these local crack-tip stress fields slowly relax back towards 361 

normal dwell stress levels.  362 

There is a prominent difference in how quickly local tensile stresses recover back to their non-363 

overload level, strongly dependent on both OLF and tOL. For illustrative purpose, an engineering 364 

approximation is next adopted to introduce an incubation time (tinc) defined as the time it takes upon 365 

unloading for crack-tip stresses at this node to recover to within 2% of the local stress at this node under 366 

relaxation from a standard dwell hold. Numerically-derived incubation times (Table 5) increase with 367 

higher OLF and longer tOL. Extended OL dwell (10s) as well as larger OL (15%) produce larger 368 

compressive stress fields close to the crack-tip and so it takes longer for stresses to recover back which 369 

translates into increased tinc. Note that higher values of K result in slightly shorter tinc which implies a 370 

slightly reduced OL effect. Modelling even predicts that for OL No. 4 condition (OLF = 1.15 and tOL = 371 

10s) crack-tip ı22 will never fully recover even after a one-hour dwell cycle. 372 

 373 

Table 5: Incubation times, as captured by FE simulations, are presented for all four overload conditions 374 

simulated for two different applied K values 375 

Condition 

1 2 3 4 

tOL = 1s 

OLF = 1.05 

tOL = 1s 

OLF = 1.15 

tOL = 10s 

OLF = 1.05 

tOL = 10s 

OLF = 1.15 

tinc (s) 

for K = 21.7 MPa.m1/2 
40 2540 290 >3,600 

tinc (s) 

for K = 32.6 MPa.m1/2 
25 1430 240 >3,600 
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 376 

 377 

Fig. 10: Crack-tip stress-time histories (ı22 versus non-overload dwell time) are generated at the first 378 

node ahead of the modelled crack-tip and compare four different overload conditions with the standard 379 

(STD) dwell loading case (for ıdwell = 300 MPa). 380 

 381 

4. Discussion  382 

Although crack growth testing has led to the development of empirically-based predictive models, 383 

research has not been able to produce many conclusive results on local crack-tip phenomena involved 384 

during failure mode interactions of cycle- and time-dependent processes [3, 5, 6]. Oxidising 385 

environments have long been recognised to cause accelerated FCGR (da/dN) in air, especially under 386 

dwell conditions, as a result of intergranular crack growth [6-13]. However, during prolonged dwell 387 

periods, creep strain accumulation (due to time-dependent plasticity) can lead to stress relaxation effects 388 

in the vicinity of the crack-tip which have been seen to play a beneficial role in retarding intergranular 389 

crack growth mechanisms [17, 18]. Under extreme conditions (overload), time-dependent plasticity 390 

might develop to such extent that the crack can no longer advance by oxide cracking, thereby switching 391 

off the environmentally-enhanced crack growth mechanism during the dwell period [9, 22]. Note that 392 

at particular high temperatures (>750°C), creep damage processes characterised by intergranular micro-393 
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void coalescence can start to dominate in both air and vacuum environments and may also lead to 394 

accelerated FCGR during dwell periods [4, 16]. Furthermore, microstructural changes arising during 395 

prolonged thermal exposures can also control plasticity responses [8]. In this current paper, the effects 396 

of oxidation and plasticity are decoupled to focus on local mechanical stress fields due to (time-397 

dependent) plasticity alone. The rationale for performing stress-based FE modelling to investigate time-398 

dependent plasticity is ascribed to the significance of stress modifications in the crack-tip region for 399 

characterising DFCG. The following discussion attempts to address how numerical models may draw 400 

some insight on dwell crack growth mechanisms (and controlling parameters). 401 

 402 

4.1. Dwell effects 403 

A comprehensive (time-dependent) constitutive creep model is utilised here to carry out stress-based 404 

FEA on a 2D cracked geometry. Computed stress-distance profiles (for example, in Fig. 6) show that 405 

the introduction of dwell periods can lead to local stress relaxation, which has experimentally been 406 

reported to beneficially influence DFCG behaviour either by reducing FCGR or even promoting crack 407 

arrest [7, 17, 18]. Predicted peak tensile stresses are 4775 and 4740 MPa for applied linear elastic stress 408 

intensity factors of 21.7 and 32.6 MPa.m1/2 respectively at a time of one second. These are similar to 409 

those that can be calculated from an earlier (time-independent plasticity) analysis reported by 410 

McMeeking [32]. During dwell, the crack-tip region accumulates more creep strain which causes tensile 411 

stresses to further relax local peak stresses and their decay with distance from the crack-tip. It is also of 412 

note that crack-tip blunting is predicted to occur (Fig. 7). For example, over a 3600s dwell period, the 413 

CTOD is predicted to increase from 1.2 and 2.4 µm (upon initial loading) to 1.5 and 3.4 µm, for ıdwell 414 

of 200 and 300 MPa respectively. Although these are relatively modest increases in CTOD in absolute 415 

terms, they are still considered to have potential to promote crack growth retardations, and such 416 

retardations are routinely seen experimentally at lower ranges of applied stress intensity factors [15, 417 

16]. 418 

In light of the data simulations, creep micro-mechanisms operate in very local regions around 419 

the crack-tip. Dwell effects were shown to be lost in the far-field material and physical distances 420 
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governing the action of plasticity were predicted to lie within the micron-scale. A physically-based 421 

approach for characterising near crack-tip behaviour uses the CTOD parameter. Crack blunting (due to 422 

local creep deformation) affects a zone of a few CTOD ahead of the crack-tip. With longer hold (dwell) 423 

WLPHV��WKLV�µGDPDJH�]RQH¶�LV�SXVKHG�IRUZDUG�DQG�WKH�H[WHQW�RI�WKH�UHOD[HG�VWUHVV�ILHOGV�VSUHDGV��On the 424 

basis of time-dependent plasticity only (assuming no creep damage can occur in crack-tip regions), 425 

standard dwell simulations predict that the local crack-tip stress state becomes less damaging with 426 

increasing dwell time. Since crack-opening stress fields are decaying over time, driving forces for crack 427 

growth are lowered which potentially reduces FCGR and thus fracture becomes more and more 428 

unlikely. So, for example, if no crack growth is observed over a dwell cycle 1-300-1-1, then based 429 

purely on the stress relaxation (and a fracture criterion of maximum local stress) no crack growth is to 430 

be expected over a longer dwell cycle of, for example, 1-600-1-1. Note that some caution should be 431 

exercised if this approach is ever to be extended to components which can be subjected to significant 432 

net section stresses and where (³EXON´��FUHHS�PD\�RFFXU�� 433 

However, high-temperature material degradation due to oxidation majorly contributes to crack 434 

growth (i.e. accelerated DFCGR) and will inevitably influence the potential for fracture (due to GB 435 

embrittlement and oxide breaking). So, the overall description for DFCG needs to account for oxide 436 

growth and its influence on local stress states. Detailed calculations [19] of oxide formation ahead of a 437 

crack-tip under stressed and stress-free conditions have shown that compressive stress states develop in 438 

the oxide. Compressive stresses gradually decrease and become tensile with further distance away from 439 

the crack-tip towards the front end of the oxide. These stress states then become significantly more 440 

important in magnitude as the oxide grows and thus failure will eventXDOO\�RFFXU��+HUH��WKH�³SDUDGR[´�441 

is that local stress fields become less damaging (more relaxed) as dwell time increases but longer dwell 442 

times are more damaging because they are observed to result in increased crack growth rates (da/dN). 443 

Moreover, it is apparent that immediately at the beginning of dwell periods the oxide will be under the 444 

least compression when at its thinnest and local tensile stresses are at their highest (in the crack-tip 445 

region) because they have not yet relaxed as much. Hence, logic claims that fracture cannot be defined 446 

by a unique stress at a unique point since otherwise the oxide is predicted to break straightaway at the 447 

start of the dwell period. Clearly due to the complexity associated with the interactions of the time-448 
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dependent mechanisms of oxide growth and time-dependent stress relaxation, a stress-based analysis 449 

on its own is insufficient to derive an absolutely precise fracture criterion. 450 

 451 

4.2. Overload effects 452 

The motivation to investigate overload cycling conditions comes from the need to more accurately 453 

model engine flight profiles in order to improve lifing strategies. Overload waveforms better represent 454 

in-service stress states; they describe partial unloading from maximum to dwell load which replicates 455 

WKH� VZLWFK� LQ� HQJLQH� FDSDFLW\� IURP�³WDNH-RII´� WR� ³FOLPE´� HYHQWV� GXULQJ� W\SLFDO� IOLJKW� F\FOHV��&UDFN�456 

growth retardation phenomena have experimentally been observed to occur when partially unloading 457 

from higher stress conditions (overload) [9, 13, 18, 21-23]. For fatigue cycling, several mechanisms 458 

(crack blunting, branching, strain-hardening, crack-tip closure) have been proposed in an attempt to 459 

rationalise crack growth retardation. Despite some discrepancies, they all emphasise the importance of 460 

local crack-tip stress fields. For dwell cycling, the most relevant concept postulates that the preferential 461 

unloading of crack-tip stresses leads to significant changes in near-tip stress levels which introduce 462 

residual zones ahead of the crack-tip [21, 22].  463 

In this current paper, FEA modelling of overload conditions has revealed two distinctive 464 

features with important implications on DFCG behaviour. Significant reductions in local tensile stresses 465 

induce a compressive (residual) stress zone just ahead of the crack-tip which effectively lowers crack 466 

driving forces. Secondly, large near-tip stress relaxation driven by active creep mechanisms occurs 467 

during subsequent dwell periods. Stress relaxation effects are associated with inelastic creep strain rates 468 

near the crack-tip which may delay intergranular damage processes. Altogether, this sensibly explains 469 

how overload cycling conditions may reduce FCGR or in some cases even promote crack arrest. This 470 

current paper specifically studies and compares the crack-tip stress field criterion under standard dwell 471 

and overload conditions. The beneficial effect of OL on (potential) crack growth retardation reduces 472 

over time as crack-RSHQLQJ�VWUHVV�ILHOGV�UHFRYHU�EDFN�IURP�WKHLU�³XQORDGHG´�VWDWH��7KHUHIRUH��LW�LV�QDWXUDO�473 

to reason that there is an incubation time associated to each OL condition which defines the time it takes 474 

for local crack-tip stresses to converge back to identical stress states under both loading cases. The 475 
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incubation time characterises the extent of crack growth retardation and is here derived by applying an 476 

engineering approximation which relies on the basis of matching crack-tip stress relaxation curves 477 

computed for overload and dwell-only simulations within a 2% difference. A key differentiation 478 

EHWZHHQ�µSDUWLDO¶�DQG�µIXOO¶�UHWDUGDWLRQ�LV�HVWDEOLVKHG�DV�RXWOLQHG�EHORZ�DQG�FRUUHODWHV�ZHOO�WR�VLPLODU�479 

classifications presented in previous studies [9]: 480 

 481 

(i) If tinc < tdwell : crack growth is inhibited whilst near-tip stresses are recovering towards their non-482 

overload (dwell) level. Once local tensile stresses have fully relaxed back at tinc = tdwell time-483 

dependent crack growth will resume as usual for the remainder of the dwell period (resulting 484 

in partial retardation) and thereafter response to crack growth mechanisms is identical; 485 

(ii) If tinc > tdwell : near-tip stresses will never relax back to their non-overload (dwell) level within 486 

one simulated cycle. Time-dependent components of crack growth are completely lost, and full 487 

retardation must be achieved back to fatigue baseline rates (which are controlled primarily by 488 

the stress intensity factor range). 489 

 490 

A noteworthy finding of the presented modelling work is that the extension of overload dwell time (tOL) 491 

from 1 to 10 seconds leads to a minimum six-fold increase in incubation time. The model suggests that 492 

1s OL does not significantly affect local crack-opening stress states (compared against STD dwell) 493 

whereas 10s OL beneficially reduces near crack-tip stress levels which may even become compressive. 494 

For longer holds at OL, more extensive creep strain accumulates around the crack-tip which results in 495 

crack-tip stresses relaxing back more slowly as creep strain evolution approaches a steady state. FEA 496 

modelling predicts that a 240s incubation time associated with 1-10-1-300 delays time-dependent crack 497 

growth so that, instead of having the full dwell effect of 300s, only 60s of dwell are contributing. Yet, 498 

modelling results do not capture that even a short (1s) and small (5%) OL have been observed to reduce 499 

FCGR compared to those associated with dwell-only loading [9, 18].  500 

The methodology of analysis used in the current paper relies on the selection of specific dwell 501 

times and particular nodes within the post-processing module of ABAQUS. This inevitably leads to a 502 

weakness in the calculation of incubation times which are performed at an individual point (here at the 503 
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first node 5 nm ahead of the crack-tip). Indeed, it has been shown that the peak in crack-opening stress 504 

distribution reduces and moves further ahead with time under standard dwell conditions (Fig. 6), precise 505 

incubation times may differ slightly if local stresses are interrogated at other nodes further ahead of the 506 

crack-tip. Thus, the model as presented here captures the mechanics of the crack-tip stress field (in the 507 

absence of any oxide present) accurately at the point interrogated. In addition, the influence of oxide 508 

growth on local stress states has not been considered and so it is difficult to determine an absolute value 509 

for a fracture stress criterion from this modelling work alone. This paper has however demonstrated the 510 

importance of local stresses around the crack-tip when relating overload effects and time-dependent 511 

plasticity.  512 

As many mechanisms compete and combine to influence DFCG behaviour, it is important to 513 

highlight that the complete story of overload effects should be concerned with whether intergranular 514 

cracking occurs during overload hold (at ıOL) due to time-dependent oxide formation and subsequent 515 

embrittlement of the GB. Even if local tensile stresses take longer to recover when extended OL periods 516 

(such as 10s) are applied, potential retardation could be overly optimistic if crack growth can occur 517 

during the OL dwell period (such as 10s) itself.  518 

In regards to component integrity assessments, the mechanisms involved during OL cycling 519 

and associated retardation phenomena still require a comprehensive and complete description. The 520 

extent of large reductions in FCGR has important implications on lifing strategies. Based on the 521 

importance of crack-tip stresses and time-dependent plasticity, computational techniques as presented 522 

in this paper have allowed insight into how overloads can lead to significant retardation effects. Current 523 

lifing approaches are still extremely conservative and understanding aided by numerical modelling has 524 

potential to extend certified life in aero-engine turbine discs. 525 

 526 

5. Conclusions  527 

A detailed numerical creep model based on microstructural variables has successfully been 528 

implemented. Numerical outputs from the FE model, considering time-dependent plasticity  and 529 

subjected to standard dwell and overload cycles, represent the basis for performing a stress-based 530 
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analysis of the development of mechanical fields ahead of the crack-tip. The main conclusions are 531 

summarised as follows.  532 

1. FEA modelling has provided insight into DFCG behaviour by considering effects of time-533 

dependent plasticity. Here, it particularly adds confidence to the underlying mechanism of stress 534 

relaxation arising from such time-dependent plasticity and illustrates how rapidly local crack-tip 535 

stresses can relax.  536 

2. The local refined mesh has been validated against the rationale of physical distances (micro-scale) 537 

involved in controlling the action of time-dependent processes. FEA results considered after initial 538 

loading (at a time of one second) have also shown good correlation with previous (time-539 

independent) plasticity analysis in terms of both the value and location of local peak stress values.  540 

3. Introduction of dwell periods leads to near-tip stress relaxation by time-dependent plasticity. With 541 

increasing hold times, a larger zone ahead of the crack-tip is affected by crack-tip blunting and the 542 

extent of relaxed stress fields is pushed forward due to creep strain accumulation. 543 

4. The beneficial characteristics of overloads are reasonably well captured. FE simulations are able to 544 

identify (i) the compressive stress fields which lower crack driving forces and (ii) the large near-tip 545 

stress relaxation. A numerically-derived incubation time has successfully been applied in predicting 546 

the general trends of achieving more pronounced retardation effects with larger overload factors 547 

and extended overload dwell. FEA modelling predicts a significant difference in behaviour between 548 

a 1s and 10s overload period. 549 

5. Modelling work has given insight into the existing competition between oxide growth and 550 

plasticity. The importance of studying local crack-tip stress fields in regards to DFCG has been 551 

emphasised. It is plausible to conclude that the main characteristics for applications to lifing could 552 

be captured on the basis of crack-tip stresses by plasticity only. A precise definition of a physically-553 

based fracture criterion for oxide failure under dwell loading still remains a future challenge.  554 
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Figure Legends 634 

Fig. 1: Three typical examples of engine loading cycles: baseline cycling, dwell cycling, and overload 635 

cycling. 636 

Fig. 2: Crack growth resistance curves (da/dN vs 'Kfull) showing an example of dwell and overload-637 

dwell effects on DFCG behaviour in LSHR alloy at 704°C [18]. 638 

Fig. 3: Schematic illustration showing the variation in normal out-of-plane stress along oxide intrusion 639 

�����[���O��LQ�WKH�DEVHQFH�RI�DQ�DSSOLHG�ORDG�[14]. 640 

Fig. 4: Schematic of the boundary conditions applied to the 2D SENT specimen geometry. Illustration 641 

of the implemented 2D FE mesh in ABAQUS. Global mesh with coarse mesh and a locally refined 642 

mesh near the crack-tip [19]. 643 

Fig. 5: Simulated loading waveforms (a) The standard dwell cycle is modelled as 1-tdwell stress 644 

waveform: initial stress ramp-up to ıdwell in 1s (t1) and hold at ıdwell for tdwell. (b) The overload cycle is 645 

modelled as 1-tOL-1-tdwell stress waveform: initial stress ramp-up to ıOL in 1s (t1), hold at overload until 646 

t2 (t2 - t1 denotes the overload dwell time), unload from ıOL to ıdwell in 1s (t3) and normal hold at ıdwell 647 

for tdwell. 648 

Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to 649 

simulated dwell-only cycles with ıdwell of 300 MPa. Stress distribution plotted in regards to crack-tip 650 

opening stress S22 and S22 normalised by the yield stress (ıy = 1000 MPa). 651 

Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at 652 

the CTO-QRGH�VHOHFWHG����ȝP�EHKLQG�WKH�FUDFN-tip). 653 

Fig. 8: Stress-distance profiles at different time points (dwell times) for FE model subjected to ıdwell = 654 

300 MPa, OLF = 1.05 and tOL = 10s. 655 

Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (ıdwell 656 

= 300 MPa and OLF = 1.05) (a) tdwell = 30s, (b) tdwell = 120s, (c) tdwell = 300s. 657 

Fig. 10: Crack-tip stress-time histories (ı22 versus non-overload dwell time) are generated at the first 658 

node ahead of the modelled crack-tip and compare four different overload conditions with the standard 659 

(STD) dwell loading case (for ıdwell = 300 MPa). 660 


