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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 y’ particle distribution). 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,

Time-dependent plasticity
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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.

Baseline cycling (1-1-1-1) Dwell cycling (1-x-1-1) Overload cycling (1-y-1-x-1-1)

Applied stress (MPa)
Applied stress (MPa)
Applied stress (MPa)

Time (s) Time (s) Time (s)

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].
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Fig. 2: Crack growth resistance curves (da/dN vs AKgi) 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.

Tip of oxide

/ intrusion

Uncracked
GB

Schematic variation of
out-of-plane normal
stress along oxide wedge

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

(0 <x <1) in the absence of an applied 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 (y' particle distributions) somewhat typical of the distributions
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 mm? 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.
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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 (AK) of 20-30 MPa.m1/2 [9]; and in terms of oxide growth: ahead of stationary
cracks, where oxides can grow to about 4.5 pm when exposed under a constant load (stress intensity

factor) for Shrs [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 y' particles which disrupt continuous glide of dislocations. Pinned
dislocations overcome y' 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 y' distributions. 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-modal y' size distribution is not considered. The associated
microstructural model input are the y' dispersion parameters, i.e. volume fraction and mean size of
primary, secondary and tertiary y'. Creep rates scale with volume fraction of y' precipitates and there is
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-Petch type) will not be captured. The y'
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 x10°1°
Taylor factor, M 3.1
Dislocation multiplication parameter, C 100
Activation energy, Q (kJ.mol ™) 305
Pre-exponential diffusivity, Dy (m*.s™) 1 x10°
Jog density, ¢; 1

Mobile dislocation density, p, (m?) 100

Misfit stress (MPa) -120
Young’s Modulus (GPa) 188
Poison’s ratio 0.33

Table 2: Volume fraction and average diameter size of primary, secondary and tertiary y' for a simulated

(fine-grained) RR1000 microstructure.

Primary vy' Volume fraction, Vi 12 %
Volume fraction, Vp 28 %
Secondary y' )
Average size, 0> 120 nm
) Volume fraction, Vg 5%
Tertiary y' .
Average size, @3 20 nm
Total volume fraction of y' 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.m'!?
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respectively using Equ.(1) where the “compliance” C for a SENT specimen is given as a function of

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

K, = C o (ma)'/? (D

€ =112-0231(5)+10.55 (%)2 —21.72 (%)3 +30.39 (%)4 ©)

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-tswer) is implemented by two
separate loading segments (Fig. 5(a)). The overload dwell waveform (1- zor -1- tawen) 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, ooz /oawen. 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 (ouwer), dwell time
(tawen), overload factor (OLF) and overload hold time (zor) 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.

10
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Applied (a) | Applied (b)
stress, ow‘ stress, 0 \ toL
«—>
OoL. +
Odwell -+ - o Odwell + 4 t Ny
tawell dwell
Time Time

Fig. 5: Simulated loading waveforms (a) Standard dwell cycle is modelled as 1-¢4. stress waveform:
initial stress ramp-up to gawen in 1s (¢;) and hold at gaen for taven. (b) Overload cycle is modelled as 1-
tor-1-tawen stress waveform: initial stress ramp-up to ooz in 1s (¢;), hold at overload until #, (z; - ¢; denotes

the overload dwell time), unload from ooz to gawerin 1s (#3) and normal hold at ouwer for tayen.

2.2.  Data analysis
In the current paper, a stress-based approach was adopted to investigate crack-opening stress (o22)
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 pm 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 o2, with dwell time after

11
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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 um

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-modal 7'
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 ouw.r of 300 MPa. The stress-distance profile presented in Fig. 6
is also shown with S22 normalised by the yield stress (S22/0,). 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 oaen is first reached at t = 1s (during initial loading), dwell effects are not yet
considered. Stress-distance curves demonstrate an overall reduction in o2, 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 oa..; = 200 MPa;
0.18 mm for ouwer = 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 pm).

Crack-opening stress distributions feature a local peak at a short distance away from the crack-
tip. The magnitude of this maximum o2, 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

12
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crack-tip. Similar to the original time-independent plasticity analysis of McMeeking [32], the
magnitude of the maximum o, 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 0.6 and 1.2 pm (for a guwen
of 200 and 300 MPa respectively). This CTOD value then increases further and appears to be levelling

out to 0.74 and 1.68 um over the subsequent one-hour dwell period (for gawer of 200 and 300 MPa).

Table 3: Tabular data of maximum crack-opening stress (022) and corresponding distance covering 95%
of this peak (dos¢;). Results are presented for initial loading (at t = 1s) and different dwell times with

Oawer1 = 200 and 300 MPa.

Initial loading (t = 1s)

Applied dwell stress gawen (MPa) 200 300
Maximum o2, (MPa) 4775 4740
Dwell time (s)
30 120 300 600 1200 3600

—
200 MPa AXIMUM 022\ 3340 | 3060 | 2895 | 2780 | 2670 | 2490

(21.7 MPa.m'?) (MPa)
doss; (pm) 26 | 35 | 45 | 49 | 53 | 73

o
300 MPa axImum o2z a3 | 3020 | 2865 | 2750 | 2635 | 2460

MPa
(32.6 MPa.m'?) (MPa)
doso; (um) 4.5 9.2 10.3 11.6 13.3 15.2

13
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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 oawer 0of 300 MPa. Stress distribution plotted in regards to crack-tip

opening stress S22 and S22 normalised by the yield stress (g, = 1000 MPa).
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Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at

the CTO-node selected (2 pm behind the crack-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 oawer of 200 and 300 MPa, matching K values of

21.7 and 32.6 MPa.m'? respectively.
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58
59
60
61
62
63
64
65

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

and overload dwell time (¢or).

Condition 1 2 3 4
OLF 1.05 1.15 1.05 1.15
tor (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, to; = 10s) simulated with guwer of 300 MPa. Upon initial loading (at ¢, = 1s
when oo, 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 (cor to ouwen), stress-distance profiles change
significantly in shape with 0., 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-tip (distance > 2 pm) are

relatively flat with subtle differences only in a2, for different hold (dwell) times.

3000 e e —— P

2500 7 Initial loading (t=1s)
2000 I} ——Unloading (1-10-1)
|| —-1-10-1-30

Crack opening stress S22 (MPa)

I 1-10-1-120
1000/ —1-10-1-300
500 ’I“( 1-10-1-600
ol
d/ 0.001 0.002 0.003 0.004 0.005 0.006

| Distance ahead of the crack tip (mm)

Fig. 8: Stress-distance profiles at different dwell times for the FE model subjected to o4 = 300 MPa,

OLF = 1.05 and to, = 10s.
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Fig. 9 compares local crack-tip opening stress fields as a function of distance (up to 2 pm ahead
of the crack-tip) for simulations run under: standard (STD) dwell; 1s OL; and 10s OL loading conditions
with gawen =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 #a..;= 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 2, even being
compressive for 1-10-1-30 (-280 MPa at the crack-tip). For tuer= 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 zor
= 10s compared to tor = 1s. At tawen=300s (Fig. 9(c)), all three stress curves have converged and local
crack-tip stress fields for 10s OL appear to have now also fully recovered back to their “unloaded state”.
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. 022

profiles are progressively lowered with prolonged dwell).
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(a) For dwell time of 30s
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(b) For dwell time of 120s
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0 0.0005 0.001 0.0015 0.002

(c) For dwell time of 300s
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Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (Guwen

=300 MPa and OLF = 1.05) (a) tawell = 308, (b) tawell = 1205, (C) tawen = 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 o.; 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 #o;. For illustrative purpose, an engineering
approximation is next adopted to introduce an incubation time (#,.) 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 7or. 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 f,.. Note that higher values of K result in slightly shorter #,, which implies a
slightly reduced OL effect. Modelling even predicts that for OL No. 4 condition (OLF = 1.15 and o, =

10s) crack-tip o2, 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

1 2 3 4

Condition tor = 1s tor = 1s tor = 10s tor = 10s

OLF =1.05 OLF =1.15 OLF =1.05 OLF =1.15

Tinc (S
© 40 2540 290 >3,600
for K=21.7 MPa.m'”?
tine (S)
25 1430 240 >3,600

for K =32.6 MPa.m'?
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Fig. 10: Crack-tip stress-time histories (o2, 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 ogwen = 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.m'? 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 um (upon initial loading) to 1.5 and 3.4 um, for gawen
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)
times, this ‘damage zone’ is pushed forward and the extent of the relaxed stress fields spreads. 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 (“bulk™) creep may occur.

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 eventually occur. Here, the “paradox”
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
the switch in engine capacity from “take-off” to “climb” events during typical flight cycles. Crack
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-opening stress fields recover back from their “unloaded” state. Therefore, it is natural
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

22



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

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
between ‘partial’ and ‘full’ retardation is established as outlined below and correlates well to similar

classifications presented in previous studies [9]:

(1) If tine < tawen : 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 finc = tawen 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;

(i1) If tine > tawen : 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 (Zo1)
from 1 to 10 seconds leads to a minimum six-fold increase in incubation time. The model suggests that
Is 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 oor) 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.

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.

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.
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.

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.

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 AKgn) 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
(0 <x <) in the absence of an applied load [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-fa.n stress
waveform: initial stress ramp-up to ouwer in 1s (¢;) and hold at gaven for tawen. (b) The overload cycle is
modelled as 1-for-1-tawen stress waveform: initial stress ramp-up to oor in 1s (#7), hold at overload until
t> (t2 - t; denotes the overload dwell time), unload from oor to Gawerin 1s (#3) and normal hold at gawen
for tawen.

Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to
simulated dwell-only cycles with gawen of 300 MPa. Stress distribution plotted in regards to crack-tip
opening stress S22 and S22 normalised by the yield stress (g, = 1000 MPa).

Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at
the CTO-node selected (2 wm behind the crack-tip).

Fig. 8: Stress-distance profiles at different time points (dwell times) for FE model subjected to gayen =
300 MPa, OLF = 1.05 and o, = 10s.

Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (guwen
=300 MPa and OLF = 1.05) (@) tawer = 30s, (b) tawer = 120s, () tawen = 300s.

Fig. 10: Crack-tip stress-time histories (o2, 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 gaw.ns = 300 MPa).
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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 y’ particle distribution). 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,

Time-dependent plasticity
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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.

Baseline cycling (1-1-1-1) Dwell cycling (1-x-1-1) Overload cycling (1-y-1-x-1-1)

Applied stress (MPa)
Applied stress (MPa)
Applied stress (MPa)

Time (s) Time (s) Time (s)

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].
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90s+15%; ® W2-L5FC2: No Exp: 90s+10%ovl
90s+20%; +
o
o
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AK (Kovl-Kmin) (MPa sqrt m)

Fig. 2: Crack growth resistance curves (da/dN vs AKgi) 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.

Tip of oxide

/ intrusion

Uncracked
GB

X

Schematic variation of
out-of-plane normal
stress along oxide wedge

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

(0 <x <1) in the absence of an applied 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 (y' particle distributions) somewhat typical of the distributions
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 mm? 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.

E I D
H=10
A<a~B C
' A & & 2
: '
! '
i ' Crack Tip
: L=10
1
1

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 (AK) of 20-30 MPa.m1/2 [9]; and in terms of oxide growth: ahead of stationary
cracks, where oxides can grow to about 4.5 pm when exposed under a constant load (stress intensity

factor) for Shrs [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 y' particles which disrupt continuous glide of dislocations. Pinned
dislocations overcome y' 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 y' distributions. 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-modal y' size distribution is not considered. The associated
microstructural model input are the y' dispersion parameters, i.e. volume fraction and mean size of
primary, secondary and tertiary y'. Creep rates scale with volume fraction of y' precipitates and there is
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-Petch type) will not be captured. The y'
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 x10°1°
Taylor factor, M 3.1
Dislocation multiplication parameter, C 100
Activation energy, Q (kJ.mol ™) 305
Pre-exponential diffusivity, Dy (m*.s™) 1 x10°
Jog density, ¢; 1

Mobile dislocation density, p, (m?) 100

Misfit stress (MPa) -120
Young’s Modulus (GPa) 188
Poison’s ratio 0.33

Table 2: Volume fraction and average diameter size of primary, secondary and tertiary y' for a simulated

(fine-grained) RR1000 microstructure.

Primary vy' Volume fraction, Vi 12 %
Volume fraction, Vp 28 %
Secondary y' )
Average size, 0> 120 nm
) Volume fraction, Vg 5%
Tertiary y' .
Average size, @3 20 nm
Total volume fraction of y' 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.m'!?
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respectively using Equ.(1) where the “compliance” C for a SENT specimen is given as a function of

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

K, = C o (ma)'/? (D

€ =112-0231(5)+10.55 (%)2 —21.72 (%)3 +30.39 (%)4 ©)

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-tswer) is implemented by two
separate loading segments (Fig. 5(a)). The overload dwell waveform (1- zor -1- tawen) 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, ooz /oawen. 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 (ouwer), dwell time
(tawen), overload factor (OLF) and overload hold time (zor) 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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the overload dwell time), unload from ooz to gawerin 1s (#3) and normal hold at ouwer for tayen.

2.2.  Data analysis
In the current paper, a stress-based approach was adopted to investigate crack-opening stress (o22)
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 pm 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 o2, with dwell time after

11
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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 um

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-modal 7'
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 . of 300 MPa. The stress-distance profile presented in Fig. 6
is also shown with S22 normalised by the yield stress (S22/0,). 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 oaen is first reached at t = 1s (during initial loading), dwell effects are not yet
considered. Stress-distance curves demonstrate an overall reduction in o2, 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 oa..; = 200 MPa;
0.18 mm for ouwer = 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 pm).

Crack-opening stress distributions feature a local peak at a short distance away from the crack-
tip. The magnitude of this maximum o2, 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 o,; 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 0.6 and 1.2 um (for a gayen

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

out to 0.74 and 1.68 um over the subsequent one-hour dwell period (for gawer of 200 and 300 MPa).

Table 3: Tabular data of maximum crack-opening stress (022) and corresponding distance covering 95%

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

Oawer1 = 200 and 300 MPa.

Initial loading (t = 1s)

Applied dwell stress gawen (MPa) 200 300
Maximum o2, (MPa) 4775 4740
Dwell time (s)
30 120 | 300 | 600 | 1200 | 3600
e
200 MPa a’&n;g %2 | 3340 | 3060 | 2895 | 2780 | 2670 | 2490
21.7 MPa.m'
( am™) dosos () 2.6 35 45 49 53 73
e
300 MPa a’&n;;‘)l %2 1 3360 | 3020 | 2865 | 2750 | 2635 | 2460
(32.6 MPa.m'?)
doso; (um) 4.5 9.2 10.3 11.6 13.3 15.2
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295  Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to
296  simulated dwell-only cycles with oa..z of 300 MPa. Stress distribution plotted in regards to crack-tip

297  opening stress S22 and S22 normalised by the yield stress (g, = 1000 MPa).
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300  Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at
301  the CTO-node selected (2 um behind the crack-tip).
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303 3.2. Overload simulations

304  Four combinations of overload factors and overload dwell times (Table 4) were applied to the FE
305 model. Each simulation was conducted at 650°C with gawer 0of 200 and 300 MPa, matching K values of
306  21.7 and 32.6 MPa.m'” respectively.

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

and overload dwell time (¢or).

Condition 1 2 3 4
OLF 1.05 1.15 1.05 1.15
tor (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, to; = 10s) simulated with guwer of 300 MPa. Upon initial loading (at ¢, = 1s
when oo, 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 (cor to ouwen), stress-distance profiles change
significantly in shape with 0., 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-tip (distance > 2 pm) are

relatively flat with subtle differences only in o2, for different hold (dwell) times.
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Fig. 8: Stress-distance profiles at different dwell times for the FE model subjected to gawe = 300 MPa,

OLF = 1.05 and to, = 10s.
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Fig. 9 compares local crack-tip opening stress fields as a function of distance (up to 2 pm ahead
of the crack-tip) for simulations run under: standard (STD) dwell; 1s OL; and 10s OL loading conditions
with gawen =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 #a..;= 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 2, even being
compressive for 1-10-1-30 (-280 MPa at the crack-tip). For zue.;= 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 zo;
= 10s compared to tor = 1s. At tawen=300s (Fig. 9(c)), all three stress curves have converged and local
crack-tip stress fields for 10s OL appear to have now also fully recovered back to their “unloaded state”.
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. 022

profiles are progressively lowered with prolonged dwell).

16



348
349

350

351

352

353

354

(a) For dwell time of 30s
5000

4500

4000
3500

3000
2500 7

2000 —Initial loading (t=1s)
—1-30
—1-1-1-30

1-10-1-30

1500
1000

500

Crack-tip opening stress S22 (MPa)

Distance ahead of the crack-tip (mm)

0 0.0005 0.001 0.0015 0.002
-500

(b) For dwell time of 120s
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(c) For dwell time of 300s
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Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (Guwen

=300 MPa and OLF = 1.05) (a) tawell = 308, (b) tawell = 1205, (C) tawen = 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 o.; 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 #o;. For illustrative purpose, an engineering
approximation is next adopted to introduce an incubation time (#,,.) 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 7or. 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 f,.. Note that higher values of K result in slightly shorter #,, which implies a
slightly reduced OL effect. Modelling even predicts that for OL No. 4 condition (OLF = 1.15 and o, =

10s) crack-tip o2, 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

1 2 3 4
Condition tor = 1s tor = 1s tor = 10s tor = 10s

OLF =1.05 OLF =1.15 OLF =1.05 OLF =1.15

Tinc (S
© 40 2540 290 >3,600
for K=21.7 MPa.m'”?
tine (S)
25 1430 240 >3,600

for K =32.6 MPa.m'?
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Fig. 10: Crack-tip stress-time histories (o2, 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 ogwen = 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.m'? 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 um (upon initial loading) to 1.5 and 3.4 um, for gawen
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)
times, this ‘damage zone’ is pushed forward and the extent of the relaxed stress fields spreads. 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 (“bulk™) creep may occur.

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 eventually occur. Here, the “paradox”
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
the switch in engine capacity from “take-off” to “climb” events during typical flight cycles. Crack
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-opening stress fields recover back from their “unloaded” state. Therefore, it is natural
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
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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
between ‘partial’ and ‘full’ retardation is established as outlined below and correlates well to similar

classifications presented in previous studies [9]:

(1) If tine < tawen : 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 finc = tawen 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;

(i1) If tine > tawen : 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 (Zo1)
from 1 to 10 seconds leads to a minimum six-fold increase in incubation time. The model suggests that
Is 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 oor) 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.

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.
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.

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.

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 AKgn) 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
(0 <x <) in the absence of an applied load [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-fa.n stress
waveform: initial stress ramp-up to ouwer in 1s (¢;) and hold at gaven for tawen. (b) The overload cycle is
modelled as 1-for-1-tawen stress waveform: initial stress ramp-up to oor in 1s (#7), hold at overload until
t> (t2 - t; denotes the overload dwell time), unload from oor to Gawerin 1s (#3) and normal hold at gawen
for tawen.

Fig. 6: Stress-distance profiles at different points for the FE model (RR1000 at 650°C) subjected to
simulated dwell-only cycles with gawen of 300 MPa. Stress distribution plotted in regards to crack-tip
opening stress S22 and S22 normalised by the yield stress (g, = 1000 MPa).

Fig. 7: Crack-tip opening displacement plotted versus time, with CTOD/2 numerically investigated at
the CTO-node selected (2 wm behind the crack-tip).

Fig. 8: Stress-distance profiles at different time points (dwell times) for FE model subjected to gayen =
300 MPa, OLF = 1.05 and o, = 10s.

Fig. 9: Local stress-distance profiles compared for standard dwell, 1s and 10s overload condition (guwen
=300 MPa and OLF = 1.05) (@) tawer = 30s, (b) tawer = 120s, () tawen = 300s.

Fig. 10: Crack-tip stress-time histories (o2, 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 gaw.ns = 300 MPa).
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