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Abstract 

The macro and mesoscale deformation and damage of the PM nickel-based superalloy 

FGH4098 under low cycle fatigue loading at elevated temperatures were investigated using 

both SEM/EBSD characterization and crystal plasticity finite element (CPFE) simulations. 

The results indicate that higher temperature leads to more severe macroscale damage i.e. 

larger areas of hysteresis loops and shorter fatigue life with transgranular failure mode at both 

650℃ and 750℃. The misorientation parameters derived from EBSD characterization show 

similar deformation at both temperatures, but more intense localized deformation in the crack 

initiation region at 750℃. Based on the accumulated shear-strain energy dissipation density 

and Fatemi-Socie fatigue indicator parameter, the distribution and evolution of fatigue 

damage are shown to be strongly affected by local stress-strain state and temperatures, and 

more severe and homogeneous damage is found at 750℃. The CPFE simulation results also 

show higher damage propensity, as indicated by the fatigue indicator parameters used here, in 

the vicinity of annealing twin boundaries with high difference in elastic modulus. 
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Abbreviations 

CPFE crystal plasticity finite element 

PM powder metallurgy 

LCF low cycle fatigue 

GROD grain reference orientation deviation 

KAM kernel average misorientation 

GND geometrically necessary dislocation 

HR-EBSD high resolution electron backscattered diffraction 

ASSEDD accumulated shear-strain energy dissipation density 

AOI area of interest 

IPF inverse pole figure 

CSL coincidence site lattice 

HAGB high angle grain boundary 

RSS resolved shear stress 

CRSS critical resolved shear stress 

UMAT user-material subroutine 

FIP fatigue indicator parameter 

EDD energy dissipation density 

CIS crack initiation site 

CPR crack propagation region 

FFR final fracture region 

 

1. Introduction 

   Powder metallurgy (PM) Ni-based superalloys have been widely used for turbine disks 

in high-performance aero-engines owing to their more favourable combined properties, i.e. 

higher strength at elevated temperatures, stronger resistance to fatigue, creep, oxidation and 

corrosion, compared to conventional wrought and cast Ni-based superalloys [1, 2]. Under 



 

 

service conditions, aero-engine turbine disks are exposed to harsh environments and 

subjected to complex loading conditions, including cyclic mechanical loads, thermal stress 

and vibration stress. The resulting low cycle fatigue (LCF) failure is one of the most critical 

issues that restrict the structural integrity of aero-engines. 

In order to avoid catastrophic failure of these key components, significant efforts have 

been made to study the deformation and LCF failure mechanisms of disk alloys, and to assess 

structural integrity of disk components by means of advanced experimental and simulation 

methods [3-5]. Generally speaking, the LCF behaviour of Ni-based superalloys especially in 

the regime of crack initiation and micro-crack propagation is strongly influenced by various 

grain-scale factors, such as elastic anisotropy [6], grain boundary features [7] and the 

interaction between intragranular slip and grain boundaries [8, 9]. Hence, investigation of the 

heterogeneity of deformation and damage is fundamental in understanding the role of these 

factors in LCF failure. 

With the EBSD technique, crystallographic orientation data, especially the 

misorientation parameters, can be obtained and utilized in the analysis of fatigue [10], creep 

[11, 12] and creep-fatigue interactive deformation behaviour [13]. These misorientation 

related parameters mainly include grain reference orientation deviation (GROD), kernel 

average misorientation (KAM) and derived geometrically necessary dislocation (GND) 

density, which provide significant information of local deformation and dislocation 

movement. For instance, Rui et al. [12] established a linear correlation between creep strain 

and GROD, and developed a creep damage model considering external load level and 

experiment temperature for austenitic stainless steels. Wang et al. [13] conducted semi-

quantitative creep-fatigue damage analysis of Ni-based superalloy GH4169 using KAM, 

GROD and GND, and suggested that these misorientation related parameters were consistent 

with the damage summation parameters derived from continuum damage mechanics under 

different dwell times and strain ratios. Furthermore, the correlation between these 

misorientation parameters and plastic strain was investigated by Harte [14] using high 

resolution digital image correlation. The results showed that the mean plastic strain is 

positively correlated with these misorientation parameters, but with a large scatter. In 

addition, recent advances in high resolution EBSD (HR-EBSD) allows quantification of 

elastic strain and lattice rotation based on image correlation of Kikuchi patterns and has been 

applied to comparison and validation of the simulation results [15-17]. 



 

 

Meanwhile, based on the characterization results using EBSD, finite element models 

considering realistic morphology, crystallographic orientation and microstructure features of 

the investigated alloys can be constructed [18, 19]. Based on the framework of crystal 

plasticity finite element (CPFE) method, several mesoscale slip related parameters have been 

proposed to investigate the deformation and damage under fatigue loadings, including 

effective plastic strain [5, 20, 21], accumulated shear-strain energy dissipation density 

(ASSEDD) [4, 22], the Fatemi-Socie parameter [23, 24] and the stored energy density [19, 

25]. To date, CPFE modelling in regard to deformation heterogeneity in Ni-based superalloys 

are concentrated on the effects of  grain size [26], inclusions [19, 21], annealing twin 

boundaries [6, 27] and external loads [28, 29]. However, there is limited research in 

evaluating the effect of temperature and microstructure on deformation and damage 

heterogeneity by taking advantage of CPFE simulation especially considering the realistic 

grain morphology and microstructure attributes. 

Therefore, in this study, we aim to quantitatively investigate the effect of temperature 

and microstructure on the macro and mesoscale (at grain scale) deformation and damage 

behaviour of an advanced PM Ni-based superalloy FGH4098 under LCF. Firstly, the 

macroscale stress-strain response and corresponding SEM fractography are analysed under 

different temperatures, followed by assessment using the misorientation related parameters 

obtained from EBSD characterization of fractured specimens. Then the CPFE simulations 

based on realistic grain morphology based on 2D EBSD characterization are conducted with 

both ASSEDD and Fatemi-Socie fatigue damage parameters. Finally, the effect of annealing 

twin boundaries on heterogeneity of local deformation and damage is discussed. 

2. Material and experiment methods 

2.1 Materials  

   The material used in this study is the third-generation PM nickel-based superalloy 

FGH4098 manufactured by Central Iron and Steel Research Institute. Nominal composition 

(in wt. %) of FGH4098 alloy is 11-14Cr, 18-22Co, 3-4Mo, 2-3W, 3-4Al, 3-4Ti, 2-4Ta, 0.7-

1.2Nb, 0.004O, 0.0006N, 0.00007H, Ni bal. The microstructure of this alloy consists of γ 

matrix phase and two populations of γ precipitate phase (i.e. secondary γ and tertiary γ 

precipitate). The mean size of the secondary and tertiary γ precipitates  are 310 nm and 48nm, 

respectively [30]. The grain size distribution and grain boundary features are characterized by 



 

 

EBSD analysis. Fig. 1 (a) and (c) present the Z-axis inverse pole figure (IPF) and pole figure 

of the FGH4098 alloy respectively, indicating there is no obvious texture in this material. Fig. 

1 (b) shows the grain boundary and coincidence site lattice (CSL) boundary map, in which Σ3 

annealing twin boundaries are marked with red lines and account for 32.9% of the total 

boundary while high angle grain boundaries (HAGB) are plotted in black lines. The grain 

size obeys lognormal distribution approximatively and the mean value is 33.0 μm, as shown 

in Fig. 1 (d). 
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Fig. 1 (a) EBSD map of FGH4098 alloy with IPF colour. (b) Grain boundary and CSL 

boundary map. (c) {100}, {110}, {111} pole figures. (d) Grain size distribution. 

2.2 Low cycle fatigue tests  

The dimensions of the LCF specimen employed here is shown in Fig. 2 (a). The LCF 

tests were conducted on a MTS Landmark370 testing machine under strain control according 



 

 

to ASTM E606 standard. A MTS Model 632.51F-04 high temperature mechanical 

extensometer positioned at the gauge section measured strain value. The extensometer has a 

gage length of 12 mm and strain range from +20% to -10%. The strain range was set as 0.78% 

with a ratio of 0.05 and a 1-1-1-1 trapezoidal loading waveform was applied, as shown in Fig. 

3. The strain rate is 0.78%/s during the loading and unloading stage. Four specimens were 

machined and two specimens each tested at 650℃ and 750℃, respectively, in the air 

environment. 

2.3 SEM and EBSD characterizations  

After LCF tests, one of the fractured surfaces was used for SEM analysis, while the 

other one was cut along the longitudinal and transverse plane for EBSD measurements. It 

should be noted that, the longitudinal plane was cut parallel to the crack propagation direction 

from the crack initiation site with the assistance of predetermined marks, and transverse plane 

was cut about 5 mm away from the fracture surface avoiding severe deformation induced by 

final fracture. Two regions were selected as areas of interest (AOI), as illustrated in Fig. 2(b). 

AOI 1 in the centre of the transverse plane was selected to evaluate overall deformation level, 

while AOI 2 near the crack initiation site was aimed at studying local deformation in the 

crack initiation and propagation regime at different temperatures. The specimens were ground 

using grit sandpapers from #400 to #5000, and then electropolished for 10 s using a solution 

of 10 ml perchloric acid and 90 ml ethanol. EBSD measurements were performed on a Zeiss 

Gemini 300 field emission gun SEM equipped with an Oxford EBSD detector. In order to 

exclude the effects of EBSD acquisition parameters on misorientation related data of different 

specimens, a series of unified parameters were applied, i.e. 20.0 kV accelerating voltage, 60 

μm aperture and 0.5 μm step size. Finally, the EBSD data was processed by Aztec Crystal 

software and open source toolbox MTEX [31], and the KAM and derived GND density maps 

were calculated with a 33 kernel size. 



 

 

0.03 A-B

3229

90

R
1
5

0.02

BA

0.4

0
.8

0
.8

0.03 A-B

2
-M

1
4

-6
g

? 6.0±0.02

1×45°

Φ

Φ

 

Fig. 2  (a) Dimensions of LCF specimens (in mm), and (b) Schematic diagram of 

fractured specimen with sectioning planes showing position for EBSD characterization. 
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Fig. 3 Schematic diagram of the 1-1-1-1 trapezoidal loading waveform. 

3. Crystal plasticity finite element modelling 

3.1 Kinematics and kinetics 

The rate dependent crystal plasticity constitutive model is developed based on the 

framework proposed by Huang [32]. It should be noted that inelastic deformation may be 

driven by dislocation slip, twinning, diffusion and grain boundary sliding [33-35]. For the 

limited loading level along with short loading period at elevated temperatures in the current 

study, crystallographic slip dominates the plastic deformation and damage. Plastic flow is 

assumed as a result of crystallographic slip, therefore. 



 

 

The total deformation gradient F  can be decomposed by multiplicative decomposition: 

 e pF F F  (1) 

where eF  is the elastic portion accounting for deformation caused by stretching and rotation 

of the crystal lattice, and pF is the plastic portion accounting for crystallographic slip.   

The velocity gradient L is given by: 

 1 1 1 1e e e p p e          L F F F F F F F F  (2) 

 , ,e p e p     L D Ω D D D Ω Ω Ω  (3) 

where D and Ωare the symmetric rate of stretching tensor and antisymmetric spin rate tensor, 

respectively. eD  and pD are the elastic and plastic part of D , while eΩ and p
Ω are the elastic 

and plastic part of Ω . 

pF  is related to the shear strain rate on specific slip systems [34, 35]: 
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where 
 , 

s  and m are respectively the shear strain rate, unit slip direction vector and slip 

plane normal vector of the slip system   in the reference configuration. *s and *
m are the 

slip direction and normal direction of the slip plane for the slip system   in the deformed 

lattice, respectively. N  is the number of active slip systems, which is 12  for {111}<110> 

octahedral slip systems in this study. 

The elastic constitutive law is given by [34]: 
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where e


τ and 


τ are the Jaumann rate of Kirchhoff stress according to eΩ and Ω respectively, 

while τ is the material stress rate. C is the tensor of elastic moduli, which consists of three 

dependent constants (i.e. 11C , 12C and 44C ) for face-centred cubic materials [36]. 

The shear strain rate is described by a viscoplastic phenomenological power law [37] : 
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where 0  is the reference shear strain rate, n is the rate sensitivity exponent. 
 , 

c

 and


are the resolved shear stress (RSS), critical resolved shear stress (CRSS) and backstress of the 

slip system , respectively. The RSS on the slip system is calculated based on Schmid’s law. 

 * * :       m τ s P τ  (12) 

  detτ F σ  (13) 

where τ  is the Kirchhoff stress and can be calculated by the Cauchy stressσ .  

The isotropic hardening/softening is described via the evolution of CRSS following 

Voce type function [38, 39]: 
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where 
 , h and h are Kronecker delta, self and latent hardening modulus respectively,   

is the sum of the accumulated plastic slip on all slip systems. q  is the ratio of latent hardening 

moduli to self hardening moduli and ranges from 1 to 1.4 usually [34]. It is set to 1 in this 



 

 

study according to Ni-based alloy GH4169 in literature [40]. 0h , 0 and s are the initial 

hardening moduli, the initial and saturated value of CRSS, respectively. 

The non-linear kinematic hardening is characterized by Armstrong-Frederick [41] type 

backstress, which is widely used in crystal plasticity constitutive model to account for 

Bauschinger effect. 

 C D         (16) 

where C and D are direct hardening moduli and dynamic recovery coefficient respectively. 

The crystal plasticity constitutive model above has been implemented in 

ABAQUS/Standard by user-material subroutine (UMAT). 

3.2 Constitutive parameters calibrations  

Uniaxial  FGH4098 alloy LCF data which was obtained from LCF tests with a strain 

range of 2% and a strain ratio of -1 was selected to calibrate constitutive parameters at 650℃ 

and 750℃, and can be found in our previous study [30]. On account of huge computational 

time consumption of CPFE simulation, a representative volume element (RVE) consisting of 

512 cubic grains with 27 C3D8 elements per grain was generated to conduct parameter 

calibration, which balances equivalence and efficiency [42], as shown in Fig. 4(a). The 

detailed verification of effectiveness for cubic RVE in obtaining stress-strain response and 

convergence analysis of element size is shown in Fig. A. 1 and Fig. A. 2. Grain orientations 

were selected from EBSD measurement data, and almost randomly distributed due to texture-

free attribute of this material as shown in Fig. 4 (b). The periodical boundary constraints are 

assigning on the opposite faces of the RVE by Python scripts. Then the average stress-strain 

responses were extracted from the master point to fitting experiment data using “trial-and-

error” method by minimizing the difference between experimental and simulated strain-stress 

curves [40]. There are ten parameters in total including three elastic constants, two rate 

dependent, three isotropic and two kinematic parameters to be determined. First of all, elastic 

constants are obtained by fitting the macro elastic modulus according to Equation.(17) [36, 

43]. And E , and A  are elastic moduli along <100> direction, Poisson ratio and anisotropy 

coefficient for crystal Ni respectively. It should be noted that elastic anisotropy plays an 

important role in strain localization and is correlated with A . When A  equals 1, the material 

is isotropic. The anisotropy coefficient A  is set as 2.57 here according to literature [36]. Next, 



 

 

rate dependent parameters are determined by fitting the stress relaxation behaviour during the 

dwell period [44]. Then isotropic and kinematic hardening parameters are determined by 

fitting experimental hysteresis curves [45]. The comparison between experimental and 

simulated strain-stress curves at 650℃ and 750℃ is shown in Fig. 5, indicating a good 

agreement. The obtained parameters are listed in Table 1.  
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Fig. 4 (a) Cubic RVE used for parameter calibration. The colours represent different 

crystallographic orientations. (b) The IPF for orientation of grains in the cubic RVE along x 

axial. 

-0.010 -0.005 0.000 0.005 0.010
-1500

-1000

-500

0

500

1000

1500

T
ru

e 
st

re
ss

 (
M

P
a)

True strain

 650℃-experiment

 650℃-simulation

 750℃-experiment

 750℃-simulation

 

Fig. 5 Comparison between experimental and simulated strain-stress curves at 650℃ 

and 750℃. The experimental data can be found in the previous study [30]. 



 

 

Table 1 Constitutive model parameters for FGH4098 at 650
o
C and 750

o
C. 

Parameter Unit 650
o
C 750

o
C 

11C  MPa 185621.8 183057.3 

12C  MPa 109016.0 107509.8 

44C  MPa 98438.5 97078.5 

0  1s  0.001 0.001 

n  - 40 30 

0  MPa 300 250 

s  MPa 310 260 

0h  MPa 600 600 

C  MPa 96000 150000 

D  - 600 1000 

 

3.3 Polycrystalline aggregate models and fatigue indicator parameters 

A polycrystalline aggregate orphan mesh model with an area of 400400 μm2 

containing 549 grains was reconstructed via reading the EBSD file with software Dream.3D 

[46]. Due to lacking subsurface grain morphology and orientation data, a simplified Quasi-3D 

model containing 160000 C3D8 elements with one element in the direction perpendicular to 

the surface was established, as schematically shown in Fig. 6. The element size is 1μm, 

which is surmised to be small enough to capture grain boundary and local microstructure 

features. Since the finite element model is based on the real microstructure of FGH4098, the 

effects of grain size, annealing twin boundary and texture on deformation behaviour can be 

taken into consideration all together. Different from the RVE in Section 3.2 to consider 

convergence of average stress-strain response, the polycrystalline aggregate here is aimed at 

investigating mesoscale deformation and damage. According to the study by Prithivirajan and 

Sangid [5], minimum number of grains within the polycrystalline aggregate to obtain reliable 

estimates of mesoscale mechanical fields and  corresponding fatigue lives is about 200. 

Therefore, it can be deduced that the polycrystalline aggregate here is large enough to reflect 

microstructure features and mesoscale field quantities in a statistical sense. The constitutive 

model parameters in Table 1 and mean crystallographic orientations obtained from EBSD 

measurement were assigned to each grain by Python script. The left, bottom and back surface 



 

 

of the model were fixed in the x, y and z direction respectively to remove rigid body 

displacement, and the uniformly distributed external load was imposed on the right surface 

which was consistent with the LCF testing conditions. Considering intensive computational 

consumption, most CPFE modelling under cyclic loading in literature is limited to several 

cycles [5, 6, 19]. Hence, only 15 cycles were modelled here which allowed the deformation 

to reach the stabilized state to reveal the heterogeneity of mesoscale parameters. 

Load

x

y

 

Fig. 6 Finite element model and boundary conditions of the FGH4098 alloy with an area 

of 400400 μm2. The colours represent different crystallographic orientations. 

Under the framework of CPFE, mesoscale parameters such as shear strain, RSS, and 

normal stress on specific slip systems can be combined to form fatigue indicator parameters 

(FIPs) which represent the driving forces for fatigue crack nucleation and microstructurally 

small crack growth [3, 19]. Two FIPs are introduced in present study to evaluate the the 

possibility of fatigue failure at grain scale. The first one is the ASSEDD  proposed by 

Korsunsky [22] and can be expressed as 
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pW dt 
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in which  and 
  are the RSS and shear strain rate on the slip system  , N is the number of 

all active slip systems. 

The second metric is developed by McDowell and his co-workers [23, 24, 47], based on 

the critical plane method proposed by Fatemi and Socie [48] , and given by 
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 n

     m σ m  (20) 

where max

p  is the maximum range of cyclic plastic shear strain on the specific slip system, 

max

n  is peak stress normal to the slip plane, y  is the yield strength and k is a constant that 

controls the influence of normal stress, which is set as 0.5 [24]. Normal stress on the slip 

system   can be calculated by Eq.(20), in which m  is the unit normal vector of the slip 

plane and σ  is the stress tensor at the integrate points of each element. 

4. Results and discussion 

4.1 Macro deformation and fractography analysis 

Results of low cycle fatigue tests are presented in Table 2. The cyclic stress-strain 

behaviours of the FGH4098 alloy at 650℃ and 750℃ are shown in Fig. 7. The peak and 

valley stresses are plotted in Fig. 7 (a) as a function of the number of cycles, and experience a 

stabilized state after undergoing cyclic softening at the early stage of fatigue loading, until 

entering the final fracture regime. Hence, stress-strain hysteresis loops and stress-time curves 

in the mid-life cycle are selected to comparatively study the effects of temperatures on macro 

mechanical behaviour. The hysteresis loops of all specimens are quite thin and narrow, 

manifesting limited plastic deformation. The area of stress –strain hysteresis loops at 750℃ 

are larger than that at 650℃, with lower peak stress values, owing to material softening at 

higher temperature. Unlike the obvious stress relaxation at a trapezoidal wave loading with a 

2% strain range and strain ratio of -1 in previous study [30], there is no obvious stress 

relaxation found in current study maybe due to the lower load level. 

The area of a hysteresis loop is the energy dissipation density (EDD) per cycle, which is 

widely used as a macro fatigue criterion for life prediction and can be calculated according to 



 

 

Eq.  (21). Generally, only the plastic strain in total strain range contributes to damage in low 

cycle fatigue, and just a part of total energy dissipation works in damage [49]. However, as 

discussed by Korsunky [22], this part depends on total EDD as well, this parameter is 

therefore selected to evaluate macroscale deformation and damage. Fig. 8 shows the 

evolution of EDD per cycle as well as the accumulated values over fatigue cycles. Due to the 

fluctuation of stress-strain hysteresis loops during cyclic loading, the EDD values from 250
th

 

cycles to mid-life cycles are averaged to obtain stabilized values, which are summarized in 

Table 2. The accumulated EDD calculated by Eq.(22), increase almost linearly in that EDD 

per cycle varies slightly above and below the mean value. The stabilized EDD can reasonably 

explain that higher temperature leads to more damage at the same strain level and shorter 

fatigue life, as given in Table 2.  
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Fig. 7 (a) Peak and valley stress against number of cycles with a strain rate of 0.78%/s 

during the loading and unloading stage. (b) Stress-strain hysteresis curves and (c) stress-time 

curves in the mid-life cycle (i.e. 20000
th

, 7000
th

, 5000
th

, 3000
th

 for #650-1, #650-2, #750-1, 

#750-2 respectively). 
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Fig. 8 (a) Strain energy dissipation density and (b) accumulated energy dissipation 

density against number of cycles. 

Table 2 Results of LCF tests. 

Number max /MPa min /MPa 
Fatigue life 

/cycle 

3/ ( )stablizedw MJ m  

#650-1 974 -503 34062 0.2873 

#650-2 964 -473 13703 0.2410 

#750-1 926 -438 9841 0.3649 

#750-2 866 -510 5519 0.3304 

SEM fractographic images of all tested specimens are shown in Fig. 9. As a result of the 

colour differences induced by oxidation at high temperature, the fracture surfaces can be 

evidently divided into three regions, i.e. crack initiation site (CIS), crack propagation region 

(CPR) and final fracture region (FFR) indicated in Fig. 9. It can be seen from Fig. 9 that 

fatigue cracks mainly initiate and propagate transgranularly (although the crystallographic 

facets are not as evident as observed at room temperature), indicating that slip deformation is 

the dominant failure mechanism at the investigated loading conditions for both temperatures, 

which is in line with CPFE theory above. 
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Fig. 9 SEM fractographic images of FGH4098 specimens at 650℃ and 750℃: (a) #650-

1, (b) #650-2, (c) #750-1, (d) #750-2. 

4.2 Assessment of misorientation parameters 

In order to evaluate the influence of temperatures on global and local deformation, four 

AOI selected from #650-2 and #750-2 specimens are used for EBSD characterization as 

illustrated in Fig. 2 (b). The KAM is calculated based on local misorientation of neighbour 

pixels in grains representing the local lattice orientation rotation, and serving as an indicator 

of plastic deformation [9, 31]. Fig. 10 shows the crystallographic morphology, KAM and 

GND density distribution of specimen #650-2. Both KAM and GND density are distributed 

heterogeneously, owing to the varying grain orientations and grain boundary characters in the 

polycrystalline structure. However, the KAM legend has a peak value of 2, which 

demonstrates the limited plastic deformation in both regions. As to the AOI2, a slightly 

higher KAM value can be found along the crack surface and free surface on the left side. 

Similar KAM and GND density distribution features are also found for specimen #750-2 as 

shown in Fig. 11. In order to quantify the influence of temperatures on deformation 

characteristics, histograms of KAM and GND density are drawn in Fig. 12. KAM and 

corresponding GND density values in AOI 2 are obviously higher than those in AOI 1 due to 

more severe deformation at the crack initiation site at the same temperature. Those 

misorientation parameters in the AOI 1 at 650℃ are roughly similar to those at 750℃ 

(slightly higher). However, for the AOI 2, the KAM and GND density values at 750℃ are 

evidently higher, reflecting increased local deformation and damage, and thus contributing to 

shorter life times (compared to 650℃). 
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Fig. 10 IPF map, KAM map and GND density map of specimen #650-2 for (a)-(c) AOI 

1 and (d)-(f) AOI 2. 
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Fig. 11 IPF map, KAM map and GND density map of specimen #750-2 for (a)-(c) AOI 

1 and (d)-(f) AOI 2. 
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Fig. 12 Histograms of (a) KAM and (b) GND density in two regions at 650℃ and 750℃. 

4.3 Quantitative assessment of FIPs 

In the polycrystalline aggregate, grains are anisotropic in both elasticity and plasticity 

due to different crystalline orientations, and then can be categorized as hard grains and soft 

grains [50]. Fig. 13 (a) shows the elastic modulus map along the loading direction, i.e. x-axis.  

Elastic moduli of each grain along any orientation  ijk  can be calculated using the 

compliance matrix and the mean crystallographic orientation of each grain [51, 52]: 
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where 
11S ,

12S ,
44S  are compliance constants and can be calculated from elastic constants in 

Table 1 by matrix inversion operation. And 1il , 2jl and 3kl are the direction cosine of  ijk in the 

crystal system. Converting the unit vector in the load direction from the global system to the 

crystal system, elastic moduli along this direction of each grain can be obtained, which has 

been integrated into in-house codes in MTEX [31]. 

The blue colour represents low elastic modulus corresponding to soft grains, while the 

yellow colour corresponds to hard grains conversely. These hard-soft combinations lead to 

heterogeneous distribution of stress and strain, as shown in Fig. 13 (b) and (c). Contour plots 

are processed by Python scripts with a jet spectrum. Harder grains take on higher stress and 

lower strain level. Obvious stress concentration can be found at grain boundaries, annealing 



 

 

twin boundaries and triple points resulting from deformation mismatch of these highly 

misoriented neighbouring grains. 
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Fig. 13 (a) Elastic modulus map along the loading direction. Contour plots of (b) Mises 

stress and (c) strain component in the loading direction at the maximum applied load after 15 

fatigue cycles at 650℃. 

Two FIPs are selected to evaluate the influence of temperature on deformation and 

damage levels, as described in Section 3.3. They both consider the combined influence of 

strain and stress components rather than strain only, compared with the accumulated plastic 

strain. Fig. 14 (a) and (b) show the ASSEDD after 15 cyclic loadings at 650℃ and 750℃, 

respectively, while Fig. 14 (d) and (e) show the field distribution of Fatemi-Socie parameter. 

These two FIPs at different temperatures are plotted with the same legend for direct 

comparison. Both the ASSEDD and Fatemi-Socie parameter predict severer slip deformation 

and damage at higher temperature, resulting in higher propensity of fatigue failure. In order to 

quantify the heterogeneity of deformation and damage, the FIPs are normalized by the mean 

values, and the corresponding histograms are plotted in Fig. 14 (c) and (f). The value of two 

FIPs in each integrate point, which are predefined in UMAT, are extracted from calculative 

results of ABAQUS/Standard. Then the mean value and normalized FIPs are calculated for 

both 650℃ and 750℃. The histograms show the distribution of normalized FIPs at 750℃ are 

more homogeneous than that at 650℃, suggesting a larger population of grains control the 

fatigue life. The hot spots predicted by the two FIPs are consistent in general and mainly 

observed in the vicinity of grain boundaries and annealing twin boundaries. 



 

 

(d) (e)

FSP

650 oC 750 oC

3( / )pW MJ m

650 oC(a) 750 oC(b)

0.1 1 10
0.00

0.05

0.10

0.15

0.20

0.25

F
re

q
u
en

cy

Normalized Wp

 650℃
 750℃

mean value
(c)

0.1 1 10
0.00

0.05

0.10

0.15

0.20

0.25

F
re

q
u
en

cy

Normalized PFS

 650℃
 750℃

mean value
(f)

x

y

 

Fig. 14 Contour plots of ASSEDD (a) at 650℃, (b) at 750℃, Fatemi-Socie parameter (d) 

at 650℃, (e) at 750℃ after 15 cyclic loadings. Histograms of (c) the normalized ASSEDD 

and (f) Fatemi-Socie parameter in the stabilized cycle. 

It should be noted that, the Fatemi-Socie parameter is calculated in the stabilized cycle, 

while the ASSEDD is obtained by integration throughout the cyclic loadings. Hence, the 

ASSEDD can be used for assessment of deformation and damage evolution during cyclic 

loadings. Four hot spots in different positions undergoing diverse stress states are selected, as 

shown in Fig. 15 (a). The ASSEDD is plotted as a function of the number of cycles at 650℃ 

and 750℃ in Fig. 15 (b) and (c), respectively. It can be seen that the ASSEDD increase 

nearly linearly with the number of cycles. The ASSEDD growth rates at hot spots with 

different positions are disparate, and much higher numerically at 750℃ than that at 650℃. 

Furthermore, even though in the same position, the growth rates are somewhat different 

owing to the various distribution and evolution of stress-strain states at mesoscale resulting 

from different constitutive parameters at the two investigated temperatures. 
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Fig. 15 (a) Schematic locations of selected hot spots. ASSEDD versus cycles for four 

hot spots at (b) 650℃ and (c) 750℃. 

4.4 Effect of annealing twin boundaries 

Annealing twin boundaries are prominent features in PM Ni-based superalloys formed 

during heat treatment processing due to the low stacking fault energy of Ni-based superalloys 

and play an important role in crack initiation [53, 54]. Generally, in the scenario of natural 

fatigue crack initiation without inclusions or artificial micro-notches, cracks are prone to 

initiate in large favourably oriented grains in the vicinity of annealing twin boundaries [55-

57]. Moreover, Σ3 twin boundary is parallel to {111} slip plane and elastic anisotropy 

induced by twin and parent grain pairs contribute to the stress-strain concentration and 

potentially fatigue failure [6, 7, 58]. There is a threshold value for the difference in elastic 

modulus, below which no crack initiation will occur [7]. Hence, a typical twin and parent 

grain pair with high difference of elastic modulus in the polycrystalline aggregate is selected 

for detailed analysis, as shown in Fig. 15 (a) and Fig. 16 (a). The twin and parent grain 

orientations are plotted on IPF maps of elastic modulus and Schmid factor contours, as shown 

in Fig. 16(b) and (c).  Fig. 17 shows strain component    , ASSEDD and Fatemi-Socie 

parameter at 650℃ after 15 cyclic loadings along the path P-P depicted in Fig. 16(a). It can 

be seen that, the peak value of normal strain component occurs slightly offset the twin 

boundaries on the elastically soft side. Similar distribution of ASSEDD and Fatemi-Socie 

parameter can be found along the path, i.e. high damage values take place in the vicinity of 

twin boundaries, which is consistent with the SEM-DIC experiment results in literature [7, 57, 

59]. 
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Fig. 16 (a) A typical large grain containing annealing twin boundary. The corresponding 

{111} slip traces of the twin and parent grain pair are plotted with different colours, with the 

length of lines representing relative magnitude of Schmid factors. Iso-curves of (b) the elastic 

modulus (c) Schmid factors of the {111}<110> slip systems along the loading direction. 
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Fig. 17 (a) Strain component     (b) ASSEDD and (c) Fatemi-Socie parameter along the 

path P-P depicted in Fig. 16 (a) at 650℃ after 15 cyclic loadings. Vertical dotted lines 

represent the position of twin boundaries. 

5. Summary and conclusions 

In this study, the low cycle fatigue behaviour of a PM Ni-based superalloy FGH4098 

was investigated by EBSD analysis and CPFE simulation at 650℃ and 750℃. Key findings 

of this research are summarized as follows: 

(1) In regard to macro deformation under LCF, specimens at 750℃ possess higher 

plastic deformation, i.e. higher EDD value, resulting in shorter fatigue life than that at 650℃ 

under the same strain load level. 

(2) The KAM and derived GND density distribution of specimens tested at 650℃ and 

750℃ are similar in the centre of the transverse plane. However, in the crack initiation 

regions the specimen tested at 750℃ exhibits higher KAM and GND density values. 



 

 

(3) Two FIPs, ASSEDD and Fatemi-Socie parameter, are introduced into CPFE 

frameworks and confirmed higher and more homogeneous LCF deformation and damage at 

750℃ compared to those at 650℃. The evolution rates of ASSEDD at hot spots with various 

stress states are different, and higher rates are found at higher temperatures.  

(4) More intense deformation and damage are found in the soft side of the twin and 

parent grain pair, and slightly offsets the annealing twin boundaries. 
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Appendix  

To verify the effectiveness of the cubic RVE in macro stress-strain response, a RVE 

with explicit microstructure, i.e. varying grain size, was established using Dream.3D software 

[46], as shown in Fig. A. 1. The grain size obeyed log- normal distribution whose mean value 

and standard deviation are given by 3.278   and 0.63  according to the EBSD 

characterization result in Fig. 1 (d). The corresponding grain orientation data are also 

obtained from EBSD results to ensure texture free attribute, as shown in Fig. 4 (b). The RVE 

in Dream.3D has a dimension of 360 μm 360 μm 360 μm, which contains 393 grains and 

46656 C3D8 elements and proved to be large enough to obtain an effective response [28].   

The cubic RVEs containing 512 grains are meshed with different numbers, as shown in 

Fig. A. 1. The stress-strain response under a uniaxial tensile load for different models is 

plotted in Fig. A. 2. It can be seen that with the refinement of mesh, the response converges 



 

 

gradually. There is little difference between RVE meshed with 333 elements and 444 

elements. What’s more, the cubic RVE meshed with 333 elements shows good agreement 

with the RVE in Dream.3D. 

(a) (b) (c)

(d) (e) (f)

 

Fig. A. 1 (a) RVE modelled in Dream.3D with explicit grain structure. (b) Geometrical 

model of cubic RVE and meshed models with (c) 111 element, (d) 222 elements, (e) 

333 elements and (f) 444 elements per grain. 
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Fig. A. 2 the stress-strain response of RVE with different models under a uniaxial tensile 

load. 
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