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Abstract
In this paper, a dual-scale modelling approach is developed to investigate
creep-fatigue behavior and predict crack initiation life for holed structures under
multi-axial stress state. The macro-scale simulation supplies local deformation
histories to the dual-scale simulation as boundary conditions. In the dual-scale
simulation process, the micro-mechanical behavior and damage evolution are

described by using crystal plasticity. In order to validate the dual-scale simulation
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procedures, a series of creep-fatigue tests as well as the post-test characterizations
were carried out for nickel-based Inconel 718 at 650 °C. The detailed results of
macro- and micro-scale simulations are presented in terms of stress-strain behavior,
damage evolution and life prediction. Regarding the macro-scale simulations as the
benchmark, it may provide an assistant support and precognition for the micro-scale
damage calculation at higher cycles. The predicted cycle numbers to crack initiation
are in agreement with the experimental ones. More advantages are manifested in the
potential scientific and engineering significance for the dual-scale modelling
approach.
Keywords: Creep-fatigue; Holed specimen; Dual-scale modelling; Crystal plasticity;
Life prediction
1 Introduction

Nickel-based superalloys which have outstanding performances at high
temperatures are widely used for critical components in aero-engine system, such as
compressor aerofoils, shafts and turbine disks. Under such circumstances of unevenly
distributed cyclic-thermal-loads, taking off and landing lead to inevitable fatigue
damage, and keeping work at a nearly stable temperature results in creep damage in
cruise stages [1, 2]. In order to avoid unexpected failure of turbine disks, much
attention should be paid on the fatigue damage along with the interaction of creep
damage, which is referred to as creep-fatigue [3]. Moreover, considering ventilation
and mechanical joint, it is inevitable to introduce geometric discontinuities (i.e.,

bolted holes, mortises, etc.) into turbine disks. In particular, the distributed bolted
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holes are regarded as weak positions to induce the priority failure due to the
complicated loading conditions, where fretting fatigue is considered as to be one of
the major failure mechanisms [4, 5]. The noticeable stress concentration and severe
stress gradient present near the root of bolted holes, resulting in material degradation
and facilitating crack initiation. Thus, a reliable life time assessment on the holed
structures is necessary to guarantee the safety of parts under in-service conditions.
Different from uniform specimens, the descriptions of cyclic deformation behavior
as well as damage evolution for the geometrically discontinuous structures need the
supports from finite element method (FEM), which is a robust tool to realize real-time
damage estimations [6-8]. In this aspect, reasonable selections for cyclic constitutive
model and the corresponding damage model determine the prediction accuracies in
deformation behavior and creep-fatigue life. From the perspective of macro-scale, the
continuum damage mechanics (CDM) is widely employed in single-factor-driven
creep/fatigue damage [9-11], or complicated creep-fatigue interaction [1, 12, 13] due
to low computational cost and easy implementation. The fundamental principles of
creep-fatigue life prediction are to consider fatigue and creep damages separately, and
to subsequently adopt a suitable summation criterion for taking their interactions into
account [14]. As for fatigue damage, several models based on critical plane/distance
theory were proved to be one of the best-choice methodologies for investigating
geometrical discontinuity effect [15, 16]. Nevertheless, researchers found that the
energy-based models can provide a more accurate prediction for fatigue life since the

effects of local stress and strain fields at the critical positions were considered
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simultaneously [17, 18]. As for creep damage, the strain energy density exhaustion
(SEDE) models have been argued to be more reliable than stress-based time fraction
model [19] or strain-based ductility exhaustion model [20] in multi-axial damage
estimations [21, 22]. Although the macro-scale models were in accord with damage
assessments and life design requirements, the profound understanding for the
microstructure evolution and crack initiation mechanism may not be comprehensively
revealed. Therefore, crystal plasticity finite element (CPFE) regarding as an
alternative approach was proposed and used in recent decades [23-26]. In such
framework, the concept of fatigue indicator parameters (FIPs) was firstly introduced
by Manonukul and Dunne [24], and many scholars devoted themselves to applying
the proposed FIPs to predict fatigue crack initiation [27, 28]. Among them, the
energy-based FIP can reflect the accumulated energy dissipation history and provide
more accurate predictability for fatigue life. Adapted from the concept of FIP, various
fretting fatigue indicator parameters (FFIPs) have been proposed and applied to
predict the fretting fatigue crack initiation life [29-31]. For instance, McCarthy et al.
[29] used the accumulated plastic slip to predict the crack initiation life and found the
prediction accuracy of the model using crystal plasticity to be superior compared to
that using J> plasticity. Also, it can further reveal some physical mechanisms for
fatigue crack initiation. Wan and Cuddihy et al. [32] found that grain boundaries were
the most likely locations for fatigue crack initiation hotpots identified using stored
energy criterion. Chen and Dunne et al. [33] revealed that the highest energy-based

parameter was closely related to the experimental fatigue crack initiation sites, as

Page-4-



compared to other FIPs. Su et al. [34] found that the equivalent plastic strain was
effective for predicting fretting fatigue crack initiation location sits within specimens,
which is consistent with the in-situ experimental observations. However, few studies
focused on the descriptions of creep damage and the following creep-fatigue life
prediction with the aid of the CPFE simulation. In order to address this problem, the
accumulated energy dissipation was firstly extended as creep indicator parameter (CIP)
to calculate creep damage during hold period. In such a case, the combination of FIP
and CIP based on the accumulated energy dissipation was proposed and successfully
improved the prediction of creep-fatigue crack initiation life [35]. This work is an
extension of Ref. [35] to improve the applicability and the robustness for the life
prediction approach.

The traditional representative volume element (RVE) model is no longer suitable
for describing local stress and strain gradient fields caused by the geometric
discontinuity effect. Even for specimen-level holed structures, the CPFE theory is still
difficult to support full-field micro-scale simulation and subsequent analysis due to
the considerable increase in computational cost [36]. Thus, with the combinations of
the macro- and micro-scale models, dual-scale modelling approach has been
developed in some opening literatures [37, 38]. It provides a flexible strategy for the
linking the macro-deformation fields with the micro-mechanical response. Herein,
several techniques can be applied to bridge the length scales, the respective
introductions of which are listed as follows. The methodology of the first modelling

technique is to transform the displacement fields of the global model to sub-model as
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a boundary condition for the CPFE simulation [39, 40]. The embedded modelling is
introduced as the second technique, where the CPFE model is employed at locally
weak positions and a simple elastic-plastic model is employed in the matrix outside
the micro-scale model [37, 38, 41]. Afterwards, in order to avoid the computational
singularity at the interfaces between macro- and micro-scale models, a single crystal
FE model was employed in the global matrix instead of the previous elastic-plastic
model, which is regarded as the third technique [42]. As discussed above, although
dual-scale modelling approaches have been proposed in open literatures [36-42], the
specific dual-scale modelling approach has not been implemented in the creep-fatigue
context to reveal creep-fatigue crack initiation mechanisms and predict crack
initiation life under multi-axial stress state.

In this work, a dual-scale modelling approach is developed to describe the damage
evolution and predict the crack initiation life for the holed structures subject to
multi-axial stress loading scenario. More specifically, the macro-scale framework with
regard to the same object is regarded as a benchmark, enhancing the understanding of
the feasibility for the investigated dual-scale FE simulation. The paper is structured as
follows. Section 2 introduces the experimental methodology, which includes the
early-stage preparations, mechanical tests and post-test examinations. Non-unified
(NU) and CP models are two mainstream numerical procedures in this work, as
elaborately described in Section 3. The FE modelling description and simulation
implementation aiming at the holed structures are given in Section 4. Afterwards, both

experimental and simulated results are exhibited in Section 5. Section 6 discusses the
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creep-fatigue damage evolutions and life prediction capacities, and Section 7
concludes the main findings of this work.

2 Experimental methodology

2.1 Preparation of specimens

The precipitation-enhanced nickel-based Inconel 718 can maintain its superior
mechanical properties at the elevated temperatures. Another characteristic of the
superalloy is that the distributions of the three main microstructure phases (Nis(Al, Ti)
(y") precipitate, NisNb (y") precipitate and NisNb (o) phase) in the y matrix are
particularly sensitive to the heat treatment process. Therefore, the standard heat
treatment with the most optimized technological parameters was adopted to the
common industrial practice for this material. The detailed steps of the heat treatment
contained one-stage solid solution and two-stage aging treatments following the
previous works [2, 35], as schematically shown in Fig. 1.

The uniaxial round bar specimens with the gauge-length of 30 mm and the diameter
of 8 mm were tested on the MTS model 809 A/T testing system to obtain the
fundamental fatigue and creep-fatigue properties. The central circular hole specimens
with thickness of 4 mm and hole diameter of 10 mm were selected to imitate actual
bolt holes in turbine disks. The geometric shapes and dimensions of both specimens
are shown in Table 1. The gauge sections of all uniaxial and holed specimens were
finely polished up to remove the machining residual stress.

2.2 Creep-fatigue tests

A series of creep-fatigue tests were carried out at 650 °C for the specimens with and
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without a central hole. The selected temperature was considered as an upper-limited
in-service temperature for the turbine disks made by Inconel 718 as the strengthening
y" precipitation heavily transforms to the equilibrium & phase at that temperature.
Considering the severe degradation in mechanical performance of the alloy above
650 °C, it was of great indicative significance to predict the creep-fatigue life for the
material at the investigated temperature of 650 °C. The detailed parameters in
creep-fatigue tests for Inconel 718 are summarized in Table 1. Specimens Ul to U10
represented uniaxial specimens and specimens H1 to H8 were holed specimens, all of
which were subjected to global strain-controlled mode within the gauge section, as
shown in Fig. 2. Specimens U1 to U10 were used to calibrate the material parameters
in NU and CP constitutive models, while specimens H1 to H8 were used to explore
the creep-fatigue behavior under multi-scale stress state with the aid of the dual-scale
modelling approach. The trapezoidal loading waveforms were selected for the
creep-fatigue tests with a unified strain ratio, R.=0. For holed specimens, the total
strain ranges, A, were selected to be 0.3% and 0.4% and hold times, t,, under each
Aer were selected to be 0's, 60 s, 300 s and 1800 s, as listed in Table 1. In order to
monitor and control the global axial strain, two ceramic rods of the high-temperature
extensometer were symmetrically attached onto the gauge section of each specimen,
which was heated by a MTS model 653 high-temperature furnace, as shown in Fig. 2.
The nominal temperature of this furnace ranges from 100 <C to 1400 <C and the
control point stability was roughly #1 <C. The high-temperature furnace and

temperature monitor in the temperature measurement system were used to monitor
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and control the temperature field during creep-fatigue tests, respectively. Clamping
heads were equipped with a water-cooling system to prevent overheating and ensure
the stability of the clamping force. Prior to the tests, the operation system and
temperature measurement system were calibrated to ensure the validity and accuracy
of high-temperature tests.
2.3 Microstructure characterization

Prior to creep-fatigue tests, a cubic-shaped sample (4 mm x4 mm <4 mm) was
extracted from the heat treated material to obtain initial microstructure using electron
backscatter diffraction (EBSD). Subsequently, the fracture appearances were observed
by scanning electron microscope (SEM) to identify hold time effect on crack initiation
mechanisms by comparing specimens H5 (A&=0.4 %, th=0 s) and H8 (A&=0.4 %,
th=1800 s). Moreover, the post-test EBSD characterization was conducted to analyze
the creep-fatigue damage mechanism near to the holed root for specimen H8. The
surfaces of extracted EBSD specimens were mechanically ground up a mirror surface
and then were electrochemically polished in a mixture composition of 90% Ethanol
and 10% Perchloric acid at -25 <C. CamScan Apollo 300 scanning electron
microscopy equipped with Hikari detector was used to capture the Kikuchi patterns
with a fixed scanning step of 0.8 um.
3 Numerical procedures
3.1 Overview of numerical procedures

The overall flow chart of the dual-scale modelling approach for creep-fatigue life

prediction of the holed structures is shown in Fig. 3. Different constitutive models and
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FE models at the corresponding macro- and micro-scale play different roles in the
dual-scale modelling approach. The constitutive models with the combinations of NU
and CP models are used to describe the stress-strain responses resulting from the
intrinsic performance of the material. The FE models include the RVE model for
calibrating constitutive model parameters and holed structure FE model for simulating
creep-fatigue behavior. Firstly, the macro-scale framework is regarded as the
precondition and benchmark for investigating the damage mechanism and life
prediction. In this framework, a NU constitutive model is implemented via the finite
element code ABAQUS using user subroutine, where the macro-scale RVE model is
established to determine the NU model parameters from a calibration process stated in
section 5.1.1. Afterwards, the FE model of the holed specimens is constructed to
simulate the creep-fatigue behavior, during which the real-time stress and strain fields
were extracted to calculate the damage given by fatigue and creep in the energy-based
damage model. Secondly, the micro-scale framework is used to reveal the crack
initiation mechanisms and predict the crack initiation life for the holed specimens. In
this framework, the CP constitutive model was integrated into a user material
subroutine (umat), and the model parameters was calibrated by implementing the RVE
simulation based on trial-and-error method. The displacement field of macro-scale FE
model is passed as boundary conditions to impose on the CPFE model at the holed
root. Afterwards, the accumulated energy dissipation is extracted to calculate the
critical FIP and CIP. Finally, with the help of linear damage summation (LDS) rule, if

the summation of accumulated fatigue and creep damages equals to 1 at the most
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dangerous position, the final creep-fatigue crack initiation life can be determined.

In summary, the NU model is designed as a benchmark to support the dual-scale
system for the holed structures, while CP model is used to reveal the creep-fatigue
damage mechanisms at holed root by the combination of microstructure and local
stress concentration. The constitutive formulations of models at both macro- and
micro-scales will be introduced in the following sections.

3.2 Theory based on viscoplasticity
3.2.1 NU model

The aims of NU model are to depict the macro-mechanical responses for the holed
specimens and to explore as the benchmark for the dual-scale FE simulation. The
main formulations of the NU model are written as follows [43, 44],

E=E+6"+&° 1)
where the total strain rate, &, is separated into the elastic component, &£°, the plastic

component, £°, and the creep component, £°, which are respectively written as,

&=D":6 (2)
P=) i
£P=1 P 3)
&8 = [l//q” (8° )m (m+1)" T/(mﬂ) 4)

where, D is the fourth-order Hook elastic tensor. and & is the Cauchy stress rate
tensor. A is the plastic multiplier satisfying the consistency condition of yield
function f=f=0. ¢ is the equivalent deviatoric stress, and w, m and n are material
parameters depending on temperature. Following Eq. (3), the yield function can be

expressed as,
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where ¢” and y” are the deviators of stress tensor and back stress tensor, respectively.
Qo is the initial yield stress and R is the isotropic deformation resistance. The equation
of 4 in NU model can be written as,

() _ 2 000 _ A0

X=ge e =P (6)
where the index | (I=1, 2, 3) indicates that y is decomposed into three parts to

illustrate the nonlinearity during plasticity. ¢ and r®) are the material parameters.
N VT . : : . .
p= 5‘9 £ is the accumulated equivalent plastic strain rate. The isotropic

deformation resistance rate, R can be expressed as,

R=b(R,—R)p (7)
where Rsat is the saturated value of isotropic deformation resistance and b is the
speed that approaches to the saturated value of Rsa. It is noted that the
rate-independent plasticity and the rate-dependent creep are considered separately in
the NU model to coupe with creep-fatigue stress-strain response. There are several
reasons for applying the constitutive model in this work. Firstly, as compared to the
unified viscoplasticity model, the NU one is easier implementation and less
computational expense. Secondly, the variations of strain rate have limited influence
on fatigue and creep-fatigue life in nickel-based alloy at 650 °C [45]. This indicates
that the rate-independent plasticity is almost independent on creep-fatigue endurances,
which is regarded as the main disadvantage of NU model [46]. Hence the rate

sensitivity effect can be neglected. In addition, the effect of hold time has little
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influence on the experimental cyclic softening curves, which is a universal
observation for the alloy [45, 47, 48].
3.2.2 Calculations of creep and fatigue damage at macro-scale

The SEDE criterion in the macro-scale framework has been employed to evaluate
the creep-fatigue damage and predict crack initiation life under both uniaxial [49, 50]
and multi-axial states [2, 51]. In this paper, an energy-based model is developed to
predict the creep-fatigue crack initiation life for the holed specimens, including
separated fatigue and creep damage formulations. Although one single temperature is
considered only, the application of the life prediction model can further extended by
recalibrating the temperature-dependent material parameters.

Ellyin and Golos [52] firstly introduced the strain energy density to describe the
fatigue, which is written as follows,

Aw,, = Aw, + AwpI (8)
where Aw,, is the total strain energy density per cycle. Aw, and Aw,, are
respectively the elastic and plastic strain energy density per cycle, schematically
is

represented in Fig. 4a as the shaded area. The fatigue damage per cycle, d

f ,macro !

expressed as,

d f macro ;—nf (9)
mf (Awtot)

where ms and nf are two material parameters.
In our previous work [2], the multi-axial creep damage was accurately calculated
by the dominated parameters of creep strain energy density rate and failure strain

energy density with taking elastic follow-up factor into account. Although the SEDE
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approach takes the advantage in fulfilling the high accurate prediction capabilities, the

equation in integral form is difficult to be extended to engineering application, i.e.,

t V.\/C WC
dc,macro = IO { - :ldt (10)

min (W, , Wy i) Wi e
where d ..., is creep damage per cycle. W, is the creep strain energy density rate
and W; is the failure strain energy density per cycle. W . is the critical strain
energy density, which is of significance to describe creep-free phenomenon at
extremely short hold times. In order to reduce computational expense and improve

applicability, Eq. (10) is simplified to be a discrete form that is easy to be applied to

engineering problems.

koo k Wi W)
dc,macro = ch( ) = Z . < -— (11)
where,

e (12a)

wf) =m, [ [ (12b)
where the index i indicates the number of incremental steps that increases to k per
cycle at FE simulation. V'VS) is the creep strain energy density rate at an incremental
step. 6(()” is the equivalent peak tensile stress at an incremental step. &, is the
equivalent mean stress per cycle, as shown in Fig. 4b. m¢ and nc are two material
parameters in Eq. (12b).

3.3 Theory based on CP

3.3.1 CP model
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CP model can be used to illustrate the local response within individual grains and
the interaction among neighboring grains. In the present work, a rate-dependent
formulations in CP model proposed by Busso [53] and Li et al. [54] were selected to
analyze the creep-fatigue behavior of Inconel 718. In addition, other microstructural
details such as precipitates [55, 56] may play an important role in creep-fatigue
damage. The microstructural response acts as stress concentration, leading to
localized energy dissipation in the vicinity of precipitates that would possibly
suspicious sites for crack initiation. Due to the strong coherency between the
precipitate phases and the matrix [55], they are homogenized as a RVE to represent
the mechanical properties of Inconel 718 at the micro-scale. An disadvantage of the
method should be mentioned that the effects precipitates y’ and y" cannot be
investigated explicitly. Therefore, in future work, a dual-scale modelling from micro
to nano-scale would be developed to investigate the precipitate effect on creep-fatigue
behavior. The kinetics of crystal deformation is expressed by a decomposition of
deformation gradient, F, into elastic and plastic deformation gradients, F* and FP",
ie.,

F=F°.F° (13)
The plastic velocity gradient, LP, can be represented by plastic deformation gradient

as follows,
LP =FPF" 1= y“s“®@m" (14)
a=1

where n=12 indicates the number of slip systems. s and m” represent the slip

direction and slip plane normal of the ath slip system. »“ is the crystal plastic slip
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rate on the ath slip system, which can be described by a thermally activated flow rule
containing two state variables of slip resistance, S“, and back stress, B“, on the ath

slip system, i.e.,

$> sgn(z* —B“) (15)

%o

. . F
“=y.exp| ——(1-
Vo =7.8Xp KO <

where 7, is the reference strain rate. k is the Boltzmann constant. € is the absolute

temperature. Fo is total free energy for a dislocation required to overcome the lattice

resistance. 7o is the lattice friction stress at the current temperature. p and g are two

exponential constants related to material properties. The resolved shear stress on the
ath slip system, z“ is written as [57],

r* =FTFT :(s"®m") (16)

T =¢:E° (17)

where T  represents the second Piola-Kirchoff stress, E° is elastic Green tensor,

and ¢ is elastic stiffness tensor. The slip resistance, S¢, is defined as,

s = 2= ) as)
=h, [w+(1—w)5“ﬂ] (19)
where So and Ssat are the initial and saturated resistance. h*” is the hardening matrix
which is used to describe the cross-hardening behavior between the slip systems a and
B. hs is the material constants. w is the latent hardening ratio and &5* is the

Kronecker delta. The back stress, B“, is set as [35],

ya ca I ala
B“ =hgy _S_DaB Y

‘+ r,B“ (20)

where hg is the hardening constant. rp is the dynamic recovery parameter and rs is the
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static recovery parameter.
3.3.2 Calculations of creep and fatigue damage at micro-scale

Based on the CPFE simulation, the fatigue life prediction is carried out by using
FIPs, such as statistical standard deviation of strains [58], accumulated plastic slip [24,
27] and accumulated energy dissipation [59, 60]. Among these FIPs, the
physical-based energy dissipation, W, can fulfil a highly accurate prediction for the

number of fatigue cycles, which is written as
W= En et 21
- a—lJ‘OT 7/ ( )

It is deemed that fatigue crack initiation occurs when the critical accumulated energy
dissipation, Werit, is achieved. Afterwards, in order to predict the creep-fatigue life, the
FIP is extended to creep-fatigue damage description in our previous work [35], where
the accumulated energy dissipation is decomposed into two parts to respectively
describe the degrees of creep and fatigue damages. The energy dissipation
accumulated from hold-begin to hold-end points is designated as CIP to express creep
damage, while the physical-based parameter extracted during loading/unloading
period is considered as FIP to describe fatigue damage. In this approach, the fatigue

damage per cycle, d; ., is defined as

W cyc
d f ,micro = Wf = (23)

f crit

where W is the critical FIP and W is the FIP per cycle. The creep damage

f ,crit f,cyc

accumulated per cycle, d. ., issummated as
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oW
I c,cyc
dc,micro _J-O [VV—Jdt (24)

c,crit

where W, ., is the critical CIP and \/\'/C’Cyc is the energy dissipation rate during the
hold time per cycle.
4 FE modelling implementations
4.1 Macro-scale FE modelling strategies

Two macro-scale FE models for uniaxial and holed specimens were respectively
established by using the commercial software ABAQUS. As shown in Fig. 5a, the
macro-scale RVE model for the uniaxial specimens was used to calibrate and validate
NU model parameters. Considering the reasonable computational consumption, a
symmetrical FE model in gauge section for the holed specimens was simplified as a
two-dimensional symmetric problem so as to implement the creep-fatigue simulations,
as seen in Fig. 5b. A 4-node bilinear plane strain quadrilateral (CPE4) element was
used in the FE model and each element size at the holed root was approximately 0.1
mm > 0.1 mm, while the mesh size away from the holed root was much coarser as
shown in Fig. 5b. The symmetry boundary conditions were employed on the left sides.
The fixed constraint in y-direction was employed on the bottom side. The
displacement was applied in y-direction to simulate creep-fatigue cyclic loadings at
the reference point (RP) above the top side.
4.2 Micro-scale RVE modelling strategies for uniaxial specimens

To calibrate and validate the CP model parameters, a micro-scale RVE model is

constructed according to the two requirements: (i) whether it can reflect the crystal

anisotropy at micro-scale; (ii) whether the model can represent uniform mechanical
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properties at macro-scale. In this work, the Voronoi Tessellation technique was used to
generate the micro-scale RVE model with uniform crystalline morphology and
randomly distributed grain orientation for the investigated material. The average grain
size was approximately 20 pum, as embedded in Fig. 1. As shown in Fig. 6a, a
plane-strain microstructure-based RVE model consisting 300 grains was used to
duplicate the hysteresis loops. The configurations of boundary conditions and loading
direction for the micro-scale RVE model were also illustrated in Fig. 6a. All the nodes
on the bottom side were constrained in y-direction. The multi-point constraints
represented by small black circles were implemented to all the nodes on the left and
right sides so that they were enforced to move in the same x-direction. The constraint
method can accurately predict the mechanical behavior with a certain number of
grains in the micro-scale RVE model [28, 61]. The y-direction displacement loading at
RP in Fig. 6a was applied to all nodes on the top side. The micro-scale RVE model
was used to calibrate the CP model parameters for further simulating the creep-fatigue
behavior of holed specimens.
4.3 Dual-scale modelling strategies for holed specimens

Due to the enormous computational cost, it is difficult to use the specimen-level
model constructed by millions of grains to achieve the CPFE simulation of the holed
specimens. Therefore, the dual-scale modelling approach is used in this work as
shown in Fig. 6b. The objective of the modelling approach was to transmit the
displacement field of macro-scale FE model constructed in section 4.1 to the

sub-model (CPFE model in Fig. 6b) as boundary conditions, as mentioned in section
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3.1. It is well acknowledged the crack always initiates at the holed root under cyclic
loading conditions, while the area that is not subject to obvious plastic deformation is
regarded as the far-field region [37, 62]. Under this circumstance, the detailed
procedures of the dual-scale modelling are displayed in Fig. 6b. Firstly, the NU model
was calculated by macro-scale FE model to simulate the creep-fatigue response of the
holed specimens. Secondly, the nodal displacements at the interesting region were
extracted and applied to each boundary node in the sub-model. Finally, the
investigation of the creep-fatigue behavior at the holed root was likely to be achieved
with no need for simulating a large number of microstructures. That was to say, in the
macro-scale simulation, the deformation behavior of Inconel 718 under creep-fatigue
loading conditions was investigated using the phenomenological NU model. The
micro-scale CPFE simulation provided the local microstructure evolution and
accumulated energy dissipation at holed root for revealing the damage mechanism and
predicting the crack initiation life. Therefore, the dual-scale referred to that the spatial
scale varies from macroscopic deformation at the NU model to microstructure
deformation at the CP model.
5 Results
5.1 Identification of the material parameters
5.1.1 Calibration of NU model parameters

The uniaxial specimens (listed in Table 1) are investigated to determine the
constitutive model parameters and energy-based damage variables at macro-scale,

which can be carefully classified into five categories: (I) basic material constants, (I1)
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non-linear kinematic hardening parameters, (111) strain-hardening creep parameters,
(IV) isotropic hardening parameters, and (V) creep-fatigue damage parameters. It
should be mentioned that the material parameters in categories Il and Ill are
independently determined because of that the plastic-cyclic behavior and the
stress-relaxation behavior (equivalent to creep behavior) do not give a coupling effect
in the UN constitutive model. Based on the effect of the above-mentioned parameters
on the cyclic softening behavior, the isotropic hardening parameters in category IV are
finally determined. As illustrated in Fig. 7a, the determination procedure is detailed as
follows: (1) all the parameters are classified according to their properties as
mentioned above; (2) the basic material parameters of E, v and Qo in category | are
determined by using the monotonic tensile curve in Inconel 718 at 650 °C; (3) the
strain-stress experimental data during the first cycle are used to estimate the
non-linear kinematic hardening parameters of ¢ and r® following the procedures
suggested Kang et al. [63]; (4) the strain-hardening creep parameters of w, m and n are
determined through the stress relaxation experimental data in the first cycle; (5) the
cyclic stress response curve is used to estimate the isotropic hardening parameters of
Rsat and b [64]; (6) the damage parameters of mr and nf are determined by fitting the
relation of fatigue crack initiation life N;j vs. total strain energy density Awiot extracted
from the five pure fatigue experimental results (see Fig. 8), while the damage
parameters of m¢ and nc are determined by comparing the critical strain energy density
Wt VS. the creep strain energy density rate v obtained from pure creep data [65]. By

using the aforementioned step-by-step procedures, the material parameters in the NU
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model and energy-based damage model are identified and listed in Table 2.
5.1.2 Calibration of CP model parameters

A uniaxial specimen of U7 (A&=1.6%, t,=1800s) is selected to calibrate the CP
model parameters, which are classified into four categories: (1) anisotropic stiffness
constants, (1) flow parameters, (I11) hardening parameters and (IV) creep-fatigue
indicator parameters. The step-by-step calibration procedure is shown in Fig. 7b. In
the first step, all the CP model parameters are classified into four categories as
mentioned above. In the second step, the anisotropic stiffness constants are first
evaluated by simulating the elastic response of the RVE model subjected to
monotonic tensile loading. In the third step, some common parameters of yo, Fo and w
are directly determined from the literatures about nickel-based superalloys [66, 67]. In
the fourth step, the flow parameters of p, g and 7o are determined by fitting tensile
curve by using trial-and-error method. In the fifth step, the kinematic hardening
parameters of hg, rp, rs and isotropic hardening parameters of hg, rp, rs are identified
by calculations of cyclic loading to simulate the experimental hysteresis loop and
stress relaxation curve for the selected specimen. All CP model parameters are listed
in Table 3. In the final step, the two critical values of FIP and CIP (Wscrit and W crit) in
Eq. (23) and Eq. (24) are identified to predict creep-fatigue crack initiation life. It has
been clarified that Wk it is independent of the loading conditions [28, 35, 68], and the
independence of Wc it has been also explored in our previous study [35]. Therefore,
the fundamental parameters Wscit and Wecrit Were respectively determined by

multiplying the selected experimental crack initiation life N; by the simulated values
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of Wi cye and W cyc at a stabilized cycle.
5.2 Validation of the parameters in both numerical models

The material parameters in NU and CP models were validated in terms of the
hysteresis loops and stress relaxation curves of the specimens U3, U6 and U10 with
th=300s. The comparison between the experimental hysteresis loops and the numerical
ones in terms of the first cycle are shown in Figs. 9a-c, presenting a good match
between both results. Due to the creep embrittlement property of the nickel-based
superalloy [69], the relaxed stress magnitude during the hold time period is difficult to
be observed in the hysteresis loops. Thus the experimental and simulated stress
relaxation curves were plotted in Figs. 9d-f. The experimental relaxation curves are in
agreement with the simulated results obtained from NU and CP models. In addition,
the maximum error between the experimental and simulated stress is used to analyze
the accuracy of NU and CP predictions. The error formula is given as follows,

Oexp ~ Osim

Gexp

Error= (25)

where oexp and asim are the experimental and simulated stress. The values of gexp and
osim are selected when their discrepancy in hysteresis loops or stress relaxation curves
are the largest at a given strain. All the maximum errors in hysteresis hoops are less
than 10% and in the stress relaxation curves are less than 2% (see Fig. 9g-i). The
comparisons in Figs. 9a-f and the maximum error analysis in Figs. 9g-i suggest that
the calibrated material parameters of both constitutive models are reasonably

representative for further investigations.
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5.3 Sensitivity studies in CPFE simulation
5.3.1 Mesh sensitivity analysis

Before conducting the CPFE simulation, the sensitivity studies were adopted to
exclude the mesh and microstructure effects on damage evolution and life prediction
with the help of the tensile curve at 650 °C. The mesh sizes of the corresponding
micro-scale RVE models were set to be 0.001 mm, 0.002 mm and 0.003 mm. A small
gap between the simulated curve with coarse mesh (0.003 mm) and experimental
tensile curve was observed in Fig. 10a. However, the simulated curves with medium
mesh (0.002 mm) and fine mesh (0.001 mm) were well agreed with the experimental
data. In addition, the accumulated energy dissipation bands in the RVE models with
fine and medium meshes were more obvious than those with coarse mesh. The
significant locations with maximum accumulated energy dissipation were detected
from the RVE models with fine and medium meshes, but disappeared from that with
the coarse mesh, see Fig. 10a. Herein, the medium mesh was enough for the
subsequent CPFE simulation when the computational cost was considered in the
numerical process. Based on this, the selected medium mesh was used to conduct the
microstructure effect on CPFE analysis, involving grain structures and orientations.
Figure 10b gives the comparison between the experimental tensile curves and
simulated results with three microstructures named as M1, M2 and M3. The CPFE
simulated curves by adopting the corresponding microstructures were almost identical
with the experimental results, as seen in Fig. 10b. Furthermore, all the energy

dissipation fields presented a common localization pattern that significant local
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energy dissipation bands formed about 45 “relative to the loading direction. Therefore,
the effect of microstructure distribution on the CPFE simulation can be excluded.
5.3.2 Determination of optimal dimensions for sub-model

Although micro-scale RVE model is not applicable in holed specimens, the
above-mentioned sensitivity studies with regard to mesh size and microstructure
effects are still able to be applicable. The key issue at this scale is to determine an
optimal dimension for the sub-model (see Fig. 6d) in the dual-scale FE simulation,
which aims at least embedding the whole crack initiation zone at the holed root. As
shown in Fig. 1la, from the view of macro-scale simulation, an obvious plastic
deformation region for specimen H5 can be observed with an approximate length of
1.17 mm away from the holed root. In addition, the length of the corresponding crack
zone is measured to be 1.19 mm based on SEM, seen in Fig. 11b.

From the view of micro-scale simulation, four different zones for CPFE model with
the dimensions of 0.4 mm =<0.4 mm (V1), 0.8 mm <0.8 mm (V2), 1.2 mm x1.2 mm
(V3) and 1.6 mm x1.6 mm (V4) are selected, as shown in Fig. 12a. The
crystallographic orientations and grain morphologies at holed root are the same for the
four simulation zones. The maximum value of accumulated energy dissipation is used
to be the evaluation criterion for selecting an optimal simulation zone as this value is
essential for the crack initiation life prediction [59, 60]. After ten fatigue cycles with
Ae=0.4%, the hotspots of maximum accumulated energy dissipation is located in
same grain except for the minimal finite element model (VV1), as marked by red circles

in Fig. 12b. In addition, the maximum values in the two neighboring grains are
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extracted from these four cases (see in Fig. 12c), showing that the value is rarely
influenced by the dimension of the sub-models of V3 and V4, with no more than 1%
difference. Combined with the macro-scale simulation and SEM observation (see in
Fig. 11), the dimensions of 1.2 mm > 1.2 mm were determined for the CPFE
simulation.
5.4 Experimental creep-fatigue crack initiation life

In our previous studies [70, 71], the crack initiation life based on the metallographic
observations referred to the cycle when the crack was firstly detected from the replica
while it was not observed at last replica. Deng et al. [70] found that the fatigue crack
initiation period occupied more than 90% of the total fatigue life for nickel-based
GH4169 at 650 °C. Wang et al. [71] investigated the interrupted creep-fatigue
behavior based on the replica method and found that the small cracks initiate suddenly
near micro-notch region and propagates quickly, leading to eventual material failure.
In the above-mentioned studies, the pre-exiting defect or micro-crack in the tested
specimens was used to determine the crack initiation sites and monitor the crack
propagation behavior. However, for the holed specimen used in this work, the crack
initiation sites were difficultly captured by using the current measurement techniques
as the holed root lies inside the specimen. Therefore, an empirical approach was used
to determine the crack initiation life. It indicated the most likely nucleation site to be
located where the maximum load has dropped below 5% for nickel-based superalloys
[60, 72], which was shown to be consistent with the previous experimental

observation [70, 71].
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The crack initiation life distributions of the uniaxial and holed specimens under
both fatigue and creep-fatigue loading conditions for Inconel 718 are presented in Fig.
13a. As compared to uniaxial specimens, a more severe life reduction of holed
specimens takes place with increasing hold times, especially for the specimen H10
with th=1800 s. For example, the creep-fatigue endurance for H10 reduces to about
one-fourteenth of that without hold time. In order to investigate the hold time
sensitivity, the life reduction factor, R, which is defined as the ratio of creep-fatigue
crack initiation life against the fatigue one, is used to characterize the effect of hold
time on creep-fatigue resistance of Inconel 718. The calculated results of Ry are
shown in Fig. 13b. The results suggest that the value of F;generally decreases with
increasing the hold time for both uniaxial and holed specimens. In addition, the values
of F are found to be in the range between 0.07 and 0.47 for holed specimen and those
for uniaxial specimen are in the range between 0.27 and 0.56 when the hold time
changes from 300 to 1800 s, indicating that creep-fatigue endurance of holed
specimen is more sensitive to hold time than that of uniaxial specimen. It is noted that
the stress concentration effect on creep-fatigue crack initiation life is related to shape,
loading condition, material ductility and etc. As a brittle material Inconel 718, the
hold time sensitivity to life reduction can be rationalized as that the stress
re-distribution at stress concentration position (i.e. holed root) is relatively slow and
the local accumulated plastic strain exceeds the limit required for fracture before

attaining the stationary state [73].
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5.5 Fractographic analysis

Fractographic analysis can be used to identify the creep-fatigue crack initiation
mechanism under different hold times, where specimens H5 and H8 were regarded as
typical loading conditions for comparison, as shown in Fig. 14. For the specimen H5,
fatigue crack initiated at the specimen surface near to the holed root (Fig. 14a).
Intensive fatigue striations were clearly observed at the crack propagation region, as
shown in Figs. 14b and 14c. The arrangement of fatigue striations represented the
crack propagation path, confirming crack propagated from the surface to the interior
region [74]. For the specimen H8, crack initiation site was difficult to be distinguished
at the holed root. Instead of fatigue striations, obvious intergranular facets and
secondary cracks can be found in the vicinity of holed root (Fig. 14e), where long
hold time played an important role in it.
6 Discussions
6.1 Stress-strain behaviors at holed root

The creep-fatigue behavior at holed root was analyzed, focusing on the plastic
deformation and equivalent stress distributions. The simulated results for the

representative specimen H8 are shown in Fig. 15, which illustrates qualitative and

12
gquantitative comparisons between the plastic strain, &, :I;@gp :g‘pj dt, in NU

12
model and plastic slip, p =J§(§ L,: ij dt, in CP model at 1st, 4th and 8th cycles.

A common tendency for accumulated &, and p was shown the contour maps (Figs.

15a-f) that both accumulated plastic deformations increased with increasing the
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number of cycles. In addition, the obvious decreasing trends for the accumulated p

and &, along the path a-a” (Figs.15a and 15d) can be observed from Figs. 15g-i.
However, the distributions of p in contour maps were more fluctuant than those of &,
due to taking grain morphology and grain orientation into account in CP model.
Moreover, the peak values of p were obviously higher than those of &, see Figs.
15¢g-i. Following the above methodology, the qualitative and quantitative comparison
between NU and CP models in terms of equivalent stress at the 8th cycle is shown in
Fig. 16. The stress concentration effect is induced at holed root, so that the equivalent
stress obtained from NU and CP models continuously decreased along the path a-a’
(Figs. 16a and 16e). The values of relaxed stress extracted from NU model were about
36MPa, which coincided with the average relaxed stress extracted from CP model, see
Figs. 16d and 16h. Different from the uniform stress field in NU model, the equivalent
stress distributions in CP model were strongly influenced by the combined effects of
grain orientation and geometric discontinuity, reflecting in the meandering stress
distribution along the path a-a’, as seen in Fig. 16h.
6.2 Creep and fatigue damage evolutions

The creep and fatigue damage evolutions in both macro- and micro-scale
frameworks were discussed for the holed specimens. From the perspective of
macro-scale, the creep and fatigue damage evolutions for specimen H8 along with the
path from holed root to interior region (path b-b’) are presented in Fig. 17a, where the
maximum creep and fatigue damages occur at the surface near to the holed root at

100th cycle. Figure 17b presents the almost linear relations between accumulated
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fatigue/creep damage (D, ,,.,=> . d{...» x=f and c) and the number of cycles for

j=1 - x,macro !

specimens H6 to H8, where the accumulated damages were extracted from the holed
root pointed by the arrows in Fig. 17a. A general tendency in Fig. 17b visually shows
that the fatigue damage is almost independent of hold time effect, while creep damage
significantly increases with increasing hold times. From the perspective of
micro-scale, Figure 18a gives the evolutional contour of energy dissipation with the
number of cycles for the typical specimen H8, which owns potential capabilities in
reflecting damage evolution process as well as identifying crack initiation sites [13, 33,
75]. The maximum accumulated energy dissipation was located position with a certain
distance of several grain lengths from the holed root, which was defined as the hotspot
in Fig. 18a. Local misorientation is quantified as Kernel Averaged Misorientation
(KAM), regarding as a representative EBSD-based parameter to reveal the lattice
curvature and localized inelastic deformation [76, 77]. The simulated location of
maximum accumulated energy dissipation was in accord with that reflected in
experimental KAM distribution map, where the highest KAM values mainly
concentrated on some sub-surface grains, as indicated in Fig. 18b. Furthermore,
Figure 18c exhibits that the magnitudes of accumulated energy dissipation at the
hotspot linearly grown with increasing the number of cycles. As a result, the linearly
increasing accumulated damages were consistent in macro- and micro-scale models.
Regarding macro-scale damage evolution law up to 100 cycles (Fig. 17b) as the
benchmark, it may provide an assistant support and precognition for the micro-scale

damage calculation at higher cycles, which makes up for the deficiency of CPFE
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simulation in calculation ability.
6.3 Creep-fatigue life prediction

In creep-fatigue loading conditions, the material deteriorates owing to simultaneous
accumulations of time-dependent creep damage and cycle-dependent fatigue damage.

With the aid of LDS rule, it is assumed that the final creep-fatigue life can be

predicted when the summation of accumulated creep damage (Z?':ldc(”) and

accumulated fatigue damage (ZLd(fj)) equals to 1 at the most dangerous integration

point near to holed root. Although the damage calculations of dc(j) and dﬁj) come
from different equations (Egs. (9) and (11) for macro-scale damage models, Egs. (23)
and (24) for micro-scale damage models), both damage models share the same LDS
rule to determine the final creep-fatigue life. In order to calculate the creep-fatigue
crack initiation life, it is necessary to specify the two values of Wscrit and Wecrit in the
prediction approach. During this process, an important issue must be mentioned that a
linear relationship between FIPs (and CIPs) and the number of cycles has been
confirmed in Fig. 18. Therefore, the predicted creep-fatigue crack initiation life can be

written as

1
Ni - Wf ,cyc /W +Wc,cyc /W (26)

c,crit

fcrit
The life prediction results based on NU and CP models, where almost all the data
points lie within &2 scatter band, as exhibited in Fig. 19. Results using the CP model
show similar results to the NU model on life prediction. Therefore, the UN model is
shown to be the best strategy to predict crack initiation life when the computational

cost is not considered. Under the premise of promising prediction precisions, more
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elaboration comparisons in prediction capabilities between the macro-scale damage
models and micro-scale damage models are less meaningful. More advantages are
manifested in the potential scientific and engineering meanings for the proposed
dual-scale modelling approach in this work. From the scientific aspect, the dual-scale
modelling approach provides an efficient methodology to take some microstructure
factors (such as gradient microstructures, micro-defects, etc.) into account, which is
difficult to be realized in the mature macro-scale framework. For the engineering
aspect, several critical positions for the large components can be extracted by the
“weakness identification technique” based on the macro-scale FE models. Aiming at
these positions, full understanding of microscopic failure mechanisms based on
micro-scale damage models can give some suggestions for unexpected failure
prevention and life extension of the components.
7 Conclusions

A dual-scale modelling approach was developed to predict creep-fatigue life of
holed specimens made by nickel-based Inconel 718 superalloy. The numerical
framework integrating a non-unified model, crystal plasticity model and their
corresponding damage-to-initiation models. Strain-controlled creep-fatigue tests for
the specimens conducted at 650 °C were used to validate the performance of the
dual-scale modelling approach. By applying post-test characterizations, the
creep-fatigue crack iniation mechanisms under different loading conditions have been
revealed. The main conclusions are summarized as follows:

(1) The predicted creep-fatigue crack initiation locations based on the dual-scale
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modelling approach are in consistency with the microstructure observations
using electron backscatter diffraction techniques.

(2) The linearly increasing accumulated damages are consistent in macro- and
micro-scale models. Regarding macro-scale damage evolution law as the
benchmark, it may provide an assistant support and precognition for the
micro-scale damage calculation at higher cycles.

(3) The predicted creep-fatigue crack intiation life based on dual-scale modelling
approach is in line with the experimental ones. Almost of the data points lie
within 2 scatter band. Compared with the traditional numerical simulations, a
significant improvement has been achived by applying the dual-scale modelling

approach in the potential scientific and engineering applications.
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Figure 1 Technological process and parameters of standard heat treatment contained
one-stage solid solution and two-stage aging treatments, and the microstructure of
inverse pole figure after standard heat treatment obtained by EBSD technique for

Inconel 718.
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Figure 2 Testing operation system and temperature measurement system on MTS
testing machine: (a) two ceramic rods of a high-temperature extensometer
symmetrically attached to the gauge-length area of the holed specimen, (b) placement
of the high-temperature furnace during heating, (c) internal structure of the
high-temperature furnace, (d) two temperature controllers including upper element

and lower element.
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Figure 4 Schematic diagram illustrating definition of strain energy density: (a) elastic

and plastic strain energy density; (b) creep strain energy density.
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Figure 5 Macro-scale modelling approach and corresponding boundary conditions: (a)
RVE model for uniaxial specimens; (b) FE model in gauge-section for holed

specimens.
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Figure 6 Micro-scale modelling approach: (a) micro-scale RVE model for uniaxial
specimens; Dual-scale modelling approach: (b) the whole holed specimen, (c)
macro-scale FE model for the holed specimen; (d) CPFE model applied in the holed

root.
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Figure 9 Comparison between experimental data and simulated results based on both
NU model and CP model for specimens U3, U6 and U10: (a-c) hysteresis loops at the
first cycle; (d-f) stress relaxation at the first cycle; (g-i) the maximum error analysis

between the experimental and simulation stress.
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Figure 10 Sensitivity studies in CPFE simulation for Inconel 718: (a) Comparisons of
tensile curves and accumulated energy dissipation using coarse, medium and fine
mesh; (b) comparisons of tensile curves and accumulated energy dissipation using

different microstructures of M1, M2 and M3.
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Figure 11 Determination of the dimensions for the sub-model in dual-scale FE
simulation: (a) the macro-scale FE simulation and fatigued specimen; (b) SEM

micrograph of overall fracture appearance; (c) the dimensions for the sub-model.
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Figure 12 Comparison of four different zones of the CPFE model with the selected
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and 1.6 mm x 1.6 mm (V4): (a) four grain morphologies, (b) contour maps of
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dissipation evolution profile.
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Figure 13 (a) Experimental crack initiation life distributions with hold time, and (b)
life reduction factor at different total strain ranges for the uniaxial and holed
specimens subjected to fatigue and creep-fatigue loading conditions in Inconel 718 at

650 <C.
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Figure 14 SEM micrographs of different failure modes for holed specimens under
different loading conditions: (a)-(c) specimen H5 under fatigue loading condition with

Ae=0.4%; (d)-(f) specimen H8 under creep-fatigue loading condition with A&=0.4%

and t,=1800 s.
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Figure 15 Accumulated plastic deformation at different cycles of specimen H8 under
creep-fatigue loading condition with A&=0.4% and t,=1800 s for Inconel 718: (a-c)
contour maps of equivalent plastic strain based on NU model; (d-f) contour maps of
plastic slip based on CP model; (g-f) comparisons between the plastic deformations in

the two constitutive models.

Page-63-



Hold-begin at 8th cycle Hold-end at 8th cycle Valley at 8th cycle

o (MPa)
1100 T (d) Simulation by NU model at 8th cycle

854
766
678
590
502
414
326
v

i R

- < % 36MPa

-
~

(]
N
o1
T

-~
~
-~

975 | — Hold-begin stress
- - - - Hold-end stress
1= = Valley stress

0 1™ Relaxed stress

0.0 0.3 0.6 0.9 1.2
True path a-a' (mm)

Equivalent stress (MPa)
[6]]
3

Hold-begin at 8th cycle Hold-end at 8th cycle Valley at 8th cycle

(o A

o (MPa)
1413
1181
949
717
485
253
21

(]

N

(6)]
]

"

. ~ -
r Se ’

275 +—— Hold-begin'stress .+ *-'" ..

[---e-- Hold-end stress s

- - - - Valley stress

0 T Relaxed stress , . , . ,
; | : ;

0.0 0.3 0.6 0.9 1.2
True path a-a' (mm)

Equivalent stress (MPa)
(3]
3

Figure 16 Equivalent stress evolutions at hold-begin, hold-end and valley for
specimen H8 under creep-fatigue with Ae=0.4% and th=1800 s at 8th cycle: (a-d)

simulated results based on NU model; (e-h) simulated results based on CP model.
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Figure 17 Creep damage and fatigue damage evolutions from macro-scale FE model:
(a) the distributions of creep damage and fatigue damage per cycle along the path b-b’
for specimen H8 under creep-fatigue loading condition with A&=0.4% and tn =1800s
at 30th cycle; (b) relations between accumulated creep damage and fatigue damage

and the number of cycles for the specimens with Ae=0.4% and different hold times.
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Figure 18 Damage evolutions from simulated results and experimental observation: (a)
accumulated energy dissipation contour at 8th cycle and (b) KAM distribution map at
holed root for specimen H8 under creep-fatigue loading condition with A&=0.4% and
th =1800s; (c) the relation between accumulated energy dissipation and the number of

cycles under different loading conditions.

Page-66-



[a—
o
n

_ O A&g=0.3%, NU model ,-"‘
—~ T rl -
i', O A&£=0.4%. NU model
=] < P
= 104 L B Ag=0.3%, CP model E A4l
k=) ® Ag=0.4%, CP model RO
E -,'- E E' 4
g 0l B
10 B .
= P2t
9 4
S .2 2 L
g 100y o o
=
o - e +2.0 error band
A +2.5 error band
101 LA R | | L
10! 10* 10° 10* 10°

Experimental crack initiation life. NV,

Figure 19 Comparisons between experimental creep-fatigue crack initiation life and
predicted results based on NU model and CP model for holed specimens under

different loading conditions in Inconel 718.
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Table 1 Detailed parameters of the uniaxial round bar and central circular hole

specimens in creep-fatigue tests for Inconel 718.

Waveform Specimen ID. Temp.(C) R: Agt (%) th (S)

U1 650 0 1.2 0

u2 650 0 1.2 60

U3 650 0 1.2 300

e 98 U4 650 0 16 0
= us 650 0 16 60

& " U6 650 0 16 300
u7 650 0 16 1800

Stsn-contrlld e us 650 0 20 0
U9 650 0 2.0 60

u10 650 0 2.0 300

] H1 650 0 0.3 0
H2 650 0 0.3 60

H3 650 0 0.3 300
! - H4 650 0 0.3 1800

Strain-controlled creep-fatigue RS H5 650 0 0.4 0
H6 650 0 0.4 60

H7 650 0 0.4 300

H8 650 0 0.4 1800
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Table 2 Material parameters of NU model for Inconel 718 at 650 °C.

Category Parameter Unit Value
E GPa 187
Basic material
Vv -- 0.3
constants
Qo MPa 712
cw -- 428590
c® -- 2425
Kinematic hardening ¢ -- 11000
parameters o - 50
r® -- 30
r® - 1
_ _ W -- 5.82x1023
Strain-hardening m B 068
creep parameters
n -- 5.80
Isotropic hardening Rsat MPa -210
parameters b -- 2.6
il -- 2058910
_ Nt -- 3.62
Creep-fatigue damage Me 3 115
parameters
Nc -- 0.14
Werit MJ/m?3 46
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Table 3 Material parameters in CP model for Inconel 718 at 650 °C.

Category Parameter Unit Value
_ o Cu GPa 205
Anlsoé;c;p;[(; ;:;ffness Cir GPa 87
Cua GPa 64
p -- 0.96
q -- 1.12
Flow parameters 7o st 120
Fo kd/mol 295
70 MPa 485
hs MPa 850
o MPa 8
I's st 0.001
Hardening parameters hs MPa 360
Ssat MPa 317
So MPa 340
w -- 1
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