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ABSTRACT

Several components of aeronautical motors and power plant stations
are subjected to high temperatures, leading to creep deformation.
It’s common practice to predict crack development in such
components by using Continuum Damage Mechanics (CDM).
Nevertheless, mesh dependency is a well-known issue in the
classical CDM approach. The mesh sensitivity problem can be
solved by using a nonlocal continuum approach. In the present
study, in order to improve the numerical efficiency, a stress regime
dependent creep model has been extended to a nonlocal model using
a nonlocal theory from the literature. The nonlocal creep model was
applied to a commercial finite element code, such as ABAQUS,
with the help of user-defined routines (CREEP+USDFLD) to
predict the load point displacement (LPD) and creep crack growth
(CCQ) for a compact tension (CT) specimen made of high creep
strength 1CrMoV steel. A comparison between the results of the
new nonlocal model and experimental data was made for
verification. The mesh dependency of the new nonlocal model was
investigated. The results indicate that the proposed nonlocal creep
model demonstrates good mesh objectivity that was not feasible
when considering the traditional local creep model.

Keywords: Creep constitutive model; Stress regime-dependent
creep behavior; Finite element; Continuum damage mechanics;
Nonlocal damage; 1CrMoV Alloy.

1 INTRODUCTION

HE components of aeronautical motors and power plant stations usually encounter fluctuating loads at high
temperatures, leading to creep deformation. Due to the combined effect of mechanical and thermal loads, the
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degradation rate of the material properties increases in this situation. A combination of creep and fatigue occurs
simultaneously when cyclic loads are applied at high temperatures, commonly described as creep fatigue interaction
(CFD) [1]. Microscopic defects such as micro-cracks/voids can be formed in these components upon loading.
Therefore, to guarantee component safety, the effect of these adverse events on components should be investigated.
Structural analysis and lifetime evaluation of these elements require analysis of creep crack growth (CCQG)
simulations [2].

Several computational approaches have been developed to determine the life of these components. One of these
approaches that has attracted many researchers is Continuum Damage Mechanics (CDM). It’s common practice to
predict crack development in such components by using CDM. Numerous creep constitutive models have been
established over the past years, and a number of them have been reviewed by Holdsworth et al. [3]. A power law
equation was proposed by Norton [4] to describe the behavior of secondary creep deformation. Kachanov [5] used
this model to describe the creep deformation in a brittle material by introducing the concept of effective stress.
Rabotnov [6] modified this model, known as the Kachanov-Rabotnov model, by introducing a damage variable that
depends on the effective stress. However, this model was strongly mesh-dependent for the prediction of CCG.
Murakami et al. [7, 8, 9] investigated the effectiveness of the local and nonlocal formulations on the prediction of
the CCG simulations. Hyde et al. [10-15] used Liu-Murakami’s creep damage model to investigate the CCG by the
finite element method. Using a general single formulation to capture the behavior of materials in all stress regimes
(such as single-regime or secondary-regime creep) proposed in many creep deformation models [4, 16, 17].
Nevertheless, a creep deformation model that can simultaneously describe three stages of creep deformation
(primary, secondary, and tertiary) is less frequently discussed in the literature. Therefore, Hosseini et al. [2]
proposed their more physically acceptable stress regime-dependent creep model.

To more accurately depict the physics during creep fatigue behavior, Xiao [18] presented a new creep and
fatigue damage model. Based on a number of creep fatigue damage curves, Skelton and Gandy [19] constructed a
nonlinear coupled CFI model. Additionally, Zhao [20], Xu [21], and Tang [22] used Skelton and Gandy’s damage
model to conduct creep fatigue crack growth simulations. To analyze the creep fatigue failure, Fan [23] developed a
fatigue damage model. Huang [24] introduced a creep-fatigue model to predict creep-fatigue life efficiently. Liu [25]
developed a nonlinear creep fatigue damage model to perform creep fatigue crack growth simulations.

All the previously mentioned simulations were studied using the local approach and are classified as classical
local continuum theories. In classical continuum mechanics, each point of material only interacts with its nearest
neighbor. The inability of the classical continuum theory to describe strain softening and localization due to the lack
of information on the size of the localization zone is one of its major disadvantages [26].

It has been reported in the literature that applying the finite element method to local creep damage in order to
predict the CCG leads to spurious mesh dependency, making the results unreliable and unrealistic [8]. Early
investigations [27-31] verified that the local models are mesh-dependent, especially in stress concentration regions.
Consequently, nonlocal internal formulations and gradient formulations were used to reduce or even eliminate this
drawback of numerical results. Over the past years, Numerous sophisticated nonlocal methods [32-39] have been
developed to resolve this issue and provide realistic and more acceptable results.

The mesh sensitivity problem can be solved by using a nonlocal continuum in which the physical state of a
specific point depends not only on its own state but also on a specific neighborhood of that point. Mao and Shen
[40] presented their nonlocal damage model, which is easily used in finite element codes such as ABAQUS. In this
method, the nonlocal damage variable is averaged using an interpolation function on the surrounding elements,
within the range of the characteristic length. To investigate the reliability, the proposed model in conjunction with
the constitutive model of an aluminum alloy was implemented in ABAQUS. In the recent past, CDM has been
combined with the extended finite element method (XFEM) to predict CCG using coarser meshes [41-47]. However,
there are many creep constitutive models in the literature that do not combine with nonlocal theories.

The main objective of the present study is to reduce the mesh sensitivity of a stress regime dependent creep
model using a nonlocal approach from the literature. This is accomplished by incorporating a nonlocal approach
given by Mao and Shen [40] into the stress regime dependent creep model proposed by Hosseini et al. [2] which was
not considered in the literature. The new nonlocal creep model, with the help of user-defined routines
(CREEP+USDFLD), was implemented in the ABAQUS program to predict the load point displacement (LPD) and
creep crack growth (CCG) of a compact tension (CT) specimen made of the high creep strength 1CrMoV steel. To
check the mesh dependency of the new nonlocal model, a comparison between the results of the new proposed
model and the traditional local model was conducted.
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2  FORMOLATION OF THE PROBLEM

Hosseini et al. [2] proposed a more physically acceptable stress regime-dependent creep model that simultaneously
describes three stages of creep deformation (primary, secondary, and tertiary). This can be achieved simply by
adding the primary, secondary, and third phases of strains [48, 49].

ETotal = £Primﬂry + E_‘-'acanriﬂ;vy + El"arriﬂ:v}' (1)

The creep model used in the present study, which was proposed by Hosseini et al. [2], has the ability to provide
appropriate solutions for predicting the creep strain by considering the stress regime dependency. The final uniaxial
and multiaxial forms of the creep strain rate model with consideration of stress regime dependency are expressed in
the framework of local continuum damage theory as below:
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Where, o, is the Mises equivalent stress, £ is strain rate value, 5;; is the deviatoric stress tensor and &;
represents the creep strain rate tensor. cuj,. denotes the local damage variable and is active only under tensile
stresses. So, if &, = 0then N =1 otherwise N = 0.

In the following, the nonlocal damage method proposed by Mao and Shen [40] is applied to the aforementioned
local creep model. In order to calculate the nonlocal damage increment at a point x a weight function is used to

average the local damage increment in a certain domain, £, which is determined by the characteristic length.
1 1 -
Apont x=—jdm1 5 s—xdﬂs=—jdm1 slgls —x)dis
noniae{x) vy 1oc(5) @l )dQ(s) fn o5 — x)an ), 1ocls)g( )aQ(s (10)

Where e is local damage variable and ¢(s) is the weight function as follows.

p(5) = exp (—3(5‘ 2t m)

(11)

Where £, 5 and { represent the first, second, and third coordinate of the vector s. [ is the characteristic length that
specifies the domain to which the nonlocal calculation should be applied. Then, Taylor’s expansion of the local
damage increment, dcij, ., about the point x given below:
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1 1
e, (5) = dwyp(x) + Vdwg, (x) - (s — x) + 7 Vidw,(x)-(s—x)-(s—x) + 3 VVidw
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+ ..

By replacing the equations (12) and (11) into the nonlocal damage increment equation (equation (10)) and
calculating the integration, @ty ;.. is obtained as follows:

1. .
At X) = deg, (x) +EE‘F‘dm:M{x) (13)

The second order gradient term is achieved by comparing the above equation with the nonlocal damage
increment equation (equation (10)):

2(Jp@ioc(s)p(s — x)dQs) — dwoe (x) [p(s — x)d0(s))
12, ¢ls — x)da(s)

It is crystal clear that when V*dw,, (x) = 0 the nonlocal model turns to its corresponding local model.

Vidw(x) = (14)

3 METHOD OF SOLUTION

The nonlocal creep model was applied to the FEM program ABAQUS (version 6.17) with the help of user-defined
routines (CREEP+USDFLD) to evaluate the load point displacement (LPD) and creep crack growth (CCG) for a
compact tension (CT) specimen made of the high creep strength 1CrMoV steel at 550 C. Due to the wide range of
stresses (from high to low) at the crack tip of the CT specimen, inspecting creep deformation in that can be a reliable
test for this model. For calculating the nonlocal damage variable, the local damage value needs to be computed first.
The algorithm of the local procedure of the ABAQUS code is shown in Fig. 1. To investigate the reliability of the
nonlocal creep model, the load point displacement (LPD) and crack growth (CCG) for different mesh sizes at the
crack tip (0.06mm, 0.08mm, 0.1 mm, 0.12mm, 0.3mm, and 0.5mm) are reported. A comparison between the local
and nonlocal models, at the load level of 18 KN, was conducted.

The Elastic modulus and Poisson ratio are 150 GPa and 0.3 respectively. According to the value of the damage
parameter, the elasticity modulus has been updated £ = E, /(1 — w) . Rate independent plasticity was not taken into
account in the calculations. The chosen CETOL parameter in the presented FECDM calculations was 107, The

desired geometry was created as a conventional ABAQUS mesh using 21,770 quadratic hexahedral elements
(element size of 0.1mm at the crack tip). Fig. 2 shows the shape of the specimen and its dimensions.

3.1 Nonlocal Damage Consideration

To calculate the nonlocal damage value of the current Gauss integration point (IP), we require the information of the
current [P from the ABAQUS main program as well as the information of other IPs placed within the domain
specified by the characteristic length.

To achieve this purpose, a common block is introduced to store the coordinates of the Gaussian points and the
damage variables associated with them. The common block, defined as ENCD, is a three-dimensional array. The
first dimension identifies the element, the second dimension identifies the IP, and the third dimension contains the
coordinates of the IP and the damage variable value associated with it. They are updated after the associated IP has
been processed at the end of each time step. Once the local values are obtained, the nonlocal damage gradient is
calculated as follows:
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Fig. 1
The algorithm of local creep strain model used by ABAQUS code [2].
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Where i denotes the current calculated IP, j is the IP in the domain of characteristic length, and GP refers to the
total number of IP in the domain. For more information, refer to [40].

4 RESULTS AND DISCUSSION

To validate the nonlocal creep model and check the mesh sensitivity, a compact tension (CT) specimen is modelled
in the ABAQUS program. By cause of symmetry, a quarter model with quadratic hexahedral elements was used.
Due to the stress concentration near the crack tip, a fine mesh is used in this area. Constant load creep crack
incubation (CCI) tests at 550 C for the CT specimen, which were reported by Holdsworth and Mazza [50] are used
to verify the results.

4.1 The Effect of characteristic length

The Characteristic Length is an important parameter in the nonlocal model, as it determines an area close to the
currently calculated material point. Obviously, the nonlocal model turns to the traditional local model when the
Characteristic Length is equal to zero. As mentioned earlier, the characteristic length determines the amount of
material elements to be considered in the nonlocal calculations. To determine the optimum value of the
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characteristic length for the proposed nonlocal model, a comparison between the experimental LPD records at the
crack tip and the FE simulation was made. A finite element simulation at a constant load (18 KN) for different
characteristic lengths (from 0 to 3 mm) was performed. Fig. 3 indicates that the optimum size of Characteristic
Length for the nonlocal model could be 1.5 mm.

As illustrated in Fig. 3, it would indeed be possible to achieve equally accurate approximations with a higher
characteristic length. However, since the greater characteristic length requires more integration points, it takes
longer to do calculations and computational efficiency would be reduced. Therefore, the characteristic length is
considered to be 1.5 mm in the present work.

<25 ‘Wf’ﬂﬁllmlllll
24.5 mm .’ 25 iy AN
[ ] ] Wmﬂﬂ"'l': an

----

Fig. 2
CT specimen with its dimensions.
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Fig. 3
characteristic length verses LPD for constant load 18KN.
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4.2 Comparison between local and nonlocal results

The crack development pattern for the local and nonlocal models, with a mesh size of 0.5mm at the crack tip, is
compared in Fig. 4. Both local and nonlocal models predicted a plane strain pattern for crack development, which
demonstrates an acceptable agreement with experimental results. Although the finite width of the damage zone of
the nonlocal model is greater than that of the local model. It is readily apparent that the damage variable in the local
creep model is localized over a narrow region in the vicinity of the crack tip.

Table 1
Creep constitutive model parameters for ICrMoV steel at 550

Parameter Ay B, B, n (9 o H*
Values

g2x 107 0.12 22=107% 3.00 1l.2=x107°F —2 0.54

Parameter C, Cy vy C, v, ¥= 2
Values

0.00 2.8x107% 17.50 2.8 =x 107 3.27 074 %, 13.00

Fig. 5 represents the predicted LPD versus time for six different element sizes at the crack tip. The central
processing unit (CPU) of the notebook is an Intel i5-1135G7 (memory 16GB), and four cores are used for
calculation. The running time is different for each mesh size, and it changes from 10 to 30 minutes.

As observed from Fig. 5a, the local model has a serious mesh dependency and also shows that, with the increase
in the size of the crack-tip elements, the responses are far from acceptable values. The simulations are performed for
the nonlocal model in the same situation. It can be observed from Fig. 4b that objective mesh results are obtained by
adopting the nonlocal approach.

Table 2
Comparison of local and nonlocal model mesh sensitivity

Mesh size at crack tip (mm) End point of the LPD graph for load level of 18 kN
Local Model Nonlocal model
Experiment
Prediction (mm) Error Prediction (mm) Error
i0.06 0.4794 2.6485%; 0.4915 0.18%;
i0.08 04738 3.78% 04911 0.26%
0.10 0.4652 5.52% 0.4910 0.28%
04924
i0.12 0.4596 6.66% 0.4909 0.30%;
i0.30 0.4308 12.5% 0.4866 1.18%
i0.50 0.4047 17.81% 0.4863 1.23%
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Local

i
- I'ﬂ'.l‘.:'..:l:lﬂ-:“:t-: 2
1

Fig. 4a

crack development pattern of the local creep deformation model for the compact tension (CT) specimen at load level 18kN.
(SDV3 represent the damage state variable).

Nonlocal

i a s e me -

Fig. 4b
crack development pattern of the nonlocal creep deformation model for the compact tension (CT) specimen at load level 18kN.
(SDV3 represent the damage state variable).

Fig. 4c
Experimental observation of crack development pattern for the compact tension (CT) at load level 18kN. For more
information, related to experimental data see [50].
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Fig. 5
Mesh sensitivity of the local and nonlocal model for load level of 18kN (six different sizes of element at the crack tip).
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Fig. 6
The End point of the LPD graph versus mesh size for the local and nonlocal model.

The maximum discrepancy between the predicted results and experimental data occurred at the end point of the
LPD graph (Fig. 5). Therefore, this point, presented in Table 1, is used for a numerical comparison between the local
and nonlocal models. The LPD of this point versus mesh size has been plotted in Fig. 6. As seen, when a coarse
mesh is employed, the local model shows a maximum error of 17.81% in its prediction. On the contrary, with the
assumed 1.5 mm characteristic length for the nonlocal model, this model shows good mesh objectivity, and the
errors fall within acceptable values, which demonstrate the accuracy of the nonlocal model.
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5 CONCLUSIONS

Nonlocal treatment was applied to the local creep model, and these main results were obtained:

¢ Both the local and nonlocal models predicted a plane strain pattern for crack development, which demonstrates
an acceptable agreement with experimental results.

e The finite width of the damage zone in the nonlocal model is greater than the local model in the same loading
situation. In other words, the damage variable in the local creep model is localized over a narrow region in the
vicinity of the crack tip.

e When a coarse mesh is used (a mesh size of 0.5mm at the crack tip), the local model shows a maximum error of
17.81% in its prediction. On the contrary, with the assumed 1.5 mm characteristic length for the nonlocal model,
this model shows good mesh objectivity, and the errors are acceptable values, which demonstrate the accuracy of
the nonlocal model.

6 NOMENCLATURE

Ay constant values in creep constitutive models

B, B, constant values in creep constitutive models

. 1 ' % N T N 4 constant values in creep constitutive models

H H* state variable representing primary creep, saturated value for
H stress multiaxiality factor, %1 H"r g,

T secondary creep stress exponent in low-stress regime

N constant value in creep damage equation

g2 constant value in creep damage equation

g ij deviatoric stress tensor components

o parameter defining the dependency of primary creep strain on stress
¥a stress multiaxiality exponents in creep damage equation

g & creep strain, creep strain rate

£q Von Mises equivalent creep strain rate

'5.':' i creep strain rate tensor components

vy, V3 stress exponents in creep damage equation
o stress
&y maximum principal stress

Journal of Solid Mechanics Vol. 16, No. 1 (2024)
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Von Mises equivalent stress

state variable representing interparticle distance
state variable representing creep damage

A domain, where the nonlocal treatment is applied.
weight function

characteristic length

the first and second order gradient operator
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