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Abstract

A methodology for simulating plasticity induced crack closure and crack shape evolution based on
elastic-plastic fracture parameters is proposed, which represents a new way to predict fatigue crack
growth in small and large scale yielding scenarios. The methodology consists in solving iteratively a
single elastic-plastic finite element model, for which the load history is kept by remeshing and mapping
and crack advance is performed by node releasing. Aiming to illustrate and validate the approach, the
growth of an initially straight crack is simulated in a compact tension specimen subjected to small scale
yielding conditions, using the plastic crack tip opening displacement range (ACTOD,,) as the crack
driving force. The predicted crack shape shows high agreement with experimental observations and
the crack opening load trends are consistent with the literature, demonstrating that the methodology

proposed can be relevant for further crack growth studies.
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Crack length (mm)

Thickness (mm)

Crack growth rate (mm/cycle)
Young’s modulus (GPa)

Stress intensity factor (MPamm?'/?)
Crack tip element size (mm)

Load (N)

Stress ratio (-)

Size of the plastic zone (Dugdale’s approximation)
Stress (-)

Width (mm)

Greek characters

qQ O ™

Proportionality constant between ACTOD,, and da/dN (-)
Strain (-)
Stress (MPa)

np  Normalized crack tip element size (Dugdale’s approximation)

Subscripts
(e Effective
Omax Maximum
(Omia  Midplane
(op Opening
(Omia  Midplane
Op Plastic
(Osur  Surface
Oy Yield
Abbreviations
COD Crack Opening Displacement
CSE Crack Shape Evolution
CTOD Crack Tip Opening Displacement
cT Compact Tension
PICC  Plasticity Induced Crack Closure



1. Introduction and motivation

Critical components of machinery and constructions are commonly subjected to oscillating loads
that can lead to fatigue failure. In order to prevent the catastrophic failure of such components it is
crucial to understand the evolution of fatigue damage by fracture mechanics approaches in combination
with advanced finite element models. Nowadays, one of the main challenges related to this topic is the
prediction of fatigue crack growth in components made of ductile metallic materials [1-4], which can
deform beyond the elastic limit. Due to the high stresses around the crack tip, strips of permanently
deformed material appear along the opposite crack faces during the crack propagation [5]. These
plastic strips contact each other through part of the loading cycle, producing a wedging effect known
as Plasticity Induced Crack Closure (PICC) [5].

PICC is an intrinsic aspect of the mechanics of growing cracks [6], which explains different phenom-
ena related to the fatigue crack growth rate, such as the influence of stress ratio [7-10], mean stress
[11-13] and specimen thickness [9, 14-16]. Furthermore, PICC influences the crack shape evolution
(CSE), producing a greater growth retardation (wedging effect) near the free surfaces [17]. There are
several studies in the literature devoted to analyze these effects by means of the finite element method,
but most of them analyzed both effects, PICC and CSE, independently.

On the one hand, some authors have studied PICC for fixed crack shapes, either straight [18-21]
or curved [22, 23]. They considered elastic-plastic material models and followed the strategy originally
proposed by Newman (2D) [11] and Chermahini (3D) [24], which consists in the successive release of
nodes after applying certain load cycles. This strategy allows to develop the plastic wake as the crack
propagates [18] and to determine the crack opening load or stress (Pop/Pmax, Sop/Smax) that can be
used for estimating the value of a crack driving force, such as the effective stress intensity factor range
(AKet = Kax (1 — Pop/Pumax)) [21].

On the other hand, some authors have performed the simulation of CSE by neglecting the influence
of PICC [25-27]. The most popular strategy is the multiple point scheme introduced by Smith and
Cooper [28] and improved by Lin and Smith [29-31]. According to this strategy, the stress intensity
factors are calculated assuming linear elastic material behavior and the new locations of the crack front
are obtained based on a fatigue crack growth law, such as that proposed by Paris [32]. Thereafter,
the finite element model is remeshed considering the next crack front and a new linear elastic finite
element simulation is performed disregarding the plastic wake.

Although the vast majority of published papers have addressed both effects separately, a strong
interaction exists between PICC and CSE, as demonstrated by Branco et al. [33]. On one side,
Yu and Guo [34] obtained the new crack front by using Elber’s equation [35], for which the stress
intensity factors were computed numerically with a linear elastic model and the crack opening loads
were estimated analytically through the equivalent thickness conception [36]. This approach is efficient
because the huge computational effort associated to solving the elastic-plastic model is avoided, but
the expressions for determining the crack opening load are usually developed by considering certain
hypotheses regarding material, loading and geometry that are not met by generic crack cases [37]. On
the other side, various authors have proposed methodologies for the simultaneous simulation of PICC
and CSE [17, 38-40] by following basically the same strategy. For each crack front, two geometrically

identical models are solved: one with the linear elastic material properties to determine the maximum



stress intensity factors along the crack front and another one with the elastic-plastic behavior of the
material to obtain the crack opening loads. After that, the results of both models are combined through
an effective stress intensity factor range and the Elber’s crack growth law in order to determine the
crack growth increments along the crack front and, therefore, the fatigue crack shape evolution.

A considerable part of the research related to the simultaneous simulation of PICC and CSE has
focused on the development of numerical techniques for keeping the load history information in the
elastic-plastic model while changing the crack shape. Hou suggested the free-front technique [38],
Gardin employed node release [17] and remeshing [40] strategies and Gozin [39] and Hou [41] proposed
the remeshing and mapping technique. Nevertheless, all these authors determined the new crack front
based on the effective stress intensity factor range, which implies two relevant shortcomings: 1) the
numerical effort devoted to solve two different finite element models (elastic and elastic-plastic) and 2)
the limited applicability to small scale yielding scenarios. Both limitations can be overcome by using
elastic-plastic fracture parameters for simulating fatigue crack growth, which would permit to perform
predictions with a single finite element model and address large scale yielding situations inherent to
high loads [42, 43], low-resistance materials [13] and short cracks [44-46].

The objective of this study is to develop and validate a methodology for the simulation of plasticity
induced crack closure and crack shape evolution based on elastic-plastic fracture parameters. In this
paper, the plastic crack tip opening displacement range (ACTOD,) is selected as the crack driving
force, because its relationship with the fatigue crack growth rate is linear [47, 48] and, therefore, the
fatigue CSE and PICC can be predicted along the crack front without experimental characterization

of the fatigue crack growth rate.

2. Proposed methodology

The proposed methodology allows to simulate PICC and CSE simultaneously by solving iteratively
a single elastic-plastic finite element model that keeps the load history information by remeshing and
mapping techniques [39, 41] and performs the crack advance by node releasing. The main steps of the

methodology are shown in the flowchart presented in Figure 1 and explained below.
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Figure 1: Flowchart of the proposed methodology.

2.1. Definition of elastic-plastic finite element model

First of all, the linear elastic properties and the hysteretic behavior of the material have to be
defined. In this study the Von Mises yield criterion was used combined with the Chaboche hardening
law (Equation 1), which is appropriate for representing metals that display kinematic hardening [49].

’
-X
dX = O, | X ZT— = — X | deP (1)
g

X is the backstress tensor and o’ is the deviatoric component of the Cauchy stress tensor. &P and
o are the equivalent plastic strain and the equivalent stress, respectively, while C, and X, are fitting
parameters that can be determined by the optimization algorithm explained in [49].

Regarding the discretization of the geometry, a finite element mesh consisting of global and local
regions is advisable (Figure 2a). The local region is formed by a structured mesh composed by linear
hexahedral elements along the crack front, as it is common for the three-dimensional crack closure
analysis [19, 21, 38]. The elements are completely regular at the crack front region where the material
is expected to yield (Figure 2b), and that regular region is big enough to engulf the biggest plastic zone

calculated throughout the propagation. Out of the regular region, the size of the elements is increased



gradually towards the boundaries with the global mesh (Figure 2b).

The local mesh may also have a size bias in the thickness direction (Figure 2b). This is appropriate,

for example, when the face of the model represents the surface of the body, because the displacement

field and the derived results change more abruptly towards the edge [40]. The proposed approach does

not require to compute stress intensity factors at the crack front nodes, so more elaborated meshes

with singular crack tip elements [38] or spider-web [33] patterns are avoided.

A bonded contact ties the local and global meshes through the interface (Figure 2a). This allows

a mesh discontinuity, that is, the adjacent nodes do not have to coincide necessarily, so the topology

of the local mesh can be changed without having to alter the global portion. However, this is a

numerical artifact that may lead to small irregularities in derived results such as stresses and strains,

and therefore should be placed far enough from the crack front.

The plasticity induced crack closure is simulated through the frictionless contact between the

fracture-plane solid elements of the local mesh and a rigid surface (not shown in Figure 2) [50].
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Figure 2: Regions of the finite element mesh.

Finally, it is remarkable that various numerical parameters can play an important role on the

definition of the elastic-plastic finite element model. The most relevant ones are the type and size of

the elements at the regular region of the local mesh and the penetration allowed in the frictionless

contact that simulates PICC. Table 1 summarizes the values adopted in recent works that considered

PICC in through-cracks.



Table 1: Numerical parameters of the elastic-plastic model for analyzing through-cracks.

Branco et al. [33]

Camas et al.

Gardin et al.

Hou [52]

Present study

[50, 51] [17, 40]
Case of study Geometry MT specimen CT specimen CT specimen MT specimen CT specimen
Loads: Kmax 6.97 MPa./mm 25 MPa,/mm 13.33 MPay/mm 16.76 MPay/mm | 11.94 MPay/mm
Material: oy 124 MPa 425 MPa 117 MPa 360 MPa 361.62 MPa
(AA6016-T4) (AA2024-T351) (304L steel) (S275 steel)
E Crack Type Linear hexahedral
g tip Integration Selective reduced Not defined Selective reduced Not defined Selective reduced
§ clements In-plane size: 155, 8 um 90, 15.1 um [50] 102, 50 pm [17] 42.55, 20 pm 50, 8.56 um
A 7D, ! 33, 41.2 um for 51, 100 um [40]
.§ node contact
g criterion [51]
Zj Divisions in 5 40 20 25 25
half-thickness | (B/2 = 0.5 mm) 30 is concluded (B/2 =5 mm) (B/2 =1 mm) (B/2=1.2 mm)
to be enough [50]
(B/2=1.5 mm)
Contact Maximum Not defined 5e-5 mm Not defined Closure is not 5e-5 mm
penetration detected through
contact
. Cycles 2 1 (8 after the last | 15 (30 for the first 1 1
Loading
between release) four releases) [17]
releases 5 40]
No. of Not defined 40 50 (unevenly 40 80
substeps distributed) [17]

2.2. Simulation of fatigue process

In this step, the loading history is simulated by applying the corresponding boundary conditions

and cyclic loadings (Figure 3). Typically, several cycles should be simulated in order to stabilize the

material response and obtain stationary values of the studied variables (ACTOD,, and P,,/Pax). The

optimal number of cycles is still unclear, as it can be concluded from the drastically different values

adopted in the literature (Table 1), and is frequently limited by the available computer resources [21].

The high computational cost is caused by the non-linearities of the problem, namely, the elastic-

plastic behavior of the material, the frictionless contact and the large displacements. The Newton-

Raphson scheme is employed to solve the compatible system of equations resulting from each load

step, because it has been the preferred method [50].
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Figure 3: Schematic illustration of the applied load cycles.

2.8. Calculation of crack driving force and PICC parameters
In this study, CTOD is defined as the vertical (perpendicular to the fracture plane) displacement of

the nearest node behind each crack-front node [49] (Figure 6), while the mesh dependence introduced
by such definition can be avoided by being consistent in the choice of the same crack-tip element size
in characterization and prediction crack configurations.

ACTOD,, is extracted from the last loading ramp before the node release. For that, 1) the initial
elastic region part is identified, 2) a linear fit is performed to obtain the elastic component and 3)
the difference between total CTOD and elastic CTOD is obtained at maximum load [47]. This simple
procedure contrasts with the energetic methods employed for calculating stress intensity factors, which

imply the evaluation of domain integrals over contours of elements around the crack front [53].

CTOD
CTOD/2
ACTOD,,
T ACTOD
ACTOD,
i
R Pop/Prax 1 P/ Prax

Figure 4: Crack tip opening displacement measured in the first node behind the crack front in the last loading ramp.



Additionally, the crack opening load is calculated even if it is not necessary for the proposed
methodology, because it allows a direct comparison and validation against other approaches available
for the 3D elastic-plastic simulation of FCG. For that, the moment of detachment of the nearest node

from the contact surface is identified, as shown in Figure 4.

2.4. Determination of new crack front locations

The new crack front locations are determined based on the local crack advances and the normal
directions. On one side, the crack advances are computed based on the relative advances derived from
the linear relationship found by Vasco-Olmo et al. [48], postulating a surface crack increment (dag,y)
of approximately 1.5 times the crack-tip element size. As deduced from Equation 2, such relative crack
advances are independent of the proportionality constant 3, what supposes an advantage to predict
the crack shape evolution without calibrating the crack growth law, unlike other fracture parameters
such as AK.g.
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On the other side, the normal directions are established by the following unitary vector, where s; is

the local slope determined by the analytical derivation of a cubic splines function fitted to the present

crack front locations [4].
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2.5. Evaluation of stop criterion

Before remeshing, mapping and releasing nodes in order to simulate a new crack advance, a stop
criterion is evaluated to check if the crack length has reached a critical value, which can be predefined

by design requirements or determined by a fracture assessment.

2.6. Local remeshing

In this step, the topology of the front portion of the local mesh is adapted to the shape of the
new crack. For that, the existing nodes are moved while keeping the present element connectivity,
what means that the overall number of nodes and elements is maintained while the simulated crack
propagates.

The remeshing starts by fitting with a cubic splines function the new crack locations, which may
display undesired irregularities due to numerical errors or may fall outside the mesh boundaries (Figure
5a). Then, the fitting function is evaluated at the locations of interest, so that the definitive interpolated
locations keep the present through-the-thickness bias (Figure 5a).

Once the locations of the new crack front nodes are known, the positions for measuring the crack
tip opening displacements for the new crack front are determined, by considering the backward normal
directions and a distance equal to the original element size to be consistent in the definition of CTOD
(Figure 5b). In order to obtain the location of the surface node a linear extrapolation is performed

using the information of the two adjacent locations (Figure 5b).



Finally, the new mesh is created considering the locations calculated for the first two new rows
ahead of the present crack (Figure 5c¢). Beyond the new second row, the rows of nodes are placed
by replicating the exact geometry and through-the-thickness distribution of the new crack front. The
distance between rows is kept constant for various rows of the new regular region and then it is
gradually increased within the new transition region. Note that the nodes at different layers along the
y direction are moved to the same xz positions of the nodes at the fracture plane, in order to avoid

distorted elements.

= Present crack front nodes = Present crack front nodes = Present crack front nodes

A Calculated new locations v Interpolated new locations v New crack front nodes

v Interpolated new locations o Locations for measuring CTOD e Nodes for measuring CTOD
(a) New crack front locations. (b) Locations for measuring CTOD. (¢) New mesh on fracture plane.

Figure 5: Remeshing procedure for the nodes on the fracture plane.

2.7. Boundary conditions and results mapping

The boundary conditions and finite element results are mapped from the old local mesh to the new
one in order to transfer the load history information. The nodal displacements for the new nodes are
interpolated from the displacements of the old nodes, considering the new node positions and the shape
functions of the old elements [41]. The stress and backstress tensor components and the equivalent
plastic strain are interpolated for the Gauss integration points of the new elements (see Hou [41]).

The mapping of state variables based on interpolation algorithms does not consider equilibrium
conditions. As a consequence, the model has to be solved to balance the residual forces resulting
from the mismatch between the internal nodal forces calculated from the interpolated Gauss point

stresses and the external nodal forces [54]. The remeshing and mapping operation is performed at
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maximum load, when no contact is expected between the nodes of the crack face and the rigid surface,
for fostering the numerical convergence in the balancing iterations.
The result of this step is a mesh with nodes in the locations of the new crack front and the CTOD

measuring positions, for which the stress-strain state associated to the applied loading history is known.

2.8. Node release

In the last step of each crack advance, the first two rows of nodes are released: 1) the present
crack front nodes and 2) the nodes for measuring CTOD for the new crack front. Each row is released
separately, by applying at least one cycle between releases in order to avoid a saw-tooth shape of the
crack faces. In this way, each release corresponds to an increment of the surface node lower than the
the crack-tip element size, what is consistent with the literature [39, 40, 52].

The result of this step is a finite element model with an updated crack front shape, defined by
the selected driving force (ACTOD,,) without losing the load history information. After this step, the

model is ready to start a new crack advance coming back to step 2 (Figure 1).

3. Application to a practical example

The methodology is illustrated by the simulation of the fatigue crack growth in a compact tension

specimen made of S275 steel and subjected to constant amplitude loading.

3.1. Geometry, loads and material

The fatigue growth of an initially straight 12 mm-long through-crack was predicted in a standard
compact tension specimen [55] (W = 48 mm, B = 2.4 mm).

A cyclic load applied through the pins with a constant amplitude and a ratio of 0.1 was considered.
The maximum value was chosen so that the maximum nominal stress intensity factor calculated with
analytical approximations [55] would be 12 MPa+/m for the initial crack. These crack length and
loading magnitudes reproduced the testing conditions at the beginning of a typical experiment for
characterizing fatigue crack growth rates.

The S275 steel, a low-carbon structural steel widely employed in the construction of metallic ma-
chinery and structures due to its weldability and malleability [56], was studied. The main material

properties needed for the elastic-plastic finite element model are summarized in Table 2.

Table 2: Material properties of the S275 steel.

Chaboche parameters

Young’s modulus, £ [GPa] Yield strength, o, [MPa] Col]  Xew [MPal
z [ sat a

200 361.62 133.33 124.24

These values were obtained by fitting the results of low cycle fatigue tests performed on cylindrical
dog bone specimens at room temperature [57], under a strain ratio (R.) of -1 and three different strain
ranges (Ae = 3%, 4%, 5%).
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3.2. Finite element model

The finite element model of the CT specimen was generated in ANSYS (Figure 6a). Only one
quarter of the cracked body was modeled explicitly, by considering the symmetries at half thickness
and the fracture plane. A rigid surface was placed on the fracture plane to simulate PICC through

contact (Figure 6a).

a
o
&
0
A
RP* a
! S
: S
! i
P 0.6rpp | | 0.24r,p
77‘ D 4r D
a = 12 mm T p p
(a) Global mesh dimensions. (b) Local mesh dimensions.

Figure 6: Initial mesh for the CT specimen.

The mesh for the quarter CT comprised two parts: a fine local mesh in the crack front region and
a coarse global mesh that represented the main geometrical features of the specimen. The relevant
mesh dimensions were determined based on an approximate plastic zone size estimated with Dugdale’s

expression for plane stress conditions (Equation 4) [50].

T (Kmax

pD = 3
p
8 oy

The local mesh was 11rp,p long and 5rpp high (Figure 6b) and consisted of 113625 elements (121992

nodes). These elements were linear hexahedral and their stiffness matrices were computed using the

>2 = 0.428 mm (4)

selective reduced integration scheme, as recommended by the most recent literature (Table 1).

The regular region of the local mesh was 0.6r,p high and was distributed unsymmetrically with
respect to the crack front (Figure 6b). All the elements of the regular region (31500 out of 113625) had
in-plane dimensions of 8.56 pm x 8.56 um, what corresponds to a normalized size np = rpp /! equal to
50. This can be considered as an intermediate size in view of the different values ranging between 33
and 155 that have been assigned in the literature (Table 1).

The thickness of the local mesh (B/2 = 1.2 mm) was divided in 25 layers of elements. This
requirement is similar to Camas’, who concluded that 30 elements in a half-thickness of 1.5 mm should
be enough (Table 1). Hou’s discretization was slightly stricter, because he employed 25 elements in a

half-thickness of 1 mm, but Gardin et al. used fewer elements (20) for a bigger thickness (B/2 = 5 mm).
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The global mesh was built using around 2400 quadratic hexahedral elements, which had around
13000 corner and midside nodes. That mesh was generated by sweeping a 2D topology and was divided
in three through-the-thickness element layers (Figure 6a).

The rigid surface used for simulating PICC was discretized by four two-dimensional target elements
and slave elements were overlaid over the elements of the local mesh that were on the fracture plane.

A frictionless behavior was established, allowing a maximum penetration of 5e-5 mm [50].

3.8. Testing and measurement of beachmarks

In order to validate the crack shape predictions made by the proposed methodology, a compact
tension specimen was tested in load control under a sinusoidal force (10 Hz), in an MTS Bionix
servo-hydraulic testing machine. The nominal crack-length was estimated through the crack opening
displacement (COD) measured with an MTS 632.03C-30 extensometer.

The beachmark was marked by heat tinting at a nominal crack advance of 1.5 mm, by introducing
the specimen in an oven for 30 minutes at 300°C, as recommended by ASTM E1820 [58]. Finally, the
specimen was subjected to cyclic loading until its total fracture and the fracture surface was studied

in a Leica M205 C optical microscope.

4. Results

Figure 7 shows the development of the plastic zone around the growing crack, in terms of Von Mises
stresses and equivalent plastic strains. At the beginning, the plastic zone existed ahead of the crack
front exclusively, but as the crack advanced, a plastic wake generated behind. In fact, this plastic wake
was the responsible for the plasticity induced crack closure through the contact with the rigid surface
of the fracture plane, which produced the crack shape change.

In this study, 30 crack advances were completed, leading to a total surface crack advance bigger
than twice the maximum size of the initial plastic zone, what fulfilled Camas’ requirement to propagate

the crack at least 1rpp [50] for obtaining stable values of PICC parameters.
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Figure 7: Local mesh, equivalent plastic strain and Von Mises stress for the first and last crack advances.

4.1. Crack shape evolution

4.1.1. Bvolution of ACTOD,

According to the proposed methodology, each new crack front depends on ACTOD, exclusively, so
a detailed analysis of this elastic-plastic fracture parameter is essential to understand the crack shape
evolution.

Initially, ACTOD,, was relatively constant in great part of the thickness and decreased towards

the surface in a 200 pm-wide surface region. Throughout the first six advances (Figure 8a), ACTOD,
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increased in the bulk region (0 mm < z < 1 mm), whereas the opposite trend was observed in the
surface region (1 mm < z < 1.2 mm).
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Figure 8: Predicted evolution of ACTODy,.
From Advance 6 on, ACTOD,, increased along the entire crack front, until a stable distribution
was achieved. Such stabilization was reached rapidly at Advance 12 in the bulk region (Figure 8b) and

later at Advance 24 in the surface region (Figure 8c). From Advance 24 to 30, the stable distribution
of ACTOD,, displayed a relatively flat bulk region, followed by a decrease at a distance of 1 mm from
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the midplane, with a plateau close to the surface (Figure 8c).

4.1.2. Predicted beachmarks and experimental correlation

Figure 9 shows the crack shape evolution predicted based on ACTOD,. The total crack advance

was approximately 600 wm at the midplane and 410 wm at the surface, reproducing the expected
progressive curvature of the crack front.
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Initial
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) ) ) boundary
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Figure 9: Predicted evolution of beachmarks.
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Figure 10: Comparison between predicted and experimental beachmarks and tunneling distance.

Given the high computational cost of the simulations, the crack propagation from Aa,iq = 600 pm
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to 1.5 mm was estimated based on the stable ACTOD,, distribution of the last simulated crack advance
(Figure 10a). The tunneling distance at the end of the crack propagation was determined with an error
of 2.65% (Figure 10b), what supported the validity of the proposed methodology and the suitability
of ACTOD,, as the crack driving force.

4.2. Evolution of plasticity induced crack closure

In this section, the evolution of the crack opening load (Pop/Pmax) is studied as the the most
representative parameter of the plasticity induced crack closure [50].

As already observed for ACTODy,, the P,/ Pmax distribution displayed well differentiated bulk and
surface regions. Initially, from Advances 1 to 8 (Figure 11a), the crack opening load decreased in the
bulk region, whereas it increased in the surface region. Then, the trend inverted in the bulk region,
so as the crack propagated from Advance 8 onwards, the crack opening load increased throughout the
entire crack front (Figure 11b). Finally, at Advance 20 a stable through-the-thickness distribution was
reached, which suffered very small variations up to the last crack advance (Figure 11c). The converged
values were around 0.21 and 0.56 for the midplane and the surface, what agrees with the literature
that reported values around 0.2-0.35 for the midplane and 0.55-0.65 for the surface under the same
stress ratio [33, 50, 52].
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Figure 11: Predicted evolution of Pop/Pmax.
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5. Discussion

As far as the present authors know, this is the first study that performs a 3D finite element analysis
to calculate the distribution of ACTOD,, through the thickness. Therefore, it is relevant to compare
the results obtained in this paper with the trends observed for other crack driving forces, such as
AKg, which was used by several authors to perform simultaneous simulations of PICC and CSE.

For instance, Gardin et al. simulated the growth of an initially straight through-crack in a compact
tension specimen, by considering fixed straight [17] and evolving curved [17, 40] shapes. For the
fixed straight crack, AK.g was relatively constant throughout a long region in the half-thickness and
then it decreased towards the surface. As the crack advanced, AK.g increased in the bulk region
but decreased in the surface region. These are exactly the same trends observed for ACTOD, at
the first six crack advances, where the straight crack assumption may still apply. For the evolving
crack, Gardin et al. found a faster increment of AK.g at the surface during the initial phase and,
after certain propagation, a minimum value was observed close to the surface. They reached a stable
through-the-thickness configuration where the differences between the minimum and maximum values
were around 18% [40], what permitted to ratify AKg as the crack driving force. Here the same trends
were identified, even if ACTOD,, still presented through-the-thickness variations at the last simulated
crack advance. More specifically, the minimum value was 27% lower than the midplane value.

Moving to the crack opening load (Pop/Pmax), Branco et al. found that the crack closure developed
next to the surface resulted in an increase of the crack opening load as the crack grew [33]. Concerning
the distribution along the thickness, Camas [50] reported a sudden increment of the crack opening
load in the 250 pm-long region close to the surface in a 3 mm-thick specimen. The studied materials
and load levels were different, but the observations are consistent with the presented results.

Finally, the influence of the number of load cycles on fracture and PICC parameters is addressed
by an additional simulation that consisted in the application of 20 load cycles after a single release of
nodes (da =1 = 8.56um). The results (Figure 12) showed that the normalized ACTOD,, presents a
high convergence with respect to the number of load cycles, with an average difference between the first
and twentieth cycles lower than 4%. In contrast, the crack opening load displayed a huge dependence,
concluding that 15 to 20 cycles are necessary to reach converged (cycle-independent) values, what
demonstrates a high computational cost inherent to AK.g-based approaches that require Pyp/Pnax in

comparison to the proposed methodology.
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Figure 12: ACTODy, ;/ACTODy,, ; and Pop/Pmax after a single node release.

6. Conclusions

A methodology for the simulation of plasticity induced crack closure (PICC) and crack shape evo-
lution (CSE) was proposed based on remeshing and mapping strategies for keeping the load history.
The main novelty was the use of an elastic-plastic fracture parameter rather than the widely employed
effective stress intensity factor range (A K,g), what implies two relevant advantages: 1) a lower numer-
ical effort, because a single finite element model needs to be developed and 2) a wider applicability,
because large scale yielding scenarios can be analyzed. The methodology was illustrated through the
application to an initially straight crack in a compact tension specimen subjected to small scale yield-
ing, by using the plastic crack tip opening displacement range (ACTOD,,) as the crack driving force

for the first time in a 3D numerical study. It was concluded that:

e The proposed methodology is valid, based on the good numerical-experimental correlation of
crack shapes (error of 2.65% in the tunneling distance) and the high agreement between the

observed fracture and PICC parameter trends and the literature.

o ACTOD,, is an effective crack driving force, because it permits to predict crack shapes accurately,

as mentioned in the previous point.

o ACTOD,, is an efficient crack driving force, because it shows faster convergence with applied
load cycles than the crack opening load required by AK.g. In fact, only one cycle had to be

applied between node releases in order to determine the realistic crack shape evolution.

After the remeshing and mapping algorithms are optimized, the proposed methodology may help
to understand better relevant phenomena related to crack propagation, such as the behavior of short

cracks and the effect of stress ratio, mean stress and sample thickness.
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