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Abstract

Void growth and coalescence are studied in this work through
Finite Element simulations. A methodology for the study of three-
dimensional non-periodic configurations is proposed. In order to avoid
the hypothesis of microstructural periodicity, a three-dimensional clus-
ter with three initially spherical voids, is modeled. Multiple spa-
tial configurations are simulated in a parametric study. The pre-
coalescence behavior is detailed through the evolution of the volume of
each void, the minimum intervoid distance, and the equivalent plastic
strain in the middle of the shortest path between voids, and the re-
sulting coalescence mechanism is described. Locally accelerated and
non-homogeneous void growth is observed close to the localization
band. Although only coalescence by internal necking is present, ap-
parent void-sheet formation is observed if only a two-dimensional slice
is considered. These observations, and a comparison with the Rice-
Tracey growth model, highlight the importance of fully considering
the three-dimensional complexity of the ductile damage micromecha-

nisms.



1 Introduction

A better understanding of ductile damage can enhance the accuracy of
fracture prediction during in-use life, optimize designs of mechanical pieces,
and improve forming processes. Further improving the understanding of the
micromechanisms of ductile damage -void nucleation, growth, and coalescence-
is essential for the development of more predictive and universal macroscopic
models. This paper focuses on void growth and on void coalescence mecha-

nisms.

Void coalescence is usually categorized into three different mechanisms [T,
2]. The first and most common mechanism is coalescence by internal necking
of the intervoid ligament. In the second mechanism, two voids seemingly
wide apart, are suddenly united by a narrow void sheet. This is referred to
as void-sheet mechanism. The third and less common mechanism is known
as necklace coalescence or coalescence in columns, in which voids link up

along their length.

Void-sheet coalescence was observed by Cox and Low [3] in an AISI 4350
alloy (see Figure [1]). The authors identified these void sheets as planar fea-
tures formed by small voids, and oriented at 45° with respect to the tensile
axis. The orientation of this feature coincides with the direction of maxi-
mum shear. This void-sheet mechanism can have a negative impact on the
ductility of the material [3] 4].



Figure 1: Instance of void-sheet mechanism observed by Cox and Low [3] in
an AISI 4350 alloy.

Recent efforts have employed three-dimensional imaging techniques, such
as X-ray tomography or Synchrotron radiation computing tomography (SRCT),

to study and improve the understanding of ductile damage mechanisms

5. [, 7, B].

Babout et al [9] studied damage in model metallic materials via X-ray
tomography by carrying out in situ tensile tests in two different aluminum
matrices reinforced with spherical hard ceramic particles. The authors ob-
served coalescence (Figure [2)) in the highest strained regions between voids

at approximately 45 deg from the tensile direction.



(a) Hard matrix (b) Soft matrix

Figure 2: Coalescence instances observed by Babout et al. [9]. Figures
adapted from [9].

In the analysis of SRCT images of a commercial nodular graphite cast iron
(EN-GJS-400) [10} [IT], various instances of apparent void-sheet coalescence
have been observed. Two examples of these instances are presented in Figure
The tensile direction corresponds to the vertical direction. The specimen
presents two holes created via Electrical Discharge Machining (EDM) to favor
shear conditions between the holes. T'wo coalescence instances are indicated
in red in Figure Even though the two-dimensional images suggest the
occurrence of the void-sheet mechanism, the three-dimensional images hint at
a possible intervention of voids located close to the observed coalescence; the
objective of this work is to numerically investigate the possible intervention
of neighboring voids. More details on damage and failure mechanisms of this

material can be found in the works of Buljac et al [12].



(a) Before coalescence (b) After coalescence

Figure 3: Apparent void-sheet instance observed in a two-dimensional slice
of a laminography scan of nodular cast iron [10], [11].

To investigate three-dimensional effects on the apparent void-sheet mech-
anisms observed in different materials, Finite element (FE) simulations are
carried out. A three-dimensional non-periodic cluster of three voids is in-
vestigated in a parametric study. Since a classical unit-cell approach is not
suitable for this task, a methodology for the study of three-dimensional non-
periodic clusters of voids and/or particles is proposed. In section [2] the nu-
merical framework, the proposed methodology and the parametric study are
described. Results are presented and discussed in Section (3|, and conclusions

are drawn in Section [l



2 Methodology

2.1 Numerical framework

Since the used numerical framework has been sufficiently documented in

previous publications [I3], 14], only a brief description is given here.

The multiphase FE simulations are carried out with a Lagrangian formu-
lation and a monolithic approach, i.e., on a single mesh. The void-matrix
interface is described by the zero isovalue of a distance function. The distance
function is convected with the Lagrangian mesh motion and, when necessary,
reinitialized with an efficient and parallel algorithm [15]. Body-fitted meshing
and remeshing operations are performed when necessary with an excellent
conservation of the void phase [14]. The way in which coalescence is handled
in the FE mesh, has been treated in detail in previous work [I4]. The ma-
trix is considered elasto-perfectly plastic (Young’s modulus £ = 210000MPa,
Poisson’s ratio v = 0.3 and yield stress o, = 290MPa) and the void phase
is modeled as a compressible Newtonian fluid (viscosity n = 2.1MPa s_l);
this approach has been previously validated [16]. A mixed velocity/pressure
formulation with a P14 /P1 element is used [I7]. Sensitivity analyses with
respect to the temporal and spatial discretizations were carried out in order
to find optimal parameters in terms of precision and numerical cost. As in
the work of Roux et al. [16], an additional sensitivity analysis was carried
out to verify that the mechanical properties of the void phase, and the re-
sulting internal pressure in the voids, bears no influence on the considered

observables.



2.2 Methodology for the study of void and/or inclu-

sion clusters
2.2.1 Motivation

The unit-cell approach [I8, 19] has been very important in the develop-
ment of the local approach to fracture. A great number of studies have been
and continue to be carried out with this approach. Typically, in the unit-cell
approach, a single inclusion or void is embedded in a unit-cell surrounded by
periodic boundary conditions. This greatly simplifies the study of the mi-
cromechanisms of ductile damage and allows the effect of many microstruc-
tural variables to be assessed. Doing so, however, imposes an important
simplifying hypothesis: that the studied microstructure can be represented

by a periodic arrange of microstructural features.

The hypothesis of a periodic microstructure is not always an appropriate
approximation. This constitutes a compelling reason to enrich the available
tools and methodologies for the study of ductile damage. Within the unit-cell
framework, different works have extended the original framework by consid-
ering unit-cells with multiple voids/particles. Thomson et al. [20] studied
the effect of the orientation of a particle cluster with respect to the main
loading direction, on void nucleation and growth. The study was later ex-
tended to assess void coalescence [2I]. McVeigh et al. [22] studied the onset
of the void-sheet mechanism with a unit-cell submitted to shear loading. In
plane strain conditions, Tvergaard compared clusters with different numbers
of voids, but equal total void volume, and concluded that void clusters grow
more rapidly [23]. The role of secondary voids and their spatial distribution

on void growth and coalescence was assessed by Khan and Bhasin [24].

A second group of studies has investigated non-uniform distributions of
voids without recurring to the unit-cell approach. Ohno and Hutchinson [25]

studied the effect of void clustering on plastic flow localization by modeling



a band of non-uniformly distributed voids between two bands of homoge-
neous material. Horstemeyer et al. [26] quantified coalescence effects based
on temperature for different arrangements of voids. Bandstra and Koss [27]
investigated void-sheet coalescence with a computational model of two voids
for stress state and proposed a critical local strain value for the onset of
void-sheet coalescence based on the nucleation strain for secondary particles.
Bandstra et al. [28] examined the deformation localization behavior with
void arrays based on experimentally observed microstructures. Tvergaard
and Needleman [29] assessed the effect of two populations of second-phase
particles on crack growth. Bandstra and Koss [30] assessed the sensitivity of
void growth and coalescence to intervoid spacing. Shakoor et al. [I3] com-
pared uniform and random arrangements of voids to investigate the resulting

difference in ductility.

A third group of works has focused on modeling realistic microstructures
based on experimental images. Sun et al. [31] modeled an actual microstruc-
ture based on scanning electron microscrope (SEM) image, under plane stress
conditions. Vanderesse et al. [32] meshed a volumetric image obtained by
X-ray microtomography and carried out FE simulations. Padilla et al. [33]
carried out FE simulations of a microstructure obtained via X-ray microto-
mography in order to assess the evolution of damage in a single lap shear joint.
Buljac et al. [I0] used synchrotron 3D imaging to immerse microstructures
and carry out FE analyses with realistic boundary conditions [I1] obtained

via digital volume correlation (DVC) and in-situ laminography tests.

The use of three-dimensional imaging in conjunction with FE modeling
brings about opportunities to study ductile damage in more realistic situ-
ations. This increase in realism implies an increase in complexity and mi-
crostructural parameters are observed rather than controlled. For example,
in a typical unit-cell, the intervoid distance is constant and imposed with the
cell geometry; in a FE analysis of an immersed microstructure, an intervoid
distance distribution is obtained when the image is immersed. To verify an

hypothesis or investigate a specific effect without necessarily recurring to pe-



riodic arrangements and idealized shapes, it might be desirable 1. to control
a given microstructural variable or 2. to study a certain isolated configura-
tion or clusters of voids and/or particles. This is the main motivation for the

methodology proposed in this work.

2.2.2 Description

A methodology for the study of void and/or inclusion clusters, is proposed
here as a complement to FE analysis of realistic microstructures. It has the

following defining characteristics:

Dedicated to the study of void and/or inclusion non-periodic clusters.
e Possibility of using microstructural features of non-idealized shapes.
e Reference to a far-field stress.

e The calculations can be controlled with a given stress state in terms of

stress triaxiality ratio and Lode parameter.
e Possibility of imposing arbitrary non-proportional loadings.

e Possibility of obtaining detailed information of the studied configura-

tion (See Section 3] for an example).

A domain with an embedded microstructural configuration is modeled.
The size of the domain is considerably larger than the embedded configura-
tion to assure negligible interaction with the boundaries. The microstructural

configuration analyzed in this study is depicted in Figure [ia]

The cubic domain is depicted in Figure [4b] and the boundary conditions
are schematized. Three symmetry planes are used (red arrows in Figure .
The vertical velocity is imposed on the top plane (green arrow in Figure

4b)), and is calculated to impose a given vertical logarithmic strain. The

9



horizontal velocities corresponding to the perpendicular directions of the two
remaining faces (blue arrows in Figure are imposed. In order to obtain a
desired stress state in the domain, these horizontal velocities are iteratively
calculated during the simulations via an optimization algorithm. A simplex
algorithm [34] implemented in the open-source nonlinear-optimization library
NLopt [35] and coupled with CimLib [36], was used. The stress state is
imposed in terms of stress triaxiality ratio 7' and normalized Lode angle 6.
For all the simulations presented here, constant values of T =1 and § = 0.34
were used; a high triaxiality value was chosen to promote void growth, and
value of the normalized Lode angle is similar to those found locally in the
vicinity of void-sheet like instances in micromechanical FE simulations with
immersed microstructures and realistic boundary conditions such as those
documented in the work of Shakoor et al. [I1].

The described methodology differentiates itself from unit-cell studies such
as, for example, the works of Tvergaard [23] or Khan and Bhasin [24], by its
focus on a isolated non-periodic void cluster. Although the applied bound-
ary conditions result in periodicity, the relative size of the void cluster with
respect to the domain ensures that the interaction with the boundaries is

inconsequential.

10
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Figure 4: (a) Scheme of initial configurations of the three voids and (b)
scheme of computational domain.
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2.3 Parametric study

This parametric study has two objectives. The first one is to provide a
general description of the behavior of a three voids cluster during the stages
of growth and coalescence. The second objective is to assess if such a con-
figuration can be related to the observed instances of void-sheet coalescence
(See section [1]). In this study, the term coalescence refers to actual void im-
pingement and not to the plastic localization stage that precedes it. A pair
of voids is herein said to undergo coalescence when the intervoid distance

reaches zero.

2.3.1 Studied configuration

The three voids cluster is depicted in Figure [dal It is constituted by three
voids with a radius R = 50um: two of them will be referred to as external

voids and the third one will be referred to as the internal void. The line that

11



Table 1: Explored parametric space.

dmz 1 1.75 2.5 3.25 4
l )
175
25
3.25

connects the centers of the two external voids forms 45° with the main loading
direction (the vertical direction). The vertical position (y-direction) of the
center of the internal void is located exactly at mid-height of the domain and
hence between the two external voids. The internal void is shifted in the

thickness direction (z-direction) by a given distance.

2.3.2 Parameters

To construct different initial configurations, the relative positions of the
voids in the three voids cluster were described with two parameters, which
are depicted in Figure [da] along with a scheme of a given initial configuration.
The two adimensional parameters are: d; the distance between the center of
the domain and the center of the external voids divided by R, and d», the
distance between the center of the domain and the center of the internal void

divided by R.

The explored parametric space is summarized in Table [T} the accom-
plished simulations are indicated by a cross. A total of 16 simulations were
carried out. The range between 1 and 3.25 was used for d;, and the range

between 1 and 4 was used for ds.
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3 Results

Results for a single simulation with d; = 1 and dy = 1 are first discussed in

Section Subsequently, the results of the parametric study are presented
in Sections and [3.4

3.1 Results for the case with d; =1 and dy =1

The results for the case with d; = 1 and dy = 1, indicated in red in Table
are now discussed. A plastic localization band, shown in Figure [5|at 0.7%
of imposed macroscopic equivalent strain, is formed between the two external
voids. The internal void presents a heterogeneous growth acceleration. The
preferred growth direction points towards the position of the acceleration
band between the external voids. These accelerated void growth eventually
leads to coalescence by internal necking between the internal void and the

external voids.

Equivalent plastic strain (-)
.5

1.2
0.8
0.4
I
0.0

Figure 5: Strain localization band in a plane containing the external voids
at 0.7% of imposed macroscopic equivalent strain. The minimum intervoid
distance is indicated by a red line and its middle point by a black dot.
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Figure [6a] shows a three-dimensional view of the voids after coalescence at
0.13% of macroscopic equivalent strain. The shape of the internal void signif-
icantly deviates from a spheroidal shape; the void develops a high curvature
zone that extends towards the strain localization band between the external
voids. This deviation puts in evidence the heterogeneous acceleration of void

growth due to the interaction with the external voids.

Figure[6h] presents a two-dimensional cut of the same simulation also after
coalescence at 0.13% of macroscopic equivalent strain. In this depiction of
the void arrangement, the bulk of the internal void cannot be seen. Instead,
a narrow void band between the external voids is visible. This narrow region
is the part of the internal void that coincides with the shown cross-section.
If only this image of the void arrangement is available and the presence of a
third void is ignored, it might be interpreted as an instance of void-sheet co-
alescence. This supports the hypothesis that three-dimensional interactions
between voids can produce coalescence of multiple voids that highly resemble

the void-sheet mechanism if observed from a two-dimensional perspective.

Void fraction (-)
1

0.75
0.5

10.25

(a) Three-dimensional view (b) Two-dimensional view

Figure 6: Configuration of voids after coalescence at 0.13% of macroscopic
equivalent strain for d; = 1 and dy = 1.
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This coalescence mechanism between 3 voids will be described by consid-
ering three observables: the normalized void volume of each void (Figure [7),
the minimum intervoid distance for each pair of voids (Figure [§)) , and the
equivalent plastic strain at the middle point of the shortest path between
each pair of voids (Figure E[) The minimum intervoid distance and the mid-
dle point of the shortest path are schematized in Figure [5| for a pair of voids

with a red line and a black dot, respectively.

In Figure [7] the normalized void volume is presented for each void as a
function of the imposed macroscopic equivalent strain e,,; the end of the
curves corresponds to the value of ¢, at the moment of coalescence. The
behavior of the two external voids is identical since there is no asymmetry to
differentiate them. The internal void, however, presents an accelerated void
growth that, at coalescence, represents an additional 10% volume increase
with respect to the external voids. Since all the voids are subject to the same
macroscopic stress state, it is the local differences of stress state, i.e., the
interaction with the external voids, that induce this accelerated void growth
and promote the formation of the observed high curvature zone (Figure .
This high curvature region will, in turn, modify the stress state ahead of the

resulting notch-like feature and further accelerate void growth.
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Figure 7: Normalized void volume for d; = 1 and ds = 1.

Since the behavior of the two external voids is identical, only two pairs
of voids are considered in the following: the external-external pair and one
of the two internal-external pairs. Figure [§| presents the evolution up to
coalescence of the minimum intervoid distance for these two pairs of voids.
As the domain is deformed, both curves decrease monotonically and almost
linearly with nearly identical rates of decrease. The internal-external pairs
experience coalescence when their minimum intervoid distance approaches

Zero.
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Figure 8: Minimum intervoid distance for d; = 1 and dy = 1.

Figure [0 exhibits the evolution of the plastic strain at the middle point of
the shortest path between voids. At the middle point of the external-external
pair, the equivalent strain evolves linearly with a slope of approximately 7.8,
i.e., even if no exponential trend is observed, this local strain increases a lot
more rapidly than the strain imposed on the domain. The equivalent strain at
the middle point of the internal-external pair increases exponentially. This
is consistent with the observed final configuration since it is the internal-
external pair that undergoes coalescence by internal necking. Coalescence

occurs at a macroscopic equivalent strain of 0.11.
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Figure 9: Equivalent plastic strain at middle point of shortest path between
voids for d; = 1 and dy, = 1.

The analysis of the case with d; = 1 and d; = 1 provided evidence
of the heterogeneous void growth that results from the interaction between
the three voids in the cluster. The coalescence of the cluster was described
through three observables: the normalized void growth, the minimum inter-
void distance and the equivalent strain at the middle point of the shortest
path between each pair of voids. Sections and investigate further the
described coalescence mechanism by exploring how these three observables

evolve when the relative positions of the voids in the cluster change.
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3.2 Effect of d

The effect of dy is examined in this subsection, i.e., the position of the
external voids is fixed (d; = 1), and the effect of changing the position of the
internal void is examined. This corresponds to exploring the design space
in the sense indicated in blue in Table [I The evolution of void volume,
intervoid distance and local plastic strain as functions of the macroscopic
equivalent strain, change with increasing dy. These evolutions are described
in Figures [10}, [11] and [I2] respectively. Figure [I3] presents three-dimensional

views of the voids just after coalescence.

As described in section , the case with dy = 1 (Figure presents a
linear evolution in terms of void volume. When d5 increases, the void volume
evolution changes and presents an exponential behavior. The dy = 1 case
(Figure presents a normalized void growth of about 1.95 for the internal
void at coalescence, and it increases up to 7.8 for the case with dy = 4 (Figure
10d)).
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Figure 10: Effect of dy on the normalized void volume for a fixed value of
dl =1.

Even when ds is 4 times dy, the internal void presents more void growth
than the external voids. Since all voids are subject to the same macroscopic
stress state, this shows that amount of void growth undergone by a given

void can be a complex function of its position in a given void cluster.

The evolution of the relationship intervoid distance-macroscopic equiva-
lent strain is depicted in Figure[11] In the same manner as for the normalized
void volume, the linear behavior of the intervoid distance observed for dy = 1

disappears when dy increases.
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For the cases with dy = 1 (Figure |l1a]) and ds

the internal-external pair of voids are closer in the initial configuration and

1.75 (Figure [L1b)),

coalesces first. Also for the case dy = 3.25 (Figure [L1d), coalescence of the

internal-external pair is observed first even if the initial intervoid distance

of this pair represents approximately 140% of the intervoid distance of the

external-external pair. For the case dy = 4 (Figure|l1d]), the initial intervoid

distance of the internal-external pair is 160% that of the external-external

pair, and a simultaneous coalescence between the 3 voids is observed (Figure
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Figure 11: Effect of dy on the minimum intervoid distance for a fixed value
of d1 =1.
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Figure[12] presents the evolution the equivalent plastic strain at the middle
point of the shortest path between each pair of voids, for four different values
of dy. The last value of the macroscopic equivalent strain of each pair of
curves represents the value for which coalescence was observed; it increases
monotonically with dy, and goes from 0.11 (Figure to 0.39 (Figure .
Irrespectively of the value of the macroscopic equivalent strain, the local

strain just before coalescence is in the range of 2.5-3.0

The plastic strain in the middle of the internal-external pair behaves
exponentially for all four cases. For the the external-external pair, it goes
from a linear behavior to an exponential behavior as ds increases, and it
is practically superimposed with that of the internal-external pair when d,

reaches a value of 4.
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Figure 12: Effect of dy on the equivalent plastic strain at middle point of
shortest path between voids for a fixed value of d1 = 1.

Figure presents three-dimensional views of the configuration of the
voids just after coalescence for the four cases described in this section. The
perspective in each image was adjusted to try to capture well the result-
ing arrangement. The notch-like feature resulting from the formation of the
high curvature region is present in all four cases even if the void shapes vary
considerably between the different configurations. For d inferior to 4, the co-
alescence by internal necking is observed between the internal-external pairs.

For dy = 4 simultaneous coalescence between the three voids is obtained.
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(C) d2 =3.25 (d) d2 =4

Figure 13: Final configuration of voids after coalescence for d; = 1 and
different values of d».

3.2.1 Effect of the internal void on void growth

In this section, the effect of the presence of the internal void on void
growth is studied. Figure presents the normalized void volume of the
external voids for different values of dy and a fixed value of d; = 1. As the
internal void moves away from the void cluster, the external void grows more
slowly and the domain deforms further before coalescence. In the limit case,
the internal void is so far away from the cluster that there is no more influence
if this void on the growth of the external voids. This case was modeled by

simulating only the two external voids in absence of the internal void and is
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also represented in Figure [14 In this case, coalescence occurs later and the

void growth rate is lower.

Figure 14| also presents the prediction of the Rice-Tracey model [37] along
with a simulation with a single void under the same conditions. The single
void simulation is reasonably close to the Rice-Tracey prediction. The slight
underestimation produced by the Rice-Tracey model is consistent with the
analysis provided by Huang [38] on dilatation rates of spherical voids. The
presence of a second void (simulation with no internal void) accelerates void
growth and thus the result deviates from the Rice-Tracey prediction. When
a third void is introduced (the rest of the simulations presented in Figure ,
the results deviate even further from the Rice-Tracey model even for large
values of dy. Given that all the simulations were carried out under the same
stress triaxiality ratio, these results illustrate the importance of considering

the interactions between voids in heterogeneous arrangements.
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Figure 14: Effect of the internal void on the growth of the external void.
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Figure[15|depicts the final configuration after coalescence of the void clus-
ter in the presence of the internal void (Figure and in the absence of the
internal void . When the internal void is present, coalescence between
the internal void and the external voids occurs very early (imposed equiva-
lent strain of 0.11). In the absence of the internal void, coalescence between
the external voids occurs much later (imposed equivalent strain of 0.46), i.e.,
four times later than in the presence of the internal void. The appearance
of the coalesced voids in Figure resembles the experimental observations
of Weck and Wilkinson [39] in metallic sheets with laser drilled holes when
the holes were oriented at 45deg with respect to the loading direction; the
voids first undergo considerable volume change by mainly elongating in the

loading direction, and then present coalescence far from their equator.

(a) With internal void (b) Without internal
(e =1) void

Figure 15: Final configuration of voids after coalescence.

3.3 Effect of d;

This section describes how the evolution of normalized void volume, min-

imum intervoid distance and plastic strain in the middle point between the
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shortest path between voids, changes with d; for a fixed value of dy of 1.75;

the position of the internal void will be fixed and the external voids will

change their position (sense indicated in green in Table . Four cases are

examined. The fourth case (d; = 3.25), does not present coalescence up to

the end of the simulation which corresponds to a final macroscopic equivalent

strain of 0.5.
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Figure 16: Effect of d; on the normalized void volume for a fixed value of
d2 =1.75.

The way how the evolution of void volume changes with d;, is depicted in

Figure In all cases an exponential increase is observed, and the increase

of the internal void volume is superior to that of the external voids. The



difference of normalized void growth between the internal and external voids
increases with d; and goes from 0.3 when d; = 1 (Figure [16a) to 0.95 when

d; = 2.5 (Figure [16d]).

Figure |17 demonstrates the effect of d; on the evolution of the minimum

intervoid distance. In these four cases, the initial intervoid distance in the

external-external pair is greater than that of the internal-external pair. The

internal-external pair presents a higher rate of decrease. The curves change

in a similar manner when d; is increased: an accelerated decrease of the

intervoid distance is observed for lower values of d;, and it decreases more

linearly as ds increases.
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The effect of d; on the evolution of the equivalent plastic strain at the
middle point of the shortest paths between voids, is illustrated in Figure
For both pairs, the evolution of the equivalent strain is exponential for low
values of d; and transitions towards linearity when d; increases. The value
of the macroscopic equivalent strain at coalescence increases monotonically
with increasing d;. The cases with d; = 1 and d; = 1.75 present, like the
cases in section [3.2 a value of equivalent strain at coalescence in the middle
of the internal-external in the range between 2.5 and 3.0. The case with
d; = 2.5 presents a higher value with 3.8, and case with d; = 3.25 presents

no coalescence and a smaller value of plastic strain of 1.7.
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Figure 18: Effect of d; on the equivalent plastic strain at middle point of
shortest path between voids for a fixed value of d2 = 1.75.
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3.4 Global results and discussion

In Figure(19] a response surface is depicted. This response surface presents
the macroscopic equivalent strain at coalescence as a function of d; and d.
Accomplished simulations are indicated as a blue dot. The white zones indi-
cate that coalescence was not observed up to the end of the simulation, i.e.,
up to 0.5 of macroscopic equivalent strain. Coalescence was observed for a

wide range of strains: from 0.1 up to 0.5.

The parametric space could be explored more assiduously if the presented
coalescence mechanisms is to be described more in detail. In particular, the
transitions between the parameter combinations that exhibit coalescence and
those that don’t should be further explored if quantitative information is to
be used. However, the objective of the parametric study was to show that
the coalescence mechanisms between three voids can be observed for many
different initial configurations. Figure [19 demonstrates that this mechanism
is obtained for a wide range of values of d; and dy given that the domain is

sufficiently deformed.

The acceleration increase of the local equivalent strain with respect to
the far-field strain has already been reported in the work of Bandstra and
Koss [27] for a Gurson material model; the authors observed a more com-
plex localization behavior. The use of an elastic-perfectly plastic material
in this work highlighted the interaction of the voids while neglecting the ef-
fect of secondary voids, which was desirable to study the hypothesis that
three dimensional interactions could lead to apparent void-sheet coalescence
instances. The introduction of strain hardening and/or softening due to a
secondary population of voids would change the observed trends and consti-

tutes a perspective of this work.

The detailed description of the coalescence in the cluster suggests the
utilization of two of the employed observables as coalescence criterion: the

equivalent strain at coalescence at the middle point of the shortest path be-

30



tween voids, and the minimum distance between voids. The former was used
by Bandstra and Koss [27] to construct a failure limit diagram; the value the
authors used as threshold was based on the nucleation strain for secondary
particles. As seen in sections and [3.3] most of the observed coalescence
instances in the parametric study present a local strain before coalescence in
the range of 0.25-0.3. The latter provides a very natural threshold for coales-
cence by internal necking: coalescence occurs when the minimum intervoid
distance for a pair of voids reaches zero. The simple trends observed for this
variable in the results of the simulations, are promising in the sense that
they could be described with simple evolution laws. An extended paramet-
ric study considering various numbers of voids, mechanical behaviors and
stress states, could help identify a proper threshold for the local strain or
help formulate evolution laws for the minimum intervoid distance. These
two possibilities will be explored in future work.
Macroscopic equivalent

strain at coalescence [-]
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0.45

0.40

10.35

¢ 10.30

10.25

¢ 0.20

0.15

2.0 2.5 3.0 0.10

d2 [pm]

Figure 19: Equivalent strain of the domain at coalescence as a function of
d; and dy. The blue dots indicate the accomplished simulations.
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4 Conclusions and perspectives

A methodology for the study of three-dimensional non-periodic clusters
of voids and/or particles was proposed as a complementary approach in the

study of the micromechanisms of ductile damage.

The proposed methodology was put in use to assess if the interaction
with neighboring voids could play a role in apparent void-sheet instances
observed in different materials. The FE simulations of a cluster with three
voids show that accelerated and non-homogeneous void growth is promoted
in the vicinity of the plastic localization band; a high curvature region that
grows towards the localization band is formed. The coalescence mechanism

between the voids corresponds to internal necking.

If a two-dimensional cut of the voids after coalescence is made, the re-
sulting image considerably resembles the experimental observations. This
supports the hypothesis that three dimensional interactions can play a role
in the apparent void sheet instances. More generally, these results point at
the importance of considering three-dimensional and non-periodic phenom-

ena in the study of ductile damage at the microscale.

The predictions of the Rice-Tracey void growth model were compared
with simulations with one, two, and three voids. When one void is consid-
ered, the results of the simulation are close to the Rice-Tracey prediction.
When two or three voids are simulated, the Rice-Tracey model deviates sig-
nificantly from the results of the numerical results. This highlights the im-
portance of considering the effect of intervoid interactions in non-simplified

configurations.

Although the use of an elastic-perfectly plastic material was useful for
the study of the proposed hypothesis -that three dimensional interactions
between voids can give origin to coalescence mechanisms that resemble the

void-sheet mechanism-, a perspective of this work is to study the effect of
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strain hardening and softening due to damage at smaller scales, on the de-

scribed coalescence mechanism. Other stress states will also be studied.

The results of the parametric study provided a detailed description of the
void growth and coalescence of the studied three voids cluster and the effect of
the initial configuration on the coalescence was studied. It was observed that
under an identical far-field stress, the growth undergone by a void depends
on its relative position in the cluster. Further work is necessary to better

understand the complex interactions between voids in realistic clusters.

Results from the parametric study suggest that the equivalent plastic
strain at the middle point of the shortest path between voids or the evolu-
tion of the minimum intervoid distance, might be appropriate coalescence
indicators. Future work will investigate these possibilities via the herein pro-
posed methodology for different configurations, mechanical behaviors and

stress states.
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