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ract

he mechanisms of fracture and individual void evolution in ductile thin (1.0 mm) sheet metal (AA2139 T3) under mechanical loading
investigated using in situ synchrotron-radiation computed laminography (SRCL) and finite element simulations. The in situ SRCL
allowed for quantifying the evolution of individual voids at different positions on the flat and slant fracture surfaces with different

ciated stress and strain histories. The evolution of parameters such as void volume, their Feret dimensions and void reorientation
e was investigated. The result shows that voids on the flat crack surface do not show reorientation whereas voids on the slant crack
ce orient towards the slant crack surface. However, most of their surface does not lie on the final slant crack. It is also shown that

son–Tvergaard–Needleman simulations overpredict the void growth compared to the measured values.
14 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Fracture toughness of ductile materials is a crucial crite-
rion to design lighter structures for transportation applica-
tions [1]. Ductile materials usually fail as a result of
microscopic void evolution processes such as void nucle-
ation, growth and coalescence [2]. Voids nucleate at inclu-
sions or second-phase particles during the fracture process
and also pre-exist in a material in the form of hydrogen
micropores due to the manufacturing process. In the case
of a thin sheet metal, which is widely used in structures
for transportation applications, fracture initiation at the
notch or pre-crack root typically commences with the
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formation of a flat triangular fracture surface, whose nor-
mal corresponds to the loading direction. Once the initial
flat fracture surface is formed, the crack tilts and propa-
gates with a slant fracture surface with an angle of �45�
to the loading direction after some extension [3]. Experi-
mental results [4] indicate that on the flat fracture surface,
fracture is governed by the growth of primary voids nucle-
ated on large constituent particles or by growth from initial
porosity due to the fact that hydrostatic pressure is domi-
nant, whilst on the slant fracture surface, void growth
seems limited and void sheeting, i.e. sudden nucleation
and coalescence of, i.e. sub-micrometre voids in a localised
area, can be observed. Despite the research that has gone
into the study of the mechanisms of transition from the
flat-to-slant fracture surface, fundamental aspects of the
mechanisms are still not fully understood [1,5–7].
ts reserved.
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In recent studies, three-dimensional (3-D) finite element
(FE) modelling has played an important role in investigat-
ing void evolution under different stress states. The flat to
slant fracture transition in steel was investigated using the
computational cell technique and the Gurson–Tvergaard–
Needleman (GTN) model under stable tearing conditions
prescribing the flat to slant crack path with a layer of
Gurson-type elements [8]. The result showed that the
energy dissipation rate reaches a minimum value in the case
of the slant fracture for a final tilt angle equal to 45�.
However, modelling void behaviour in this phenomenon
is still challenging. Historically, models for void growth
[9,10] were proposed with the assumption of isotropic void
growth from an initial isotropic spherical void. However,
the behaviour of voids in a strain localization band cannot
be reproduced by these models with respect to shape
change. The crack typically remains flat using these kinds
of void growth based damage models [3]. By accounting
for shear based void nucleation, the crack may become
slanted [7]. Attempts have been made on modelling to
account for anisotropic void growth. Axisymmetric void
growth from an initially axisymmetric ellipsoidal void with
respect to the primary loading direction was also modelled
[11,12], or non-axisymmetric and anisotropic void growth
from a generic initial 3-D ellipsoidal void [13]. A compari-
son with experimental observations is needed to validate
model predictions. Destructive two-dimensional (2-D) sec-
tioning of stopped tests or post-mortems provide insight
into the damage state at given mechanical states (e.g.
[14]) but the evolution of damage is hard to achieve with
these methods. As a result there is limited 3-D in situ
insight into the microstructure during fracture in the liter-
ature. The objective of this work is to provide experimental
data for comparison with models. A comparison with
simulations using a rather classical GTN-type model is
made.

Aiming at investigating microscopic mechanisms of
fracture, X-ray computed tomography (CT) has been used
to observe in situ the 3-D damage evolution in ductile engi-
neering materials [15–18]. However, a drawback of CT is
that the shape of specimens is limited to small match-
stick-like ones with cross-sections of the order of
1 � 1 mm2 due to the fact that a large variation in X-ray
transmission while rotating specimens should be avoided
for better reconstruction of a 3-D image from 2-D projec-
tions. Therefore, the technique is not well suited to in situ
measurements of a plate-like specimen, i.e. extended in two
directions and thin in the third one [19,20]. Moreover, plas-
tic zone sizes in the specimens for CT are not compatible
with many key engineering failure situations where plastic
zone sizes may reach the order of several millimetres. With
the recent progress in synchrotron laminography [19,20] it
has become possible to observe in situ and in three dimen-
sions damage evolution in plate-like objects [21]. Ductile
crack initiation and propagation in a 2139 Al alloy have
been studied for the first time in three dimensions and
in situ inside a thin (1.0 mm thickness) sheet material with

boundary conditions close to those of structures in service
and close to standard mechanical tests to assess the tearing
resistance [22]. In this study the source data obtained in the
experiment [22] are used.

The aim of this work is to visualise and to quantify the
microscopic behaviour of selected voids during fracture in
a thin-sheet engineering material. The experiment result
[22] provides detailed 3-D information concerning void
evolution in the material. In the first step, the void evolu-
tion in four different zones in a specimen is visualised to
show different void volume and shape changes under differ-
ent stress–strain histories. Then finite element simulation
using a rather classical extended Gurson model [10,23] is
performed to estimate the stress and strain states in the
specimen at the four locations. Making use of these results,
the void evolution at the four different locations is quanti-
fied in terms of void volume fraction and void shape
change and discussed with respect to stress triaxiality
obtained from simulations. Finally, the contribution of
the voids and their shape change to crack formation is
investigated.

2. Experimental

2.1. Material

The material used in this study is an Al–Cu–Mg
(AA2139) aluminium alloy in naturally aged T3 condition
for aerospace applications. The chemical composition of
the material is shown in Table 1 [24]. The material was pro-
vided as a sheet metal with 3.2 mm thickness and was sub-
sequently machined down symmetrically to 1.0 mm. The
mechanical properties of the material in terms of stress
and strain curves and ductile tearing curves are given in
Ref. [23]. In the following, the rolling direction is referred
to as L, the long transverse direction as T and the short
transverse (thickness) direction as S.

The size and distribution of pores and particles in the
material have already been assessed from tomographic
data via Feret dimensions of pores and particles and Feret
dimensions of 3-D Voronoi cells around pores and parti-
cles [23] (see Table 2). These values would approximately
double when only pre-existing voids are considered. Those
may contribute most to the failure process [25]. The mate-
rial has an initial void volume fraction of �0.34%. This
value has been obtained by tomography [23] and it has
the same order of magnitude as values obtained in Refs.
[4,26]. These pores have been identified as hydrogen
micropores [25,27]. The mean Feret dimensions of pores
is maximal in the L direction, which obviously shows the
effect of the rolling process on the formation of void shape.
The Voronoi cell dimensions of �25 lm indicate isotropic
void and particle distribution in the material. The grain size
of 60 lm in the L direction, 52 lm in T and 24 lm in S have
been obtained from optical microscopy on etched sections
using a mean linear intercept method [24]. The grain size in
each direction also shows the effect of the rolling process on
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the material. Further details on the microstructure of the
material were reported previously [22,28].

2.2. Mechanical in situ test

The tearing in situ test was performed on a flat-notched
specimen with a width of 60 mm, a height of 70 mm and a
thickness of 1.0 mm (see Fig. 1). A notch was machined by
wire electrical discharge machining (EDM) resulting in a
radius of 0.17 mm. The initial notch length to width ratio
is 0.6. The loading was applied in the L–T configuration
via opening the notch mouth with a displacement con-
trolled two-screw opening device. Stepwise monotonic
loading was applied between different laminography scans.
A scan was performed before every loading step and the
total number of scans was �20. The region of interest
(ROI) for the scan was initially set close to the notch and
was moved along with propagation of the crack tip to
image the damaged material ahead of the crack tip. An
anti-buckling device was used to prevent the thin-sheet
specimen from significant buckling and out-of-plane
motion in the compression zone. Further details of the
mechanical testing were reported previously [22,28].

2.3. Laminography

Synchrotron-radiation computed tomography (SRCT) is
particularly adapted to imaging of one-dimensionally elon-
gated, i.e. matchstick-like, specimens, which stay in the field
of view of the detector system under rotation. In contrast,
synchrotron-radiation computed laminography (SRCL)
[29] is optimised towards the imaging of laterally extended,
i.e. plate-like, specimens. For laminography, the rotation
axis of a specimen is inclined at an angle of h < 90� with
respect to the beam direction (where h = 90� corresponds
to the case of CT). The specimen is typically turned around
the normal vector of the sheet plane (see Fig. 2).

For a plate-like specimen this enables a relatively con-
stant average X-ray transmission over the entire scanning
range of 360�, which in turn allows for the acquisition of
reliable projection data. Using a filtered back-projection
algorithm [19], a 3-D image of the imaged specimen around
the rotation axis is reconstructed from the 2-D projections.
Although the sampling of the 3-D Fourier domain of the
specimen is incomplete [19], which leads to imaging arte-
facts, the latter ones are often less disruptive than those
produced by (limited-angle) CT [30,31].

Imaging was performed on KIT’s laminography instru-
ment installed at beamline ID19 [31] of the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France). An
inclination angle of the specimen rotation axis of �25� with
respect to the beam normal (h � 65�) was chosen as well as
a monochromatic beam of 25 keV X-ray energy [22]. The
multilayer monochromator employed for imaging has an
inhomogeneous beam profile [32] and therefore is prone
to introducing further artefacts (i.e. so-called “ring-
artefacts”) similar to the ones encountered in CT images
[33,34]. Volumes were reconstructed from 1500 angularly
equidistant radiographs with an exposure time of 250 ms.
The size of ROI was �1 mm3 in volume with a voxel size
of 0.7 lm. The final reconstructed volumes have a size of
2040 � 2040 � 2040 voxels. The minimum specimen to
detector distance was 70 mm, leading to relatively strong
edge enhancement [35] due to phase contrast. For easier
data handling, all 3-D images consisting of 32-bit floating
point values were converted into 8-bit grey level 3-D
images using the same linear dependence. For 3-D void
representation, the local minima approach based on the
watershed transformation algorithm [36] and the Gaussian
filter were used to segment voids. The error of 40% on void
volume was estimated with the method similar to that used
for void segmentation [4]. Scripts based on Python and a
VTK software rendering routine were used to register the
3-D datasets and produce the 3-D images.

Table 1
Chemical composition limits of the AA2139 alloy in wt.% (after Ref. [24]).

Alloy Si Fe Cu Mn Mg Ag Ti Zn

2139 60.1 60.15 4.5–5.5 0.20–0.6 0.20–0.8 0.15–0.6 60.15 60.25

Table 2
Porosity and intermetallic particle content, dimensions and distribution of the AA2139 alloy (after Ref. [23]).

Porosity Intermetallic particles

fv in (%) 0.34 0.45
With a variation of ±10% when setting extreme grey values ±15% (Standard error based on repeat measurements at

different locations and magnifications)

Mean Feret dimensions of pores in lm Mean Feret dimensions of Voronoi cells around 2nd phase
particles and pores in lm

L T S L T S
7.6 5.4 4.5 23 24 25
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3. Results

In this study, void evolution will be characterised in four
typical regions in the observed volume to represent behav-
iours of isolated void evolution during fracture (see Fig. 3).
Two regions located ahead of the notch (300 lm), where
the crack is both flat and slant, and two far from the notch
(1100 lm), where the crack is mainly slant, were investi-
gated. Each of these regions is additionally separated into
two in terms of the thickness (S) direction due to different
behaviours of void evolution along the S direction. In each
region one void is extracted to show a representative
behaviour of the void evolution until the crack surface is
formed. The chosen voids are labelled by “close” or “far”
to indicate distance from the notch, and “centre” or “sur-
face” to indicate the position in the S direction. All chosen
voids contribute to the final crack formation. Detailed
information of these voids is given in Table 3. The void
sizes of the four voids are not similar but they still show
similar void evolution behaviour.

3.1. Crack mouth opening displacement (CMOD)

All the mechanical parameters are characterised as a
function of CMOD obtained from the movement of the
loading device in this study. Optical measurements (digital
image correlation) on the surface such as in Ref. [37] have
unfortunately not been made in this study. Definitions of
CMOD, crack length (a) and local notch opening displace-
ment (d1.0 and d0.7) are shown in Fig. 4a and b. Here, we
chose two pairs of reference points for local notch opening
displacement due to the fact that the pair with Ref-1 and 2
for d1.0 cannot be captured for all loading steps as the lami-
nography ROI was moved with the advance of the crack
tip during the experiment. To estimate the accuracy of
the CMOD values measured in the experiment, these three
parameters are compared between the experiment and sim-
ulations (see Figs. 1, 4c and d; also see Section 3.5). In
Fig. 4c the simulation and experiment results show good
correspondence in terms of average behaviour of crack
propagation around the notch, although simulated crack
initiation occurs earlier than in the experiment. However,
it can be seen in Fig. 4d that both simulated d1.0 and d0.7

overestimate those of the experiment. This is due to the fact
that in the experiment there are effects of stiffness of the
loading device, of friction between the loading device and
the specimen and of crack mouth rotation during opening,
which are not taken into account in the simulation. Addi-
tionally, care must be taken with d0.7 due to the fact that
d0.7 in this study is sensitive to plastic zone shape as the pair
of d0.7 is located in a plastic zone. Nevertheless the discrep-
ancies on both d1.0 and d0.7 between the simulation and the
experiment are less than 10%, which would be small
enough to use CMOD from the experiment to characterise
the steps of void evolution. Furthermore, the comparison
of crack propagation at the micrometre scale between

simulations with experiments in terms of in situ crack prop-
agation in a thin sheet metal is rarely made in the literature.

3.2. Isolated voids and clusters

Both isolated single voids and clusters of voids and iron-
containing intermetallic particles are observed in the as-
received material. The typical shapes of an isolated single
void and a cluster are shown in Fig. 5a and b. The figure
indicates that both the isolated single void and the cluster
are clearly elongated in the L direction as discussed above
and the cluster is composed of several single voids and
intermetallic particles. Aggregation of single voids gener-
ally makes the volume of a cluster larger than that of an
isolated single void. Hence, clusters may even play a more
important role in crack formation than isolated single
voids. However, void evolution in clusters in the experi-
ment shows more complicated mechanisms in terms of void
growth and coalescence. For the sake of simplicity and
modelling purpose, we focus here on the evolution of
isolated single voids.

3.3. Macroscopic crack propagation and void evolution

The 3-D volume images in a 140 lm thick slice stack at
different distances from the notch in Fig. 6 are obtained to
observe the macroscopic crack propagation behaviour. The
as-received material shown in Fig. 6b has an isotropic void
distribution in the T–S plane. For comparison a LOM
image of a polished and etched 2-D section is given in
Fig. 6a, clearly indicating the pre-existing voids. It should
be noted that the intrinsic void content of the parent mate-
rial is “exaggerated” by the 3-D nature of Fig. 6b, repre-
senting the void content of a thick slice of material.
Crack initiation and propagation at 300 lm ahead of the
initial notch position, where the crack is flat, and at
1100 lm, where the crack is slant (views a and b in
Fig. 3b) are shown in Fig. 6c–e and f–h, respectively. The
view orientation is in the crack propagation direction.
The necking of the material close to the notch can be seen
in Fig. 6c–e, whereas Fig. 6f–h shows less necking during
crack propagation. Crack initiation at the middle of the
specimen as a result of void growth and coalescence, and
the formation of a relatively flat fracture surface, can be
seen in Fig. 6d. In addition, voids close to the surfaces
show reorientation, which may be caused by strain locali-
zation (see Fig. 6c and d), forming the slant fracture
surface with respect to the primary loading direction (see
Fig. 6e). These images show the classical flat crack tunnel-
ling with crack propagation [1]. In contrast, it is observed
in Fig. 6g that crack initiation at the middle of the speci-
men is no longer flat and seems to be controlled not by void
growth and coalescence mechanisms but mainly by a strain
concentration mechanism. Void reorientation also can be
seen at voids close to the surfaces as well as those close
to the middle of the specimen (see Fig. 6f and g). The slant
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(roof-top shape here) fracture surface which is not oriented
normal to the primary loading direction can be clearly
observed in Fig. 6h. The apparent big void in the centre
of the crack is due to local crack opening, which is at a

maximum in the centre due to slight crack tunnelling. In
addition, two strain localization bands are crossing here
that may well increase the local level of triaxiality.

3.4. Visualisation of the evolution of single voids and their

representativity

The void evolution for different load levels in terms of
2-D sections and 3-D images in the T–S and L–T planes
are shown in Figs. 7 and 8 respectively. In the case of the
void (close-centre), which locates close to the notch and at
the middle of the specimen in the S direction, it can be seen
that the void is growing larger, keeping a spherical shape,
and then the shape changes into a diamond-like one, indi-
cating that high stress triaxiality may have a dominant effect
on void evolution in this region [38]. However, the void
growth is not spherical before coalescence, indicating the
onset of internal necking between voids. The void (close-
surface), which locates close to the notch and close to the
surface, shows that at the beginning of loading the void
shape slightly elongates in the loading direction and subse-
quently reorients diagonally with an angle of �30–40�
against the loading direction. This is a result of two
phenomena. One is the effect of necking due to the tensile
loading condition, which facilitates elongation of the void
in the loading direction before starting subsequent

Fig. 1. Sketch of the in situ loading setup with two-screw loading device
and specimen with dimensions 60 � 70 � 1 mm3. The notch length was
36 mm and its radius 0.17 mm. The CMOD was measured via movement
of the two-screw loading device. The anti-buckling frame is not shown
[28].

Fig. 2. Schematic views of a typical CT setup: (a) in comparison to the CL setup (b) at synchrotron beamlines with parallel-beam geometry (after Ref.
[28]).

Fig. 3. Schematic representation of the specimen in the (a) L–S and (b) L–T configurations. The fractography image on (a) is obtained not by Ref. [22] but
by the test with the same material, shape and test condition as Ref. [22]. The 3-D volume images with a 140 lm thick slice obtained at 300 lm (view a) and
1100 lm (view b) ahead of the initial notch position are shown in blue dotted lines. The locations of the extracted four voids to represent different void
evolutions are briefly shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reorientation. Another is the effect of subsequent strain
localization after necking, which causes void reorientation
in a strain localization band. Different behaviours of void
evolution can be seen at voids far from the notch. The void
(far-centre), which locates at the middle of the specimen,
initially grows mainly in the loading direction. However,
it starts turning toward �30� along the way of void evolu-
tion and contributes to forming the slant fracture surface
to the end. It can be observed that the behaviours of void
evolution are different between the void (close-centre) and
the void (far-centre) due to dependence of void evolution
on stress and strain states, even though voids locate at the
middle of the specimen in both cases. The void (far-centre)
seems to locate in the vicinity of a position where the
transition from flat to slant fracture occurs. However, there
is still void growth observed which is consistent with the ele-
vated level of stress triaxiality in the middle of the specimen.
Finally, the void (far-surface), which locates close to the
surface, shows that elongation of the void in the loading
direction is quite limited and void shape change is con-
trolled mainly by reorientation with an angle of �40� due
to the strain localization band around the void. In this
region, the level of stress triaxiality is low. Therefore, only
a little amount of void growth can be seen in this region
compared to the case of the void (close-centre). However,
due to the small initial void size the observation becomes
harder. It is clearly seen in Fig. 8 that elongation is not sig-
nificant in the L but dominant in the T direction. In one of
the following sections, the behaviour of void evolution will
be quantified and be interpreted with mechanical parame-
ters obtained by image analysis and FE simulation.

For comparison, a fractography scanning electron
micrograph is shown in Fig. 9. For this observation, a sec-
ond sample was fractured in conditions identical to the one
observed by laminography. The flat fracture surface is seen
covered by large dimples, whereas the slant area is mostly
covered by small dimples that may have nucleated at a sec-
ond population of particles such as dispersoids at high lev-
els of strain [4.27].

3.5. Numerical simulation

3.5.1. Damage model

The aim of performing FE simulation in this study is to
simulate stress and strain field in the specimen during the
experiment and then to evaluate the local evolution of

stress and strain and derived parameters such as stress tri-
axiality at the locations where voids are observed. These
are used to interpret the microscopic observation from
the experiment such as void shape change and void volume
fraction.

The numerical simulation has been carried out using the
FE software Zebulon, which has been developed at Mines
Paristech [39]. The modelling in this study is the same as
the one used in Ref. [23] for the same material. The GTN
model [10,40] has been used to introduce a coupling effect
between plastic deformation and damage on material.
Although the GTN model is able to capture the void
growth stage, it can be assumed here that the GTN model
is applicable to simulate the experiment that had been
observed by SRCL due to the fact that the stress state of
the experiment was in the positive stress triaxiality regime
and above the level of uniaxial tension. In the framework
of the GTN model, effective scalar stresses are defined by
the following equation:

Uðrf ; req; rkk; f�Þ ¼
r2

eq

r2
f

þ 2q1f� cosh
q2

2

rkk

rf

� �
� 1� q2

1f 2
�

¼ 0

where rf is the flow stress of the matrix, req is the von Mises
stress and rkk is the trace of the stress tensor. The two fitting
parameters (q1 and q2) [37] which influence void growth have
been identified via axisymmetric, anisotropic void shape cell
calculations using an elastic–plastic material law identified
on the L direction tensile test [23]. f� is the void volume frac-
tion and represents an increased softening effect by voids
during coalescence through internal necking [40]:

f� ¼
fg þ fn for f g < fc

fc þ fn þ dðfg � fcÞ for f g > fc

(

where fc represents the critical growth void volume fraction
for which coalescence via impingement starts and d is an
accelerating factor which represents the increased softening
effect of voids once void coalescence has started.

The following equation is used to express the behaviour
of void growth and nucleation:

f� ¼ ð1� f�Þtraceð_epÞ þ ðA1
n þ A2

nÞ _p
where the first term on the right-hand side corresponds to
void growth (i.e. mass conservation) and the second term
corresponds to void nucleation. Here, _f � is the void

Table 3
Locations, dimensions and initial void volumes of the extracted voids in the four regions.

Distance from the initial notch position in lm Feret dimensions of the void in lm Initial void volume in lm3

L T S L T S

Void (close-centre) 205 �3 12 16.1 9.1 8.4 492
Void (close-surface) 368 �120 478 8.4 7.7 6.3 128
Void (far-centre) 1138 �161 29 18.2 7.0 7.7 466
Void (far-surface) 1107 �396 477 4.2 4.2 5.6 34
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nucleation rate and _p is the strain rate. A1
n is a material

parameter that controls nucleation rate at coarse interme-
tallic particles, supposing nucleation of voids around these
particles up to 10% strain. A2

n is also a material parameter
which controls nucleation at a second population of smal-
ler second-phase particles for elevated levels of cumulated
plastic strain observed in slanted areas, which appears to
control fracture in low stress triaxiality. p2

c is a critical
strain which controls the nucleation at a second population

of second-phase particles. These parameters for the GTN
model used in this study have already been calculated in
Ref. [23] and shown in Table 4. The value of parameter
A2

n has been changed to fit the crack progression vs. local
opening graph obtained by measurements on the laminog-
raphy data. This was necessary as the mesh size has been
changed here to 50 lm element height with respect to the
calculation carried out in Ref. [23] with 100 lm element
height. In this framework the crack will progress in a flat

Fig. 4. (a, b) Definition of measurement on CMOD, notch opening displacement (d1.0 and d0.7) and crack length. (c, d) Comparison of three parameters
between the experiment and the reference simulation shown in (e). (e) Simulated crack progression as a function of the CMOD for three different
simulations and the experimental results.
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manner in the simulation. This shows that the Gurson
model alone cannot capture the physics at play during slant
fracture [7,41].

Fig. 4e shows the simulated crack progression as a
function of the CMOD for three different simulations
and the experimental results. Simulation 1, (d) only used
the Tvergaard and Needleman [40] expression for accelera-
tion void growth after the onset of coalescence via internal
necking, Simulation 2 (d, A1

n, A2
n) uses d and the two void

nucleation terms and Simulation 3 (d, A2
n) uses the coales-

cence term and only nucleation of voids on the second pop-
ulation of particles. It can be concluded that a fairly pure
form of the Gurson model only using q1, q2 and d is not
enough to fit the CMOD crack progression curves. The
crack initiation and the progression speeds are underpre-
dicted. It can also be concluded that the nucleation of voids
on coarse particles, such as has been accounted for in the
simulation via A1

n, does hardly affect the crack progression
speed as compared to the simulation using only (d, A2

n). For
comparison with the experimentally measured void growth
the simulation using (d, A2

n) will be utilised as this permits
us to compare with a fairly “pure” form of the Gurson
model up to fc.

Here the moderate/weak anisotropy of the material is
accounted for by a macroscopic plastic model for anisot-
ropy as in Ref. [23]. However, the crack remains flat. Even
for materials with stronger texture the crack remains flat
when using a macroscopic plastic anisotropy model that
accounts for the stronger plastic anisotropy in a GTN
framework [42]. In Ref. [43] it has been found that aniso-
tropic plasticity may help to reproduce slant localization
phenomena under plain strain conditions but they could
not be reproduced here. Similar localization bands as
found in Ref. [41] might also be at play here and determine
the slant fracture path. The origin of these bands is to be
identified.

3.5.2. Distribution of plastic strain and crack propagation

A quarter of the specimen is meshed in three dimen-
sions, as shown in Fig. 10a. The (50 lm)3 element size is
in the fine region around the notch and gradually changes

to 2.0 mm toward the upper edge of the specimen. The
number of elements in the S direction is 10. The symmetry
boundary condition is applied to the L–S and L–T planes.
Distribution of plastic strain at the maximum load is
shown in Fig. 10b. It can be seen that the typical plastic
zone shape evolves in the specimen, and the specimen just
close to the notch is subjected to necking, which is consis-
tent with the observed result in Fig. 6. Simulated crack
propagation is shown in Fig. 10c. It can be clearly seen that
the crack propagates with a triangular shape and the frac-
ture surface does not change to a slant one but keeps flat,
as mentioned above.

3.5.3. Stress triaxiality

Simulated local evolutions of stress triaxiality at the
locations where the representative voids are investigated
in the experiment as a function of simulated plastic strain
are shown in Fig. 11. The elements chosen here lie on the
fracture path. In the case of uniaxial tension, stress triax-
iality corresponds to 0.33 and pure shear to 0.0. Stress tri-
axiality close to the notch shows that the initial value of
stress triaxiality at the centre of the specimen is �0.9
and then increased to nearly 1.2 as plastic strain increases.
In contrast, the values close to the surface decrease after
the onset of plastic deformation. This is due to the effect
of the necking. Necking commences close to the notch
immediately after loading is applied, which facilitates an
increase of stress triaxiality by plastic constraint at the
centre of the specimen and reduces stress triaxiality close
to the surface by plastic deformation. The initial value of
stress triaxiality far from the notch is �0.6 both at the
centre and at the surface of the specimen. As plastic
deformation increases, stress triaxiality at the centre of
the specimen gradually increases and that close to the sur-
face decreases. This is also due to the effect of necking, as
can be seen close to the notch. The level of stress triaxial-
ity in this simulation result is equivalent to the value
reported in Ref. [3] for a Kahn specimen. It also can be
observed in Fig. 11 that development of necking far from
the notch is less significant than the one ahead of the
notch. Therefore, stress triaxiality in this region gradually

Fig. 5. 2-D sections of the as-received material in the L–T plane for (a) an isolated single void and (b) a cluster of voids and iron containing intermetallic
particles. The aluminium matrix is shown in grey and the porosities can be seen in black, with white phase contrast fringes around them. The intermetallic
particles are seen in white as well.
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changes compared to that close to the notch. The stress
triaxiality far from the notch in the centre of the specimen
increases when the crack approaches and acts as a stress
concentrator.

3.6. Quantification of isolated voids evolution

The measured evolution of normalised void volume
fraction (V/V0) for the selected four voids as a function
of CMOD is shown in Fig. 12a. The voids at the centre
of the specimen, void (close-centre) and void (far-centre),
have larger increase in void volume before fracture than
the voids at the surface, void (close-surface) and void
(far-surface). This is consistent with an effect of stress triax-
iality which is higher at the centre than at the surface, as
can be seen in Fig. 11. However, lower stress triaxiality
at the surface does not prevent void volume from increas-
ing. As can be seen in Fig. 12a, the voids at the surface also

have some increase in void volume, indicating that an
increase of void volume has some contribution to crack
formation, even in a region close to the surface. However,
the void volume increase occurs at a very late stage of
loading.

The simulated normalised void evolution ([f0 + fg]/f0) as
a function of CMOD is given in Fig. 12b. It is shown up to
fc so that a comparison with an almost unmodified Gurson
model is made. The ranking of void growth to fracture is
consistent with the ranking of the associated levels of stress
triaxiality. The void growth for void (close-centre) is sub-
stantial as it has increased 14 times. The void growth for
the other voids is more limited. This is due to the fact that
the levels of triaxiality for these voids are initially lower but
strain is high. As a result the simulated fracture is con-
trolled here by nucleation of voids on a second population
of particles from a critical strain onwards (A2

n). This is par-
ticularly true for the elements close to the specimen surface.

Fig. 6. (a) LOM image of a polished and etched 2-D section. 3-D volumes (140 lm thick slice) showing rendered voids in the T–S plane. (b) As-received
material (view a in Fig. 3), (c) void distribution before crack initiation, (d) crack initiation and (e) crack propagation at 300 lm ahead of the initial notch
position (view a). (f) Void distribution before crack initiation, (g) crack initiation and (h) crack propagation at 1100 lm ahead of the initial notch position
(view b in Fig. 3). Fracture process including the supplemental loading steps is given in Videos 1 and 2.
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Fig. 7. 2-D sections and 3-D images with 28 lm thick of the extracted voids in the four regions for different loading steps in the T–S plane. Slicing
locations of 2-D sections are at the middle of 3-D images. Void surfaces or specimen surfaces are shown in blue in the 3-D images. The centres of 3-D
images correspond to those of the extracted voids. Laminography artefacts also can be seen in the 2-D sections.
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Fig. 8. 2-D sections and 3-D images with 28 lm thick of the extracted voids in the four regions for different loading steps in the L–T plane, which is the
sheet plane. Slicing locations of 2-D sections are at the middle of 3-D images. Void surfaces or specimen surfaces are shown in blue in the 3-D images. The
centres of 3-D images correspond to those of the extracted voids.
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When comparing the measured results with the simu-
lated ones, the most striking difference is the magnitude
of growth, which is predicted 14 times for void (close-centre)
and measured only 3.5 times. This strong difference might
be linked to the fact that the coalescence mechanism is
not correctly captured in the simulation. This may also
be linked to the fact that the strain field might be poorly
predicted with respect to localization phenomena [41].
The coalescence through void sheeting is only represented
indirectly in the simulation. This coalescence may stop
the void growth process in reality, even for the voids at
high levels of triaxiality. Consistently, a void critical vol-
ume fraction at coalescence of 0.01 had already been found
in Ref. [37] that is far lower than values by typical unit cell
calculations.

In addition, the averaged nature of simulations and the
heterogeneous nature of the real material with respect to

void and particle shape/size and spatial distribution may
play a role for the limited void growth in the real material.

The measured growth of Feret dimensions in material
directions (L, T and S) for the selected four voids as a func-
tion of CMOD is shown in Fig. 13a–d. For all the four
voids the growth in the T direction is the highest as it is
the primary loading direction. The growths in the L and
S direction are less significant in the case of the void
(close-centre) and the void (far-centre). However, in the
case of the void (close-surface) and the void (far-surface)
the growth in the S direction is high due to the fact that
void reorientation can be seen on voids close to the surface.
It can be also seen in Figs. 12a and 13a–d that the void
growth takes place at very late stages of failure. The defor-
mation process concentrated in a slant band seems to
govern failure rather than the damage/void growth and
shape change process.

Fig. 9. Fracture surface of the flat-notched specimen, showing the flat fracture surface covered by large dimples and the slant area mostly covered by small
dimples.

Table 4
Parameters for the naturally aged (T3) A2139 material simulation (after Ref. [23]).

Damage

q1 q2 f0 fc A1
n A2

n p1
c d

1.82 0.92 0.33% 4.5% 0.045 30 0.71 3.0

Elastic–plastic behaviour

E ðGPaÞ m R0 ðMPaÞ K1 k1

70 0.3 237 1.43 6.90

Plastic anisotropy

cLL cTT cSS ci¼LT;TS;SL b

1.1 1.14 0.904 1.0 8

Kinematic hardening

C (MPa) D

14,947 261
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The evolution of void reorientation angle in the TS
plane is shown in Fig. 14. It has been determined manually
on the images, as 3-D image analysis techniques provided
unreliable results in terms of identification of the ellipsoid
major axis. The result of the void (close-centre) shows con-
stant reorientation angle due to its strong void growth in
the loading direction during loading. The other voids show
void reorientation. The reorientation of the void (close-

surface) and the void (far-centre) commences at less plastic
strain than that of the void (far-surface). It was observed in
Fig. 7 that there is elongation in the loading direction at the
beginning of loading in the case of the void (close-surface)
and the void (far-centre). The initial elongation may also
have some reorientation. In contrast, the void (far-surface)
shows quick reorientation just before crack formation, as
can be seen in Fig. 7, and this phenomenon also can be
confirmed in Fig. 13.

4. Discussion: contribution of the voids to the crack and the

role of void shape and plasticity

The behaviour of void evolution regarding void volume
fraction, growth of Feret dimension and void reorientation
angle has been quantified. Each of the selected four voids
shows different behaviour of void evolution, which is obvi-
ously caused by different evolution of stress and strain in
the specimen, particularly by strain localization. The void
in the flat fracture zone does not reorient but shows non-
isotropic growth from non-isotropic initial shape. The
three voids that lie on the slant fracture surface show reori-
entation towards the final crack plane. The voids on the
slant surface seem to evolve under shear strain such as
investigated in Ref. [44,45] via unit cell calculations. Strain
concentration bands measured via digital volume correla-
tion in conjunction with laminography [28] have been
shown in a similar material for the same loading conditions
in the slant fracture region [41]. In the case of tearing test,
slant fracture typically develops with an angle of 45�
against the loading direction. The strain localization with

Fig. 10. (a) Entire FE mesh of a quarter of the laminography specimen with the minimum element length of 50 lm around the notch and the maximum of
2.0 mm at the upper edge of the specimen. (b) Distribution of cumulated plastic strain at the maximum load. (c) Simulated flat crack propagation (broken
elements in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Simulated local evolutions of stress triaxiality as a function of
accumulated plastic strain at the locations where the voids are observed.
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Fig. 12. (a) Measured normalised void volume and (b) simulated normalised void evolution ([f0 + fg]/f0).

Fig. 13. Measured growth of Feret dimension for the selected four voids as a function of CMOD.
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an angle of �45� can be seen in the laminography experi-
ment. However, the result of void reorientation angle in
Fig. 14 shows that the maximum reorientation angle is
�30–40�. The relation of void reorientation angle with
crack surface is shown in Fig. 15. This indicates that in
the region of the slant fracture the voids do not contribute

to the crack with their entire surface. A similar result has
been observed in Ref. [6] for TWIP steel. The void reorien-
tation happens at late stages of loading, indicating that up
to that point plasticity controls the failure process. Other,
less ductile materials, such as magnesium alloys, may show
slant fracture without micrometric voids at all [46]. It
would be interesting to investigate numerically what the
contribution of these sheared voids in a localization band
to the overall strength is. The localization, however, seems
to take place before the voids evolve. Final nucleation of
sub-micrometre voids at a second population of smaller
second-phase particles in a strain localization band seems
to control position of the slant crack. Though the model-
ling of void shape change in a strain localization band is
still challenging [13], interaction between void shape
change in a strain localization band and nucleation at a
second population of smaller second-phase particles is also
an important phenomenon to be modelled to simulate frac-
ture toughness of a thin sheet metal.

5. Conclusion

The mechanisms of individual void evolution and frac-
ture in ductile thin (1.0 mm) sheet metal (AA2139 T3) were
investigated using the experimental result obtained by
in situ laminography [22] and the FE simulation in the case

Fig. 14. Evolution of void reorientation angle in the TS plane as a
function of CMOD.

Fig. 15. Comparison of void reorientation angle in red dotted line with crack surface in white line in the experiment. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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of tearing test. The experimental result allowed for
quantifying the void behaviour at the positions with differ-
ent stress and strain histories on the flat and slant cracks.
The effect of the mechanical parameters on the behaviour
of void evolution such as void volume, Feret dimension
and void reorientation angle was investigated using these
methods. Four voids were selected: one on the flat crack
in the specimen centre and three on the slant crack. One
of the voids on the slant crack were in the specimen centre,
the other two close to the specimen surface. The main
results are summarized as follows:

� The void on the flat crack does not show reorienta-
tion whereas the void on the slant crack elongates
and tilts towards the slant crack surface.

� Increase of void volume is faster at the centre of the
specimen than close to the surface. However, voids close
to the surface also show some increase of void volume.

� The void growth/reorientation takes place at very
late stages of failure for the voids on the slant crack.

� Regarding Feret dimensions, growth in the T direc-
tion is maximal as it is the primary loading direction.
Growths in the L and S direction are moderate in
the case of voids at the centre of the specimen.
However, in the case of voids close to the surface,
apparent growth in the nominal S direction is
relatively high due to void reorientation.

� The void reorientation angles of the selected voids in
the slant area are less than 45�. Reoriented voids do
not fully contribute to crack formation and nucleation
at a second population of smaller second-phase
particles in a strain localization band seems to
control position of the slant crack.

� A nucleation of voids on a second population of
sub-micrometre particles at a critical strain is needed
in the simulations to fit the CMOD crack progres-
sion curves. This highlights the fact that the Gurson
model, in combination with more classical coales-
cence criteria f* [40] trying to account for internal
necking, is not able to describe the coalescence
process during ductile tearing of Al-alloy sheets.

� Void growth, even using an original form of the
GTN model, is overpredicted by the model, indicat-
ing early void coalescence in the experiment and the
need for better coalescence models.

� The evolution of voids in the experiment shows the
same trend/ranking as in the GTN-model simulation
for the different voids.
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