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A B S T R A C T

An advanced tracking algorithm based upon 4D X-ray tomographic data was developed to enable a more robust
and full field approach to ductile damage characterisation. By following each individual void, the three ductile
damage mechanisms (void nucleation, void growth and void coalescence) could be separated and be studied
in more detail, with enriched 4D information available for each of the three damage mechanisms. Here, a
successful application of the developed tracking algorithm on a pure iron sample is presented. Two different
notch geometries were chosen for the demonstration of analysis technique to further study the influence of
triaxiality on ductile damage.
1. Introduction

Ductile damage in metals is a process involving three separate
mechanisms, namely void nucleation [1,2], void growth [3,4] and
void coalescence [5–9]. Void nucleation is usually associated with
fracture of second phases such as particles and inclusions or interface
decohesion [2,10–14]. However, in pure metals with no inclusions,
void nucleation has also been observed at features such as grain bound-
aries [15–17], deformation-induced dislocation boundaries [18,19] and
slip bands [20]. Stable growth continues until plasticity localises in
the ligament between closely spaced cavities, leading to the coales-
cence mechanism. The build-up of void coalescences finally results
in a macroscopic crack which eventually propagates across the entire
material. The understanding and modelling of these three damage
mechanisms have been enhanced over the years, as discussed in a
number of review papers [7,8,21,22]. Damage inside a ductile ma-
terial under tensile deformation has been shown to be a result of
complex interaction of many different engineering and metallurgical
variables [23].

Historically, microstructural post-mortem examination on samples
using light or scanning electron microscopy has been the focus of
experimental damage studies. More recently in the past three decades,
X-ray tomography, especially synchrotron microtomography, has al-
lowed in situ damage evolution during deformation to be analysed, both
quantitatively and qualitatively [24,25]. The quantitative studies on the
evolution of voids using X-ray tomography have focused on a mean-
field statistical approach [24,26–31]. This approach is known to have
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some intrinsic limitations. For example, nucleation and coalescence
have an opposite effect on voids number and they can possibly occur at
the same time. The volume porosity is also the result of a combination
of void growth, newly nucleated voids and coalescence. Using X-ray
tomography to quantity void growth in DP steels [32], Maire et al.
showed that instead of increasing as expected for growing cavities,
the mean radius calculated over the entire void population remained
constant during the tensile test due to the small sized new nucleating
voids. This mean radius is thus not suitable for the quantification of
void growth. An acceptable approach to quantify void growth is by
calculating the average of the 𝑁 largest voids, but this is only suitable
if these remain the same largest voids throughout deformation (which
is probably untrue especially when coalescence occurs).

These limitations of the mean-field approach shows the strong need
to separate the three different steps in order to obtain a clearer view of
ductile damage. A previous study [29] has tried to separate the nucle-
ation and void growth by using three-dimensional image analysis. In
this method, further analysis of nucleation has been achieved but some
limitation for growth and coalescence analysis still remains. A suitable
method to achieve this goal, would be to follow the behaviour of each
void. This can be conducted by connecting each voids individually at
every time step of the process, thus enabling the separation of the three
damage mechanisms and providing us deeper analysis. Manual tracking
of cavities from one strain step to the next could lead to this goal but
is extremely tedious. In the study of ductile damage, the number of
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Fig. 1. Geometry of samples : (a) smooth specimen, (b) 1 mm radius notched specimen
(c) 3D view.

objects to track is constantly changing due to the nucleation of new
voids and the coalescence of previous voids. Tracking was manually
performed by Landron but for a few number of selected cavities for one
sample of dual phase steel (ferritic + martensite) [31]. Manually con-
necting all voids are however, not possible, as voids in certain materials
can reach up to dozens of thousands in a scan. An automatic method
is needed to achieve this. Toda et al. developed a tracking method
of microstructural features for the purpose of visualisation of three-
dimensional (3-D) strain map. Later on, Lecarme et al. has performed
the tracking of voids in a TA6V alloy [33]. A similar automatic tracking
algorithm based on these proofs of concept is further developed and
presented in this study.

The goal of this paper is to show a successful application using this
improved automatic cavity tracking algorithm for the characterising
ductile damage. The damage evolution in a pure iron sample is captured
by in situ synchrotron microtomography during tensile deformation of
samples with geometries that induce different stress triaxialities. The
tomographic data for these samples is then applied to the developed
cavity tracking algorithm to follow each individual void. Once the
voids are tracked, void nucleation, void growth and void coalescence
can be studied separately and in more detail, with rich amount of 4D
information. Position, time, shape and size of each of these cavities
are now available for analysis. The outline of this paper is as follows:
the X-ray microtomography technique is first introduced followed by
an explanation of the tracking algorithm. The results obtained from
the tracking algorithm are then presented, compared with the standard
mean field analysis and discussed according to the three mechanisms:
(i) void nucleation (ii) void growth, and (iii) void coalescence.

2. Experimental methods

2.1. Material

A stretched rod of very high purity (99.9%) iron provided by Good-
fellow was investigated. The tomographic images of the investigated
material shows that no initial cavities were detected in the material
before the in situ tensile tests. However, it is possible that smaller voids
are not being detected due to the limitation of the resolution as shown
in the study by Landron et al. which shows a higher number of cavities
detected at a higher resolution, compared to a lower resolution [34].
Axisymmetric samples of two different geometries were machined as
shown in Fig. 1 previously used in [24]. Both the smooth and notched
sample induces a different initial triaxiality which allows us to study
the effect of this key parameter on damage.
2

2.2. Synchrotron X-ray microtomography during tensile tests

Synchrotron microtomography (SXCT) was carried out at the
PSICHE Beamline of SOLEIL Synchrotron in France. Energy of 30 keV
was used to acquire the radiographies. The voxel size from the acquired
volume is (0.87 × 0.87 × 0.87) μm3, with the minimum size of detected
features (resolution) to be considered as voids being 2 ×2 ×2 voxels
(5.27 μm3). The acquisition time for each scan was below 10 min. The
samples were deformed using a dedicated tensile machine mounted
on the rotation stage and described elsewhere [35]. The tensile tests
were performed in an interrupted manner and the acquisitions were
made in the centre of the specimen to follow the damage evolution
of this region. The first tomography was acquired before traction as
a reference acquisition, with subsequent acquisitions with increasing
deformation steps until fracture.

The raw volumes obtained from the reconstruction of the tomogra-
phy scans were then median filtered and thresholded. This procedure
allows the separation of voids from the material. Each void was then
subsequently labelled and all the quantitative information, as well
as qualitative representations of each void, were extracted. Both the
tomograms processing and cavities extraction were performed with the
ImageJ software package [36]. The minimal section represents the Z
section of the material which has the smallest area. To determine this,
the area of every image slice of the materials (without voids) as a
function of Z was first calculated, as shown in Fig. 3. This graph was
then fitted to a parabolic curve to avoid the interference of any noise
and quality of machining. The Z slice with the lowest value on the
fitted curve was then easily identified. The actual area of that Z slice
represents the minimal section.

The macroscopic average value of true strain and true stress in
the minimal section were determined using the following equations,
as further described by Landron et al. [24]:

𝜎𝑧𝑧 =
𝐹
𝑆

(1)

𝜖𝑧𝑧 = 𝑙𝑛(
𝑆0
𝑆

) (2)

where 𝑆, 𝑆0 represent the minimal area, and initial minimal area
respectively.

The effect of sample geometry on stress triaxiality and its evolution
during straining were determined from the experiments. The curvature
radius 𝑅𝑛𝑜𝑡𝑐ℎ and the radius of the minimal section, 𝑅𝑠𝑒𝑐𝑡𝑖𝑜𝑛 were mea-
sured in order to determine the average stress triaxiality 𝑇 in the centre
of the minimum cross-section using the Bridgman formula [37] as
reassessed by Wierzbicki and Bai [38] described by Landron et al. [25]:

𝑇 = 1
3
+
√

2𝑙𝑛(1 +
𝑅𝑆𝑒𝑐𝑡𝑖𝑜𝑛
2𝑅𝑁𝑜𝑡𝑐ℎ

) (3)

The use of these equations were validated with finite elements (FE)
simulations which shows the results of the simulations are in good
agreement with the true strain calculated from Eq. (2) and with the
stress triaxiality calculated from Eq. (3) [24] (see Fig. 2).

2.3. Automatic tracking algorithm

Once the images have been processed to identify and extract the
parameters (coordinates of the centre of mass, volume, shape, etc.)
of each cavity, this list of parameters can then be analysed using the
automatic tracking method. This developed tracking algorithm, written
in the python language, is largely based on the previous tracking
algorithm used in [33]. The basic principle of this method is to associate
all individual voids across different time steps as shown in Fig. 2. This
is commonly known as Particle Image Velocimetry and have been used
in different domains such as in biology [39], earth science [40], etc.
Graph-based approaches have been commonly adopted to solve these
data association problems. In this framework, each feature is defined
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Fig. 2. Schematic example of the tracking algorithm. In grey are the connection of
probability between a node in one time step and all the nodes the following time step.
In red, is the connection with the highest probability is chosen as the final track.

as a node in the graph. Every node of a single timestep (𝑡) is connected
(with edges) to every nodes in next time step (𝑡 + 1) until the end.
Thus, every edges is an associated probability (or a weight). This is
the probability that these two nodes are connected. This probability
graph is used as input to a shortest path algorithm (here a Dijkstra
algorithm [41] to extract all the tracks.

The probability calculation has to take the specificity of the studied
system into account. In our case of ductile damage analysis, it has
consider that (i) voids can nucleate at any moment, (ii) voids evolve
in size and shape with deformation, and (iii) voids can coalesce into
one. Moreover, voids do not move during the experiment, except due
to the movement of the sample and the strain flow of the matter during
the in situ tensile test. Manual rigid body and strain-flow correction
are applied to the data to correct drift of the sample during the in situ
acquisitions to ensure the same voids remains as close as possible to
their original position. After applying correction, the criteria then used
to calculate the probabilities, based on the mentioned specificities of
ductile damage analysis above, are:

• Distance: the distance between features, if drift has been cor-
rected, is the first and most relevant criteria

• Size: the evolution of the volume should follow some trends. A
void volume can decrease a bit but not drastically. Fluctuation
from segmentation has to be considered. When the followed
features are inclusions, the volume should not change, except due
to threshold approximations.

• Shape, inertia, orientation, sphericity: different characteristics
extracted during the process can possibly be used to further refine
the calculation of probability.
3

Some of these criteria are simple to compute, such as point-to-point dis-
tances, but others are more time consuming such as surface-to-surface
distances. As the number of voids can reach up to dozen of thousands in
a sample at a single time step, each acquisition adds thousands of nodes
in the system and therefore millions of edges in the probability graph.
This can be a very time-consuming process, especially in taking account
of the physical aspects of the voids. To reduce the time calculation
process, a preliminary ‘‘first rough probability’’ filtering process is
introduced to quickly eliminate most of the improbable connections,
prior to the final and more accurate calculation. This drastically reduces
the time and resources needed for calculation.

This two-step approach is detailed below. For the algorithm com-
plexity evaluation, the complexity is defined as 𝑂(𝑛𝑡), 𝑛 being the
number of nodes for an acquisition, and 𝑡 the number of acquisitions:

Step 1: A first rough evaluation of the probability graph is com-
puted as a set of interaction matrix using bounding box
distances: null if the bounding boxes overlap, or otherwise
if the euclidean distance exists between the bounding boxes.
The implementation is fast and easily vectorised. A threshold
allows cancellation of most of the edges because of their
very low probability. The complexity of an interaction matrix
evaluation is 𝑂(𝑛2), the overall complexity is therefore 𝑂(𝑡𝑛2)
and the number of edges 𝑡𝑛2. The threshold allows to keep
only few probable edges per node therefore around 𝑡𝑛 edges
only.

Step 2: The remaining probable nodes are evaluated individually
with higher precision but in more complex algorithms. The
remaining edges values are stored in a sparse matrix.1 The
stored data for a sparse matrix would be around 3× the
number of computed edges, instead of 𝑡2𝑛2 with only 𝑡𝑛2 non-
null edges for a classical matrix. As voids can go undetected
during deformation if it leaves the field of view, an additional
node (called ‘‘black hole’’) is added to allow the tracks to stop
at any moment. All the tracks are set to end at this ‘‘black
hole’’. The final interaction (sparse) matrix is used with a
’Dijkstra Shortest Path Algorithm’2 between all nodes and the
‘‘black hole’’.

The extracted graph containing all the tracks is similar to a family
tree. The highest ancestors: nodes without parent, are nucleation. The
children : nodes with 2 or more parents are the result of coalescences.
Nodes with only one parent are just due to the evolution of the same

1 Implemented in the code as a scipy.sparse matrix: https://docs.scipy.org/
doc/scipy/reference/sparse.html.

2 https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.
csgraph.dijkstra.html.
Fig. 3. 3D visualisation and the calculated cross section area as a function of Z of both samples of first acquisition before tracking and last acquisition before rupture.

https://docs.scipy.org/doc/scipy/reference/sparse.html
https://docs.scipy.org/doc/scipy/reference/sparse.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.csgraph.dijkstra.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.csgraph.dijkstra.html
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Fig. 4. Evolution of (a) true stress and (b) triaxiality calculated in the pure iron sample for both geometry notch samples as a function of true strain.
Fig. 5. Tracking of voids in both (a) notched and (b) smooth iron sample.
void during the in situ tensile test, therefore ‘‘pure void growth’’. A node
which points directly towards the ‘‘black hole’’ is a track termination:
because the track continues outside the field of view or because this
is the last acquisition step. A node with no parent and no child, is
considered a non-tracked feature and is most probably an artefact from
segmentation (noise, part of reconstruction rings, etc...).

3. Results and discussion

3.1. Macroscopic measurements

Fig. 3 shows the 3D perspectives of damage in both the notched
and smooth sample of the pure iron material at the beginning (first
acquisition before traction) and at the end (last acquisition before
rupture). The calculation of the cross-sectional area as a function of
𝑍 from the tomographic data is also presented. While both have the
same middle cross-sectional area at the beginning (𝐷 = 1 mm, 𝑆 =
0.79 mm2), the cross section area of the final acquisition is lower for
the smooth sample compared to the notched sample indicating higher
ductility.

Macroscopic mechanical measurements of the in situ tensile test are
shown on Fig. 4. Fig. 4(a) shows the triaxialities calculated in notched
and smooth sample. The initial triaxiality of notched sample is around
4

0.62, while for the smooth sample it is 0.33. This is in agreement
with the theoretical values, with the notched sample being slightly
below the expectation, probably due to the quality of machining. Both
curves show a rather linear relationship between triaxiality and true
strain. Fig. 4(b) shows the tensile true stress of the samples studied
as a function of the local tensile true strain. These curves show the
mechanical behaviour of the pure iron sample for both geometries.
They are in agreement with expectations as triaxiality increases the
‘apparent’ strength of a material. The notched sample, which induces
a higher initial triaxiality, has a slightly higher yield stress value
compared to the smooth sample, also observed in other materials [32].
This well-known ‘apparent hardening’ effect is due to the building of
stresses in the transverse direction of the notched samples. As expected,
the macroscopic ductility of the notched samples is also reduced.

3.2. Damage characterisation using automatic cavity tracking

The tracking algorithm was applied to the tomographic data. Fig. 5
shows the output of the tracking. Each individual void is being tracked
from the moment it nucleates until the final timestep. Different colours
represent a different time step. Only the tracked voids in the central
area of the tensile specimen were selected for damage quantification.
It can be assumed that this central sub-region undergoes the highest
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Fig. 6. 3-D views of (a) a track across different time steps, and (b) sample volume and voids in a single step acquisition voids obtained by tomography. The central cylindrical
sub region is chosen for ductile damage characterisation. With tracking, the voids can be separated into the 3 damage mechanism of nucleation, growth and coalescence.
Fig. 7. Comparison of accumulation density of nucleation (from tracking) and density of voids (without tracking) with the in both samples as a function of (a) true strain and
(b) triaxiality. The density of voids is traditionally used to characterise nucleation.
stress triaxiality state and the highest strain during the tensile test.
This sub-region was chosen to be a cylindrical volume of diameter and
length equal to 200 μm, as indicated in Fig. 6. The size was chosen to
be sufficiently large for the elementary volume to be representative but
also sufficiently small for the strain and triaxiality to be spatially close
to constant inside this sub-volume. FE simulations [42] show that the
spatial fluctuation of the strain over an almost similar sub-volume in
the notched sample was less than 4%, hence assuming that it is constant
is not far from reality.

Fig. 6(a) shows an example of a single track using the tracking
algorithm. Fig. 6(b) shows the voids of a single acquisition being sep-
arated into nucleation, growth and coalescence. Non tracked features,
or features which are chosen to be part of any track will be discarded
from any analysis. Theses features are usually residues of un-removed
ring artefacts.

The quantitative characterisations of void nucleation, growth and
coalescence are presented separately in the following sub-sections.

3.3. Void nucleation

Fig. 7(a) shows the quantification of nucleation with deformation.
It is observed that the nucleation starts at lower strain values for the
notched sample, consistent with previous studies in [31,43]. These
nucleation accumulation density values are also compared with the
density of voids, which is the classical method to quantify nucleation
(in the mean field approach without tracking). Both void densities
shows good agreement with the accumulated density of nucleation up
until large coalescence events. After strain value of around 1.3 in the
smooth sample, a huge difference between the density of voids and
the accumulated number of nucleation can be observed. Tracking then
5

clearly helps us here to continue quantifying nucleation long after coa-
lescence has occurred, showing a more precise number of voids. Noise
or un-removed disconnected ring artefacts which can be mistakenly
counted as voids and increase the density of voids, can also be removed
as ‘‘non-tracked features’’ as can be seen at 𝜖 = 1.25 for the smooth
sample. This is, however, a minor mis-quantification of nucleation
compared to the effect of coalescence. The density of nucleated voids
measured using tracking is plotted again as a function of triaxiality
in Fig. 7(b). It can be observed that the increase of nucleation starts
at almost the same triaxiality value and that the density of nucleated
voids as a function of triaxiality is strikingly similar in both samples.
This shows that stress triaxiality is the main driving force for the
nucleation of voids. The extraction of all the nucleated voids allows
characteristics of nucleation to be studied. The nucleated voids in the
notched and smooth sample have an average sphericity of 0.86 and
0.88 respectively. The sphericity refers to ratio of the surface area of a
sphere with the same volume of the feature to the actual surface area
of the feature [44], with the sphericity value varying between 0 and 1
(the value of 1 indicates a perfect sphere). These values of sphericity
show that the nucleated voids are rather spherical in shape. This is
consistent with the hypothesis that pure metals nucleate spherical voids
rather than prolate microcracks as it is the case for inclusion fracture
in engineering alloys [45].

3.4. Void growth

The void growth volume of all individual voids for the notched
sample is shown in Fig. 8 (black), together with the evolution of the
average size of the Nth largest voids (colour). The graphs show that
the voids nucleates at different strain values and that after nucleation,
their size increases with deformation. The evolution of single large
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Fig. 8. Evolution of volume growth (Req) of the individual voids with coalescence events of the notched sample.
Fig. 9. Evolution of volume growth (𝑅∕𝑅0) of the individual voids without coalescence as a function of normalised strain in (a) notched and (b) smooth sample. The scale is
similar, for comparison. Only long tracks have been kept, for readability (more than 4 consecutive steps).
pores from the tracking is similar to those of the average of 5 and 20
largest cavities (mean-field approach) as discovered by [24]. However
this is only true at low strain. Growth hikes can be observed especially
at higher strain, the largest single pores merging towards this growth
hikes. This confirms again the assumption that acceleration in growth
especially at the end is due to coalescence events of the largest voids.
Therefore, it highlights a small limitation in the classical approach of
studying the 𝑁 largest voids, in which the studied 𝑁 voids no longer
remains the same when there is coalescence of voids.

Using the information obtained from track, another way to study
the growth process and compare between the voids is to focus only
the growth before the coalescence process occurs and normalise both
the volume and true strain. Fig. 9 shows volume evolution of every
cavity normalised by its volume at nucleation (𝑅∕𝑅0), as a function
of its effective growing strain (𝑆𝑡𝑟𝑎𝑖𝑛 - 𝑆𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛). Significant
differences in the growth kinetics are observed for the different cavities.
The voids in the notched samples appear to grow faster compared to
those in the smooth sample, showing that increasing stress triaxiality
leads to an increase of the rate of porosity growth, as expected from
Rice and Tracey [46]. However this does not explain the heterogeneity
of void growth which is probably due to the local microstructure and
6

grain orientations. These heterogeneities are visible on both sample,
and could even imply negative voids growth rate.

3.5. Void coalescence

With the tracking algorithm, all the coalescence events can be
automatically and rather easily separated, analysed and visualised. This
is a major improvement compared to our previous study where this
analysis had to be made manually and was so tedious that it was
not reproduced on many samples. Fig. 10 is a 3D visualisation of
coalescence events extracted in the sub-volume of the notched sample
with 2 zoomed-in examples with their coalescing voids. Each colour
represents the time step in which the coalescence void occurs. Fig. 8
shows another example of a coalescence event in the notched sample.
This coalescence event is a result of 17 smaller voids merging. The
ability of tracking in capturing this large coalescence event shows the
precision of the algorithm.

In the literature, it has been observed that coalescence events are
distinguished depending on the orientation of the tensile axis compared
to the axis between the centre of mass of the two coalescing cavities :
intervoid necking (90◦), intervoid shearing (45◦), and necklace coales-
cence (0◦). Fig. 11 shows the number of coalescence as a function of this
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Fig. 10. Coalescence of voids in the studied sub-volume extracted by the tracking
algorithm.

orientation in both the notched and smooth sample. For the notched
sample, the majority of coalescence events are between voids of around
75 degrees apart, while for the smooth sample, it is around 45 degrees.
This shows that the stress triaxiality has an effect on the orientation of
coalescence.

4. Conclusion

The evolution of damage during tensile loading of a pure iron mate-
rial was investigated in situ by synchrotron micro-tomography and then
analysed using a newly-developed automatic tracking algorithm. Using
the automatic tracking algorithm on tomographic data has enable a
more full-field approach for ductile damage characterisation. This new
way of obtaining the quantitative results has been shown to be more
robust than the standard statistical mean-field approach. The evolution
of each individual void can be followed, allowing the three damage
mechanisms to be studied separately, with enriched 4D information
available for each of the damage mechanism:

• Void nucleation: the quantification of nucleation can now be
performed in a more accurate manner, especially with the pres-
ence of coalescence. The characteristics of all nucleated voids can
also now be obtained (size, shape, position, etc.).

• Void growth: the growth evolution of each of these individual
nucleated voids can be followed with deformation. This allows to
7

study the heterogeneity of the evolution of voids. The evolution
can be studied up to a coalescence event for pure void growth
analysis.

• Void coalescence: coalescence events can be detected automat-
ically, allowing for a much easier study of the characteristics
of the coalescing voids (size, shape, position, distance between
coalescing voids, etc.).

The effect of triaxiality induced by the sample geometry on ductile
damage has also been presented in this study. The notched sample with
a higher initial triaxiality, has shown to have a lower nucleation strain
rate and a higher void growth rate. The triaxiality also seems to have
an effect the orientation between coalescing voids.

The tracking algorithm will open up a lot of different possibilities in
the field of study of ductile damage using tomographic data, such as:

• studying the evolution of different population of voids,
• comparing voids from different nucleation sites such as nucleation

from brittle particles fracture or interface decohesion,
• comparing the evolution of initial pre-existing voids with nucle-

ated voids during deformation.
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