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Ductile crack initiation and propagation within a naturally aged aluminium alloy sheet has been observed in situ via synchrotron
radiation-computed laminography, a technique specifically adapted to three-dimensional imaging of thin objects that are laterally
extended. Voids and intermetallic particles, and their subsequent evolution during ductile crack extension at different associated lev-
els of stress triaxiality, were clearly observed within fracture coupons of a reasonable engineering length-scale, overcoming the con-
ventional sample size limitation of computed tomography at high resolutions.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Prior porosity and brittle intermetallic phases
are widely established as critical to the damage tolerance
characteristics of most structural engineering alloys [1].
Historically two-dimensional (2D) techniques have been
used to assess damage evolution [2]. However, this im-
plies that on the one hand only the surface can be ob-
served in situ, where a plane stress condition of
necessity applies and, as a consequence, damage mecha-
nisms are fundamentally different to those that may ap-
ply within the material bulk. On the other hand, if an
attempt is made with classical techniques to assess dam-
age mechanisms within a material, 2D observation tech-
niques are destructive and in situ failure observations
are not possible. Damage evolution has successfully
been observed in situ in 3D via synchrotron radiation-
computed tomography (SRCT), typically using speci-
mens with a cross-section of up to a few square millime-
ters [3,4], and valuable data about damage mechanisms
have been gained. However, plastic zone sizes and stress
triaxiality levels [5,6] are not representative of the sus-
tained macroscopic crack extension associated with
many key engineering failure situations. In Refs. [6,7] ar-
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rested cracks were cut into 1 mm? cross-section samples
and the crack tip region observed via SRCT, yielding
unprecedented insights into ductile crack extension
mechanisms. However, the evolution of the damage
could not be observed in situ.

With recent developments in synchrotron radiation-
computed laminography (SRCL), it has become possible
to perform 3D imaging on objects that are extended in
two dimensions but comparable to the field of view of
the detector in the third direction, i.e. the supporting
sheet or plate-like sample geometries. Originally devel-
oped for microsystem device inspection [8], this provides
a unique opportunity to observe internal damage mech-
anisms in three dimensions during extended crack prop-
agation in sheet materials [9]. In Ref. [10] fracture
mechanisms in 1 mm thick carbon fibre—epoxy laminates
provided insights into delamination processes via the
stepwise in situ loading of a notched sample. SRCL is
applied in the present study to assess ductile fracture ini-
tiation and propagation in a ductile 2XXX alloy for
aerospace applications.

SRCL [11] is fundamentally similar to SRCT in a
sense that objects can be imaged in three dimensions
by acquisition of projection data and subsequent 3D
volume reconstruction. While SRCT is especially
adapted to compact or one-dimensionally elongated ob-
jects which stay in the field of view of the detector sys-
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tem under rotation, SRCL is optimized to image regions
of interest (ROIs) out of flat, extended (i.e. plate-like)
specimens. For this, the specimen rotation axis is in-
clined at an angle of 6 <90° with respect to the beam
direction (where 0 =90° corresponds to the case of
CT). For plate-like specimens, this enables a relatively
constant average X-ray transmission over the entire
scanning range of 360°, which allows reliable projection
data to be acquired. Using a filtered back-projection
algorithm [12], a 3D image of the ROI of the specimen
around the rotation axis can be reconstructed from the
2D projections. Although the 3D Fourier domain of
the specimen is not sampled completely [11], which leads
to imaging artefacts, these artefacts are often less disrup-
tive than the ones produced by (limited-angle) CT [12].
Exploiting propagation-based phase-contrast imaging
[13], new applications related to weakly absorbing/
weakly contrasted structures can be addressed [9,14,15].

Imaging was performed on the KIT’s laminography
instrument installed at beamline ID19 at the ESRF.
We used an axis inclination angle of around 25°
(0 =~ 65°) and a monochromatic beam of 25 keV X-ray
energy. Volumes were reconstructed from 1500 angu-
larly equidistant radiographs; the exposure time of each
projection was 250 ms. The scanned ROI was ~1 mm?,
with a voxel size of 0.7 um. The minimum specimen to
detector distance was 70 mm, leading to relatively strong
edge enhancement [13] due to the phase contrast. For
3D void representation, a simple grey value threshold
was used to segment voids; a VTK software rendering
routine was used to register the 3D datasets and produce
the 3D images.

For the experiment, a commercial ductile 2139 Al-Cu
alloy in naturally aged T3 condition for aerospace appli-
cation was machined symmetrically from 3.2 to I mm
thickness in the short-transverse (S) direction. Testing
was performed in the T (long transverse)-L (rolling
direction) configuration. The material has an initial void
volume fraction of ~0.3%: further details on the mate-
rial properties are given in Refs. [6,7].

The sample geometry shown in Figure la was used.
The notch was machined via electron discharge
(EDMC) machining, resulting in a notch radius close
to the EDMC wire radius of 0.15 mm. The loading
was achieved via a two-screw displacement-controlled
wedging device that controls the specimen crack mouth
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Figure 1. In situ loading device and 1 mm thick notched sample.

opening displacement (CMOD) similar to the one used
in Ref. [10] (see Fig. 1).

An anti-buckling device was used to prevent the sam-
ple from significant buckling and out-of-plane motion.
The entire rig was mounted in a dedicated plate that
was removed from the SRCL rotation stage between
loading steps. The loading was applied via stepwise in-
creases in the CMOD. A scan was performed before
every loading step. The scanned ROIs were moved along
with the propagating crack tip to image the damaged
material ahead of the notch/crack tip. Twenty scans
were carried out, but only the results from six of them
are shown here. The video files associated with this work
contain Supplementary data.

Reconstructed 2D laminography sections in the sheet
plane at about the mid-thickness of the sample are
shown in Figure 2a—f at different loading stages. Fig-
ure 2a shows the as-received material. The aluminium
matrix is shown in grey and the initial porosities can
be seen in black, with white phase contrast fringes
around them. The intermetallics are seen in white. The
round machined notch can be seen at the left of the sam-
ple. The features can be seen in similar quality as in
tomography observations of aluminium alloys [7]. Some
laminography artefacts (cf. Ref. [16]) can be seen. They
do not, however, influence the segmentation of the
voids/damage.

In the following are observations of ductile fracture
mechanisms that have been discussed in the past but
that are now seen in much greater detail via SRCL,
which provides unprecedented opportunities for
quantification.

Figure 2b is taken from a scan at a CMOD of
1.625 mm. About 50 um ahead of the notch, two initial
void particle clusters can be seen that have substantially
evolved in size after particle fracture. The coalescence of
the two voids via a narrow region of void sheeting and
microvoid nucleation is observed. The coalescence does
not occur via void impingement but via a shear mecha-
nism. The shear band is evident even though the stress
triaxiality is expected to be at a maximum at crack initi-
ation at the mid-thickness, and should therefore favour
void growth. The appearance of a shear coalescence
band may also be linked to the void distribution, which
is at almost 45° with respect to the loading direction and
which may favour shear coalescence compared to
impingement [17]. Similar crack bifurcation has also
been observed in Ref. [18], and has been attributed to
shear stresses in the vicinity of round notches. It can also
be seen that the fracture starts from within the material
bulk, not from the notch surface, which may be linked
to a stress triaxiality maximum somewhat ahead of the
notch [19]. In Figure 2c the coalescence of the two voids
with the notch is observed. In Figure 2d the crack pro-
gresses and substantial void growth occurs ahead of
the crack. In Figure 2e and f the crack propagates, but
the void fraction ahead of the crack seems to be lower
than at initiation (Fig. 2a—c).

SRCL makes it possible to visualize the voids in three
dimensions, as shown in Figure 3a—c, where voids are
shown in a 140 pm thick slice around the mid-thickness
at different CMODs. Figure 3a shows the as-received
material, with voids aligned in the L direction. At
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Figure 2. 2D sections at the mid-thickness of the aluminium sheet plane of reconstructed laminography data of ductile crack initiation and
propagation at CMODs. (a) As-received material; (b) CMOD = 1.625mm; (¢) CMOD = 1.875mm; (d) CMOD =2.0625 mm; (e)
CMOD = 2.3125 mm; (f) CMOD = 2.375 mm. Information on the supplementary loading steps is given in video 1.
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Figure 3. 3D volumes (140 pum thick slice) showing only voids and the notch around the sample’s midplane for CMODs. (a) As-received material; (b)
CMOD = 1.625 mm; (c) CMOD = 1.875 mm. Information on the supplementary loading steps is given in video 2.

CMOD = 1.625 mm the two large coalesced voids can
again be seen. This view confirms that damage does
not start immediately from the notch but ahead of it.
It can also be seen that the voids around the notch are
oriented tangentially to the notch circumference after
large plastic deformation. The voids immediately ahead
of the crack are smaller than at crack initiation (more
views are shown in 3D video 2).

Figure 4a—d shows reconstructed 2D sections of the
material in the through-thickness (T-S) plane. This
plane was chosen with regard to the feature indicated
in Figure 2a that is followed for all sections. The necking
of the material can be discerned. Differences in void
growth can be seen between the sample’s middle and
its edges. The zone in which void growth is observed is
extended to over ~600 pm in height. It can be seen in
Figure 3c that the crack centre does not cover the entire
sheet thickness as it forms a triangle and/or tunnelling
occurs, as observed, for example, in Ref. [6]. In Fig-
ure 4c—d, different coalescence mechanisms can be ob-
served as functions of void distribution: the voids on
the left, which are contained in the potential crack plane
normal to the loading direction, coalesce via impinge-

ment, whilst the void at the right, which is oriented at
~45° with respect to the loading direction, coalesces
with the crack via shear decohesion. This is consistent
with the findings in Ref. [17]. In Figure 4d, shear frac-
ture via a narrow band can be seen at the right. The
voids contained in the crack are shallow, and some of
them seem to have reoriented and flattened via the local-
ized shear band deformation, as studied numerically in
Ref. [20].

In Figure 4a—d the sample border can be seen. The
grey value difference between the sample and the air is,
however, lower than in the 2D sections shown in Fig-
ure 2. This is due to the low sensitivity of SRCL towards
spatial frequencies approximatively parallel to the rota-
tion axis but the relatively good sensitivity towards high
spatial frequencies perpendicular to the axis. As a result,
the high-frequency surface roughness of the specimen
can be seen but not the strong contrast between the alloy
matrix and the air. Some laminography artefacts start-
ing from voids and oriented at ~65° with respect to
the horizontal axis can be seen. These artefacts are
intrinsic to the laminography technique [16]. They are,
however, relatively weak, and in the present case do
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Figure 4. 2D sections of reconstructed SRCL data in the through-thickness plane at a distance of ~50 pm from the initial notch shown for different
CMODs. (a) As-received material; (b) CMOD = 1.625 mm; (¢) CMOD = 1.875 mm; (d) CMOD = 2.0625. Information on the supplementary

loading steps is given in video 3.

not influence the damage segmentation through grey va-
lue thresholding. In cases where shear decohesion in nar-
row bands of similar orientation takes place between
two voids, the artefact may make analysis of the mech-
anism more ambiguous.

In conclusion, in this experiment the feasibility of 3D
in situ crack initiation and propagation in a relatively
large aluminium sheet via SRCL has been shown. It pro-
vides unprecedented insights into damage mechanisms
for sustained crack growth in an engineering-relevant
sample geometry. Different mechanisms in void growth
and shear coalescence mechanisms between crack initia-
tion and propagation could be seen, which highlights the
novel opportunities of SRCL with respect to SRCT,
where only small specimens can be investigated in situ
and only crack initiation with limited plastic zone sizes
can be observed. The obtained in situ SRCL data now
provide the opportunity to measure void growth as a
function of strain and provide detailed comparisons
for theoretical predictions. As such, models may be val-
idated [21] and the potential arises to develop improved
model formulations.
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Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j-scriptamat.2011.09.005.
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