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a b s t r a c t

The individual morphology and size distribution of nano-cavities in a necked tensile specimen made of
semicrystalline high-density polyethylene (HDPE) have been observed and quantified in three di-
mensions using magnified synchrotron radiation holotomography. Here, using a voxel size of 59.7 nm,
permanent voids in the unloaded state after yielding are observed that can only be assessed in averaged
manner at finer length scales using small angle X-ray scattering (SAXS) techniques. Observation of the
same sample using typical synchrotron radiation tomography with micron resolution is also given
highlighting the novel opportunities arising with magnified synchrotron radiation holotomography in
comparison. Two populations of voids elongated in loading direction are observed: A population of large
cavities that has nucleated around inclusions and a population of small cavities. All cavities are equiaxed
in radial directions and elongated in loading direction which is consistent with SAXS findings of other
studies. Void volume fraction, void size distributions and characteristic dimensions of the voids are
assessed using 3D image analysis.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Damage and cavitation in semicrystalline polymers during
deformation and necking has been investigated in various studies
in the past, attributing sample whitening to cavitation [1e3]. Both
SAXS and WAXS techniques have widely been used to investigate
the nucleation of cavities and their shape in HDPE at length scales
of tens of nanometres [4e8]. The cavities are initially oriented
normal to the deformation direction and then change their orien-
tation along the deformation direction with a microstructure evo-
lution from lamellae to fibrillar texture [9]. The thinning and
elongation of voids during straining in HDPE have been observed
[10], and it has been reported that during the process of lamellar to
fibrillar transition, intralamellar slips of the crystalline blocks are
activated at low deformations, followed by stress-induced frag-
mentation of the crystal blocks which is also reported in Ref. [11] as
deformation process.
orgeneyer).
Damage in semicrystalline polymers has recently been studied
via synchrotron radiation computed tomography (SRCT). Blaise et al.
observed cavitation in HDPE and applied 2D Fast Fourier Transform
analysis to reconstruct tomographic sections to determine damage
anisotropy [12]. The size of the damage features in this study was
however close to the resolution limit. At the same time, Laiarinan-
drasana et al. observed larger damage features in the neck of a tested
smooth Polyamide 6 (PA6) specimen via SRCT [13]. Damage in the
form of voids aligned in columns along the deformation direction
(height of the columns ~50 mm) separated by ligaments of solid
polymer has been observed and confirmed by cryofractography
technique. In Ref. [13] the evolution of damage in PA6 and the effect
of stress triaxiality and loading/unloading on cavitation have been
assessed via SRCT. Tomography is also used in other studies to obtain
average damage values in polyvinylidene difluoride (PVDF) [14].

In the present work, the spatial distribution of damage in a
necked tensile HDPE specimen is assessed via magnified hol-
otomography allowing for unprecedented insights into nanovoid
shape neither directly accessible via SAXS techniques (as these are
averaged measurements) nor via cryofractography due to the low
Tg of HDPE and its softness at room temperature. The void shape
and size distributions are quantified via 3D image analysis.
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Fig. 1. SEM micrograph of a spherulite after permanganic-etching.

Start of necking

3 mm

Fig. 2. Nominal stress versus crosshead displacement curve for the tensile test and
picture of the necked specimen in unloaded state (F ¼ load, A0 ¼ initial cross section).
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2. Experimental section

The material is an Irgafos 168 polyethylene which includes
carbon black. The density value is close to 0.943 (also see Table 1 for
further material information). The samples were cut out from
injected moulded plates [15].

Fig. 1 shows an SEM micrograph of the microstructure after
permanganic etching. The lamellar structure of the spherulite be-
comes evident. The spherulite shown here has a diameter of about
4 mm. An average diameter of about 2 mm has been estimated using
severalmicrographs. Thewhite particles on the surface are believed
to be carbon black particles [16]. These particles may act as
nucleation site for voids.

The mechanical tensile test has been carried out using a
displacement controlled electro-mechanical testing machine. An
axi-symmetric specimen with an initial diameter of 3 mm and a
gauge length of 15 mm was used. The specimen outer ends were
rectangular (see Fig. 2). The crosshead displacement speed was
0.015 mm/s. The engineering stress versus crosshead displacement
curve is given in Fig. 2. Necking started at peak load. The test has
been stopped after some neck extension and the specimen has been
unloaded. The diameter of the unloaded neck was 1.5 mm giving an
approximate radial strain of 50%. The tomography scanning has
been carried out 7 months after the tensile experiment which
means that only permanent damage could be observed.

For the first observation, standard parallel beam synchrotron
radiation tomography has been carried out at the European Syn-
chrotron Radiation Facility (ESRF), beamline ID19. As a reminder,
tomography, analogue to the better known X-ray medical scanner,
is based on the acquisition of many transmission X-ray radiogra-
phies, while the samples rotate [17]. From the composition of this
set of images, using an appropriate computed algorithm, it is
possible to calculate the 3D spatial distribution of the X-ray
attenuation inside the sample, providing an image of the density
distribution and thus of the internal microstructure non-destruc-
tively. In our case, an energy of 19 keV and a voxel size of 0.7 mm
have been used (similar condition as in Ref. [13]) and the total
scanned volume was 1 mm3. In terms of spatial resolution parallel
beam synchrotron tomography is limited by the performances of
the detector (see Fig. 3). In the best cases, this limit cannot go easily
below 0.5 mm. This resolution limit might not be good enough to
allow us to visualize very fine damage features of our material.

To overcome this limitation, magnified holotomography has
been developed in the last ten years on the ESRF beamline ID22NI
[18]. The principle of this improvement is to create an intense and
divergent X-ray beam and to use the divergence to magnify the
projections by simply moving a classical detector (2 mm pixel size
can be enough) away from the focal point (see Fig. 3). This practical
way of obtaining a high resolution, is already used in conical
standard laboratory tomographs. It is known that, because of a
phenomenon named geometric blur, in this case of diverging
magnification, the limiting physical factor for the resolution is the
finite size of the focal point fromwhere the X-rays are generated. In
standard divergent X-ray tubes, this size can hardly be smaller than
1micron, and in this case of very small spot size, the intensity of the
emitted X-rays is rather weak, leading to long exposure times and
small signal to noise ratios.
Table 1
HDPEmaterial characteristics: Index of crystallinity (XC), weight average molar mass
(Mw), polydispersity index (Ip), carbon black content (after Ref. [15]).

XC Mw Ip Carbon black content

55% 203 kg/mol 20.3 2.2%
X-rays are known to be hard to focus but with the recent rapid
advances in X-ray optics, this concept can now be used with syn-
chrotron sources as well. In this study, we have used a set-up where
a Kirkpatrick-Baez optics system focuses the initially parallel syn-
chrotron beam down to a focal spot below 100 nm in lateral size.
The multilayer coated optics also selects from the initially pink
beam a narrow energy band around 16.9 keV. In the case of the very
coherent initial synchrotron beam used here, the amount of phase
contrast in the projection with such a long propagation distance is
enormous. This implies that simple attenuation is not the only
Fig. 3. Top: classical synchrotron radiation computed tomography setup with micro-
metre resolution; bottom: magnified holotomography setup allowing for resolution up
to tens of nanometres.



Fig. 4. 3D cubes showing a pair of big voids nucleated at an inclusion seen by (a) micro-tomography (voxel size 0.7 mm) versus, b) magnified holotomography (voxel size 59.7 nm).

T.F. Morgeneyer et al. / Polymer 55 (2014) 6439e6443 6441
source of contrast in the obtained images and phase retrieval by
holotomography is a compulsory step of the reconstruction on
beamline ID22NI. Each holotomography scanwas composed of four
tomography acquisitions at different distances between the focal
point and the sample. For tomography acquisition, 2000 pro-
jections were acquired over 360� and the exposure time per frame
was 0.25 s. The final reconstructed volumewas a cylinder of 150 mm
in height and 150 mm in diameter. More details on the set-up can be
found in Ref. [19]. Examples of the use of this set-up in the field of
materials science have been published in Refs. [18,20,21].

The deformed HDPE specimen of this study has been observed
in the central part of the neck at beamline ID22NI at the European
Synchrotron Radiation Facility (ESRF) with a voxel size of 59.7 nm.

All 3D image cubes were visualized using python scripts and the
VTK library. Part of the cube is clipped away to reveal nanovoids
Fig. 5. 2D sections of reconstructed magnified holotomography data; left: raw sections,
magnification of the images. (For interpretation of the references to colour in this figure le
using grey level thresholding. For 3D image analysis, a set of in-
house python routines was used. A 1024 � 1024 � 1024 voxel
cube was used as volume element (about (60 mm)3) for void and
particle analysis. Voids and particles were segmented applying a
simple thresholding method (see Fig. 5). Voids could then be
labelled and the size distributions readily calculated.

3. Results and discussion

Both images in Fig. 4 depict a (24 mm)3 volume of material at
different spatial resolutions: Fig. 4(a) shows tomography data that
provides micrometre resolution. The pseudo 3D cube of damaged
material in the neck shows pairs of voids (black) that are likely to
have nucleated at the inclusion. This nucleation occurs by particle
matrix decohesion at each of the two poles of the inclusions. The
right: overlay of raw section and segmented voids in red; the insets display higher
gend, the reader is referred to the web version of this article.)



Fig. 6. 3D visualization of cavities within the material; (a) all cavities in a representative volume of 30 (mm)3, (b) typical cavities (both elongated and isotropic) are shown with a
high magnification (the arrow length is 0.3 mm here).

Fig. 7. 3D size analysis of the cavities, the size distribution along the X and Y axes are
identical (the cavities are transversely isotropic) whereas the distribution along the
loading axis extends much further showing that many cavities are elongated in this
direction.
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subsequent growth of the nucleated cavities leads to the observed
shape in Fig. 4. This observation is seen at many places in the
dataset.

In Fig. 4(b), a pseudo 3D cube of magnified holotomography,
that achieves voxel sizes of 59.7 nm, is shown. Two main pop-
ulations of voids can be clearly distinguished with this improved
resolution: large voids around an inclusion and elongated in the
loading direction are observed similarly to that seen via more
classical tomography in Fig. 4(a). Another population of much
smaller voids can now be observed in the polymer matrix with a
length ranging from 100 nm to 1 mm. This population is also
elongated in the loading direction which is consistent with previ-
ous results from the literature using SAXS techniques [8,9] that
allow to investigate the morphological distribution of voids indi-
rectly at smaller length scales and at earlier stages of deformation
and damage. In these studies voids are shown to be initially
nucleated in the form of platelets normal to the loading direction
and then elongate in loading direction because of void growth with
further straining. This mechanism is also found for other semi-
crystalline polymers with larger spherulite sizes [13,22]. Two void
populations have also been detected via tomography in Ref. [12],
but the shape of the small voids could not be resolved. It is possible
that voids at even smaller scales are present here that are not
observable with the present technique. Several bigger voids appear
in pairs as if they had nucleated around a particle, which could be
carbon black. The exact nature of the particle remains difficult to
identify.

Previous observations in Ref. [13] for PA6 and in Ref. [22] for
polypropylene (PP) showed that voids are aligned in columns.
However, for the present material (HDPE) the void columns, seen
for PA6 and PP, are less clearly discernible. This may either be due to
the absence of such features, to the fact that they appear at smaller
length scales or the fact that they may substantially stretch and
close during subsequent straining.

Fig. 5 left shows typical 2D sections of magnified holotomog-
raphy data normal to the loading direction for the upper image and
normal to the specimen radius for the lower image. In Fig. 5 right an
overlay of the segmented voids (in red) on the initial reconstructed
data is given.

The void volume fraction for the chosen threshold value corre-
sponds to 1.2% (voids smaller than 8 voxels are not accounted for).
An unambiguous measurement of a void volume fraction is
challenging as it cannot be entirely ascertained that the voids are
empty. A certain amount of fibrils, as typically found in crazes, may
still be present in the cavity and contribute to a brighter grey value
[23]. In Fig. 6(a) a 3D cube is given showing a 3D rendering of the
voids. In Fig. 6(b) zooms on isotropically shaped cavities and cav-
ities elongated in loading direction are given. It can be seen that the
elongated voids have a larger volume than the isotropic ones.

Individual void shapes are characterized using the Feret di-
mensions (smaller inclusive bounding box) along all three di-
rections X, Y, and Z (¼loading direction). Fig. 7 shows the



Fig. 8. Volume histogram of cavities as measured by magnified holotomography. Small
cavities tend to be rather spherical while large ones appear elongated in the loading
direction.
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distribution of the voids Feret dimensions. The size distribution for
X and Y directions is very similar and centred around 0.3 mm. For
the Z direction, the peak is at a slightly higher value and the dis-
tribution is substantially broader indicating that the voids are
elongated in loading direction which is consistent with SAXS for
large deformations [10]. The void size distribution (Fig. 8) shows a
peak of voids at the smallest detectable volume (0.0017 mm3). This
indicates that there may be voids at even smaller length scales.
Such an effect of the resolution on void detection has for example
already been observed in Ref. [24]. The distribution spreads out to
volumes as large as 1 mm3. A more careful observation of the in-
dividual voids shows that spherical voids are very numerous and
small (�0.01 mm3) and as the volume increases, the voids are more
and more elongated in the loading direction but also grow in the
lateral directions. This may imply that large voids have nucleated
early and grown in loading direction whereas the round voids
nucleated later and are in earlier stages of growth.
4. Concluding remarks

In summary, it could be shown that magnified holotomography
has a great potential of assessing polymermicrostructures and their
evolution at nanometric scales in the 3D material bulk in a non-
destructive manner. A broad size distribution of voids was found.
Some big voids have nucleated at heavy particles and a population
of smaller equiaxed voids with different sizes is seen everywhere in
the matrix. Both are elongated in loading direction which is
consistent with SAXS findings from the literature for states of large
deformation. The smaller voids are not discernible with classical
tomography techniques. The measured void volume fraction is low
(~1%) compared to other semi-crystalline polymers (~20% for PA6).
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