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Edited by I. Lindau, SLAC/Stanford University, Flame-retardant polyurethane foams are potential packing materials for the
USA transport casks of highly active nuclear materials for shock absorption and

insulation purposes. Exposure of high doses of gamma radiation causes cross-
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8 potos 8 physico-mechanical properties. In this study, in-house-developed flame-retar-

structure—property relation; synchrotron dant rigid polyurethane foam samples were exposed to gamma irradiation doses

X-ray micro-tomography. in the 0-20 kGy range and synchrotron radiation X-ray micro-computed
tomography (SR-puCT) imaging was employed for the analysis of radiation-
induced morphological variations in their cellular microstructure. Qualitative
and quantitative analysis of SR-uCT images has revealed significant variations in
the average cell size, shape, wall thickness, orientations and spatial anisotropy of
the cellular microstructure in polyurethane foam.

analysis; cellular microstructure;

1. Introduction

Transport casks for highly active nuclear materials such as
discharged fuel pins are designed to alleviate a variety of
safety hazards under different accidental conditions (Palacio,
2017; Sharma et al., 2014). National and international regula-
tions specify a series of hypothetical tests for these transpor-
tation packages, one of which is the free drop test onto an un-
yielding target, that mimic worst accidental scenarios (Pfeiffer
& Kennedy, 1989; Sanyal et al., 2011). Such applications call
for impact limiters, which can mitigate the harsh environment
of impact without causing appreciable stress in the packaged
components (Saliba et al., 2011; Diersch et al., 1994; Kasparek
et al., 2011). These impact limiters need to be designed and
optimized for their desired performance (Choi & Seo, 2010;
Mane et al, 2017; Kim et al., 2007). Polyurethane foams
(PUFs) are used as packing materials and energy absorbers in
industrial applications due to their unique physico-mechanical
properties such as lightweight, low thermal conductivity,
low density, excellent dimensional stability, high strength-to-
weight ratio, low water absorption, high crushability, good
energy absorption under compression and excellent thermal
insulation (Engels et al, 2013; Yusuf et al, 2016). These
excellent properties of PUF make it a potential material for
packing and impact reducer in transport packages of nuclear
material. The physico-mechanical properties of PUF are
strongly correlated with its density, composition and micro-
structure at different scales (Thirumal et al., 2009, 2010;
Dolomanova et al., 2011; Saadatfar et al., 2004). In particular,
© 2019 International Union of Crystallography microstructure at the cellular level, characterized by shape,
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size and orientation of pores, strut and wall thickness,
connectivity and spatial anisotropy of pores and strut network,
holds a strong correlation with its mechanical and transport
properties (Banhart, 2001; Saadatfar et al., 2005; Roberts &
Knackstedt, 1995; Benouali ef al., 2005). Flame-retardant rigid
PUFs used in this study are the materials specifically designed
and developed for application as protective enclosures of
radioactive nuclear materials in their shipping casks for safety
against impact and fire during accidents. These shipping casks
of radioactive materials contain a high level of radioactivity.
As a result, the packing material is exposed to high doses of
gamma radiation and it is desirable that the packing materials
possess a certain degree of resistance to radiation or that the
modifications in its physico-mechanical properties due to
irradiation are at least well understood. Since exposure of
gamma radiation potentially affects the compressibility and
energy-absorbing capacity of polymers and variation of
physico-mechanical properties are strongly correlated with the
microstructure, it is important to study the gamma-irradiation-
induced morphological variations in the PUF at different
doses to ensure its performance during in-field application
(Chen et al., 2015; Mrlik & Maadeed, 2016; Bhatt et al., 1999;
Del Cui et al., 2006).

In this study, synchrotron radiation micro-computed
tomography (SR-pCT) has been used to visualize and quantify
the effects of gamma irradiation dose of several kGy on the
cellular microstructure of PUF. The SR-uCT technique is a
high-resolution imaging technique that allows three-dimen-
sional (3D) visualization and quantitative analysis of micro-
structure and density distribution in heterogeneous materials
(Kinney & Nichols, 1992; Cnudde & Boone, 2013). The tech-
nique is best suited to porous materials where there exists a
distinctive difference in attenuation coefficient between the
solid and gaseous phase. In comparison with conventional
UCT systems, SR-pCT imaging offers a high signal-to-noise
ratio, which is useful for visualization and analysis of fine
features in the PUF, such as small pores and thin inter-pore
walls, with improved clarity (Marenzana et al., 2014). Highly
collimated and intense synchrotron beam offers phase
contrast enhancement at the pores edges, thereby allowing
easy segmentation for quantitative structural analysis (Zhou
& Brahme, 2008). Moreover, use of monochromatic beam at
synchrotron imaging beamlines produces nCT images without
any beam hardening artefacts, which is important in the
segmentation of structural features and quantitative density
analysis (Kaestner et al., 2008). With this improved image
quality, we have applied various image analysis techniques
for quantitative characterization of morphological and micro-
structural properties such as porosity and pore size distribu-
tion, strut size distribution, connectivity and anisotropy
(Moreno-Atanasio et al., 2010).

2. Material and methods
2.1. Sample preparation

Samples under investigations are high-density, flame-retar-
dant, closed-cell, rigid polyester polyol-based PUFs of density

288 kg m > (Thirumal et al., 2009, 2010). They were produced
by reacting polyester polyols and isocyanate with water as
a blowing agent. Polymeric methane diphenyl diisocyanate
(PMDI) and sucrose-based polyether polyol were obtained
from Huntsman International, Mumbai, India (Daltolac
R180and Suprasec 5005 are trademarks of Huntsman).
Distilled water was used as a chemical-blowing agent.
N,N,N,N,N-pentamethyl diethylene triamine (PMDETA)
was used as a catalyst. Polyether dimethyl siloxane was used as
a surfactant. All these raw materials, except PMDI, were first
well mixed in a plastic beaker. Then PMDI was added into the
beaker with vigorous stirring for 10 s. The amount of PMDI
required for the reaction with polyether polyol and distilled
water was calculated from their equivalent weights. The foam
blocks were developed in well designed mould (50 x 50 x
50 mm) enclosures to achieve high density by arresting free
rise. After the preparation, the foams were kept in an oven
at 78°C for 24 h to complete the polymerization reaction.
Different test samples of specific shapes were cut from the
cured foam. Dimensional finishing was achieved through
rubbing with fine emery paper. As-prepared samples were
subjected to y doses of 0, 5, 10, 15 and 20 kGy with air as
environmental condition using a ®°Co-based y-irradiator
gamma chamber 5000 with a dose rate of 0.2 kGy h™'. Three
samples of size ~4mm X 4mm x 10 mm were cut from
different regions of each block of gamma-irradiated samples
using a precision sample cutter to ensure that the cutting
process did not introduce any extra damage and then used
further for SR-pCT-based micro-structural investigations.

2.2. Experimental setup

The SR-pCT experiments were conducted on the imaging
beamline BL-4 at Indus-2, a third-generation Indian
synchrotron radiation source (Agrawal et al., 2015; Gupta et
al., 2017; Fatima et al., 2017; Choudhary et al, 2017). The
imaging beamline is installed on a 10° port of a bending-
magnet source, which can be operated in monochromatic as
well as white beam modes. A double-crystal monochromator,
with Si (111) crystals, is used to select suitable X-ray beam
within the energy range 8-35keV with energy resolution
~10~*. The experimental station of the beamline is located at
25 m from the tangent point.

The experimental setup consists of motorized precision
stages (Huber x, y and z translation and a rotation stage), a
centrally fitted chuck for holding the samples and an X-ray
imaging area detector. The X-ray detector consists of a high-
resolution CCD camera with an active area of 4008 x 2672
(pixel pitch 4.5 pm), with Gadox scintillator at its input face
coupled to the CCD via a 1:2 fibre-optic taper (Photonic
Science VHR-11) (Agrawal et al, 2015). Fig.1 shows a
photograph of the SR-puCT experimental setup.

2.3. Data acquisition

The X-ray energy and image exposure time were chosen to
optimize transmission through the samples and maximize the
signal-to-noise ratio in the acquired images. We have used an
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Detector Trangation Stage

Figure 1
Experimental station at imaging beamline BL-4 showing different
components of the data acquisition setup.

X-ray beam energy of 10 keV (flux density 1.8 x 10% photons
s~ mm~?) and an object-to-detector propagation distance of
200 mm in all our experiments. The sample was fixed on the
rotation stage with a centrally fitted chuck and aligned so as to
have its rotation axis perpendicular to the optical axis and
parallel to a single detector column to avoid any centre of
rotation error during reconstruction. The data were collected
by rotating the sample about this axis through 180° with a
rotation step of 0.2°, and projection images for each step were
collected with an acquisition time of 800 ms. The total data
acquisition time for one SR-puCT scan was approximately
15 min including data transfer time for the snaps. In these
experimental conditions, the dose delivered to the sample for
a complete SR-pCT scan was calculated to be only 5.4 x
1073 Gray (Bharti et al., 2016, 2017). This is much smaller than
the dose value considered in this study. It is verified using
optical microscopy that this small dose does not affect the
PUF microstructure at the resolution scales studied here.

2.4. Image reconstruction and visualization

For each sample data, the collected projection images were
flat-field-corrected using reference and background images
to avoid artefacts due to beam non-uniformity and detector
background features. These images were further normalized
to take care of the beam intensity fluctuation during data
acquisition. The corrected projection images were converted
into sinograms, and tomographic slice images were then
reconstructed using filtered back-projection algorithms (Kak
et al., 2002). Tomography reconstructed cross-sectional slice
images represent the local distribution of the attenuation
coefficient in the sample and thus offer visualization of local
micro-structural and density variations (Banhart, 2001).
Representative reconstructed slice images for polyurethane
samples for various irradiation doses are shown in Figs. 2(a)-
2(e). The reconstructed slice images were further stacked
together to make volumetric images of the samples and

Figure 2

Comparison of SR-uCT images of PUF samples irradiated with different
doses of gamma radiation. (a—e) SR-pCT reconstructed cross-sectional
slice images. The dark grey regions represent pores whereas light grey
regions represent struts. (f~j) 3D volume rendered images. The images
show variation of pore size, strut size, shape and uniformity of the cellular
microstructure due to gamma radiation.
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visualize their microstructure in three
dimensions. Volume rendering was
applied to remove background features
and highlight sample structural details
such as pores and threads to improve
visibility in three dimensions as shown
in Figs. 2(f)-2(j) using ImageJ (Limaye,
2012).

2.5. Image analysis

The 3D porous cellular structure of
PUF can be quantified in terms of
parameters such as porosity, pore and
strut size distribution, pore shape,
orientation, anisotropy, connectivity etc.
These parameters were calculated by
applying various morphological opera-
tions on the SR-uCT images (Kaestner
et al., 2008; Moreno-Atanasio et al.,
2010). The segmentation and quantita-
tive analysis on all of the samples was
carried out in 3D using ImageJ and Morpho+ software
(Brabant et al., 2011). To facilitate quantitative analysis, the
reconstructed slices were first pre-processed to remove high-
frequency noise present in the images through utilization of a
3D median filter followed by a bilateral filter (Sheppard et al.,
2004). The noise-free grey scale images thus obtained were
then binarized using a threshold method to segment regions
with polymer matrix and enclosed air phase in the porous
region (Eliceiri et al., 2012). The choice of threshold is based
on the intersection of the tangent line of the respective peaks
corresponding to polyurethane and air in the histogram of the
complete stack of reconstructed slice images. PUF shows an
open cell porous microstructure. Thus, to calculate the pore
size distribution, first the boundaries of the cell need to be
identified and closed using a suitable set of morphological
operations. Using Euclidian distance transformation on the
threshold images, distance maps of the images were obtained.
Following this, watershed segmentation with suitable optimi-
zation was applied on all of the images to define the bound-
aries of porous cells in the polymer microstructure. To avoid
over-segmentation, a region-merging algorithm was applied
(Sheppard et al., 2004; Doube et al., 2010). After separation,
various cells were labelled with their respective unique iden-
tifiers. The sequence of different morphological operations
applied on the reconstructed slice images is shown in Fig. 3.
Structural parameters such as equivalent diameter, maximum
opening, pore surface area, shape, volume and orientation
angle were then measured based on the fitting of an appro-
priate 3D ellipsoid within the volume of each cell. Apart from
that, the connectivity and anisotropy of size/shape distribution
were also measured using nearest-neighbour and maximum
intercept length methods, respectively. These parameters were
then compared for polyurethane samples irradiated with
different doses. To ensure 3D analysis, all the operations were
carried out on a complete 3D stack of reconstructed slice

Figure 3
Sequence of morphological operations applied on reconstructed slice images for separation of
connecting cells in porous structures. (a) Representative reconstructed slice image. (b) Threshold
image. (c) Euclidian distance transformation. (d) Watershed transformation. (e—f) 3D volume
images of the sample showing 3D segmented pores.

images and the filters or morphological operation applied are
3D in nature so that true 3D morphological quantities were
calculated (Eliceiri et al., 2012).

3. Results
3.1. Qualitative observations of SR-uCT images

X-ray micro-tomography is a multi-informative non-
destructive imaging technique. The two-dimensional grey
scale cross-sectional slice images of the sample produced in
X-ray micro-tomography show the local distribution of the
linear attenuation coefficient of the enclosed material phases
and thus allow visualization of the local micro-structure and
map the density distribution at various sectional planes
(Kaestner et al., 2008). In order to observe the geometry and
uniformity of the porous microstructure and compare them for
various irradiated PUF samples, SR-uCT reconstructed cross-
sectional slice images from the central region of the recon-
structed volume are shown in Fig. 2. The dark grey coloured
portions in Figs. 2(a)-2(e) show the presence of pores (voids)
and the light grey portions correspond to the solid phase
(struts). The images depict the typical cellular microstructure
of various PUF samples after exposure to different gamma
radiation doses. All the samples in Fig. 2 are identified to have
an open cell porous microstructure where ellipsoidal pores are
bounded by a network of solid struts. The shape of the pore is
well defined in all the samples; however, the size and its spatial
distribution vary in different samples. It may also be noted
that the percentage area of the voids is much larger than that
of the struts, which indicates that samples are highly porous in
nature. Qualitative comparison of these images clearly reveals
the variation of cellular microstructure due to irradiation. In
the un-irradiated sample, pores are found to be almost round
in shape with a few exceptions. There are small as well as large
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size pores; thus there exists large variations in pore sizes. The
pores are interconnected but their distribution is not uniform
throughout the sample. As the radiation dose increases to
5 kGy, the average cell size of the porous microstructure
appears to be decreasing whereas the strut thickness appears
to be increasing. This may be attributed to radiation-induced
cross-linking at the macromolecular level in the polymeric
chains, which is seen in the form of shrinking of the porous
structure at the microscopic level (Shintani & Nakamura,
1991; Shintani et al., 1991). The pores are now uniform in
shape and size but spatial uniformity is still limited. This trend
of cross-linking and shrinking is continued in the 10 kGy
exposed sample where, apart from a decreased average pore
size, an increased strut size and well defined pore shape, the
spatial uniformity of the pores also appears to be improved.
The whole sample contains pores of almost similar shape and
size. Further enhancement of the gamma irradiation dose
leads to chain scission of polymeric macromolecules, which is
seen as cell rupture in slice images. This effect is observed in
the form of increased cell size and decreased strut thickness,
as can be seen in the slice images of the samples irradiated
with 15 and 20 kGy. In these samples, pore boundaries are
distorted, thus pore shape and size becomes less well defined
compared with the 5-10 kGy irradiated samples. Although
this analysis of cross-sectional slice images provides reason-
ably accurate information about microstructure and its
variation due to irradiation dose, it leaves the chance of
ambiguity in the results due to limitations of manual
comparison on a small set of images and their two-dimensional
nature. In order to support our observations and obtain a
global idea of variation in cellular microstructure due to
different irradiation doses, they need to be supported by 3D
volume rendered images and quantitative analysis of various
structural parameters. The comparison of cell morphology
in the 3D volume rendered images shown in Figs. 2(f)-2(j)
confirms our observations from sectional slice images and
provides a rough estimate of cell morphology in terms of 3D
shape, size and orientations. The pore shape is observed to be
nearly ellipsoidal without any significant distortions in all the
samples; however, the size of the pores and struts vary when
different samples of irradiated PUFs are compared.

3.2. Quantitative 3D image analysis

Inspection of 2D and 3D micro-CT images provides suffi-
cient qualitative understanding of PUF microstructure and
its variation due to gamma irradiation. However, in order to
obtain accurate measurements of structural parameters and
their comparison for various samples, quantitative analysis of
the tomography data has also been carried out (Kaestner et
al., 2008; Moreno-Atanasio et al., 2010; Sheppard et al., 2004;
Doube et al., 2010; Eliceiri et al., 2012). This analysis allows
quantitative values of irradiation dose induced variations
in porosity, density, morphology, pore and strut size, shape,
orientation, connectivity and anisotropy for various irradiated
PUF samples. The 3D quantitative analysis is also useful in
establishing relations between micro-structural and physico-

mechanical properties using semi-empirical models or finite-
element modelling.

3.2.1. Porosity and its spatial inhomogeneity. As seen in the
qualitative analysis, irradiation of PUF with gamma dose
affects its overall porosity. Measurement of the porosity was
carried out in terms of volume fractions, i.e. the ratio of solid
and porous volumes out of the total tomographic recon-
structed volumes of the samples (Doube et al., 2010; Eliceiri
et al.,2012). A comparison of the solid and pore fraction along
with porosity for various PUF samples irradiated with
different doses is given in Table 2 later. The porosity tends to
decrease initially with irradiation doses up to 10 kGy, but is
further increased if the irradiation dose is increased to 15 and
20 kGy. It is also seen in qualitative analysis that the distri-
bution of porosity is not homogeneous for some of the
samples, thus we have measured the spatial variation of the
porosity within the tomography imaged volume. The 3D
volume data were sequentially eroded from the outermost
layers of all sides in the inward direction and the porosity was
calculated for the remaining 3D volume of the samples. The
spatial variation of the porosity is shown in Fig. 4(a) for
various polyurethane samples. These results show that there
are local variations of porosity in the range 2-5% in all the
samples except the sample irradiated with 20 kGy; for the
sample 20 kGy-irradiated sample, inward porosity shows a
systematic increment towards the core, suggesting that the
inner region is more porous than the outer region. Close
observation of this sample shows that it contains an excep-
tionally large-size pore in the central region causing highly
increased porosity towards the core.

3.2.2. Density and its spatial inhomogeneity. The voxel
grey values in SR-puCT images are directly proportional to the
local X-ray attenuation coefficient of the sample averaged
over the volume of the voxel, which further depends on its
atomic composition and density. In a two-phase porous
material like PUF, the solid material is distributed only in the
strut region connecting the pores and these struts are seen
with higher grey values compared with the pores. The ‘aver-
aged grey value’ of a region defined as the statistical mean of
the grey values of all voxels in the selected region is also
affected by its porosity; therefore, it is also proportional to the
physical density of the sample. In our case, we have measured
the average grey values of various samples of gamma-irra-
diated samples and its local spatial variations within the
respective samples to compare the variation of their physical
density and its homogeneity. The results given in Table 1 and
Fig. 4(b) indicate that the density increases initially with
irradiation dose up to 10 kGy due to cross-linking induced
shrinking and densification but decreases when the irradiation
dose is increased beyond 10 kGy causing chain scission. The
spatial inhomogeneity of density in the PUF samples due to
gamma irradiation dose is also calculated in terms of variation
of averaged grey values and is shown in Fig. 4(b). The method
applied for this calculation is similar to the method adopted
for calculation of inhomegeneity of porosity. These results
show that there is only a 2-3% variation in spatial distribution
of the average grey values for all the samples except for the
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Table 1

Quantitative parameters related to size, shape, orientation and density (quantities in brackets show the standard deviation).

0 kGy 5kGy

Equivalent diameter (um)
Maximum opening ([m)

88.40 (38.53)

123.01 (47.11) 117.12 (34.16)

Strut size (Lm) 30.00 (9.12) 32.70 (10.11)
Sphericity 0.715 (0.063) 0.710 (0.059)
Plateness of struts bla 0.62 0.62

cla 0.368 0.368

Orientation (6)
Orientation (¢)
Average grey value

102.978 (64.62)
1.34411 (53.40)
97.9127 (32.8703)

20 kGy sample, thus the results indicate that the effect on
density is nearly uniform throughout the samples for all of the
samples. The sharp variation in the average grey value of the
20 kGy sample towards the core is due to the presence of one
exceptionally large pore causing relatively higher porosity in
the core for this sample (Doube et al., 2010).
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Figure 4

Measurement of inward homogeneity in the porous microstructure of
PUF samples with different doses of gamma radiation. A skin of thickness
equal to 10 pixels was removed from all directions in the reconstructed
volume, and porosity and average grey value were calculated for the
remaining volume. (a) Inward porosity variation. (b) Inward average grey
value variation.

81.5628 (28.36)

86.7811 (29.46)
33.1284 (50.18)
100.816 (34.9542)

10 kGy 15 kGy 20 kGy
80.798 (34.65)

111.65 (32.46)

85.2742 (32.72)
115.63 (41.5251)

106.572 (28.23)
147.65 (44.34)

37.66 (8.30) 34.07 (9.80) 3328 (11.51)
0.698 (0.064) 0.718 (0.075) 0.720 (0.089)
0.613 0.626 0.607
0382 0378 0373

95.6913 (26.88)
10.1002 (72.15)
100.815 (32.8703)

75.9952 (35.87)
14.4694 (57.74)
99.7421 (34.0623)

88.4658 (42.26)
3.18078 (60.53)
953431 (32.2344)

3.2.3. Pore and strut size distribution. Several physical
properties of porous materials such as compressibility,
permeability, toughness efc. depend on the size distribution of
the pores and struts (Kenesei et al., 2004; Jang et al., 2008). A
detailed 3D investigation of pores in pCT images gives accu-
rate estimates of pore and strut size, shape and orientation,
which can be used in various empirical models for calculating
different mechanical and transport properties (Saadatfar et al.,
2005; Roberts & Knackstedt, 1995).

The pore diameters and strut thicknesses were measured
using a method generally adopted in the analysis of trabecular
bone structures (Doube et al., 2010). In this method, the
thickness measured is the diameter of the greatest sphere that
fits within the structure. Depending on the choice of fore-
ground pixels in the binary image, the size of the pores or
struts can be measured using the same procedure in terms of
pore diameter and strut thickness, respectively. Two-dimen-
sional colour-coded maps of pore diameter and strut thickness
are shown in Figs. 5(a)-5(e) and 5(f)-5(j), respectively, to
show their spatial distribution within the sample. The colour of
a pore or strut represents its size as per the colour bars shown
in the images. Exclusive analysis of pCT images has also been
carried out for measuring the statistical distribution of pore
sizes. In closed cell foams, this is relatively easy by adopting
methods similar to locating inclusions in particulate compo-
sites; however, estimation of pore size is not possible by the
inclusion method for open cell porous structure in our PUF
samples. For measuring pore size in such an interconnected
network, specific image analysis procedures need to be
followed in which the connected pores are first systematically
separated into individual pores using pore identification and
separation algorithms as discussed in the previous section. The
size of the pores was measured in terms of the maximum
opening, which is the length of the largest accommodating
straight line within the cell (Eliceiri et al., 2012). Pore volume
was measured in terms of equivalent diameter, which is the
diameter of a sphere with an equivalent volume to that of the
pore/cell (Sheppard et al., 2004). To study the pore size
variation due to gamma irradiation, the mean values with
standard deviations of both these measurements are tabulated
in Table 1. Fig. 6(a) shows the frequency distribution of
equivalent diameter of pores for polyurethane foam samples
irradiated with different gamma dose. It can be seen from both
of these measurements that the mean equivalent diameter and
maximum opening of the PUFs decreases initially with
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Thickness maps of pores (a—e) and struts (f~j) in the PUF samples treated with different doses of
gamma radiation. The colour code in the images represents the diameter of pores or thickness of

struts as per the colour bar included in the image.

increased irradiation dose up to 10 kGy,
but increases further up to some extent
when the samples are irradiated with
higher doses. The mean values of the
maximum opening are comparatively
larger compared with the equivalent
diameter, which is a direct consequence of
their definitions. Since pores are not
perfect spheres, the Ilength of the
maximum accommodating line would be
larger compared with the radius of a
sphere with equivalent volume for all the
pores. This behaviour is in quite good
agreement with the qualitative visualiza-
tion of the SR-pCT reconstructed cross-
sectional slice and 3D images.

3.2.4. Pore and strut shape. Mechanical
and transport properties of porous poly-
mers are greatly influenced by the shape
and orientation of the pores present
(Benouali et al, 2005). For example,
higher sphericity leads to improved
toughness in the bio-ceramic (Veljovié
et al., 2011). Permeability has also been
reported to have a dependence of pore
shape and orientation (Seuba et al., 2016).
Similarly, variation in sphericity of pores
also affects piezoelectric and dielectric
properties of materials (Zeng et al., 2007).
In cases of porous polyurethane, open
pores are large which can provide high
compressibility and permeability. Thus, it
is necessary to study the sphericity and
orientation of pores present in PUFs
irradiated with different doses. It is
observed that in the qualitative analysis of
all images of Figs. 3(a)-3(j) that the pores
are spheroid; however, the size and
sphericity varies. Further, in quantitative
analysis, the shape of the pores was
measured in terms of sphericity and its
histogram distribution for various samples
as shown in Fig. 6(b). The sphericity is a
measure of the deviation of shape from a
perfect sphere and finds its value between
zero and one (Sheppard et al., 2004). It can
be seen that the sphericity of the majority
of pores for all of the samples lies between
0.5 and 0.8, thus most of the pores are
ellipsoidal in shape, elongated or
compressed in one direction. Mean values
and standard deviations of various
measurements are also included for
comparison in Table 1. A comparison of
these data shows that the sphericity does
not vary much with irradiation dose and
remains nearly equal to 0.7 for all cases.
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Figure 6

Histogram distribution of the microstructural properties of PUF
irradiated with different gamma doses. (¢) Equivalent diameter. (b)
Sphericity. (¢) Orientation angle.

The shape of the struts was measured in terms of plateness. In
calculating the plateness, first the 3D structure is skeletonized
to obtain the medial axis of the strut, which is used as the seed
for sampling. Random vectors are seeded from each voxel on
the medial axis until every vector has hit a foreground-

background boundary. For each seed voxel, a covariance
matrix is constructed from the vectors times their lengths.
Eigen value decomposition results in an ordered list of three
axis lengths. The three lengths are summed over all seed points
to give Y a, Y b and Y ¢, from which the relative proportions
of rod- and plate-like structures may be inferred. Rod-like
structures have a single long axis (a) and two short axes (b, ¢)
such that a > b > ¢, whereas disc-shaped, plate-shaped
structures have two longer axes (a, b) and one much shorter
axis (c) so that a > b > c. It can be seen that the struts are rod-
like shaped for all samples and their plateness does not change
much due to gamma irradiation of different doses. The
measured plateness values are given in Table 2 for various
irradiated samples.

3.2.5. Pore orientation. The orientation of non-spherical
pores also affects the mechanical and transport properties of
porous materials (Chen et al., 2015). Unidirectional pores give
better compressive strength when measured in an out-of-plane
direction. Similarly, permeability is highest along the pore
orientation as reported in the case of scaffolds produced by
the freeze-drying technique. The orientation of the cells was
measured in terms of the angles of the major axis of ellipsoids
fitted within the volume of the cell with respect to the hori-
zontal plane. This frequency distribution with respect to
orientation angles is also shown in Fig. 6(c) whereas the mean
and standard deviations are included in Table 1. The evalua-
tion of these features reveals that there is a certain degree
of preferential alignment in the 0-10 kGy samples, which
decreases at higher doses.

3.2.6. Pore and strut connectivity. 3D imaging of micro-
structure using synchrotron-based X-ray micro-tomography
allows quantification of pore and strut network connectivity
using image analysis. This measurement can be of particular
value for the characterization of transport properties of fluids
within cellular structures (Xiong et al., 2016; Berg et al., 2016;
Hormann et al., 2016; Bernabé et al., 2010, 2016). We have
calculated the Euler number and 3D connectivity density for
characterizing connectivity in porous microstructures of
various irradiated PUF samples. The Euler number is a
measure of the topology of porous media, expressing the
multi-connectivity of a volume, and can be used to compare
the way pores are interconnected. The Euler number is
defined as xy = N — C + H, where N is the number of isolated
pores, C is the number of redundant connections within
the pore space and H represents the number of completely
enclosed cavities in 3D. Hence the Euler number is a measure
of the connectivity which gives positive values for poorly
connected structures where N > C. Connectivity density can
be calculated by dividing the connectivity estimate of the
Euler numbers by the volume of the sample. The 3D recon-
struction enabled the visualization of pore inter-connectivity
in the overall specimen. As shown in Table 2, it was observed
from the trend of the negative value of the Euler number and
3D connectivity density that the connectivity increases with
the initial lower dose of gamma irradiation up to 10 kGy due
to cross linking in pores, and then decreases at higher doses
due to chain scission.
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Table 2
Quantitative parameters related to the porosity and connectivity of the pore network.
0kGy 5kGy 10 kGy
Total volume (um?) 340 x 10" 131 x 10" 247 x 10"
Polymer volume (um?) 5.00 x 10° 236 x 10° 473 x 10°
Pore volume (um®) 2.9 x 10" 1.07 x 10* 1.99 x 10*
Polymer volume fraction 0.147 0.180 0.191
Porous volume fraction 0.853 0.820 0.809
Total porosity 85.3% 82.0% 80.9%
Euler number —52076 —53716 —68487
Connectivity density 95628 124044.75 142273.375
Degree of anisotropy 1.444 1.753 1.06
Fractal dimension 277 2.76 2.75

adjacent polymeric radicals, formed
due to absorbed radiation energy, then

15 kGy 20 kGy join together to establish a cross-link.
L4210 125 x 10 Formation of many .such .cross-hnks
241 x 10°  2.08 x 10° between the polymeric chains of the
117 x 10 1.04 x 10 polyurethane leads to increased strain
g'gg g‘égg around the polymer molecule due to
83.0% 83.4% the absorbed radiation energy. Conse-
—47951 —30854 quently, after a certain dose, the
??7%0‘25 41‘0436217.625 molecule may no longer withstand
274 275 the increased strain, and absorption of

3.2.7. Degree of anisotropy. The degree of anisotropy is a
measure of the 3D structural symmetry, which measures the
presence, or absence, of preferential alignment of structures
along a particular direction. Apart from the degree of
connectivity or 3D connectivity density, the degree of aniso-
tropy is a crucial determinant for the mechanical strength of
cellular materials (Muljadi er al., 2016; Ketcham & Ryan,
2004). The calculation of the degree of anisotropy uses the
mean intercept length method in which a large number of
vectors of the same length originating from a random point
within the sample are drawn through the sample. When each
vector hits a boundary between foreground and background,
an intercept is counted for that vector. The mean intercept
length on that vector is then the vector length divided by the
number of boundary hits. A cloud of points is built up, where
each point represents the vector times its mean intercept
length. Fitting an ellipsoid to the point cloud, we construct a
material anisotropy tensor, and subsequently Eigen decom-
position results in Eigen values giving the lengths of the
ellipsoid’s axes and Eigen vectors giving the orientation of
the axes (Doube et al., 2010). The degree of anisotropy for
different irradiated polyurethane samples is included in
Table 2. Due to the initial irradiation of low dose and induced
cross linking, the inhomogeneous shrinking leads to increased
values of the degree of anisotropy for the 5 kGy sample, which
is decreased reasonably in the 10 kGy samples, having good
homogeneity of porous micro-structure, as can be seen in
Fig. 2. A subsequent increase of dose leads to inhomogeneity
of the porous microstructure and thus an increased value of
the degree of anisotropy.

4. Discussion

The chemistry of PUF makes use of poly addition reactions of
organic isocyanate with compounds containing at least two
active hydrogen atoms. The isocyanate group then reacts with
the hydroxyl group of the polyol/diol to form the repeating
urethane linkages (Engels et al, 2013; Yusuf et al, 2016).
Absorption of high-energy radiation during y irradiation
causes excitation and ionization. These excited and ionized
species are the initial chemical reactants for the degradation/
cross-linking reactions of polymeric chains. The absorption of
radiation forms free-radical sites at various bond segments,
which include COOH, NH,, C=C etc. chemical bonds. Two

radiation breaks down the backbone
(-C-C-NH-C-) of the polymeric chain
(Shintani & Nakamura, 1991; Shintani et al., 1991). Upon
irradiation, formation of cross-links, i.e. C—C covalent links
between the long-chain molecules, or breakage of bonds
between these molecules may dominate in a given polymer
depending upon the bond energy of the polymer molecules
and irradiation dose (Craven et al., 2012). At macroscopic
scales, these effects are seen in terms of modified molecular
weight, release of hydrocarbons, production of residual radi-
cals, and slight change in chemistry (Clough, 2001; Sui et al.,
2013; Labouriau et al., 2015a). Several post-irradiation char-
acterization methods have been utilized to understand the
irradiation effects on various properties. For example, gel
fraction for measuring the degree of network modifications,
electron and optical microscopy for structure and rheology,
differential scanning calorimetry for thermal analysis, electron
spin resonance, IR and Raman spectroscopy for oxidation
state, efc. have been used (Benouali et al., 2005; Chien et al.,
2000; Labouriau ef al., 2015b). A moderate number of radia-
tion-induced cross-links can either improve the mechanical
property of cellular materials or make their response stiffer
and brittle depending upon the density of the material
(Craven et al, 2012). Cross-linked materials may show
improved mechanical properties such as more strength, better
resistance to impact and stress cracking, improved creep
resistance, and increased hardening, tensile strength, elonga-
tion at break (Clough, 2001). The transport properties are also
seen to be changed in the form of changed heat capacity,
modified heat deformation, thermal elongation (Chen et al.,
2015). Radiation-induced cross-linking, degradation and
generation of free radicals also leads to several structural and
morphological changes in polymer materials (Clough, 2001;
Schaefer et al., 2017; Consolati et al., 2011; Fang et al., 2017).
These are observed in the form of modified porosity, physical
density, surface morphology, cellular structures and network
(Mrlik & Maadeed, 2016; Clough, 2001; Vachon & Gendron,
2003; Liu et al., 2017; Hsiao et al., 2012; Cardoso et al.,2013). In
particular, changes in cell structure and network are significant
here as they play a significant role for the modification of
mechanical and transport properties (Mrlik & Maadeed, 2016;
Shintani & Nakamura, 1991; Shintani et al., 1991; Labouriau
et al., 2015a).

In this study, we have for the first time utilized the
synchrotron-based X-ray phase contrast micro-CT technique
to evaluate gamma-irradiation-induced morphological varia-
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tion in flame-retardant rigid PUF. Qualitative and quantitative
comparisons show that these changes are not only prominent
but they also systematically vary with irradiation dose as
observed clearly in the form of cell size, porosity, wall thick-
ness, pore shape and their spatial distribution. Quantitative
comparison of pores size in terms of maximum opening and
equivalent diameter clearly show that a low dose (0-10 kGy)
of gamma irradiation reduces pore size and increases wall
thickness. These effects are related to cross-linking between
the neighbouring polymeric chains, which leads to increased
wall thickness and shrinkage of cellular structure. At higher
doses (10-20 kGy), the pore size increases again and the wall
thickness decreases. The radiation dose also causes strain
around the foam bubble, and therefore further exposure of
gamma rays to higher doses leads to rupture at the cellular
boundary connecting the bubble structure leading to increased
pore size and decreased strut size. Similarly, porosity
decreases and the physical density of material increases in the
lower dose range, and the trend reverses at higher doses. The
effect of radiation on these properties is nearly homogeneous
throughout the sample. The connectivity and anisotropy of the
porous network is also affected due to irradiation. Gamma-
irradiation, however, does not impart any significant change in
pore shape, strut shape and orientation. The effects of these
micro-structural changes on compression behaviour of the
PUF have been reported previously in the form of modifica-
tions in the compressibility of the material. Several models of
structure property correlation have suggested a strong corre-
lation between macroscopic mechanical behaviour of porous
and cellular foam materials and porosity and other cellular
microstructure properties (Veljovi¢ et al., 2011; Maire et al.,
2003; Redenbach, 2009). In light of these models, the radia-
tion-induced modulations in morphological parameters are
reasonably translated to the variations in the mechanical
properties of the foam. Although there is a strong correlation
between irradiation-induced cellular microstructure variations
and mechanical properties, the role of other factors such as
changes in molecular weight, structural changes at other scales
etc. contributing to the modified mechanical behaviour of PUF
after irradiation cannot be ruled out. The exact nature of this
correlation between cellular structural properties and the
trend of mechanical compressibility needs a detailed study
based on various empirical models and finite-element
modelling based on in siftu micro-tomography experiments,
which is the subject of our future studies.

5. Conclusions

It is evident from the SR-puCT-based qualitative and quanti-
tative image analysis that the exposure to gamma radiation of
PUF leads to significant and dose-dependent variations in its
cellular microstructure. The smaller doses of gamma radiation
in the range 0-10 kGy causes reduced pore size, increased
strut size, decreased porosity, increased physical density, no
significant change in pore shape and orientation, increased
connectivity and decreased anisotropy. This is due to radia-
tion-induced cross-linking in the low-dose range of gamma

irradiation. As the gamma dose is further increased to the
15-20 kGy range, chain scission effects start dominating over
cross-linking, thus cellular structure is seen with increased
pore size, decreased strut size, increased porosity, decreased
physical density, no significant change in pore shape and
orientation, decreased connectivity and increased anisotropy.
Thus, it was shown that the gamma irradiation dose has strong
effects on micro-structural properties of PUF due to chain
scission and cross-linking effects in molecules. Future studies
will aim to establish a well defined correlation between the
microstructure of PUF and its mechanical properties under
different loading conditions through empirical relations as
well as finite-element modelling.
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