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A B S T R A C T

The deformation-induced dilation of mineral-filled polyvinyl chloride (PVC) is investigated by means of poly-
chromatic X-ray absorption tomography (XCT). Axisymmetric notched tensile specimens are strained to pre-
scribed elongations using a tensile test apparatus and subsequently scanned by XCT after relaxation. During
straining, surface deformations are quantified by digital image correlation (DIC) and contour tracking. The
influence of stress triaxiality and strain rate on dilation is investigated by using tensile specimens with three
different notch radii, all strained to three deformation levels at two different nominal strain rates. Pronounced
reduction of density, corresponding to an increase of volume, is observed for all specimens in the XCT scans, but
markedly different relative density distributions are measured for the three geometries. The accuracy of the
polychromatic XCT density estimates is evaluated against data obtained with monochromatic synchrotron ra-
diation computed tomography (sr-XCT), and a comparison to surface deformation-based dilation estimates is
presented.

1. Introduction

When designing structural components made of polymeric mate-
rials, the assessment of their structural integrity can be a challenge.
Finite element analysis has become the standard tool for this task, but
the credibility of the results is strongly dependent on the material
model’s ability to describe the mechanical behavior of the material at
hand. Material models suitable for polymers are found in abundance in
the literature, and the available models vary significantly in com-
plexity, see for example Bergström (2015). As most polymeric materials
are rate sensitive, viscoelastic and viscoplastic models are typically
employed. Further, plastic dilation in the form of voids or crazes has
been reported for both semi-crystalline and amorphous polymeric ma-
terials, in several cases indicating void volume fractions reaching tens
of percent (Boisot et al., 2011; Laiarinandrasana et al., 2012; Poulet
et al., 2016; Brusselle-Dupend et al., 2011; Ognedal et al., 2014b;
2014a). Including dilation in material models is important, as this
feature will influence plastic flow, strain localization, geometrical
changes and thereby the failure behavior of the component.

It can be a challenging task to measure the dilation within a ma-
terial. Numerous techniques such as specific density measurements,
surface-deformation based estimates (Ognedal et al., 2014a; Johnsen
et al., 2017; G’Sell et al., 2002), scanning electron microscopy (SEM)

(Ognedal et al., 2014a; Boisot et al., 2011) and X-ray computed to-
mography (XCT)(Laiarinandrasana et al., 2012; Poulet et al., 2016;
Brusselle-Dupend et al., 2011; Bø Fløystad et al., 2015; Esmaeili et al.,
2013; Diaz et al., 2012) have been applied. Light microscopy and SEM
are especially useful for investigation of fracture surfaces, and sub-mi-
cron sized features can be resolved by using SEM (Ognedal et al.,
2014a; Johnsen et al., 2017).

X-ray computed tomography is a particularly attractive technique as
non-destructive spatial density measurements are possible, provided
that excessive radiation damage is avoided (Maire and Withers, 2014).
XCT has been used in numerous studies, see for instance
(Laiarinandrasana et al., 2012; Poulet et al., 2016; Brusselle-Dupend
et al., 2011; Bø Fløystad et al., 2015; Esmaeili et al., 2013; Diaz et al.,
2012), but has only recently been demonstrated as an in-situ technique
for measuring density changes within a polymer specimen during ten-
sile testing (Poulet et al., 2016; Brusselle-Dupend et al., 2011). Home
laboratory X-ray CT apparatuses are widely available, but the long
acquisition time, limited resolution and polychromatic nature of com-
monly used X-ray sources limit the applicability of such equipment
(Hsieh, 2015). These limitations can be overcome by using synchrotron
radiation X-ray computed tomography (sr-XCT), but there are com-
paratively few synchroton facilities and the beam-time is limited and
expensive.
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When home laboratory CT equipment is used, the long acquisition
time usually only allows for ex situ measurements. Studies on deformed
materials are therefore typically performed by deforming the specimen
incrementally, acquiring a tomogram for each increment. The poly-
chromatic nature of home laboratory X-ray sources introduces the
beam-hardening artifact. This artifact originates from the energy-de-
pendent X-ray absorption of the material, causing the lower energy X-
rays to be more efficiently absorbed by the specimen. This artifact can
be reduced by pre-hardening of the X-ray beam using filters, or by post-
processing software corrections (Hsieh, 2015).

The spatial resolution and the scattering contrast define the length
scales of the features that can be resolved within the polymer, and re-
solving sub-resolution voids is not feasible. ”Local tomography” is a
technique which allows first getting an overview of a large sample
volume, before zooming-in to study specific regions of interest, and has
been demonstrated to resolve the internal structures of interest in de-
formed specimens made of nylon PA6 (Laiarinandrasana et al., 2012;
2016). Another approach, which we will pursue in this article, is to
exploit the proportionality between X-ray absorption and material
density to measure material dilation. By performing XCT on a larger
region of the specimen, the local void volume fraction can be deduced
from the density distribution (Brusselle-Dupend et al., 2011). This
method allows for void volume fraction measurements to cover larger
regions, at the cost of losing information about the exact void mor-
phology.

The tendency of a polymer to dilate during deformation is influ-
enced by intrinsic properties such as inclusions (Ognedal et al., 2014b)
and microstructure, and external factors such as stress state (Boisot
et al., 2011; Ognedal et al., 2014b) as well as strain rate and tem-
perature (Johnsen et al., 2017). In order to create a certain stress state
at a material point, the geometry of the specimen can be tailored. Ax-
isymmetric notched tensile specimens are widely applied for this pur-
pose as they provide an analytically described stress field in their un-
deformed state.

When notched tensile specimens are employed, strain measure-
ments are complicated by the inhomogeneous deformation of the spe-
cimen. Digital image correlation (DIC) has become a widely used tool,
capable of performing local strain measurements beyond the point of
strain localization (Sutton et al., 2009). When the deformation of the
specimen surface has been quantified, an estimate of the volume in-
crease of a section of the specimen can be obtained (Rossi et al., 2018;
Andersen et al., 2019). Such estimates rely on assumptions regarding
the internal deformation of the specimen, and do not necessarily yield
valid results (Laiarinandrasana et al., 2016). One way to evaluate the
accuracy of surface-based measurements of the volume change is to
compare such data with density changes determined by computed to-
mography.

The objective of this study is twofold. Firstly, this study extends
previous studies on mineral filled PVC (Ognedal et al., 2014b; 2014a;
2012; Andersen, 2016; Olufsen et al., 2019) by including spatial CT
measurements of material dilation. Axisymmetric specimens with three
notch geometries, giving different stress triaxiality in the notch region,
are deformed to three different elongations at two strain rates. Local
strain measurements beyond the point of localization are obtained by
DIC and employed to determine the true stress-strain curves. Motivated
by the increasing availability of home laboratory XCT equipment in the
industry, an efficient methodology for spatial material dilation mea-
surements using axisymmetric specimens is proposed and validated
against sr-XCT. These measurements can be directly compared to finite
element simulations, aiding further development of material models
suitable for polymeric materials. Secondly, the accuracy of surface-de-
formation-based dilation estimates obtained with a digital camera is
assessed by comparing the estimates to the XCT measurements. The
surface-deformation-based approach can only provide information
about the average change of volume through the cross-section, but is
attractive due to its practicality.

The paper is organised as follows: materials and methods are out-
lined in Section 2, experimental results are presented in Section 3, and
key findings are discussed in Section 4. The conclusions from the study
are compiled in Section 5.

2. Materials and methods

2.1. Material

A mineral-filled polyvinyl-chloride (PVC) containing approx. 24vol
% CaCO3 particles is investigated in this study. The material is the same
as previously investigated by Olufsen et al. (2019), and similar to the
one investigated by Ognedal et al. (2014b) and Andersen (2016).
Samples of the material were extracted from 10 mm thick extruded
plates produced by Kömmerling. Two groups of particles have been
identified in the material, being small spherical particles with a typical
diameter in the range from 0.2 µm to 0.4 µm, and larger irregularly
shaped particles (Olufsen et al., 2019).

2.2. Tensile specimens

Axisymmetric notched tensile specimens were employed in this
study, allowing for manipulation of the initial stress triaxiality ratio in
the notch region of the specimen. Motivated by the correlation between
reduced notch radius and increased material dilation reported by
Ognedal et al. (2014b) and Olufsen et al. (2019), three different notch
radii of 20 mm, 5 mm and 2 mm were used, hereafter referred to as
R20, R5 and R2 specimens, respectively. The specimens are illustrated
in Fig. 1.

A cylindrical coordinate system with origin in the center of the
minimum cross-section of the notch is defined, see Fig. 2.

According to finite element simulations assuming linear elastic
material behavior, a notch radius of 20 mm, 5 mm or 2 mm gives an
initial stress triaxiality ratio of approx. 0.4, 0.6 or 0.8, respectively, in
the origin of the specimens (Ognedal et al., 2014b).

The specimens were fabricated from the extruded plates by turning,
carefully avoiding bending and heating of the specimens. The extrusion
direction of the plate was oriented coaxially with the longitudinal axis
of the specimens. Fastening to the tensile test apparatus was done by
threading of both ends of the specimens. Digital image correlation was

Fig. 1. Axisymmetric notched tensile specimens with a notch radius of 20 mm
(a), 5 mm (b) and 2 mm (c). Units are in mm.

S.N. Olufsen, et al. Mechanics of Materials 142 (2020) 103296

2



facilitated by applying dispersed paint to the surface of the specimen by
using an airbrush, giving a speckle-like appearance of the surface.

2.3. Tensile test setup

The tensile tests were performed using an Instron 5082 tensile test
machine equipped with a 2 kN load cell. Two Prosilica GC2450 cameras
equipped with a Nikon 105 mm f/2.8G macro lens and a Sigma 105 mm
F2.8 EX DG macro lens were used. An illustration of the experimental
setup is shown in Fig. 3. One camera was aligned with the normal di-
rection of the extruded plate from which the test specimens were fab-
ricated, and the other aligned with the in-plane direction of the plate.
An aperture of F/12 was used, ensuring a sufficient focus depth. The
distance between each camera and the specimen was approx. 0.3 m.

The specimens were deformed to prescribed elongations and then
unloaded. Three different elongations of 1.5 mm, 2.0 mm and 2.5 mm
were investigated for each specimen geometry. These elongations were
chosen such that a significant part of the material’s stress-strain curve
before failure is covered.

Two target nominal strain rates of − −10 s4 1 and − −10 s3 1 were chosen.
The corresponding test machine cross-head velocity was determined

using finite element analysis with a previously calibrated material
model (Andersen, 2016). Based on these numerical simulations, an in-
itial nominal strain rate of − −10 s4 1 was obtained by using cross-head
velocities of − −2.8·10 mm s ,3 1 − −3.2·10 mm s3 1 and − −3.7·10 mm s3 1 for
the R2, R5 and R20 specimens, respectively. These velocities were in-
creased with a factor of ten to give an initial nominal strain rate of

− −10 s3 1. The same cross-head velocities were used during the entire
loading and unloading processes. After unloading, the specimens were
stored for a month or longer, relaxing any residual stresses, before
continuing with XCT. Olufsen et al. (2019) provide further details and
discussion of the experimental setup used to deform the tensile speci-
mens.

2.4. DIC measurements

Digital image correlation was used to quantify surface deformation
within the notched section of the specimen. Combined with force
measurements from the tensile test apparatus, true stress vs true strain
curves can be obtained. By using the deformation field along the cir-
cumference of the notch root, the volume change of a disc through the
minimum cross-section of the notch root was estimated.

2.4.1. Measurement of strain, stress and surface curvature
Herein, the reported strain measure is the average longitudinal true

strain along the visible circumference of the notch root, and the re-
ported stress measure is the average longitudinal true stress in the
minimum cross-section of the notch. Deformation of the specimen
surface was quantified for the two cameras separately using an in-house
B-spline-based 2D DIC code. A mesh convergence study was conducted
by reducing the inter-nodal spacing until no further increase in strain
was obtained. The typical inter-nodal spacing of a mesh used in the
further analysis is in the order of 60 pixels. Using the approach de-
scribed by Sutton et al. (2009), spurious longitudinal strains due to out
of plane motion have been assessed for a corresponding experimental
setup using the same material, being in the order of 0.002
(Olufsen et al., 2019).

The true strain components εj are calculated from the corresponding
stretch ratios λj determined by the DIC code as:

=ε λln( )j j (1)

where the subscript j denotes the indices r, c and l, referring to the
radial, circumferential and longitudinal direction, respectively.
Olufsen et al. (2019) give a detailed presentation of the procedure used
to determine these strain components. The average longitudinal true
strain in the notch root is calculated as the average value of εl along the
visible circumferential path as indicated with the dashed green line in
Fig. 2. This average longitudinal true strain is hereafter referred to as
the true strain.

The longitudinal true stress in the minimum cross-section of the
notch is determined by:

=σ F
πd
4

2 (2)

where F is the force measured by the load cell and d is the diameter of
the minimum cross-section of the notch, which was continuously
monitored by DIC. The diameter was determined by the 2D DIC routine
as =d λ dr 0 where λr is the average radial stretch of the minimum cross-
section of the notch and d0 is the initial diameter, see Olufsen et al. for
further discussion (Olufsen et al., 2019). The average value of the
measured diameter from the two cameras was used in Eq. (2).

The values of d obtained by DIC were verified by comparing with
the diameter measured by an edge tracing routine. The curvature κ of
the notch root was also obtained from the images by extracting the
contour of the specimen for each frame. In the edge tracing routine, a
circle was fitted to the notch root by means of a non-linear least squares
method. The circle radius and its position along the longitudinal axis of

Fig. 2. Notch region of a specimen with a plane used for re-slicing the tomo-
grams (red), the cross-sectional disc (blue) and the circumferential path (green)
where strains are measured. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Top view of experimental setup showing a tensile specimen (red), two
orthogonal cameras (black) and additional lighting (cyan) surrounding the
camera lenses and behind the specimen. Note that the sketch is not drawn to
scale. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the specimen were used as optimization parameters.

2.4.2. Material dilation estimates based on surface deformations
A classical way of measuring material dilation is to estimate the

volume change of a disc through the minimum cross-section of the
notch root. A common measure of the volume change is the volume
ratio =λ λ λ ,V l r

2 where λl is the longitudinal stretch and λr is the radial
stretch along the perimeter of the disc. The position of the disc is illu-
strated in Fig. 2. For easier comparison to the XCT measurements,
however, the average relative density of the disc ρ*disc is the reported
metric in this study. By assuming conservation of mass, ρ*disc is the in-
verse of the volume ratio λV, and is calculated as:

=ρ
λ λ

* 1
disc

l r
2 (3)

where λl and λr were obtained using DIC. In a similar fashion as in
Eq. (2), λl and λr were measured by both cameras and the average value

of the measurements was used in Eq. (3).
Eq. (3) assumes that the disc is flat and remains flat during de-

formation, which may not always be the case. An extension to Eq. (3)
has been proposed by Andersen et al. (2019), accounting for the
warping of the top and bottom surface of the disc:

=
+

ρ
λ λ

* 1
( 1)disc

l r
r κ2 Δ

4 (4)

where r is the radius of the current minimum cross-section of the notch
root as obtained by DIC, and Δκ is the change in notch root curvature
relative to the curvature of the undeformed specimen. Edge tracing of
each frame was used to determine Δκ.

2.5. Material dilation from X-ray computed tomography (XCT)

The spatial relative density distribution within the notch region of
all specimens was obtained with XCT after unloading. In addition, two

Fig. 4. Results obtained for each step of the procedure used to verify the assumption of axisymmetry for an undeformed (a-d) and elongated (e-h) R2 specimen. (a,e)
Grey scale field ξ(r, θ, z) for one arbitrary value of θ, (b,f) average value μξ(r, z) of the radial planes, (c,g) standard deviation σξ(r, z) of the radial planes, and (d,h)
coefficient of variation Cvξ(r, z). The noisy appearance of the central axis in the field plots (a,e) is an artifact related to the axis of rotation in the XCT apparatus. The
background is shown in cyan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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undeformed R20 and R2 specimens were also scanned. A Nikon XT H
225 ST μ-CT instrument equipped with a 16-Bit Perkin Elmer 1620 CN
CS sensor and a tungsten reflection target was used for all scans. The
polychromatic X-rays emitted by the source are used in a classical cone-
beam geometry. In order to minimize the effect of beam hardening, a
relatively high accelerator voltage of 160 kV was chosen, and a 0.2 mm
copper filter was used to pre-harden the beam (Hsieh, 2015). The field
of view was chosen such that the entire notch region of the specimen
was visible, yielding a voxel size of 13.6 µm. It should here be em-
phasized that the discrete voids contained within the specimens are not
resolved, and that the void volume fraction of each voxel is deduced

from the relative density of the voxel. During the acquisition of one
tomogram, 3143 projections were captured. Reconstruction of the to-
mogram was done with the software Nikon Ct-Pro. The tomogram ξ(x,
y, z) was resampled into a cylindrical coordinate system and is hereafter
treated as a continuous grey scale field ξ(r, θ, z), where inter-voxel
values were determined by linear interpolation.

In order to reduce the noise level of the measurements, the ax-
isymmetric nature of the specimens and the grey scale fields ξ(r, θ, z)
was exploited. Assuming that the material is isotropic, the axisymmetry
implies that the density field in all −r z planes of the specimens should
be identical. Any deviation between the −r z planes should therefore
be caused by noise. If the noise is of Gaussian nature, the average of all

−r z planes should contain a reduced noise level. Motivated by the
cylindrical symmetry, the tomograms were re-sampled into a number of

−r z planes, spaced by an angular increment Δθ, as shown in Fig. 2.
The angular increment Δθ was chosen such that one new pixel was
sampled at the perimeter of the section with the largest diameter for
each increment. The re-sampling procedure was performed using a

Fig. 5. Relative density calculated by Eq. (8) of a homogeneous and un-
deformed (a) R20 and (b) R2 specimen measured with XCT.

Fig. 6. Relative density field for the most elongated R2 specimen measured by
sr-XCT. The spots are caused by dust on the scintilator.

Fig. 7. Relative density vs. normalised radius for an un-elongated R2 specimen
and specimens elongated by 0.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm, acquired by
XCT (solid line) and sr-XCT(dashed line). A shaded band is included for illus-
trating the consequence of increasing the reference grey scale value ξ̄ by 3%. As
the sr-XCT and XCT scans have slightly different voxel sizes, the radial co-
ordinates are normalized to the minimum cross-sectional radius R. No sr-XCT
scan is available for the undeformed specimen.
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custom script and the image processing software Fiji (Schindelin et al.,
2012). The average value μξ(r, z) of the grey scale field ξ(r, θ, z) over all

−r z planes was then calculated as:

∑=
=

μ r z
N

ξ r θ z( , ) 1 ( , , )ξ
i

N

i
1 (5)

where N ≈ 2300 is the number of angular increments. The

corresponding standard deviation σξ(r, z) is given by:

∑=
−

=
σ r z

ξ r θ z μ r z
N

( , )
( ( , , ) ( , ))

ξ i

N i ξ
1

2

(6)

and the coefficient of variation Cvξ(r, z) was calculated as

=C r z
σ r z
μ r z

( , )
( , )
( , )vξ

ξ

ξ (7)

In order for μξ(r, z) to be representative for the specimen, the density
fields have to fulfil the assumption of axisymmetry even after large
deformations. The following procedure was used to identify deviation
from axisymmetry:

1. Reconstruct the tomogram ξ(r, θ, z)
2. Re-sample the tomogram into a set of radial planes ξ(r, θi, z)
3. Calculate μξ(r, z) and σξ(r, z) with Eqs. (5) and (6), respectively
4. Based on μξ(r, z) and σξ(r, z), calculate Cvξ(r, z) with Eq. (7)

The coefficient of variation Cvξ(r, z) should approach zero if there is
no noise in the tomogram and the specimens are axisymmetric.

The procedure was applied to an undeformed R2 specimen and the
most elongated R2 specimen, and the results are shown in Fig. 4. The
16Bit grey scale values of the tomograms were normalized by the re-
construction software, and span between 0 and 32000. For the elon-
gated R2 specimen, the average value μξ(r, z) of the grey-scale field, see
Fig. 4f, indicates a marked reduction of density in the notched section of
the specimen. According to Fig. 4c and g, the standard deviation σξ(r, z)
is slightly higher in the notched section than for the material outside
the notch. For the elongated R2 specimen, the higher coefficient of
variation Cvξ(r, z) in the notched region is therefore caused both by the
increased standard deviation σξ(r, z) and the lower average value μξ(r,
z). The standard deviation σξ(r, z) is comparable for the undeformed
material and the background, indicating that the main source of var-
iation is noise. Through regression, the variation in grey-scale value
was found to be of Gaussian nature. The increased standard deviation
σξ(r, z) for deformed material could be due to material in-homogeneity.
However, as indicated by the coefficient of variation Cvξ(r, z), the de-
viation from axisymmetry is limited, and μξ(r, z) is considered re-
presentative for the specimen for the purpose of this study. It should
here be noted that the number of re-sampled pixels in the circumfer-
ential direction is proportional to the radial coordinate r, and statistical
values calculated for small values of r, i.e. close to the center axis of the
axisymmetric specimen, should therefore be treated with care.

A relative density field ρ*(r, z) was calculated by normalising μξ(r, z)
to the average grey scale value of undeformed material ξ̄ and back-
ground ξ0:

=
−

−
ρ r z

μ r z ξ

ξ ξ
* ( , )

( , )
¯

ξ 0

0 (8)

where ξ̄ was determined as the average grey scale value of a sub-frame
covering a section of undeformed material, and ξ0 was determined as
the average grey scale value of a region outside of the specimen. The
value of ξ0 varies between samples, and the difference between the
highest and lowest obtained value is in the order of 1% of the grey scale
value of undeformed material ξ̄ .

The scans of the two undeformed specimens R20 and R2 were used
to obtain an indication of the accuracy of the relative density mea-
surements. These specimens should have a homogeneous density field,
and the relative density is shown in Fig. 5. The relative density varies
between 0.97 and 1.03, except in the vicinity of the upper notch
shoulder of the R20 specimen, where a lower value of approx. 0.95 is
found. For the R2 specimen, higher densities are estimated where the
cross-section of the specimen is smaller.

Another indicator of the accuracy of the method is obtained by in-
tegrating the relative density fields of the notched section of the

Fig. 8. True stress vs. true strain curves at minimum cross section at two
nominal strain rates of − −10 s4 1 (blue) and − −10 s3 1(red) for specimens (a) R20,
(b) R5, and (c) R2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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specimens with equal initial geometry. According to the principle of
mass conservation, the integral of the density field within the notched
section of a specimen in its undeformed state and of specimens de-
formed to 1.5 mm, 2.0 mm and 2.5 mm should yield the same value.
The largest difference was found for the R2 specimens deformed at the
highest strain rate, where a mass change of 2.5% was found between
specimens.

For comparison with the average relative density estimates found
from the surface (DIC) measurements described in Section 2.4.2, an
average relative density ρ̄*disc for a disc through the cross-section of the
notch at =z 0 is calculated as:

=
∑

∑

=

=

ρ
ρ r r

r
¯*

* ( , 0)
disc

i
M

i i

i
M

i

1

1 (9)

where ri is the radial position of the voxel, ρ*(ri, 0) is the relative
density at radial position i, and M is the number of pixels in the radial
direction.

2.6. Validation by synchrotron radiation computed X-ray tomography (sr-
XCT)

In order to investigate the contribution of beam-hardening in the
tomograms acquired by the polychromatic home laboratory XCT
scanner, some of the specimens were scanned using monochromatic
synchrotron radiation computed tomography (sr-XCT). Thus, the R2
specimens elongated at a nominal strain rate of − −10 s4 1 were scanned at
the TOMCAT beamline X02DA located at the Paul Scherrer Institute
(PSI) (Stampanoni et al., 2006). An energy of 35 keV and a short spe-
cimen-sensor distance of 10 mm were used to ensure absorption con-
trast rather than phase contrast. The resulting voxel size was 3.25 µm.
The same procedure as presented in Section 2.5 was used to calculate
the relative density fields. A relative density field measured by sr-XCT is

shown in Fig. 6. The spots seen in Fig. 6 are caused by dust on the
scintilator during the experiment.

Fig. 7 shows a comparison of the relative density functions ρ*(r, 0)
obtained by XCT and sr-XCT along the radial axis at the notch. As the sr-
XCT and XCT scans have slightly different voxel sizes, the radial co-
ordinates are normalized to the minimum cross-sectional radius R. The
agreement is in general satisfactory, although sr-XCT gives a slightly
higher density for the specimens strained to the two lowest deformation
levels. Note that no homogeneous sample was scanned by sr-XCT. In
Eq. (8), the reference grey scale ξ̄ is taken from a section of the un-
deformed material for each tomogram. However, recalling from Fig. 5
that XCT of an un-deformed R2 specimen yields a 2% to 3% higher
relative density where the cross-section of the specimen is smaller, one
could argue that the reference grey scale ξ̄ should be increased by 3% to
account for this effect, and the consequence is shown with the shaded
band in Fig. 7. It appears that the relative densities obtained with XCT
coincide well with the sr-XCT measurements, thus indicating that there
is no significant beam hardening.

3. Results

True stress-strain curves from the 18 tests are shown in Fig. 8. The
repeatability of the experiments appears to be good. All curves have an
initially linear loading phase followed by softening and subsequent
hardening. The stress at which softening is initiated is observed to be
dependent on the nominal strain rate, but little influence of notch root
curvature is found. The notch root strain at maximum elongation in-
creases with decreasing notch radius. Fig. 8 shows also that the true
strain increases slightly during the first part of the unloading process.
Deformed R20, R5 and R2 specimens with corresponding longitudinal
true strain fields measured by DIC are shown in Fig. 9. The specimens
depicted in the figure are all elongated to 2.5 mm.

The average relative density based on DIC as given by Eqs. (3) and

Fig. 9. Deformed state and true longitudinal strain field measured using DIC for specimens (a) R20, (b) R5, and (c) R2, deformed at nominal strain rate of − −10 s4 1.
The shown specimens are the ones deformed to the largest elongation of 2.5 mm. Note that as 2D DIC is used on circular specimens, the longitudinal strain is valid
only in the notch root.
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(4) is shown in Fig. 10. In both cases, the average relative density for a
given strain decreases with decreasing notch radius. Application of
Eq. (3) yields a close-to-linear decrease of the average relative density
for all specimens, followed by a linear increase when unloaded. In
contrast, Eq. (4) results in a non-linear evolution and lower average
relative densities are predicted for all samples, whereas the increase of

the average relative density during unloading is smaller.
The average relative densities calculated from the relative density

fields obtained by XCT, see Eq. (9), are included as circular dots in
Fig. 10. In the case of R20 specimens, the average relative densities
based on XCT fall between the estimates using Eq. (4) and Eq. (3). For
the R5 and R2 specimens, Eq. (3) has closer correspondence to the XCT-
based estimates. Both Eq. (3) and Eq. (4) underestimate the average
relative density obtained from XCT measurements for the R2 speci-
mens.

Fig. 11 shows the relative density fields as determined with Eq. (8)
after unloading of the samples deformed at a nominal strain rate of

− −10 s4 1 to all three levels of elongation. The corresponding fields for a
nominal strain rate of − −10 s3 1 are shown in Fig. 12. The relative density
fields are similar for the two applied nominal strain rates, and the
following findings refer to specimens deformed at both rates. An in-
teresting observation is that the zone with the lowest relative density is
found near the symmetry axis for the R20 and R5 specimens, whereas it
is located closer to the notch surface for the R2 specimens. It appears
also that the relative density within the notch region of the specimen
decreases with increasing deformation for all samples. Tomograms for
the R2 and R5 specimens and the material points at the surface as found
with DIC reveal that the region with reduced relative density at 1.5 mm
elongation (sub-figures d,g) does not spread into new material with
increasing deformation. Instead, these regions are stretched at 2.0 mm
and 2.5 mm elongation (sub-figures respectively e,h and f,i). Simulta-
neously, the relative density decreases within these regions. On the
other hand, there is a larger tendency to reduction of density into new
regions with increasing deformation for the R20 sample.

The relative density distribution along the radial axis is shown in
Fig. 13 for the three deformation states at a nominal strain rate of

− −10 s4 1. The corresponding distributions at a strain rate of − −10 s3 1 are
shown in Fig. 14. The R20 and R5 specimens show a monotonically
increasing relative density towards the surface of the notch. The R2
specimens have an approximately constant relative density in the in-
terior of the specimen, whereas it increases rapidly in the vicinity of the
notch root.

4. Discussion

The true stress vs. true strain curves in Fig. 8 are similar to mea-
surements presented by Olufsen et al. (2019) for the same material. The
stress at which softening is initiated was found to be similar for the
different stress triaxiality ratios, demonstrating the pressure sensitive
nature of the material. Pronounced dilation is anticipated for this ma-
terial (Olufsen et al., 2019), initiated by decohesion of particles from
the surrounding matrix material. A possible reason for the pressure
sensitivity of the material could therefore be a coupling between par-
ticle decohesion and the triaxiality of the stress state.

An increasing true strain is observed in the first part of the un-
loading process in Fig. 8, indicating a viscous material behavior. For the
R5 and R20 specimens, the strain at which unloading is initiated varies
between the two nominal strain rates. Recall that the same machine
displacement was used across both strain rates, thus, the differences in
strain at unloading are attributed to viscous material behavior. Except
for the most elongated R20 specimen, the true strain at the start of the
unloading process is larger at the low rate than the high nominal strain
rate for all R5 and R20 specimens, indicating less pronounced strain
localization at the high rate. This observation is supported by Fig. 10,
which shows that the average relative density indeed is slightly smaller
at the low nominal strain rate of − −10 s ,4 1 implying somewhat larger
dilation and hence more localized deformation. For the R2 specimens,
similar strains are observed at unloading for both strain rates.

The accuracy of the XCT measurements was assessed by comparison
to experimental data obtained by sr-XCT. A voxel size of 3.25 µm was
used for the sr-XCT scans, and individual voids were therefore not re-
solved. Any information related to void morphology is therefore not

Fig. 10. Average relative density vs. true strain curves at two nominal strain
rates of − −10 s4 1 (blue) and − −10 s3 1(red) for specimens (a) R20, (b) R5, and (c)
R2. Estimates by Eq. (3) are marked by dashed lines and Eq. (4) by solid lines.
The dots are average relative densities determined from XCT using Eq. (9). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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obtained from the sr-XCT scans. It appears from Fig. 7 that the density
variations are one order of magnitude larger than the difference be-
tween sr-XCT and XCT measurements. As the error source of beam
hardening is avoided in sr-XCT, the consistency between the relative
density measurements using monochromatic sr-XCT and polychromatic
XCT demonstrates that the relative density estimates acquired by XCT
are sufficiently accurate for the purpose of this study. Another check of
the accuracy of the XCT measurements is obtained by integrating the
relative density fields within the notch section of the R2 specimens. The
largest deviation in mass was found to be 2.5% relative to an

undeformed specimen. In addition to the error sources discussed ear-
lier, deviation in mass could be caused by inaccuracies in the manu-
facturing process of the specimens or inaccuracies in the identification
of the neck shoulder.

The estimates of the average relative density ρ*disc obtained by Eq. (4)
are lower than those obtained by Eq. (3). The reason for this is that the
increase of the notch curvature induced by additional necking of the
specimen is included only in Eq. (4), which assumes that the long-
itudinal stretch distribution along the radial axis of the specimen can be
described by a second-degree polynomial. This assumption may not

Fig. 11. Relative density fields obtained with Eq. (8) for R20 (a, b, c), R5 (d, e, f) and R2 (g, h, i) specimens at three elongations of 1.5 mm (a, d, g), 2.0 mm (b, e, h)
and 2.5 mm (c, f, i), at a nominal strain rate of − −10 s4 1. The background has been removed from the images, causing the black contour line.
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hold for all specimen geometries and materials (Laiarinandrasana et al.,
2016), a finding supported by the relative density distributions shown
in Fig. 13. Axisymmetry is explicitly assumed in Eq. (4) and Eq. (3), and
was verified by comparing the radial stretch extracted from the two
orthogonal cameras, showing close correspondence.

The initial specimen geometry influences how the density in the
notch region changes as the specimen is deformed. For a smaller notch
radius, a lower relative density is observed for a given strain, due to the
increased stress triaxiality ratio. Such a coupling between notch radius
and the tendency of a material to dilate has been reported in numerous

studies, see for example (Ognedal et al., 2014b; Olufsen et al., 2019;
Boisot et al., 2011).

According to Figs. 13 and 14, a relative density less than unity is
observed close to the specimen surface for all specimens, suggesting
that material dilation is present even at low triaxiality ratios. Material
dilation at the specimen surface conforms to the frequent observation of
”stress whitening” of deformed polymers (G’Sell et al., 2002). Due to
the white color of the material, however, stress whitening cannot be
easily identified in this study.

From Figs. 13 and 14, it can be seen that the relative density close to

Fig. 12. Relative density fields obtained with Eq. (8) for R20 (a, b, c), R5 (d, e, f) and R2 (g, h, i) specimens at three elongations of 1.5 mm (a, d, g), 2.0 mm (b, e, h)
and 2.5 mm (c, f, i), at a nominal strain rate of − −10 s3 1. The background has been removed from the images, causing the black contour line.
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the surface of the specimen does not always decrease monotonically for
increasing elongation. A possible reason for this observation is that the
individual curves are from unique specimens with their inherent var-
iations.

For the R2 and R5 specimens, the region with reduced density in
Figs. 11 and 12 appears to be confined to the same material points even
for increasing deformation. One possible explanation for this observa-
tion is that the cross-section area increases rapidly outside the notch
root. Another cause might be the high stress triaxiality ratio in the

origin of the notch.
An elastic contribution to the average relative density is observed

during unloading for all specimens, see Fig. 10. This contribution has
also been observed experimentally by Brusselle-Dupend et al. (2011),
where PVF2 was investigated using circular notched tensile specimens
that were unloaded after large deformations. As the tomograms in the
present study are acquired on unloaded specimens, the elastic con-
tribution to the average relative density is not captured herein. How-
ever, the contribution of elasticity to the total average relative density

Fig. 13. Radial relative density distribution for the (a) R20, (b) R5 and (c) R2
specimens deformed to three elongations at a nominal strain rate of − −10 s4 1.

Fig. 14. Radial relative density distribution for the (a) R20, (b) R5 and (c) R2
specimens deformed to three elongations at a nominal strain rate of − −10 s3 1.
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appears to be limited and the deviation between the surface based
average relative density and the average relative density estimates from
XCT cannot be fully explained by the presence of an elastic contribution
to the average relative density. When detecting the presence of material
dilation is of interest, the surface based methods are applicable. How-
ever, as the degree of correspondence between the ρ̄*disc from XCT and
the surface based ρ*disc estimates appears to be dependent on the geo-
metry of the specimen, quantitative results should be interpreted with
caution.

Stress triaxiality has been identified as one of the factors governing
the dilation of polymers (Boisot et al., 2011; Ognedal et al., 2014b;
Olufsen et al., 2019). However, quantitative values of the stress
triaxiality distribution in a dilating tensile specimen call for finite ele-
ment analysis (Boisot et al., 2011), being out of the scope of this study.
An analytic expression for stress triaxiality within an axisymmetric
notched specimen is made available by the Bridgman formula and
predicts a parabolic distribution of the stress triaxiality ratio. However,
the Bridgman formula assumes isochoric, pressure insensitive and rate
independent plasticity, and all these assumptions are violated for the
PVC studied here.

5. Conclusions

It is here demonstrated by means of X-ray computed tomography
that a large reduction of relative density and hence pronounced dilation
is present during the deformation of axisymmetric notched tensile
specimens made of mineral-filled PVC.

The general observation from the XCT measurements is that the
relative density decreases with straining for all investigated specimens,
and a smaller notch radius promotes material dilation. The shape of the
relative density distribution within the notch region is shown to be
dependent on the specimen geometry. The density distribution in the
R2 specimens has an approximately constant value in the core of the
specimen, increasing in the vicinity of the notch root. For the R5 and
R20 specimens, the density is lowest in the center of the specimen and
rises monotonically towards the notch root.

Estimating the average relative density of a disc through the
minimum cross-section of the notch based on surface deformations does
not reproduce the estimates obtained by XCT. Surface deformation-
based average relative density estimates should, therefore, be treated
with caution and considered as qualitative measures.

Given the appropriate precautions, tomograms acquired by the
polychromatic home laboratory XCT scanner can give close corre-
spondence to density estimates obtained by a monochromatic syn-
chroton (sr-XCT). The axisymmetric nature of the tomograms can be
exploited, resulting in relative density measurements with a reduced
noise level. This opens for future mechanical tests with in-situ XCT
scanning.
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