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Abstract

In this Master’s Thesis x-ray tomography was used during tensile experiments on pa-
perboard to study delamination and cohesive failure. Digital volume correlation of
the x-ray tomograph images enabled quantitative analysis of strain fields.

Tensile experiments on different specimen geometries were also conducted to inves-
tigate how the geometry affected the response of the specimens during loading. By
analysing the size effects and by using normalisation it was found that the behaviour
of the material during tensile experiments was independent of the geometry. Using
x-ray tomography images, a thickness increase was measured, all the way from loading
start to sample failure. It was found that right before the failure strength, the material
experienced a higher dilation compared to during the rest of the experiment. It was
further found, using digital volume correlation, that the normal strains in the loading
direction localised in parabolic zones with higher strains between the notches in the
test sample. From the shear strain fields it was also noted that in close proximity to
the failure strength, shear strains increased.

The thickness increase right before failure was probably caused by delamination of
the paperboard. However, even though delamination results in dilation of the sample
it was proven, by performing tensile tests on pre-delaminated samples, that it does
not affect the cohesive failure. This means that delamination does not cause in-plane
failure. From the analysis it was instead observed that the in-plane failure occurs at
the zones with higher strains in the loading direction.

During this Master’s Thesis it was found that the combination of x-ray tomogra-
phy and digital volume correlation is effective to gain more information about the
internal structure and deformation of paperboard.
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CHAPTER 1

Introduction

1.1 Introduction to paperboard

Packages can be constructed from many different materials, for example glass, plastic
and paperboard. By using a package that is made out of paperboard, one can achieve
a durable package at the same time as it is recyclable. Paperboard has a high strength
compared to other materials with the same weight and is relatively cheap which makes
it a good material to work with when packages are developed and manufactured [1].
A package consisting of paperboard, to be used for drinks or food, normally consist
of several layers of different materials. For aseptic packages the three major compo-
nents are paperboard, aluminium and polymer. The paperboard gives the package
its structure and geometry and the aluminium works as a barrier for sunlight and
contaminations. Furthermore, polymer layers are used for sealing the package and is
the material that is in direct contact with the filled product. A polymer layer is also
used on the outside of the package to increase its water resistance and to achieve a
glossy surface. In this Master’s Thesis only the paperboard part of the package will
be analysed.

During forming of packages, the materials will be subjected to different types of
loading, which may damage the package, since the applied loads may lead to crack
propagation and delamination. Damages may affect the quality of the package which,
in the end, may lead to contamination of the product inside. To avoid damages it is
of importance to understand how and why delamination occurs and cracks propagate.

There exists three types of crack opening modes that corresponds to different load
cases. These are called Mode I, Mode II and Mode III (Figure 1.1). These modes can
also be combined to describe all types of loading scenarios [2].
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Figure 1.1: Crack opening modes, picture taken from [2].

When a crack initiates, the characteristics of the material can change rapidly. For pa-
perboard, if the crack propagates through the entire sample either the sample breaks
into two separate pieces or the crack is widened. The amount of widening of the crack
before final rapture is related to loading, geometry and crack size [3]. When analysing
crack propagation it is important to know that stress concentrations may occur at
places where there are defects in the material. Such defects can, for example, be holes
or notches. Sharp defects result in high stress concentrations and should therefore be
avoided, if it is desired that the material should carry as much load as possible [4].

Paperboard is composed of a number of cellulose fibres, which together form a fi-
bre network. There are mainly two types of fibres used in paperboard and these
originate from softwood or from hardwood. Examples of softwood trees are pine and
spruce, while oak and birch are hardwood [5]. The fibre length is normally below 3.6
mm for softwood and below 1.2 mm for hardwood. Many paperboards contain a mix
of hardwood and softwood to optimise the production efficiency and functionality [6].
Furthermore, a paperboard may consist of one or multiple plies, where a multiple ply
paperboard has layers with different properties stacked on top of each other in the
thickness direction.

The direction dependent properties of paperboard have to do with the fibres mainly
being aligned in the direction that the machine produces the material. In Figure
1.2 the composition of paper can be seen. The mechanical properties of paperboard
depends on the characteristics of the fibre network, such as the alignment of the fi-
bres and the fibre-to-fibre bonds [7]. Since the mechanical properties are direction
dependent, paperboard is an anisotropic material. The anisotropy of paperboard is
an important property to consider when analysing the material.
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Figure 1.2: Illustration of the composition of paper, picture taken from [8].

In Figure 1.3 a paperboard can be seen including the definitions of different directions.
MD stands for Machine Direction, CD stands for Cross Machine Direction, which is
90◦ offset from the MD direction. ZD is the out-of-plane direction, pointing out of
the paperboard, perpendicular to both MD and CD. MD and CD are said to be the
in-plane directions while ZD is the out-of-plane direction.

Figure 1.3: Illustration of the different directions of paperboard, picture taken from
[8].

Due to the fibre orientation, paperboard has different mechanical properties, e.g.
stiffness and failure strength, in different directions. In MD, paperboard is able to
handle a stress much larger than in CD and ZD before it breaks. Figure 1.4 shows
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one stress-displacement curve in MD and one in CD. From this figure it is visible that
paperboard has higher strength in MD than in CD. Typically the stiffness in MD is
one to five times larger than in CD, and 100 times larger than in ZD [9]. The ZD has
the lowest strength and stiffness due to the fact that the fibres are stacked on top of
each other in this direction [6].

Figure 1.4: Stress-displacement curves for tensile tests performed on paperboard in
MD and CD respectively.

1.2 Introduction to x-ray tomography

The microstructure of a material may change over time if it is subjected to an external
perturbation. To understand how the microstructure evolves it can be advantageous
to be able to study the internal structure of the material. This can be done with
x-ray tomography, which is a non-destructive imaging method. The principle of x-ray
tomography can be seen in Figure 1.5 and is described below.
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Figure 1.5: The principle of x-ray tomography, where an x-ray is sent from an x-ray
source through the sample and hits a detector. Multiple two dimensional images, i.e.
radiographs, of the internal structure are then created and reconstructed into a three
dimensional image, picture taken from [10].

X-ray tomography involves an x-ray source and an x-ray detector. A system to rotate
the study object relative to the source and detector is also needed. X-rays produced
at the source pass through the sample and interacts with it such that some of the
x-rays are scattered or absorbed. This result in a reduced intensity of the x-ray beam
reaching the detector, i.e. the x-rays are attenuated. The attenuation of the x-rays
depends on the composition and microstructure of the material. The x-ray detector
records a two dimensional image of the x-rays transmitted through the sample. Since
the intensity of the beam without the sample is known and the detector has collected
the intensity with the sample mounted, the difference in intensity can be determined.
The decrease in intensity shows how easy the x-ray beams go through the sample.
When this has been done once, the sample is rotated some angle and the intensity
is collected again. After this, the attenuation coefficient, which is a measure of how
easily the beam passes through the sample can be calculated. The attenuation coef-
ficient throughout the sample can be determined by tomographic reconstruction, as
described, for example in [10].

By performing in-situ experiments (i.e. experiments in the tomograph) with x-ray
tomography, a series of three dimensional images of the material can be generated.
From such image series it is possible to make observations regarding the change in the
internal structure of a material during the experiment. For example, it is possible to
study how the material behaves when plasticity starts and when cracks occur.
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1.3 Aims of this Master’s Thesis

To continue the development of paperboard-based packages it is of importance to fur-
ther analyse the packaging material to gain more knowledge about it. In this Master’s
Thesis a one ply paperboard has been analysed using tensile experiments and x-ray
tomography. This has enabled an analysis of how the paperboard behaves under ten-
sile loading.

The aims of this Master’s Thesis were:

• to analyse how the sample geometry affect the material response;

• to analyse if delamination affect the cohesive failure;

• to investigate if digital volume correlation can be used to analyse paperboard;

• to observe how paperboard deforms as well as how the internal structure evolves
during tensile loading;
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CHAPTER 2

Theoretical background

In this chapter, the behaviour of paperboard when subjected to tensile loading is de-
scribed. The concept of widening is explained and the corresponding mathematical
definition is derived. Furthermore, delamination and relaxation are explained and the
impact of sample length, strain rate and moisture content on the response of paper-
board during tensile loading is discussed. At the end of the chapter, the method of
x-ray tomography as well as the imaging analysis technique, digital volume correlation,
are also explained.

2.1 Material properties

2.1.1 Response of paperboard under tensile loading

Figure 2.1 shows stress-displacement curves for tensile experiments on paperboard
strips with different lengths. In this figure it can be seen that the post-peak be-
haviour relates to the length of the sample. This is a known phenomenon that has
been investigated in previous studies [3]. Note that length is in this entire report
defined as the length between the clamps in the tensile testers, where the paperboard
strips are secured, when experiments are performed.

In Figure 2.1 it can be seen that the short sample shows a stable descending stress-
displacement curve after failure while the longer sample has a sudden drop in load
when failure strength is reached. How a sample behaves after failure is directly related
to the amount of elastic energy stored in the sample at failure strength. If the elastic
energy is greater than the fracture energy, the load will drop in a rupture-like man-
ner. A stable descending stress-displacement curve is due to that the available elastic
energy is always less than the energy needed to cause complete failure. The stable
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post-peak behaviour is referred to as the cohesive behaviour and is characterised by a
relation between the widening of the localised failure zone and descending load. After
failure strength is reached, the localised failure zone widens while elastic relaxation
occurs in the rest of the sample.

Figure 2.1: Stress-displacement curves from tensile experiments performed on paper-
board strips with different lengths.

A stress-displacement curve obtained from a tensile test with a paperboard strip length
that results in a stable descending part can be divided into the following regions:

• linear behaviour;

• hardening;

• cohesive behaviour.

For the first part of a stress-strain curve Hooke’s law of elasticity can be applied
and the slope is equal to the Young’s modulus. When the yield stress is reached the
characteristics of the curve changes. The increase in stress is no longer linear to the in-
crease in strain. The part between yield stress and failure strength, where the increase
in stress is non-linear to the increase in strain, is called the hardening part of the curve.

When the failure strength is reached, localisation of the damage with further loading
leads to complete failure. After the failure strength the stress decreases as the defor-
mation increases, this is the cohesive part of the curve. At the end of the curve the
sample will be separated at the point of final failure.
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2.1.2 Strain energy density

From Figure 2.2 it is clear that the strain energy density is the area under the stress-
strain curve, limited by the strain at failure. The strain at this point is called the
failure strain and is denoted ϵf . Mathematically, the strain energy density W is
therefore defined as,

W =

∫ ϵf

0

σ(ϵ)dϵ. (2.1)

The strain energy density can be divided into an elastic and a plastic part according
to Figure 2.2, where We stands for elastic strain energy density and Wi stands for
inelastic strain energy density. The difference between We and Wi is that We returns
back to the material when unloading, while Wi leads to permanent changes in the
fibre network. The strain energy density can then be expressed in the following way
[3],

W = We +Wi. (2.2)

Figure 2.2: Strain energy density divided into one elastic part and one plastic part.
The dotted line, dividing Wi and We, corresponds to if the sample is unloaded right
before failure, picture taken from [3].

With the assumption that the unloading follows the same slope as the Young’s mod-
ulus seen in Figure 2.2 the uniform unloading strain during failure can be described
as [11],

ϵ′ = ϵf −
σf − σ

E
. (2.3)

2.1.3 Fracture energy

The stored elastic energy for the longer specimen in Figure 2.1 is higher than the
required energy for complete failure and hence the specimen breaks immediately. This
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is not the case for the shorter specimen, and, as can be seen in Figure 2.1, it has to be
further elongated after σf to break. The reason for the change in failure characteristics
is that longer samples experience a larger displacement before failure strength, which
means that more elastic energy is stored in the specimen before the failure strength
is reached. To describe the fracture energy Gf , the widening of the localised zone, w,
is derived, cf. Figure 2.3.

Figure 2.3: Stress-displacement curve for tensile loading of a 5 mm long test specimen
of paperboard.

In Figure 2.3 certain parameters are defined; E is the Young’s modulus, L is the
length of the undeformed specimen and uf is the displacement of the test specimen
at σf . The displacement and stress u and σ respectively are points on the curve.
Furthermore, ϵpL and ϵeL are the plastic and elastic elongation, respectively. From
Figure 2.3 it can be seen that the widening is defined as,

w(σ) = u(σ)− (ϵp + ϵe(σ))L = u− ϵ′L. (2.4)

Note that when widening occurs the failure strength has been reached, resulting in a
plastic strain that is constant, i.e. not depending on the stress. Equation (2.4) may
then be rewritten using Eq. (2.3) as,

w(σ) = u− uf +
σf − σ

E
L. (2.5)
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In Figure 2.4, the concept of widening is graphically shown and further explained. The
graph in this figure should be thought of as experimentally obtained, but is simplified
with the assumption of no plasticity.

Figure 2.4: A schematic explanation of the concept of cohesive widening, with the
simplification of no plasticity, picture taken from [11].

At the beginning of an experiment, a paper strip of length L is secured in the tensile
tester. It is then elastically elongated until it reaches the point w0. At this point,
the localised failure zone will initialise and so will the widening. Hence, the widen-
ing at this point is equal to w = 0. At this point the paper strip may be divided
into two parts, for simplification assume that each part have the length L/2 + δe2/2
where δe2 corresponds to the maximum elastic elongation of the original paper strip.
When further elongated, the widening increases and becomes w = w1. The increase
in widening results in a total relaxation of w1/2 due to the form of the graph. This
corresponds to a relaxation of w1/4 in each of the two paper strip parts. When the
maximum widening is reached, the paper strip will completely break into two parts.
Due to the simplification that no plasticity exists, the length of the two parts will be
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L/2 [11].

From the data in Figure 2.2 and (2.5) the relationship between cohesive stress and
widening is obtained and may be seen in Figure 2.5. Nmax corresponds to the maxi-
mum slope of the cohesive stress-widening curve and is defined as,

Nmax = − dσ

dw

∣∣∣∣
max

. (2.6)

Figure 2.5: Cohesive stress-widening curve from a tensile test on paperboard, picture
taken from [1].

The area under the graph of the cohesive stress-widening curve is defined as the
fracture energy Gf :

Gf =

∫ wmax

0

σ(w)dw = σf

∫ wmax

0

σ(w)

σf

dw, (2.7)

where wmax is the widening at which σ = 0. To link Nmax and Gf the length measure
wN ,

wN =
σf

Nmax

, (2.8)

and the dimensionless parameters y, x and xmax are introduced,
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y =
σ(w)

σf

,

x =
w

wN

,

xmax =
wmax

wN

.

(2.9)

Using the definitions in Eq. (2.8) and Eq. (2.9) in Eq. (2.7) gives

Gf = σfwN

∫ xmax

0

y(x)dx = σfwNg, where g =

∫ xmax

0

y(x)dx. (2.10)

Rewriting Eq. (2.10) gives that a length measure defined by the ratio of the fracture
energy and failure strength is obtained as,

wG = gwN , where wG =
Gf

σf

. (2.11)

Relations between stress and widening are usually on the form
σ

σf

= fG

( w

wG

)
, (2.12)

where, fG is a continuously or piece-wise differentiable monotonic decreasing function
[12]. The stress has been normalised by the failure strength and the widening has
been normalised by the length measure wG. An alternative is to relate stress and
widening as,

σ

σf

= fN

( w

wN

)
, (2.13)

where, fN is also a continuously or piece-wise differentiable monotonic decreasing
function, the stress has been normalised in the same way as in Eq. (2.12), but the
widening has been normalised by the length measure wN .

Tryding and Ristinmaa (2017) proposed a cohesive law as [12],

σ

σf

= f
(( w

wNxc

)1
c
)
, (2.14)

where c and xc are two constants. It was shown in [12] that if Eq. (2.14) is a con-
tinuously decreasing function with slope N(w) then the two constants c and xc are
uniquely dependent on each other. This means that the value of xc only depends on
the constant c, xc = xc(c). Hence, c can be seen as a shape parameter, characterising
the shape of the normalised cohesive stress-widening curve and xc is a function, de-
pending on the choice of the explicit function in Eq. (2.14).

An example of a normalised cohesive stress-widening curve can be seen in Figure
2.6, where the normalised stress is on the y-axis and the normalised widening is on
the x-axis.
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Figure 2.6: A normalised cohesive stress-widening curve for a tensile test on paper-
board.

2.1.4 Sample length

The post-peak behaviour is related to the sample length, which is seen in Figure 2.1.
The shorter sample in Figure 2.1 has a length below Lstable, which is defined as the
longest sample length that results in a stable post-peak curve, while the longer sample
in Figure 2.1 has a length above Lstable. If the length is above Lstable an immediate
drop of load occurs on the descending part of the curve. When it is an immediate
drop of load it almost always occurs directly after failure strength is reached [3]. Fur-
thermore, if the load drops from a point of instability to zero load, the post-peak
behaviour is said to be unstable. The shortest length for an unstable post-peak be-
haviour is defined as Lcritical. Note that the load may drop from a point of instability
to a load that is larger than zero. This occurs when Lstable < L < Lcritical [3]. A
sample with a length within this interval has a post-peak behaviour that is said to be
semi-stable.

The longest sample length for a stable descending post-peak curve, Lstable can be
derived starting from Eq. (2.4) as,

u = (ϵe(σ) + ϵp)L+ w(σ). (2.15)

If instability occurs then it will yield that the change of elongation is zero at the same
time as the change in load is less than zero. Since ϵp = constant an incremental
change of Eq. (2.15) leads to
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δu =
∂ϵe(σ)L

∂T
δT +

∂w(σ)

∂T
δT = 0. (2.16)

Where T = σA0, and δT = δσA0, and A0 is the cross-sectional area at the failure load
that is assumed to be constant during the cohesive failure. Hence, Eq. (2.16) can be
rewritten as,

(
∂ϵe(σ)

∂σ
L+

∂w(σ)

∂σ
)δσ = 0. (2.17)

Furthermore, δσ < 0, due to the decrease in load and that A0 > 0. This results in
that the part of Eq. (2.17) within the brackets has to be equal to zero,

∂ϵe(σ)

∂σ
L+

∂w(σ)

∂σ
= 0. (2.18)

Since the unloading part of the graph at failure in Figure 2.3 is assumed to be linear,
then,

δσ =
∂σ

∂ϵe
δϵe = Eδϵe ⇒

∂ϵe
∂σ

=
1

E
. (2.19)

By inserting Eq. (2.19) in Eq. (2.18) the following expression can be obtained,

1

E
L+

∂w(σ)

∂σ
= 0. (2.20)

From Figure 2.5 the following relation holds,

δσ =
∂σ

∂w
δw = −N(w)δw ⇒ ∂w

∂σ
= − 1

N(w)
, 0 < w < wmax. (2.21)

Inserting Eq. (2.21) into Eq. (2.20) results in the following expression,

1

E
L− 1

N(w)
= 0 ⇒ L =

E

N(w)
. (2.22)

From Eq. (2.22) the lowest value of L is when the slope is maximum i.e. at Nmax. The
criterion for the length of the sample if a stable post-peak curve is desired is therefore
defined as,

Lstable =
E

Nmax

. (2.23)

To define Lcritical, Figure 2.2 has to be analysed again. Assuming plane stress condi-
tions, the strain energy density for the sample in Figure 2.2 that has a sudden drop
of stress can be expressed as,

We =
1

2

σ2
f

E
. (2.24)

If L is now defined as the sample length of a specimen that has an immediate drop of
load to zero, then Eq. (2.25) yields
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WeL > Gf . (2.25)

This means that the stored energy in the sample is enough to get complete failure
immediately after the point of instability. Equation (2.25) can then be rewritten as,

L >
Gf

We

. (2.26)

By combining this with Eq. (2.24), Eq. (2.27) yields

L >
2EGf

σ2
f

. (2.27)

Multiply E/σf on both sides of Eq. (2.11) results in,

EGf

σ2
f

= g
E

Nmax

. (2.28)

By using Eq. (2.27) together with Eq. (2.28), the following holds

L >
2gE

Nmax

. (2.29)

From the definition of Lstable in Eq. (2.23), Eq. (2.29) can be written as,

L > 2gLstable. (2.30)

Since L was defined as a sample length with immediate drop of load to zero, this also
means that the shortest sample length that causes an immediate drop of load to zero
is defined as,

L = 2gLstable = Lcritical. (2.31)

This further means that if a sample has a drop of load to a value other than zero the
length of the sample will be in the interval

Lstable < L < Lcritical. (2.32)

Using Eq. (2.31) this can then be expressed as,

Lstable < L < 2gLstable. (2.33)

2.1.5 Size effects

When analysing the in-plane behaviour of a material, it is of importance to take sam-
ple size effects into account. Hagman and Nyg̊ards (2012) analysed how results from
tensile tests on paperboard depend on the length to width ratio. It was shown that
the form of the stress-displacement curve depends on the sample size. Yield stress,
amount of hardening and failure strain all changed when the length to width ratio
was changed. Wider specimens exhibit a larger number of localised strain zones. This
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is due to that the probability that a zone with higher strain immediately crosses the
whole specimen is lower. Hence, the other parts may elongate further, leading to a
higher strain at break [13].

Hagman and Nyg̊ards (2012) changed both the sample width and length to be able to
analyse the size effects. This was also done to determine how similar the global and
local properties of the material are. It was shown that the results from a sample tested
with standard size differed compared to when the size was changed to investigate the
local properties. Standard size was in their case referred to as length 100 mm, width
15 mm and a rate of displacement of 100 mm/min [13]. If local properties are also
analysed it is possible to get a better understanding of how strong the paperboard is
at different places. This might in the end be useful when trying to develop a stronger
package.

The two curves in Figure 2.1 make it clear that the size of the specimen has an impact
on the macroscopically observed behaviour. Theoretically the specimens should break
at the same stress regardless of the sample length. This means that the failure strain
should differ, but not the failure strength. However, this might not always be the
case. It can be seen from Figure 2.1 that a longer test specimen breaks at a lower
stress. This is due to the weakest link behaviour, which in principle states that a
sample is as strong as it weakest link [3] [14]. This means that for a longer sample
there is an increased risk that there are defects that lower the strength of the material.
This phenomenon is known, and has been more thoroughly investigated by Moreton
in 1968 on carbon fibre [15].

Regarding the different sizes of the paperboard strip used in tensile testing, it should
be noted that, if the length is chosen too small, one fibre can stretch all the way from
the top clamp to the bottom clamp, which may affect the results. The length of the
fibres in paperboard is normally less than 3.6 mm [6] and the length of the paperboard
strip should therefore not be lower than this value [3].

Since the way a cohesive stress-widening curve looks depends on the sample size, it
might be hard to compare cohesive stress-widening curves for samples with different
sizes. If this is desired, the stress-widening curves may be normalised. Tryding and
Ristinmaa (2017) showed that for semi-brittle materials, such as cement and paper-
board, the normalised cohesive stress-widening curve has the same form, independent
of the sample size [12].

2.1.6 Moisture content and strain rate

When paperboard is exposed to water its properties are changed. This means that
paperboard is sensitive to the relative humidity of its surroundings [16]. If the rela-
tive humidity is increased the paperboard will absorb water, which means that the
moisture content of the paperboard increases. Mark et al. (2002) mention that an
increase in moisture content in paperboard will result in a decrease in stiffness [17].
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This decrease in stiffness can in many cases be undesirable and therefore the relative
humidity is an important factor when performing experiments and analyses of paper-
board.

The sensitivity to humidity also means that cohesive stress-widening curves of pa-
perboards that have been tested at different relative humidities will not look the
same. To still be able to compare the behaviour of the material, the curves can be
normalised as was shown by Tryding and Ristinmaa (2017) [12]. This further means
that the normalised curve is independent of the moisture content and the cohesive law
in Eq. (2.14) is invariant to the moisture content. This also means that the shape pa-
rameter c is invariant to the moisture content. Hence, performing experiments on the
cohesive behaviour of out-of-plane loaded paperboard at different moisture contents
does not influence the shape parameter, c [12].

Gabrielsson, Granlöf and Trost (2017) performed in-plane uniaxial tensile tests on
paperboards with different strain rates and moisture contents. They found that the
shape parameter c does not depend on the moisture content in the paperboard. It
was also found that the strain rate did not influence the shape parameter c [18]. This
means that experiments done with different moisture contents and strain rates can be
compared, simply by normalising the cohesive stress-widening curves.

2.1.7 Delamination

Gabrielsson (2017) performed short-span tensile tests on different paperboards and
came to the conclusion that a thickness increase occurred either before or right after
a failure zone was visible in the thickness direction. The point for when a thickness
increase was visible differed between different experiments on the same material. The
results from Gabrielsson’s experiments can be seen in Figure 2.7. As can be seen in
this figure, the increase in thickness is first visible at the sample edge after the failure
strength is reached. It can also be seen that the point where the thickness increase
was visible differed between the samples. The thickness was observed using a high
speed camera and an extension microscope [19].
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Figure 2.7: The coloured curves are results from tensile experiments performed on
paperboard. The black points show when a thickness increase was visible, figure
taken from [19].

When paperboard is subjected to loading the internal structure can change, leading
to separation of the fibres. This separation of fibres leads to spaces in the paperboard
where there are no fibres. This is referred to as delamination [7]. Delamination can be
seen in the sample in Figure 2.8. From the figure, it can also be seen that delamination
results in a thickness increase.

Figure 2.8: The principle of delamination in paperboard, picture taken from [7].
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2.1.8 Relaxation

To obtain a three-dimensional image by x-ray tomography takes some time, which
means that it is not possible to continuously elongate the specimen in the tomo-
graph during the acquisition time. Therefore certain interesting points along the
stress-displacement curve have to be chosen at which the displacement has to be held
constant during the time the tomograph acquires the images of the sample. It is im-
portant that the material is as still as possible during this time, since movement will
affect the result. However, with the displacement held constant under load, relaxation
will occur.

The principle of relaxation when performing tensile tests is that the force will de-
crease even though the displacement is held constant. The reason for this is that
the material always strives for equilibrium. Relaxation for creasing of paperboard has
previously been investigated with the result that the stress relaxation rate decreases in
a logarithmic manner as the displacement is held constant [20]. A typical stress-time
curve that describes relaxation can be seen in Figure 2.9.

Figure 2.9: A typical stress-time curve that describes relaxation, figure taken from
[21].

2.2 X-ray tomography and analysis

2.2.1 X-ray tomography

As described in the introduction, x-ray tomography is a measuring method used for
analysis of the inside of a material. In experimental mechanics, x-ray tomography
is usually performed using a synchrotron or laboratory x-ray source. One difference
between the two sources is the geometry of the x-ray beams. In a synchrotron, parallel
beams are produced, while in a laboratory x-ray tomograph, an x-ray tube is used
that produce cone beams [10], cf. Figure 2.10. When parallel beams are used, the
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resolution is mainly defined by the x-ray detector while when an x-ray tube is used, the
cone beam geometry has to be accounted for to define the resolution. The difference
in beams also results in that the sample usually has to be rotated 360◦ when using an
x-ray tube, while only 180◦ are needed if the material is analysed using a synchrotron
[10].

Figure 2.10: Cone-formed beam from an x-ray tube at the top and parallel beam from
a synchrotron at the bottom, picture taken from [22].

One of the main advantages with synchrotron radiation is that it allows much higher
photon flux compared to an x-ray tube, resulting in shorter scanning times [10] [23].
Furthermore, monochromatic x-rays are often used in a synchrotron while polychro-
matic x-rays are used in a laboratory [23]. Due to the fact that the x-rays are poly-
chromatic in a laboratory x-ray tomograph this will lead to something called beam
hardening. Beam hardening means that soft x-rays, which are x-rays with low energy,
are stopped when entering a specimen. This is an artefact that does not occur in a
synchrotron if monochromatic x-rays are used. Although it is possible to filter out the
soft x-rays in a laboratory tomograph, this leads to an even lower flux, which results
in longer scanning times [10].

Although a synchrotron is often the best way to get a high resolution three dimen-
sional image of the material in a relative short time, there are some advantages using
a laboratory x-ray tomograph instead. These are mainly the high cost effectiveness,
user friendliness and accessibility [23]. For these reasons, a laboratory tomograph may
in many cases be a good choice when analysing materials.
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To be able to reconstruct a three dimensional image from acquired radiographs the
difference in intensity with and without the sample mounted has to be measured. For
a laboratory x-ray tomograph this is done for multiple angles usually between 0-360◦,
which, in the end, can be reconstructed into a three dimensional image of the sample.

The tomograph reconstruction from the generated radiographs can mainly be done in
two different ways, using an algebraic method or an analytic method. The principle of
the algebraic method is that a system of equations is solved by a computer, with the
attenuation coefficient for each voxel (which is a small sub-volume) as unknown. The
analytic method uses a Fourier transform to backproject the transmitted intensity and
from this determine the attenuation coefficient for each voxel. Since the sample is not
sampled uniformly due to the fact that it rotates around one axis, the back projection
has to be filtered. The analytic method is, for this reason, also called filtered back
projection reconstruction [10].

To show how the attenuation coefficient and the intensity that is measured is re-
lated, Beer-Lambert’s law is given as,

Ix =

∫
I0(E)e

∑
i (−µi(E)xi)dE. (2.34)

In Eq. (2.34) Ix is the intensity after the sample at a distance x from the x-ray
source, I0 is the intensity of the beam before the sample, µ is the linear attenuation
coefficient and E is the x-ray energy. For a polychromatic source it has to be taken
into account that the attenuation coefficient depends on the x-ray energy [22]. If a
synchrotron source is used instead, which produces monochromatic beams, Eq. (2.34)
can be simplified since the energy is constant, resulting in [22],

Ix = I0e
∑

i (−µixi). (2.35)

2.2.2 Image analysis

When experiments that result in images have been performed, the images need to be
analysed to extract valuable information. Depending on the objective of the analysis,
there are several different methods to do this. When the deformation of an object
is of interest, digital image correlation (DIC) and digital volume correlation (DVC)
may be suitable. By using DIC or DVC it is possible to follow small areas or volumes
in the material during deformation. For DIC it is many small areas at the surface of
the material that are followed while for DVC many small three dimensional volumes
can be followed during deformation. This means that when using DVC to analyse
the response of a sample upon external loading, the structure in the entire volume of
the sample needs to be known and not just the surface. Thus, a three dimensional
imaging method, such as x-ray tomography, has to be used. This makes it possible to
get information about the entire volume of the sample. This is not needed for DIC
since only the surface is analysed with this method [24].
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The principle when using DVC is the following:
First a three dimensional image of the material is constructed using, e.g. an x-ray
tomograph. After this, the sample is subjected to some external perturbation that
results in changes in the material structure. When the material has reached a new
equilibrium, a new three dimensional image is constructed. Digital volume correlation
is then used to compare the two three dimensional images to be able to find how the
structure in the material has changed. DVC takes one small volume in the first im-
age, with a certain structure, and then looks through the second image until it finds a
volume with the same structure. The structure in the small volumes might change a
bit but DVC finds the volume in the new image that has the best correlation with the
original image. The assumption is generally that only a small movement and perhaps
also structural change occurs in each small volume even if the structure in the entire
sample might change a lot. This process is repeated until all small volume pieces from
the original image have been found in the new image. It is then possible to see how
each small volume has moved due to the external perturbation. From this, displace-
ment fields can be constructed in all three directions. When displacement fields are
known it is also possible to calculate strain fields [24].

Digital volume correlation results in displacement fields that includes both rigid body
displacement and displacement due to strain in the sample. Rigid body displacement
can be of interest to get better understanding of why and how the sample moves dur-
ing loading, while displacement due to strain in the sample is related to the response
of the material.

One shortcoming of the DVC method is the so called stepped displacement field.
This has to do with the fact that the images are divided into voxels, and hence the
resolution of the calculated displacements is of the size of a voxel. This results in that
steps in the displacement calculations are obtained, which also affects the calculated
strains. This phenomenon is illustrated in Figure 2.11 for DIC, and the same principle
holds for DVC. To resolve this problem sub-voxel refinement may be applied, which
smooths the steps. Without the sub-voxel refinement certain artificial patterns in the
strain fields might occur [24].
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Figure 2.11: Schematic image displaying the shortcomings of sub-pixel resolution for
DIC. The principle is the same for DVC and sub-voxel resolution, figure taken from
[24]. (a) Real displacement and real strain. (b) Displacement due to integer steps. (c)
Strains due to integer displacement steps. (d) Displacement after applying sub-pixel
refinement.

Figure 2.11 shows how a given displacement field might be quantified by DIC with and
without sub-pixel refinement. Since the same principle holds for DVC and sub-voxel
refinement the same figure can be used to describe this. A basic DVC program is only
able to determine if a part of the reference image has moved by whole voxels. This
results in steps, as shown in Figure 2.11 (b). When calculating the strains from such
displacements, these steps will result in that there exists either extremely large strains,
or none at all, as may be seen in Figure 2.11 (c). By using sub-voxel refinement, a
result more similar to the real displacement may be calculated, as seen in Figure 2.11
(d). Some artefacts may still be present if the sub-voxel displacement are not fully
resolved.

2.2.3 Strain calculations

From the calculated displacement fields using DVC, it is possible to calculate the
strains within the material using continuum mechanics. In Figure 2.12, a schematic
image describing the reference state and the deformed state of a continuum particle
is shown.
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Figure 2.12: A continuum particle in its reference- and deformed state.

In Figure 2.12, P and Q denote points in the reference (undeformed) configuration,
XI denotes the position vector to P , and XI + dXI denotes the position vector to
Q, where I = 1, 2, 3 represents the three orthogonal directions. The points P and
Q are assumed to be infinitely close to each other, represented by the distance dXI .
Furthermore, p and q correspond to the points in the reference configuration with an
added displacement vector. Thus it is possible to describe the location of point p by
using the position vector as,

xi = δiJXJ + ui(XJ , t), (2.36)

where ui(XJ , t) corresponds to the added displacement vector.

The position vector for point q is,

xi + dxi = δiJXJ + δiJdXJ + ui(XJ + dXJ , t), (2.37)

where ui(XJ + dXJ , t) corresponds to the added displacement vector, taken into ac-
count that the displacement vector before deformation was XJ + dXJ .

The distance between p and q can be written as,

dxi = δiJdXJ + dui(XJ , t), where dui = ui(XJ + dXJ , t)− ui(XJ , t). (2.38)

Using that dui = (∂ui/∂XJ)dXJ in Eq. (2.38) gives,

dxi = (δiJ + ui,J)dXJ = FiJdXJ , where ui,J =
∂ui

∂XJ

. (2.39)

The distance between the reference points dS and the distance between the points in
the deformed state ds are defined as,

dS2 = dXJdXJ , and (2.40)

ds2 = dxjdxj. (2.41)

Equation (2.41) may be rewritten using Eq. (2.39) as,
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ds2 = (δiJ + ui,J)(δiK + ui,K)dXJdXK = FiJFiKdXJdXK = CJKdS
2. (2.42)

Hence, the difference, ds2 − dS2 is given as [11],

ds2 − dS2 = CJKdS
2 − δJKdS

2 = (CJK − δJK)dS
2, (2.43)

where

CJK − δJK = uJ,K + uK,J + ui,Jui,K . (2.44)

The Green strain tensor EJK is defined as,

EJK =
1

2
(uJ,K + uK,J + ui,Jui,K)dXJdXK =

1

2
(CJK − δJK). (2.45)

Using the Green strain tensor in Eq. (2.43) gives,

ds2 − dS2 = 2EJKdS
2 = 2dXJEJKdXK . (2.46)

The Green strain tensor takes the following form when written on matrix format

E =

Exx Exy Exz

Eyx Eyy Eyz

Ezx Ezy Ezz

 (2.47)

where Exx, Eyy and Ezz corresponds to the normal strains and the rest are shear
strains.

2.3 Summary

In this chapter it was shown that a longer sample leads to more stored elastic energy in
the paperboard before failure strength. If the stored elastic energy is higher than the
energy needed for fracture a brittle failure will occur, otherwise widening will occur
after failure strength is reached, resulting in a cohesive failure. It was shown that if
the cohesive stress-widening curve is normalised the shape of the curve is independent
of sample length, strain rate and moisture content.

The concept and benefits of x-ray tomography has been explained as well as the usage
of the resulting images. The images may be used to calculate displacement fields using
digital volume correlation. From the displacement fields it has been shown how strain
fields may be calculated using continuum mechanics.
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CHAPTER 3

Experimental method

In this chapter the experiments performed, both at Tetra Pak and at Lund University,
are explained. The reasons for the experiments performed at Tetra Pak were to
analyse how the sample geometry affect the material response as well as to investigate
if delamination can cause in-plane failure. The experiments at Lund University was
performed to observe how the paperboard deforms and the internal structure evolves
during tensile loading as well as to investigate if digital volume correlation can be
used to analyse paperboard.

3.1 Short-span experiments

3.1.1 Short-span tensile tests

To perform short-span tensile tests at Tetra Pak a tensile tester from Instron was
used. The tensile tester was displacement controlled and connected to a computer
that collected data. To fasten the paperboard, custom made clamps were mounted
in the machine. The clamps were constructed as a circular clamp at one side and a
straight clamp on the other side, one of the clamps can be seen in Figure 3.1. The
clamps were pneumatic controlled and the pressure in the system was set to 3 bars
during the experiments. The distance between the clamping points was set to 4 mm,
5 mm and 10 mm for the different experiments. The length was alternated so that
size effects could be studied. To be able to analyse size effects also the width was
altered. The width was set to 3 mm, 5 mm and 15 mm for the different experiments.
A notched sample with notch width of 3 mm was also used since this was the sample
geometry later used in the tomograph.

Regarding the test equipment a loading cell of 10 kN was used to measure the force.
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The equipment used was desired to have a stiffness greatly exceeding the stiffness of
the test specimen, to have a minimum impact on the results. It is assumed that the
stiffness of the equipment used is much higher than the stiffness of the paperboard.

Figure 3.1: The upper clamp used in the tensile tester at Tetra Pak.

To program the loading device, and to record the data from the experiments, the Blue-
hill software from Instron was used. The displacement rate was set to 0.05 mm/s and
the data sampling rate was set to 2 ms. The force and displacements were recorded
for each test to provide force-displacement curves.

All the test specimens were cut from sheets of paperboard from the same batch. The
paperboard used consisted of one ply, and had clay coating on one side. In Figure 3.2
the geometries of the specimens used in the experiments are displayed and in Table
3.1 the different lengths and widths used are tabulated. To cut the samples of width
15 mm a paper cutting board was used, and to cut the rest of the samples a computer
controlled robot from Zünd (model M-1200) was used. To cut out the samples using
this machine, the geometry wanted was first constructed in Adobe Illustrator since
this was the format needed as input. The paperboard that was going to be cut was
then taped by hand onto a flat board.
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Figure 3.2: Geometries of the paperboard specimens used in the experiments.

Table 3.1: Measurements of the paperboard specimens used in the experiments.

Test Sample W [mm] L [mm] WNotch [mm] LNotch [mm]
1 3 4 - -
2 3 10 - -
3 15 5 - -
4 15 10 - -
5 5 10 3 2.5

The paperboard thickness was measured using a L&W Micrometer machine from
Lorentzen & Wettre. According to ISO 534 the thickness should be measured three
times per sheet on a total of four sheets. In this project the thickness was measured
five times per sheet on a total of five sheets. A total mean thickness was calculated
according to ISO 534. The thickness was used, together with the forces collected from
the tensile tests, to calculate the stresses.

The tensile tests performed at Tetra Pak were performed in a controlled environ-
ment. At all times the temperature was set to 23◦C and the relative humidity was set
to 50 % in accordance with ISO 187. The test specimens were acclimatised by first
being put in an oven at 60◦C for 30 minutes, and then being in the controlled environ-
ment for at least three hours before any experiments were conducted, (in accordance
with ISO 187). If any sheet was taken out of the room where the environment was
controlled they were acclimatised once again. However, according to ISO 187, test
pieces should not be cut before conditioning, this was done for all samples with width
different from 15 mm which means that ISO 187 was not followed. The reason not
to follow ISO 187 had to do with the fact that the machines needed to cut the other
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geometries were located outside of the climate-controlled laboratory.

20 tests were performed in both MD and CD for each length and width combination
displayed in Table 3.1. The results were then analysed using a Matlab program where
stress-displacement curves first were constructed. From this the Young’s modulus for
each test could be determined. Using Eq. (2.5) the widening could be calculated
and cohesive stress-widening curves constructed. To be able to normalise the cohesive
stress-widening curves the length measure wN was calculated from the experimental
data. The cohesive stress-widening curves could then be normalised by dividing the
cohesive stress by σf and the widening by wN .

3.1.2 Short-span tensile tests with pre-delaminated samples

To get a better understanding of how delamination affects the strength of a sam-
ple, tensile tests with pre-delaminated samples were performed. The pre-delaminated
samples were the result of short-span compression tests which were performed using
a L&W Compressive Strength Tester STFI machine from Lorentzen & Wettre. Ten
shorts-span compression tests were performed in both MD and CD, all samples taken
from the same sheet.

The samples were first compressed so that delamination was introduced in the sample,
then short-span tensile tests were performed. From this, stress-displacement curves
were constructed, which could be compared to the stress-displacement curves for the
short-span tensile tests performed with the same size, but without the compression
tests. The samples for which both compression and tensile tests were performed, had
a length of 5 mm and a width of 15 mm.

3.2 In-situ tensile experiments in the tomograph

The x-ray tomograph used was of the model Xradia520Versa by Zeiss and was located
at the 4D Imaging Lab, Division of Solid Mechanics, Lund University. The method
it used for reconstruction of the images was filtered back projection, as was described
in Section 2.2.1. The in-situ tensile test in the tomograph was performed in an un-
controlled environment. In Figure 3.3 (a) a photo of the tomograph with the different
in-situ components is visible.
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(a) (b)

Figure 3.3: (a) The tomograph used, with the bottom part of the tensile tester
mounted. (b) The tensile tester used in the tomograph.

In Figure 3.3 (a) the x-ray source can be seen to the left, the detector to the right
and the bottom part of the mounted tensile tester in the middle.

The tensile testing equipment used in the tomograph, which can be seen in Figure
3.3 (b), differed from the equipment used in the experiments at Tetra Pak. Since the
equipment had to be small enough to fit in the tomograph, certain limitations regard-
ing its design existed. The equipment was designed and built at Division of Solid
Mechanics, Lund University. It was constructed of two separate pieces, one contained
the top clamp and the other contained the bottom clamp together with the rest of
the tensile equipment.

The top part of the equipment consisted of the upper clamp, and it was at the top the
distance between the grips was adjusted. The grips used were of the same design as
for the clamps used in the experiments done in the climate-controlled laboratory at
Tetra Pak. In Figure 3.4 the top grip for the tensile tester used in the tomograph is
shown. The bottom grip had the same design. The grips were made out of steel with
a circular clamp at one side and a straight clamp on the other side. The intention
of the design was the same as for the grips used in the laboratory at Tetra Pak, to
have a minimal impact on the performed experiment. The clamps were fastened using
a screw that was manually tightened using an allen key. By turning a screw and a
plastic ”roof” the distance between the upper- and the lower grip was adjusted. This
was done manually and the distance between the clamps was determined using trial
and error until the desired length was reached.
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Figure 3.4: The top grip used in the tomograph loading device.

The lower part of the equipment consisted of a cylindrical wall made out of plastic.
Inside the wall the bottom grip was located, and it was tightened in the same way as
the top grip. The bottom grip was moved using an electric motor, which resulted in
displacement of the specimen. The displacement was measured using a strain gauge,
and the force acting on the specimen was measured using a load cell of 100 N.

The test specimen was first secured in the top grip, and then lowered down inside
the cylindrical wall. It was then secured in the bottom grip and the alignment was
done manually. The roof of the plastic pipe was simply laying at the top of the pipe.
This was done to get the sample to align a bit by itself. Due to the reason that the
roof was not strapped to the rest of the equipment the top part could move a bit
sideways when the loading started. This allowed the sample to get more aligned than
it would have been if the roof would have been strapped to the rest of the pipe.

The software used in the experiments was custom made for the equipment used.
The equipment was displacement controlled using an applied constant voltage. The
reason for this had to do with the construction of the equipment. Due to this, the rate
of displacement varied with respect to the resistance of the test specimen. With low
resistance the displacement rate was high, and with high resistance the displacement
rate was low. In this case the voltage was set to 5 V and the sampling rate was set to
10 ms. The points where the displacement was supposed to be held constant was set
manually by stopping the machine at certain stresses.
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The test specimen used for the experiments in the tomograph was notched, with
the dimensions of sample 5 which can be seen in Table 3.1. The reason for the chosen
dimensions had to do with the fact that the fibre length normally does not exceed 3.6
mm [6]. It was not desired to have fibres stretching from one clamp to the other, since
this perhaps would affect the results [3]. Therefore a shorter length than 3.6 mm was
not chosen. Due to the fact that the clamps may affect the failure zone if they are
close to it, a length of 10 mm was chosen. The reason for the notches was to force the
localisation of the failure zone to propagate at a certain place. This was desired to be
able to focus the tomograph at this certain area and know that the failure zone was
going to appear there. This made it possible to save time since a smaller area does
not take as long time to scan in the tomograph as a larger area for a certain desired
resolution. This means that the reason for the notches was simply to get a good
resolution of the images from the tomograph. Another advantage due to the chosen
geometry was that it was possible to avoid getting the grips in the image. Since they
are made out of iron they may interact with the x-rays.

A width of 3 mm was chosen to get a small area to analyse in the tomograph. Even
though fibres may stretch along the entire width of the sample this will not affect
the results since these fibres are not in contact with the clamps. The reason for the
rounded notches had to do with that stress concentrations occurs at sharp edges.
The length and width of the notches were chosen by trial and error by performing
short-span tensile tests and controlling if the failure zone always localised between the
notches. This was the case for samples with the geometry of tests sample 5 in Table
3.1, which is why these measurements were chosen.

3.2.1 Experimental procedure

Regarding the test procedure used in the tomograph, only MD was analysed. A num-
ber of six images were taken of the sample on different parts of the stress-displacement
curve. This was done by first constructing a reference image, which was taken at load
0 MPa, and then load the sample until a certain amount of stress, where the sample
was held at a constant displacement. After relaxation had been taken into account
by waiting for 20 minutes a new image was constructed. To find out the time needed
between loading stop and tomograph start relaxation experiments were performed,
see Appendix A. The amount of displacement between the holding points differed.
This was due to the fact that the material changes more rapidly just at the failure
strength and therefore small steps between holding points were desired close to that
point. The displacement rate between the holding points is shown in Table 3.2 and
the settings in the tomograph are shown in Table 3.3.
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Table 3.2: Displacement rate between the holding points.

Holding points Displacement rate [mm/s]
0-1 0.28
1-2 0.20
2-3 0.44
4-5 0.42
5-6 0.49

Table 3.3: Settings used in the tomograph.

Settings
Power 7 W
Voltage 80 kV

Resolution 3.5 µm
Exposure time 1.5 s
Magnification 4x

Number of projections 1001 projections over 360◦

From the relaxation tests, it was found that after approximately 20 minutes the rate
of decrease in stress was small enough to start the tomograph. The reason for the
20 minutes wait was simply to get the material closer to the equilibrium state, which
results in less movement in the material during the acquisition. If the microstructure
of the specimen change too much during the acquisition the obtained images may be
unclear and blurry which is undesired.

After the first two images had been constructed the same sample was loaded again
from the previous position. It was then loaded to a new stress level and the same pro-
cedure was repeated. This was done for six points on the curve, where the reference
image was the first point taken at zero displacement. This method was chosen since
the displacement between each image was considered small enough to be able to use
digital volume correlation between the images.

3.3 Image analysis

Two different methods regarding the analysis of the obtained images from the tomo-
graph were used, one qualitative- and one quantitative method. To visually analyse
the obtained images an open source program named Fiji was used [25]. The output
from the tomograph was a number of two dimensional images, together making up a
volume of the specimen. Fiji made it possible to alter colours and contrasts to get
more clear images, as well as reconstruct the three dimensional volume from the two
dimensional images. Fiji was also used to measure the thickness of the sample. This
was done by calculating the mean intensity of the projection along each line of voxels
in the CD-direction, and then, by using a built in measuring tool, it was possible to
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quantify the thickness at each holding point.

To analyse the images quantitatively strain fields were constructed using digital vol-
ume correlation. A DVC-program named TomoWarp2 [26] was used which resulted
in displacement and strain fields. In this program a few parameters were needed as
input. The correlation window, the search window and the node spacing had to be
chosen. The node spacing corresponds to the distance in pixels between the centre of
the voxels analysed, the correlation window corresponds to the size in pixels of the
surroundings of the node that is tried to be found after deformation, and the search
window corresponds to the region of pixels where the correlation window is searched
for. The node spacing and the correlation window were chosen using trial and error
while the search window was chosen by first doing a coarse mesh to be able to see the
approximative displacements in all directions. From this the required search window
could be determined and a finer mesh could be used. The settings regarding search
window, correlation window and node spacing used are tabulated in Table B1 in Ap-
pendix B.

Between holding points 1-4 the sub-voxel refinement-method called correlation co-
efficient was used with its standard settings. This method is faster compared to more
refined methods, but results in lower sub-voxel resolution. Since the deformation was
relatively small between the holding points before failure, this method was sufficient.
Between holding points 4 and 5 the method image interpolator translation was used,
with the setting map coordinates of interpolation order 2 as parameter. This method
results in higher sub-voxel resolution, but takes more time. Since failure occurred
between holding points 4 and 5 this method was necessary. For further information
regarding the settings in TomoWarp2, see [26].

TomoWarp2 was used to analyse the displacements between the tomographic images
acquired at consecutive holding points, resulting in three displacement fields between
each holding point. These three displacement fields corresponded to the displacements
along each of the three coordinate axes. From the displacement fields the DVC pro-
gram also calculated strain fields.

The normal strains as well as all shear strains were output from the program. To
analyse the strain fields Fiji was used, which made it possible to analyse the sample
in three dimensions as well as analyse different slices through the volume.
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CHAPTER 4

Experimental Results

In this chapter the results from the experiments are displayed. Interesting findings
are commented upon and connected to previous research.

4.1 Short-span tensile tests

The short-span tensile tests resulted in force-displacement curves for samples of differ-
ent lengths and widths. To construct stress-displacement curves, an average thickness
of 408 µm of the specimens was measured and used in the calculations. These curves
were then reconstructed to cohesive stress-widening curves that were normalised, re-
sulting in normalised cohesive stress-widening curves.

4.1.1 Stress-displacement curves

In Figure 4.1 the stress-displacement curves from the short-span tensile tests per-
formed on specimens of different sizes and geometries are shown. Experiments both
for the machine direction and for the cross machine direction are displayed. Note that
the stresses shown in the graphs are the First Piola-Kirchhoff stresses due to the fact
that the original cross sectional area was used.
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(a) (b)

(c) (d)

(e)

Figure 4.1: Results from the short-span tensile tests performed on paperboard samples
with different geometries. (a) W=3 mm, L=4 mm, (b) W=3 mm, L= 10 mm, (c)
W=15 mm, L= 5 mm, (d) W=15 mm, L= 10 mm, (e) W=3 mm at the notches, L=
10 mm.

All of the specimens exhibited a linear behaviour in the beginning of the curve, be-
fore entering a hardening zone. As may be seen in the shape of the graphs, all of
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the specimens appear to undergo cohesive fracture after reaching the failure strength,
which implies that the sample lengths are below Lstable. This was described in Section
2.1. For all of the tests performed the failure strength in CD is lower than the failure
strength in MD. The corresponding displacement at failure strength is larger in CD
compared to MD. The failure strength also decreases with increased length for both
CD and MD. This was expected in accordance with the weakest link behaviour [15].

It can be noted that the spread of the stress-displacement curves in CD are greater
for the specimens of width 3 mm compared to the specimens of width 15 mm. This
is also true for the notched samples. Here the effective width of the samples between
the notches was also 3 mm. The strain at failure appears to be the same for the
samples of the same length but different widths. According to [13] the strain at fail-
ure is expected to be higher for wider specimens, but this is not observed in these
experiments.

4.1.2 Cohesive stress-widening relations

From the stress-displacement curves in Figure 4.1 it was possible to construct cohesive
stress-widening curves using Eq. (2.5). These curves can be seen in Figures 4.2 and
4.3, for MD and CD, respectively.

Figure 4.2: Cohesive stress-widening curves from the tensile experiments performed
on paperboard in MD in the laboratory at Tetra Pak.
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Figure 4.3: Cohesive stress-widening curves from the tensile experiments performed
on paperboard in CD in the laboratory at Tetra Pak.

From Figures 4.2 and 4.3 it is shown that the cohesive stress-widening curves differ
between the different samples, regarding the failure strength. According to [13], size
effects are expected due to the differences in sizes and strain rates. The cohesive
stress-widening curves were normalised and the results are displayed in Figures 4.4
and 4.5.
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Figure 4.4: Normalised cohesive stress-widening curves from the tensile experiments
performed on paperboard in MD in the laboratory at Tetra Pak.

Figure 4.5: Normalised cohesive stress-widening curves from the tensile experiments
performed on paperboard in CD in the laboratory at Tetra Pak.

The normalised cohesive stress-widening relations show that the curves follow the
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same path regardless of size, strain rate and geometry. The spread of the curves is
evenly distributed, hence, the characteristics of the shape of the curves are similar,
independent of both geometry and strain rate.

4.1.3 Pre-delaminated cohesive stress relations

To investigate the impact of delamination on the cohesive stress-widening mechanism
short-span tensile tests were performed. The results from pre-delaminated specimens
were compared to the results from undamaged specimens.

The mean values and the standard deviation for the failure strength, the fracture
energy and Nmax are tabulated in Tables 4.1 and 4.2 for MD and CD, respectively.

Table 4.1: Mechanical parameters for both the pre-delaminated and undamaged spec-
imens in MD. Mean: Geometrical mean, STD: Standard deviation.

σf [MPa] Gf [MPa*mm] Nmax [MPa/mm]
Pre-Del. Undamaged Pre-Del. Undamaged Pre-Del. Undamaged

Mean 54.6 58.0 10.2 9.8 308.6 394.8
STD 1.9 3.0 1.0 1.1 53.0 105.4

Table 4.2: Mechanical parameters for both the pre-delaminated and undeformed spec-
imens in CD.

σf [MPa] Gf [MPa*mm] Nmax [MPa/mm]
Pre-Del. Undamaged Pre-Del. Undamaged Pre-Del. Undamaged

Mean 28.6 31.2 6.8 7.2 136.4 146.3
STD 1.2 1.9 0.4 0.5 15.9 13.4

The mean failure strength for the pre-delaminated specimens is 5.9 % lower in MD and
4.1 % higher in CD compared to the undamaged specimens. On the other hand the
standard deviation is greater for the undamaged samples, 3 MPa (MD) and 1.9 MPa
(CD), compared to the pre-delaminated specimens of 1.9 MPa (MD) and 1.2 MPa
(CD). By performing a paired t-test, the null-hypothesis that the pairwise difference
between the failure strength for the pre-delaminated and the undamaged specimens
has a mean equal to zero [27]. The hypothesis was true on an significance level of 1%
for MD and rejected for CD.

By performing a paired t-test for the fracture energy and the maximum slope of
the stress-displacement curve, Nmax, the null-hypothesis was true on a significance
level of 1% for both MD and CD.
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4.2 Tomograph experiments

The experiments in the tomograph were performed in an uncontrolled environment.
However, the relative humidity is reported to not affect the shape of the normalised
cohesive stress-widening curve. Furthermore, the displacement rate also differed com-
pared to the experiments performed in the laboratory at Tetra Pak, but this effect
is also cancelled out when the curves are normalised [18]. Comparing the tensile ex-
periments performed in the tomograph with the tests in the laboratory at Tetra Pak
there are some differences that have to be taken into account. Firstly, it should be
noted that even though the geometry of the clamps used in the tomograph may not
be exactly the same as for the ones used in the laboratory at Tetra Pak, the impact
of this on the result is assumed to be negligible. Secondly, to be able to compare
the results from the tomograph with the results from the laboratory at Tetra Pak the
cohesive stress-widening curves had to be normalised, as was described in Section 2.1.

4.2.1 Short-span tensile tests with notched samples

In Figure 4.6 (a) the results from the short span tensile tests performed with the
equipment used in the tomograph is shown. The experiments were performed at the
Lund University site but not in the tomograph. In Figure 4.6 (b) the tensile tests
performed with the notched samples at Tetra Pak are shown. The samples in Figure
4.6 (a) and (b) had the geometry of test sample 5 in Table 3.1.

The results in Figure 4.6 (a) show a spread of the data that is significantly higher
and a failure strength that is overall lower compared to the experiments performed at
Tetra Pak, shown in Figure 4.6 (b).

(a) (b)

Figure 4.6: (a) Stress-displacement curves for the notched specimens using the tomo-
graph tensile tester. (b) Stress-displacement curves for the notched specimens using
the tensile tester in the climate controlled laboratory at Tetra Pak. The samples in
both (a) and (b) had the geometry of test sample 5 in Table 3.1.

Figures 4.7 and 4.8 show the cohesive stress-widening curves and the normalised co-
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hesive stress-widening curves in MD when also the experiments performed in the
tomograph tensile tester are included. In Figure 4.7, differences regarding failure
strength and the overall shape of the curves are shown. This was expected due to
the different geometries, moisture contents and strain rates. In Figure 4.8 the cohe-
sive stress-widening curves from Figure 4.7 have been normalised to eliminate these
effects. It is shown that the experiments performed in the tomograph tensile tester
setup have a spread that is larger than the tests performed at Tetra Pak, even after
normalisation. However, the results from the tomograph tensile tester shows that
the majority of the curves have a shape similar to the curves from the experiments
performed at Tetra Pak. Hence, it is assumed that the mechanisms that are observed
in the tomograph are the same as for the tests performed at Tetra Pak.

Figure 4.7: Cohesive stress-widening curves in MD for all tests, including both the
tests performed at Tetra Pak and at Lund University.
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Figure 4.8: Normalised cohesive stress-widening curves in MD for all tests, including
both the tests performed at Tetra Pak and at Lund University.

4.2.2 In-situ stress-displacement curve in the tomograph

From the experiments in the tomograph, Figure 4.9 (a) was constructed. The vertical
drop in load at holding points 2-6 is due to relaxation of the specimen. Furthermore,
the straight horizontal lines after point 2, 3 and 5 indicate that the measured data are
disturbances from the sensor measuring the displacement. These disturbances mean
that the sensor measured a displacement that in reality did not exist. However, this
will not affect the images generated by the tomograph. The reason for the negative
stress at holding point 6 has to do with the zeroing of the stress at the start of the
test. The zeroing was performed when it was some positive tension in the specimen
causing the displayed stress to be lower than the actual stress acting in the specimen.
Note that the black line that goes straight down at the failure strength at holding
point 5 is due to the fact that the experiment was stopped at this point, and is due to
the relaxation. Hence, this is not a brittle failure. The test was finished at a smaller
displacement compared to the ordinary short-span tensile tests.

By comparing the curve from the experiment in the tomograph with one of the curves
from the short-span tensile tests performed with the same tensile tester (Figure 4.9
(b)), it may be seen that the relaxation does not affect the results that much, cf.
Figure 4.9. The failure strength occurs at roughly the same displacement, and is ap-
proximately of the same magnitude. The disturbances from the displacement sensor
however causes the measured displacement to differ from the actual displacement.
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(a) (b)

Figure 4.9: (a) Stress-displacement curve from the tensile experiment in the tomo-
graph, including the different holding points and the thickness of the paperboard
specimen at each holding point. (b) One of the curves from Figure 4.6 (a) for contin-
uous, monotonic loading in the tomograph loading device (i.e. without stopping for
scans).

4.3 Image analysis

The three dimensional images obtained from the tomograph consisted of a large num-
ber of slices through the internal structure. Images with different views for each
holding point are displayed in this section. The three dimensional images obtained
from the tomograph had a voxel count of 998 in MD, 988 in CD and 1014 in ZD and
each voxel corresponded to a cube with sides of 3.5 µm.

In Figures 4.10-4.15 images showing the internal structure at the holding points 1,
2, 3, 4, 5 and 6 are displayed. The cross in each image corresponds to the position
within the specimen currently in view. The top left image (A) corresponds to a view
of the specimen seen from the front, top right (B) as seen from the side and bottom
left (C) as seen from the top. Note that these images are colour scaled using the
software Fiji to get clearer images.
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Figure 4.10: Tomograph image of the reference specimen, holding point 1.

Figure 4.11: Tomograph image of the specimen at holding point 2.
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Figure 4.12: Tomograph image of the specimen at holding point 3.

Figure 4.13: Tomograph image of the specimen at holding point 4.
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Figure 4.14: Tomograph image of the specimen at holding point 5.

Figure 4.15: Tomograph image of the specimen at holding point 6.

The bright network that is visible within the structure in Figures 4.10 - 4.15 are the
fibres. The darker parts correspond to air, where no fibres exist. The white edge that
can be seen in the B and C images corresponds to the clay coating.

In Figure 4.10 A, the image for the undamaged specimen, it can be seen that at
the notches the fibres are shorter compared to other locations within the specimen.

48



This is due to the cutting process of the sample.

No changes are visible when comparing the images between holding points 1-4. To
study the small changes that might occur between the images the analysing tool DVC
is used. At holding point 5 (Figure 4.14) structural changes start to become visible.
Large voids are forming in images A, B and C. By looking at image B it can be seen
that the localised failure zone stretches diagonally through the sample. Furthermore,
by looking at image A, it can be seen that the localised failure zone forms in the
notch as expected, due to the smaller area in this section. At holding point 6 (Figure
4.15) voids become even clearer and the localised damage zone can be seen to widen
diagonally through the sample.

The images in Figure 4.16 were constructed using Fiji. The images show the mean
intensity of the projection along each line of voxels in the CD-direction. The yellow
line corresponds to the section over which the thickness of the sample was measured.
Note that the mean intensity was used, and hence thickness variations that only span
over a few slices will not show, since the black background that spans over the rest of
the slices will lower the mean intensity. The measured thickness for each holding point
is shown in Figure 4.9. Note that the clay coating was not included in these mea-
surements, since the thickness of the sample after failure would be hard to measure
otherwise.

Figure 4.16: Figure showing the specimen from the side, using the mean intensity
through its side. The yellow line corresponds to the section where the thickness was
measured.
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In Figure 4.17 the thickness as a function of displacement is shown. Loading leads to
an increase of thickness as a function of displacement. Note that the thickness is only
known at the holding points. More points of investigation would be beneficial since
this would have made it possible to investigate the development of the specimen with
more accuracy. This is especially true close to the failure strength, since the thickness
increases rapidly close to this point.

Figure 4.17 shows that the thickness of the sample increases immediately after the
specimen is subjected to load, and keeps increase throughout the test. For holding
points 1-4 the thickness increase is around 5 to 7 µm between each holding point.
However, between holding points 4 and 5 the increase is larger, 66 µm. After failure
the thickness increase is once again 5 µm. These observations alter some in compari-
son to what Gabrielsson (2017) observed, where thickness increase was only observed
after failure strength [19]. It should be noted that the paperboards used in the exper-
iments of Gabrielsson was not the same as the ones used in the experiments reported
herein.

Figure 4.17: Thickness as a function of displacement for the analysed paperboard
sample. The green points corresponds to the holding points.
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4.4 Digital Volume Correlation (DVC)

By using DVC it was possible to get an insight into what occurred within the material
upon loading. By just visual inspection of the tomograph images it was difficult to
come to any conclusions about the material behaviour. Hence, further quantifiable
image analysis was done. As described in Section 3.3, digital volume correlation was
performed using the TomoWarp2 DVC program, written in Python. This provided
displacement fields and strain fields. Since the coordinate system in the tomograph
was reset between each holding point the displacement fields included rigid body mo-
tions. However, rigid body motion does not affect the strain fields. The strain fields
in the following section are the strains between each holding point, and not the total
strains. Since the displacements between each holding point are different the amount
of strain between each holding point should be compared with caution. Note that the
centre of the colour scale in the following strain fields do not always correspond to zero.

As was mentioned by Hall, Viggiani and Romero (2012) [24] certain problems us-
ing DVC may occur due to the steps of only total voxels in displacement, generating
a low sub-voxel resolution, (see Section 2.2.2). Even though precautions have been
made to minimise this with sub-voxel refinement, certain artefacts in the images from
the DVC analysis may still be present due to this. These artefacts may be hard to
distinguish from real results, but certain behaviour may give it away. For example
certain patterns, like circular rings or when the strain value goes from high, to low,
to high in a repetitive pattern it might be an indication of an artefact.

4.4.1 Strain fields

As described earlier all normal- and shear strain fields (i.e. the full three dimen-
sional tensor strain field), were calculated. In Figure 4.18 the coordinate system and
geometrical information for the setup can be seen.
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Figure 4.18: Schematic image of the specimen showing the coordinate axes, measure-
ments and boundary conditions.

Six holding points generated six three dimensional images from which displacement
fields in the three orthogonal directions could be analysed between each holding point.
TomoWarp2 also provided the full three dimensional strain tensor field. However,
when analysing the strain fields it was noted that the digital volume correlation did
not work after failure. This was due to the fact that the displacement was large
and much was happening in the material at this point, which meant that the result
from the DVC analysis was unusable. This further means that the strain fields be-
tween holding points 5 and 6 were not analysed. All strain fields between the rest
of the holding points are commented upon. The mean value of the correlation coef-
ficient, which is a measurement of how well the DVC program is able to match the
voxels between two 3D-images, was between 99.31-99.48 % between all holding points.

In Figures 4.19-4.32 different strain fields are shown. View A corresponds to the
sample seen from the front, looking in the thickness direction (ZD). View B corre-
sponds to the sample seen from the side looking in the width direction (CD), and
view C corresponds to the sample seen from the top, looking in the loading direction
(MD).
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4.4.1.1 Normal strains

Strains in CD (ϵCD):

In Figures 4.19 and 4.20 the normal strains in CD between holding points 3 to 4
and 4 to 5 are shown, respectively.

The strain field in view A in Figure 4.19, shows larger strains at the notches com-
pared to the rest of the sample. By analysing different slices through the thickness it
was seen that the observed strains were the same through the entire thickness of the
sample. The ϵCD-field shown in Figure 4.19 are similar to the ϵCD-fields between hold-
ing points 1 to 2 and 2 to 3 respectively, these strain fields can be seen in Appendix C.

Besides the strain concentration at the notches, the ϵCD-field is low and reasonably
homogeneous for all the views (A, B and C). Furthermore, after failure strength, when
the failure zone has been initiated, the higher strains at the notches no longer exist.
Instead widening of the cohesive failure zone occurs, which was expected due to the
theory of how the failure zone evolves in paperboard [3]. When analysing the to-
mograph images it was observed that the widening of the failure zone was localised
diagonally through the sample which can be seen in all the strain fields between hold-
ing points 4 and 5.

Figure 4.19: Strain field in CD between holding points 3 and 4.
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Figure 4.20: Strain field in CD between holding points 4 and 5.

Strains in ZD (ϵZD):

In Figures 4.21 - 4.24 the normal strains in ZD for all holding points are shown.
In view A, it is possible to see that the strains are localised between the notches all
the way from holding points 1 to 5. This was more or less expected, since the smaller
cross sectional area should lead to stress concentration and hence also strain localisa-
tion. It should be noted that the strains in ZD are present already at the first holding
point, which should indicate a dilation of the sample the entire way from loading start
to failure. This was also observed in Figure 4.17 where the thickness change of the
sample was measured.

For the strain fields in view B, it is possible to see strain localisation through the
length of the specimen. This localisation is obvious already between holding points
1 and 2, and remains in the middle of the sample all the way to failure. This means
that it is only the middle of the sample that contributes to the thickness increase
that was observed in Figure 4.17. This becomes even clearer if the strain fields be-
tween holding points 3 and 4 are studied where three images can be seen. These are
different slices in the thickness direction. The first image (α) corresponds to a slice
close to the clay coating of the sample, the second image (β) to a slice in the middle
of the sample in the thickness direction and the third image (γ) to a slide close to
the side opposite of the clay coating. By comparing (α), (β) and (γ) it is even more
noticeable that the strains are localised in the middle of the sample (image (β)) in
ZD. Note that it is image (β) between holding point 3 and 4 that should be compared
to the rest of the strain fields in ZD since those images are taken from the middle slice.

By analysing the strains of the sample in view A in Figure 4.23, it can be seen that
in image (α) the strains are somewhat localised at the bottom part of the sample,
in image (β) they are higher and perhaps somewhat localised at the top of the sam-
ple while in image (γ) they are localised at the notches and then seems to follow a
parabolic pattern. If these three images are compared to Figure 4.24 (image B) where
it is seen that the failure zone travels diagonally through the sample a connection can
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be seen. If the first slice in Figure 4.23 (image α), where the strains are localised at
the bottom in view A are compared to view B in Figure 4.24 a relation can be seen. It
is at the same place where the strains are high between holding points 3 and 4 where
also the failure zone later propagates. This is also true for image (β) and (γ). This in-
dicates that the diagonal direction of the failure zone is connected to the strains in ZD.

By comparing the strains in view C for all holding points, it is possible to see a
change of strain localisation. At first, the strains appear at the notches, but spread
inwards with increasing load. This has to do with stress concentrations at the notches.

Figure 4.21: Strain field in ZD between holding points 1 and 2.

Figure 4.22: Strain field in ZD between holding points 2 and 3.
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(α) (β) (γ)

Figure 4.23: Strain fields in ZD for holding points 3 to 4. (α) shows a slice at the end
of the sample in the thickness direction, close to the clay coating, (β) shows a slice at
the middle in the thickness direction and (γ) shows a slice at the opposite side of the
sample compared to (α).

Figure 4.24: Strain field in ZD between holding points 4 and 5.

Strains in MD (ϵMD):

In Figures 4.25 - 4.28, the strains in MD between all holding points are displayed.
The strains are localised at the notches, which may be seen already between holding
points 1 and 2 in view A. Zones with higher strains exist and they evolve in a some-
what parabolic pattern between the notches. They are visible all the way from loading
start but become more clear between holding points 3 and 4. Besides the higher strain
zones, somewhat uniform strain is present in the whole analysed area between holding
points 1-4, and may be seen in all the views. When failure has occurred, the strains
are localised in close proximity to the notch while it is close to zero in the rest of the
sample. This pattern is present in especially view A an B.

Note that the dark lines present in the top of Figure 4.25 and 4.26 in view A and
B most likely are artefacts from the DVC analysis.
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Figure 4.25: Strain field in MD between holding points 1 and 2.

Figure 4.26: Strain field in MD between holding points 2 and 3.

Figure 4.27: Strain field in MD between holding points 3 and 4.
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Figure 4.28: Strain field in MD between holding points 4 and 5.

4.4.1.2 Shear strains

The shear strains, ϵCDMD, ϵCDZD and ϵZDMD were also analysed. Note that all strains
refer to the coordinate system described in Figure 4.18. All shear strain fields can
be seen in Figures 4.29 - 4.32 where each figure corresponds to strain fields between
different holding points. The α images display the ϵCDMD-field, the β images display
the ϵCDZD-field and the γ images display the ϵZDMD-field.

Note that the scales in Figure 4.32 differ compared to the other figures. This is
due to the fact that the ϵZDMD-field became much larger here than between the pre-
vious holding points which made the change in scale necessary to be able to visualize
the results.

When analysing the strain fields between holding points 1 and 2 it can be seen that
the ϵCDMD-field is homogeneous and close to zero. In the ϵCDZD-field the strains
varies a bit more, being negative or close to zero with some zones with higher strain
present. The ϵZDMD-field undergoes a change when comparing the top of the sample
with the bottom in view A, going from negative to positive. Zones with higher strains
are present in the lower part as well as in the upper part. In view C strain localisation
at the notches can be seen.

Between holding points 2 and 3 the ϵCDMD-field is still relatively homogeneous with
somewhat more negative values compared to the ϵCDMD-field between holding points
1 and 2, however this change is rather small. The ϵCDZD-field in Figure 4.30 overall
stays the same, with zones of higher strains present at the same places as before. Re-
garding the ϵZDMD-field in the same figure, the negative strains in the top no longer
exist, but instead are mostly close to zero or somewhat positive in view A. The same
can also be seen in the view B. The C view remains the same with localisation at the
notches. Overall the zones of higher strain that were present in Figure 4.29 are also
present in Figure 4.30.

Between holding points 3 and 4, the ϵCDMD-field remains rather constant in all views
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and the ϵCDZD-field looks overall the same as between holding points 2 and 3. Re-
garding the ϵZDMD-field in Figure 4.31 the strain localisation as was seen in view A
in Figure 4.30 remains but with somewhat higher strains in the middle of the sample
and somewhat lower strains at the bottom.

Between holding points 4 and 5, failure occurs. In the ϵCDMD-field this shows in
a sudden positive strain present in the whole sample, in all the views. Noticeable is
that in view B, the left part of the sample gets a more positive shear strain. This is
also seen for the top part in view C. In the ϵCDZD-field negative shears are present
in view A, close to the notches and when looking at view B it can be seen that the
left part of the sample gets a more positive shear strain than the right part. Also, in
view C it is possible to see that the upper part gets a higher value than the bottom
part. Regarding the ϵZDMD-field, it is seen that the strains close to the failure zone
are highly positive, while they are negative some distance away from it as seen in view
A. Furthermore, in view B it is seen that the strains in the left- and right part differs.
The same can be seen for the strains in the top- and bottom part in view C.

(α) (β) (γ)

Figure 4.29: Strain field between holding points 1 and 2, ϵCDMD-field (α), ϵCDZD-field
(β) and ϵZDMD-field (γ).

(α) (β) (γ)

Figure 4.30: Strain field between holding points 2 and 3, ϵCDMD-field (α), ϵCDZD-field
(β) and ϵZDMD-field (γ).
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(α) (β) (γ)

Figure 4.31: Strain field between holding points 3 and 4, ϵCDMD-field (α), ϵCDZD-field
(β) and ϵZDMD-field (γ).

(α) (β) (γ)

Figure 4.32: Strain field between holding points 4 and 5, ϵCDMD-field (α), ϵCDZD-field
(β) and ϵZDMD-field (γ).

4.5 Summary

In this chapter, the curves from the tensile experiments performed on different ge-
ometries have been compared and the tomograph images have been displayed. Obser-
vations from the tomograph images as well as from the strain fields provided by the
DVC program TomoWarp2 have also been commented upon. In the next chapter the
experimental results are further discussed together with conclusions and suggestions
for further work.
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CHAPTER 5

Discussion, conclusions and further work

5.1 Discussion

For experiments where only a tensile tester is used, the only information obtained is
the stress-displacement curves. When x-ray tomography is added, it gives the possi-
bility to get three dimensional images of the structure of the material. Due to this,
it is possible to analyse the internal structure of the paperboard during tensile load-
ing. By also applying digital volume correlation it is possible to analyse strains on a
quantitative manner.

From the short-span tensile tests performed in the laboratory at Tetra Pak it is seen
that the geometry of the sample affects the mechanical properties regarding the fail-
ure strength and failure strain. The normalised cohesive stress-widening curves from
the short-span tensile tests showed that, even though the geometries varied, the same
cohesive behaviour was observed. By performing short-span tensile tests where both
the climate and the strain rate differed from the laboratory at Tetra Pak, it was con-
firmed that after normalisation the cohesive stress-widening curves were independent
of these parameters. This indicated that the mechanisms observed in the tensile test
performed in the tomograph for which notches were introduced are representative for
this paperboard in general.

For the short-span tensile tests performed with the tensile tester designed for in-
situ usage in the tomograph, the obtained loading curves are more scattered than
when the same experiments where performed with the tensile tester in the laboratory
at Tetra Pak in cf. Figure 4.6. This has to do with the equipment used. A lower
stiffness of the equipment will be seen as a larger displacement for the same stress
when compared to a stiffer equipment. Another factor that could affect the result is
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that the displacement rate differed from the tests performed in the laboratory at Tetra
Pak, (see Section 3.2). The manual tightening of the clamps may also have affected
the results, since it is hard to get exactly the same pressure between the clamps all
the time. There might also be some sliding due to grips not being tightened properly.
This should however not affect the failure strength. As described previously, also the
climate can have an impact on the results since the experiments performed at Lund
University were performed in an uncontrolled environment leading to possible changes
of the relative humidity during the experiments. However, after normalisation the im-
pact of the environment does not affect the result.

To minimise the impact of these possible error sources in the experiments performed at
Lund University, certain changes to the equipment or the methods used are suggested.
The tensile equipment could be constructed of stiffer components to get a more cor-
rectly measured displacement. Another solution would be to use the images from the
tomograph to measure the displacement instead of the strain-gauge, and hence avoid
impact of compliance of the equipment on the measured displacement. Furthermore,
the displacement rate could be controlled in a similar way as the experiments at Tetra
Pak and the tightening of the clamps could be performed using a torque wrench to
get more consistent conditions for the experiments.

By using the software Fiji, it was possible to measure the thickness of the speci-
men at each holding point. By doing this it was observed that initially, between
holding points 1 to 4, a minor thickness increase existed between each holding point.
The rate of thickness increase appeared to be linearly, but more holding points in
closer proximity to each other is needed to verify this. Between holding points 4 and
5 the specimen dilated rapidly and after failure strength the thickness increase slowed
down to a rate close to the initial rate, which seems reasonable since widening of the
localised failure zone is present and the specimen is not strained in the same sense
any more.

One explanation for the behaviour regarding the thickness increase might be that, in
the beginning of the loading, the fibres and the fibre-to-fibre connections are elongated
resulting in a moderate thickness increase. When further strained, the connections
are not able to hold any more, hence delamination occurs within the material giving
the sudden increase in thickness. This theory is validated by investigating the images
in Figure 4.16, where no voids are visible at the first 4 holding points. When reaching
holding point 5 dark voids are visible, indicating delamination.

By comparing short-span tensile experiments performed with pre-delaminated and not
pre-delaminated samples, it was proven statistically that the mean failure strength,
fracture energy and maximum slope of the cohesive relation was the same (except
for the failure strength in CD), independent of delamination for both MD and CD.
Hence, delamination does not have any effect on the in-plane failure behaviour and
initialisation of the localised failure zone.
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To further analyse the mechanisms and movement of the internal structure, strain
fields were constructed using DVC. It was not known if this method would work on
paperboard since DVC only works if it is possible to determine a unique structure for
each voxel. From the result it was proven that it is possible to use DVC on paperboard.

Beginning with the normal strains in CD, ϵCD, strain localisation at the notches was
observed. The reason for higher strains at the notches is due to stress concentrations.
Higher strains at the notches can also be seen for example in Figures 4.23 and 4.27,
which indicates that the stress concentration at the notches affect strains in all normal
directions. No other clear patterns were visible in the ϵCD-fields, which was expected
since the load was applied in MD and should therefore not have a large impact on
strains in CD.

Continuing with the normal strains in ZD, ϵZD, it should be noted that the strains were
already present between holding points 1 and 2. This matches the thickness increase
observed in Figure 4.16. It appears that the strains are more focused at the centre
of the sample in the thickness direction. This observation and the reason behind it
needs to be investigated further, but it might be related to the manufacturing process.
Since the strains are localised in the middle already between holding points 1 and 2,
there is some dilation occurring there, which may indicate that it is a risk that delam-
ination occurs even at low loads. However, as was proven with the short-span tensile
tests with pre-delaminated samples, delamination does not have a large impact on
the failure strength. With this said, the similarities between the strain localisation in
ZD and the path of the localised failure zone are noticeable and seems to be connected.

The normal strains in MD appear to be relatively homogeneous, with localised zones
of higher strain that evolve in a small rate during increased loading. It appears that
when the localised failure zone evolves, it chooses one of the zones with higher strain
and propagate through only that zone. Short-span tensile tests where multiple lo-
calised failure zones, instead of one single localised failure zone, were present in the
same sample has been observed, but is uncommon. This validates the authors’ theory
that the localised failure zone chooses one zone with higher strain to propagate in.
The authors’ theory is therefore also that the strains in the loading direction have the
biggest impact on both the localisation initiation and how the localised failure zone
evolves.

After failure, the strains in MD are localised to the localised failure zone and the
strains outside of the failure zone are small compared to before failure. This implies
that all energy goes to the localised failure zone while the rest of the sample is relaxed,
see Section 2.1.3.

Regarding the shear strains, one interesting part is the ϵZDMD-field between hold-
ing points 1 and 2 (in view A image γ in Figure 4.29), where more positive strains are
observed at the bottom compared to at the top. The reason might be that the sample
became vertically aligned when the loading started due to the design of the equipment

63



used. Between later holding points it looks like the higher strains in the ϵZDMD-field
are focused between the notches as expected due to the smaller cross-sectional area.

As previously discussed, comparison between the actual magnitude of strains between
different holding points should be treated with caution, due to the different total dis-
placement between each holding point. However, by comparing the ϵZDMD-field in
Figure 4.31 with the ϵZDMD-field in Figure 4.32 it can be seen that the strains differ
a lot. The conclusion from this can be that the shear strains in this direction become
much more significant after localisation of the failure zone. This may imply that the
shear strains can be the reason that the localised failure zone is not perpendicular to
MD.

5.2 Conclusions

In this Master’s Thesis, tensile experiments have been performed on a one ply paper-
board to analyse size effects. X-ray tomography has also been used, together with
digital volume correlation to further analyse the material response under tensile load-
ing.

From the experiments, it was concluded that the cohesive failure is independent of
the sample geometry, after normalisation has been performed. From the 3D-images
provided by the x-ray tomograph, a thickness increase was observed immediately after
loading was applied. Close to fracture, a large, sudden, thickness increase occurred
which probably is due to delamination, but during the Thesis work it was showed that
delamination does not affect the cohesive failure.

The usage of digital volume correlation on the tomograph images proved to be an
analysing method well suited for paperboard, and provided information about how
the paperboard deformed as well as how the internal structure evolved under tensile
loading. The strains in the specimen were localised in zones of higher strains in the
MD-direction under tensile loading, which probably caused the initiation and prop-
agation of the localised failure zone. The strains in the thickness direction showed
that the strains localised in the centre of the sample in ZD-direction, this might have
to do with the manufacturing process of the paperboard. Furthermore, shear strains
increased rapidly when the failure zone initialised, which indicates that shear strains
can be the reason for the diagonal propagation of the localised failure zone.

5.3 Further work

To get a more solid statistical basis to confirm the results and the developed theories
more experiments need to be performed. It is also of interest to perform tomographic
experiments in other directions than MD, to get more knowledge about the material
under more general loading conditions.
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In this Master’s Thesis only a one ply paperboard has been analysed. Performing
tomographic experiments on different types of paperboards would be of interest to
increase the understanding of what is going on in different types of paperboards when
they are subjected to tensile loading.

Regarding the test procedure, shorter intervals between the holding points are needed
to be able to analyse the material even better. This would be time consuming, but
hopefully it would result in an even better knowledge about paperboard and how it
behaves when it is subjected to tensile loading.
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Appendix

Appendix A

Relaxation experiments

The relaxation experiments were performed in the laboratory at Tetra Pak and a
similar setup like the one used for the short-span tensile tests performed in the same
laboratory was also used for the relaxation experiments. The exact same testing
machine and clamps were used, and the specimens were prepared in the same way.
However the settings of the experiments altered. The same displacement rate was
used, but the sampling rate was set to 10 ms. The reason for this was that the
tests was going to take about 80 minutes each compared to the short-span tests that
took about thirty seconds. Note that these experiments were only performed on the
notched specimens, as they were the ones used in the tomograph.

A number of two points, one before and one after failure strength were chosen for
each experiment. The selected points are displayed as green dots in Figure A1. The
locations of the points were chosen before- and after failure strength, where initiation
of the failure zone was expected to occur. It should be noted that the location of the
points in Figure A1 differs slightly between different tests.
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Figure A1: Selected points used in the relaxation tests performed on paperboard at
Tetra Pak.

It should be noted that the relaxation tests done in the laboratory at Tetra Pak
would differ compared to if relaxation tests would have been performed in uncon-
trolled environment using the tensile machine that was used in the tomograph. This
is mainly due to different displacement rates for the different equipments, however,
also temperature and moisture content differences can have an impact. Even though
the conditions differ the relaxation tests done in the laboratory at Tetra Pak gave
an approximative result of the time needed between tensile test stop and tomograph
start when performing the experiments in the tomograph.

Point 1 in Figures A1, A2 and A3 corresponds to tests before failure strength, and
point 2 corresponds to tests after failure strength. Due to noisy data all the graphs
showed in this section were denoised using a moving average filter in Matlab.

In Figures A2 and A3 the normalised stress as a function of time is shown for both
MD and CD respectively.
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Figure A2: Normalised stress-time curves for paperboard samples in MD.

Figure A3: Normalised stress-time curves for paperboard samples in CD.

In these graphs it can be seen that the rate of relaxation decreases over time. One
outlier exists in CD, where the stress increases in the end of the experiment. This
result is unreasonable, and should be ignored. In the first ten minutes the drop in
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stress is large compared to later when the sample starts to reach equilibrium as was
discussed in Section 2.1.8. From figures A2 and A3 it can be seen that the sample
structures are not in equilibrium even though the displacement is held constant.

In MD the curves from point 1 (before failure) is rather consistent, the stress lowers
to approximately 60-65 % of the stress acting at the start of the relaxation tests. The
result for point 2 (after failure) is more inconsistent. Two of the curves dropped the
same amount as for the curves before failure, while three relaxed to about 50-55 % of
the original stress. However the rate of relaxation in the beginning is similar.

In CD there are no obvious difference between before and after the failure strength
(i.e point 1 and 2). The stress lowers to about 55-60 % of the stress acting at the
start of the relaxations tests. The rate of relaxation appears to be similar as well.

The relaxation experiments resulted in knowledge about the time needed for the relax-
ation rate to slow down from the initially high rate to a significantly lower rate. From
these experiments it was noted that the behaviour regarding MD after failure was in-
consistent. To further investigate the relaxation behaviour, and get more statistically
proven results, more experiments needs to be performed. Furthermore, the noise for
the relaxation experiments were presumably caused by the fact that the machine was
located on a shared workbench, and hence other people were performing experiments
close to the machine during the experiments. A slight movement of the bench creates
vibrations that are seen as jumps in the graphs.

For the tomograph experiments, it will take approximatively one hour for the to-
mograph to construct an image of the material and an extra twenty minutes is needed
to account for the time between the stop of the tensile machine and the start of the
tomograph. Hence, the time for which the relaxation was investigated was 80 minutes.
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Appendix B

Table B1: Settings used in the DVC program.

Hold p. Search Window Correlation Window Node Spacing
x y z x y z x y z

1-2 -20 20 -20 20 -20 20 -10 10 -10 10 -10 10 6 6 6
2-3 -20 20 -20 20 -20 20 -10 10 -10 10 -10 10 6 6 6
3-4 -20 20 -20 20 -20 20 -10 10 -10 10 -10 10 6 6 6
4-5 -25 10 -15 60 -15 50 -10 10 -10 10 -10 10 6 6 6
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Appendix C

Strain fields

Figure C1: ϵCD-field between holding points 1 and 2.

Figure C2: ϵCD-field between holding points 2 and 3.
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