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Abstract

Foam materials are widely applied in many industrial fields due to their superior characteristics
regarding high strength to weight ratio. Additionally, they may offer high toleration to damage and
exceptional energy absorption capacity. Therefore, a PVC foam of great mechanical performance,
Divinycell H80, has been investigated in the current project report. First the mechanical properties of
the foam are investigated by doing experiments, so that a good understandings of the behaviour of the
material is established. Thereafter, a finite element analysis of the material was done to inspect the

validity of the material model used.

In the project study the experiments done were compression tests and shear tests. The compression
tests deemed viable results showcasing that Divinycell is an anisotropic foam. Additionally, it was
confirmed that the mechanical strength of the material increases with increasing strain rate and foam
density. Considering the shear tests, several shear tests were performed on the foam material, but the
sample did not go through pure shear. This is investigated and analysed by using graphs, visual
inspection and analysis software of the images taken during tests. After analysis of what happened
during the tests, different modifications were made to both the sample and to the setup of the test.
These modifications include reinforcing the sample with aluminium, making 3d-printed parts and CNC-
manufactured parts for the test setup and investigation of the sample geometry and the effects of the
changes. Lastly, an investigation is done of different articles that have found mechanical properties from

shear tests with Divinycell or other materials in the past.

Finally, the compression results were modelled using the Deshpande-Fleck foam material model in LS-
DYNA. This showed that the material model shows reasonable resemblance to physical compression
tests performed, but densification occurs too early. However, the finite element model did not deform

as wished, thus the results are looked at critically.
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Explanation

Young’'s modulus

Density of bulk material foam is made of
Density of cellular material itself
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Cell edge length in foams

Cell edge thickness in open-celled foams
Cell edge thickness in closed-celled foams
Cell wall/face thickness in closed-celled
foams

Young’s modulus of the bulk material in the
cell walls

Youngs modulus of the foam

fraction of solid contained in the cell struts

Poisson’s ratio

yield function

Equivalent stress

Yield stress

Plateau stress

Representation of the strain hardening
Equivalent stress

Parameter describing shape of yield surface
Mean stress

Effective von mises stress

Plastic poisons ratio

Hydrostatic pressure

Von mises stress

Hydrostatic compressive strength
Hydrostatic tensile strength

uniaxial compressive yield strength
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1. Introduction

Polymeric foams are widely used in recent years as they are light and good at absorbing energy, while
also having good properties for insulation [1]. In addition, the manufacturing process is easy, the foam
is typically not expensive, and it is flexible when used in different designs. How the microstructure of
the foam turns out depend on what the base material is and how the foam is manufactured. These
factors affect the density, and the different mechanical properties as well as the thermal properties [2].
The main reason why foams are used as energy absorbers is due to a stress plateau region, where the
cell walls of the foam buckle, making it able to withstand a large increase in deformation while the stress
stays about same, until densification occurs[3]. Due to this, foams can be used as energy absorbers in
vehicles and can protect building from blast and impact loads [4]. In order to predict the behaviour of
foams as protective structures and energy absorbers, numerical models can be utilized. Furthermore,
foams are used to protect humans against impact loads such as car crashes or against explosion load on

buildings and that is why it is necessary to create accurate and trustworthy numerical models.

The behaviour of foams under different kind of loading is a complex process due to the microscopic
structure of the foam [5]. However, existing material models can be utilized to replicate and represent
this behaviour. The material models have different strength and weaknesses where the Deshpande fleck
is an example of a material that is good because of the simplicity of the model. These material models
are used in finite element software and in order to calibrate good models it is important to get a good
understanding of behaviour under multiaxial loading for the material that is used. This understanding
can be found through experimental testing of the material, and the knowledge can be used to improve
the material models so that the behaviour accurately describes what is seen in the tests. The structure
of foams makes it difficult to replicate the behaviour in a finite element program and is mainly due to
foams consisting of pores, resulting in a volume change of the materials during loading. However, there
are material models that take the volume change into account. A model developed by Deshpande and
Fleck constitutively explains the behaviour of foams under multiaxial loading and material models used
for foams can be based on this model [6]. By using material models in a finite element program, it is
necessary to obtain mechanical properties for the material used. These mechanical data is found by
doing different experimental tests on the foam, but the nature of the microstructure makes it

challenging to perform certain tests.

In the current study, the main objective was to establish the mechanical properties of a polymeric foam,
Divinycell, through experimental testing. The original objective was to perform compression tests, shear
tests and hydrostatic test to obtain the necessary properties to input a material model in a finite element
program. However, due to the existing challenges when performing the shear tests, the hydrostatic tests
were not commenced. The focus shifted towards completing the shear tests to explain how the shear
test on foam can be performed in order to get accurate graphs that can used to find the mechanical

properties. What modifications can be done to the shear test setup and to the sample in the shear test



is explained in detail to help future research when performing the same tests. The modifications to the
tests helped make the test more accurate, although more changes must be made to correctly establish
the mechanical properties from the shear test. Using the data from the uniaxial compression test a
number of different mechanical properties were established and input in the Deshpande-Fleck model in
LS-Dyna. The remaining input data needed for the material model was gathered from other reports.
Lastly a simulation that predicts the behaviour of an experimental verification test of Divinycell foam is

presented and discussed.

1.1 Aim

The main goal of the project is to first do different experiments on the Divinycell H80 foam to get a good
understanding of how the material behaves under different loads. The specific tests of interest are
uniaxial compression tests, shear tests and hydrostatic compression tests. Additionally, if there is
enough time some dynamic test on the material is wished to do. The microstructure of the foam is also
of interest to investigate, thus taking pictures of this is also wished to do. After different tests are

performed, finite element analysis is to be done to represent the behaviour which has been observed.

1.2 Method

To achieve this first a literature study is to be conducted on foam materials, and existing materials
models for foams. During the study the mechanical behaviour of foams are specifically of interest. Next
different possible material models which exist in FEM programs are to be looked into. This is so that one
knows what type of material models are available to used based on achieved data from experimental
testing. Additionally, the advantages and disadvantages of the material models are important to know,
so that they are kept in mind when doing the finite element analysis. After the literature review different
experimental tests are to be done on the foam material. Then the results are to be analysed, and finally
a chosen test procedure is to be represented in a finite element analysis. With good understanding of
the material it is wished to be able to deem the viability of a given material model, when used in regard

to the Divinycell H80 foam.

1.3 Limitations

There are a set of limitations which occurred for the project. The first is the time aspect of the project
which is constrained to the months between the first of January until the first of June. Thus, there is a
time restriction given. Next is thethat time which was left for analysing results achieved from
experimental tests were much less than anticipated. This is due to the problems which occurred with
the shear test, making it so that solving that specific issue was the main priority. Thus, there are aspects
of this project which were wished to be further investigated, but not possible due to much time going
into working on experiments. Finally, it was very much wished to take pictures of the microstructure of

the foam, but unfortunately the device for this did not work during the period of the experiments.






2. Theoretical background

In the following chapter a theoretical background is given to offer foundation to the work which is done
in later chapters. Thus, theory of microcellular materials is presented, in addition to a more in-depth
look at a specific type of industry microcellular material, Divinycell from DIAB [7]. Furthermore, models
used to replicate the mechanical behaviour of foams are presented, along with some material models

for microcellular materials used in finite element analysis programs today.

2.1 Introduction to microcellular materials

From Gibson and Ashby, a microcellular material, being a cellular solid, is defined as a solid made up of
an interconnected network of solid struts or plates that form the edges and faces of cells [2]. Thus, one
can have a material where there are open pore spaces. This leads to a large variety in the topology of
the cell structure. Though, typically these are classified as two-dimensional arrays of cells, honeycombs,
and three-dimensional arrays of cells, foams, as can be seen in figure 1 [2]. In three dimensions
additionally there is the differentiation between cells that are interconnected, so that there is open

space between the cells, and cells with membrane-like faces that are closed off from its neighbours.

Leading to what is referred as open cell foams and closed-cell foams [8].

Figure 1: Examples of three typical microcellular structures, honeycomb(left), open-cell foam (middle) and closed-cell
foam(right) [2, 9].

Great advantages with cellular materials are the abilities to be resilience, lightweight, stiff, high porous,
and have good energy absorption capacities [10]. These factors depend on, among other things, the cell
topology, the bulk material the foam is made of and the relative density of the foam [11]. The topology
defines how the material is packed in space to form a porous material, while the bulk material the foam
is made of gives the foam its intrinsic material properties. The relative density of a microcellular material
is characterized as the ratio between the density of the cellular material, p*, and the density of the bulk
material from which the cell walls are made, ps [12]. This is an important feature as it has a major effect
on the modulus and compressive strength of a cellular material. Higher density foams have higher

Young’s modulus, yield strength and fracture strength [13].

Mechanical properties of foam

The mechanical response of foams to stress is greatly dependent on the solid material which the cell-

walls of the foam are made of, though a common set of actions are to be observed. When a foam is



loaded in compression one can first observe linear elasticity at small stresses, followed by a plateau

region, and finally a densification regime, as seen in Figure 2 [3].

Densification
% Plateau
7
U
I=
W)
& Linear elasticity

>

Figure 2: Example of a compression stress-strain curve for a foam [2]

Strain

At low stresses the foam behaves linearly with an initial slope equal to the Young’s modulus, £, of the
material. In this linear regime the elasticity is determined by cell wall bending in open-cell foams, and
cell wall stretching in closed cell foams. After a certain point the foam reaches a yield stress in which the
cells in the foam start to collapse and one can observe a stress plateau. This collapse may be caused by
elastic buckling, plastic yielding or brittle crushing, depending on the bulk material the foam is made of.
Once the cells in the foam have almost completely been crushed densification occurs, where opposing

cell walls in the foam start to touch, and one can observe a rapid increase in stress with strain [14].

In the case where a foam is loaded in tension it has mechanical properties which resembles more that
of a quasi-brittle material. The tensile response of a foam is such that it has a rapid increase in stiffness
which ends in fracture, as seen in figure 3. Initially when loaded linear elasticity occurs due to cell wall
bending, and cell wall stretching if the cells are closed. Then at larger strains the cell edges rotate toward
the tensile axis, increasing the stiffness of the foam until fracture, for elastomeric and plastic cell wall
material foams. In the case of brittle cell wall material foam a more sudden brittle crack occurs followed
by failure. Compared to the compressive response for a foam, the tensile response is much stiffer, and

not suited for large strains [2, 15].

A\

Fracture

Stress

R Linear elasticity
Strain )

Figure 3:Example of a tension stress-strain curve for a brittle foam [2]




Fracture of foams

Foams experience fracture by cracking of the cell wall when testing in tension and shear. In tension the
foams act linearly elastic before they experience brittle fracture and the same behaviour is observed
when foams are tested in terms of shear [5]. The fracture and crack formations in foams is affected by
the inhomogeneities of the foam. This inhomogeneity comes from the structure of the foam, where
the foam consists of varying thickness of cell edges and cell walls. What is discovered from analysis of
pictures of the microstructure of a foam during loading is that the cracks appear in the foam where the
structure of the foam is the weakest. The cell edges and walls two main fracture mechanisms are

necking followed by tearing [16].

2.2 Divinycell

Divinycell is a PVC-based material manufactured by DIAB that is primary used as a core material in layers
with composite materials like polyester, vinyl ester or epoxy reinforces with glass, aramid, or carbon
fibre. Divinycell is classified as a closed-celled foam and is often used as the core of sandwich elements
because it is a strong, stiff, and light material. Additional beneficial properties of Divinycell is insulation

and that it is water resistant due to the closed-cell structure [17-19].

2.2.1 How Divinycell is manufactured

Divinycell foams are produced by blending the raw ingredients together and then putting this mix in a
mould. This mould in closed with clamps followed by a heating process in a press. When the heating
process is done, the foam has become a solid slab. The slab is put in a hot bath and in this bath, it expands
so that it reaches its density before it is cured. This is a process that makes the cells elongate, which
affects the mechanical properties of the foam. Lastly, the material is divided into different sized sheets

that is desirable for the different uses[20].

2.2.2 Physical properties of Divinycell

Divinycell foam is transversely isotropic, meaning that it behaves differently in one direction compared
to the two other directions which behave isotropic. This is mainly due to the microscopic structure of
the foam that was created during the manufacturing process. When manufactured, the cells grow more
in the direction that is rising, creating pores that are bigger and elliptic in shape, in this direction. In the
other directions the pores of the foam are discovered to be smaller and to have a round shape when
studied in a microscope. Naturally, the direction with round pores is stronger due to it having less pore
volume compared to the direction with elliptic shape pores. The direction with elliptically shaped pores
is called the out-of-plane direction, while the two directions with round pores is the in-plane direction.
Figure 4 shows the elliptic pores in the out-of-plane direction and the round pores in the in-plane
direction. Because of the transversely isotropic nature of Divinycell it becomes harder to model in a

finite element program [21, 22].



Figure 4 The microstructure of Divinycell foam, showing shape of pores in-plane and out-of-plane. The pore on the right is elliptic
in shape and is in the out-of-plane direction. The pores on the left has a round shape and is in the in-plane direction [22].

2.2.3 Uses of Divinycell

The uses of Divinycell are many and it is used in several different industries because of the different
properties of the foam. Divinycell can for example be used in the construction industry functioning as
insulation, because of its density, porosity, moisture resistance and the thermal resistance of the
material. In addition, it is used as supports of structures, due to the high strength of the material. It can

also be used in a system with liquefied natural gas (LNG) as it resists hydrocarbons [19, 23, 24].

Because Divinycell has high strength and low weight, it is often used in transportation, offshore, wind
power generation and civil engineering fields. Another good property for Divinycell is that the thermal
conductivity can be reduced based on the ambient temperature. Divinycell is often used as the core of
a sandwich elements, where a sandwich element is a structure that consists of three layers. In the core
layer it is usually some low-density material, like Divinycell. The function of the sandwich structure is to
resist in-plane bending and lateral bending loads with the panels of element, while the shear forces are

mainly taken by the core of the element [19, 23, 24].

2.3 Modelling the mechanical behaviour of foams

To model and replicate how a foam material will behave mechanically can be a challenging task due to
the microstructure of foams. The variability in density throughout a foam material, the topology and the
effect of volume change are only a couple of factors which one may have to keep in mind. Based on this
constitutive models have been developed for foams to predict how a given material may act under
different type of loading. For the sake of illustrating this two different models are to be presented to see
how some of these constitutive models function. These two models are the Gibson-Ashby model, and

the Deshpande-Fleck material model.

2.3.1 The Gibson-Ashby model

One of the most generally accepted and used models for predicting the properties of microcellular

materials are the models originally proposed by Gibson-Ashby [25]. In this case the mechanical



behaviour of open and closed-cell foams are described by representing the cell structure of a foam as
an arrangement of cubic cells [2]. Both cases being visualised as presented in figure 5. Open-cell foams
are characterized by members with edge length /, and edge thickness t. While closed-cell foams are also
characterized by members with edge length /, and edge thickness t., but also include cell faces with a
thickness of tr. Neighbouring cells are then arranged such that their members connect at their mid-

points.

The Gibson-Ashby foam model structure does not equate to how complex the geometric cell-shapes in
real life foams are. Still, it does capture the same essential physical processes by which foams
mechanically deform and fail [10]. This leads to the simplified cube structure being able to replicate the
behaviour of a real foam by using scaling laws. The modelling of the mechanical behaviour of foams is
different for open-cell foams compared to closed-cell foams. In open-cell foams the strength of the
structure lies in the struts, as that is where all the solid bulk material resides. While in closed-cell foams
there exists solid material both in the cell struts and the cell faces, thus the strength of the structure is
affected by different components [26]. Next the linear elastic behaviour for open and closed-cell foams
using the Gibson-Ashby model is to be presented, to showcase the differences. Specifically, parameters

for compression are looked into as this is normally how foams are loaded.
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Figure 5: Open-cell foam Gibson-Ashby model (left), closed-cell foam Gibson-Ashby model (right) [2].

Elastic behaviour

For open-cell foams an estimation of the Young’s modulus is derived by applying standard beam
theory to the struts of the Gibson-Ashby cell structure. In this case one assumes that the elastic
deformation of the struts, in regard to a load acting at the midpoint of the struts with length /, is
related to the modulus of the structure [27]. For open-celled foams the Young’s modulus is estimated
by the formula as presented in equation 2.1 [11, 12]. Here, E” is the Youngs modulus of the foam, Es is
the Young’s modulus of the bulk material of the cell walls, and p”/psis the relative density of the foam.

The equation X predicts that there is a direct relationship between the relative density of an open-cell



foam, and its Young’s modulus. It is important though to acknowledge that this modulus is at small

strains.
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In the case of closed-cell foams one must include the contribution of solids which may be contained in
the cell faces. Thus, if the fraction of solid contained in the cell struts is ¢, then the remaining fraction
which resides in the cell faces is defined as (1- ¢) [2]. The inclusion of the cell faces makes it so that the
Young’s modulus for the closed-cell foam comes from three components. First is the bending of the
cell walls, as for open-cell foams. Second component is the stretching of the cell faces, and the third
component is the gas pressure inside the closed cells [26]. Thus, the Young’s modulus for closed-cell
foams including all these components is defined by Gibson-Ashby as seen in equation 2.2 [2, 27]. The
formula consists of three parts where each one includes the effect of the components as mentioned. It
can be observed that the Poisson’s ratio, v*, of the foam is included for the inclusion of gas pressure.

Again, it is important to note that this modulus is at small strains.

* *N\ 2 * *
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2.3.2 Deshpande fleck material model

In order to model the behaviour of foams in a finite element program it is necessary to have a material
model that is suitable for the material at hand. The Deshpande Fleck material model has proven to be a
good model when dealing with different kind of foams, like for example aluminium foams and PVC-
based foams like Divinycell [28]. This is because the model describes how materials act under multiaxial
loading, taking hydrostatic loading into account. This is necessary for foams because a change in the
volume occurs due to the cells of the foam collapsing under compression [5, 29]. The material model is

fairly easy to use and has been in different reports to accurately model the behaviour of foams [5].

The vyield criterion is similar to the Von-mises yield criterion, but in addition the Deshpande and Fleck
yield criterion includes a parameter, a, that accounts for the volume change of the material. The yield
criterion can be seen in equation 4 and is based on the yield function @ in equation 3, where the
equivalent stress G is substituted [5, 29]. In equation 2.3 the Y is the yield stress and is expresses with
the plateau stress, 0,, and a representation of the strain hardening R(€) where £ is the equivalent strain.
In this yield criterion o.is the effective von mises stress. The on is the mean stress, Y is the yield stress,
while the a is a parameter that defines the shape of the yield curve. With a being 0 the von mises yield

criterion is recovered. The equation for a alpha can be found in equation 4 [5, 29].

bdb=0-Y (23)



Y =0p+R®) (2.4)

o1 2 2 (2.5)
T v @ et o]
o= 10( 5 [6.24+ a%0,,2]—Y?<0 (2.6)
[1 +(3) ]
, 9(1—2vp)
T 2(14vp) (2.7)

The parameter v, is the plastic coefficient of contraction or the plastic Poisson’s ratio. In the report from
Deshpande-fleck, it is suggested that v, can be measured from a uniaxial compression test for a quick
estimate of the value for a [29]. This way the shape of the yield surface can be found, meaning that the
yield surface considers the volume change of the material. For an accurate representation of a it is best

to measure v, when the uniaxial compression test has compressed the sample by 20-30% [5].

Figure 6 shows the yield surface of the model. To find it, different mechanical properties of the foam
must be defined. The three inputs that are needed for defining this yield envelope in the hydrostatic
pressure (p) and von Mises stress (q) space, include hydrostatic compressive strength (pc) hydrostatic
tensile strength (p:) and uniaxial compressive yield strength (o.). In this way the elliptic yield-surface

from the Deshpande and Fleck theory can be found [30].
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Figure 6 The elliptic yield surface of Deshpande-fleck model in the hydrostatic pressure (p) von Mises stress space (q) [31].

2.4 Available constitutive models for foam using numerical analysis

Numerical analysis is a method that uses algorithms to numerically approximate solutions to problems
that otherwise are hard to solve with mathematical analysis. An example of this is the finite element
method (FEM) which is a numerical method that is used to solve a mathematical formulation of a
practical problem, by using differential equations. The way the finite element method works is by
dividing a large problem into smaller problems. These smaller problems are referred to as finite

elements, and by using approximations these problems are then solved [19, 32]. Examples of



commercially available FEM programs are LS Dyna and Abaqus, which both can model the behaviour of
foams by using constitutive models [33, 34] . However, these models all have their own limitations and
uses, and do not necessarily yield exact results in every context. Thus, a short introduction to some
available constitutive models for foams which exist in LS Dyna and Abaqus are to be presented. Included

are their uses and current disadvantages which may exist.

LS Dyna

When looking into material models for foams in LS Dyna there are many to choose from [34]. The choice
of which one to use is dependent on the characteristics of one’s foam during testing, and what the foam
is planned to be used for [35]. Some examples of foam material models are the Low-density urethane
foam model (MAT57), Fu-Chang’s foam with rate effects model (MAT83), and the Deshpande-Fleck foam
model (MAT154).

The Low-density foam model (MAT57) is used to model highly compressible foams, where one expects
a high grade of recovery for the material. In this case the hysteresis and shape of the unloading and
reloading force versus displacement curves in the elastic region can be controlled. Thus, loading and
unloading behaviour is modelled. However, in the elastic region the evaluation of force and
displacement, and residual deformation after unloading of the model can be improved [36]. Next, the
Fu-Chang’s foam with rate effects model (MAT83) may be used when it is wished to investigate the rate
dependency effects on elastic foams. In this case the rate dependency can be found, however problems
occur when one tries to account for unloading [35]. The Deshpande-Fleck foam model (MAT154) is an
isotropic and continuum-based material model which includes fracture criteria and density variation in
a foam. The model includes volume variation in foams, which isimportant as it is exhibited in for example
metallic foams [37]. Based on the constitutive model developed by Deshpande and Fleck, it was
implemented in LS Dyna by Reyes et al. and includes two criteria for fracture and statistical variation for
foam density [5]. However, a constant shape of the yield surface is assumed, which is not always the

case for foams, and rate dependency is not included in the model [38].

Abaqus

Considering the material models available in Abaqus some examples are Hyperfoam, Low Density foam
and Crushable Foam [19, 39]. For the Hyperfoam model it’s an elastomeric foam material model which
is both isotropic and non-linear. The main use for it is instances where there are large volumetric
changes, in compression up to 90% strain. Though, it is purely elastic, thus not suitable for foams which
undergo permanent deformation [40]. The next model, Low density foam is mainly intended for low-
density, highly compressible elastomeric foams which have significant rate sensitive behaviour. The
model requires concrete specification of uniaxial stress-strain curves for both compression and tension
at different strain rates. By using this data, it computes the stress by interpolation. However, this model

assumes the Poisson's ratio of the material to be zero, though nonzero Poisson effects can be specified



thus including coupling along the principal directions. Still the models does not include negative Poisson-
ratio [41]. The final model is the Crushable foam plasticity model, which is mainly intended for analysing
crushable foams that are usually used as energy absorption structures. This is due to the fact that the
model intends to model the cell wall buckling of foams which occurs due to compression. Additionally,
it can model the difference between the foam in compression and tension. The material model has two
different hardening models, where one is based on the isotropic hardening model developed by
Deshpande and Fleck [19, 29]. Though, the model only looks into monotonic loading, and does not

include the Bauschinger effect [42].






3. Experiments

A large part of the project itself is to characterize the mechanical properties of the closed cell PVC foam
Divinycell H80 by doing experiments, in which specific mechanical properties are to be determined.
Specifically, it was of interest to determine the parameters which are used in the Deshpande fleck foam
model. To achieve this uniaxial compression tests, shear tests and hydrostatic compression tests were
to be done. However, the shear tests proved to be more challenging to perform than anticipated, making
it consume a lot of time and effort. Therefore, there was no time to perform the hydrostatic
compression tests that initially were planned. Thus, the following chapter goes into detail on how the
experiments were done to attempt to find specific mechanical material properties that were of interest,

in addition to the results.

3.1 Manufacturing of samples and post processing of tests

3.1.1 Manufacturing of samples using CNC (Computer Numerical Control)

To make samples that can be used for experimental testing a different CNC-machines are normally used.
CNCis short for Computer Numerical Control and is a term for machines that are used for manufacturing
different parts. The machines are connected to computers that use a software where the geometry of
the manufactured part can be made. An example of such software a is Fusion 360, which was used for
the current study. Fusion 360 is a software from Autodesk that can be used to create different shapes
in a 3D space. By connecting the software to a CNC-machine, the shapes made in the software can be
cut by a CNC-machine out from different materials. The machines provide an accurate, and consistent
manufacture process of parts or samples and is an efficient way to make samples. CNC machines are
known for being accurate in manufacturing of parts and inaccuracies in the manufacturing of a sample
is often due to human error [43]. In this thesis a CNC-machine called Shapeoko 4 was used and is seen
in figure 7. This machine is known to accurately cut different type of materials. It can cut wood, soft
metals like aluminium and it works very well for cutting Divinycell and other similar foams [44]. The
accuracy of the produced parts is dependent on the operator of the machine, it depends on the different
inputs in the software connected to the machine. Therefore, an experienced operator can usually
provide more accurate manufactured parts. That being said, the software is easy to learn and with a

small amount of training one can produce very accurate samples or parts.

Figure 7: The CNC machine which was used, the Shapeoko 4



3.1.2 Post processing test result data

The post processing procedure of test result data consisted of first investigating the force-displacement
behaviour of the tests which was output from the test machine of choice. From the force-displacement
data, stress-strain curves were extracted by calculating the nominal stress, o, and true strain, g, as seen
in equations 3.1 and 3.2. Next, the Young’s modulus is obtained by analysing the initial elastic part of
the stress-strain curves obtained. The slope of the linear regime gives one the Young’s modulus. The

stress value which immediately follows after the elastic regime is deemed as the yield stress.

£
o= ™ (3.1)
e=1In (?) (3.2)

The Youngs modulus is found by from the stress-strain graph by finding the slope of the curve in the
elastic part of the graph. When the rise is divided by the run the slope and the Youngs modulus is found,

as is illustrated in figure 7.
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Figure 8 How the Young's modulus can be found from graphs [2]

DIC and GOM Correlate

To measure the displacement and strain field in certain mechanical tests a non-contact optical
technique, Digital Image Correlation, is used (DIC). The method is based on using digital photographs of
a component or test piece at different stages of deformation and comparing these. By doing this one
can track blocks of pixels, thus the system can measure surface displacement and build up full field 2D
and 3D deformation vector fields and strain maps. Digital Image Correlation (DIC) is a tool that can be
used for finding the deformations and strain using pictures taken under experimental testing [45]. In
analysing images with DIC it exists some inaccuracies. The results of the DIC are dependent on the image
quality and the speckle patter that is applied to the sample and due to this the reliability of the analysis
can be inaccurate. GOM Correlate is a software that uses DIC and is used in the current thesis to analyse

images taken during tests. To track the relationship between the microstructure and mechanical



behaviour of the Divinycell H80 material, for the DIC, pictures were taken at a 1 Hz frequency with a
Canon EOS 5D camera. Pictures were taken when tests at a machine speed of 5mm min'* were done,

and used later in correlation with DIC analysis.

When using GOM Correlate for analysis of the behaviour of the Divinycell foam, there exists inaccuracies
in the current stud both because of inexperience of the program but mostly due to the speckle pattern
that was created for the samples. The structure of Divinycell and the yellow colour makes it hard to
apply a speckle patter of high quality. When the speckle pattern quality is evaluated by GOM Correlate
it is mostly distributed in the area 1.00 to 3.00 where 10.00 is the best possible pattern quality, as seen
in figure 8. The average pattern quality is around 2.70 which is not considered to be a reliable quality for
accurate analysis of the images. A good pattern quality should be around 8.00 to 10.00. When analysing

the results using GOM in the current study this must be taken into account when looking at the results.
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Figure 9 Distribution of pattern quality of the test specimen
3.2 Quiasi-static uniaxial compression tests

3.2.1 Experimental setup and protocol

In the compression case study cube samples of Divinycell H80 were used with dimensions of 24x24x24
mm?3. The Divinycell H80 has an estimated density of 80kg/m?3and relative density of around 0.057, as
the density of PVC is assumed 1400 kg/m3[46]. The cube samples were obtained from a 35mm thick
panel of Divinycell H80 and cut to cubes using a CNC machine, as seen in figure 9. To achieve this the
35mm panel was first placed in the CNC machine, which used a 3D model made in Fusion 360, and cut
the top of the panel down to 24mm. Then using a different program in Fusion360 the CNC machine cut
out squares of 24mmx24mm. Even though the samples have been cut by a machine, some uncertainty
is to be expected for the dimensions because of human error. An example being, when cutting the top
of the panel from 35mm to 24mm. Here the machine must be calibrated such that the drill is exactly at
the surface of the panel, not any lower as it can damage the microstructure of a sample, and not any
higher as the machine cuts down exactly 11 mm. Therefore, before doing any kind of testing the samples
were first measured to get the volume of the sample, and weighed. Resulting in the density of each
specific foam specimen being known. This showed that there was a density variation for the specimens,
which is to be expected according to data from DIAB [7]. The effects of the density variation in the

samples are to be investigated when looking at the results.



Figure 10: Picture of CNC machine cutting cubic samples(left), a 24mm cube specimen with assigned directions where Z is the
foam rise direction(middle), and compression setup using the Zwick Roell Z250 strength testing device with a 10kN force
sensor(right).

For the tests a compression machine, the Zwick Roell Z250 strength testing device from Allround-Line,
with a 250kN load capacity was used. From literature studies [47, 48] it was known that a force higher
than 10kN was not needed to compress the foam, thus also a 10kN force tensor was utilized with the
machine to obtain more accurate results. Additionally, also based on literature studies [47, 48], a
maximum deformation of 16mm, was chosen for the compression of the foam, such that one would
have results for the linear elastic regime, the crushing phase, and only the initial parts of the
densification phase. As the Divinycell foam is anisotropic the effects of this were investigated by using
the two load directions, in-plane and out of plane, during the compression tests. Furthermore, the
effects of the strain rate on the foam were evaluated by using two different strain rates. Thus, the
loading speed for the machine was set to 5mm min* and 500 mm min, which resulted in an average

strain rate of 2.67*103s? and 2.67*10s}, respectively.

3.2.2 Results and discussion

Low strain rate tests
In the case of the low strain rate tests, using a machine speed of 5mm min %, a total of 20 samples were

tested. After measuring and weighing the samples it was discovered that a density variation from about
73kg/m?3 to 82kg/m?3 existed for these samples, as can be seen in table 1. Of the samples 7 were tested
in the XY direction (in-plane direction), and 13 samples were tested in the Z direction (out of plane
direction). The reason more tests were done in the Z-direction, than XY-direction, is because more
instability was observed in the stress-strain graphs in this direction. Specifically, at the start of the
densification regime of the material. The stress-strain results of all the 20 low strain rate compression
tests are presented in figure 10. The graph includes both loading and unloading. From the graph one can
observe that there is a difference in the mechanical behaviour of the samples. This is due to mainly due

to the direction the specimens were loaded in, and the density variation of specimens.
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Figure 11: Stress-strain results of all 20 low strain rate compression tests done, the strain being expressed in true strain. The
graph shows that the foam has weaker mechanical behaviour in the XY-direction compared to the Z-direction.

Sample name |He:'ghr [mm] |Thr'ckness [mm] |£engrh [mm] |We:'ghr [g] |£oad direction |Density[kg/m 3] |

1 23,70 23,63 23,61 1,08 XY (In-plane) 81,68
2 23,70 23,85 24,03 0,99 XY (In-plane) 72,89
3 23,66 23,92 24,06 1,02 XY (In-plane) 74,91
4 23,78 23,72 23,75 1,07 XY (In-plane) 79,87
5 23,70 23,99 23,81 1,00 XY (In-plane) 73,87
6 23,93 23,92 23,76 1,03 XY (In-plane) 75,73
7 24,01 23,73 23,82 1,00 XY (In-plane) 73,68

23,95 23,68 23,74 1,00 Z (Out of plane) 74,27
9 23,99 23,67 23,69 1,00 Z (Out of plane) 74,34
10 23,87 23,76 23,72 1,02 Z (Out of plane) 75,82
11 24,32 23,61 23,53 1,06 Z (Out of plane) 78,46
12 24,57 23,48 23,56 1,06 Z (Out of plane) 77,99
13 23,70 23,67 24,08 1,08 Z (Out of plane) 79,95
14 23,88 23,74 23,65 1,01 Z (Out of plane) 75,33
15 24,10 24,07 24,06 1,06 Z (Out of plane) 75,95
16 24,05 24,08 24,10 1,05 Z (Out of plane) 75,23
17 24,04 24,08 24,17 1,08 Z (Out of plane) 77,19
18 24,04 24,12 24,03 1,05 Z (Out of plane) 75,36
19 24,06 24,13 24,11 1,05 Z (Out of plane) 75,01
20 24,15 24,06 24,04 1,05 Z (Out of plane) 75,17

Table 1:Table exported from Excel showing the dimensions and weight for each of the 20 samples tested at the machine speed
of 5mm min -1. From the table it is observed that a variation of density from about 73kg/m3 to 82kg/m3 existed.

The effect of the anisotropic structural characteristics of the Divinycell foam is observed by analysing
the results of the compression tests, as presented in figure 11. Presented are the two specimens,
specimen 01 and 13, that each were loaded in a different direction. Both with densities near 80 kg/m?3,
so that the density variation of the cubes would not be a factor. The results from the graph show that
the material behaves different when it is loaded in the XY-direction compared to the Z-direction. The
difference can for example be seen in the Young’s Modulus, plateau stress and maximum stress of the

specimens, as seen in table 2. The table shows that the material is stronger when loaded in the out of



plane direction than in the in-plane direction. Hence, it is concluded that the Divinycell H80 foam is a

transversely isotropic material that is strongest in the out of plane direction.

Density Young’s Modulus Plateau stress Max stress
Test01_XY-Direction 81,7 kg/m? 22,9 MPa 0,91 MPa 1,57MPa
Test13 Z-Direction 80,0 kg/m? 36,4 MPa 1,32 MPa 2,01 MPa
Test06_XY-Direction 75,7 kg/m? 18,1 MPa 0,79 MPa 1,34 MPa
Test09_Z-Direction 74,3 kg/m3 30,2 MPa 1,27 MPa 1,83 MPa

Table 2:Material and mechanical properties of the compression cube specimens 01, 06, 09 and 13, low strain rate
compression.
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Figure 12: Quasi-static compression stress-strain graph for cube specimens 01 and 13, showcasing the effect of load direction.

The impact of the density variation of specimens was also investigated when analysing the results of the
compression tests, as presented in figure 12. Presented are two stress-strain graphs, categorized by the
load direction, each showing the behaviour of two specimens with different densities. Specifically,
specimens 01, 06, 09 and 13. In both graphs there is a density difference of about 6 kg/m3 for the
specimens being compared. When comparing the impact of density variance, it is observed that samples
with higher densities are stronger, as seen in table 2. The difference can for example be seen in the
plateau stress and maximum stress of the specimens. However, this density difference is most impactful
in the case where the specimen is loaded in the XY-direction. For loading in the Z-direction the most
impact is observed for the maximum stress of the specimens, and little impact is observed for the
plateau stress. Though, this is considered to be because of the instability which occurs in the plastic
regime of the samples loaded in the out of plane direction. Longer cell edges in the out of plane direction

result in more instability due to the plastic yielding of the cell edges. Thus, it is deemed that enough



experiments were not done to showcase the effect of small density variance in the out of plane direction.

An increase in density should increase the strength of the material, in all directions.
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Figure 13: Quasi-static compression stress-strain graph for cube specimens 01 and 06 loaded in the XY-direction(left), and
stress-strain graph for specimens 09 and 13 loaded in the Z-direction. Showcasing the effect of small density variance in test

specimens.

High strain rate test and comparison
In the case of the high strain rate tests, using a machine speed of 500mm min ™, a total of 17 samples

were tested. After measuring and weighing the samples it was again discovered that a density variation
existed for the samples. In this case a density variation from about 75kg/m?3 to 80kg/m3 was to be
observed, as can be seen in table 3. Of the samples 8 were tested in the XY direction (in-plane direction),
and 9 samples were tested in the Z direction (out of plane direction). The stress-strain results of all the
17 high strain rate compression tests are presented in figure 13. The graph includes both loading and
unloading. From the graph one can observe that there is a difference in the mechanical behaviour of the
samples, the same as with the specimens loaded at lower strain rate. This again is mainly due to the
direction the specimens were loaded in, and the density variation of specimens. As the effects of these
factors have been investigated for the material already, it is chosen to only focus on the impact the strain

rate has on the Divinycell H80 foam when going forward.

Even though these tests are called high strain rate tests, it must be mentioned that a machine speed of
500mm min tis still considered a quasi-static test. Additionally, it is so that in the high strain rate
compression tests less test values were registered in the machine, compared to the low strain rate
compression tests. About 33% less test values were registered for the high strain rate tests, and this is
due to the machine speed being faster. It can be observed in figure 13 by the graph curves being rounder,

when for example looking at the maximum stress, compared to figure 10.
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Figure 14: Stress-strain results of all 17 high strain rate compression tests done, the stress being expressed in true strain. The
graph shows that the foam has weaker mechanical behaviour in the XY-direction compared to the Z-direction.

Sample name |Hefghr [mm] |Thfckness [mm] |£engrh [mm] |We:'ghr [g] |£0ad direction |Densr’ry[kg/m 3j'|

21 24,09 24,00 24,02 1,06 XY (In-plane) 76,33
22 24,02 24,24 24,09 1,11 XY (In-plane) 79,14
23 24,02 23,96 23,98 1,06 XY (In-plane) 76,81
24 24,02 24,05 23,97 1,09 XY (In-plane) 78,72
25 24,03 24,15 24,00 1,12 XY (In-plane) 20,41
26 23,97 24,05 23,98 1,09 XY (In-plane) 78,85
27 24,02 24,11 23,92 1,11 XY (In-plane) 80,13
28 24,08 24,05 23,93 1,07 XY (In-plane) 77,21
29 24,20 23,99 24,10 1,06 Z (Out of plane) 75,76
30 24,00 24,14 24,07 1,05 Z (Out of plane) 75,29
31 24,16 24,08 24,00 1,08 Z (Out of plane) 77,35
32 24,05 24,06 24,14 1,07 Z (Out of plane) 76,60
33 24,06 24,09 24,06 1,06 Z (Out of plane) 76,01
34 24,07 24,04 24,11 1,06 Z (Out of plane) 75,98
35 24,07 24,10 24,10 1,05 Z (Out of plane) 75,11
36 24,10 23,92 23,96 1,05 Z (Out of plane) 76,02
37 24,18 24,07 24,14 1,11 Z (Out of plane) 79,00

Table 3:Table exported from Excel showing the dimensions and weight for each of the 17 samples tested at the machine speed
of 500mm min -1. From the table it is observed that a variation of density from about 75kg/m3 to 80kg/m3 existed.

The strain rate effects of the Divinycell H80 foam are observed when comparing the stress-strain relation
of the foam in low strain rate tests with high strain rate tests, as seen in figure 13. Presented are two
stress-strain graphs, categorized by the load direction applied on the foam, comparing specimens which
were put under different strain rates. Specifically, specimens 01, 13, 25 and 37 were investigated as they
have densities close to one another and therefore minimize the effect of small density variance.

Ultimately the results show that an increase of strain rate results in an increase of mechanical strength



in the Divinycell H80 foam. This is visible when looking at the stress at yield point and plateau stress.
Which can be observed both when loading the material in the in-plane direction and the out of plane

direction, as seen in figure 14.

However, an uncertainty in the results is observed when looking into the Young’s modulus. From table
4 the Young’s modulus seems to be lower for the high strain rate tests compared to the low strain rate
tests. This, based on literature studies, is known to be incorrect [14, 49]. When looking at the compared
graphs from figure 14 it is observed that the Young’s modulus is quite similar for the low strain rate tests
and the high strain rate test. However, the low strain rate tests show an initial nonlinear part at low
strains before the linear regime. Therefore, it is concluded that an error in calculating the Young’s
modulus of the foam has occurred, due to the way that the Young’s modulus has chosen to be calculated
in the project which includes the nonlinear initial part. Other experiments done on Divinycell foam show
that the Young’s modulus does not increase a substantial amount when the strain rate difference is as
much as it is in the current project study [14, 49]. A higher difference in strain rate would showcase a

clearer difference of the Young’s modulus.
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Figure 15:Compression stress-strain graph for cube specimens 01 and 25 loaded in the XY-direction with different strain
rates(left), and stress-strain graph for specimens 13 and 37 loaded in the Z-direction with different strain rates(right)

Density Young’s Modulus | Plateau stress Maximum stress
Test01_XY-Direction 81,7 kg/m? | 22,9 MPa 0,91 MPa 1,57 MPa
Test25_XY-Direction 80,4 kg/m® | 19,0 MPa 1,05 MPa 1,58 MPa
Test13_Z-Direction 80,0 kg/m® | 36,4 MPa 1,32 MPa 2,01 MPa
Test37_Z-Direction 79,0 kg/m® | 33,2 MPa 1,59 MPa 2,04 MPa

Table 4:Material and mechanical properties of the compression cube specimens 01, 13, 25 and 37

Interestingly, the increase in strain rate has a larger impact when the Divinycell foam is loaded in the
out of plane direction. From the table 4 it is observed that the difference in stress at yield point and
plateau strength is higher when comparing the tests done in the Z-direction with those in the XY-
direction. This is thought to be because the buckling of the cell struts is slower under higher strain rates.
Therefore, this effect is amplified when the cell struts are longer, as the case is for the cell struts in the

Z-direction. The buckling of cell struts is assumed slower under higher strain rated due to the way stress



propagates within the material, where the deformation of the material lags behind to a certain degree.
One factor the strain rate does not affect much though is the maximum stress at the end of the 16 mm
deformation, as observed from the figure 14. Concluded, it is observed that for the Divinycell H80 foam
an increase in strain rate leads to an increase in the mechanical strength of the material. Additionally,
the increase in strain rate has a higher impact when the material is loaded in the out of plane direction,

compared to the in-plane direction.

3.3 Shear tests

Through shear testing of the material a greater understanding of the behaviour of the material is
achieved. This chapter will describe the setup of the test, the sample that was tested and the procedure
of the test. Originally the test was supposed to be a small part of the thesis to quickly establish the shear
properties of Divinycell, but the shear test proved to be more difficult to perform than anticipated.
Therefore, a big part of the research in Bordeaux became to figure out a way to get accurate graphs for

the shear properties of the material by modifying the test setup and the shear sample.

3.3.1 Experimental setup and protocol

When preparing samples for the shear test, the CNC-machine was used to cut a shear sample that is
referred to as a “butterfly-sample” because the geometry of the sample looks like a butterfly. The
geometry of the sample is shown in figure 15 where the angle is shown to be 45 degrees and the radius
is 1.585mm due to the manufacture process. Using a drill for the CNC-machine that is 3.17mm in
diameter the smallest radius that can be cut is equal to the radius of the drill which is 1.585mm. Moving
on this sample is used to successfully perform shear test on isotropic metals such as for example steel
[50]. Before performing the shear tests the butterfly sample was put into a device that in this thesis is
referred to as “L-shapes”. The butterfly sample is placed inside the L-shapes as can be seen in figure 16.
Then the sample is fastened by placing 4 metal cylinders that goes through the holes of the butterfly-
sample and the L-shapes. Afterwards, the L-shapes were mounted in the compression machine by fixing
the top part of the L-shape with a pin while the bottom L-shape stands on a compression plate. Finally,
the shear tests were performed by moving the compression plate, making the bottom L-shape move

upwards while the top L-shape was stationary.
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Figure 16:Butterfly-sample original geometry
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Figure 17:Geometry and illustrations of L-shapes (left), Butterfly-sample placed in L-shapes (right)

Test were conducted with the compression machine Zwick Roell Z250 that was described in the
compression tests chapter. The loading speed was set to 5mm/min on all the tests, unless described
otherwise. The maximum displacement was set to be 5mm, which was enough to see whether tests
were successful, as most of the samples cracked before this displacement. The important part of the
maximum displacement was to gather enough information about the behaviour of the sample during
the tests, to later analyse the crack development with pictures and graphs. As Divinycell is transversely
isotropic it needs to be testes in the in-plane and out-of-plane direction. However, in this thesis it was
only tested in one direction to correctly perform a test in this direction before moving to the other
direction. Another reason for not testing the sample in two direction was that the thickness of the
divinycell sheet of which the samples were cut from was only 35 mm, while the thickness of the samples
was 40mm. A change in the thickness of the sample is difficult because the rest of the setup is created
for a specific thickness. The distance between the gap of the L-shape where the sample is put is 12mm,

while the thickness of the sample was 6mm.

3.3.2 Modifications, results, and discussion of tests

When performing the tests, the middle part of the sample is supposed to shear in a straight line
downward in order to go through pure shear and to have results that accurately describe the mechanical
properties. However, when dealing with a foam like Divinycell, there exists some challenges when doing
the shear test with this kind of setup and sample geometry. In that regard, changes had to be made to
the test setup and the shear sample. This chapter will describe the different modifications that were

made to the sample and to the setup, when trying to correctly perform a shear test on the material.

Initial test with original sample

When first performing the shear test with the original setup and the original sample, the sample would
deform in the holes of the sample, and it would also rotate in the holes. In addition, the graphs in a
force-displacement plane showed inconsistent results as can be seen in figure 17. By visual inspection

during the tests and by looking at the inconsistency of the graphs, a modification of the sample was



needed. The shape of the blue graph is horizontally linear because the sample rotated in the holes. This
rotation made the force stay more or less zero until rotation of the sample was no longer possible, and
that is where the increase of force applied to the sample is observed. The thickness of the sample was a
lot smaller than the gap in the L-shapes it was placed into, thus no friction was provided. That is why the
thickness of the sample was increased to 11.5mm in an attempt to increase friction during loading, which

prevents the rotation of the sample as observed in these tests.
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Figure 18:Force-displacement curve for the original butterfly sample. The two graphs show inconsistent behaviour of two
samples with the same test setup and sample geometry

Reinforcement of the holes of the sample (glue and aluminium)

To prevent the holes of the sample from being the weakest part, two main methods of reinforcing the
holes were used. First, glue was applied around the holes of the sample to make the holes more rigid.
At the same time, the “wings” of the sample was made bigger, as can be seen in figure 18. This was done
to have more material around the holes so that the holes would be less fragile. When testing the samples
with glue as reinforcement, it was discovered that it was not sufficient as reinforcement around the
holes. One of the reasons why glue was not a good idea could be because Divinycell is a closed-cell
material, making the glue not enter the foam. This way the glue only laid on the surface of the sample,
not creating sufficient reinforcement compared to if it would sink into the foams structure. The second
approach was to reinforce the holes by making aluminium parts with the CNC-machine with the
geometry that can be seen in the figure 18. These aluminium parts were glued on the wings of the

butterfly sample seen in figure 21.



Figure 19:Sample with bigger wings and glue as reinforcement around the holes (on the left). Aluminium plates made by
manufacturing with CNC-machine (on the right)

In order to glue the aluminium to the butterfly sample, it was necessary to create a setup that would
apply pressure so that the sample and the aluminium parts would stick together. The device that was
made included two wooden boards that would be on the bottom and the top of the sample with the
aluminium parts, as seen in figure 19. On top of the upper wooden board a 25 kg weight was put to
apply pressure. To prevent the samples from getting deformed two wooden prisms were made with the
same height as the sample with the aluminium part and put beside the samples. The main purpose of
the setup was to have metal cylinders in the holes of the sample and the holes of the aluminium part
while the glue was drying. By doing this the holes of the aluminium parts and the holes of the sample
was perfectly aligned. It is important to apply the glue carefully, as the glue was thin liquid at first before
hardening and glue in the middle of the sample could make it stronger and cause inaccurate results

when tested.

- Weight
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Wooden boards with
holes for the metal
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Wood prism made by CNC, to prevent deformation
to the sample
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Figure 20:Sketch of the setup for gluing the aluminium parts to the sample

Figure 21:Wooden boards with holes made by CNC. One with metal cylinders (with plastic) and upper wooden plate (with
soap)



Figure 22:The gluing process. On the left, a shear sample with aluminium on the top and bottom. In the middle, samples with
aluminium on the bottom. To the right aluminium plates with glue.

Results

The shear test was carried out with the aluminium reinforced foam sample and the aluminium
successfully served its purpose as reinforcement because the holes of the sample did not receive the
same kind of deformation and cracks as before. However, the sample did still not go through pure shear.
The cracks started to form in the middle, but instead of shearing straight down it went toward one of
the holes of the sample as can be seen in figure 22. The graphs produced for the samples with aluminium
reinforcement is presented in figure 23, and looks more promising in terms of the consistency of the
graphs and due to shape of the graph when compared with other articles [30, 51]. The variation of the
graphs could be due to the variation of density of the different samples. The density of the shear samples
was not measured in these tests because the main goal was to make the shear setup better in terms of
shearing the sample in the middle. Therefore, analysis of the variation of density is considered

unimportant when investigating the general crack pattern of these tests.

Figure 23:Crack development of sample with aluminium reinforced holes
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Figure 24: Graphs from shear tests with aluminium reinforcement. The yellow, blue, and green graphs are samples that have
the same setup and the same geometry.

However, the sample did not go through pure shear due to the crack development in the sample, and
therefore different theories were made to find the root of the problem. The main theory about why the
cracks formed like this was believed to be because of rotation during the shear test. Another possibility
could be that the middle part of the sample was too strong, making it harder to crack. In addition, some
deformation could occur before testing while being produced by the CNC. Lastly, deformations could
also easily happen due to the handling of the sample when mounted in the shear testing equipment,
making small imperfections in the foam. To make the handing of the sample easier when put into the
shear equipment a plastic plate was made that could be fastened to the two L-shaped aluminium parts,
making them rigid and act as one part. This way the sample would not receive any deformations while
put into the compression machine. For the following tests the plastic plate is used as a part of the setup
in all tests. The plastic part is seen in figure 24. In table 5 an overview of the challenges regarding the

test are presented and possible solutions made to them. The solutions are later described in more detail.



Figure 25: CNC-manufactured plastic part added to the setup of the shear test

Possible reasons why tests are unsuccessful

Modification to sample or setup

The sample could be too thick in the middle

Reducing thickness in the middle part of the

sample

Deformation due to handling of the sample

Manufactured plastic plate to make the system

rigid

Problem with the geometry

Different geometries of the sample were made

with change to radius and angle of the sample

Rotations due to moment

Analysis of the pictures show bottom L-shape
moving closer to the top L-shape during testing.
There for devices are made to keep the same

distance during the tests.

Table 5:0verview of existing problems and possible solution to them

Reducing cross-section of samples

Because one theory was that the sample was too strong in the middle, new samples were made with a

smaller thickness in the middle. The reduced thickness in the middle was cut out by the CNC-machine

on one side before it was turned around to the other side and cut there too. Because the samples had

be turned to reduce the thickness on both sides it exists some inaccuracies. This is because it is hard to

turn the sample so that it is in the exact same position as before it was turned. The sample with reduced

cross-section can be seen in figure 25. To see the effect of the reduced cross-section and to further

analyse what happens during the shear tests, speckle pattern was applied to the samples with reduced

cross-section and to samples with no reduction in cross-section.




Figure 26: Bottom sample with 8mm thickness. Top sample with 4mm thickness

Results

Although the cross-section was reduced, the sample cracked the same way as the sample with no
reduction in thickness and can be seen in figure 26. The graphs for the samples with a reduction in cross-
section is presented in figure 27. The graphs show three curves where the blue and the yellow curve is
samples with 4,5mm in thickness, while the grey graph is for a sample with 4mm in thickness. When
these graphs are compared to the graphs with the original 8mm cross-section, they are naturally weaker
in terms of the amount of force it can withstand and the displacement it can take before fracture. The
blue and yellow curves should be more or less similar, but the blue is a good bit stronger than the yellow.
The difference in strength is considered to be too much to be because of the density alone. One probable
reason why the difference is this big between the two is because of initial deformation when handling
the samples before the tests. Further analysis of the pictures from the tests can help under the graphs

better.

Figure 27: Cracked sample with speckle pattern
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Figure 28:Graphs showing Force-displacement curves of samples with smaller cross-section. The blue and yellow graphs is for
sample with thickness 4,5mm in the middle, while the grey graph is for a sample with 4mm thickness in the middle.

When analysing the images after the tests, it seemed like the moving L-shape moved closer to the
stationary upside down-L in the lateral direction. By the images it looked like the cells of the foam moved
closer together in the opposite side of part that was moving, believed to make the foam locally stronger.
While the opposite happened for the side of the butterfly sample that was pushed upwards, where the
cells moved further apart making the material weaker on this side. This made the sample crack on the
side that became weaker. By using GOM-correlate it became easier to see that the moving L-shape,
moved not only in the z-direction, but also in the x-direction seen in figure 28. In the figure the sample
is rotated 90 degrees, meaning that the y-direction in the figure in the x-direction in reality. This is
believed to create a moment and could be a reason why the cracks start in the middle and moved toward
a hole. Figure 28 shows only the positive displacement during loading in the undeformed state and the
deformed state before cracks appear. It is observed by these images that the bottom right corner is
moves in the positive y-direction during the tests. This is believed to be because the L-shape that is
moving is pushing the top left corner against the other L-shape this results in the displacement of the

bottom right corner.

Figure 29 shows the undeformed state of the sample before loading and the deformed state of the
sample before cracks appear. In the figure the grid is placed in the same place for both cases and in the
deformed image one side is elongated while the other side is shortened when using the grid as a

reference. Therefore, it is suggested that it crack towards the side that is elongated because the cell in



the foam is stretched compared to the other side where the cells are believed to be compacted, making

it stronger.

R e b A

Figure 29:Displacement in y-direction showing that the bottom right corner of the sample is moving toward the L-shape that is
moving.

Figure 30:Picture showing the undeformed state of the sample before test and the deformed state before cracks appear.

Change of the setup with 3d-printed devices

To keep the same distance between the L-shapes during the tests, devices were created. Using a 3d-
printer, plastic parts were made to fit into the L-shapes and the plastic parts contained a hole that a
screw could be screwed into. The devices can be seen in use in figure 30. With these 3d-printed devices
new tests were done on the aluminium reinforced butterfly-samples with no reduction in cross-section

and butterfly-samples with smaller thickness in the middle.



Figure 31: Shear test with 3d-printed devices keeping the distance between L-shapes

Results

The formation of cracks in the samples seemed similar to the previous tests without the 3d-printed
devices. However, when looking at the images during testing the 3d-printed devices had served its
purpose and the distance between the L-shapes did not change during the test and is seen in figure 31.
In this figure there an image of the undeformed state and an image of the cracked state during testing
is included. The axis is placed on the same point on each image and shows that the x axis is aligned with
the L-shape the entire time during testing, proving that the distance between the L-shapes is the same.
The reason why it did not go through pure shear is in this case is unknown, but one theory could be
because of the nature of the foam. Because the foam consists of pores, differences in relative density
can make the foam weaker in certain parts of the foam. When the cracks start to form it is more likely
to crack towards the parts of the foam that has more pores and less material. This is considered to be
an unlikely theory because the large number of tests that all crack in more or less the same manor.
Ideally, the L-shapes would be pulled apart from each other to avoid rotations, but due to equipment

restrictions it was not tried this way.

The graphs from the samples with the new setup with 3d-printed devices is shown in figure 32. All graphs
show samples with aluminium reinforced holes and a thickness of 8 mm. The difference in the graphs is
believed to be somewhat because of the density, but also because slight differences in the setup of the
tests. The grey graph represents a sample that after a certain point received extra strength because the
3d-printed devices took a lot of the force because of wrongly setting up the devices. Some inaccuracies
exist when using these devices could offer more strength to the devices because of friction force when

the plastic is sliding through the gap in the L-shapes.
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Figure 32:Image showing that the distance between the L-shapes is the same during the shear test of the sample. To the left a
picture of the undeformed sample and to the right a picture taken immediately after the crack appeared.
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Figure 33:Graphs showing Force-displacement curves of tests done with plastic devices. All the curves is obtained using the
same sample geometry.

Investigation of different sample geometries

To investigate whether a change in the geometry of the sample could make it easier to shear the sample
in the middle different samples were made. The changes in the geometry from the original samples were
made to the angle and the radius. The original sample had an angle of 45 degrees and a radius that is
1.585mm. The different radiuses that were investigated were: 0, 5 and 10, while the different angles in
degrees were: 50, 45, 15 and 0. Samples were made combining these radiuses and degrees. For example,
a sample with 50 degrees would be made with 0, 5 and 10 in radius. All the previously mentioned
degrees would be combined with these radiuses. An overview of the different radiuses and the different

angles is presented in table 6.



Angle [degrees] Radius [mm)]
0 0
15 1.585
45 5
50 10

Table 6: Overview of the radiuses and the angles that are combined to make different samples

Samples with 0- and 15-degree angles

First the sample with O degrees were manufactured and tested. When tested, it was found that the
cracks started to form in the top right hole of the sample. Due to it having the same thickness in middle
of the sample as the rest of the sample, the weakest part became the holes. The same was the case for
the samples with 15 degrees combined with the different radiuses. These samples have too much foam
material in the middle, making the holes the weakest part of the sample. The cracking of the sample is

illustrated in figure 33.

Figure 34:Sample representing the crack formation in 15- and 0-degree samples

The graphs for the samples with 0 degree and the graphs for the samples with 15-degree angle and
different radiuses is shown in figure 34. Samples that have 0-degree angles are plotted by the blue
graphs, while samples with angle 15 and radius 10 is plotted as red graphs. Lastly the grey graph shows
a sample that have 15-degree angle and 1.585 mm radius. As can be seen from the graphs the samples
with 15 degree and with 10 in radius takes the most force before reaching failure. This can look a bit
strange at first because they have less thickness in the middle than the samples with 0-degree angels.
Therefore, one would think that the samples with 0-degree angle would be stronger. However, when
taking into consideration that all these samples crack in the holes and not in the middle, the results make
more sense. The variation in strength is considered to be because of test setup and density of the
samples, rather than the geometry in the case of these samples. Due to the cracks appearing in the
hole’s further analysis of the variation in graphs are considered not to be important. The results of these

tests were expected but was considered necessary to perform them in order to rule out this geometry.
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Figure 35:Graphs showing Force-displacement curves of samples with angle 0 and 15 degrees. The blue graphs show the force-
displacement curve from the samples with angle 0. While the red graphs are curves from testing samples with radius=10mm
and angle=15 degrees.

Samples with 45-degree angle combined with different radiuses

For the samples that were manufactured with 45 degrees different development of cracks were
experienced for the different radiuses. For the sample with 0 in radius the cracks formed similarly to the
original butterfly-sample with aluminium reinforcement. The crack was in the middle but moved

towards one of the holes above were the crack starts. This is seen in the sample to the left in figure 35.

For the sample that had radius of 5 it cracked near the middle and the direction of the crack moved
toward the hole of the sample. When increasing the radius to 10, it was discovered that the cracks
started farther away from the middle and that the cracks moved towards the holes. This indicates that
when the radius increases, the cracks move farther away from the middle. It is worth noting that the
thickness in the middle of the sample increases with increasing radius, making it harder to crack in the

middle, seen in figure 35.

Figure 36: Samples with 45-degree angle and different radiuses. To the left radius 1. In the middle radius 5. To the right radius
10



The graphs for the samples with 45-degree angle and different radiuses is shown in figure 36. The graph
represents all the tests taken with samples that have 45-degree angles. In order to analyse the graphs,

the results have been divided into different groups and compared.
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Figure 37:Force-displacement curve for samples with 45-degree angles and different radiuses.

First the curves from testing samples with 45-degree angle and 1,585 mm radius are grouped together
in one graph, in figure 37. This is the butterfly sample with no change in geometry. In this graph three
of the curves are similar, while one of the curves show a lot more strength than the other three curves.
This difference in strength cannot be regarded as a difference in density and it is most likely due to
wrong setup of the sample, and it is probably the 3d-printed plastic devices that provide extra strength

to the sample.
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Figure 38:Force-displacement curves for samples with 45-degree angles and radius 1.585.

Then a graph was made to show the curves from the test of the samples that have 45-degree angles and
10mm radius and can be seen in figure 38. What can be seen from this graph is that the curves are
mostly similar except for one graph that is much weaker than the other graphs. The reason why this
curve is much weaker than the other curves is unknown, but it could be because it has received

deformations when made and or handled.
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Figure 39: Force-displacement curves for samples with 45-degree angles and radius 10 mm.



In the figure 39, the force-displacement curve for a shear tested sample with radius 5mm and angle 45
degrees is showed. Due to only one test being taken with this sample it is difficult to say if it is a good
representation of how the curves with this sample geometry behaves. However, in figure 40 it is
compared to other curves to see whether it makes sense. The reason why only one test was performed
on the sample with radius 5 mm is because it was more interesting to see the effects of a bigger change

in the radius and is why the samples with 10 mm in radius is tested in a larger amount.
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Figure 40:Force-displacement curve for samples with 45-degree angles and radius 5 mm

In figure 35 the curves with 45-degree angles and different radiuses are compared to see what the
effect of the change in radius is. One representative graph is chosen for the sample with radius 10 and
one representative graphs is chosen for the sample with radius 1.585. The curve showing the Force-
displacement of the sample with radius 5 is the only curve obtained for this sample geometry and is
not necessarily representative for the behaviour. The graphs show difference in strength where the
sample with 10 mm radius is the strongest sample and the sample with radius 1.585 is the second
strongest. It makes sense that the graph with 10 mm radius is the strongest because increasing radius
makes the sample thicker in the middle. However, this is not the case for the curves showing the
behaviour of the sample with 5 mm radius, which is weaker than the sample with 1,585 mm radius.
Therefore, it is suggested that the blue graph is not representative for the behaviour of the samples
with 5mm radius. To sum up, an increase in the radius makes the samples thicker in the middle is

suggested as the reason for the differences in strength.
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Figure 41: Representative force-displacement curves for samples with 45-degree angles and radius 1.585mm,5mm and 10mm

Samples with 50-degree angle combined with different radiuses

For the samples that were made with 50 degrees and different radiuses it was found that it was similar
to the samples with 45 degrees. The crack pattern for the 50-degree sample with 0 in radius the cracks
are in the middle and the direction of the crack is moving towards the hole of the samples, as seen in
figure 41. The samples with 5 and 10 in radius, cracks farther from the middle with increasing radius. In
these pictures the sample with 10 in radius crack closer to the middle, but it is most likely due to the

setup of the sample and deformations before the test.

Figure 42:Samples with 50-degree angle and different radiuses. To the left: r=0. In the middle: r=5. To the right: r=10.

The graphs for the samples with a 50-degree angle and different radiuses is shown in figure 42. The
curves show the same behaviour for the graphs with 45-degree angle, where the samples are stronger
with larger radius. The graphs with 0-degree radius are the green and the grey curve showing similar

behaviour to each other. The black curve is the sample with 1.585 in radius showing greater strength



than the samples with 0 degree and less strength than the samples with 5 mm radius. The samples
with 5 mm radius are the blue and the yellow graph and are similar to each other suggesting that they

are representative for the behaviour of a sample with this geometry.
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Figure 43:Force-displacement curve for samples with 50-degree angles and radiuses Omm, 1.585mm and 5mm

To sum up, the effect of the radius of the samples is that the sample crack farther from the holes with
increasing radius. In terms of strength, the samples with larger radius can receive larger deformation
and withstand higher force than the samples with smaller radiuses. In addition, smaller angles of the
samples result in cracking farther from the middle and higher strength of the samples. By performing
these tests with different radiuses and angles it is confirmed that a different geometry does not result
in pure shear. The samples with 45 degrees and 50 degrees and radiuses of 1.585mm and Omm show

the most promising formation of cracks in terms of the desired result.

3.3.3 Inaccuracies

Itis important to be aware of the different inaccuracies that exist when analysing the results of the shear
test. When doing the shear tests on the Divinycell foam with the setup and sample that is described,
different factors affect the accuracies of the results. During the manufacturing of the sample with the
CNC-machine some microscopic deformations could occur in the foam. Some imperfections in the
microstructure like this could make the sample crack differently than it would with no change to the

microstructure. In addition, damage to the microstructure may have occurred when the sample was



handled in the gluing process and when the sample was placed inside the two L-shapes. Before the
plastic plate was added to make the L-shapes not being able to move during mounting a few samples
were cracked even before the testing and some samples that were tested may have received damage
that was not visible. Another inaccuracy occurred, after adding the 3d-printed plastic parts to the setup,
where some samples received additional strength because the plastic part got stuck due to it being a bit
too large when doing initial testing with it. This is commented on the graphs when this problematic may
have occurred. Also, when placing the L-shapes in the compression machine it was difficult to make the
bottom L-shape stand straight on the compression plate and some tests may have been affected by this.
Lastly, some of the Divinycell was exposed to light making them a brighter yellow colour than the
Divinycell was stored in the shadow, which could affect the material properties. Optimally, all of the
Divinycell should be stored a dark place. However, it is not believed that the inaccuracies listed is enough
to make the sample not shear in the middle during the test. The inaccuracies mentioned that could affect
the crack pattern is wrong setup of the 3d-printed plastic parts and the placement of the L-shapes in the
compression machine, but the crack pattern was the same even when these inaccuracies was not
present. These inaccuracies are considered negligible but could create some differences in strength that

is not due to the density of the material.

3.3.4 Different shear setups

Due to the challenges that came with doing shear tests on Divinycell with the current shear setup, an
investigation has been made to see how other researchers have performed these tests. Generally,
Divinycell is a difficult material to perform shear tests on and an optimal solution for the setup is yet to
be found when looking through articles. However, shear tests that sufficiently establish the shear

properties of the material is found.

In Bolf et al. they perform a shear test based on the ASTM C273 standard to get the necessary properties
from the shear test.[52] They found that there is not a detailed description about how the samples are
manufactured and prepared and offer a detailed description about how it can be done. By recording the
tests, they could use DIC technology to calculate the shear stress and shear modulus. The article
conclude that it is important to verify the material properties that is provided from the manufacturer
before it is used in calculation. The setup suggested in ASTM C273 [53] has been shown to be accurate
for polymeric foams and have been used successfully in other reports as well [52, 54, 55]. In this setup
a prism of divinycell is glued to the walls of loading plates. Then shear test is done either by moving the
loading plates against each other in compression or in tension where the loading plates move away from
each other. The graphs that are made from testing the foam with this setup is discovered to be a bit
inconsistence and comparisons to other articles doing the same tests are usually necessary to verify the

results.
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Figure 44 Shear test used for Divinycell. Picture from: [54]

In Taher et al. [56] test were performed with a with a setup that can apply tension and compression load
as together with shear load. In the report the shape of the test specimen used are similar to the test
sample in this thesis. The sample of the report uses the same angle, 45 degrees, as the originally
described in this thesis but Taher et al uses a radius that is larger. However, due to investigation of

different radiuses in this thesis a bigger radius for the samples is not better in our case.

A similar setup compared to the current study of shear tests are used in Aktas et al. [50] and described
in ASTM Standard D 7078 [57, 58]. The report used two L-shapes that is dragged apart during testing.
The difference between the current study and the report is that the sample is fastened in the L-shape
with clamps instead of metal cylinders. In addition, the setup is loaded in tension and not compression

like the current thesis. The differences in these test setups are later analysed and discussed.






4. Numerical analysis

An aim of this project study was to represent the mechanical behaviour of the PVC foam by using an
existing finite element material model. Specifically, it was wished to look into the Deshpande-Fleck
material model as it has proven to be a viable choice for different type of foams [28, 29]. From the
experimental research done earlier the main results that are deemed viable are those from the quasi-
static uniaxial compression test. Therefore, these uniaxial compression tests are to be represented by
finite element modelling. Thus, in the following chapter information is presented regarding the finite
element modelling of quasi-static compression results have been done, and comparison of actual test

results to results acquired from the numerical analysis.

4.1 Implementation of the Deshpande-Fleck material model in LS-DYNA

The main goal of the finite element analysis (FEA) is to accurately represent the mechanical behaviour
of the Divinycell H80 foam in quasi-static uniaxial compression. This being based of the viable results
that were achieved during the experimental research. Therefore, a FE material model which mainly
utilizes the stress-strain response of a material in compression is of interest. With this in mind, the
constitutive model developed by Deshpande and Fleck implemented in LS DYNA by Reyes et al (MAT154)
was chosen [5]. This is because the material model in LS DYNA mainly just needs the stress-strain curve
of a given foam to represent its hardening behaviour. Though, some other parameters are also needed,
they are intrinsic material values which have already been found. Other finite element packages, such
as ABAQUS also gives the user the option of using the Deshpande-Fleck material model, but in this case
values from hydrostatic compression tests are also required [42]. Therefore, LS-DYNA is the FE package

of choice going forward.

4.1.1 Material model parameters

When modelling the behaviour of foams during different loading in a finite element program it is
necessary to input parameters that describe the behaviour of the material. These material properties
can be found from experimental testing. Equation 4.1 shows how the yield stress, Y, is expressed in the
implemented material model in LS-dyna and what material properties needs to be found in order to
define it [5].
Y=0p+ viﬂxz In (+)
€p 1-(8/ep)P
(4.1)

When using the Deshpande-Fleck model the following parameters must be defined in order to get a
curve that is similar to the experimental curve: op, a,, y and B are material parameters and can be found
from a curve fit of the stress-strain data from the uniaxial compression. The densification strain pis
determined from the density of the foam (py) and original foam material (pr) [5]. This can be seen in

equation 4.2.



_ 9+ 0(2 pf
€p = — In| —
30 \pro (4.2)

The parameter Cs, is another value that should be defined in LS-dyna and is the value of the failure strain
of the foam and is used to remove failed elements during the simulation. It can be found using a tensile
test for foams and looking at the strain where there is failure on the graph. If multiple tensile tests are
taken the lower values for the failure strain are usually picked. In the case of this report is was not

possible to perform tensile tests to obtain this parameter [5].

4.1.2 Choice of tests and curve fitting

To acquire the material model input parameters, which are needed for the Deshpande-Fleck foam model
(MAT154) in LS-DYNA, stress-strain curves from the uniaxial compression tests were used. Additionally,
parameters such as the Young’s modulus and relative density of the foam specimens, which are also
needed in the material model, were found in the experimental research part. To represent the behaviour
of the foam, both in the in-plane direction and out of plane direction, two stress strain curves were
analysed. Specifically, stress-strain curves from the samples 01 and 13 were used as these have been
analysed in the earlier chapter 3. These samples were both loaded at the same strain rate, but in
different directions. The strain rate dependency of the Divinycell foam has been discussed, but is chosen
to not be investigated by FEA. Other materials models in LS-DYNA may be more suitable for investigation

of the strain-rate dependency, such as the Fu-Chang’s foam with rate effects model (MAT83) [35].

For the curve fitting data from the stress-strain curves were fitted to a curve described by the equation
4.1 to acquire the parameters of plateau stress ap, ¥, a2 and 8. To do the curve fitting by the equation
4.1 the compaction strain €4 was also needed. This value is based on the parameter describing the shape
of the yield function, a, and the relative density of the foam, as seen in equation 4.2. From literature on
Divinycell foam, and visual inspections of samples after the compression tests, it is known that the
material displays a nearly zero plastic Poisson’s ratio [28, 59]. Thus, by using equation 2.7 one gets a
value for a. Once these values are known one can perform the curve-fitting, which is illustrated in figure
43. The figure 43 presents the stress-strain curves from compression tests done on samples 01 and 13,
and the curve fit which was used to acquire the model parameters. The curve fit does not include de-
loading, or initial elastic values, as hardening is the primary focus, and the inclusion can give inaccurate
values for the model parameters. Model parameter values from the curve fitting are given in table 7 for
both tests. Additionally, the value for the failure strain of the foam, G, is found from literature and is

based on the volumetric strain at failure for Divinycell H80 foam [59].
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Figure 45: Showcasing of the Deshpande-Fleck yield surface curve fitting which was done for both tests 01 and 13 based on
experimental data

Table 7: Input parameters for the Deshpande-Fleck foam model (MAT154) for both tests specimens 01 and 13 in LS-DYNA

Test 01

pslkg/m?]  Ef[Mpa] v, o Y &4 az 8 op[MPa]  Crir[59]
81,7 23,2 0 2,12 | 0,40 2,84 4,87*10* | 6,58 | 0,87 0,1
Test 13

pslkg/m?] | Ef[Mpa] | v, o Y &4 az 8 0p [MPa] | Crir[59]
80,0 36,4 0 2,12 | 0,59 2,86 2,18*10° | 8,70 | 1,23 0,1

4.2 Finite element model

The model made in LS-DYNA to represent the quasi-static behaviour of the Divinycell H80 foam is a
24x24x24 mm? sided cube, as seen in figure 44. A solid element represents the cube, and by using the
command “Shape Mesher” 8000 elements were assigned to the cube. The solid elements were
represented using fully integrated selectively reduced solids (ELFORM 2), as this has proven to be viable
for foam modelling in LS-DYNA [5, 60]. To avoid hourglassing the stiffness based hourglass control
(IHQ=5) with default values was assigned to the solid cube. Additionally, the bottom nodes of the cube
are fully constrained to simulate a rigid bottom. Afterwards the Deshpande-Fleck material model
(MAT154) was assigned to the cube. To replicate the behaviour of a specific sample specimen the

material parameters as shown in table 7 were simply input into respective keyword files.

Next a rigid part was made by using shell elements to simulate the part of the compression machine that
moves. The rigid plate was given the material properties of steel by using the rigid material model
(MAT20), and a thickness of 10mm was assigned. Contact between the rigid plate and the cube is defined
by using the automatic nodes to surface contact command. In this case the top nodes of the cube were
made to have contact with the bottom surface of the rigid plate. Additionally, for the contact a soft
based contact formulation (SOFT=1) was added. This is due to the wide difference in the elastic bulk
moduli of the elements which make up the surfaces in contact, and is the preferred approach when soft

foam materials interact with metals [34].



Figure 46: 24mm sided cube model made in LS-DYNA

The quasi-static loading was applied to the test cube by assigning a prescribed motion to the rigid top
plate in which a velocity field was used. The shell plate was constrained so it could only move in the Z-
direction, and the loading was applied by using the keyword “PRESCRIBED_MOTION_RIGID” with a

curve defined by [5]:
dmax
v(t) = # * = [1 — oS (% * t)] (4.3)

Here, dmax is the final displacement of the top plate, while T is the total loading time. The given velocity
field from time t=0 to t=T, results in the displacement dmay, resulting in an initial acceleration which
equals zero. This should ensure that the loading takes place gradually, thus needless dynamics in the
numerical solutions are avoided. For the FEA the total loading time was set to 100ms, and the maximum
displacement was 16mm. The 16mm displacement matching the displacement that the samples were

deformed to in the experimental research part.

4.3 Finite element modelling compression results

Results obtained from the finite element analysis were compared to the behaviour of the physical
uniaxial compression tests which have been performed. The aspects that were investigated were the
deformation response of the FEM sample and stress-strain curve results. This was done for both the
samples 01 and 13 to investigate the load direction effects. These results were then discussed regarding

the suitability of the chosen Deshpande-Fleck foam model in LS-DYNA for the Divinycell material.

4.3.1 Deformation response

Analysing the deformation response of the finite element models it is seen that there are factors that
are consistent with the physical tests done, but also certain results which question the methods used

for the finite element modelling. From figure 45 one can observe the deformation in the finite element



models that occurred. The same deformation response was to be seen for samples 01 and 13. The figure
show deformation of the cube after a time of 80ms, where the cube is in the plateau regime, and at the
end time of 100ms, where densification has occurred. It is observed that in both cases there is
deformation not only in the direction of the displacement, the Z-direction, but also in the Y-direction.
Though, no displacement occurs in the X-direction, from looking at the effective strain. Considering that
the plastic Poisson’s number has been set to zero, this is inconsistent with expected results, and must
be looked into. The deformation in the Z-plane though has been modelled as observed with elements

being more compressed with increasing deformation.

The reason behind this deformation in the Y-direction seems to be because of an internal buckling which
occurs at one side of the model, as seen in figures 46 and 47. The figures are at a time of 80ms, the
plateau regime, in the models and show that the effect occurs for both specimens 01 and 13. This
buckling leads to a negative volume change in one side of the cube, resulting in a higher von Mises stress
on that side of the model. While on the other side of the cube a positive volume change is observed
due to the buckling. Additionally, it can be observed that a higher von Mises stress exist for the sample
13 which is loaded in the out of plane direction. This being in line with what is observed in the physical
experiments done. However, the difference in von Mises stress throughout the model is actually not
that large when observing the von Mises values displayed in the figures 46 and 47. Here, there is a
difference of about 0,150 MPa for the model 01 and 0,300 MPa for the model 13. Even so, the
deformation observed is deemed to be incorrect when compared to actual deformation observed from

compression experiments.

Figure 47:Deformation response of the finite element model at times 80ms and 100ms, from LS-DYNA



Figure 48:Finite element model based of sample 01 loaded in the in-plane direction showcasing the Von Mises stress at time
80ms, from LS-DYNA

Figure 49: Finite element model based of sample 13 loaded in the out of plane direction showcasing the Von Mises stress at time
80ms, from LS-DYNA



When comparing the observed deformation with other literature work which uses the Deshpande-Fleck
material model in LS-DYNA for foams this problem is not observed [5, 22, 61]. Therefore, it is assumed
that some user error has been done when doing the finite element modelling. When performing a finite
element analysis there are several factors which could affect the results achieved. The main cause of the
error is proposed by the authors to be because of the contact formulation between the rigid plate and
the cube. The large discrepancy in Young’s modulus of the contact materials may have a larger effect
than expected, and the contact may be more intricate to calibrate than thought. However, this is simply
a theory and would have to be looked further into. Therefore, this error in deformation response must
be kept in mind when looking into the viability of the Deshpande-Fleck material model in LS-DYNA when

used for the Divinycell H80 foam.

4.3.2 Stress-strain curves

When looking into the stress-strain response of the finite element model in quasi-static compression
these results are reasonably in line with the data from experiments. Figures 49 and 50 presents stress-
strain curves for the samples 01 and 13, with respective to von Mises stress-strain curves from the FEA
for comparison. The von Mises stress-strain results from the FEA are based on a set of elements which
are located at the middle cross section of the cube model, as seen in figure 48. In this case all elements
in the cross section are included, thus 800 elements are analysed, and an average of the von Mises
stress-strain response from all the elements give the resulting curves. This is done to include the effect
of the unexpected deformation in XY-plane, as the middle cross section is the most affected, and to see

its effect on the results.

Figure 50: Finite element model highlighting the elements which were observed when looking into the stress-strain response
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Figure 51: Stress-strain curves for the sample 01 from both experimental data and the FEM model
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Figure 52: Stress-strain curves for the sample 13 from both experimental data and the FEM model

First, the elastic regime is investigated. For both samples it is observed that the FEA results are not
perfectly accurate, though the difference is not too large. This difference in the elastic regime is due to
the sample curves not instantly going into a linear response, unlike the curves from the FEM model.
When comparing the linear regime of the two figures it is observed that the finite element curves are
more accurate for the sample 13 loaded in the out of plane direction. This is because the out of plane

loaded sample goes into a linear response quicker than the in-plane loaded sample. After the linear



regime the stress-strain curves from experiments showcase a slight peak in the stress space. This is not
a response which the finite element model displays, and is deemed to be because it was not replicated

in the curve fitting which was done.

Next when analysing the plateau regime, it is observed that until a certain strain the curves from the
experimental data, and curves from the finite element model match. This being the case for both tests
01 and 13. However, at a strain of about 0,28 densification starts to occur for both the finite element
models. Compared to the actual test data this is incorrect as seen in both figures 49 and 50, where
densification occurs at a later stage. Due to this early densification the finite element curves have a much
higher peak stress at the final deformation of 16 mm. The difference in peak stress is larger between
experimental data and finite element results for the test 13 compared to test 01. This being because of

the anisotropic behaviour of the foam where it is stronger in the out of plane direction.

There is much to look into when investigating of the accuracy of the Deshpande-Fleck foam material
model in LS-DYNA in regard to the Divinycell H80 foam. Based on the stress-strain curves alone one could
say that the material model with reasonable accuracy models the elastic and initial part of the plateau
regime correctly. However, the densification occurs much earlier in the finite element model than in
actual experimental data. It is considered that this can be due to the assumption of the density strain &g,
which is a function of the relative density of a foam, as seen in equation 4.2. Perhaps the calibration of
this density strain to the actual density strain of a material would yield more accurate results. However,
it is important to note that the obtained stress-strain curves from the FEA may contain some errors due
to the deformation behaviour observed. As the deformation behaviour from the FEM model does not
perfectly replicate the behaviour seen from actual compression tests. This leads to speculations about

how correct the finite element model was set up, and the validity of the obtained stress-strain curves.






5. Discussion

The work in this project study showcases experiments done on Divinycell H80 foam to characterize the
mechanical material behaviour of the foam. From this various results have been achieved and given an
insight to how the foam functions to a certain degree. Additionally, the ability to represent the behaviour
of the Divinycell material by using the Deshpande-Fleck foam model in LS-DYNA was investigated, and
produced results. However, these results entail some uncertainties which are to be discussed. Thus, the
results from the experimental compression tests and the comparison with the finite element
compression modelling is to be discussed. In addition, the shear tests results, and reasons for why they

did not turn out as wished are to be discussed.

5.1 Experimental compression results and FEM compression results

5.1.1 Experimental compression results

The results which are deemed most viable from the experiments done in the project study are the
uniaxial quasi-static compression results. These include investigation of strain rate, effect of load
direction and effect of density variance. To confirm that these results are correct they were compared
to other literature which has done the same tests [7, 47]. By doing this it was discovered that the results
achieved are reasonable. However, it is acknowledged that uncertainty of the compression results exist

due to possible human error and post processing of experiment data.

First, the effect of human error must be discussed, as this has the chance of occurring at many times
throughout the experimental testing. Even as early as before making any samples, the 35mm thick panel
which the Divinycell H80 foam samples come from can lead to errors. For example, when performing
the uniaxial compression tests, it was observed that some samples had a variance in colour throughout
the thickness, as seen in figure 51. This is believed to have happened due to the panel not being placed
well enough so that no sunlight would hit it. Thus, this could have influenced results that have been
achieved in the project study. Additionally, processes such as making samples using a CNC machine, or
correct placement of samples in the compression machine, each entail a set of uncertainties which can

affect the end results.

Figure 53: Divinycell H80 panel showing the variance in colour due to exposure to sunlight



Next the post processing of data achieved must be discussed, where the main outputs which were
processed were the force-displacement data. When post processing data this was done in the programs
Microsoft Excel and Python. Here, as seen for the calculated Young’s modulus for compression tests,
errors may occur. For the project study the Young’s modulus was not calibrated as the results achieved
were quite similar to expected results based on literature. However, it has led to some inaccurate results
when analysing the stress-strain curves, and must be considered. Though, other results achieved
through the post processing of the compression data are deemed quite accurate. The Divinycell H80
foam shows an anisotropic behaviour in the experiments, where it is stronger in the out of plane
direction, due to the foam microstructure. Additionally, a higher density and an increase of strain rate
leads to an increase in mechanical strength, the results show. These finding correspond with existing

literature on Divinycell foam, thus making the viable [7, 47].

5.1.2 FEM compression results and comparison

To model the behaviour of the Divinycell foam using a finite element analysis program, LS-DYNA was
chosen. As results from the compression test are the most correct experimental data, a material model
which utilizes these results is needed. Thus, the Deshpande-Fleck foam model (MAT154) was chosen, as
it only requires compression stress-strain data of a specimen in LS-DYNA [5]. The finite element model
that was produced had the goal of replicating the compressive behaviour of cube specimen from
experiments. Considering what has been done there are several aspects which can be discussed upon,
and that would be beneficial to investigate further. The choice of material model for the Divinycell
material, the choice of FEM program, and uncertainties of the model made in LS-DYNA could be

investigated.

There are several material models which exist in LS-DYNA for foams, and that may be suitable for
modelling a polymer foam. Examples of these the Low-density urethane foam model (MAT57), and the
Fu-Chang’s foam with rate effects model (MAT83) [34]. Using another material model in LS-DYNA, and
comparing it to the Deshpande-Fleck foam model in regard to compression experiments would be
insightful. By using these different material models for the same finite element model, one could see
the accuracies of the different ones. Next, it would be interesting to do the compression finite element
analysis in another FEM program which utilizes the Deshpande-Fleck model. For example, Abaqus which
has the Crushable Foam model which is based on the Deshpande-Fleck constitutive model [42]. By doing
this the results from the different FEM programs could be compared to see which is the most suitable

for the material.

Finally, uncertainties in the model made in LS-DYNA must be discussed. The model which was analysed
expressed reasonably viable results for the stress-strain curves when compared to the actual tests.
However, the deformation behaviour of the model was not as observed in compression experiments.

This is considered to be because of the contact formulation between the foam and the rigid plate acting



on it, though it must be investigated further. The inaccuracy of the deformation behaviour leads to
uncertainties in the compression stress-strain graphs which were output from the FEM model. Thus,
they must be viewed critically when looking into the suitability of the Deshpande-Fleck foam material
model in regard to compression of the Divinycell material. Though, if the effects of this is small, the
results achieved when using the material model are deemed as reasonably accurate, with an error

regarding the densification strain.

5.2 Shear test results

Although the shear tests are regarded as unsuccessful it became a large portion of the thesis due to the
work and time put into the test and due to a wish to analyse what went wrong during the tests and what
could be changed to make the current setup work. The reason why the samples crack in the way that
they do during the shear tests is still unknown, but different theories as of why have been established.
The main reason is believed to be because of the nature of the microstructure of the foam. Divinycell
consists of pores that are elliptic in one direction and round in two directions, making it transversely
isotropic. Either because the foam is transversely isotropic or because it consists of pores or a
combination of both is considered to be the reason for the observed crack pattern. In a foam the
distribution of the cells is irregular, meaning that the shape of the cells are different from each other
[49]. This makes the foam have locally different mechanical properties and cracks toward the part of the
foams where the cells are weaker. When the foams are studied in a microscope during yielding it is
discovered that deformations happen in the weakest layer of the cells of the sample. The yielded cell
disrupts the formation of cells that are near the localized deformation. This disruption of cells can make
the material stronger or weaker around the yielded cell. This is assumed to be a possible reason why it
is hard to get the samples to shear purely. In the case of this thesis the yielding would start in the cells
in the middle, but that could cause a rearrangement of the cells around this yield point making the

sample crack toward the arrangement of cells that become weaker.

The graphs obtained from the testing are analysed in terms of force and displacement to see the effect
of the different changes made to the test sample and the test setup. They are not analysed thoroughly
because it is not considered to be important when the sample did not experience pure shear. The main
takeaway from the graphs is to confirm that the changes done to the tests made sense in terms of the
strength of the curves produces in a force-displacement space and to look at the consistency of the

results.

When observing the images of the tests it seemed like the cells contracted at one side of the sample and
that the cells moved apart from each other. This results in the side of the sample with cells moving apart
being weaker than the side where the cells are closer together and after enough loading the sample

crack towards the weaker side of the sample. A reason why one side gets stronger than the other could



be because only one side of the sample is moving during the tests. This could be solved by applying the

same force downwards on the top L-shape as the force upward on the bottom L-shape.

The main reason for why the describes setup for the shear test was used in this thesis is because of the
simplicity of the test and that modifications to the test was easily performed. By looking at the collection
of the different graphs and the crack pattern for the different samples it is found that the samples with
aluminium reinforced holes and angles of 45 or 50 degrees and a radius of 0 or 1,585 is considered to
be the most successful tests. Reducing the thickness in the middle of these samples makes the samples

weaker, but the cracks propagate in the same way.

It is believed that the test setup used in Aktas et al. [50] is more easily performed than the setup in the
current study when testing pure shear of Divinycell foam. Instead of fastening the sample with metal
cylinders in the L-shape they use clamps. This avoids the problem that in seen in the current thesis as
the holes are weak and deform during tests. Even with aluminium reinforcement of the holes small
deformations is believed to have happened in the holes during the tests. However, there might exist
some challenges regarding fastening the sample with clamps that is unknows to us. If the samples are
fastened by clamping the material deformation may occur due to the force that is required by the clamps
to sufficiently fasten the foam. In addition, in the report of Aktas et al. the L-shapes are dragged apart,
and both of the L-shapes are moving at the same speed at the same time. This is considered to be better
than only loading one side at a time in compression. Whether the sample is tested in compression or
tension is regarded as being not too important for achieving pure shear of the foam. However, there is
reason to believe that dragging the L-shapes apart or compressing both L-shapes together at the same
time is better than only one side being loaded. This is because only loading one side of the system is
believed to create an imbalance that may create a small rotation and the effect of this could make one
side of the sample cells stretch while the other side of the sample contracts, as is shown earlier. This
ultimately results in the cracking that is observed throughout the current thesis. If the goal of the
researcher is to obtain the shear properties of Divinycell another test setup is recommended to use as
described in ASTM C273 standard as this test is successfully performed on Divinycell and other PVC-
based foam material by reading different articles. When using this test, it is important to be aware of
the accuracy of the graphs that is produced during the test and compare them with other articles to

make sure the results are reasonable.






6. Conclusion

The project study has had the goal of investigating the mechanical behaviour of Divinycell H80 foam,
and to represent it using an existing material model. This has been achieved to a certain extent, where
viable uniaxial compression test result data was achieved. The test data showed that the Divinycell H80
foam showed an anisotropic behaviour in the experiments, where it was stronger in the out of plane
direction, because of the foam microstructure. In addition, an increase in density and an increase of
strain rate leads to an increase in mechanical strength. Next, the viability of an existing material model,
the Deshpande-Fleck material model, in LS-DYNA was investigated in regard to the compression data.
By comparing the displacement behaviour of Divinycell specimens, and stress-strain curves from
experimental data to results, it was shown that results achieved when using the material model are
deemed as reasonably accurate, with an error regarding the densification strain. However due to the

deformation behaviour of the FEM model which was one must consider inaccuracy of these results.

Another great focus of the thesis was to determine the mechanical behaviour of the foam through shear
testing on the PVC-based foam material Divinycell. As a result of the trial and failure of shear tests a
greater knowledge of nature of the material was gained. The process of modifying the current test setup
and test sample is explained, and some conclusion can be drawn looking at the results. First the holes of
the original sample are the weakest part when tested in the current setup. Therefore, aluminium
reinforcement is considered as a good addition when doing the tests with the current setup. During the
initial test the distance between the L-shape became smaller and 3d-printed devices was manufactured
to keep the same distance for the duration of the test and is regarded as a good addition to the test.
Furthermore, a plastic plate was added to avoid deformation when the sample was handled before
mounting it in the compression machine. It is concluded that less deformations happen after this was
added to the testing process. Next, the graphs in the current thesis that is not accurate enough to be
used for an accurate description of the mechanical properties from the shear tests. However, the graphs
produced in the current thesis is mainly used for analysing the differences strength and looking at the
consistency of the graph when modifications to the samples were made. The reasons why the sample
did not go through pure shear is concluded to be because of the structure of the foam and due to the
shear setup. Different shear setups have achieved pure shear for their samples where the shear test
based on the ASTM C273 standard is regarded as the easiest test setup in order to achieve accurate
result. It is also concluded that it would be better if the shear sample would be fastened by clamps
instead of making holes in the sample and fastening it with cylinder, as is the case for the test described
in ASTM Standard D 7078. In this test setup both the L-shapes away from each other during the test.

This is considered to create less imbalance during the tests and avoid any rotation that may occur.






7. Future work

Considering future work which can be done there is a plethora to choose from. First of all, it would be
very interesting to do more research on the shear test setup, and to model a finite element model to
replicate the behaviour. This could give insight into why the shear tests did not go as planned.
Additionally, considering the Deshpande-Fleck material model, it would be interesting to investigate the
advantages of using the model in different FEM programs. One could also utilize different foam material

models to observe the impact of this.

Additionally, future research could do the experiment on foams that are isotropic to see how mich it
matters that Divinycell is transversely isotropic. If researchers are to do shear tests with the same kind
of setup as in this thesis, they can start with reinforcing the holes of the samples with aluminium as this
is regarded as a successful step towards making the samples go through pure shear. Also, the 3d-printed
plastic parts, and the plastic plate made by the CNC are a helpful addition to the test. Otherwise, this
research adds to the knowledge about what modifications to the test that is necessary to do and what

modifications can be ruled out for future research.

it would be interesting to see how the transversely isotropic microstructure behaves under loading with
the current shear test setup to see what happens to the cells on a microscopic level to it to further
understand what the happens. Furthermore, for future research it is easier to use the shear setup based
on the standard ASTM C273. This is because more research has been conducted with this shear setup
and because good results have been achieved when compared to each other. However, if using the shear
test performed in this thesis it would be interesting to see the effect of the L-shapes moving away from
each other in tension, rather than only one L-shape moving in compression. In addition, changing the
way the sample is fastened from being fastened with cylinders in holes of the sample to a fastening

system that uses clamps could be looked into further.
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