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Abstract

The incorporation of bio-based materials and biocomposites is a crucial component in the
pursuit of climate neutrality. Volvo Cars has set a target to achieve climate neutrality by
2040, leading to a growing interest in the application of bio-based materials and biocom-
posites. This has stimulated research in the field of mechanical behaviour and modelling,
using Computer Aided Engineering (CAE) tools. Today there is a lack of Finite Element
(FE) and material models for biocomposites, in particular those made of natural fibres as
they display a complex microstructure.

Throughout the project three kenaf fibre reinforced composite samples are analysed and
characterised. The complex microstructure is obtained from Computer Tomography (CT)
scanning, which is a non-destructive method. X-ray computer tomography Aided Engin-
eering (XAE) is used to characterise the nonlinear behaviour of natural fibre composites
by creating a FE-model. The FE-model is used in a virtual tensile test and compared
against a physical test to calibrate the material properties of the samples. FE-simulations
of natural fibre composites based on detailed information of their microstructure lacks in
the litterature. To the best of our knowledge, conducting it at the coupon level has not
been attempted in research until this day.

The results shows that the characterisation of the microstructure using CT-scanning is
successful. Furthermore, the result shows that the XAE process, going from image data
to creating a mesh and running a quasi-static FE analysis, is applicable to a natural fibre
composite. Thereafter, virtual tests are correlated against the mechanical tests and the ma-
terial calibration successfully captures the initial stiffness, the non-linearity and the peak
load of the samples. Further, the response for different areal weights are successfully
predicted using the calibrated mechanical properties.

Keywords: Natural fibre reinforced composite, Computer tomography, Finite element,
Material characterisation, Correlation, Virtual testing, XAE, LS-DYNA, RETOMO, Kenaf
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1

Introduction

The use of bio-based materials and biocomposites is an important part of achieving cli-
mate neutrality. Bio-based materials sequester carbon dioxide during their growth phase
and will therefore not release new g@nto the atmosphere. Natural bres used in
biocomposites often show good mechanical properties and can offer signi cant weight
savings [1] in comparison to traditional plastics or glass bre composites.

The use of biocomposites in structural A-surface and bodywork parts has increased the
interest in mechanical behaviour and modelling using CAE tools. However, there is today
a lack of FE- and material models for biocomposites, in particular those made of natural
bres as they display a complex microstructure. CT scanning and physical testing are
tools for obtaining FE- and material model methods. Once a method for this modelling is
in place, it enables virtual testing and calibration of the material model.

When introducing new materials, many material tests must be performed to character-
ise the material properties. This is an expensive and time consuming procedure when
performing the physical tests. Therefore, it is of interest to perform these material tests
virtually. CT analyses have been performed on man-made bre-reinforced polymer com-
posites at the coupon level [2] as well as for random oriented natural bre-reinforced
polymer composites on a Representative Volume Element (RVE) level [3], [4]. There is
a lack of analysis of random oriented natural bre composites at the coupon level in the
eld of research today.

Natural bre composites come with a number of challenges as they are not man-made.
This means that each individual bre is unique and in uenced by the conditions it has
been exposed to during its growth. Furthermore, the mechanical properties of the bre
can change during composite manufacture [5]. This will signi cantly in uence the ma-
terial modelling of these natural bre composites as the spread in material parameters are
extensive.

Given the complexity of natural bre composites, the main objective of this thesis work
is to answer the following question.

* |Is it possible to correlate a virtual coupon test to a mechanical test where the under-
lying basis comes from X-ray computer tomography aided engineering?

Virtual tests for natural bre composites at the coupon level have not been done before
using computer tomography generated image-based FE models. Computer tomography
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will enable the characterisation of the composite microstructure. The characteristics of
the microstructure are the ratio of the bre and matrix volume fraction together with the
bre orientation information. As previously stated, computer tomography studies have
previously only been performed on man-made bre composites on the coupon level or
with natural bres on a RVE level. Thus, to date, this is the rst research project to ad-
dress the material characterisation on the bre as well as coupon level including nonlinear
material behaviour and material failure.

This project will be limited to analysis of three different coupons of the same mater-
ial, a kenaf bre composite with a polypropylene matrix. All three coupons will be CT
scanned, tested physically in a mechanical test and virtually in the computer.

The thesis is structured with six chapters where Chapter 2 describes the theoretical back-
ground for the project. Chapter 3 presents the methodology. In Chapter 4, results from
all stages of the project are presented. Further, the results are discussed in Chapter 5,
whereas some concluding remarks are presented in Chapter 6.



2

Theory

2.1 Fibre reinforced composites

A bre reinforced composite material consists of two main constituents, bre and matrix.
The bres are embedded in the matrix material, which together with the polymer matrix
forms the bre reinforced composite, as illustrated in Figure 2.1. These materials can be
formed in a number of different ways to ensure that the desired shape of the composite is
obtained. One major advantage of using bre-reinforced composite materials compared
to e.g. steel is that it has a much lower weight-to-stiffness ratio [6]. This means that
one can obtain the same stiffness in a certain direction with a lighter structure of a bre
reinforced composite compared to the steel structure.

Figure 2.1: The general assembly of a bre-reinforced composite, inspiration from [6].

The breis the primary load-bearing component responsible for imparting excellent mech-
anical properties to the composite [7]. A number of bres are available with different
properties effective in reinforcing different matrix materials. The mechanical properties
of the bres are most often observed in the bre direction, which implies that the inform-
ation on bre direction is crucial when analysing bre reinforced composites.

The main function of the matrix is to bind the bres together. By this, the matrix transfers
the loads to the bres as well as protects the bres from external in uence. The matrix has

a strong in uence on several mechanical properties of the composite, such as transverse
modulus and strength, shear properties, and properties in compression.

2.2 Natural bre composites

Natural bre composites are composite materials made of bio-based bres together with
a matrix. There is a number of different natural bres available. In this thesis the focus
will be only on kenaf bres together with polypropylene (PP) bres. The mechanical
properties of kenaf bres are within the range of other natural bres and suit well as bre
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material in a natural bre reinforced composite [1]. However, according to several dif-
ferent sources, there is a wide range of mechanical properties. The mechanical properties
for kenaf bre are presented in Table 2.1 together with the properties of PP bre.

Table 2.1: Mechanical properties of kenaf [8] and polypropylene bre [5], [9].

Mechanical property | Kenaf bre | Polypropylene bre
Density [g/cnd] 0.6-1.5 09-1.0
Tensile modulus [GPa] 10-53 0.8-2.0
Tensile strength [MPa] 223 - 930 26 - 49
Elongation [%0] 1.6-10 40 - 500

Manufacturing of natural bre reinforced composites can be performed in a number of
different ways. The bales of raw material, kenaf and polypropylene bres, are put to-
gether, automatically weighed and then put into the mixer. The homogeneous mixture
coming from the carding machine is a very smooth web. This web then needs to be bon-
ded which is a mechanical procedure called needling where the web is exposed to needles
with the intention to orient the bres randomly in all three directions of the volume. At
this point, a porous non-woven mat of kenaf bre polypropylene is obtained. To form a
consolidated bre composite a double belt press is used to press the non-woven mixture
of natural and polypropylene bres to a desired thickness. Depending of how much the
mat is pressed it will contains different amount of voids. A thinner plate is less porous
and contain less amount of voids.

2.3 X-ray computer tomography aided engineering (XAE)

X-ray computer tomography aided engineering (XAE) is a methodology described by
Auenhammer and co-workers [2] which serves as a baseline in this thesis. After some
modi cations and additions to the method, a new process is presented in Section 3.2 in
this thesis. The theoretical parts of the XAE process are summarised in Figure 2.2 and
are further described in the following section.

Figure 2.2: X-ray computer tomography aided engineering and its core elements.

X-ray computer tomography was initially introduced in the medical industry in the 1960s
and was further developed and later used in non-medical research in the 70s and 80s [2].
In X-ray computer tomography the sample is rotated and exposed to the X-ray beam from
different angles in order to generate many 2D projections, the sample could also be xed
when the X-ray source and detector rotate around the sample. Compared to another scan-
ning method, radiography, where all information of the sample is projected in one shot

4
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the X-ray computer tomography gathers more 2D projections enabling further analysis in
3D. This procedure results in a collection of line integrals which need to be reconstructed
to obtain a 3D image [10]. After the image acquisition, the following steps are segment-
ation, bre tracking and meshing. The segmentation procedure is based on grey-scale
thresholds for each of the phases void, matrix and bre. The bre tracking is a method
where an algorithm projects the propagation of a bre and can by this reveal information
about each bre direction [11]. The nal step, meshing, lumps together multiple pixels
from the image data forming solid elements.

An image histogram is a distribution of grey-scale values re ecting the frequency of each
grey-scale value [12]. The histogram analysis relies on the premise that the grey-scale
values of the object and the background can be distinguished, resulting in two or several
peaks being depicted on the histogram, see Figure 2.3. Although these peaks typically
overlap, a minimum can be detected between them to facilitate the separation of both ob-
jects. The optimal threshold value is at the histogram minimum [13], which corresponds
to the point where the derivative is minimal. Due to the minimal variation in the slope of
the curve, the sensitivity of the value [h this region is low.

Figure 2.3: An example of how a threshold is determined from a histogram of image
data, inspired from [13].

2.4 Mechanical test

The mechanical test of interest in this thesis is a tensile test of a double notched sample.
The test will result in a force-displacement response for an uniaxial load case. From the
result, one will be able to calibrate a coupon stiffness as well as calibrate the damage
parameters of the material. The dimensions of the double notch sample are presented in
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Figure 2.4. To capture the strain distribution of the sample, a test procedure with digital
image correlation (DIC) can be utilised.

Figure 2.4: The double notch sample with dimensions. The three samples considered
have different thicknesses as presented in Table 3.1.

2.4.1 Digital Image Correlation

Digital image correlation (DIC) is a non-contact optical technique to measure surface
shape, deformation and strain of a sample [14]. The DIC setup has two key parts being
a DIC camera and a tensile test machine. DIC is a technique where digital images of a
sample are acquired at different time stages. An algorithm, which tracks the local dis-
placements, is applied to gather information about displacements and strains locally in
the different imaged stages. Before the image data can be gathered the sample has to be
painted with a black-and-white speckle pattern. Due to this high contrast the algorithm
can easily track speckles over time and by that accurately capture the displacement eld.
This can be made in a number of ways, using paint or powder, the important part is that a
pattern with big contrast is applied to the sample [15], [16], [17].

2.5 Material modelling

In this section the considered plasticity and damage models are presented. Both the theory
behind the models and the LS-DYNA material cards of choice are presented.

2.5.1 Plasticity model

A plasticity model can be introduced to capture the nonlinear response of the material.
In LS-DYNA, one way to do this is to introduce a material model for the matrix mater-
ial, calledMAT_PIECEWISE_LINEAR_PLASTICI,Which is a linear plasticity material
model [18]. It is possible to include a user-de ned ow curve in this material model. The
material model includes the von Mises yield criterion that assumes isotropy. Hence, the
material is considered elastic as long as the von Mises stress, i.e. the effective stress, is
below the yield stress. When the effective stress gets equal to, or higher than, the yield
stress the material response is plastic. If a material reaches plasticity there are remaining
deformations after unloading. The relation described above can be summarised in a yield
function as shown in Equation 2.1 below [19].

f=sSw Sy (2.1)

Wheres, is the effective stress argj is the yield stress. The response is elastic# 0
and the response is plastidif 0 as described above.
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2.5.2 Fibre failure model

A failure can be either brittle or ductile. Figure 2.5 show a typical stress strain response
of how the two phenomenon behave during loding.

Figure 2.5: Stress strain response of a ductile and brittle damage process, from [19].

One possible failure mode in a bre composite is the bre tensile failure which is a brittle
failure. This is a failure mode where the longitudinal stresses or strain are so high that the
bres break. One way to model this is by using a strain based failure criterion shown in
Equation 2.2.

frt e (2.2)
The failure criterion states that the bre tensile failure will occurfjf = 1, i.e. when
the longitudinal bre straire; is higher than the ultimate bre straiyy. To include this
in the model, an additional LS-DYNA material card is added to the bre elements in the
model. The material card is call&dAT_ADD_EROSION[18]. Inside the material card
the ultimate principle strairgsy, is de ned as the strain to failure for the bre elements.
Fibre elements are deleted when the strain in the bres exceeds the vadige of

2.6 Explicit nite element analysis

The nite element method can be used to solve either static or dynamic structural mech-
anical problems. When computing non-linearity in materials and geometries a static prob-
lem formulation can have convergence issues. This applies in particular when computing
damage, which is a highly nonlinear phenomenon [20]. In these cases, it is bene cial
using a dynamic formulation, which is presented in Equation 2.3.

Mii+ Cu+ Ku= F (2.3)

WhereM is the mass matrixC the damping matrixK the stiffness matrix an& the
external force vectoru, u and u'represent the displacement, velocity and acceleration
vectors.



2. Theory

A dynamic equation can be solved using a direct integration method, an explicit time
integration. The explicit time integration uses the characteristics of the mass idatrix
and the damping matri€. If these matrices are diagonolised the equations on the left-
hand side in Equation 2.3 is uncoupled and no factorisation is needed [21]. Thus, no
iteration procedure is needed and the algorithm is a forward-marching solver.

In order to achieve accurate results from a solution using explicit time integration one
must use small time increments. The critical time step is dependent on the material prop-
erties and the smallest element size in the model. In Equation 2.4 the conditions of the
critical time step [21] are expressed.

2 .2 e
Dt = aDteit Dlert = ——  min—; = min— 2.4
crit crit Winax el Wle e Co (2.4)
Wherewnay is the maximum eigenfrequendy is the length of an element e is the
wave speed in element e, aads the reduction factor accounting for destabilizing effects.
a is equal to 0.9 by defaultin LS-DYNA [18]. Furthermore, the wave speed in the element
is dependent on the element properties according to Equation 2.5.

S
E

@ (2.5)

Ce =
WhereE represents the Youngs's modulusthe density andh the Poisson's ratio.

Physical material tests performed in this work used a quasi-static loading rate. To simulate
a virtual test using explicit analysis one cannot use the same loading rate as in the physical
test. This is due to the small time steps in the simulation leading to a long computational
time. However, the increase of loading rate has to be done with care to not introduce
a dynamic effect in the result. In order to con rm that there are no dynamic responses
affecting the results, the energy ratio needs to be monitored. The analysis operator should
con rm that the kinetic energy remains small in comparison to the total energy in the sys-
tem. Furthermore, if the computations are time-consuming it can be reduced using mass
scaling. Mass scaling reduces the time step size by adding non-physical mass. For the
simulation in LS-DYNA mass is added to elements increasing the critical time step and
therefore reducing the simulation time [18].



3

Methodology

This chapter covers the methodology of the project where all major stages are described.
For a structured project planning, a ow chart of the different stages is made. Figure 3.1
shows the ow chart where all stages of the project are presented.

The structure of the chapter follows the same logic as the ow chart where rstly, the
considered samples are presented followed by the XAE process. Then the mechanical
tests, with DIC and microscopy, are presented followed by the interpretation of the nite
element model. Finally, calibration of the material parameters will take place based on
the results from the mechanical tests.

Figure 3.1: Flow chart of the stages in the thesis work.

3.1 Analysed samples

In this study, three different samples are studied. Figure 3.2 shows the three samples
prior to testing. All samples are composites with kenaf bres and polypropylene matrix
with a 50/50 weight ratio. There is some variety in both thickness and density among the
samples. Material, areal weight, thickness and density are presented for all samples in
Table 3.1.
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