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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 CO; into the atmosphere. Natural fibres used in
biocomposites often show good mechanical properties and can offer significant weight
savings [1] in comparison to traditional plastics or glass fibre 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
fibres 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 fibre-reinforced polymer com-
posites at the coupon level [2] as well as for random oriented natural fibre-reinforced
polymer composites on a Representative Volume Element (RVE) level [3], [4]. There is
a lack of analysis of random oriented natural fibre composites at the coupon level in the
field of research today.

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

Given the complexity of natural fibre 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 fibre 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 fibre and matrix volume fraction together with the
fibre orientation information. As previously stated, computer tomography studies have
previously only been performed on man-made fibre composites on the coupon level or
with natural fibres on a RVE level. Thus, to date, this is the first research project to ad-
dress the material characterisation on the fibre 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 fibre 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.
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Theory

2.1 Fibre reinforced composites

A fibre reinforced composite material consists of two main constituents, fibre and matrix.
The fibres are embedded in the matrix material, which together with the polymer matrix
forms the fibre 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 fibre-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 fibre
reinforced composite compared to the steel structure.

Fibre reinforcement Polymer matrix Fibre reinforced composite

M+ S =

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

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

The main function of the matrix is to bind the fibres together. By this, the matrix transfers
the loads to the fibres as well as protects the fibres from external influence. The matrix has
a strong influence on several mechanical properties of the composite, such as transverse
modulus and strength, shear properties, and properties in compression.

2.2 Natural fibre composites

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

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

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

Manufacturing of natural fibre reinforced composites can be performed in a number of
different ways. The bales of raw material, kenaf and polypropylene fibres, 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 fibres randomly in all three directions of the volume. At
this point, a porous non-woven mat of kenaf fibre polypropylene is obtained. To form a
consolidated fibre composite a double belt press is used to press the non-woven mixture
of natural and polypropylene fibres 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
modifications 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.

X-ray Computer Tomography Aided Engineering (XAE)

X-ray Computer Segmentation Fibre Creation
Tomography Grey-scale Analysis Orientations Of Mesh

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 fixed
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
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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, fibre tracking and meshing. The segmentation procedure is based on grey-scale
thresholds for each of the phases void, matrix and fibre. The fibre tracking is a method
where an algorithm projects the propagation of a fibre and can by this reveal information
about each fibre direction [11]. The final step, meshing, lumps together multiple pixels
from the image data forming solid elements.

An image histogram is a distribution of grey-scale values reflecting 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 D in this region is low.

h (D)

r 3

Background Object

w/

Threshold D,

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.

/

20 mm

/R
120 mm

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 field.
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-
1al, called MAT_PIECEWISE_LINEAR_PLASTICITY, which is a linear plasticity material
model [18]. It is possible to include a user-defined flow 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].

¢ = OyMm — Oy 2.1)

Where o, is the effective stress and oy, is the yield stress. The response is elastic if ¢ <0
and the response is plastic if @ > 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.

neck
o
K develops
|
|
|
: \
Y1 v
. brittle I ductile
>

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

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

Er

fro=—— (2.2)

Eru
The failure criterion states that the fibre tensile failure will occur if f7; = 1, i.e. when
the longitudinal fibre strain € is higher than the ultimate fibre strain €¢y. To include this
in the model, an additional LS-DYNA material card is added to the fibre elements in the
model. The material card is called MAT_ADD_EROSION [18]. Inside the material card
the ultimate principle strain, €y, is defined as the strain to failure for the fibre elements.
Fibre elements are deleted when the strain in the fibres exceeds the value of ¢y.

2.6 Explicit finite element analysis

The finite 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 beneficial
using a dynamic formulation, which is presented in Equation 2.3.

Mii+Cu+Ku=F (2.3)

Where M is the mass matrix, C the damping matrix, K the stiffness matrix and F the
external force vector. u, u and ii represent the displacement, velocity and acceleration
vectors.
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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 matrix M
and the damping matrix C. 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 1
At = QAleyiy  Alerip = —— < min— = min— (2.4)
nax el e Ce

Where w),,, is the maximum eigenfrequency, /, is the length of an element e, c, is the
wave speed in element e, and « is the reduction factor accounting for destabilizing effects.
o is equal to 0.9 by default in LS-DYNA [18]. Furthermore, the wave speed in the element
is dependent on the element properties according to Equation 2.5.

E
p(1—v?)

Where E represents the Youngs’s modulus, p the density and v the Poisson’s ratio.

(2.5)

Ce:

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 confirm that there are no dynamic responses
affecting the results, the energy ratio needs to be monitored. The analysis operator should
confirm 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].
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Methodology

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

The structure of the chapter follows the same logic as the flow chart where firstly, 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 finite
element model. Finally, calibration of the material parameters will take place based on
the results from the mechanical tests.

CT Scanning of R XAE XAE Parameter
Double Notch Study
Mechanical Finite Element
Tensile Test Model
. Material
DIC M
icroscopy Model B
' Calibration

’—T

Re-evaluate

i

Poor Correlation Good Parameter Study

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 fibres 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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Figure 3.2: Figure showing the three samples prior to testing. Sample 1, 2 and 3

depicted from top to bottom.

Table 3.1: Numbering of samples where material, areal weight, thickness and density are

presented.
Name | Material | Areal Weight | Thickness | Density
Sample 1 | KE2000 | Kenaf | 2000 g/mm” | 32mm | 625 g/mm’
Sample 2 | KE1450 | Kenaf | 1450 g¢/mm* | 2.15mm | 674 g/mm’
Sample 3 | KE1450 | Kenaf | 1450 g/mm? | 1.6 mm | 906 g/mm’

3.2 X-ray computer tomography aided engineering

This section describes the X-ray computer tomography aided engineering process and
how it has been interpreted in this thesis project. An illustrative schematic for the XAE
process is shown in Figure 3.3 below where each part of the process will be further dis-
cussed in this section. The presented XAE process is based on the methodology presented
by Auenhammer and co-authors [2] with some modifications. Initially, the methodology
presented by Auenhammer and co-authors is tested and compared with available com-
mercial software. After comparison, it was concluded that the most preferable tool for
the XAE process is the commercial software RETOMO by BETA CAE, which is used
throughout the following section.

XAE Process

Image

Acquisition

Phase

| Segmentation

A 4

Fibre
Tracking

A 4

Meshing

Figure 3.3: X-ray computed tomography aided engineering and its core elements.
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3.2.1 Image Acquisition

The X-ray computer tomography scans were performed on a Zeiss Xradia Versa 410
scanner at Technical University of Denmark (DTU) Imaging Centre in Lyngby, Denmark.
In Figure 3.4, the inside of the scanner is shown. The scanner consists of four main parts:
an X-ray source, a detector, a sample holder and a camera. The X-ray source sends beams
of X-ray towards the sample and the different phases inside the material reflects different
amount of X-ray. This enables the separation of different phases inside the sample, which
is the main interest of the scanning procedure.

Figure 3.4: Zeiss Xradia Versa 410 scanner at DTU Imaging in Lyngby, Denmark.

Three samples are stacked together to lower the total number of scans from 9 to 3 scans
with 3 samples per scan. The stacks contain three samples from the same mat, i.e. all
three samples in the stack have the same aerial weight, thickness and density. Two of the
samples are loaded in tension prior to scanning, one to 80% of the expected strength and
the other one is loaded until failure. In this thesis, the main interest lies in the undamaged
sample, which will later be simulated. With a pixel size of 8 um, it is possible to capture
the entire field of interest, see Figure 3.5 for field of view marked with a red box. To get
a clear image where it is possible to distinguish the difference between void, matrix and
fibre, 3601 projections are generated using an exposure time of 10 seconds.

Figure 3.5: Sample 2 where the field of view for the scanner is marked by the red square.
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The result from the image acquisition is a reconstructed grey-scale image where it is pos-
sible to separate void, matrix and fibres from each other. To generate the reconstructed
image from the acquired image data a reconstruction algorithm is used. An example of
how such a reconstructed image can look is presented in Figure 3.6.

From the figure, it is be noted that the contrast is varying over the entirety of the im-
age. If one were to compare fibres along the edges with fibres in the centre of the image
it is clear that the considered fibres will have different grey-scale values meaning that the
segmentation will be challenging. This contrast issue is due to the intensity of the CT
scanner as the intensity is at its highest in the centre of the image and gradually decreases
away from the centre. To overcome this issue the image is cropped where the notches
start and end, similar to the red box drawn in Figure 3.5.

Figure 3.6: An example of a reconstructed image where the intensity issue along the
edges can be observed.
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3.2.2 Phase Segmentation

Phase segmentation and meshing are performed using the commercial software RETOMO
from BETA CAE Systems. The required input file for the analysis in RETOMO is in .raw
format meaning that the acquired scan file (.txm format) needs to be converted. This
is done by some modifications of a Python script provided by Jeppesen and co-authors
[22]. This segmentation procedure is needed to model the different phases void, matrix
and fibre as three separate materials. The segmentation is made with a threshold method,
as described in Section 2.3. To obtain a difference between the phases two threshold
values need to be determined, one for the threshold of the grey-scale value between void
and matrix and one between matrix and fibre. As the fibre and the matrix have similar
densities this segmentation procedure is challenging. To get reasonable initial guesses of
the volume fractions of the three phases an analytical distribution is obtained. To obtain
these analytical values an assumption is made. It is assumed that the fibre density is 1.4
g/cm® and matrix density is 0.9 g/cm®. With this assumption, together with the 50-50
weight ratio between matrix and fibre, the volumetric distribution is computed according
to standard [23] and presented in Table 3.2.

Table 3.2: Analytical volume fractions of void, matrix and fibre.

Void [%] | Matrix [%] | Fibre [%]
Sample 1 45.1 34.1 20.8
Sample 2 38.3 38.3 234
Sample 3 274 45.1 27.5

Once the void, matrix and fibre fractions are obtained an iterative process to find the grey-
scale thresholds are performed. This iterative procedure includes threshold management
and mesh creation, where the main target is to reach similar fractions as in the analytical
computation. One big advantage of the commercial software RETOMO is that during
the segmentation stage, it is possible to drag the thresholds along the histogram in real-
time. This enables quick changes in the thresholds leading to a decreased time in the
segmentation process. An image of how the fibres are captured in real-time is presented
in Figure 3.7.

13
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Figure 3.7: The fibre threshold value can be determined while changing the grey-scale
values in real-time. The white parts are fibres and the orange lines marked the areas that
are currently included in the segmentation given the chosen threshold value. When a
desired threshold value is obtained all fibres should be enclosed by an orange boundary.

3.2.3 Fibre Tracking

The fibre orientation information from the scanned image is of interest in the analysis.
This information can be obtained by the "Fibre Tracking" tool in RETOMO. The method
of finding the orientations is a process where a number of assumptions need to be made.
These assumptions are verified and presented in a parameter study, see Appendices A.1
and A.2.

The first step is the template matching where the orientation is determined in each pixel
of the image. To run this template matching a couple of settings are needed, dimensions
of the fibres such as cylinder radius, cylinder length and mask radius as well as an angular
search increment are needed. A good estimate is to set the length and radius to a value
where most fibres fit. It is important that the cylinder length is short enough to capture all
curved fibres. The mask radius is a measure of a small layer of matrix material surround-
ing the fibre. These three values will remain constant throughout the template-matching
procedure. Then the program will find the angles in which the fibres are oriented. The
other value that is fixed and should be defined is the angular search increment which de-
scribes the angular increment for the fibre tracking. This angular search increment will
be studied closer during a parameter study later on, see Appendix A.2 for the parameter
study. The result of the template matching is a correlation value between 0 and 1 for
each pixel. An example of these correlation values can be observed in Figure 3.8. The
correlation value stands for how well the cylinder matches the intensities of the scanned
image.

14
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Figure 3.8: Correlation values for the fibres, red represents 1 dark blue is equal to O.
The correlation value 1 stands for good correlation and 0 stands for poor correlation.

Apart from the correlation values, it is also possible to study the computed orientations at
this stage. The next step is to do the tracking of the fibres. The fibre tracking procedure
is based on the correlation values mentioned earlier. To detect the fibres two threshold
values need to be defined as the "fibre seed value" and the "fibre propagation value".
These values should be picked so that all fibres are detected and that there is a maximum
value that the fibre will propagate towards. This can be studied graphically in RETOMO,
as illustrated in Figure 3.9.

Figure 3.9: Image showing the fibre seed value (orange) and the fibre propagation value
(blue). Black parts are void and matrix whereas the white parts are fibres, from
RETOMO.

The tool will start by defining a fibre within the orange lines and let the fibre propagate
towards the blue line surrounding the fibre. In this process, the neighbouring pixels are
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taken into account and the neighbours that are matrix or void will not be included in
the fibre tracking. Once these settings are in place one can create the fibre orientation
information and gather all fibres as a cluster.

3.2.4 Meshing

In RETOMO, one can choose to mesh with surfaces or solids. In this thesis, a mesh of
solid elements is used. There is a function in RETOMO called "Voxels to Hexas" which
makes solid hexahedron elements from the pixel information of the image. One will have
to determine how many pixels should be sub-sampled into one hexahedron and by this
determine the element size. A sub-sampling rate of 5 was used in this work meaning that
5 x5 x5 =125 pixels will be formed into one solid element as shown in Figure 3.10
below. The phase of the element is determined by the most frequent phase among all
pixels in the element. With a pixel size of 8 um and a sub-sampling rate of 5, the element
size is 5 X 8 um =40 um. To ensure that the selection of sub-sampling rate does not
affect the final results, a parameter study is made and presented in Appendix A.1.

40

40

e 8 8 8 &8
Figure 3.10: Hexahedron element where 5 x 5 x 5 pixels is sub-sampled into one
element. The length unit is um.

3.3 Mechanical tests

The mechanical tests are performed in the lab at Volvo Cars Material Centre in Torslanda.
To perform the tests a MTS Criterion model 45 machine is used with the GOM Aramis 3D
12M system for DIC analysis. The MTS machine is equipped with the MTS Advantage
Wedge Grips to hold the sample in place during the test. The Aramis setup is presented
in Figure 3.11 below. The distance between the grips is 50 mm and the sample is pulled
axially with a strain rate of 50 mm/min until failure and the load cell size is 100 kN.
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GOM Aramis
3D setup

Grips

/ > Cameras
// N

Figure 3.11: The mechanical test setup where the leftmost figure shows the grips that
keep the sample in position. The rightmost figure shows the GOM Aramis 3D 12M
system used for the DIC data gathering.

3.3.1 Digital Image Correlation (DIC)

The DIC data is gathered with the GOM Aramis 3D 12M system as explained earlier.
From this analysis, it is possible to plot the surface of the sample. In addition to the
surface, two curves are defined to enable measurements of the average displacements
between these two curves. An example of such a surface is presented in Figure 3.12. From
the figure, it is noted that the displacements are not constant over the curves. Therefore, it
is important that the average displacement over the curves is considered moving forward.
This is important for the simulations at a later stage.

[mm]
0.149

Force ch 1 No filter Displacement ch 2 No Filter

DIM +239.433 N DIM +0.038 mm
0.140
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—0.120

0.110

0.100

Curve 2 0.090

avg(d)x -0.059 mm
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avg(d)x -0.123 mm 0.080
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Figure 3.12: The result from a DIC is shown where the displacements on the surface is
visible.
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3.3.2 Microscopy

Both prior to and after testing all samples will be analysed in an optical microscope. Prior
to testing the microstructure will be analysed where the main focus lies on how the matrix
is affected by different amount of pressure during manufacturing. How well the fibres
are embedded in the matrix is another interesting topic to examine prior to testing. After
the physical tensile test, the samples will be analysed in the fracture surface. The most
interesting aspects in analysing the fracture surface are how the fibres or matrix have
fractured and what physics that can be observed. It is essential to understand the fracture
physics as the need to be reflected in the model in the damage analysis later on.

3.4 Finite Element Model

The finite element model is established using the mesh, phase and orientation information
from the XAE process. As the mesh is generated from a scanned image of a physical
coupon the double notch is not perfectly symmetric. In order to exclude possible errors
and have a more reliable model the exported mesh is cleaned. Elements are removed in
the notched region creating a geometrical symmetric model without noise. The procedure
is illustrated in Figure 3.13.

Figure 3.13: Both the old and the cleaned mesh from the commercial pre-processor
ANSA by BETA CAE Systems.

The number of elements are spanning from 2 million to 5 million depending on the
sample. With respect to the large amount of elements and the computational time a simple
element formulation is desired. Therefore, a hexahedron element with 8 nodes is chosen
and used in all simulations. Independent of which phase an element belongs to, all adja-
cent elements share nodes and are therefore linked together.
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3.4.1 Boundary Condition and Load

The finite element model represents a small portion of the physical double notch coupon
and the boundary condition should represent a continuous structure. Therefore, the bound-
ary conditions should not restrain the contraction of the cross-sectional area and induce
unrealistic stress concentrations. Considering the geometry of the model the stress should
concentrate in the centre where the cross-sectional area is the smallest. However, this
will also depend on the microstructure and the stress will not be uniformly distributed in
the physical coupon or the simulation. In order to fulfil this and not induce unrealistic
boundary effects only the x-translation is fixed along the boundary.

The load is applied by uniformly ramping the velocity of the displacement along the
opposite boundary according to Figure 3.14. The velocity is increasing linearly in the be-
ginning to prevent oscillations. As mentioned in Section 2.6 one cannot simulate the same
loading rate as in the physical test due to computational time. The ratio between internal
and kinetic energy should be monitored to ensure quasi-static conditions throughout the
simulation. The loading rate is illustrated in Figure 3.14, which is used for all simulations
after careful consideration of the energy balance.

T — t [ms]
1/4 1

Fixed in x
Applied velocity in x

Figure 3.14: Illustration of the boundary condition and loading in the leftmost image.
To the right, the evolution of the displacement over time is presented.

3.4.2 Modelling of Voids

From the scanned image and phase segmentation it is clear there are a substantial amount
of voids in the structure. Therefore, it is investigated how the voids should be modelled.
The voids can either be meshed and included in the model or excluded. If the voids are
meshed the problem appears which material parameters one shall apply without changing
the characteristics of the composite. On the other hand, excluding the voids creates big
hollow structures inside the mesh which lead to instability and numerical issues. There-
fore, the voids were meshed and given similar material properties as the matrix, but a
stiffness low enough not to affect the global behaviour. In Table 3.3 one can see how the
relative coupon stiffness change depending on the voids stiffness.
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Table 3.3: Void stiffness versus normalised coupon stiffness.

Void stiffness [MPa] 10 1 0.1 0.01
Normalised coupon stiffness [-] | 1 | 0.973 | 0.969 | 0.965

The change in coupon stiffness is small in comparison to the change in void stiffness. A
higher voids stiffness resulted in a more stable simulation. Hence, the void stiffness was
chosen to 10 MPa.

3.5 Material modelling

A specific material model is applied to each phase giving a complex highly non-uniform
stress state. Due to the complexity of the microstructure, the material modelling and
calibration are divided into steps where one characteristic of the response is added at a
time and calibrated individually. The material properties of the constituents are unknown
and a first guess is made from literature, see Table 2.1 in Section 2.2. In order to calibrate
the material models the simulated engineering stress-strain curve is compared against the
mechanical test curve.

3.5.1 Elasticity

In the simplest case, both matrix and fibres have an elastic material model. The simulated
stress-strain curve is compared against the elastic region of the mechanical curve. The
elastic region is defined by data from O to 0.25% strain. The calibration of the constituents
is done manually by changing the material properties and establishing a range which
results in a correct curve match. Furthermore, the calibration process has been limited to
the stiffness variables of the fibre and matrix. The impact of Poisson’s ratio on the coupon
stiffness will be further investigated in a parameter study, see Appendix A.3.

3.5.2 Orthotropy

Due to the complex microstructure of natural fibres, e.g. hollowness, it is a given choice
to assume orthotropic material behaviour. In order to limit the amount of free variables
in the calibration procedure a relation between the stiffness parameters is established.
Research from Karakoc et al. on cellulose fibres [4] have been utilised in order to es-
tablish the relation between the parameters. The material model used in LS-Dyna is
MAT_ORTHOTROPIC_ELASTIC which include the following parameters: EY, Ej, E/,

f: " G{Z, G§CZ, v){y, ){Z and vyfz. Due to the lack of information all stiffness parameters

depend linearly on the longitudinal stiffness E){ following the ratio Karakoc et al. used
[4] as follows:
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As the assumptions mentioned earlier are based on another type of fibre the results will not
be trustworthy to elaborate further on. As there is a lack of information about the fibres,
considered in this thesis, it will only be investigated if implementing the fibre orientations
and an orthotropic fibre model will provide benefits compared to isotropic fibres.

3.5.3 Plasticity

In this section plasticity is introduced on the matrix by using the material model
MAT_PIECEWISE_LINEAR_PLASTICITY which are presented in Section 2.5.1. The
fibres are modelled using an elastic isotropic material model as in Section 3.5.1. A first
guess of the plasticity parameters are based on a previously calibrated flow curve for a
common polypropylene shown in Figure 4.15. In order to calibrate the stress-strain curve,
the plasticity flow curve is scaled using a scaling factor, oy, which inserted in Equation
2.1 results in Equation 3.1. The scaling of the flow curve is presented in Figure 3.15.

¢ = Oym — Oy5 - Oy (3.1)

Scaling of Matrix Flow Curve
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Figure 3.15: Flow curve used in the plasticity model and how it is scaled. oy represent
the scale factor of the flow curve. The curve extend beyond the limits in the plot.
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3.5.4 Damage and failure

A brittle fibre failure is implemented in the model to capture the peak load from the mech-
anical test. The damage is implemented on the fibre elements using the
MAT ADD_EROSION card as introduced in Section 2.5.2. The fibre elements are de-
leted if the strain exceeds the ultimate principal strain, €¢y. The peak load is calibrated
by changing €7y so the simulated peak load matches the mechanical test response. A

schematic image of the fibre stress-strain response is shown in Figure 3.16.
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Figure 3.16: Stress-strain response of the fibre elements. €y is the ultimate fibre strain.
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Results

4.1 XAE results

In the XAE stage of the project, a number of milestones are fulfilled and those will be
presented in the following section. The results that are presented from the XAE process
are a reconstructed image from the image acquisition, a histogram of the grey-scale image
data, a figure showing the phase segmentation, an image of the mesh, a table of volume
fractions and an image where the fibre orientations are visible. The results from the XAE
methodology for Sample 1 are presented in this section. The results for Samples 2 and 3
is presented in Appendix B to avoid repetitive results in the following section.

A reconstructed image of Sample 1 is presented in Figure 4.1 below. In the figure, it
is observed that the scan of the sample has been cropped as explained in Section 3.2.1.
The scan time of the bundle was approximately 12 hours and the image data (.txm file)
file size was 16.4 GB.

Figure 4.1: Reconstructed image of Sample 1. Images are from the commercial
software RETOMO.

The grey-scale threshold for void - matrix is 2300 and the threshold for matrix - fibre is
2900. The grey-scale values are collected in a histogram, presented in Figure 4.2 below.
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Figure 4.2: Histogram of the grey-scale image data from the image acquisition for
Sample 1.

The phase segmentation is presented in Figure 4.3 where the three phases void, matrix
and fibre are indicated by three different colours. The blue parts are surrounding air and
voids inside the composite, the red parts are matrix and the yellow are fibres. This phase
segmentation is gained from the threshold values presented in the previous paragraph.
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Figure 4.3: Segmentation of the three phases void, matrix and fibre for Sample 1.

The generated mesh is presented in Figure 4.4 where each phase is presented with a unique
colour. The voids inside the composite are the black parts, the matrix material is the grey
parts and the fibres are white. With a sub-sampling rate of 5, the model has 4,757,826
8-noded hexahedron elements.

24



4. Results

Figure 4.4: The generated mesh for Sample 1. The total number of elements is
4,757,826.

The volume fractions of void, matrix and fibre are presented in Table 4.1. From this table
it is observed that the void volume fraction is 2.7% higher in the simulation compared
to the analytical value. Further, it is noted that the matrix fraction is 4.0% lower and the
fibre fraction 1.0% higher compared to the analytical volume fractions. These differences
comes mainly from the clean-up procedure described in Section 3.4 but as the deviation
is within 5% it is accepted.

Table 4.1: Comparison of simulated and analytical volume fractions of void, matrix and
fibre for Sample 1.

Void [%] | Matrix [%] | Fibre [%]
Analytical 45.1 34.1 20.8
FE Simulation 46.3 32.8 21.0

To study the results from the fibre tracking described in Section 3.2.3 an image, where
the element orientations are visible, is presented in Figure 4.5. The image is the same
cut-out as presented in the rightmost part of Figure 4.4 where a fraction of a fibre is cut
out in order for the orientations to be visible. The red arrows indicate the direction of the
fibre along the global x-axis. The presented orientations are in line with the expected fibre
direction from the microstructure.
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Figure 4.5: Fibre orientations are visible for each element in sample 1. The red arrows
indicate the direction along the global x-axis.

4.2 Mechanical test results

The mechanical tests have been performed as described in Section 3.3. In this section the
results from these tests are presented. In Figure 4.6 the stress-strain response for all three
samples are presented. From this figure it is observed that Sample 1 and Sample 2, that
have similar densities, show similarities in the overall behaviour whereas Sample 3 show
a different behaviour.

Stress - Strain Response from Mechanical test
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Figure 4.6: Stress - strain response for all three samples from the mechanical tensile test.

Further, the failure modes of all three samples are presented in Figure 4.7. From the
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figure it is noted that Sample 1 and Sample 2 have a straight fracture surface whereas
Sample 3 has an angular fracture. The angular fracture and the different behaviour in the
stress-strain response, Sample 3 indicate that other mechanical characteristics govern the
material behaviour.

Sample 1: KE2000 3mm Sample 2: KE1450 2mm Sample 3: KE1450 1.7mm

Figure 4.7: Failure modes for all three samples from the mechanical tensile test.

4.3 Microscopy

Both prior to and after testing, the samples are analysed in a optical microscope. Two
aspects are investigated and presented in this section. Firstly, an investigation on how the
varying amount of pressure in the manufacturing is affecting the microstructure is per-
formed. Then after the physical tests the fibres in the fracture surface are analysed.

Figures 4.8 - 4.10 shows the microstructure of three different samples. The first one,
Figure 4.8, is an unpressed mat where both kenaf and PP fibres are visible. In Figure
4.9 the microstructure of Sample 1, which is pressed to a thickness of 3 mm, is presen-
ted. In the figure it is observed that as the mat has been pressed the matrix has melted
and embedded the fibres. From Table 4.1 we remember that the analytical and simulated
volume fraction of voids is approximately 46%. With this is mind when observing the
microstructure in Figure 4.9 it is noted that there is a considerable amount of voids which
is expected from this sample. In Figure 4.10 the microstructure of Sample 3, which is
pressed to 1.7 mm, is presented. It is clear that the matrix is even more smeared out and
less voids is visible compared to Figure 4.9.

After testing, the fracture surface of all the samples are analysed to investigate the failure
response. In Figure 4.11, a fractured fibre in the fracture surface of Sample 1 is shown.
From this figure, it is observed that the fracture has a straight edge indicating that the fibre
failure is a brittle tensile failure [24]. This behaviour was also observed for Sample 2 and
3.
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Figure 4.8: Image of the unpressed sample.
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Figure 4.9: Image of Sample 1, pressed to 3 mm.
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Figure 4.10: Image of Sample 3, pressed to 1.7 mm.
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edge

Figure 4.11: An image showing a fractured fibre.
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4.4 Simulation results

The simulation results are presented with the same procedure detailed in Section 3.5. A
mechanical stress-strain curve is presented together with the simulation result for each
individual sample.

4.4.1 Elasticity Calibration

The mechanical properties of the constituents are unknown and calibrated within the range
presented in Section 2.2 Table 2.1. The matrix stiffness has been varied between three val-
ues whereas the fibre stiffness is calibrated to match the coupon stiffness. The simulated
and calibrated stress-strain response together with the mechanical test response is presen-
ted in Figure 4.12. The calibrated stiffness of the constituents and the coupon stiffness for
each sample is presented in Table 4.2.

There are several combinations of constituent’s stiffness properties which are giving the
same coupon stiffness. Therefore a range has been defined and presented both in Table
4.2 and in a 2D line plot in Figure 4.13. The 2D line plot is generated by three data points
representing the start, end and mid-point of the stiffness range for the matrix.

Stress - Strain Response from Mechanical test
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Figure 4.12: Calibrated elastic stiffness for all three samples. The dotted line repents the
mechanical test and the continuous the simulation.
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Table 4.2: Calibrated elastic stiffness of fibre and matrix together with the coupon stiff-

ness.
Sample 1 | Sample 2 | Sample 3
E; [GPa] 10-17 11-20 12-25
E,, [GPa] 0.8-2 0.8-2 0.8-2
| E.[GPa] | 116 | 179 | 263 |

Stiffness Range of Fibre and Matrix
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Figure 4.13: Calibrated stiffness range of matrix and fibre. Note that every curve
represents one sample and its coupon stiffness.

The result from the elastic stiffness calibration shows that it is possible to calibrate the
material model for all three samples within reasonable constituents stiffness properties.
The range in Figure 4.13 is established from three combinations of fibre and matrix stiff-
ness’s which give the same coupon stiffness for each sample. Each sample has a unique
range for the fibre stiffness where Samples 1 and 2 are most similar and Sample 3 requires
a higher fibre stiffness. Furthermore, it can be seen that a lower matrix stiffness result in
a larger difference in fibre stiffness between the samples. The similarities between the
samples converge when increasing the matrix stiffness.

4.4.2 Orthotropy Calibration

The calibration of the orthotropic fibre stiffnesses is performed as described in Section
3.5.2 and the results are presented in Table 4.3 below. From the table, it is observed that
there are several parameters that have been calibrated depending on the longitudinal fibre
stiffness. In addition to the table, a 2D line plot similar to the result in Section 4.4.1 is
presented in Figure 4.14. The figure shows the ranges of the longitudinal fibre stiffness
depending on the range of matrix stiffness. It is noted that every curve represents the same
sample and its coupon stiffness.
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Table 4.3: Calibrated longitudinal fibre stiffness, E{, as well as the parameters depending
on the longitudinal fibre stiffness. The resulting coupon stiffness for each sample is also

presented.

Sample 1 | Sample 2 | Sample 3

E/  [GPa]| 21-38 23-42 28-57
Ef =E/ [GPa]| 7-13 8-14 9-19
Gl, =Gl [GPa] | 59 5-10 7-13

Gl. [GPa]| 2-3 2-3 2-4

vy, 1] 0.6 0.06 0.06
vi=vl, [1] 035 0.35 0.35

E, [GPa]| 0820 | 0820 | 0820

E. [GPa] | 116 [ 179 | 263 |
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Figure 4.14: Calibrated longitudinal fibre stiffness range as well as the matrix stiffness
range. Note that every curve represents one sample and its coupon stiffness.

The result from the elastic orthotropic calibration shows that it is possible to calibrate the
material model for all three samples within reasonable constituents stiffness properties.
The trend between the samples are similar in Figure 4.14 having orthotropy as in Figure
4.13 for isotropic fibres. This indicates that introducing orthotropy does not have a signi-
ficant effect in the simulated stress-strain response, in the elastic region. Taking this result
into account the continuation of the calibration will be done using isotropic elasticity, as
described in Section 4.4.1, to reduce the complexity and number of uncertainties in the
constituent properties.

32



4. Results

4.4.3 Plasticity Calibration

The plastic calibration has been carried out by varying the scaling parameter of the plastic
flow curve. Figure 4.15 illustrates how the simulated stress-strain response is varying
when changing the scale factor, o;r. A lower value of the scale factor corresponds to a
lower stress to initiate the plasticity in the matrix elements. This entails a more plastic
behaviour for the global stress-strain response.

Plasticity Calibration
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Figure 4.15: Effect in the stress-strain response when varying the scale factor on the
plastic flow curve o

Every sample has been calibrated for three stiffness combinations representing the relation
between the fibre and matrix stiffness shown in Figure 4.13. In Figures 4.16 - 4.18 one
can see the calibrated curves and their corresponding scale factor. When analysing the
result one can see that stiffness combination 1 yields the most accurate calibration in all
three samples. Combinations 2 and 3 do not match the mechanical test as well when only
calibrating the scale factor. The response does not show enough nonlinearity and thereby
underestimate the stress-strain response. In the continuation of the material calibration
only the first combination will be considered.
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Plasticity Calibration
Sample 1 - KE2000 3mm
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Figure 4.16: Plasticity calibration of Sample 1 and its three stiffness combinations. oy

represent the scale factor on the plastic flow curve.

Plasticity Calibration
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Figure 4.17: Plasticity calibration of Sample 2 and its three stiffness combinations. oy

represent the scale factor on the plastic flow curve.
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Figure 4.18: Plasticity calibration of Sample 3 and its three stiffness combinations. oy
represent the scale factor on the plastic flow curve.

In Table 4.4 each calibrated scale factor for the combinations is presented together with
its stiffness parameters. From this, it is also clear that a higher matrix stiffness yields
a scaling factor closer to 1. This indicates that a higher matrix stiffness results in more
non-linearity and thereby capturing the response from the mechanical test to a greater
extent. It is also noted that Samples 1 and 2 have identical scale factor values no matter
the stiffness combination. Furthermore, Sample 3 requires a higher scale factor value to
capture the mechanical response.

Table 4.4: Calibrated fibre and matrix stiffness together with the scale factor of the flow

curve, O .

Sample 1 E; [GPa] | E,, [GPa] | oy [-]
Combination 1 10 2.0 0.80
Combination 2 12.5 1.4 0.55
Combination 3 17 0.8 0.3

Sample 2 Er [GPa] | E,, [GPa] | o7 [-]
Combination 1 11 2.0 0.80
Combination 2 14 1.4 0.55
Combination 3 20 0.8 0.3

Sample 3 Er [GPa] | E,, [GPa] | oy [-]
Combination 1 12 2.0 1.2
Combination 2 17 1.4 0.80
Combination 3 25 0.8 0.3
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4.4.4 Damage Calibration

The damage calibration has been carried out by varying the strain to failure of the fibre
elements. Figure 4.19 illustrates how the simulated stress-strain response is varying when
changing the strain to failure, €7y. From the figure one can tell that the peak stress is
directly dependent on the strain to failure value. A lower strain value corresponds to a
lower peak stress and the other way around.

Damage Calibration
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Figure 4.19: Effect in the stress-strain response when varying ultimate fibre strain €51/

The result from the damage calibration and the stress-strain response is found in Figures
4.20 - 4.22. The calibration successfully captures the peak stress in all three samples. The
final calibration of the mechanical properties can be found in Table 4.5. All the samples
show similar calibrated properties in the elastic region. Furthermore, Sample 1 and 2 has
identical properties in both the plastic and damage calibration. Sample 3 requires a higher
value in the fibre failure strain in order to capture the behaviour.

Table 4.5: Calibrated mechanical properties for all three samples. E is the fibre stiffness,
E,, is the matrix stiffness, oy is the plasticity scaling factor and €y is the ultimate fibre
strain.

E; [GPa] | Ey [GPa] | 0y [-] | &[]
Sample 1 10 2.0 0.8 0.09
Sample 2 11 2.0 0.8 0.09
Sample 3 12 2.0 1.2 0.13
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Damage Calibration
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Figure 4.20: Calibrated stress-strain curve for Sample 1, £:y=9%

Furthermore, the predictability between the different samples is investigated. This is
achieved by applying the calibrated mechanical properties from Sample 1 to Samples
2 and 3, and observing how well the predicted stress-strain responses aligned. The results
of the predictability are represented by the yellow curves in Figures 4.21 and 4.22. The
prediction of the stress-strain response in Sample 2 is nearly a perfect match. However,
there are slight differences in the initial stiffness, leading to disparities in plasticity and
peak stress. The curve from the prediction of Sample 3 does not match as well. Although
the initial stiffness is close, both the plasticity and damage region show deviations. How-
ever, the general trend for Sample 3 is captured by the prediction.
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Damage Calibration
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Figure 4.21: Calibrated stress-strain curve for Sample 2 together with the predicted
response, calibrated failure strain €,y=9%

Damage Calibration
Sample 3 - KE1450 1.7mm

60 -
—Mechanical test
E —Calibrated
50 - Predicted

=)

(S}

o} 40 -

v

w02

5}
230¢

o0

=
‘= 20r

)

o}
=

0 L

10
M

0 1 1 | 1 | | 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Engineering Strain, €, [-]

Figure 4.22: Calibrated stress-strain curve for Sample 3 together with the predicted
response, calibrated failure strain £,y=13%

In addition to calibrating the peak stress using the fibre failure strain, the damage calib-
ration also yields interesting results in the behaviour after the peak. In Sample 1 (Figure
4.20), the simulated response is able to accurately capture the trend after the peak. Sample
2 (Figure 4.21) exhibits a brittle failure in the simulation, whereas the mechanical test
shows a more ductile behaviour. In Sample 3 (Figure 4.22), the trend is similar between
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the simulation and the mechanical test. The simulation exhibits ductile behaviour similar
to the mechanical test, which is not present in either of the other samples. Furthermore,
the simulated failure modes can be found in Section 4.4.5, where the differences and
similarities are presented both between the samples and in comparison to the mechanical
test.

4.4.5 Failure Modes

In the following section all the failure modes from the simulation are presented together
with a comparison to the physical failure mode. For every sample the failure mode is
illustrated by two figures, one in a 3D-view and the other from above. The result from
Sample 1 is presented in Figure 4.23 and shows a failure mode localised at the thinnest
region of the coupon. The crack is propagating straight from edge to edge. Comparing
this to the the failure mode from the mechanical test one can see similarities in both the
position of the failure and the crack surface. Based on this observation it is concluded that
the failure mode have been captured in the simulation.

Yy

E{x

Figure 4.23: Failure mode from the simulation and mechanical test of Sample 1

39



4. Results

The result of Sample 2 is presented in Figure 4.24 where one can see that the crack propag-
ates from both sides. Both of the cracks are initiated at the thinnest part of the coupon
and propagate inwards. However, the cracks do not connect. Instead two separate cracks
are formed which is different in comparison to the failure mode in the mechanical test. In
the mechanical test the failure mode is similar to the first sample, which is localised in the
middle as one single crack.

Y
X
Z

Figure 4.24: Failure mode from the simulation and mechanical test of Sample 2

The result of Sample 3 is presented in Figure 4.25 where one can see that the crack propag-
ates from the edge inwards but slightly closer to the edge. Looking at the failure mode
from the mechanical test this is also different as the crack is propagating with an angle.
The simulated and mechanical failure mode does not match fully but both show a differ-
ent behaviour in comparison to the other two samples. One can say that the simulation
captures a similar behaviour but does not match the mechanical failure mode fully.
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Figure 4.25: Failure mode from the simulation and mechanical test of Sample 3
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Discussion

5.1 X-ray computer tomography aided engineering

The results from the XAE process are presented in Section 4.1 and from these results a
number of interesting observations has been obtained. In Figures 4.1, B.1 and B.6 the re-
constructed images from the image acquisition are presented. In imaging there are usually
two conflicting goals; high resolution and large field of view. The chosen resolution al-
lowed to scan the full notched area and for an accurate segmentation of voids, matrix and
fibres later on in the process. It should also be mentioned that the intensity issue described
earlier is not visible in these figures which should entail that the grey-scale analysis will
yield good results. When considering the segmentation images in Figures 4.3, B.3 and
B.8 it is observed that the microstructure is correctly captured which is also confirmed by
the comparison of the analytical and the FE simulation volume fractions of void, matrix
and fibre.

Given the complex microstructure with randomly oriented fibres and large void contents
as well as the limited contrast in the image data between fibres and matrix a segmentation
algorithm solely basing on histograms and thresholds cannot reflect the complexity of the
task. Due to this, the introduction of the commercial software RETOMO is crucial for
the accuracy of the results. The challenge with the histogram analysis is that from the
obtained histograms presented in Figures 4.2, B.2 and B.7 has only two clear peaks. Re-
member that we are interested in the consideration of three different phases void, matrix
and fibres. This means that some values are overlapping leading to issues when determ-
ining the exact thresholds, see leftmost schematic in Figure 5.1. To overcome this issue,
this procedure is done in an iterative fashion where the FE mesh volume fractions are
compared to the analytical volume fractions until a satisfying match is obtained. In the
figure, it is observed that the chosen threshold values are indicated by the two vertical
grey lines. The rightmost image in Figure 5.1 shows the histogram for Sample 1 and its
corresponding threshold values presented as the two vertical lines. When looking at this
image it is noted that the segmentation process is difficult as we experience a lot of over-
lapping of the different parts void, matrix and fibre, especially for matrix and fibre. This
overlapping yields that some fibre parts will be detected as matrix and vice versa, which
is a problem with the overall segmentation process. However, as the segmentation is done
through an iterative process where the volume fractions are compared to the analytical
then a satisfying segmentation result can be obtained. This approach however requires
accurate analytical volume fraction numbers.
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—
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Figure 5.1: Histogram of the grey-scale image data from the image acquisition for all
samples.

Further in the analysis of the different samples, an interesting observation is when com-
paring the shape of the histograms. In Figure 5.2, histograms from all three samples are
presented. Both the x- and the y-axis are normalised to make the comparison clearer. The
grey-scale values on the x-axis are defined from O to 1 whereas the y-axis presents a nor-
malised pixel value against the sum of all pixel for each image. It is noted that Sample 1
and 2 have similar behaviour and the curves are more or less on top of each other. When
considering the characteristics for Sample 3 it is observed that the rightmost peak is higher
than the leftmost peak, compared to Samples 1 and 2 where it is the other way around.
This means that Sample 3 has more fibre and matrix material meaning that there are less
voids. This observation is also observed from both the grey-scale images in Figures 4.1,
B.1 and B.6 and from the segmentation images in Figures 4.3, B.3 and B.8.
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Figure 5.2: Histogram of the grey-scale image data from the image acquisition for all
samples.
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5.2 Mechanical tests and microscopy

The mechanical test results presented in Section 4.2 show the stress-strain responses and
the failure modes from the tests of the samples. From these results it is observed that both
the responses and the failure modes for Sample 1 and 2 are more or less similar. Even
though the materials have a different areal weight, they have similar densities. From this
it is noted that the density of the material has an impact on the material behaviour. When
comparing the response trend between the samples it is noted that Sample 3 has more
of a ductile behaviour compared to Samples 1 and 2. This means that as the composite
mat is pressed more, the density is higher and the material is characterised by a different
material behaviour. The amount of applied pressure in manufacturing has a major impact
on the response of the material.

Moving on to the analysis done with the microscope, it is observed that as the mater-
ial is pressed more, the matrix is more and more smeared out. This affects the material
behaviour as the matrix represents a larger portion of the sample as there are much less
voids as the sample is compressed more. Furthermore, it was also observed from the mi-
croscopy analysis that the fibres in the fracture surface show signs of brittle tensile failure
of the fibres. This is concluded from the straight edges of which the fibres are fractured, it
is also possible to see a lip at the end of the fibres which also is an indication of a tensile
failure.

When combining the findings from both the mechanical tests and the microscopy ana-
lysis it is noted that the difference between Sample 1 and 2 and Sample 3 is even clearer.
We have two samples with similar density which show similar behaviour, both in the
stress-strain response and when considering the failure mode of the fracture. This means
that it is possible to change the response of the material, to more of a ductile or brittle
behaviour, by changing the density of the composite.

5.3 FE simulations

From the elasticity calibration results, presented in Section 4.4.1, it is observed that a
range of possible solutions is presented. This range occurs due to the uncertainty of the
constituents material properties, as described in Section 3.5.1. If the constituent prop-
erties were known, it would still be beneficial to introduce a range due to the unknown
fibre-matrix bonding. The presented calibrated stiffness of fibre and matrix should not be
considered as a unique solution as there are multiple combinations of constituents stiff-
nesses that yield the same coupon stiffness. We have only considered the stiffness of the
sample on a macro level while calibrating constituents on the micro level.

The orthotropy results, presented in Section 4.4.2, show that it is possible to use ortho-
tropic fibres in the model. From this it is noted that there are several similarities with the
results from the isotropic elasticity analysis. Additionally, the orthotropy analysis deals
with far more variables, and are a heavier model, led to exclusion from the continuation
of the project. The similarities in the results are due to the geometrical directions of the
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fibre elements in the mesh. This means that the fibre orientations themselves do not have
a huge influence on the already complex model.

From the plasticity results, presented in Section 4.4.3, it is observed that to fully cap-
ture the nonlinearity of the material behaviour a higher matrix stiffness is needed. This
means either the actual matrix stiffness is in the high region of the presented span or
there are some physics that are not captured by only scaling the plasticity flow curve.
For instance this could be damage degradation of the matrix prior to the peak load. These
two explanations are not elaborated in this thesis but remain for future work on the model.

The final result of the simulations are shown in Table 4.5 where the calibrated paramet-
ers from elasticity, plasticity and damage are presented. From this table, it is noted that
Samples 1 and 2 are more or less the same whereas Sample 3 differs both in the plasticity
and damage parameters. The difference between these samples are density and from the
microscopy analysis presented in Section 4.3 it was observed that the matrix was more
smeared out for Sample 3 compared to Samples 1 and 2. With this, Sample 3 has more
matrix and less voids per volume which means higher density. It seems that there is a
correlation for the scale factor of the plasticity flow curve and the strain to failure to the
density of the sample. We see that a higher density yields a higher strain to failure for the
fibre as well as a higher scale factor of the plasticity flow curve.

In Figures 4.20 - 4.22 the stress-strain responses from the damage analysis are presen-
ted. To model this, a brittle tensile fibre failure is introduced as explained in Section
3.5.4. This approach captures the peak stress accurately and to some extent the behaviour
after the peak stress. With this approach other physical phenomena are indirectly captured
due to the similarities between the simulations and the mechanical tests. In the physical
coupon more damage types such as matrix failure, fibre pull-out or shear failure might
also occur. If one would want the exact failure mode of the samples it could be interesting
to investigate this further.

5.4 General discussion

The process of going from a CT scanned image to a mesh for FE analysis is presented in
Figure 5.3 below. From the figure it is observed that the resolution form the scan is fine
enough to capture continuous fibres. Further, it is noted that the phase segmentation, top
right image, manages to characterise the fibres as fibres, matrix surrounding the fibres as
matrix and the voids inside the material as voids. In the bottom left image the mesh is
presented where it is observed that the microstructure is very similar to the scanned image
on the top left part of the figure. This even though the mesh has been sub-sampled with a
sub-sampling rate of 5. In the bottom right an image of the damaged sample is presented.
From this it is noted that the microstructure is captured and characterised throughout all
stages in the analysis. From this it is concluded that X-ray computer tomography aided
engineering is a good methodology when complex microstructures should be analysed.
With this being said, it should also be mentioned that the methodology also could be used
for other materials with simpler microstructures as well. One big advantage in those cases
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are that the segmentation procedure should be a far more smooth process with less error
sources.

Figure 5.3: Images from the entire XAE to simulation of damage process. The
microstructure in the images is an example and are Sample 3.
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6

Conclusions

Characterising a natural fibre composite on the coupon level using the XAE methodology
has not been done until this day. In this thesis a methodology of such an analysis is
presented. The objective of this thesis work was to determine if the XAE process is
applicable for natural fibre composites and if so, to find if it is possible to correlate a
virtual coupon test to a mechanical test. From the presented results and discussions it
is clear that the XAE process is applicable for natural fibre composites and further it
was found that correlation of a virtual test coupon is possible. To do so the constituents
elasticity, plasticity and damage parameters are calibrated successfully. During the thesis
work, it was also found that predicting material behaviour is possible for samples with
similar densities.

6.1 Future Work

To ensure that virtual testing of materials can be even further developed it is important to
investigate the possibility of predicting the material behaviour even further. As mentioned
in this report it is possible to properly predict the material behaviour for material samples
of similar densities. It remains for future work to validate the model for a broader range
of densities.

An interesting topic to further investigate is how the material is affected by how much
it is pressed in manufacturing. Remember that the thickness difference for Sample 2 and
3 in this report is only 0.3 mm but the two samples behave totally differently. An invest-
igation on whether the matrix and/or fibre are affected by the pressing would be of interest.

In the final stages of the calibration, the damage calibration, it is mentioned that the focus
lies on capturing the peak load. Less attention has been paid to accurately model the be-
haviour after the peak load. To develop the model even further, the effect of damping and
a viscous behaviour is of interest. By introducing this it should be possible to get rid of
some of the oscillations and get an even better fit after the peak load.

One final note that could be interesting to examine is how this XAE procedure is ap-
plicable for other materials. This thesis has proven that complex microstructure which is
hard to distinguish and irregular porosity can be analysed by this method. It is believed
that this method can be easily transferred to metal alloys where only the grain structure
and possible voids are of interest.
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A

Parameter study

Throughout this project, a number of assumptions and parameters have been set based on
the authors judgement. To make sure that these assumptions do not affect the results in a
way that would change the outcome some parameter studies are made. Two parameters
that were set during the XAE process are the sub-sampling rate of the "Voxels to hexas"
function as well as the angular search increment during the fibre tracking procedure. In
addition to this, a parameter study on how the Poisson’s ratio affects the coupon stiffness
in the elastic case is presented.

A.1 Effect of mesh size

In order to study how the mesh procedure in RETOMO "Voxels to hexas" affects the
coupon stiffness a parameter study on the sub-sampling rate has been made. As explained
in Section 3.2.4 a sub-sampling rate of 5 has been used in the presented results earlier
in the report. In addition to this other sub-sampling rates has been used to compute the
coupon stiffness. The sub-sampling rates considered in this study is 3, 5, 7 and 9. In Table
A.1 the normalised stiffness, the number of elements and simulation times are presented.

Table A.1: Parameter study on mesh size where the sub-sampling rate, a normalised
stiffness, the number of elements and the simulation time is presented. 480 cores are used
for each simulation.

Sub-sampling rate | Normalised stiffness | Number of elements | Simulation time
3 1.01 14,935,145 02:36:15
5 1 3,235,412 00:22:01
7 1.01 1,191,652 00:07:18
9 1.11 550,706 00:02:45

In addition to studying the normalised coupon stiffness for the different mesh sizes it is
also interesting to consider how the micro structure is affected by the sub-sampling rate.
In Figures A.1 - A.4 the micro structures of the four different meshes are presented.
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Figure A.1: The mesh generated from "Voxels to hexas" function in the commercial
software RETOMO. With a sub-sample rate of 3, the number of elements is 14,935,145.
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Figure A.2: The mesh generated from "Voxels to hexas" function in the commercial
software RETOMO. With a sub-sampling rate of 5, the number of elements is
3,235,412.
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Figure A.3: The mesh generated from "Voxels to hexas" function in the commercial
software RETOMO. With a sub-sample rate of 7, the number of elements is 1,191,652.

Figure A.4: The mesh generated from "Voxels to hexas" function in the commercial
software RETOMO. With a sub-sample rate of 9, the number of elements is 550,706.

From Table A.1 it is observed that the effect on the elastic stiffness of the coupon is lim-
ited for different mesh sizes. With this in mind, it is interesting to observe the number

I
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of elements and the simulation times presented in the table. From this information it is
clear that the most refined mesh is way to heavy to run. Remember that the presented
simulation times are for a fully isotropic elastic model. This means as the more complex
material definitions will be added, the simulation time will increase drastically. With this
being said it is unfeasible to go for sub-sampling rate 3. Another interesting observation
that is done in this analysis is regarding the microstructures presented in Figures A.1 -
A.4. From these images it is observed that sub-sampling rates 7 and 9, Figures A.3 and
A.4, could be ruled out as the mesh is too coarse to properly capture the continuous fibres
in a good way.

To summarise this parameter study it is noted that the number of elements, the simu-
lation time and the microstructure plays an important role. The resulting sub-sampling
rate that has been used throughout the project is a sub-sampling rate of 5.

A.2 Effect of the angular search increment

The angular search increment is a measure of the angle which RETOMO uses to determ-
ine the fibre direction. The procedure is such that for every pixel in the image, a guess on
the fibre direction is made. With a angular search increment of 45 degrees, the guesses
will occur 45 degrees apart. For each guess a correlation value is calculated, as described
in Section 3.2.3, meaning that if an angular search increment of 45 degrees is used then 8
angles are investigated. Changing the value to e.g. 10 degrees then makes for 36 different
angles being checked for each pixel. This is a very time consuming procedure but to cap-
ture the right fibre orientations it is crucial to use a fine angular search increment.

A parameter study showing how the angular search increment affects the results is presen-
ted in Table A.2 below. The elastic analysis considers orthotropic fibres and an isotropic
matrix. From the table, it is observed that the angular search increments 45, 30, 15 and 10
have been studied. Further, it is noted that the effect on the normalised stiffness is limited
for different angular search increments. When considering the number of fibres it is a big
spread in how many fibres are detected by the fibre tracking. From the table, it is observed
that the amount of fibre has a limited effect on the elastic stiffness of the coupon. As the
orthotropic fibres will not be further investigated in this project there will be no further
elaboration on this topic.

Table A.2: Parameter study on the angular search increment where the number of fibres,
the difference in number of fibres and the normalised stiffness is presented.

Angular search increment [°] | Number of fibres (Deviation) | Normalised stiffness
45 231,614 (- 23.1 %) 1.034
30 279,448 (- 7.3 %) 1.031
15 303,963 (+ 0.9 %) 1.005
10 301,296 (+- 0 %) 1
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A.3 Effect of the Poisson’s ratio on the elastic stiffness

One parameter that is not calibrated in the project is Poisson’s ratio. As mentioned earlier
it is important to check what effects the Poisson’s ratio has on the solution and this para-
meter study is presented in this section. The analysis is done on the elastic calibration
case. The Poisson’s ratio for the fibre and matrix is changed both one at a time as well
as changing both parameters. For comparison the elastic stiffness of the coupon has been
computed and then normalised against the mechanical test coupon stiffness.

In Table A.3 the Poisson’s ratio of the matrix is kept constant at the value of 0.35 and
the Poisson’s ratio of the fibre is varied between 0.214 and 0.45. From the table, it is
observed that the normalised stiffness is deviating within 1% among all combinations of
Poisson’s ratio for the matrix and the fibre. Another note is that as the Poisson’s ratio of
the fibre increase, the coupon stiffness is decreasing.

Table A.3: Parameter study on the effect of the Poisson’s ratio where the Poisson’s ratio
of the fibre and matrix, as well as the normalised stiffness of the coupon, is presented.
The Poisson’s ratio for the matrix is kept constant at 0.35.

Poisson’s ratio fibre, vy | 0.214 | 0.285 | 0.35 | 0.40 | 0.45
Poisson’s ratio matrix, v,,, | 0.35 | 0.35 | 0.35 | 0.35 | 0.35
Normalised stiffness 1.009 | 1.005 | 1.0 | 0.998 | 0.997

In Table A.4 the Poisson’s ratio of the matrix is varying between 0.20 and 0.45 and the
Poisson’s ratio of the fibre is kept constant at the value of 0.35. From the table, it is
observed that the maximum deviation in normalised stiffness is 2.1%. Another interesting
observation is that as the Poisson’s ratio for the matrix is increasing, the coupon stiffness
is increasing.

Table A.4: Parameter study on the effect of the Poisson’s ratio where the Poisson’s ratio
of the fibre and matrix, as well as the normalised stiffness of the coupon, is presented.
The Poisson’s ratio for the fibre is kept constant at 0.35.

Poisson’s ratio fibre, vy | 0.35 | 0.35 | 0.35 | 0.35 | 0.35
Poisson’s ratio matrix, v,,, | 0.20 | 0.275 | 0.35 | 0.40 | 0.45
Normalised stiffness 1.0 | 0997 | 1.0 | 1.007 | 1.021

In Table A.5 both the Poisson’s ratio of the fibre and matrix is varying. The Poisson’s ratio
of the fibre takes values between 0.35 and 0.45 whereas the Poisson’s ratio of the matrix
takes values between 0.20 and 0.30 in six different combinations. From the table, it is
observed that the maximum deviation in normalised stiffness is 0.3%. In addition to this,
it is observed that the normalised stiffness is more or less the same for all configurations.
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Table A.S: Parameter study on mesh size where the angular search increment, the number
of fibres, the difference in number of fibres and the normalised stiffness is presented.

Poisson’s ratio fibre, v 035 | 040 | 040 | 040 | 045 | 045
Poisson’s ratio matrix, v, | 0.25 | 0.20 | 0.25 | 0.30 | 0.20 | 0.25
Normalised stiffness 0.997 | 0.999 | 0.997 | 0.997 | 0.999 | 0.997

To summarise this parameter study it should be pointed out that the effect of changing
the Poisson’s ratio is limited on the results. This analysis has been made on the elastic
isotropic case and the outcome is that the solution is more or less independent of the value
of the Poisson’s ratio regarding the elastic coupon stiffness. From this, the Poisson’s ratio
is set at the value of 0.35 for both fibre and matrix in the continuation of the project.
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XAE results

In this appendix, the results from the XAE process of Sample 2 and Sample 3 are presen-
ted in a similar way as the results for Sample 1 in Section 4.1. The main results are
a reconstructed image from the image acquisition, a histogram of the grey-scale image
data, a figure showing the phase segmentation, an image of the mesh, a table of volume
fractions and an image where fibre orientations are visible.

B.1 Sample 2: KE1450 2 mm

A reconstructed image of Sample 2 is presented in Figure B.1 below. The scan time of
the bundle was approximately 12 hours and the image data (.txm file) file size was 16.4
GB.

Figure B.1: Reconstructed image of Sample 2. Images are from the commercial
software RETOMO.

The grey-scale threshold for void - matrix is 2850 and the threshold for matrix - fibre is
3575. The grey-scale values are collected in a histogram, presented in Figure B.2 below.
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Figure B.2: Histogram of the grey-scale image data from the image acquisition for
Sample 2.

The phase segmentation is presented in Figure B.3 where the three phases void, matrix
and fibre are indicated by three different colours. The blue parts are surrounding air and
voids inside the composite, the red parts are matrix and the yellow are fibres. This phase
segmentation is gained from the threshold values presented in the previous paragraph.
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Figure B.3: Segmentation of the three phases void, matrix and fibre for Sample 2.

The generated mesh is presented in Figure B.4 where each phase is presented with a
unique colour. The voids inside the composite are the black parts, the matrix material
is the grey parts and the fibres are white. With a sub-sampling rate of 5, the model has
3,187,728 8-noded hexahedron elements.
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Figure B.4: The generated mesh for Sample 2. The total number of elements is
3,187,728.
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The volume fractions of void, matrix and fibre are presented in Table B.1. It is observed
that the void volume fraction is 1.6% lower in the simulation compared to the analytical
value. Further, it is noted that the matrix fraction is 0.5% lower and the fibre fraction
3.4% higher compared to the analytical volume fractions.

Table B.1: Comparison of simulated and analytical volume fractions of void, matrix and
fibre for Sample 2.

Void [%] | Matrix [%] | Fibre [%]
Analytical 38.3 38.3 23.4
FE Simulation 37.7 38.1 24.2

To study the results from the fibre tracking described in Section 3.2.3 an image, where the
element orientations are visible, is presented in Figure B.5. The image is the same cut-out
as presented in the rightmost part of Figure B.4 where a fraction of a fibre is cut out in
order for the orientations to be visible. The red arrows indicate the direction of the fibre
along the global x-axis.
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Figure B.5: Fibre orientations are visible for each element in Sample 2. The red arrows
indicate the direction along the global x-axis.

B.2 Sample 3: KE1450 1.7 mm

A reconstructed image of Sample 3 is presented in Figure B.6 below. The scan time of
the bundle was approximately 12 hours and the image data (.txm file) file size was 16.3
GB.

Figure B.6: Reconstructed image of Sample 3. Images are from the commercial
software RETOMO.

The grey-scale threshold for void - matrix is 10350 and the threshold for matrix - fibre is
12250. The grey-scale values are collected in a histogram, presented in Figure B.7 below.
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Figure B.7: Histogram of the grey-scale image data from the image acquisition for
Sample 3.

The phase segmentation is presented in Figure B.8 where the three phases void, matrix
and fibre are indicated by three different colours. The blue parts are surrounding air and
voids inside the composite, the red parts are matrix and the yellow are fibres. This phase
segmentation is gained from the threshold values presented in the previous paragraph.
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Figure B.8: Segmentation of the three phases void, matrix and fibre for Sample 3.

The generated mesh is presented in Figure B.9 where each phase is presented with a
unique colour. The voids inside the composite are the black parts, the matrix material
is the grey parts and the fibres are white. With a subsampling rate of 5, the model has
1,926,912 8-noded hexahedron elements.
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Figure B.9: The generated mesh for Sample 3. The total number of elements is
1,926,912

The volume fractions of void, matrix and fibre are presented in Table B.2. It is observed
that the void volume fraction is 4.2% lower in the simulation compared to the analytical
value. Further, it is noted that the matrix fraction is 3.8% higher and the fibre fraction
2.2% lower compared to the analytical volume fractions.

Table B.2: Comparison of simulated and analytical volume fractions of void, matrix and
fibre for Sample 3.

Void [%] | Matrix [%] | Fibre [%]
Analytical 27.4 45.1 27.5
FE Simulation 26.3 46.8 26.9

To study the results from the fibre tracking described in Section 3.2.3 an image, where
the element orientations are visible, is presented in Figure B.10. The image is the same
cut-out as presented in the rightmost part of Figure B.9 where a fraction of a fibre is cut
out in order for the orientations to be visible. The red arrows indicate the direction of the
fibre along the global x-axis.
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Figure B.10: Fibre orientations are visible for each element in Sample 3. The red arrows
indicate the direction along the global x-axis.
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