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Abstract

Conventional laminated composites have, due to their high stiffness- and strength-to-weight ratios, shown
to be a viable alternative to metals in applications where lightweight structures are of essence. However,
the current reach of conventional laminated composites is limited to certain industries and high-end
products as a result of their high manufacturing cost. As a way to reduce cost while maintaining high
performance, stochastic tape-based discontinuous composites (STBDCs) have emerged, offering a middle
ground between the easy manufacturing of short fibre composites and high performance of continuous
fibres composites. The irregular mesostructure and high interest from industries have increased the de-
mand for efficient and predictive models (analytical and numerical) describing the mechanical response
of this class of material. As a response to the increased interest, this project aimed to develop a method
to predict the elastic properties of STBDCs, based on the mesostructural configuration and constituent
properties (impregnated tapes and pure matrix).

To replicate the complex material structure, a modular MATLAB code was developed as the core of the
project. The MATLAB code takes the tape and plate dimensions, material properties, voxel resolution,
etc, as inputs, then builds the material layer-by-layer by placing tapes at random positions and angles
until the desired plate thickness has been reached. The developed algorithm allows tapes to form around
each other (drape) to replicate the compression part of the real manufacturing process. The outputs
of the code are, among other visualisations, a 3D-image of the material structure and Abaqus input
files for the coming analysis. Based on the generated material structures, smaller statistical volume
elements (SVEs) were extracted and used for the analysis. Nearly 400 SVEs of different dimensions from
different samples were extracted and analysed to have a large enough sample size to account for the
variability of the material. Computational homogenisation was used to determine the volume averaged
in-plane elastic parameters. The homogenisation process was carried out by applying periodic boundary
conditions (PBCs) to the SVEs using the Abaqus plug-in EasyPBC. The computational homogenisation
was initially focused on a full 3D-model but as a subsequent step, the full 3D-model was reduced to a
2D-model by an intermediate analytical homogenisation process using classical laminate theory. A full
3D- and reduced 2D-model were generated for each SVE sample to allow a comparative analysis. Finally,
experimental data of manufactured STBDCs plates was used as a comparison to verify the results of the
numerical model.

The study found that the voxel-based 3D-model and the developed methodology can be used to ac-
curately evaluate the elastic properties of STBDCs. More specifically, the generated material samples
and methodology used provided reliable results for all studied SVE dimensions, converging to elastic
properties within one standard deviation compared to experimental tests. Furthermore, the reduced
2D-model showed a similar accuracy compared to the 3D-model while also requiring significantly less
computational power, indicating that this is a reasonable simplification to make.

It should be noted that the developed model is not a perfect representation of reality, simplifications had
to be made to stay within the limitations of the project. As a consequence, the fibre volume fraction
(FVF) of experimental data could not be reached, making the model slightly under-predict the elas-
tic properties. With further improvements to raise the FVF, the data indicates that the model would
produce more accurate results compared to experimental tests, thus being a reliable source material for
future industrial use.

Keywords: Stochastic Tape Based Discontinuous Composite, Periodic Boundary Condition, Statistical
Volume Element, Voxel, Chopped Fibre Composite, Tow, Homogenisation,
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1 Introduction

Conventional laminated composites are an advantageous alternative to metals in numerous applications,
especially because compared to metals these materials offer better stiffness- and strength-to-weight ra-
tios, corrosion- and fatigue resistance [1]. Given their properties and material structure, continuous
composites are particularly suitable for long continuous structures from a manufacturability perspective.
Currently these materials are more commonly used in the aircraft industry than in the automotive in-
dustry, although a similar carbon fibre reinforced polymer (CFRP) usage in the automotive industry as
the aircraft industry could lead to a 54 Mt reduction of CO2 emissions per year due to weight reductions
[1, 2]. For reference, a 10% reduction in weight of a personal vehicle leads to a 6-8% reduction in fuel
consumption, or for electric vehicles, an increased range [3]. The use of carbon fibre composites in the
automotive sector is low and limited to luxury vehicles due to their high manufacturing cost [2]. This
project aims to investigate a material that due to its ease of manufacturing and mouldability introduce a
viable alternative to metals that can extend the use of CFRP across all industries; stochastic tape-based
discontinuous composites (STBDCs) [1].

STBDCs is a class of high performance lightweight discontinuous composites composed of randomly dis-
tributed, polymer matrix impregnated, carbon fibre tapes, schematically shown in Figure 1(b) [2, 4]. The
term carbon fibre tapes is used to describe flat strands of unidirectional carbon fibres, pre-impregnated
with either a thermoplastic or thermoset polymer matrix [5]. The carbon fibre tapes may be sourced as
residual scrap from the production of continuous fibre composites which leads to a significant reduction
of waste [1] or directly from unidirectional carbon fibre sheets. Due to the discontinuity in the layout of
the tapes, STBDCs can be compression moulded to complex geometries, a process where the tapes are
placed and press-formed in a mould and then cured under pressure [4, 6]. Compression moulding gives
STBDCs great potential for high volume production due to the short cycle time and low cost compared
to conventional composites [2, 7].

STBDCs offer a middle ground between the easy manufacturing of short fibre composites and high per-
formance of continuous fibre composites [8]. The key benefits of short fibre composites are that they are
easy and fast to produce by either injection- or compression moulding and with that carry a low cost per
unit [9]. The downside, however, is that they typically have only a fraction of the stiffness and strength
of continuous fibre composites [9]. Continuous fibre composites are stiffer and stronger than short fibre
composites but also more costly and difficult to manufacture into as complex shapes [1]. Discontinuous
tape-based composites can due to their drapability and discontinuity be used to manufacture complex
shapes while maintaining a low cost and high performance [1, 2, 4].

.-é&/‘

(a) Short fibre (b) Layup of STBDCs, [4]. (¢) Layup of con-
composites. ventional composite
laminates.

Figure 1: Schematic layups of (a) short fibre composite, (b) STBDCs, and (c) conventional composite
laminates, fibre orientation visualised with black stripes.



Numerous companies globally are actively exploring the potential of implementing STBDCs into the
design of new products, a selection of which are presented in Figure 2. Complex metal structures
can easily be converted to use STBDC material with little design changes required, whereas large design
modifications are typically needed to convert a complex metal part to use continuous laminate composites
[10]. As a practical example, the suspension control arm for the Lamborghini concept car Sesto Elemento,
shown in Figure 2(a), is a component under high loads. By replacing the aluminium with STBDC, the
component became on average 27 % lighter and had a competitive cost compared to its aluminium
counterpart [11]. Converting the suspension control arm from aluminium to STBDC only required one
major modification; the addition of a third cross member to increase lateral stiffness [11]. A second
example is the window frames of the Boeing 787 Dreamliner, shown in Figure 2(b). They used to be
made of aluminium but when converted to STBDC, the weight was reduced by nearly 50 % and they
gained a superior damage tolerance [4, 12].

(a) Lamborghini Sesto Elemento (b) Boeing 787 window frame.
concept front upper and lower sus-
pension control arms.

Figure 2: Current usage of STBDC materials, [13].

When working with STBDCs it is important to consider that the stochastic nature of the material creates
a highly heterogeneous structure containing significant variability of local properties and mesostructure
[2, 4]. This results in a material that is locally anisotropic but globally in-plane isotropic [14, 15]. Locally
anisotropic refers in this case to that the material properties are direction-dependant on a local scale,
even though the average macroscopic response is in-plane isotropic [14]. A drawback of the randomised
position and orientation of the tapes is that internal weak spots, e.g. in the form of matrix filled spaces,
are distributed throughout the material. These matrix filled spaces occur at two places: i) when tapes
lay next to each other without contact, as shown in Figure 1(b), and ii) when one tape drape over another
as shown in Figures 7 and 8. Stress concentrations may arise at these matrix rich regions which could
cause critical or sub-critical damage to the structure [1]. Due to the irregularities in the meso-scale of
STBDCs, no two finished components will ever be identical. This in combination with moulding process
sensitivity makes it difficult to characterise general mechanical properties [14]. Thus, increasing the need
for predictive analytical as well as numerical models.

1.1 Aim

The main aim of this project has been to develop a method to predict elastic properties of STBDCs.
This has then been separated in two main goals: i) to develop a method to generate a voxel-based geo-
metrical representations of material samples, and ii) to evaluate homogenisation strategies for predicting
the volume averaged macroscopic properties.

More specifically, for the first goal, the aim has been to develop a modular and multi-functional MATLAB
code that based on a set of input parameters outputs a voxel-based numerical model of a flat STBDC
plate, along with visualisations of geometrical properties and 3D-models of said plate. For the second
goal, the aim has been to investigate, implement, and compare different methods of homogenisation on
models of different scale and dimension, namely full 3D models and reduced 2D models of different sizes.



1.2 Method

The method used to reach the goals of the project can be described in three steps. The first step was
a literature study to learn more about the real material and capture the state of the art of modelling
and analysing STBDCs. This step gave an important understanding of the micro (fibre), meso (tape),
and macro (component) scale properties and effects of the STBDC material, as well as procedures to
analyse it numerically. The second step was to use the knowledge gained in the literature study and
implement it to create a representative voxel-based numerical model of the material. The final step
was to transfer the model to the finite element solver Abaqus, evaluate the in-plane material properties,
and compare them to experimental data. The last step was done for both a full-scale 3D-model and a
reduced 2D-model. The accuracy of the homogenised material properties was then verified by comparing
results to experimental data. The method of homogenisation was validated by comparing results of using
homogenised material properties to heterogeneous material properties in a practical example.

1.3 Limitations

This project has been conducted as a 30 credit master’s thesis, which amounts to roughly 800 hours
divided equally between the two authors. Time was not the only limiting factor but also available com-
putational power which limited the size and resolution of the numerical models.

The first limitation is that this project has been conducted purely digitally. No prototypes were built,
and no experimental tests were made. For experimental reference data, the project relied solely on pub-
lished literature.

Regarding the numerical model of the material structure. It was set to be a three-dimensional voxel-
based structure with cuboid voxels, no tetrahedral or prismatic representations have been used. The
macroscopical structure was set to represent a flat plate, to enable the comparison of results to experi-
mental test data. The tapes were assumed not to deform in the in-plane direction during the compression
moulding phase but only in the out-of-plane direction. They did therefore not get wider nor longer than
the pre-determined size. From a top view perspective, the tapes had a constant shape independent of
draping or other effects of out-of-plane compression. As a result of this, the cross-sectional area of the
tapes remained constant.

For the finite element modelling, a few limitations and assumptions were put in place to meet the
time deadline. Firstly, the tapes and the matrix were assumed to be perfectly bonded. This meant
that adjacent elements with different material properties shared nodes without any additional interface
conditions like cohesive contacts. Secondly, only periodic boundary conditions were applied to the
model for the homogenisation procedure as they were assumed to give the best response. There was no
comparison of periodic boundary conditions to Dirichlet nor Neumann boundary conditions. Thirdly,
thermal effects and the resulting residual stresses were not accounted for as they were expected to
not affect the prediction of the elastic properties of the material. Fourthly, the model was defined
as fully linear elastic, thus without damage or fracture modelling included. Finally, related to the
numerical material structure, only cuboid brick elements were used in the 3D finite element analysis,
and quadrilateral shell elements for the 2D analysis. This means that the possible implementation of
prismatic, tetrahedral, or triangular elements was not explored in this project.



2 Previous work

The following subsections highlights previous work in the field of stochastic tape-based discontinuous
composites. The first part focuses on experimental studies, summarising results and briefly explaining
the method used in each study. The results gathered from these studies will later be used to verify the
accuracy of the FE models. Then, a number of alternative methods for creating and analysing numerical
models with different application capabilities will be summarised to provide an overview of the state of
the art.

2.1 Experimental testing

In this subsection, three different studies that include experimental testing and manufacturing of STB-
DCs will be summarised. Test results and physical dimensions of the plates produced in the different
studies are presented in Table 1. Mechanical properties of the tapes used in each study are presented in
Table 2.

The first study was conducted by Wan and Takahashi in 2016 [14] and was aimed to investigate how the
aspect ratio of the tapes affects properties of the final material. Carbon fibre reinforced thermoplastic
tapes with a constant width w; = 5 mm and thickness ¢; = 50 ym were used in the study. The tape
length (I;) for the different plates was varied between 12 mm and 30 mm in 6 mm increments. The tape
randomisation method used in the study was essentially to distribute tapes in water and use a strainer
to pick them up, thus creating thin sheets. The sheets were then stacked to create STBDC plates. The
tensile properties were tested following the JIS K 7073 standard but with an increased specimen width
to account for the tape length. The plate fibre volume fraction was evaluated using the ash test where
the initial mass and volume of a sample was measured, the thermoplastic matrix was then burnt off in
a furnace at a temperature of 500 °C for three hours. Then, with only carbon fibre strands remaining,
the mass was re-measured and the fibre volume fraction calculated.

The second study was conducted by Li et al. in 2017 [4], where they manufactured and tested STB-
DCs consisting of two different tape thicknesses t; = 164 pm and t; = 285 pm. MATLAB was used to
generate a blueprint of the stochastic tape layout. The tapes were then placed by hand according to
the blueprint to form the plates. The systematic tape placement makes the position and angle of every
single tape known which allows for geometrical cause and effect studies. For example, how a low local
fibre content or tape alignment affect the failure mechanisms. Tensile tests were conducted according to
the ASTM-D3039 standard but with increased coupon width to account for the tape length. The fibre
volume fractions of the plates were evaluated by digital microstructure analysis. They further noted a
presence of voids in the thick tape laminate.

A third study was conducted as a master’s thesis by Johansen in 2019 [15]. In this study, the randomised
layup was achieved by cutting tapes 1.1 m above a substrate and letting them fall freely through a
square channel onto the substrate. The substrate was also rotated every 30 seconds (= 300 tapes) to
avoid any tendency in the landing position. The weight, and later on volume fractions, of the samples
were calculated by matrix digestion using nitric acid. The tensile tests specimens were taken from
different parts of the plates and cut at different angles which show some variation in the stiffness and
strength results.



Table 1: Data for STBDC plates manufactured and analysed in [14, 4, 15]. } - values read from plot.

Study Tape size [mm] ¢; [um] Plate size [mm] E [GPa) Op.fail [MPa] Vip (%]
Wan [14] 12x5 50 - 42.5 4 2.57 440 + 407 52.2
Wan [14] 18x5 50 - 49 + 47 505 4+ 157 55.1
Wan [14] 24x5 50 - 46 + 47 480 + 60f 52.8
Wan [14] 30x5 50 - 47 + 2f 520 + 201 53.1

Li [4] 50x8 164  290x290x2.444 43.41 + 4.14 290.1 + 34.9 57.85 4+ 3.84
Li [4] 50x8 285  290x290x2.106  39.66 + 5.06 186 + 34.8  53.5 + 5.39
Johansen [15] 40x20 22.5 275x275%0.5 - - 43.47-49.68

Table 2: Material data for tapes used in [14, 4, 15].

Study Material E} [GPa] Ef [GPa] o} [MPa] of [MPa] V{ [%]
Wan [14] TR50s - PA6 240 ] 4900 - -
Li [4] HexPly-M77 140 9 2400 73 57
Johansen [15] HS40 - BI018 425 - 4610 - 43.17

It should be noted that in both [4] and [15], the fibre volume fraction of the plate (V) is higher than the
original fibre volume fraction of the tape (VJF) Pre-impregnated tapes were used in both these studies
and no extra resin was added to the mould. This means that some resin must have bled through the
mould during the curing process. Considering that a part of the resin originally bound to the tapes has
bled through the mould, and that a part of the resin has migrated to fill resin pockets, it is very likely
that the fibre content of individual tapes in the final plate is higher than when originally placed.

2.2 Digital modelling and finite element analysis

Digital models have been created and analysed in terms of elastic properties, failure strength, and failure
mechanisms in previous projects. These projects have had different goals and therefore also different
methods of implementation. The following paragraphs briefly explain the goals and methodology in five
different projects and report the relevant findings.

Li et al. [2] wanted to develop a method to analyse large structures while still capturing the local variabil-
ity of the STBDC material. The proposed methodology utilises an equivalent laminate based analytical
model for prediction of stiffness and strength properties of STBDCs. By varying input parameters, a
varying set of material properties are computed. These analytically predicted properties are then assigned
to different areas (sets of elements) of the larger structure in order to replicate the stochastic variability
of the material. The authors used this method to analyse an automotive monocoque and found that the
point of initial failure shifts depending on where weak spots are located. This monocoque example shows
that the goal of analysing large structures and capturing local effects of the STBDC material was reached.

Selezneva et al. [16] developed a 2D model to evaluate in-plane material properties of STBDCs. The
authors used a fine grid with square 2D elements to represent a plate or specimen and randomly placed
tapes onto the grid. Multiple tapes were allowed to occupy the same element and classical laminate the-
ory was used to evaluate the effective in-plane material properties in each element. The thickness of the
plate was pre-defined and constant. In elements where the number of tapes did not amount to the exact
plate thickness, the tape thickness was adjusted to compensate, thereby ignoring the presence of resin
pockets. The model was used to create and compare specimens with different tape lengths. Abaqus was
used for the finite element analysis with pure displacement boundary conditions. The developed model
over-predicted the stiffness with roughly 25% for short tape (12 and 25 mm) STBDCs and roughly 6%
for long tape (50 mm) STBDCs compared to experimental results. One reason for this over-prediction of
stiffness may be the neglection of resin pockets. Another reason why the model over-predicted the modu-
lus for short tape STBDCs was that these are more prone to have tapes oriented out-of-plane, which this
model neglected. Any out-of-plane tape variation results in a lower in-plane modulus which the 2D model



was not capable of capturing. Capturing this out-of-plane effect would require a more complex 3D model.

Harper et al. [7] developed an architectural model in which individual fibre bundles were modelled as
spring systems. The spring system representation of tapes enabled a more advanced tape interaction
model. This model could accurately replicate the compression moulding process and the reaction of
individual fibre bundles as they contact other fibre bundles. The fibre bundles were therefore allowed to
both bend out-of-plane and twist around their longitudinal axis, with bending and shear stiffness repre-
sented by different spring stiffnesses. The authors achieved a reasonable fibre volume fraction (>50%)
under the assumption that individual fibre bundles had a fibre volume fraction of 60%. They used the
embedded element technique in Abaqus where the fibre bundles were discretised using shell elements
(STRI65) embedded in solid brick elements (C3D8) representing the matrix. Pure displacement bound-
ary conditions were used in the analysis. The tensile strength and stiffness predictions were both within
5% of experimental results for STBDC fibre volume fractions in the range 40-45%. The difference in
stiffness compared to experimental results increased to 30% for fibre volume fractions in the 50-55%
range. Another downside to this method was the long model generation time. It took nearly four hours
to generate a square plate RVE with side length slightly larger than one tape length and the generation
time increased exponentially for larger models. A generation time of 24 hours was reported for a large
sized square plate RVE with side length 3.9 times the tape length.

Shah et al. [17] wanted to develop a more computationally efficient way of predicting strength and
stiffness of STBDC materials. A lot of emphasis was put on developing both a fast model generation
procedure and an efficient solution procedure compared to other methods. The tapes were given a
prescribed curved shape using spline paths to replicate the out-of-plane distortion, and the tapes were
sequentially added to the domain without allowing interactions. This resulted in a tape volume fraction
of 61.5% which equates to a fibre volume fraction of roughly 37%. The tapes were then discretised using
shell elements embedded in a solid element host mesh representing the matrix material, similar to Harper
et al. [7]. Also in this case, pure displacement boundary conditions were used in the finite element analy-
sis. The stiffness was underestimated by 12-29% depending on tape length and tape thickness compared
to experimental data.

Ryatt and Ramulu [1] set out to develop a model to predict elastic and tensile failure properties of
STBDC materials. They added voxelised tapes sequentially to a three-dimensional domain and cre-
ated digital plates of different thicknesses and widths. I this case, the out-of-plane distortion of tapes
was not pre-defined but depended solely on where the tapes were placed. From these digital plates,
test coupons of fixed length but varying width were taken out and analysed in Abaqus using reduced
integration continuum shell elements (SC8R). They used a twice as coarse mesh for the analysis than
the created voxel structure to reduce computational cost and mapped material properties from multiple
voxels to a single element. They used pure displacement boundary conditions and found that the com-
puted stiffness was slightly higher (4.2%) than the experimental reference value. The authors found no
clear trend in modulus as a function of plate thickness nor width. The evaluated strength of the material
was found to be dependent on both plate thickness and width but in agreement with experimental results.



3 Theory

The following section initially covers STBDCs in further detail with regards to manufacturing, mi-
crostructure and material properties. Secondly, a thorough introduction on how to geometrically model
STBDCs and conduct a FEA is covered in detail in order to ensure a full theoretical background of how
the project was conducted, more importantly, why specific choices were made. Finally, a brief overview
of the classical laminate theory is covered, introducing key concepts and formulas used in this project.

3.1 Stochastic tape-based discontinuous composites

When it comes to carbon fibre composites, the STBDC class of materials is unique. The part manufac-
turing process can be described as a mix of the production of short fibre composite parts and continuous
fibre composite parts. The resulting microstructure can be structured in layers with subtle hints of the
stochastic nature, almost like a continuous fibre composite, but it can also be highly stochastic, mainly
depending on the dimensions of the tapes. The effective elastic material properties of the material are
typically in-plane isotropic, as long as biases in the randomisation process can be avoided. The stiffness
and strength of STBDCs depend not only on the material properties of the constituents but also the
mesostructural composition.

3.1.1 Manufacturing process

The manufacturing process of STBDCs is visualised in Figure 3, where pre-impregnated carbon fibre
tapes are compression moulded to form a geometrically complex part. The process starts with gen-
erating the stochastic material structure. Some methods of generating a random layup of tapes were
discussed in Subsection 2.1, including tape dropping [15] and a method similar to a wet-type paper
making process [14]. Another method is to place small batches of tapes in the mould and shuffle it back
and forth between each batch to evenly distribute the tapes [8]. Further, the tapes can either be placed
directly in the mould or made into sheets before being placed in the mould [4]. The moulding material
can also be bought pre-made in the form of sheet moulding compounds (SMCs) [6].

The second part of the process is the compression moulding, which itself consists of four steps [6]. First,
the moulding material is placed in a hot mould, either directly or as a sheet. Second, the mould is closed,
the pressure increases, and the material is allowed to flow. How much the material flows depends on
the material. However, for STBDCs, it has been observed that the material flow is low, at least for flat
plates [4]. Third, the material is cured while the pressure and the temperature is maintained. The curing
time depends on the resin, part thickness and temperature [6]. Finally, the mould is opened, the part is
extracted and left to cool down. The compression moulding process can be completed in down to two
minutes if a fast curing matrix material is used [2]. The moulds may include multiple features such as
stiffening ribs, holes, and inserts that reduce post-production machining [6].

Moulded hole Rib

a)

Figure 3: The production process of STBDCs, a) pre-impregnated carbon fibre tapes, b) compression
moulding phase, and ¢) complex STBDC part with multiple features [16].



3.1.2 Microstructure

Depending on the tapes and the manufacturing process, the microstructure may look very different for
different STBDCs [8]. Two examples are shown in Figure 4 where short tapes (12x6 mm) and long tapes
(50x6 mm) are compared. The microstructure of the plate using short tapes is more irregular, containing
more resin pockets and large out-of-plane oriented tapes. The long tape microstructure, on the other
hand, is more resembling a continuous fibre laminate in that the tapes are more structured in layers with
less out-of-plane variations.

(a) Out-of-plane orientation

Strand size : 50 mm x 6 mm 2.5 mm

Figure 4: Microstructure images for STBDC materials with (a) 12x6x0.14 mm tapes, and (b) 50x6x0.14
mm tapes, [16].

STBDC plates can have a varying plate thickness despite a fixed number of stacked tapes in a region,
an example of this is shown in Figure 5(a). The varying plate thickness is a result of the amount of
resin between the layers and how much the tapes are deformed, which stems from the compression phase
[15]. Resin pockets are a common characteristic feature in STBDC materials, appearing either where
one tape drape over the end of another tape or where two tapes lie next to each other without contact.
Figure 5(b) displays a resin pocket in the microstructure.

(a) STBDC microstructure image showing thickness (b) STBDC microstructure image showing a resin pocket.
difference in a plate despite a fixed number of layers.
White lines indicating different layers.

Figure 5: Microstructure images showing (a) thickness variation, and (b) a resin pocket [15].



Figure 6 shows a comparison of a thin tape (¢, = 0.164 mm) and a thick tape (¢; = 0.285 mm) STBDC
microstructure where multiple characteristic features can be observed. Resin pockets appear in both
the thin and the thick tape material, visible in regions 2 and 3, respectively. Further, the varying
tape thickness, showcased in Figure 5(a), is also visible in region 1 in Figure 6(a). The final notable
characteristic feature is the out-of-plane tape rotation (draping), shown in region 2 in Figure 6(a),
where one tape has been pressed over the edge of another tape. Although the microstructure images
in Figure 6 only show a small section of the materials, one major difference can be noted between the
thin and thick tape STBDCs. The thin tape material shows, in general, a more uniform distribution of
tapes with distinct layers and little out-of-plane variations compared to the thick tape material. Region
4 in Figure 6(b) shows this well, where there is no clear boundary between tapes and the layers nor
out-of-plane misalignment can be distinguished.
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Figure 6: Microstructure images of (a) thin, and (b) thick tape STBDCs [4]. Note that what in this
report is called tape is in this image denoted tow.



3.1.3 Material properties

The macroscale material properties of STBDCs are a result of the micro- and mesostructure, which
in turn is a result of the tapes and the manufacturing process. Besides the material properties of the
tapes and the polymer matrix, there are multiple factors affecting the macroscopical material properties.
These factors are mainly the mesostructure of the material and the dimensions of the tapes, but also e.g.
the manufacturing process. One effect of the randomised layup of tapes is that the material is locally
anisotropic [2, 4]. Globally, on the other hand, the material is in-plane isotropic as long as there is no
bias in the tape distribution [14, 15].

The local variability in the material creates both strong and weak spots where the fibre volume fraction
is either high or low, where fibres have a preferred direction, and in the presence of resin pockets [4, 8]. Li
et al. [2] analysed the impact of weak spots in their finite element model for an automotive monocoque,
discussed in Subsection 2.2. The authors found that the point of initial failure shift depending on where
the local weak spots are located, even in the presence of notable geometrical stress concentrations. A
consequence of this is that the region at which the material will start to fail also varies, due to the failure
of STBDCs typically occurring at material weak spots. A positive aspect of the inherent weak spots is
that they aid in making the material notch insensitive [4], which allows holes and inserts to be used in
the final product without compromising its structural integrity.

Another factor that has been shown to affect the properties of the material are the dimensions of the
tapes. The mesostructural dependence on tape length and aspect ratio (If/t?) is clearly visible in Fig-
ure 4. This effect is not only visual, both the stiffness and the strength of the material increase with
increasing aspect ratio of the tapes up to a certain point where the effect plateaus [14]. Li et al. [4]
experimentally tested STBDCs made of thin tapes with tape thickness ¢; = 0.164 mm and thick tapes
(t; = 0.285 mm) and found that the thick tape plates failed at a lower stress level than the thin tape
plates. The earlier failure of the thick tape plates was determined to be partly due to earlier debonding
and partly due to a larger microstructural variability than in the thin tape plates. Both the lower aspect
ratio and the thickness of the thicker tapes makes them more prone to debonding, i.e. matrix failure
between tapes. Also the larger microstructural variability, shown in Figure 6, of the thick tape plates
play a role, with a larger presence of out-of-plane oriented tapes and resin pockets. Li et al. [4] found that
tape pull-out is more dominant for thick tape STBDCs whereas tape fracture is dominant for thin tapes
STBDCs. Tape pull-out and tape (fibre) fracture are the two most common failure modes in STBDC
materials [4, 8, 15].

As there are multiple factors affecting the STBDC material properties, it is very difficult to state a
typical value for e.g. modulus and stiffness. In examples found in literature, the modulus ranges from
20 GPa to 60 GPa, and the strength ranges from 100 MPa to 500 MPa, depending on the constituents
and manufacturing process [4].

3.2 Geometrical modelling

The accuracy of the finite element analysis results, in terms of predicted effective material properties,
depend greatly on the accuracy of the geometrical model [17]. Therefore, it is important to capture
the major mesostructural effects (random tape distribution, tape draping, fibre volume fraction, etc)
accurately. On the other end of the spectrum is computational cost, which increases with the level of
detail and size of the model. Therefore, simplifications must be made where it is possible and where
the impact on the predicted properties is minimal. The following paragraphs describe some geometrical
effects needed to be accounted for and methods of doing so in a numerical model.

To create a numerical STBDC model from the ground up, without a physical reference material, there
are two general methods to use; the random sequential adsorption technique (RSA) and the Monte-Carlo
procedures [18]. In the random sequential adsorption technique, tapes with a random position and angle
are sequentially added to a pre-defined domain. When a tape has been accepted in the domain, it is fixed
and following tapes are not allowed to intersect previously added tapes. The Monte-Carlo procedures
instead add all tapes to a large domain at the beginning. The domain then shrinks to obtain a desired
fibre volume fraction by rearranging the tapes. A problem with both these techniques is that without
modifications or constraints, the maximum achievable fibre volume fraction is much lower than the real
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material [18]. For this project, RSA was chosen due to familiarity and relative ease of implementation.
Therefore, the Monte-Carlo procedures will not be covered in more detail.

Tape interactions

Depending on the purpose of the numerical model, different tape interaction conditions may be benefi-
cial to consider. In broad terms there are three different tape interaction categories [17], which are all
presented in Figure 7.

For a reduced 2D model, without bending effects considered, the method shown in Figure 7(a) provides
an easy implementation. This method allows tapes to intersect and thereby discards the effect of indi-
vidually modelled tapes, presence of resin pockets, and all out-of-plane variations. Analysis wise for this
tape interaction method, one option is to use classical laminate theory (CLT) to evaluate effective mate-
rial properties where multiple tapes intersect, as done by Selezneva et al. [16], described in Subsection 2.2.

A second tape interaction method, shown in Figure 7(b), does not allow intersections between tapes
and also discards out-of-plane rotations (draping). This method would result in an inefficiently packed
material and a low fibre volume fraction [17]. Therefore, it is not suitable for modelling of STBDCs but
may be used as an intermediate step (followed by a Monte-Carlo procedure and a compression phase) or
to include bending effects in a reduced 2D model.

Finally, Figure 7(c) shows the method with the highest level of fidelity. It prohibits tape intersections
and includes out-of-plane draping. Therefore, the tapes may be more efficiently packed, and a higher
fibre volume fraction can be achieved. At the same time, the effect of individually modelled tapes is
preserved, and the out-of-plane effects are considered.

Over-lapping No over-lapping
Strands  of strands of strands

N
45° : :
90°
4
30° h
(b)

Out-of-plane
non-over-lapped strands

S

(©)

Figure 7: Different tape interaction methods: (a) overlapping strands, (b) no overlapping strands, (c)
out-of-plane non-overlapped strands (draping), [17].
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Draping

When one tape is placed over the edge of another tape and then cured under pressure, the upper tape will
drape over the lower tape until it reaches an obstacle (another tape or a mould surface). This draping is
illustrated in Figure 7(c), and shown in microstructure images in Figures 4, 5(b), and 6(a). Depending
on the thickness and bending stiffness of the tapes, the draping ratio varies. For a voxel-based structure,
the draping ratio (out-of-plane misalignment angle) is based on the height difference between adjacent
voxels [1]. The simplest case, a 1:1 (45°) draping ratio without modifications is shown in Figure 8 a).
Gentler slopes, e.g. a 2:1 ratio, may be achieved either by implementing a different draping condition,
as shown in Figure 8 b). Or by increasing the in-plane dimensions of the voxels while maintaining the
same height, as shown in Figure 8 c¢). An added benefit of the latter is that it also reduces the number
of elements.

a) b) c)

Figure 8: Voxel-based tape draping, light grey tape draping over dark grey tape, a) 1:1 draping, b) 2:1
draping, ¢) 2:1 draping with increased element size.

Additional constraints for consistent model generation

To avoid problems like non-uniform tape distributions and unrealistically low fibre volume fractions, a
number of constraints can be used in the model generation [17]. Although the real STBDC material is
in fact produced by a random tape placement, there are some effects that a numerical model cannot
capture. Two effects that occur in the real material but are often neglected in computational models
are tape sliding and tape deformation. In-plane sliding of tapes was observed, although to a limited
extent, in [4] and implies that tapes move from their original position during the curing process. Tape
deformation means that the cross-sectional area of the tapes does not remain constant during the curing
process. Individual tapes get compressed and laterally expand in certain high-pressure areas resulting
in thinner but wider tapes. This compression and lateral expansion was observed in [4, 15] and is one
of the causes of the thickness variation in Figures 5(a) and 6(a). Both these effects aid in packing the
tapes more efficiently and if neglected in a numerical model, the fibre volume fraction will likely not be
representative of the real material.

It is possible that a completely stochastic model generation procedure can generate a realistic material
structure, but not consistently as it relies on probability. To increase the consistency of the model gen-
eration, additional constraints can be added to the model generation procedure. To uniformly distribute
the tapes over the entire plate, the algorithm created in [17] partitions the plate in a number of bins,
like a grid. The algorithm then places tapes in the bins systematically, ensuring that no part of the
plate has a significantly higher or lower number of tapes. Without this additional constraint, there is
just a statistical probability that the tape distribution will be uniform, no guarantee. To ensure that
the fibre volume fraction is representative, there are different constraints that can be implemented. The
algorithm developed in [1] has the fibre volume fraction as a target variable and iteratively adds tapes to
the domain until the desired fibre volume fraction has been reached. The use of fibre volume fraction as
a target value inspired the method used in this project, where the plate is built layer-by-layer, without
allowing the algorithm to start a new layer before the first layer has a high enough fibre volume fraction.
The implementation of the layer-by-layer method is covered in further detail in Subsection 4.1.2
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3.3 Finite element analysis

The following subsections cover the fundamental theory on how to conduct an FEA with the aim to
evaluate homogenised material properties. Initially, the basic concepts that goes into setting up an FEA
are detailed, including choice of elements, number of nodes and rule of integration. Secondly, the concept
of homogenisation and the general theory of periodic boundary conditions are explained as well as how
to evaluate the effective material properties.

3.3.1 Discretisation

With a voxel-based structure, the obvious choice is to use cuboid brick (hexahedral) elements. It is also
possible to use tetrahedral or prismatic elements, but at a higher risk of bad aspect ratios as the cuboid
voxel shape would be cut in at least two segments.

In Abaqus, there are a plethora of cuboid elements to choose from, suitable for different problems. For
incompressible materials for example, so called hybrid elements (suffix H) are recommended. In this
application, regular stress - displacement elements are sufficient but three major choices must be made
regarding the discretisation: i) shell or solid elements, ii) number of nodes, and iii) number of integration
points and integration method.

Solid or shell elements

There are two options for hexahedral shell elements in Abaqus: continuum shell elements (SC8R), and
continuum solid shell elements (CSS8) [19]. These elements look like solid hexahedral elements but be-
have like, and have the same limitations as, regular shell elements. The main limitation of these elements
being that they should only be used for thin structures [19]. For the solid hexahedral elements, there is
only one choice for the base configuration (C3De e @) but it may be altered in number of nodes, number
of integration points, and method of integration [19]. The solid hexahedral elements are generally not
recommended in structures subjected to bending as they are either too stiff or too flexible, due to shear
locking and hourglassing, respectively [19].

Number of nodes

Regarding the number of nodes for a brick element, Abaqus offers elements with 8, 20, and 27 nodes
[19]. An 8-node brick element has one node in each corner, a 20-node element has 12 additional nodes
- one on the centre of each edge, and a 27-node element has 6 additional nodes - one on each face and
one additional node in the centre of the element. If the minimal number of nodes is used, the edges
and surfaces remain straight during deformation, and the displacement approximation is trilinear. For
elements with additional nodes, the edges and faces may obtain a curvature as they deform, and the
approximation of the displacement is at least quadratic in all directions.

Integration rule

For the solid hexahedral elements, there are generally three choices regarding the numerical integration
for solid elements: full integration, reduced integration, and incompatible modes. Fully integrated el-
ements have just enough integration points for numerical integration to achieve exact integration. For
an 8-node hexahedral element, this is 2 X 2 X 2 = 8 integration points. Reduced integration has the
suffix R in the element description code and means that the number of integration points is reduced.
Reduced integration saves computational power and can, in practice, be used to avoid the over-stiff
response of fully integrated elements [20]. Typically, the reduced integration cuboid elements give a
worse approximation in bending and are not as capable of capturing surface stresses compared to fully
integrated elements [19]. Reduced integration elements are also prone to hourglassing that can make
them too flexible, which is why hourglass control is included as a default for these elements. Finally, the
incompatible modes elements (suffix I) have been implemented to solve some of the problems related to
the regular, fully integrated versions of the same element. The C3D8I element for example uses different
shape functions than C3D8 and has additional internal degrees of freedom in order to reduce the shear
locking phenomena and thereby increase the accuracy in bending. The incompatible mode elements are
more computationally expensive than the fully integrated versions.

13



Quadrilateral shell elements

For a shell model, the selection of elements is not as wide as for the 3D elements. If the selection is limited
to quadrilateral four node elements, excluding triangular elements, it is only one to chose, the S4e e e
element with various alterations [19]. In the standard configuration, it is a general purpose shell element
with a finite strain formulation, meaning it is suitable for both thick and thin plate structures with large
deformations. There is also a reduced integration (suffix R) version with one in-plane integration point
instead of four, also including hourglass control [19]. In addition, there are more alterations like the
small strain formulations (suffix S) and elements with reduced number of degrees of freedom (suffix 5).

3.3.2 Homogenisation

The macroscale mechanical properties of any material depends on the properties of its subscales [21]. In
a practical implementation, it is not possible to model every single grain in a steel or every fibre in a
carbon fibre composite. Therefore, the material properties are homogenised to effective properties at a
higher scale. The rule of mixtures is an example of analytical homogenisation in which the constituent
material properties and volume fractions are used to calculate effective material properties. The rule of
mixtures can be used in classical laminate theory to calculate some of the effective lamina properties
such as the longitudinal modulus [9]. For more complex and aperiodic structures, analytical models may
not be accurate enough and computational homogenisation can be used instead.

The first step of computational homogenisation is to extract or define a representative volume element
(RVE) based on the full microstructure as a sampling space. For a periodic microstructure, the RVE is
the smallest volume element that by periodicity represents the material [22]. An example of a periodic
microstructure and its RVE is shown in Figure 9(a), where the RVE has the domain €2 and boundaries
QT and Q™. For completely irregular (aperiodic) microstructures, the RVE should in theory be in-
finitely large [21]. In practice, infinitely large RVEs cannot be used. Instead, the materials are assumed
to be statistically homogeneous, meaning that if the RVE is sufficiently large, the position from where
it is extracted will not affect the homogenised results. Since an RVE of an aperiodic microstructure
is not representative, they are commonly called statistical volume elements (SVEs) [21]. SVEs do not
necessarily have be large enough to give the same material properties irrespective of how they are sam-
pled, instead multiple smaller SVEs can be homogenised to have the same statistical significance as fewer
larger SVEs. An example of an aperiodic microstructure and its SVE is shown in Figure 9(b).

The second step of the homogenisation procedure is to carry out the numerical analysis. Different
boundary conditions can be used in the homogenisation process, namely: displacement based (Dirich-
let), traction based (Neumann), and periodic boundary conditions (PBCs) [23]. In a displacement based
homogenisation procedure, the displacement is prescribed to the domain such that it represents a pre-
defined macroscopic strain state, and the resulting macroscopic stress state is evaluated as a volume
average [21]. The effective macroscopic elasticity parameters are then evaluated from the resulting re-
lation between macroscopic strain (prescribed) and macroscopic stress (computed). The evaluation of
material parameters is further detailed in Subsection 4.2.3.

Depending on if the material response is linear or non-linear, the homogenisation process is different [21].
For a linear material response, the homogenisation can be done once and for all, a priori, and elastic
engineering parameters can be determined. For a nonlinear material response, an a priori homogenisation
is not sufficient. Instead, one either has to device a two-way coupled system where the homogenisation
is nested with the solver [21], or perform off-line so-called virtual testing to generate data to which a
macroscale surrogate model can be calibrated.
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Figure 9: Schematic examples of (a) a periodic microstructure and its RVE, and (b) an aperiodic mi-
crostructure and its SVEs.

3.3.3 Periodic boundary conditions (PBCs)

Periodic boundary conditions (PBCs) are a type of boundary condition that allows for the approximation
of a large structure by using a smaller representative volume, typically these would be used on structures
with a periodic phase arrangement. However, studies such as [23, 24, 25] indicate that for the case of
a heterogeneous material with an aperiodic structure, PBCs provide a better prediction of the effective
material properties than both Dirichlet and Neumann boundary conditions, assuming that the SVE is
not large enough for all three to converge fully. It has also been shown that the use of Neumann boundary
conditions provides the lower bound of the mechanical properties, Dirichlet boundary conditions give
the upper bound, and periodic boundary conditions generally fall within these bounds, providing better
predictions of the effective mechanical properties for aperiodic structures [24]. A visual representation of
this relation between the three is shown in Figure 10. It is important to note that the better prediction
of PBCs is the general case, there are special cases where PBCs might produce a less correct estimation
of the effective mechanical properties for small domains, as shown in [26].

Similar studies have also come to the conclusion that in terms of convergence, in general, periodic bound-
ary conditions are the most efficient compared to the traction (Neumann) and displacement (Dirichlet)
boundary conditions [23, 25], this can also be seen in Figure 10 where the PBC reaches the effective
value significantly faster.
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Figure 10: Trend of convergence for homogenised elasticity matrix using different boundary conditions,
[25].
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As a starting point of implementing periodic boundary conditions on an SVE, consider the domain (2
with boundaries 6. The external boundaries 692 are divided into their respective opposing parts JQ+
and 627, as shown in Figure 9. This boundary division should satisfy the following conditions:

(i) QT usN™ =60
(ii) QT NsQ™ =0 (1)
(iii) n~ = —n™.

The above conditions say that (i) all pairs of opposing boundary sides compose the total boundary 6
and (ii) the intersection of two opposing sides should be equal to zero, meaning no intersection. The
final condition (iii) says that the normal of two opposing boundaries are equal in opposite directions.
Therefore, a cuboid domain is suitable in the application of periodic boundary conditions, preferably
with a periodic mesh meaning that the mesh distribution is the same on the parallel faces.

The displacement field w of an SVE submitted to a macroscopic strain can be divided in to two parts:
the displacement due to the applied macroscopic strain denoted @ and a zero-mean fluctuations field
@, as seen in Equation (2). The periodicity is enforced such that the fluctuating part of two parallel
boundaries are equal. This implies that when setting up a displacement constraint between two sides,
the only remaining part is the contribution of the linear displacement field (derived from the applied
macroscopic strain). This results in the general form of the constraint equation, presented in Equation

(3)
u; = Uy + Uy = €ijxj + u;, thus (2)

uj — ’LL; = 5@‘1’? - €_ij$; + ﬁj - ﬁ; = 5ij(l'j - 1’;), (3)

0

where &;; is the macroscopic strain and xj and z; are the respective coordinate of the material point
on opposing boundaries. Thus, (2 — 27) represents the distance between paired external boundaries.

J J
Equation (3) ensures the continuity of the displacement field across the domain. A similar constraint
is enforced on the traction as: t¥ = —t, defined as an anti-periodicity condition. This comes from

the definition of the traction ¢; = &;;n; which should satisfy condition (iii) in Equation (1) for all pairs
00T and 6Q~. These in turn, also fulfil the Hill-Mandel principle, ensuring that the sub-scale modelling is
energetically consistent, and therefore valid. The full theoretical background of the Hill-Mandel principle
will not be covered in this thesis, for further reading see [23].

16



3.3.4 Evaluation of effective material properties

The effective material properties are evaluated using the known/assumed constitutive relation (in Voigt
notation) between the macroscopic stress (&) and strain (&) via the compliance matrix (S) as € = S&.
The material at hand is anisotropic on the lower scale, but in the ideal case quasi-isotropic, or in-plane
isotropic, on the macroscale [4]. Therefore, in order to evaluate the effective material properties, an
orthotropic constitutive relation is used. This is presented in Equation (4), where S is the orthotropic
compliance matrix. As orthotropic materials have material properties that differ along three orthogonal
axes, quasi-isotropy is a special case of orthotropic materials. In theory, with the material being ideally
quasi-isotropic, the two in-plane components of the elastic stiffness (E, and E,), the in plane Poisson’s
ratios (vgy and v,), and the out-of-plane shear moduli (G, and G,.) should be identical.

ro 1 _ Vya _ VUsg 0 0 0
E, E E.
Exx Uy Ly v 0 0 0 Ozx
Eyy E, B, E. Oyy
—zx  _Ipz L 0 0 0
Ezz | _ E. E, E. Ozz (4)
= 1
Eyz 0 0 0 3G,. 0 0 Oyz
€z 0 0 0 0 3z 0 | |0z
zx
Exy 0 0 0 0 0 ﬁ Ozy
L vy -
S

Extracting the full set of equations from Equation (4) results in the following relations between the
different material properties:

Ozz  VyaOyy VexOzz Oyy VeyOgxa VyyOzz Oyy VyyOgxa VayOzz

fer =g, T T E, E. 0 TR, B E. 0 T EB, T E E.

(5)
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Using periodic boundary conditions, the applied strain is known for the different load cases. The macro-
scopic stress state, however, is unknown but may be evaluated as a volume average using Gauss integra-
tion [24] as:

Ne Ne,int

gij = é/ 0i;dQ = éz Z o (yr)J (Y)W (yr), (6)
Q e=1 I=1
where 0;; is the average stress, e denotes element, y; is the integration point, J is the determinant of
the Jacobian, and W is the integration weight. Looping through all elements and integration points of
a large RVE is not computationally efficient and the volume average stress may instead be obtained by
evaluating the traction at the boundary. Applying the Gauss theorem on Equation (6) yields:

1 1 1 RIS
61’]’ = E/QO'UCZQ = 5 /BQ ozjnjm]daQ = 5 /aQ tlil?jdaQ ~ ﬁ Z Fi(Ej, (7)
n=1

where t; is the traction, n; the outwards facing normal, x; the position, 02 the boundary, and F; the
nodal force. In practice, the average stress can be evaluated as the total reaction force of a surface
divided by the cross-sectional area, as shown in Equation (8), where F°" is the total force and I; is the
SVE side length.
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3.4 Classical laminate theory - analytical homogenisation

Analysing a laminated composite with layered plies of known angles allows for the use of classical laminate
theory (CLT) in order to evaluate the effective in-plane properties: E11, Ess, Gia, and v, under the
assumption that the out-of-plane stress is zero. CLT does not apply to STBDCs on the macroscale,
since the material is neither continuous nor structured in layers. But on a sufficiently small scale, the
material is actually both structured in layers and continuous. How CLT was used for homogenisation
on a smaller scale is presented further in Subsection 4.3. The smaller scale laminate structure of the
STBDC material does not only consist of tapes (plies) but could also consist of pure matrix. Therefore,
the ply/lamina/pure matrix will from this point be referred to as layers. Knowing the longitudinal,
transverse, and shear material properties for each transverse isotropic layer, the stress strain relation
can be expressed with the reduced stiffness matrix @, defined through its four independent components.
The definition of @ in Voigt notation for a transverse isotropic layer and its respective components are
stated in Equations (9) and (10). The subscripts L and T in Equation (10) represent the longitudinal
and transverse directions, respectively. Furthermore, since the layers can have different angles and the
material properties are direction dependent, the reduced stiffness matrix needs to be transformed to
comply with the global coordinate system. The transformation between the local and global coordinate
system is done through Equation (9), where T'; is the stress-transformation matrix and T'5 is the strain
transformation matrix, the components of these will not be stated in this report but can be found in [9].

i Qu Q12 0
Q=T,'QT; with Q= |Qi Qxn 0 (9)
0 0 Qes
Qi1 = P Q22 = I — Q12 = Vil Qes = Grr (10)

1 b b b
— VLTVTL 1—-vrrvrr 1—-vrrvrr

Once the transformed stiffness matrix @Q has been evaluated for the different possible angles within the
system, the laminate stiffness matrix K can be defined as the relation between the moment and stress
resultants (M, N), and laminate mid-plane strains and curvatures (€, k). The relation has been defined
in Equation (11):

— K] A B

’ (11)
M k B D

N el [ } el

k
where A, B, and D are the extensional stiffness matriz, coupling stiffness matriz, and bending stiffness
matriz, respectively [9]. The evaluation of the A, B, and D matrices has been stated in Equation (12).
The factor (hy — hx—1) denotes the distance between the top and bottom surface of each layer relative

to the mid-plane, resulting in the layer thickness.

n

A=Y@~ hir),  B=3@u0E ), D=3 @u0d k) (2)
k=1 k=1 k=1

Once all component matrices of the stiffness matrix K have been evaluated, the effective engineering

constants can be calculated using the compliance matrix S [16], defined as:

-1 a1 ai2 aie
a b A B
S:[b d]: {B D} , where a= |as1 a2 ag]| . (13)
ag1 Q26 (g6

From this, the in-plane material parameters can be evaluated from the inverse components of the com-
pliance matrix as:

En=—, Eyy =

_ , 14
asoh a6 a1 ( )

where h is the total thickness of the laminate.
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4 Methodology

In this section, the methodology used to realise the aim throughout the project are detailed. It starts
with an in-depth explanation of the geometrical modelling of the STBDC material, including both an
overview of the entire procedure and in-depth details on all the major topics. Then covering the finite
element analysis, in a more practical implementation manner. This is followed by a description of how
the reduced 2D-model was developed and ends with a design of experiment subsection.

4.1 Geometrical modelling

The first part of the project was to create a voxel-based numerical model, replicating the microstruc-
ture of a compression moulded STBDC. A modified RSA technique was used, partly due to the ease
of implementation and partly since it is the most commonly used in literature. This section covers the
methodology used in order to create the modular MATLAB code with the functionality of generating a
realistic material structure. A flowchart outlining the general functionality of the developed MATLAB
code is shown in Figure 11.

In short, the flowchart shown in Figure 11 describes the following processes: a main file is used to manage
settings such as tape dimensions and toggles such as which plots to plot and if an input file is wanted
or not. The geometry is then created using multiple different functions, detailed further in the following
subsections. Based on the toggles and settings defined in the main file, the geometrical post-processing
is completed and wanted plots produced. The relevant data is then saved in a separate directory for
later access. Based on toggles, the sides and top of the domain are cut to a predetermined SVE size
to remove edge effects and resin rich top layers. If wanted, an input file is written and saved. Also, a
through thickness homogenisation procedure can be done and a reduced 2D-model input file written.
Finally, a data check can be run using Abaqus as well as the full simulation. Abaqus Viewer may be
automatically opened once the simulation is completed to visualise the results. The entire process can
be looped to run multiple simulations in series, without using the Abaqus CAE graphical user interface.

Settings and inputs

Locate bin with lowest FVF

Generate random centre
position and angle within that
bin

Develop STBDC structure

Run geometrical post-processing Layer condition met?

Not fulfilled

Yes
Save data \2

Draping

Cut edges

Check FVF and
height targets

Through-
Write input file thickness
homogenisation

Fulfilled
A4
Run datacheck, analysis, open RVE complete
abaqus

Figure 11: Schematic flowchart of the algorithm used to produce and analyse the digital STBDC material
structure.
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4.1.1 Definition of domain

For the ease of manipulation and data storage, a 3D array was chosen to virtually depict the full domain
of the STBDC plate. For future reference, the indices ¢, j, k are used to represent the row, column,
and layer or y, z, and z axes of the 3D array, respectively. Every tape placed in the domain is stored
with an identifiable integer in sequential order (tape index) and the rest of the array is filled with zeros
representing the polymer matrix.

In terms of size, the length and width of the domain were set to be equal and defined as a function of
the tape length. Similarly, the size of the SVEs was based approximately on the tape length. Doing
this, a relation between the size of the SVE and full domain could be maintained, ensuring that it was
sufficiently large. The height of the domain depends on the maximum number of stacked tapes, which
is a user input parameter. The maximum size of the domain was limited by the available memory of the
computer. This inhibits the creation of large structures with high resolution, for a computer with 16 Gb
RAM memory, the size of the 3D array was limited to roughly 7000x7000x36 elements. For reference,
a tape modelled in high resolution could require 4000 elements along the length of the tape.

The full domain was partitioned twice into two different subdomains, shown in Figure 12. Firstly, the full
domain was partitioned by the safety margin I to create the safe space subdomain, shown in Figure 12(a).
The placement of each tape is governed by its centre position, the centre position may not exceed the
boundaries of the internal safe space subdomain. The safety margin was set equal to one tape length,
ls = l;. The rationale for this was to avoid any parts of the tape exceeding the outer boundary which
would complicate the programming as MATLAB does not allow calling positions outside the array limits.
The second partitioning was to divide the safe space subdomain into a number of so-called bins, which
were used to force a more uniform tape distribution (further detailed in Subsection 4.1.2). The layout
of these bins are shown in Figure 12(b).

Safe space

'y

I L

Full domain

v

(a) 3D array with subdomain (b) 3D array with subdomain
division. and bin division.

Figure 12: Schematic visualisation of geometric domain and subdomains.

4.1.2 Tape generation and placement

The individual tapes making up the domain, with pre-defined width w?, length I*, and thickness t!, were
constructed using cuboid volume pixels (voxels). The amount of voxels used to build up each tape was
a result of the user-defined tape dimensions, voxel aspect ratio Ryox, and number of voxels in the height
direction per tape, N"ﬁox’h (all input-values to the code). The voxel aspect ratio dictates the in-plane
dimensions to thickness relation of the voxels. The number of length voxels (N!

vox,l
width voxels (N, ,,) for each tape were calculated as:

ltN\fox h th\fox h
N\iox,l = round <ttRVO;( 3 N\tlox,w = round ttTVO}; s (15)

where the operator round(e) refers to the MATLAB function with the same name which rounds (e) to
the nearest integer value. Increasing the amount of voxels defining each tape results in an increased
resolution, providing a more accurate model at the cost of an increased need for computational power.

), and number of
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The placement of each tape inside the domain was decided strictly based on its randomised centre posi-
tion (X,, Yz) and tape angle (¢), defined in Figure 14(b). The centre position was randomised, however,
the algorithm has a condition implemented to ensure that the search for an open position was more
efficient, and to ensure a uniform tape distribution. For each new iteration, the tape content of each
bin (see Figure 12(b)) was evaluated and the tape was randomly placed in the bin with the lowest tape
content. This ensured not only that the search area was smaller but that the randomised tape placement
was more uniform across the different layers. Another restriction set on the modelling was that the
placement of tapes were layer constrained (layer condition in Figure 11), this implies that initially tapes
may only be placed in the first layer. Once a user-specified desired volume fraction was achieved for
the active layer, tapes may be placed one layer higher. This was then repeated until the user-specified
number of layers (plies) had been reached.

The tape angle was pseudo randomised, meaning it was randomly chosen from a set of angles in the range
0°-179° in equal increments determined by the user. An angle increment of 1°, for example, yields the
following set of angles to choose from: [0°, 1°, ..., 178°, 179°]. The reason for using 179° instead of 180°
as an upper limit was to prevent the average tape angle of all tapes to be skew towards the xz-direction.
If 180° was used as an upper limit, both 0° and 180° would represent the z-direction whereas only 90°
would represent the y-direction. The tape angle and centre position was sufficient to represent a tape
with straight edges but to fit the voxel-based architecture, this linear representation was required to be
converted to voxel format, as exemplified in Figure 13.

(a) Visualisation of tape discretised (b) Visualisation of tapes with ragged
with straight edges - linear represen- edges - voxel format.
tation.

Figure 13: Schematic visualisation of two different tape representations - linear or voxel.

To do the linear to voxel conversion, a Bresenham algorithm created by A. Wetzler was implemented in
MATLAB [27]. This is a line drawing algorithm that given two points in a 2-dimensional space provide a
pixelated approximation of the line between the two points [28]. Bresenham’s algorithm therefore allows
for the transformation of angled lines within the domain into its corresponding pixelated representation,
this process is visualised in Figure 14(a). The tapes were created by initially using the corner coordinates
in combination with Bresenham’s algorithm to draw all the edges of one tape, as seen in Figure 14(b).
The rest of the tape was then filled in by looping through all the z-positions of the tape and filling it
from the minimum to the maximum y-position. One drawback to the voxelisation of the tape was that
if the resolution was not high enough, multiple given tape angles could result in identical structures. For
example, there was no visual difference between tapes with 0° and 1° tape angles, both were perfectly
aligned with the z-axis.
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(a) Illustration of the functionality of Bresenham’s algorithm. (b) Visual representation of centre posi-

tion and tape angle.

Figure 14: Definitions used to define a voxel-based tape

Once the tape position within the domain and the voxel-based tape representation was complete, the
entire voxelised tape was placed at the lowest available height, without penetrating another tape already
placed and not breaching the height restriction. If this could not be achieved at the given position,
the centre position and angle were re-selected until the tape could be placed while not penetrating and
staying within the active layers. This step was repeated for a user-defined number of iterations. If the
maximum number of iterations was reached, the fibre volume fraction target was lowered. This final step
was repeated, either until a possible tape position was found or until the fibre volume fraction target
was lowered enough to let a new layer be created.

4.1.3 Draping algorithm

The process of creating a realistic geometric model emulating a STBDC involved allowing the tapes
to adapt as they fall on top of each other (form around each other). In order to capture this during
the geometry generation, a draping algorithm was implemented, simulating how the real material acts
when cured under pressure. The draping algorithm does not allow for any discontinuity of tapes and the
draping ratio (out-of-plane angle) is controlled by the thickness to length ratio of the voxels (Ryo.) as
shown in Figure 8(c). If the in-plane dimensions of each voxel is increased, the draping angle is decreased.

The draping algorithm can be divided into three main parts: i) when a suitable in-plane position has been
located for a voxelised tape, all voxels are placed at their lowest available position in the z-direction. ii)
Once the tape has been placed, a topology matrix is established, describing the highest position of each
voxel position of the current tape from a top-view perspective, as seen in the leftmost image in Figure 15.
The purpose of this is to locate any discontinuities of the tape, i.e. where the height difference between
adjacent voxels is larger than one. iii) The discontinuities are sequentially removed using a search algo-
rithm, looping over all elements in the topology map and calculating the height differences between the
current element and its respective neighbours. If any height difference between two neighbouring ele-
ments is larger than one, the current element voxel position is moved up one position in the out-of-plane
direction (see yellow-marked voxels from left to right in Figure 15). Changing the out-of-plane position
of a voxel alters the topology matrix and it has to be updated. Therefore, steps ii) and iii) are repeated
until no more changes are made to the out-of-plane position of the tape.

A simplified visualisation of how this draping algorithm works is presented in Figure 15. The leftmost
illustration shows how a light grey tape lands on a dark grey tape and takes the lowest possible position.
The remaining illustrations in Figure 15 show how the nearby voxels move upward to satisfy the one-to-
one draping condition. The evolution of the topology matrix for the light grey tape is shown underneath.
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Figure 15: Draping algorithm example, yellow boxes indicating moved voxels. Corresponding topology
matrix shown underneath.

The draping ratio was set to 5:1, and achieved by using voxels with a length and width to height ratio
(Ryoz) of 5:1, as schematically shown in Figure 8 (¢). This draping ratio was determined by examining
microscope images from three different studies and measuring the height and length of the matrix filled
crevices. These measurements are shown in Figure 16. Using a 5:1 voxel aspect ratio did not only achieve
a more realistic draping ratio but also reduced the number of elements in the resulting models by a factor
of 25.

(a) Microstructure from [4], (b) Microstructure from [15], drap- (¢) Microstructure from [29], drap-
draping ratio 5.38:1. ing ratio 5.14:1. ing ratio 4.10:1

Figure 16: Microstructure draping measurements from three different studies.

4.1.4 Geometric material properties

Once a structural model had been established, geometric outputs could be extracted. These were strictly
based on the material microstructure and properties of the constituents. The outputs were used not only
to gather an increased understanding of the layout of the tapes within the material, but a number of
these were also be compared to available experimental data as a comparative analysis. Based on the
comparison, conclusions could be drawn on whether the produced model was an accurate depiction of
reality or not.

As introduced in Section 4.1.1, the 3D array domain was presented using a somewhat unconventional
sign convention. The domain D;;, has three axes: i representing the row or y-axis, j representing the
column or z-axis, and k representing the layer or z-axis.

Fibre volume fraction

The global fibre volume fraction was established by evaluating how many positions within the 3D-domain
that were occupied by tapes. This was more specifically done by using a binary 3D-array, D;Dj‘,r;ary, where
each position of tapes was described as a 1 and matrix as a 0. Therefore, the sum of all elements in

Dl?;;;ary equals the number of elements occupied by tapes. To show the in-plane variations of fibre volume
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fraction, it was evaluated through the thickness in every in-plane coordinate as:

L
VP) = Do v, 16
(f ij Nk; ijk f ( )

where (Vf’ )ij is an array containing the through thickness fibre volume fraction in each position of the
plate, Ny is the number of voxels of the domain in the thickness (k) direction, and Vft is the fibre volume
fraction of the individual tapes. Then the global plate average fibre volume fraction (V;7 ) could be
evaluated as:

1 N; Nj

N;N;

D _ P

= (v} )ij (17)
i=1 i=1
where N; and N; are the number of voxels in the ¢ and j directions, respectively. The in-plane variation
of fibre volume fraction was illustrated by plotting (V]i" )ij in a 2D-plot, like a top-view image.

Average in-plane angles

Due to the stochastic nature of the tape orientation in the material, it was of interest to see how the
in-plane angle varies across the structure and how it affects the material properties of the plate. The
possible angles are in the range 0°-179°, where a tape with a 0° angle is aligned with the z-axis and a
tape with a 90° angle is aligned with the y-axis. To visualise the average tape angle on a linear scale, all
angles in the second quadrant (91°-179°) were converted to their respective angle in the first quadrant
(0°-90°). For example, 135° was converted to 45° by the following equation: 45° = arccos(] cos(135°)]).

The average in-plane angle was visualised by looping through the 4, j positions in D;;, and taking a
through-thickness average of all tape angles in each position (similar to Equation (16)). The result of
which was a 2D-array containing the through-thickness average angle in each position. If the active
position had no tapes in the k-direction, the value was replaced by —90° to further clarify the visualisa-
tion. This means that the range of values varies between 90° (oriented along the y-axis), 0 © (oriented
along the z-axis) and —90° (only matrix through the thickness). Finally, the global average angle was
evaluated in a similar manner to Equation (17), where all —90° (matrix) values were excluded.

Level of randomisation

There are three measurements of the level of randomisation used to measure the uniformity of the pro-
duced plate and to find potential biases. The level of randomisation was measured for the tape angle and
tape centre position. The principle was that the tape angle and centre position should converge towards
the mean as the number of tapes were increased. In terms of centre positions, this implies that the mean
of all tape centre positions in both x and y should converge towards the middle point in both directions.
Similarly, the global average tape angle should converge to 45°, using the quadrant conversion described
in the previous paragraph.

Microstructure visualisation

One of the main visual properties of STBDCs is the distribution of tapes between the layers due to
the compression moulding. Therefore, a numerical microstructure image was created to enable the
comparison to a real material microstructure. To create the microstructure image, a slice from the
centre of the D;j;, array is taken along the 7 direction, which results in a new cross-section array Cjy
containing zeros, representing matrix, and integers (tape indices) for the individual tapes. Then, the
cross-section array was modified by looping through all 7, k£ indices and replacing the zeros and tape
indices with either —1 for matrix or cos(y) for the tapes, where ¢ is the tape angle, which is known for
each tape index. This results in a modified cross-section array with values in the range [—1, 1] where 1
represents transverse fibres, 0 represents aligned fibres, and —1 represents matrix. This was plotted as a
2D-image with a black, white, and red colour scheme where black represents transverse fibres (normal to
the cross-section), white represents aligned fibres (horizontally aligned with the cross-section), and red
represents matrix and is clearly set apart from the rest. The black and white colour scheme was chosen
to replicate real microstructure images where transverse fibres tend to have a darker colour and aligned
fibres tend to have a lighter colour, see Figure 5 for reference.
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4.2 Finite element analysis

The following subsections describe the finite element analysis in a more practical implementation manner,
starting with the discretisation (choice of elements), followed by how the periodic boundary conditions
were applied. Then the evaluation of elastic properties is covered, and the section ends with an ex-
planation of the Abaqus input file and how it was created. Due to the structure of the input file, the
implementation of continuum shell elements and continuum solid shell elements was not feasible in the
3D-model and therefore, omitted.

4.2.1 Discretisation

To determine which element to use for the full 3D-model, two tests were conducted to evaluate the per-
formance of different elements. The first test was for a 25x25x28 voxel structure with randomly oriented
tapes. With this random structure, no baseline of what the stiffness should be could be calculated with
accuracy. For the second test, a laminated composite was used instead to enable the analytical prediction
of homogenised material properties, to use as a baseline. The layup was set to [90°/0°/0°/90°] with a
0.25 mm ply thickness and the voxel structure was set to 25x25x4 voxels in the z, y, and z directions,
respectively. Analytical homogenisation of elastic moduli and Poisson’s ratio was done based on the
method presented in Subsection 3.4. Both tests used material data presented in [2], summarised in
Table 2. A summary of the test results is presented in Table 3.

The results show some difference in material properties using different elements for the randomly oriented
tape structure where C3D8R elements consistently gives the lowest modulus values and C3D8 elements
the highest, with C3D8I elements in the middle. For the laminated composite, all elements give the
same results, identical to the analytical solution. The only difference lies in solution time. It should be
noted that the laminated composite is not very representative as it is not exposed to the same stress
concentrations and bending effects as the randomly oriented structures typically are. In conclusion,
the results presented in Table 3 show no clear indication of which element type that is the best for
this application, neither which one is the worst. The C3DS8I element was therefore chosen based on its
enhanced capability to handle bending, even though it seems to be the most computationally demanding.

Table 3: Elastic properties using different elements for a) randomly oriented tapes, b) composite laminate.

a) Randomly oriented tapes, 25x25x28 voxels.
Element Eq; [GPa] g 13 Es [GPa] vy V923 G2 [GPa] Time [sec]

C3DS8 26.66 0.324 0.193 32.12 0.391 0.192 13.32 216.67
C3D8R 25.43 0.319 0.197 30.39 0.379 0.196 12.5 214.24
C3D8I 26.42 0.323 0.193 31.76 0.389 0.193 13.15 223.56

b) Laminated composite: [90°/0°/0°/90°] layup, 25x25x4 voxels.

Element Eqy [GPa] 119 V13 Es [GPa] vy Vo3 G12 [GPa] Time [sec]
Analytical 74.93 0.041 - 74.93 0.041 - 5.60 -

C3D8 74.93 0.041 0.247 74.93 0.041 0.247 5.60 90.42
C3D8R 74.93 0.041 0.247 74.93 0.041 0.247 5.60 96.43
C3D8I 74.93 0.041 0.247 74.93 0.041 0.247 5.60 89.92
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4.2.2 Implementation of periodic boundary conditions

Studies such as [23, 24, 25| indicate that for the case of a heterogeneous material with a non-periodic
structure, periodic boundary conditions provide a more accurate prediction of the effective material prop-
erties than Neumann or Dirichlet boundary conditions. Therefore, PBCs were adopted in the numerical
model for the evaluation of the in-plane effective material properties. The periodic boundary conditions
were implemented using the Abaqus CAE plug-in, EasyPBC [22]. The following paragraphs cover how
the plug-in EasyPBC works, detailing how the different boundary sets are defined and the set-up of the
constraint equations, following the methodology presented in [22].

EasyPBC uses linear multi-point constraints as kinematic constraints (imposing uniform strain) on the
degrees of freedom of each pair of nodes connected to opposite faces, edges and vertices [30]. The gen-
eral definition of this constraint equation has been presented in Equation (3), with the derivation being
detailed in Subsection 3.3.3.

The plug-in initially divides the external boundaries into three separate sets: i) The faces, defined as
the nodes on each directional face excluding the edge and corner nodes, thus only leaving an inner face
region. ii) The edges, which are the sets that contain the nodes situated on the edges of the SVE,
excluding the end nodes (corners). iii) The vertices, defined as the 8 corner nodes of the domain.

In EasyPBC, the distinction of the three sets is defined through the individual nodal coordinate values.
A visual illustration of this distinction has been included in Figure 17(a), for the front face. The basic
idea is that through the use of maximum coordinate values, determine which nodes should be included
or not in each set [22]. This principle is then used until all the sets are defined, the result of which can
be seen in Figure 17(b).

Corners:

€5, C6, C7, C8 (bottom)
Eront and Back Surfuces:
FrontS., BackS.

Front set, nodes meet:

Node X-coordinate = Max. X-coordinate

Node Y- dii # Max. Y- dii
& # Min . Y-coordinate

Node Z-coordinate # Min. Z-coordinate
& # Min. Z-coordinate

(a) Front face definition using EasyPBC [22]. (b) Illustration of created sets [22].

Figure 17: Set definitions for the application of periodic boundary conditions [22].

For the face sets, the two opposing sides of the SVE were coupled node-wise by pre-defining their rela-
tion in terms of displacement (distance between the nodes after deformation). The full set of constraint
equations has been defined in Equation (18). This equation covers the 3 translations with «, 8 repre-
senting the respective degrees-of-freedom z, y and z. The difference in terms of displacement between
the two opposing sides was set equal to the displacement (egnlg) of the reference node. Ig represents
the initial distance between the faces, also defined as the SVE side-length and g, defines the applied
strain. Important to note is that the sign of the right-hand side of the equations is dependent on if the
boundary in the positive direction is written first or second, for further clarification see Equation (3) and
Figure 9.

uFrontS _ ugacks

TopS BottomS __
« «a — Uq =€

LeftS Right$S
=cpales U valy ug"" —uy®" =4l (18)

As an example, for the case of applying a strain in the a-direction (£,.), the respective equations take
on the following form:

uFrontS o uBaCkS

_ TopS BottomS __ LeftS RightS __
- x =egply U PY — Uy =0 u" —u®" =0, (19)
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where uf*f is a reference point with applied displacement in the a-direction. For the edges and ver-

tices, the definition of the kinematic equations follows pre-determined paths along the boundaries of the

SVE. The constraint relations between edges is separated into three lines which have been illustrated in
Figure 18(a).

Top

/

T
|
=\
I~ : T~
|
—d_

z ~

Left

X X
Front Front

(a) Edge connection for definition of EasyPBC. (b) Vertex connection for definition of EasyPBC
Figure 18: Tllustration of how EasyPBC defines its kinematic equations of a RVE.

Following the red line, defining the relations between the edges produces the following set of equations:

F.B.edge B.B.edge
«@ (0%

_ B.T.edge B.B.edge __ F.T.edge B.T.edge __
u —u =cpals Uy T —uy T = gyaly  ugy U — w08 = egals. (20)

The final node set included the vertices (corners) of the RVE, which follow a pre-specified path similar
to the edges, as seen in Figure 18(b), resulting in the following 7 constraint equations:

ug7 — uSl = —€zalz — €zals — Eyaly

ugt = ug® = yaly

ul® —ul® = ezal.

u88 - US4 = —Eyaly -
ugt —uG® = ezal

ug” —ug’ = —zal

ug? —ug’ = —yaly.
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4.2.3 Evaluation of elastic properties

The evaluation of the elastic properties stems from the stress-strain relation stated in Equation (4). The
fundamental idea was to apply the strains individually (one at a time) while simultaneously allowing
the nodes to move without restrictions in the transverse direction (transverse to active direction of
the applied strain), thus removing the macroscopic transverse stress. The result of applying the strain
systematically is that the diagonal components of the stiffness matrix can be evaluated separately, as seen
in Equation (22), these being the resulting equations from Equation (5) with the removal of transverse
stresses. The non-zero stress components were evaluated using Equation (7), simply being the total
cross-sectional force divided by the area cross-sectional area of the SVE.

5o axial stress B, = Um, E, - @, B = O’ZZ' (22)

axial strain’ €xa Eyy €2s

The same principle applies to Poisson’s ratios, which were evaluated column-wise in the stiffness matrix.
Therefore, by for example applying a strain in the z-direction (e,,), one can evaluate the material
constants Ey, vzy and vg,. The definition of v,, can be seen in Equation (23), where the transverse
strain was evaluated by knowing the transverse movement of the nodes.

__ -transverse strain . —Eyy g _ TEyy
= , gy = ——— = ——. (23)

axial strain Oga Exw

The evaluation of the shear parameters was done through the same process, applying a shear strain and
evaluating the respective modulus, the definition of which can be seen in Equation (24) for the case of
Goy.

g g
Y 264y {220y = Yoy = Euy + 24} Exy + Eya (24)

4.2.4 Abaqus input file

The bridge between the geometrical structure in MATLAB and the finite element model in Abaqus is
called an input file. The input file contains all information needed for Abaqus to create a model and run
an analysis. This includes node numbering and positions, element types and node connectivity, material
properties, boundary conditions, solution procedure, etc. Some parts of the input file are required for it
to work, and some are not required but may reduce manual labour in the Abaqus CAE user interface.
For this project, the input file was generated using MATLAB, primarily due to all data required to
create the input file was already available in MATLAB after the generation of the geometric model. A
pseudo-code of a typical input file produced in this project is presented in Listing 1.

The first step of writing the input file was to number all the nodes and store their positions based on
the MATLAB generated voxel domain. Then the element connectivity (which nodes belong to which
element) was established based on an arithmetic expression. The node usage was verified to ensure that
there were no nodes that were used more times than they should. For example, in any cuboid RVE,
there should always be eight nodes that are connected to only one element: the corner nodes. Similarly,
there are simple expressions to calculate how many nodes should be connected to two, four and eight
elements.

As the tapes are transverse isotropic, the material for the tapes was described using linear elastic
engineering constants in Abaqus. This requires nine material properties (F11, Fas, F33, Gi2, G13,
Gas, V12, V13, Vo3) and additionally a description of the material orientation. The in-plane material ori-
entation was set using the known tape angle for each tape. The matrix material is isotropic and therefore
described using linear elastic isotropic in Abaqus which only requires the stiffness and Poisson’s ratio
and no material orientation.
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Listing 1: Pseudo-code for an Abaqus input file written in this project.

+«HEADING

*NODE
node number, xpos, ypos, zpos

«ELEMENT, TYPE=C3D8I, ELSET=MATRIX
matrix element number, nodel, node2, node3, node4, nodeb, node6, node7,
node8

«ELEMENT, TYPE=C3D8I, ELSET=TAPE
tape element number, nodel, node2, node3, node4, nodeb5, node6, node7, node8

*SOLID SECTION, ELSET = MATRIX, MATERIAI=MATRIX MATERIAL
*SOLID SECTION, ELSET=TAPE, MATERIAI=TAPE MATERIAL, ORIENTATION=ORI

*MATERIAL, NAME=MATRIX MATERIAL
*ELASTIC

E, nu

«*MATERIAL, NAME=TAPE MATERIAL
«ELASTIC, TYPE=ENGINEERING CONSTANTS
E11, E22, E33, nul2, nuld, nu23, G12, G13, G23

« DISTRIBUTION TABLE, NAME=TABI
COORD3D, COORD3D

xDISTRIBUTION, NAME=DIST1, LOCATION=ELEMENT, TABLE=TABI

, X_axis_xpos_ref , X_axis_ypos_ref, X_axis_zpos_ref, XY_plane_xpos_ref,
XY _plane_ypos_ref, XY_plane_zpos_ref

element number, X_axis_xpos, X_axis_ypos, X_axis_zpos, XY _plane_xpos_ref,
XY _plane_xpos_ref, XY_plane_xpos_ref

*ORIENTATION, NAME=ORI, SYSTEM=RECTANGULAR
DIST1

rotation_axis additional_rotation

)

4.3 2D-model

Large 3D-models contain an immense amount of information, and therefore also need a lot of computa-
tional power to solve. Therefore, the size of the models is restricted by available computational power.
Due to this, a methodology allowing for the conversion from 3D to 2D was introduced, inspired by the
work of Selezneva et al. [16]. The methodology used by Selezneva et al. was briefly described in Sub-
section 2.2. The methodology used in this project is schematically visualised in Figure 19. Initially the
3D-domain was divided into partitions, or voxel columns through the thickness. The material properties
and orientation of each voxel in the vertical columns are known, which allows for them to be treated as
classical laminates. The effective in-plane material properties for each partition could then be evaluated
using classical laminate theory, covered in Subsection 3.4.

In terms of conducting a finite element analysis, the methodology was practically identical to that of the
3D-model, with a small number of changes in terms of the input file and choice of elements. The input
file no longer required a definition of z-position and the material type used was instead lamina, the plane
stress equivalent of engineering constants. Besides a material orientation, the lamina material definition
requires six elastic material parameters: E11, Fas, 112, G12, G13, and Gao3. The S4R element was chosen
for the 2D-model as it is a reduced integration general-purpose element. General-purpose meaning it is
suitable for both thick and thin plates. Reduced integration was chosen over full integration as it should
reduce the solution time which was one of the core reasons for creating the 2D-model.
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Figure 19: Schematic visualisation of analytical through-thickness homogenisation. Different colours
represent different materials or material properties.

4.4 Design of experiment

The experiment selected to be replicated was conducted by Li et al. [4], summarised in Section 2.1. In
particular, focus was on the thin tape plate they manufactured and tested. This study was selected due
to the detailed reporting of methodology, results and input parameters. As discussed in Subsection 4.1.2,
the number of elements required to discretise a tape depends on the tape thickness. Therefore, thin tape
models have a lower maximum SVE size than thick tape models. The thin tape (t; = 0.164 mm) plates
studied by Li et al. were considered to have a suitable tape thickness to model sufficiently large SVEs.

The homogenisation procedure was conducted for three different sizes of SVEs, with different number of
samples for each SVE size, listed in Table 4, to enable a comparison of results. In addition, for every
SVE generated, the homogenised material properties were evaluated using both the full 3D-model and
the reduced 2D-model. All SVEs were cut out from the centre of larger models to remove edge effects.
Also, the equivalent of four tape thicknesses were removed from the top of each SVE, as if they had
been sanded. The top layers of the numerical model typically had a lower fibre volume fraction and by
cutting off the top, the global plate fibre volume fraction became more representative of the real material.

The SVE sizes were based on tape size and available computational resources. All SVEs had the height
28 voxels (2.24 mm) and were square in-plane. The medium (110 voxel side length) SVE was chosen as
it was the maximum feasible size to run on a desktop computer, and the side length is almost equal to
one tape length. From there, the small (55 voxel side length) SVE was selected simply as half the size of
the medium SVE, with twice as many samples. Finally, the large size (250 voxel side length) SVE was
chosen as it is exactly twice as long as a single tape and as it was reasonably fast to run on the Chalmers
Centre for Computational Science and Engineering (C3SE) computer cluster [31].

Table 4: SVE size, original domain size, and number of samples for the three homogenisation cases.

SVE size (voxels, tape dimensions) Original plate size (voxels) Number of samples

55x55x28 A box b 144t 500x500x36 250
110x110x28 = I x It x 14¢" 500x500x36 125
250x250x28 = 21* x 20t x 14! 1000x1000x36 10

Although the material data list and input parameters used by Li et al. [4] was extensive, it was not
complete. Li et al. made a numerical model of the material in a connected study [2], summarised in
Subsection 2.2, where the input data was even more detailed. Shah et al. [17] made a numerical model
trying to replicate the material produced by Li et al. [4]. The article written by Shah et al. had values
for the matrix material properties, which Li et al. excluded in both [2] and [4]. Even with three articles
using the same material, the list of input material data was not complete and some parameters had to be
assumed or derived. E33, G13 and 13 were directly derived based on the transverse isotropy assumption
of the tapes as: F33 = Fa2, G13 = G12 and v13 = v15. The Poisson’s ratio vo3 was assumed to be 0.4,
since vo3 typically lies between 0.4 and 0.45 [32]. Then the shear modulus Ga3 was calculated as:
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2(1 + 1/23) ’
Table 5 shows the input parameters for tape size and material data used in the model. The dimensions

of the tapes used in the FE model were not exactly the same as the dimensions used by Li et al. [4].
This was a result of the discretisation, using in-plane square elements. The dimensions of the elements

Gos = (25)

was based on the tape thickness ('), the number of elements in the thickness direction (N{,, ,) and the
voxel aspect ratio (Ryox) as:
tt t' Ryox
tvox = 77— lvox = Wyox = ) (26)
N\fox,h N\t/ox,h

where tyox is the element thickness and lyox = wWyox are the element in-plane side lengths. For the
modelled tapes to have the exact same dimensions as the real tapes, the following conditions must be
fulfilled:

"= Z1lvox, w' = T2Wyox, th = Z3tvox, (27)

where [, w’, and t' are the tape length, width, and thickness, respectively, and z1, x2, and z3 are
integer values. If x1, x2, and z3 are not integer values, the modelled tapes cannot have the exact same
dimensions as the physical tapes and at least one of the dimensions must deviate. In this case, the
thickness could be reduced by 0.004 mm for the width and length of the modelled tapes to coincide with
the real tapes.

Table 5: Constant input parameters for tape and polymer matrix. { - values taken from [2], 1t - values
taken from [17], * - assumed values typical for carbon fibre composites, {* - values assumed by [2].

Tape size Moduli [GPa] Shear moduli [GPa] Poisson’s ratio Matrix
[voxels] [mm] El, El} Ess | Gl Gis Gas vy s vy | BT [GPa]  wit
125x20x2  50x8x0.16 | 140 9 9 5.6 5.6 3.2 0.34 0.34 04 3.45 0.31
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5 Results

This section presents the results produced in this project. As a starting point, one of the many generated
plate samples, and the results of taking it from a full plate model to an SVE is presented. A meso-
and microstructural comparison to a real material sample is made, followed by an overview of the
variation in average tape angle and fibre volume fraction across all samples. The section moves on
to show the predicted material properties, averaged for all SVEs, followed by a presentation of how
the predicted mechanical properties depend on the geometrical properties of each individual SVE. The
section is finalised with a numerical experiment where the validity of using homogenised STBDC material
properties in a practical implementation was tested.

5.1 Geometrical properties of the numerical STBDC model

The following subsections present the results of the developed geometrical model. In the first part, the
visual appearance of the generated structure is illustrated, including how the geometry is modified in
order to generate a usable SVE domain. Using the presented geometrical structure, images showcasing
the stochastic nature of the material are presented for different geometrical variables such as fibre volume
fraction and average tape angle.

A top-view image of a generated geometrical model is presented in Figure 20, the colour scheme is set so
that white represents tapes aligned with the z-axis and black represents tapes aligned with the y-axis.
The full domain consists of two subdomains, the safe space and the SVE itself. The safe space subdomain
was initially introduced to avoid programming related issues (see Subsection 4.1.1) but it also works as a
border that removes most of the edge effects. The SVE in Figure 20 has the in-plane dimensions 110x110
voxels, the medium size of the three SVEs that were analysed in this study.

3D View of STBDC Plate
466 Tapes

250

200 1

Number of Voxels Y-Direction

0 100 200 300 400 500
Number of Voxels X-Direction

Figure 20: top view of a 3D generated material structure with subdomains visualised.
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5.1.1 Results of domain modifications

The result of cutting the full domain along the safe space border and removing the top layers, as explained
in Subsection 4.4, is presented in Figures 21-23, showcasing how the domain changes and also how the
fibre volume fraction and in-plane tape angle are affected. Removing resin rich top layers does not only
increase the FVF but it also cuts some of the tapes, resulting in partial tapes and tapes with holes in
the top layers, displayed in Figure 21(b).

3D View of STBDC Plate 3D View of STBDC Plate

45.95 % Volume Fraction 53.09 % Volume Fraction

250

Number of Voxels Z-Direction
Number of Voxels Z-Direction

0 0
Number of Voxels X-Direction Number of Voxels X-Direction
Number of Voxels Y-Direction Number of Voxels Y-Direction
(a) 3D ISO-view of a 250x250x36 STBDC. (b) 3D ISO-view of a 250x250x28 STBDC.

Figure 21: Visualisation of a computationally generated material structure, (a) unmodified and (b)
modified by having top layers removed.

The variation of the through-thickness fibre volume fraction for the stated domain has been presented
in Figure 22 with (a) being 36 voxels in height (not modified) and (b) being 28 voxels height-wise
(modified). For the unmodified domain the variation of the FVF is evident, with high levels of variation.
This variation of FVF is to be expected for these types of materials, although, generally less intense. By
removing the top layers, the fibre volume faction increases and becomes more uniform, this is evident
when comparing Figure 22(b) to Figure 22(a). Comparing the two figures, it can be also noted that the
fibre volume fraction has increased from 45.95% to 53.09%, bringing it closer to the experimental target
value of 57.85%.

Through thickness fibre volume fraction Through thickness fibre volume fraction
Global volume fraction = 45.95 Global volume fraction = 53.09
25 X e - 06 250 e g e s 0.6
c a3 e c ] 7
5 Bl Y : 0.55 k] 0.55
a 2 8 Y8
2, 045 3 2, 3
@« = » 150 0.45 &
g 04 E g 0.4 E
o = o] s 2
s 035 ¢ Z 100 >
k<] o k] 0.35 ¢
t 03 2 s a
5 g 5 0a £
= 0.25 £ 50 :
S S R
= 02 = 0.25
150 200 250 50 100 150 200 250
Number of voxels x-Direction Number of voxels x-Direction
(a) FVF for a 250x250x36 voxel plate. (b) FVF for a 250x250x28 voxel plate.

Figure 22: Visualisation of through thickness fibre volume fraction distribution, (a) unmodified and (b)
modified by having top layers removed.
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The change in terms of the average in-plane tape angle across the domain has been presented in Fig-
ure 23, for the same domain as the FVF. The difference is hardly noticeable between the two, with the
modified domain receiving a slight increase in terms of the global average (for this specific case). The
global average increasing is however not always the outcome. The deviation from the original global
average tape angle could go either way depending on the layout of the top layers, unlike for the FVF
where an increase is almost always the case.

Average in-plane tape angle Average in-Plane tape angle
Domain average = 44.63 - should be 45 Domain average = 44.95 - should be 45
250 : pT =0 > ™ y 250 " e - - y

= i c - -
o b 8 \
S 200 | . S 200 |
5 2 5 5
o 150 o 7 150 :
2 x = [ x &
s 100 é s 100 B
5 g 5| 5
gl = g, ¢
e 50 c 50|
=1 =]
2 2 ]

0 — matrix 0 — matrix

0 50 100 150 200 250 0 50 100 150 200 250
Number of voxels x-Direction Number of voxels x-Direction
(a) Average in-plane tape angle for a 250x250x36 voxel (b) Average in-plane tape angle for a 250x250x28 voxel
plate. plate.

Figure 23: Visualisation of through thickness average tape angle distribution, (a) unmodified and (b)
modified by having top layers removed.

5.1.2 Mesostructure

The stochastic distribution of the tapes results in the randomised visual appearance that characterise
these types of materials. In order to visually examine if the developed algorithm generates a geometry
that replicates the material at hand, a visual comparison has been presented in Figure 24. The colours
in Figure 24(b) are based on the orientation of the tapes, with black indicating that it is aligned with
the y-axis (vertical) and white being aligned with the x-axis (horizontal). The white dots in Figure 24(a)
are MATLAB-generated, marking out the boundaries of the tapes, and the colours themselves have no
correlation to a geometric property.

Comparing the real and computer-generated mesostructure, the visual appearance is similar between

the two, indicating that the generated model is an accurate representation of the real material. The
stochastic distribution of the tapes has therefore, been captured by the developed algorithm.

e

[ .

(a) Real material mesostructure [4]. (b) Numerical model mesostructure.

Figure 24: Top-view of a STBDC structure, (a) real material sample, (b) generated voxel-based material
sample.
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5.1.3 Microstructure

A method of verifying the quality of the generated geometrical model is to compare the computer-
generated microstructure to a real material sample microstructure. A microscope image of a real material
sample has been presented in Figure 25, where the alignment of the tapes can be distinguished by the
their visual appearance and colour. The ones that appear to be constructed out of dots (small circles),
are oriented in the transverse direction (normal to the cross-section), and tapes that appear more as
lines are aligned along the cross-section.

Microstructure images of the generated geometrical model are presented in Figures 26 and 27, where
the red colour represents matrix, and the grey-scale is dependent on the orientation of the tape. If a
tape is aligned with the z-direction (aligned with the cross-section), it would appear as white in the
figure. The tapes that are instead transverse (aligned in the y-direction, normal to the cross-section),
appear as black, and the tapes within these limits receive their respective colour according to the grey
colour-spectrum as seen in the colour bars. The difference between Figure 26 and 27 is that the latter is
modified with the top layers removed.

Comparing Figure 25 to Figure 26, the generated model does capture the waviness of the structure,
although less smooth as a consequence of the voxels and relatively low resolution. The draping ratio
of 5:1, meaning that the voxel dimensions are five times larger in-plane than out-of-plane, does appear
to provide a realistic representation of the real material. The main issue is the high matrix content at
the top, which is not seen in the real plate, as a result the height was modified to remove these layers,
resulting in Figure 27.

The removal of 8 voxel-layers (4 tape-layers) from the top resulted in a more accurate representation,
as can be seen by comparing Figure 27 to 25. The real material does not contain the high-resin content
region at the top; thus this modification appears to be a valid method to generate a more accurate
representation of the STBDC microstructure.

Strand size : 50 mm x 6 mm 2.5 mm

Figure 25: Microscopy image of the cross-section of a manufactured STBDC [16].

Cross-section microstructure view

Tape alignment

Number of voxels z-direction

230 235 240 245 250 255 260 265 270
Number of voxels x-direction

Figure 26: Cross-section image of a computer-generated STBDC, 36 voxels in height.

Cross-section microstructure view

Tape alignment

X

230 235 240 245 250 255 260 265 270
Number of voxels x-direction

Number of voxels z-direction

Figure 27: Cross-section image of a computer-generated STBDC, modified from 36 to 28 voxels in height.
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5.1.4 Distribution of fibre volume fraction and average tape angle

The distributions of (a) fibre volume fraction and (b) average tape angle are presented as histograms
with normal distribution curves in Figures 28, 29, and 30, for the small, medium, and large sized SVEs,
respectively. A nearly normal distribution of both average tape angle and fibre volume fraction can be
observed for the small SVE with 250 samples, with one outlier in fibre volume fraction. As the SVE
size is increased and the sample size reduced, the histograms do not fit the normal distribution curve
as well. Further, as the domain increases in size, both the global fibre volume fraction and the average
tape angle converge in the sense that the differences between the largest and smallest values decrease.
It can be concluded that there is a larger variation in average tape angle than fibre volume fraction for
all SVE sizes. Finally, it should be noted that the sample sizes are, at least for the large SVE, too small

to draw statistically sound conclusions.

The reference material, made by Li et al. [4], did not present results for the average tape angle, but the
authors did present results regarding the fibre volume fraction of their plates. The average FVF of the
reference material was 57.85%, which means that the small, medium, and large SVEs have an average
fibre volume fraction that is 9.1%, 9.5% and 9.7% below the reference average, respectively.

Fibgg volume fraction - 55x55x28 SVE size. Mean = 52.61% 50Average angle - 55x55x28 SVE size. Mean = 45.25°

Frequency
Frequency

49 50 51 52 53 54 55 56 35 40 45 50 55 60
Fibre volume fraction - [ % ] Average angle - [ ° ]

(a) Plate fibre volume fraction distribution. (b) Average angle distribution.

Figure 28: Histogram with normal distribution curve of (a) fibre volume fraction distribution, and (b)
average angle distribution, for the 55x55x28 voxel SVEs.

Fibrg volume fraction - 110x110x28 SVE size. Mean = 52.35% AZABverage angle - 110x110x28 SVE size. Mean = 44.43°
20 +
g5y &
g g
o <
) )
g g
& 10r =
5t
0
51.5 52 52.5 53 53.5 35 40 45 50 55
Fibre volume fraction - [ % | Average angle - [ ° ]
(a) Plate fibre volume fraction distribution. (b) Average angle distribution.

Figure 29: Histogram with normal distribution curve of (a) fibre volume fraction distribution, and (b)
average angle distribution, for the 110x110x28 voxel SVEs.
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Fibre4volume fraction - 250x250x28 SVE size. Mean = 52.21% Asverage angle - 250x250x28 SVE size. Mean = 45.48°
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0 0
51.6 51.8 52 52.2 52.4 52.6 52.8 40 42 44 46 48 50
Fibre volume fraction - [ % | Average angle - [ ° ]
(a) Plate fibre volume fraction distribution. (b) Average angle distribution.

Figure 30: Histogram with normal distribution curve of (a) fibre volume fraction distribution, and (b)
average angle distribution, for the 250x250x28 voxel SVEs.
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5.2 Homogenised material properties

The homogenised in-plane material properties were computed for the three different SVE sizes, with
different number of samples for the different sizes. Smaller SVEs statistically have a larger variability
whereas larger SVEs have less variability. Therefore, a larger number of realisations are required for
smaller models to compensate for the larger variability. The average (for all samples) homogenised
results are summarised in Tables 6 and 7 for the full 3D-model and the reduced 2D-model, respectively.
In these tables, most values are written in the form p + S where p is the mean and S is the standard
deviation, calculated as

1 .
,UZN;CM, S = WZW—HR (28)

i=1

where N is the number of observations and a; the observed variable. In the tables, also the solution time
has been included in terms of core hours, calculated as the number of cores used multiplied by the time
Abaqus required to solve the problem. The solution times are only given as approximate values, mainly
because they were calculated based on a reduced sample size, but also since it was seen that the solution
time could vary depending on if other processes were running on the computer during solution process.

It should be noted in Tables 6 and 7 that the standard deviation decreases with increasing SVE size for
all measured properties, even though the sample size is decreased. Another observation to point out is
that the standard deviation is consistently larger for the reduced 2D-model than for the full 3D-model,
even though these were made for identical SVEs. Further, the reduced 2D-model consistently produces
slightly lower average values of all material properties. The largest difference between the two models
regarding stiffness appears for the large SVEs, where E?P is 2.13% lower than E$P. For the shear
modulus, this percentual difference increases and the maximum difference is found for the medium size
SVEs, where G20 is 3.96% lower than G35. Further, the Poisson’s ratios are also consistently lower
for the 2D-model, the largest difference occurs for the medium sized SVEs, where 12 is 4.47% lower
than 1§D, Finally, the total solution time, i.e. the number of CPU hours used to run all samples, varies
drastically between the different cases. A single large 3D-model homogenisation process requires more
CPU hours than all the small 3D-models combined. This effect is not at all as evident for the reduced
2D-models.

Table 6: Averaged homogenised results - full 3D-model.

SVE size [Voxels] 55x55x28 110x110x28 250x250x28
Number of samples (N) 250 125 10

E,; [GPa] 40.19 + 6.36 41.31 £ 4.06 39.77 £ 2.41
E [GPa] 40.83 £ 620  40.01 +£3.98  40.95 £ 1.60
G1> [GPa] 15.25 £ 1.43 14.95 £ 0.85 15.36 £ 0.41
vig [ -] 0.308 £ 0.062 0.301 £ 0.040 0.290 £ 0.013
vig [-] 0.305 £ 0.024 0.308 + 0.016 0.312 + 0.005
vor [ -] 0.313 + 0.061 0.291 + 0.036 0.299 + 0.023
vos [ -] 0.303 £ 0.023 0.312 £+ 0.014 0.309 + 0.009
Average tape angle [degrees] 45.25 + 4.49 44.43 + 2.78 45.48 + 1.45
Domain FVF [%] 52.61 £ 0.67 52.35 + 0.34 52.21 + 0.19
Solution time [CPUs x h] ~0.7 ~4.2 ~ 246.1
Total time [CPUs x h x N] 175 525 2461
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Table 7: Averaged homogenised results - reduced 2D-model.

SVE size 55x55x28 110x110x28 250x250x28
Number of samples (N) 250 125 10

E,, [GPa] 39.84 + 6.78 40.59 £ 4.21 38.92 £+ 2.63

Es [GPa] 40.55 £ 6.68 39.42 + 4.30 40.17 £ 1.69

G2 [GPa] 15.02 £ 1.64 14.36 £ 0.92 14.76 £ 0.39

vig [ -] 0.295 + 0.066 0.287 £ 0.041 0.282 £ 0.015
vor [ -] 0.300 £ 0.065 0.279 £ 0.040 0.292 + 0.025
Average tape angle [degrees] 45.25 4+ 4.49 44.43 + 2.78 45.48 + 1.45

Domain FVF [%] 52.61 £ 0.67 52.35 + 0.34 52.21 £ 0.19

Solution time [CPUs x h] ~ 0.2 ~ 0.5 ~ 2.7

Total time [CPUs x h x N] 50 62.5 27

A visual comparison between the numerically predicted Young’s moduli Fy; and FEss, and the experi-
mental data is presented as bar charts in Figure 31. The reference interval is given as the upper and
lower bounds based on experimental data (E = 43.41 £ 4.14 GPa) [4]. The numerically predicted Eq,
shown in Figure 31(a), is on average 7.62% lower than the reference mean but 2.12% above the lower
bound. Similarly, the Young’s modulus Ess, shown in Figure 31(b), is on average 7.11% lower than the
reference mean but 2.68% larger than the lower bound, with no samples falling outside the reference
interval. E7; based on the average of the large 2D-SVEs is the only comparable homogenised value that
falls outside the lower bound by 0.88% (rightmost bar in Figure 31(a)).

The shear modulus G712 and the Poisson’s ratios v12 and vo1, plotted in Figure 32, were not measured
in the experimental study used for comparison and therefore, these figures have no reference interval to
compare with. What can be noted in these figures is the fact that the 2D-models consistently produce
values of lower magnitude, although, the percentual difference is small.

In both Figure 31 and 32, the earlier note that the standard deviation decreases with increasing SVE size
is clearly visible. The second note that the standard deviation of the homogenised properties is increased
for the 2D-models compared to the 3D-models is not as visible, since the difference is comparatively
small.
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(a) Average E11 £ S for the different SVE sizes. (b) Average Eg2 £ S for the different SVE sizes.

Figure 31: Bar charts of (a) average F1; £ 5 and (b) average Fas £ S for all SVE sizes, both 2D and 3D.
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Figure 32: Bar charts of (a) average G12 £ S and (b) average v12, 121 £ S for all SVE sizes, both 2D and
3D.

5.2.1 Convergence study

The use of different SVE sizes with a specific number of realisations for each, naturally introduces
a convergence study in order to see if there is a notable improvement as the size of the domain is
increased. Therefore, in Figures 33-35, the convergence for the different SVE sizes has been presented as
a cumulative average (CA). The evaluation of the cumulative average was initiated by having all data
sets in chronological order as the data was gathered. The first point of the cumulative average was then
evaluated using only the first data point, the next average included the first and second value of the data
set and so on until the last data point has been reached. The formula for evaluating the CA for a given
a data set is defined as:

1 n

CA

== 5 n=123,..N, 29
Hn nE ai, n (29)

i=1

where S is the cumulative average for data point n, a; is the observed variable, and N is the number
of observations.

In Figures 33(a)-35(a), the CA has been evaluated for F1; and Fs, using both the 3D- and the 2D-model
for each of the SVE sizes, respectively. The primary observation made is that the values for both moduli
converge and result in a smaller deviation between each other as the number of data points accounted
for increases. A noteworthy observation is that Fss is only smaller than F4; for the 110x110x28 domain.
For the other two SVE sizes, Fas converges to larger values than FE1;. The reason for this appears to
be related to the global average tape angle for the entire data set, meaning that if the average angle
across all data points is below 45°, F;; will be larger and if its above 45°, E55 becomes the larger of
the two. There is no bias in the generation of the structure that should generate a consistent difference
between the two, meaning that either of the two can be larger or smaller than the other after converging.
However, in a perfect scenario where the global average tape angle converges to 45°, the Young’s moduli
FE1, and E5 would likely converge to the same value. In this case, there is a difference between the
converged E71; and Fso, indicating that the geometric representation is not perfect although, generates
results within reasonable margins. The maximum difference between E1; and Eso appears for the large
2D-model where Fao is 3.2% larger than F1;. The largest difference between 2D- and 3D-models also
appear for the large SVE, where E#P is 2.1% lower than E3P

In Figures 33(b)-35(b), the cumulative average has been evaluated for all effective material properties
resulting from the homogenisation and normalised against their respective final value, wherefore all
converge to unity. This has also been done for both 2D and 3D, indicating how many realisations
are required for the properties to converge within a reasonable error margin. It can be observed that
the cumulative average is well within 5% margin of error compared to the final value at around 100
realisations for the 55x55x28 voxel SVE, 60 for 110x110x28, and 9 for 250x250x28. Although the data
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set for the large SVE does not contain a large number of data points, it appears to converge significantly
faster than the smaller SVEs.

5 Convergence study - 55x55x28 SVE size Normalised convergence study, 55x55x28 SVE size
D T T T T T T T T

—*—E;; 3D
—oe— E5 3D
—+—Ey; 2D
—o— E5 2D

Cumulative average [GPa|
Normalised cumulative average

35 . . . . 0.75 . . . .
50 100 150 200 250 50 100 150 200 250

Number of realisations Number of realisations

(a) Cumulative average for E11 and E22 for the 2D and the (b) Normalised cumulative average for all homogenised ma-
3D-model. terial properties for the 2D- and the 3D-model.

Figure 33: Convergence study for the 55x55x28 voxel SVE, (a) cumulative average for Young’s moduli,
(b) normalised cumulative average for all material properties.

Convergence study - 110x110x28 SVE size Normalised convergence study, 110x110x28 SVE size
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(a) Cumulative average for Eq11 and E»g for the 2D and the  (b) Normalised cumulative average for all homogenised ma-
3D-model. terial properties for the 2D- and the 3D-model.

Figure 34: Convergence study for the 110x110x28 voxel SVE, (a) cumulative average for Young’s moduli,
(b) normalised cumulative average for all material properties.
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Convergence study - 250x250x28 SVE size Normalised convergence study, 250x250x28 SVE size
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(a) Cumulative average for F11 and Fag for the 2D and the  (b) Normalised cumulative average for all homogenised ma-
3D-model. terial properties for the 2D- and the 3D-model.

Figure 35: Convergence study for the 250x250x28 voxel SVE, (a) cumulative average for Young’s moduli,
(b) normalised cumulative average for all material properties.

5.2.2 Stress and strain response

Analysing the stress or strain distributions in the SVEs was not a focus in this project. However,
these are results of the homogenisation process and therefore included. The top and bottom views of a
medium-sized SVE, displayed in the Abaqus CAE graphical user interface, is shown in Figures 36 and 37,
where (a) shows the undeformed state and (b) shows the £17 strain distribution in a deformed state with
an equivalent applied strain €17 = 0.2. The effect of removing the top layers is clearly visible when
comparing the two figures. The bottom side of the undeformed plate, shown in Figure 37(a) has clearly
separated tapes, distinguishable from each other. On the contrary, the top side of the undeformed plate,
shown in Figure 36(a), has no distinguishable tapes. It is an irregular mix of tapes and matrix. The same
effect is visible in the deformed state, shown in Figures 36(b) and 37(b). The strain magnitude appears to
vary between different tapes in Figure 37(b), the reason for this apparent variation is that the €11 strain
is plotted based on the local tape orientation coordinate system, instead of the global coordinate system.
On the top-side instead, the strain only seem to vary between tapes and matrix, which is reasonable
since the tapes are between 2.6 and 39 times stiffer than the matrix material, depending on the tape
orientation.

(a) Undeformed STBDC plate top-view. White - tape, (b) Deformed STBDC plate top-view. e11 strain distribu-
green - matrix. tion.

Figure 36: Top-view of an STBDC plate, (a) undeformed, (b) deformed with applied strain €17 = 0.2.
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(a) Undeformed STBDC plate bottom-view. White - tape,  (b) Deformed STBDC plate bottom-view. €11 strain dis-
green - matrix. tribution.

Figure 37: Bottom-view of an STBDC plate, (a) undeformed, (b) deformed with applied strain €17 = 0.2.

The o017 stress distribution in the deformed plate is displayed in Figure 38, where (a) shows the bottom
view and (b) shows the top view. Note that the stress distribution, like the strain distribution, is based
on the local tape coordinate system, not the global coordinate system. The stress distribution seems to
follow the strain distribution to a large extent, which is expected. Areas with large strain result in areas
with high stress, except for where the stiffness is low. Another similarity to the strain distribution is that,
also in this case, the individual tapes are distinguishable from each other on the bottom side but not on
the top side. Although, the stress distribution seems to have lower gradients (less abrupt distinctions
between material boundaries) than the strain distributions. Therefore, the material boundaries are less
pronounced in the stress plots than in the strain plots.

(a) Deformed STBDC plate bottom-view. o1; stress distri-  (b) Deformed STBDC plate top-view. o1 stress distribu-
bution. tion.

Figure 38: Stress distribution in an STBDC plate subjected to an applied strain £1;=0.2. (a) Bottom-
view, (b) top-view.
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5.3 Material properties versus geometrical properties

The distribution, or rather change of FVF and average tape angle across different realisations for the
same size of SVE (presented in Subsection 5.1.4) raises the question: how do these variations affect
the effective material parameters? The relation between the average tape angle and the two Young’s
moduli £1; and F3; has been presented in Figures 39-41 for the different SVE sizes, respectively. Sim-
ilarly, the relation between the average modulus E and fibre volume fraction has been presented in
Figures 42(b), 43(b), and 44(b), with E being defined as:
P Eyy + E22.
2
In all these figures, the colour scheme is black and red where black represents results for the full 3D-model
and red represents results for the reduced 2D-model.

(30)

A linear regression curve has been drawn in these figures, using the polyfit function in MATLAB, which
fits the best curve to two (x, y) data sets using a least squares procedure. To evaluate the strength of the
correlation, the Pearson correlation coefficient was used, through the function corrcoef in MATLAB,
and it is included in the legend of each figure. The Pearson correlation coefficient (r) for two data sets
a; and b; with N observations and mean p, and uy, respectively, is calculated as

o (e — pa) (b — )
\/Zi\il(ai — fta)? Zi]\il(bi — )2

and results in values in the range r € [—1,1] [33]. A Pearson coefficient of 1 or -1 implies a perfect cor-
relation, that the data points lie exactly on a straight line with a positive or negative slope, respectively.
A value of zero or close to zero implies that there is no correlation between the two data sets.

(31)

5.3.1 Young’s modulus versus global average tape angle

The relation between the global average tape angle and stiffness in different directions, shown in Fig-
ures 39-41, give a clear indication that, as expected, the stiffness depends on the average tape angle.
Included in these figures are also the reference stiffness interval based on experimental data [4]. There is
a strong correlation between stiffness and average tape angle, |r| > 0.8 for all cases. It should be remem-
bered that the way that the global average tape angle is calculated (explained in Subsection 4.1.4), it
should converge to 45° for a completely random distribution, with values below 45° showing a tendency
to the z-direction and values above 45° a tendency to the y-direction. Figures 39(a), 40(a), and 41(a)
show that the stiffness in the z-direction (11) increases when tapes are aligned with the z-axis and that
it decreases when tapes are aligned with the y-axis. Similarly, Figures 39(b), 40(b), and 41(b) show that
for the stiffness in the y-direction (22), the stiffness increases when tapes are aligned with the y-axis and
decreases when the tapes are aligned with the z-axis. This is a result of the tapes being transversely
isotropic, and stiffer in the fibre direction.
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E5, vs tape angle, 55x55x28 SVE size

Ey; vs tape angle, 55x55x28 SVE size
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(a) E11 against the global average tape angle. (b) Ea22 against the global average tape angle.

Figure 39: (a) E11 and (b) E2s against the global average tape angle for the 55x55x28 voxel domain.

E5 vs tape angle, 110x110x28 SVE size
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Figure 40: (a) E1; and (b) Ea2 against the global average tape angle for the 110x110x28 voxel domain.

FEs vs tape angle, 250x250x28 SVE size
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(a) E11 against the global average tape angle. (b) E22 against the global average tape angle.

Figure 41: (a) E11 and (b) E2o against the global average tape angle for the 250x250x28 voxel domain.
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5.3.2 Shear modulus versus Young’s modulus

The comparison between shear modulus G2 and the average Young’s modulus E (see Equation (30)) is
presented in Figures 42(a)-44(a) for the small, medium and large SVEs, respectively. When the shear
modulus increases, the average stiffness modulus decreases. One logical reason for this is that this rela-
tion is controlled by the orientation of the tapes in the domain, meaning that the direction of the tape
alignment is the determining factor. For example, if one tape has the orientation 0° and another has the
orientation 90° (like a '4’-sign), the average angle is 45°. If the tapes instead have the orientations 45°
and 135° (like a ’x’-symbol), the average is also 45°, using the method presented in Subsection 4.1.4. The
two types of tape alignment would result in either Young’s moduli F1; and Fa2 or G152 being dominant.
As a result, generating the relation seen in Figures 42(a), 43(a) and 44(a), where, as the shear modulus
increases, the average Young’s modulus £ decreases.

These results are dependent on the definition of the coordinate system, meaning that if it is rotated
by 45°, the new alignment would flip the results for that specific geometrical material structure (as a
result of the axes of the coordinate system being aligned as a x instead of a +). However, the important
observation is that this shows how the structure will be influenced based on the direction of the applied
load. In terms of the strength of the correlation between G152 and E, the Pearson’s coefficient indicates
that for the 3D models, there is a strong correlation (|r| > 0.8), but for the 2D models it is not as
definite, as seen by the lower r-values.

5.3.3 Young’s modulus versus fibre volume fraction

It is expected that as the fibre volume fraction increases in a carbon fibre composite, so does the stiffness.
Therefore, the average stiffness E of the small, medium, and large SVEs have been plotted against the
global fibre volume fraction in Figures 42(b), 43(b), and 44(b), respectively. The comparison of E and
the global fibre volume fraction does not indicate a strong correlation between the two smaller SVEs,
with the highest correlation coefficient being 0.31. For the larger 250x250x28 voxel sized domain, there
appears to be a strong correlation for both the 3D- and 2D-model, indicating that as the FVF increases,
so does the modulus, which is to be expected. Even though this could be a correct finding, the lack of
data points does not make it enough to make a confident prediction in terms of the relation between the
two. An increase of data could continue the same strong correlation or make the plot converge toward
a similar r-value as the smaller SVEs. This is a perplexing result, as the stiffness should increase with
increasing fibre volume fraction. The reason why there is no strong correlation between the two may
be that there is too little variation in the fibre volume fraction, the scatter plots are very grouped and
therefore difficult to fit a curve to.

G1s vs E 55x55x28 size SVE

E vs FVF 55x55x28 SVE size
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Figure 42: Correlation between (a) G12 and E, (b) E and FVF for the 55x55x28 voxel SVE.
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E vs FVF 110x110x28 SVE size
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Figure 43: Correlation between (a) G2 and E, (b) E and FVF for the 110x110x28 voxel SVE.
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Figure 44: Correlation between (a) G2 and E, (b) E and FVF for the 250x250x28 voxel SVE.
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5.4 Application to a practical structure

To validate the premise of using homogenised effective material properties for the STBDC material, a
test was conducted. A plate with clamped edges and a uniformly applied pressure on the top surface
(magnitudes specified in Table 8), in the negative z-direction, was selected as the practical structure and
load case. The test was conducted with one sample from each SVE size (small, medium, and large), and
for both the full 3D-model and the reduced 2D-model, see Table 8. The most representative SVE, in
terms of percentual difference from the averaged material properties, from each SVE size was used in the
test. The most representative samples were number 221, 25, and 10 for the small, medium, and large
SVEs, respectively. The heterogeneous plate models were already created during the homogenisation
process, but the homogeneous models had to be produced based on an ”empty” mesh (only containing
nodal coordinates and element connectivity). The homogeneous models were given the material proper-
ties stated in Tables 6 and 7, for the 3D-models and the 2D-models, respectively. Equation (25) was used
to calculate Go3 and G13 for the homogenised plate models. The out-of-plane stiffness E33 was assumed
to be equal to the transverse tape stiffness (9 GPa), for the homogenised 3D-models.

The von Mises stress distribution in the deformed plates is presented in Figures 45 and 46, where Fig-
ure 45 shows the results for the medium sized plate with a heterogeneous material structure, and Figure 46
shows the same results but for a homogeneous material structure. The von Mises equivalent stress is
not generally applicable for anisotropic materials, but used here as a tool to show all stress components
in one image. The first thing to note here is the stress magnitude. The maximum von Mises stress in
the heterogeneous plate is roughly five times larger than in the homogeneous plate. It is evident that
there are notable stress concentrations in the heterogeneous plate, that do not exist in the homogeneous
model. The second important part to note is the stress distribution. The stress concentrations in the
heterogeneous model increases the spectrum in the stress plot, which makes lower magnitude stresses
difficult to differentiate. Therefore, the heterogeneous plate is shown again in Figure 47, but with the
same limits on the colour spectrum as the homogeneous plate. The stress distribution in the heteroge-
neous plate is irregular, whereas in the homogeneous plate, the stress distribution is more symmetric.

S, Mises
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Figure 45: Von Mises stress distribution in a clamped heterogeneous plate (110x110x28 voxels) subjected
to 10 [MPa] pressure.
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Figure 46: Von Mises stress distribution in a clamped homogeneous plate (110x110x28 voxels) subjected
to 10 [MPa] pressure.
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Figure 47: Von Mises stress distribution in a clamped heterogeneous plate (110x110x28 voxels) subjected
to 10 [MPa] pressure, plotted with a limited colour spectrum. Grey elements fall outside limited spectrum.
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The result of the practical implementation tests are summarised in Table 8 for all different plates tested,
with index A, B, C, and D for the different types of models. There seems to be a trend that the
heterogeneous 3D-models (A) have the highest von Mises stress and the largest deflection (displacement
in negative z-direction) for all plate sizes. The models with homogenised material properties (B, D)
and the 2D-models with heterogeneous material (C) have similar values, both regarding maximum stress
and maximum deflection, compared to the heterogeneous 3D-models. Another evident trend in Table 8
is that the percentual difference in maximum deflection between the heterogeneous 3D-models and the
other models decreases with increasing plate size. The average maximum deflections of the homogeneous
models (B, D) and the heterogeneous 2D-models (C),

s _ UB™ Ul up™ .
UBCD = 3 ) (32)

is 36.7%, 17.5%, and 11.7% lower than the deflection of the heterogeneous 3D-models (uy®*), for the
small, medium and large plates, respectively. Keep in mind that what is here called a large plate is
only 100x100x2.24 mm, which could be small in relation to a real application. If the trend that the
displacement results of the 2D-models converge to the same results as the heterogeneous 3D-models with
increasing plate size continues, the 2D-models could be very useful in industry due to the drastically
reduced solution time compared to the 3D-models. Regarding the maximum von Mises stress, the same
trend does not exist. The maximum von Mises stress of the heterogeneous 3D-model (oyyf,) is 5.14,
4.63, and 5.99 times larger than the average of the other models (6{,“1%/["7]30]3), for the small, medium, and
large plates, respectively. The homogeneous 3D-models (B) and the 2D-models (C, D) simply cannot
capture the material-induced stress concentrations that exist in the heterogeneous 3D-model (A).

Table 8: Results of practical implementation simulations.

Plate size  Applied Model Max deflection Max Von Mises
[voxels] pressure [MPa] ode (u™2*) [mm)] stress (oURy) [GPa]
A - Heterogeneous 3D 0.66 7.11
B - Homogeneous 3D 0.41 1.52
POX55X28 50 C - Heterogeneous 2D  0.42 1.45
D - Homogeneous 2D 0.41 1.18
A - Heterogeneous 3D 1.43 5.65
B - Homogeneous 3D 1.18 1.14
110x110x28 = 10 C - Heterogeneous 2D 1.14 1.34
D - Homogeneous 2D 1.22 1.18
A - Heterogeneous 3D 3.55 3.85
B - Homogeneous 3D 3.04 0.58
250x250x28 1 C - Heterogeneous 2D 3.25 0.80
D - Homogeneous 2D 3.13 0.54
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6 Discussion

The produced results indicate that the work conducted has been successful with regards to the set objec-
tive, generating predictions close to that of experimental data. However, the generated material samples
are not perfect representations of reality. Therefore, the following subsections aim to discuss possible
improvements that could be implemented to further improve the developed methodology. Potential
drawbacks relating to the chosen method of geometry modelling and homogenisation will be further
elaborated here.

6.1 Geometrical model

The developed algorithm, generating a geometrical model of an STBDC appears to provide a qualita-
tively accurate virtual representation of the real material. However, upon further analysis, there are
areas where the algorithm fails to produce a fully realistic model, which could be improved.

The geometrical properties, such as global fibre volume fraction and global average tape angle, provide
an indication of how representative the distribution of tapes within each sample is. For the global average
tape angle of each sample, there were deviations around the desired 45°. But, in terms of convergence for
a set of samples, the average ended up very close to 45°. For the three SVE sizes, the largest deviation
was found for the 110x110x28 SVEs with an average tape angle of 44.43°, 1.3% lower than 45°. This
indicates that, in terms of angles, there appears to be no consistent bias in the algorithm; it generates
material samples both above and below the mid-point value 45°. However, there are a number of poten-
tial cases where the placement of tapes is not fully stochastic but rather a consequence of the current
constraints of the algorithm, which will be further detailed in the following subsections.

The global fibre volume fraction varied between 49.16% and 54.17% for all samples, with the vast majority
laying around 52%-53%. This indicates that there is no issue in terms of consistency with the placement
and distribution of the tapes throughout the structure. However, comparing to experimental data, the
resulting values are below what would be expected for this type of material (based on the chosen input
parameters). The target value based on the reference material [4] was a FVF of 57.85%. The largest
deviation from this target appeared for the 250x250x28 voxel SVEs with an average FVF of 52.21%,
approximately 10% lower than the reference material. This would suggest that, in terms of fibre volume
fraction, there is no problem related to consistency or an integrated bias within the model generation
procedure. Instead, it appears to be connected to the algorithm currently not being able to generate
fully realistic replicas of the real material, with a realistic fibre volume fraction.

6.1.1 Deforming and sliding tapes

The low FVF is a result of the current algorithm not being able to fully capture the microscopic struc-
ture of an STBDC. One process that occurs during the manufacturing of these materials is that, during
the compression phase, tapes can deform and thereby become thinner and larger in-plane. This is not
currently captured by the algorithm, as tapes are not allowed to change length, width or thickness dur-
ing the creation of the virtual material sample. There is a possibility that introducing a geometrical
adaptation of the tapes would allow the tapes to more naturally fill up empty space, thus increasing the
FVF of the material sample.

Furthermore, the layer condition, covered in Section 4.1.2, was mainly implemented to avoid the tapes
piling up in certain areas of the domain. If the compression phase is modelled as two mould halves closing
and the tapes being allowed to deform, the piles would be subjected to a higher pressure and therefore
be forced to deform, naturally becoming packed more tightly. The addition of allowing the tapes to be
compressed and more tightly packed in the structure, might therefore, be beneficial and alleviate this
issue of pile-buildups as a result of the tapes being more adaptable.

Another process that the model does not capture is sliding of the tapes, which means that tapes are not
allowed to adjust their position to better fit into an open space. Adding a sliding functionality could
possibly allow for less tapes to be ignored during the placement procedure due to breaching the layer-
constraint, and result in a more densely packed structure with a higher FVF. Possibly, combining tape
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sliding with the tapes being allowed to deform would result in significantly more accurate representations
of the real material.

6.1.2 Tape-resolution

The geometry of the tapes was developed as a voxel-structure, being constructed out of cuboids (volume
pixels). This produces a choice of resolution for each tape, meaning how many voxels are used to
represent each tape. One known consequence of using too few voxels is that Bresenham’s algorithm
creates the same voxelised tape representation for multiple angles (small changes of angle results in the
same geometry). For the resolution used to produce the results presented in Section 5, there was no
geometrical difference between tapes with 0° and 1° degree angles. Thus, not fully capturing the full
stochastic nature of the material. The choice of resolution is therefore an optimisation problem between
quality and speed, but there are known consequences of lowering it (less realistic tapes, same geometry
for different angles, etc.) which should be taken into consideration. The impact of these effects are
unknown and could be something worth looking into.

6.1.3 Selective tape placement

The implementation of the layer condition (to avoid pile build-ups) involves an iterative process that
may prevent tapes to be placed in the domain if they breach the current maximum allowed height. A
consequence of this is that, if two tapes are parallel to each other leaving space for one tape between
them, a tape will in some cases not be able to be placed there without breaching the height limit, unless
it is aligned with the other two, as shown in Figure 48. The left figure illustrates that, due to the tapes
being on top of each other, the height limit has been breached. Thereby, the tape will not be placed.
In the right figure, since the tape is aligned and not on top of the others (thus not breaching the height
limit), it would be placed. The result of this would be that some areas produce a biased tape orientation,
which would not be present if all tapes were placed completely random. The frequency at which this
happens during the generation of a material sample is unknown. However, it is something that would
happen if the situation appeared and as a result, might negatively impact the elastic material property
prediction.

Figure 48: Tllustration of selective tape placement.

6.1.4 Removal of top layers

The removal of the top layers was implemented as a way to increase the overall fibre volume fraction and
to achieve a more homogeneous distribution of tape and matrix across the sample. This modification
resulted in an increase of the fibre volume fraction, also increasing the stiffness of the sample compared
to the unaltered version of the same sample. However, tapes at the top layers were cut and weakened
as a result of this modification, as shown in Figure 21(b). Although it could not be determined whether
this weakening of the top layers had a negative impact on the homogenised stiffness, or to what degree,
this could be one factor in why the model under-predicts the stiffness of the real material.
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6.1.5 Under-stiff draping

The algorithm that creates the draping effect works under one specific condition: all voxels in a tape
should take the lowest possible position, as long as the vertical distance between adjacent voxels is not
larger than one. This definition results in an issue with regards to how stiff the tapes are when it comes
to draping into small crevices. In Figure 49, a specific scenario is presented where this condition can
lead to unrealistic results, where the tapes drape into small crevices. This issue is also a consequence
of the resolution. If a larger number of voxels would be used through the thickness, the problem would
be mitigated (since each voxel would be thinner compared to the full thickness). Another way to avoid
under-stiff draping would be to implement an additional condition in the algorithm.

Figure 49: Hlustration of draping into a crevice.

6.2 Homogenised material properties

The homogenisation procedure using periodic boundary conditions on the aperiodic SVEs appears to
have generated reasonable results. Compared to experimental data, Fas and F1; were, on average, 7.11%
and 7.62% lower than the reference mean respectively, but 2.68% and 2.21% above the lower bound, re-
spectively. In terms of using periodic boundary conditions, other studies [23, 24, 25] suggest that the
way it has been implemented in this thesis is a fully reasonable method.

The full 3D-model was reduced to a 2D-model using classical laminate theory. Comparing the results
between the two approaches, it was shown that the 2D-model provided a slightly lower prediction of
the elastic material properties. Possible reasons for the lower prediction could be the use of reduced
integration, which is covered in further detail in subsection 6.2.3

For both methods, the relation between Young’s moduli and the fibre volume fraction is shown to be
a weak correlation for the small and medium SVEs, but much stronger for the large SVEs. The exact
reason for this is unknown, and the weak correlation may simply be a consequence of the high variability
in predicted values for the smaller SVE sizes. Also, as the SVE size increases so does the strength of
the correlation between Young’s moduli and the fibre volume fraction. But, the number of data points
also decreases with increasing SVE sizes, implying that if more data is produced, the strength of the
correlation could worsen or improve.

6.2.1 Scaling of input material parameters

It was noted in experimental tests [4, 15] that the fibre volume fraction of the plate was higher than the
initial fibre volume fraction of the tapes. This means that some matrix material must have bled through
the mould. In addition, some of the matrix migrate from the tapes to fill resin pockets. Therefore, it
must be so that the fibre volume fraction of the individual tapes increases during the manufacturing
process. To what extent this happens depends on the degree of resin bleeding and the concentration of
resin pockets. With an increase in tape fibre volume fraction, the input material parameters of the tapes
should be scaled accordingly.

The lack of information regarding the amount of resin bleeding and resin pockets in the experimental
data hindered the scaling of material parameters in this project. An educated guess of the FVF increase
could have been made and implemented, resulting in a stiffer plate response. However, it was determined
that rather than scaling the results, making them more ”accurate”, the unaltered material parameters
should be used to better understand how to realistically model STBDCs. Thereby showcasing where the
current version of the algorithm lacks realism.
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6.2.2 Variation between SVE sizes

The measure of statistical significance is difficult for these types of materials where the micro- and
mesostructural variability is high. A simple and logical measure to use is the standard deviation of the
sample properties. The standard deviation increases with deviations from the sample mean and decreases
with the number of samples, see Equation (28). Therefore, it is expected that large sample sizes with
large variability and small sample sizes with small variability have similar standard deviations.

It was expected that, with the number of samples decreasing with increasing SVE size, the standard
deviation would be similar for the different respective properties. This was, however, not the case. Per-
haps basing the sample size on the SVE side length between the small and medium SVEs was a mistake.
The variability of some properties, e.g. the average tape angle, are expected to have a direct dependence
on the volume (or at least in-plane area) of the SVEs. Therefore, it might have been wiser to base the
number of samples on the volume of the SVE instead of the side length. In that case, the total volume
(number of samples times SVE volume) would be the same for the different SVE size. Based on the total
volume of the large SVE, the medium and small SVEs should have 52 and 207 samples, respectively,
for the total volume to be approximately constant. These numbers were surpassed by far in the test
but still, the standard deviation varied between the SVEs, see Tables 6 and 7. Thereby disproving this
argument.

It seems like the number of samples required for the different SVE sizes to have a similar standard
deviation cannot be determined in advance but must be tested. The standard deviation could be used as
a measurement of when the required number of samples have been reached for the different SVE sizes.

6.2.3 Reduced integration

One of the observations made when comparing the elastic properties of the full 3D- and the reduced
2D-model, was that the predicted properties for the 2D-model were consistently lower and more varying
than that of the 3D-model. The one big difference between the two, apart from that the 2D-model has
an intermediate analytical homogenisation step, is that the reduced 2D-model uses reduced integration.
Reduced integration means that each element uses one less integration point in each direction compared
to fully integrated elements. One known consequence of using reduced integration which may be a reason
for the lower values, is that these elements tend to be too flexible (under-stiff), which would explain the
difference between the 2D- and the 3D-models. A smaller study using fully integrated elements for the
2D-model could determine if the reduced integration was the cause of the lower stiffness, but due to the
time limitations it was not included in this thesis.

6.2.4 Convergence of Young’s moduli

The fully converged E1; and Ess should result in the same value in the absence of an implemented bias in
the model. The possibility for either of the two being larger than the other should be equally likely. The
important thing to note, however, is that E1; is the largest out of the two for the 110x110x28 SVE size,
whereas and for the other two, Fos is larger. This would indicate that for different sets of data, either of
the two moduli can be larger or smaller, and it is strictly dependant on a statistical probability. All SVEs
were generated using the same code, so as long as there is no specific effect of the 110x110x28 dimensions
that have been overlooked, this indicates that there is no built-in bias in the model. To confidently claim
that there is no built-in bias, further analysis would have to be conducted. This further analysis could
also include studying the number of realisations that would have to be done for the different SVE sizes,
resulting in the two moduli converging to the same value.
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6.2.5 Appearance of tape bands

The appearance of bands in the domain could be a possible factor affecting the resulting elastic material
properties, without giving any indication in global average tape angle or fibre volume fraction. Bands are
tapes aligned in a specific direction going across the domain as one long ribbon, schematically shown in
Figure 50. Whether or not there is a specific reason for these to appear is unknown. It was however noted
that when they did appear, at least for the 2D-models, the result deviated from the standard correlation
between e.g. global average angle and Young’s moduli. For the normal case (without band formation),
the global average tape angle would indicate which Young’s modulus that would be the largest (seeing
what direction the bias is towards). However, in the presence of bands, this appeared not to be the
case. For example, say that the schematic plate in Figure 50 has a representative fibre volume fraction
and an average in-plane tape angle of 45°. If the plate is loaded in tension in the vertical direction,
the horizontal tape band will act as a weak link due to the tapes being more flexible in the transverse
direction. Therefore, the resulting effective stiffness of the entire plate will be based on a single weak
link, resulting in a lower stiffness in the vertical direction.

Ll ] | | | ]

Figure 50: Hlustration of the appearance of tape bands.

6.3 Practical implementation of homogenised material proper-
ties

The practical implementation, presented in Subsection 5.4, was aimed to investigate the difference be-
tween and impact of using a heterogeneous material structure and a homogeneous material structure in
a model. The test was conducted for a rather simple, yet common, structure and load case: a fixed plate
subjected to a uniform pressure. It was seen in the test that the 2D-models (heterogeneous and homo-
geneous) and the homogeneous 3D-model could not capture the material-induced stress concentrations
observed in the heterogeneous 3D-model (as expected). These material-induced stress concentrations
may have been exaggerated by the voxel structure, having sharp corners in the material interfaces. Al-
though, it would likely be a good idea to intentionally include some material weak spots in a homogenised
model to capture these stress concentrations. In particular if this kind of model is to be used in indus-
try. Further, the 2D-models and the homogeneous 3D-model showed a trend to converge towards the
heterogeneous 3D-model, in terms of maximum deflection, with increasing plate size. This might be a
result of a more uniform material structure in the large plate compared to the smaller plates. However,
if the trend continues so that the difference between the 2D-models and the heterogeneous 3D-model is
reduced, the 2D-models can have some real potential. Especially if intentional material weak spots are
introduced to also capture the material-induced stress concentrations in the heterogeneous 3D-model.

55



7 Conclusions

The aim of this thesis was to develop a method to predict the elastic properties of STBDCs. Firstly,
to develop an algorithm to create a virtual representation of the material at hand, secondly, to evaluate
homogenisation strategies for predicting the averaged macroscopic properties. It can be concluded that
the voxel-based material samples generated from the developed algorithm, in combination with periodic
boundary conditions, does produce reliable predictions for the elastic properties of STBDCs.

The characteristic structure of STBDCs has been captured using the developed algorithm. Tapes are
stochastically placed in the domain, with an average tape angle that at most deviate 1.3% from the
sought 45° target. Furthermore, the distribution of tapes throughout the cross-section has been accu-
rately replicated with respect to experimental samples, showing a clear resemblance in both structure
and distribution of material. However, the geometrical models fail to reach the fibre volume fraction of
real material samples, as a result of not being able to capture effects such as resin bleeding, sliding of
tapes, compression of tapes, etc. Whether or not this would correct the slight under-prediction of the
effective elastic parameters is unknown, but the data indicates that finding effective methods of increas-
ing the FVF would be a reasonable continuation of the model development.

The implementation of periodic boundary conditions on the 3D-model results in accurate predictions of
the elastic properties, within one standard deviation of the experimental mean. The Young’s moduli E1;
and Fao were on average 7.37% lower than the reference mean, but 2.40% above the lower bound. The
established relationships between the geometric properties (fibre volume fraction and global average tape
angle) and elastic properties are reasonable, capturing how these in practice would affect the structural
integrity of the material. Whether or not this can be used to purposely manipulate the parameters
to get specific characteristic out of the material has not been concluded, although this might be an
area of further possible research. Furthermore, it can be concluded that the methodology used to
generate the reduced 2D-model based on the 3D-geometry and classical laminate theory is a reasonable
method to implement to drastically lower the computational time. The predictions of elastic properties
for the reduced model are slightly lower (at most 2.1%) compared to the full 3D-model, but deemed
sufficiently accurate considering the computational savings. Possible improvements can be made through
full integration or increased mesh resolution, but in terms of comparison to the experimental data, the
improvement would have to be made on the development of the 3D-model, which the reduced 2D-model
is based upon.
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8 Future work

The future work of the STBDC material should be aimed towards advancing its use in industry. Based on
the work conducted in this project and findings in other studies, there are a few interesting paths to take.

Regarding finite element analysis of structural components, the only path to capture the variability of the
material and have a reasonable solution time is to use something like the reduced 2D-model developed in
this project. Although it is not perfect, it enables the analysis of large structures. A different approach
for the reduced 2D-model is to, instead of only using effective material properties evaluated based on the
laminate stiffness matrix (A), use also the coupling stiffness matrix (B) and the bending stiffness matrix
(D) in the finite element model. This method was actually implemented in this project and showed a lot
of promise for real load cases as it captures the bending effects better, but was not analysed in detail and
had to be omitted from the report due to time limitations. Further improvements and detailed analysis
of this alternative reduced model is a topic for future work.

A problem with the stochastic material for industrial applications is that it is just that - stochastic.
Without control, the variability of the material structure will inevitably result in components that do
not meet the specifications and thereby risk to experience premature failure. This project found strong
correlations between geometrical features and elastic properties, other studies have found similar connec-
tions between geometrical features and failure mechanisms. An interesting focus for future work would
be to experimentally test and validate these connections between mechanical and geometrical proper-
ties. In production, cameras and image/pattern recognition software could then be used to ensure that
geometrical effects that cause the material to be too flexible and fail prematurely are avoided. Either
by simply discarding parts where these geometrical effects appear, or using targeted tape placement to
mitigate the trailing mechanical penalties.

In an academical or research setting, there are some topics of future work that can be investigated.
First of all, this could be to develop a material structure generator that is both fast and generates
models representative of the real material. The numerical model developed in this project is somewhat
of a middle-ground, reasonably fast and fairly accurate. Based on the literature study, other material
generation algorithms tend to the extremes. They are either very fast of very accurate. Furthermore, the
voxel-based structure should be abandoned to give way for a conforming mesh alternative. The voxel-
based structure may be good for predicting elastic properties, but it has very clear limitations when it
comes to evaluating strength and failure mechanisms. For example, the stress concentrations induced
by the sharp corners of the elements at the material interface, and the ragged edges of angled tapes,
prevent the prediction of effects like tape pull-out. A final focus for future work is, again, to further
improve the reduced 2D-model. The computational savings of these models are so large compared to
the full 3D-model, that they cannot be ignored. If the reduced models are developed to be sufficiently
accurate, they could prove to be a very useful tool in the industry.
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