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RESUME

Grace a la fabrication additive, des pieces d'une géométrie complexe ayant des caractéris-
tiques internes sont possibles sans avoir recours a des moules. Différents prototypes peuvent
donc étre rapidement réalisés et testés, et pour des séries limitées, ’absence d’outillage rend
cette méthode économiquement avantageuse. Dans une méthode telle que la Fabrication par
Filament Fondu (FFF), I'utilisation de polymeéres thermoplastiques et de renfort sous forme
de fibres permet d’améliorer les performances mécaniques des pieces produites. Par contre,
elles demeurent en deca de celles de leurs homologues fabriqués par injection. En outre, le
processus d’impression confere un ensemble unique de caractéristiques morphologiques qui
rendent les propriétés du matériau difficiles a prédire. Le fait de ne disposer que de données
limitées et de nature empiriques sur le comportement mécanique des polymeres renforcés de
fibres courtes et sur leur relation procédé-structure-propriété constitue un probléme pour la
modélisation des pieces fabriquées par FFF. Si les concepteurs ne peuvent pas prédire les pro-
priétés élastiques et viscoélastiques, et comment celles-ci sont affectées par les changements
de température, ils sont obligés d’utiliser des estimés conservateurs comme substitut, et ils
pourront dont pas tenir compte de maniere fiable de I’anisotropie de la réponse mécanique.
Ces difficultés en termes de modélisation constituent une limite a 'adoption de cette tech-
nique en industrie. Dans cette these, le lien entre le processus et la structure est étudié en
prenant des images micro-tomographiques 3D (nCT) de spécimens réels, et en traitant ces
données avec un logiciel spécialement congu pour extraire les constituants individuels (fibres,
matrice, vides). A partir de ces données, des modeéles d’homogénéisation sont adaptés et mis
en ceuvre pour permettre la prédiction des propriétés élastiques et viscoélastiques effectives
et leur anisotropie. Ces prédictions sont ensuite comparées a des mesures expérimentales

prises sur des spécimens fabriqués par FFF.

La méthode d’homogénéisation présentée permet de prédire le module de traction en fonc-
tion du diametre de la buse et du motif d’impression avec une précision de 5% par rapport
aux valeurs expérimentales. Il s’agit d’'une amélioration significative par rapport aux prin-
cipales méthodes dans le domaine, qui utilisent principalement des microstructures générées
artificiellement. Les propriétés thermo-viscoélastiques anisotropes complétes sont également
modélisées via une procédure d’homogénéisation a double échelle qui utilise des relations
constitutives pour le polymere pur telles qu'obtenues a partir de données expérimentales.
Cette méthode permet de prédire la souplesse en fluage avec une erreur relative moyenne
de 3% dans la direction longitudinale par rapport aux mesures expérimentales, a la fois a

21 et 120 °C. En outre, plusieurs caractéristiques morphologiques qui n’avaient jamais été



vi

rapportées auparavant sont présentées, ce qui permet de mieux comprendre pourquoi ces
matériaux ont une réponse mécanique aussi unique et variable. La méthodologie présentée
peut étre étendue a d’autres combinaisons polymeére et fibres, et peut étre utilisée pour la
prédiction d’autres propriétés physiques, telles que la résistance, la ténacité a la rupture, et

d’autres phénomeénes comme la conductivité thermique ou électrique, et la piézoélectricité.
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ABSTRACT

Additive manufacturing offers many possibilities in terms of the part geometry and the in-
ternal features that are achievable without using molds. Design iterations can therefore be
quickly realized and tested, and for small part counts the absence of tooling makes it economi-
cally advantageous. In a method such as Fused Filament Fabrication (FFF), the combination
of thermoplastic polymers and fiber reinforcements improves the mechanical performance of
the parts produced, but they remain inferior to those seen in their injected counterparts. Fur-
thermore, the printing process imparts a unique set of morphological features that makes the
material properties difficult to predict. Having only limited empirical data on the mechanical
behavior of short fiber reinforced polymers and their process-structure-property relationship
is a problem for modelling of parts fabricated through FFF. If designers cannot predict the
elastic and viscoelastic properties, and how those vary with temperature, they are forced to
use conservative estimates as a substitute, and they will not be able to reliably account for
the anisotropy in the response, limiting the adoption of this technique. In this thesis, the link
between process and structure is investigated by taking 3D micro-tomographic (nCT) imag-
ing of real specimens, and processing those data with a specially-built software that extracts
individual constituents (fibers, matrix, voids). Using that data, homogenization models are
adapted and implemented to enable the prediction of effective elastic and viscoelastic prop-
erties, and the anisotropy therein, which is then compared to experimental measurements of

3D printed materials.

The homogenization method presented is demonstrated to enable prediction of tensile mod-
ulus as a function of nozzle diameter and printing pattern with an accuracy within 5%
compared to experimental values. This is a significant improvement compared to leading
methods in the field, which make use of artificially generated microstructure descriptions.
The full anisotropic thermo-viscoelastic properties are also modelled via a dual-scale homog-
enization procedure which uses constitutive relations for the pure polymer as fitted from
experimental data, and allows the prediction of creep compliance with a 3% mean relative
error in the longitudinal direction compared to experimental measurements, both at 21 and
120°C. In addition, several morphological features that had never been reported before are
presented, which provide valuable insight as to why these materials have such unique and
variable mechanical response. The methodology presented can be extended to other poly-
mer/fiber combinations, and as a basis for predictive models of other physical properties,
such as tensile strength, fracture toughness, and other phenomena like thermal or electrical

conductivity, and piezoelectricity.
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CHAPTER 1 INTRODUCTION

Using fiber reinforced polymer composite is a well-established method for reducing the weight
of structural components in fields such as the aerospace or automotive industry. Manufac-
turing those elements from thermoset polymers and weaved continuous carbon fibers offer
weight-specific stiffness and strength considerably higher than metals. However, the molding
process is subject to many constraints, which limit the complexity of the shapes that are
achievable industrially. In addition, the nature of thermoset polymers is such that it allows

little repairability and poor end-of-life reuse or recycling potential.

On the other hand, thermoplastic polymers can be remelted, and when used in conjunction
with short carbon fibers, achieve significantly improved weight-specific properties, when com-
pared to those of the bulk matrices (though they remain below those of continuous carbon
fiber thermoset composites). Those properties make them choice candidates for techniques
like Fused Filament Fabrication (FFF), an additive manufacturing method in which parts are
constructed layer by layer, by melting the base material and depositing it under computer
control. FFF allows a very high design freedom in terms of part geometry and the infill
pattern can be controlled and optimized to achieve tailored mechanical, thermal or electrical
properties. Complex parts are fabricated in a single step, with little material waste, and

minimal post-processing is required.

However, the microscopic morphology of short fiber reinforced polymers (SFRPs) made by
FFF is dissimilar to that encountered in injection molding, a common manufacturing tech-
nique for this material class. At present, knowledge of the process-structure-property rela-
tionship in SFRP made by FFF is limited, and therefore the properties achieved by a set of
processing conditions and material combinations are difficult to predict. For instance, the
effect of process parameters on the length and orientation of fibers and on pore morphology
is not understood, and those are determining factors for the mechanical behavior of SFRPs.
Consequently, the ability to predict the elastic and viscoelastic properties of SFRPs is very
limited, which makes the mechanical design process largely empirical, which is costly and
inefficient. To enable the adoption of this technology for industrial applications, the ability
to model and predict those properties for SFRPs and how they are affected by temperature

is an area of active research and development.

This doctoral project is part of the FACMO research chair (Fabrication Additive des Com-
posites a Matrice Organique), a research and development partnership between Safran S.A.,

an aerospace equipment manufacturer from France and the Laboratory for Multi-scale Me-



chanics (LM?) at Polytechnique Montreal. The goal of this multidisciplinary research project
is the development of new materials and the advancement of the theoretical and practical
knowledge of the use of additively manufactured SFRPs for structural and acoustic applica-
tions. Other members of the FACMO chair have developed the processing and manufacturing
expertise to create functional parts with this material. In this thesis, the prediction of me-
chanical properties of additively manufactured high performance SFRPs as a function of
processing parameters is addressed. Two main aspects are discussed. First, the development
of a specialized microstructure analysis tool that enables the automated processing of imag-
ing data taken from actual specimens is presented. Then, the implementation of numerical
modelling techniques to predict the elastic and thermo-viscoelastic properties using those
processed data is detailed. Furthermore, the predictions made by these methods are both

informed by and validated against experimental tensile testing data.

This thesis is structured in the following way. Chapter 2 presents a literature review on
the current work on morphological characterization of SFRPs, and the numerical modelling
efforts for elastic and viscoelastic property prediction. Chapter 3 presents a rationale for
the project, and the specific objectives to be met. Chapter 4 presents the scientific ap-
proach, including the outline of the research papers prepared during this project. Chapter 5
presents the development, validation and testing of OpenFiberSeg, a specialized microstruc-
tural characterization tool for SFRPs. Chapter 6 presents a multiscale mechanical modelling
methodology, which is used to predict the tensile behavior in five printing configurations and
is validated against experimental data. Chapter 7 extends the multiscale method to enable
the identification of an anisotropic thermo-viscoelastic behavior law for SFRPs. Chapter 8
presents complimentary work on the determination of the representative volume element
from imaging data instead of artificially generated geometries. Chapter 9 presents a general
discussion on the overall methodology and the insights gained from the morphological and
experimental characterization. The conclusion in Chapter 10 includes the limitations of the
present study, and the relevant future avenues of investigation in the modelling of SFRPs

made by FFF for industrial applications.



CHAPTER 2 LITERATURE REVIEW

Notation Unless otherwise specified, scalars are represented by lowercase letters (a, b, «, 5),
vectors by lowercase latin bold letters (a,b), 2"¥-order tensors by lowercase bold greek let-
ters: (g,0), 4""-order tensors by uppercase bold Latin letters: (C,S). Einstein summation

convention is adopted, which reads for the singly contracted product:

a-b=uaqab = Zaibi = ¢ (a scalar) (2.1)

o B =B = Z ;B = 0ir =0 (a 2"_order tensor) (2.2)
J

2.1 Fused Filament Fabrication

Initially patented by Stratasys under the trademark Fused Deposition Modelling (FDM),
Fused Filament Fabrication is an additive manufacturing process in which spools of polymer
filaments are deposited by extruding them though a heated nozzle, with computer-driven
positioning [4, 10-12]. A common FFF printed configuration is presented in Figure 2.1,
where the printhead containing the nozzle has 3 degrees of freedom relatively to the printing
surface, or bed. The printhead moves in the x (left-right) and y (forward-backward) direction,
and the print bed moves vertically in the z direction. The extrusion of material is performed
in a sequence of continuous beads that can have a variety of trajectories, generally in the
plane of the bed (non-planar applications also exist). By creating subsequent layers of printed
material, many geometries are possible to create, in a more cost-effective manner for small

part count than with injection or compression molding for instance.

However, the process-structure-property relationship found in parts made by FFF is much
less understood than for those made by molding [11,13,14], and the achieved mechanical
properties are inferior those seen in injected parts using the same base materials [5, 15].
Those limitation can be mitigated in two ways: by using high performance polymers with
superior tensile and strength properties, and by the addition of short fiber reinforcements,
as shown in Figure 2.1, which can improve those properties significantly [4, 5,11, 16]. For
instance, neat (pure) poly-ether ether ketone (PEEK) resin has a tensile modulus of 4.1 GPa
and a tensile strength of 105 MPa (resin type Victrex 90G [17]). When reinforced with
30 wt.% Zoltek™ PX35 chopped carbon fibers, the tensile modulus and strength of printed
specimens were reported at 17.9 GPa and 129 MPa, respectively [18].
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Figure 2.1 Fused Filament Fabrication using short carbon fiber (SCF) reinforced polymer
filament. Adapted from [4].

2.2 Elasticity theory

Materials are said to be linearly elastic when there exists a linear relation between individual
components of stress (o) and strain (&), or, as is formalized by Hooke’s law as: & = C : g,
where C is the stiffness tensor for the material. Depending on their internal configurations,
all materials fall into a symmetry group. The material symmetries that are relevant to SFRPs
are as follows. An isotropic material has the same response regardless of loading direction,
and 2 independent constants are required to build its stiffness tensor C. Other materials have
a particular axis that, when rotated along it, preserve the same response, but have a different
one when loaded in another direction. Those materials are called transversely isotropic and

require 5 independent components to fully construct their C tensor.

2.2.1 Linear viscoelasticity

Materials for which the strain response is time-dependent are called viscoelastic. In polymeric
materials, the dominant viscoelastic mechanism is the elongation of the molecular chains [19].
In linear viscoelasticity, this process is reversible, with chains gradually returning to their
equilibrium state after the loading is removed, and the creep strain being proportional to the
applied stress. In general, linearity only holds up to a certain loading level, at which point
the proportionality is lost, and phenomena such as visco-hyperelasticity [20] and viscoplastic-
ity [21] (permanent strain) can arise. Aging is the process by which the viscoelastic behavior

changes over time, which is accelerated by adverse conditions such as high temperature or



corrosive environment [22]. Aging effects are not considered in this thesis.

The most common expression of the linearly viscoelastic stiffness, that is well-suited to mod-
elling real materials is the Generalized Maxwell Model (GMM) [23-29], where the time-

dependence of a material parameter is expressed as a Prony series, i.e.:

cuy:c@%+§yﬂ@@wﬂg (2.3)

=1

where C are the stiffness tensors and w; their corresponding relaxation times. The instanta-
neous (or elastic) stiffness is therefore found at ¢ = 0, which yields Cgjastic = c) +Zi]\;1 Ccw,
The Boltzmann principle, in which “the effect of the compound cause is the sum of the effects
of the individual causes” [30,31], allows is to express the time-dependent relation between

components of stress and strain tensors, in a linear, non-ageing viscoelastic material as:

t X de(T)
_ ((c0) (3) —w;i(t—7)\ .
o(t)=C e(t) + ; ;:10 (e ) 0 dr. (2.4)

Here, the time-dependent stiffness C(t) is composed of C* the stiffness at t — co, and a
sequence of 7 pairs of relaxations times w; and stiffness tensors C%. Equation 2.4 is referred
to as the integral form of viscoelasticity, the hereditary integral, or the Stieltjes convolution
[23,24,26,27,32].

Time-temperature superposition principle When polymers are exposed to high tem-

peratures, their viscoelastic properties are altered [33]. For so-called thermo-rheologically

simple materials, the temperature dependence is expressed via the concept of internal time [34—
36], in which real time ¢ is adjusted by a shift factor ar, which is function of temperature T,

such that:

C@ﬂzC(W&Q. (2.5)

In polymers, this temperature-dependence has an abrupt transition at the so-called glass tran-
sition temperature 7, at which the material evolves from a glassy state at low temperatures,
where it is rigid and brittle, to a rubbery state where it is compliant and plastic. Above the

T, of a polymer, the shift factor can be obtained empirically with the Williams-Landel-Ferry



model [19,29], for which log(a(T)) is:

Ci(T —-Ty,)

1 T))=——"—"-——""+— 2.6
o8 (1) =~ 7Ty (2.6)
where C7 and (3 are material-specific positive constants. In this research project, only

temperatures below T, are considered, for which the shift factor can be obtained using the
E 1 1

1 T)) =— - = — — 2.7

g (a(T)) 2.303R (T T0> ! 27)

where FE, is the activation energy of the polymer relaxation and R is the ideal gas constant [35,
37).

Arrhenius law, as per:

It is also possible to have a shift factor «(7") which is directionnally dependent [36,38], i.e.
;i (T') or dependent on other application-specific parameters, such as the humidity level or

the degree of cure of the (thermoset) polymer [37,38].

2.3 Material properties

To achieve the highest possible mechanical properties in SFRPs made by FFF, the choice of
base materials is decisive. As presented in Figure 2.2, there is a very broad range of achievable
mechanical properties of thermoplastic polymers. Among the thermoplastics suitable for
FFF, so-called high-performance thermoplastics are of particular research interest. High-
performance polymers exhibit high mechanical properties such as stiffness, strength, fracture
toughness, etc, and that retain much of those properties under harsh service conditions, such
as high temperatures, chemical/physical attacks such as solvents and UV exposure, or high
humidity [10,39,40]. Those desirable characteristics, notably stability at high temperature,
also hinder their processability by FFF, as higher temperatures are required to melt the
base material, and larger heat gradients cause warpage during printing [11,16]. As the
material is deposited on previously solidified polymer, the welding at the interlayer region is
partial [11,40]. The thermal retraction during solidification (and the crystallization-induced
stress in the case of semi-crystalline polymers) can cause material separation, which manifests

as interlayer porosity [15,41-43].

The other strategy to achieve high mechanical performance is the use of fiber reinforcements,
whose stiffness and strength are orders of magnitude higher than those of polymers. Common
reinforcement materials are carbon fibers [10, 18], glass fibers [44, 45], natural fibers [46],
ceramic [47] and metallic [48] inclusions, which are mixed with the polymer prior to filament

spool fabrication. Polyacrylonitrile (PAN)-based carbon fibers (CFs) can be continuous,
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Figure 2.2 Properties of several categories of thermoplastics. The mechanical and thermal
properties of high-performance special engineering plastics are 2 — 3x higher than those of
common general plastics. Adapted from [5-8].

chopped or milled, and depending on their composition and type, affect the mechanical
properties of the composites and their processability in different ways [10,18]. This research
project concentrates on chopped carbon fibers, which have an average length of 50 — 100 pm
and a diameter of 7—10 pm. PAN-based CFs are known to be transversely isotropic, with the
isotropy axis being the fiber axis, and are linearly elastic up to temperatures of 1400°C [49].
The higher thermal conductivity of CFs means the extrudate cools down faster, leading to
less time for polymer chain diffusion at the interlayer, which leads to weakening of this region.
The presence of CFs in molten polymers is generally accompanied with increased viscosity,
which makes the extrusion more prone to clogging, and leads to increased porosity both when
filaments are produced and at deposition [5,50-52]. Porosity is deleterious to stiffness and
strength of the composites and creates crack nucleation sites [42]. Consequently, the use of
reinforcements is a compromise between the achieved improvements in mechanical properties

and the added challenge in processability and the mitigation of other side-effects.

2.3.1 Thermoplastic polymer matrix: Poly-ether-ether ketone (PEEK)

Poly-ether-ether ketone (PEEK) is a high-performance semi-crystalline thermoplastic poly-
mer, with both a high glass transition temperature (7, ~ 145°C) and a high melting temper-
ature (7, ~ 335 — 384°C, depending on grade) [53-55]. Due to its high aromatic structure,
PEEK presents high chemical as well as thermal resistance [56] and its tensile modulus can be
increased by thermal treatments to promote crystallinity [54]. Under certain conditions, the
crystallinity of PEEK can be as high as 40% [57,58]. Furthermore, it is known to have high



adhesion to glass and carbon fibers [56]. All these attributes make it a prime candidate for
use in composite materials in high performance applications, where adverse conditions such

as a broad range of temperature and humidity levels, and exposure to chemicals is expected.

As for its viscoelastic properties, PEEK has been shown to follow thermo-rheologically simple
behavior at temperatures of 20-200°C, with a shift factor following Arrhenius’ equations below
T, and William-Landel-Ferry (WLF) equation above [58]. PEEK’s creep compliance is known

to be much higher in the glass region and to increases markedly above 130°C.

As can be seen in Table 2.1, the threshold at which PEEK was reported as linearly viscoelastic
decreases for higher temperatures. These results were all obtained by uniaxial relaxation

testing.
In Figure 2.3 from Xiao et al., the creep compliance (1/C1;) of Victrex 450G PEEK at

90°C measured by uniaxial tensile testing is presented for several loading levels. The authors
report that curves for 9.2, 18.4 and 23 MPa are superposable and differ only by an initial
constant. At 30 MPa however, there begins to be a divergence, at which point non-linear,
stress-dependent behavior laws are required. This suggests that Victrex 450G PEEK exhibits
linear viscoelasticity at 90°C up to a loading of 23 MPa.

2.3.2 Morphology of composites made by FFF

The nature of the printing process creates unique morphological attributes, which are sepa-
rable into 3 distinct length scales [13,61,62]. At the microscale, the presence of fibers and
intrabead porosity makes for a microstructure that is most likely affected by the processing
parameters, although the relationship between the two is scarcely known at present. Sec-
ondly, the so-called infill pattern chosen at the design stage creates a regular arrangement of
passes, which is at a scale dictated by the nozzle diameter and the specificities of the pattern
selected. These meso-scale structures are at a length scale much larger than that at which
the microscale constituents (individual fibers and intrabead porosity) are relevant, therefore

it can be considered separately. Finally, there is the part geometry scale, which is also orders

Table 2.1 Maximal stress for which PEEK resin exhibits linear viscoelasticity

Temperature (°C) | Stress Level (MPa) | Resin Type Source
23 25.0 APC-2 Katouzian [59]
90 20.0 Victrex 15G Xiao [9]
110 16.2 Victrex 450G | Guo [60]
120 14.18 Victrex 450G | Guo [60]
130 12.15 Victrex 450G Guo [60]
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Figure 2.3 Creep compliance of PEEK resin obtained at 90°C, for different creep stress
levels [9]

of magnitude larger than the infill pattern.

From a mechanical behavior standpoint, the relevant microscale features are: the distribu-
tion of fiber lengths and orientations, the variability in fiber volume fraction vy, and the
distribution of the intrabead porosity [50,63-67]. At the mesoscale, two infill patterns are
considered in this thesis: both are 100% volume occupation, one is with all printing passes
aligned, or the 0°-0° pattern, and one with printing passes alternating 0° in one layer, and
90° in the following, meaning printing beads of subsequent layers are perpendicular to each

other. Many other patterns exist and can be devised for particular purposes.

At the microscale, several methods exist for obtaining fiber orientation and length distri-
bution. In Scanning Electron Microscopy (SEM) imaging of polished specimen, the cross
section of the approximately cylindrical fibers are visible as ellipses. Using the orientation
of the major axis of those ellipses, and the minor to major ratio, the 3D orientation rela-
tive to printing direction can be inferred [18,63,68]. This method is time-consuming, and
generally only done on a few images, meaning variations in the volume are not captured.
Some authors do repeated polishing or use confocal microscopy [69] to obtain volumetric
information [68,70]. Fiber lengths can be measured experimentally by either dissolving [18]
or burning [4,63] the polymer matrix, then measuring the length of remaining fibers individ-
ually. Those experimental methods cannot account for the correlation that exists between
length and orientation of fibers [63,71], as those properties are measured independently on
different fibers.
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2.4 Tomographic data: acquisition and segmentation

The microstructural features of SFRPs can be investigated directly through imaging methods
such as X-ray micro-computed tomography, or pCT imaging [45,66,72-74]. In this method,
a specimen is mounted on a rotary holder, and a sequence of X-ray projections are taken by
rotating the specimen by precise, regular increments. The series of projections thus obtained
are then combined mathematically to generate a volumetric description of the inside of the
specimen, in which the differential absorption of different materials create image intensity
variations [75-78]. In Figure 2.4, a schematic representation of the specimen, X-ray source
and detector is presented. This technique enables the resolution of features as small as
0.4 pm under certain conditions. To distinguish individual CFs, which have a diameter in
the 5-10 pum range, a resolution (pixel size) of ~ 0.7 pm is required. However, as CFs and
matrix have a similar density and elemental composition (mainly carbon), the produced data

has low contrast, which makes segmentation more difficult [72,73,79].

Detector

X-ray source

Specimen !

Figure 2.4 Schematic of the pCT imaging procedure. Differential absorption of different
materials in the specimen serve to create a volumetric mapping of its interior.

To gain useful insight on morphological properties from pCT imaging, the tomographs pro-
duced must be analyzed with specialized tools, so that the constituents, or phases, can be
identified inside the volume. The process of discrimination between phases is called seg-
mentation. Due to the amount of data required to analyze data from multiple specimens
made with different processing conditions, it is critical that the segmentation procedure be

automated, accurate and reproducible.

2.4.1 Segmentation of tomographic data

There are a handful of studies that have attempted microstructure characterization based on
imaging data taken on SFRPs used in FFF. It is possible to gain insight about orientation
distribution of reinforcements without classification of phases, by computing the local struc-

ture tensor from the gradients between neighboring voxels in the volume of data [65,80-84].
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With this simple method, the local orientation of reinforcements can be described, and this
information can be used for mechanical modelling via analytical homogenization models. But

without separating individual fibers, length information is not available through this method.

Separating fibers is a much more complex task, as a pixel-wise labelling is not sufficient to
reconstitute each fiber in its entirety. For that, tracking across the volume is required. In
addition, when a large fiber volume fraction vy is used, fiber contact becomes more frequent,
which further complicates the separation of individual fibers. To date, only a few studies
perform this level of analysis on SFRPs, such as [66,73,85-87].

2.5 Homogenization

Homogenization is the process by which the knowledge of the microscopic structure of a
multiphase material is used to generate a fictitious homogeneous solid that approximates
its measured macroscopic characteristics. This process is made possible under the condition
that the heterogeneous material is statistically homogeneous, meaning that a representative
volume element (RVE) can be chosen inside it, larger than typical inclusion dimensions,
such that stress or stain fields have the same statistical moments (average, variance, etc.)
regardless of where in the solid the RVE is chosen [88]. As a consequence, any field in
the solid has the same average over the solid as over the RVE. Under those conditions, we
can separate the micro- and macroscopic scales to seek a volumetric average stress X (or
strain E) over the RVE [88,89], which serves to characterize the behavior of the entire solid.
The detailed microscopic elastic equation: o(x) = C(x) : e(x), therefore becomes simply:
¥ = C : E, where C denotes the homogenized stiffness tensor. It has been shown [89] that

for a composite consisting of 7 distinct phases, C can be expressed as:
C=Ci+)Y ¢(C, —Cy): A, (2.8)
2

where A is the so-called localization tensor, which links the microscopic strain to the average
loading as per e(x) = A(x) : E. Every homogenization model provides a method for

approximating A.

There are 2 families of homogenization methods. In mean-field, or analytical methods, C
is arrived at by computing C using global attributes such as the volume fraction of inclu-
sions, their aspect ratio, and their respective stiffnesses. In general, however, their accuracy
is known to decrease in certain configurations of inclusions, such as high volume fration,
high aspect ratio, and /or high property contrasts between phases [90,91], which are precisely

those of the SFRPs of interest in this thesis. As shown in [91], existing models either over-



12

or underestimate elastic properties when the volume fraction is high (>20%) or when prop-
erties contrast between matrix and inclusions is high (>50). Furthermore, it has been shown
in [71] that applying analytical homogenization to micro-tomographs of injection-molded
polypropylene with short glass fiber reinforcements (volume fraction of 13%, properties con-
trast of & 45, aspect ratio ~ 30), leads to predictions that differ from experiment by 8%-20%

in the best cases.

The other family of homogenization methods are full-field, or numerical, methods. In those
methods, the geometry is described explicitly, and the stress and strain fields are solved nu-
merically, to then arrive at an average response given a specific microstructure and material
parameters. The C tensor for that configuration is derived from this average response. The
success of this methods rests on the ability of arriving at a microstructure description, or
representative volume element (RVE) containing sufficient information as to be an adequate
stand-in for the real material, but at the same time being of minimal size, such that the com-
putational cost of solving the constitutive laws at each node is practical. The determination
of the RVE dimensions is discussed first, then the different types of resolution methods are

presented.

2.5.1 Determination of the Representative Volume Element (RVE)

The representative volume element (RVE) is commonly defined as a subvolume of the true
solid with the minimum number of heterogeneities as to exhibit the same macroscopic prop-
erties as would any arbitrary large subvolume [92,93]. Various authors proposed different
mathematical criteria by which to define the RVE size. For a random media, the theoretical
volume element that exactly represents the solid needs an infinity of heterogeneities [94]. In
practice, the RVE is defined as satisfying a user-prescribed error on a particular criterion. In
a seminal work, Hill states the following twofold condition for RVE determination: first that
the sample should be “typical of the whole mixture on average”, second that the number
of inclusions should be sufficiently large so that the average properties such as moduli are
independent of the applied boundary conditions [95] This latter point was formally proved by
Sab in [96]. Other authors such as Drugan and Willis [97], Gusev [92], Ostoja-Starzewski [94]
proposed mathematical expressions by which the self-similarity of RVE to the infinite media
is quantified. The choice of this criterion is not trivial, and a poor choice can lead to a
volume smaller than required for representativity, or a volume much larger than necessary,
leading to inaccurate results in the first case, and prohibitive computational cost in the sec-
ond [98]. Note that for a given microstructure, the RVE size will vary depending on the

property being investigated, e.g., elastic modulus or thermal conductivity, and is affected
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by the property contrast between the phases present, a higher contrast generally leading to
larger RVEs [99,100]. In the case of fiber-like inclusions, a large fiber aspect ratio is also
accompanied by a increase in RVE size, and for a randomly oriented microstructure, the

convergence can be estimated by the degree of isotropy of the effective property.

In many cases, the response of the infinite media is not known but can only be estimated.
To circumvent this problem, Kanit et al. [99] developed a quantitative method by which
the RVE size is disambiguated and predicted from the convergence rates of mean properties.
Since working at the true RVE for a particular material is not always feasible, a more compu-
tationally efficient method consists of taking a set of smaller subvolumes, called realizations,
averaging the homogenized results together, to estimate the properties that would be evalu-
ated at the true RVE size. He used the rate of convergence of the mean value as a function
of RVE size (number of inclusions) to predict the size of the RVE. Furthermore, he demon-
strated that the property obtained through averaging of several realization is statistically
equivalent to one single, larger volume of a size commensurate with the sum of realizations

sizes, but at reduced computational cost.

To conduct the RVE determination, boundary conditions (BCs) must be set. There are 3
common BCs for elasticity calculations.

Static uniform boundary conditions (SUBCs) (or uniform traction):

o(x) - n=%X-n, Ve dV, where 9V is the surface of the volume element V', and n is the
normal vector to the surface of V at .

Kinematic uniform boundary conditions (KUBCs) (or uniform displacement):

u(x) = E-x, Vo € 0V, where u(x) is the displacement vector, and E is a symmetrical
second order tensor. Huet [101] has shown that in general, the effective properties of the
volume elements are bounded by uniform traction (lower bound) and uniform displacement
(upper bound), and the distance between these bounds generally increases with property
contrast.

Periodic boundary conditions (PBCs):

u(x) = E- x + u*(x), where u* is a periodic fluctuation, meaning it takes the same value

on points directly opposite each other on the unit cell faces.

In Figure 2.5, approximations of the bulk modulus k%P for an artificially generated composite
structure made of increasingly larger volumes V' as measured by number of voronoi grains.
Three boundary conditions are presented, KUBC, SUBC and PBCs, as well as the Voigt and
Reuss bounds. It has been shown that the effective properties converge faster using PBCs,
in the sense that the asymptotic value is reached for a lower V size, for less computational

effort, particularly for high property contrast [92,99,102].
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Figure 2.5 Variation of predicted properties as a function of RVE size, for several BCs. a)
Example of an artificially generated polycrystal microstructure, as a voronoi mosaic. b)
Estimation of the bulk modulus of this microstructure, as a function of number of grains in
volume V. For PBCs, the predicted property converges to its asymptotic value for a size of
100, compared to 1000 for KUBCs and SUBCs. Adapted from [99].

As an example of this method applied to SFRPs, Dirrenberger et al. [100] considered the
case of inter-penetrating (undifferentiated) randomly-oriented infinitely long fiber network
of v = 16%. They used a Poisson law to generate artificial volume elements and used
Kanit’s method to derive a RVE size for thermal and elastic properties. Since fibers are
not differentiated, the meshing is significantly simpler than for individual fibers. The largest
volume considered in their study contains 800 fibers. Using a relative error tolerance of 5%,
they report an RVE size for a single realization of ~ 1500 —4000 fibers for this configuration,

depending on the property examined.

2.5.2 Finite elements method (FEM)

The most common method for computing the stress and strain fields inside a heteroge-
neous microstructure is the finite elements method (FEM) [20, 29, 33, 36, 63, 103-106]. In
this method, the domain is represented by a mesh of elements of a particular shape (ex:
tetragons, hexahedrons, etc.) that each have a number of degrees of freedom at their nodes.
The differential equations describing the problem are then solved by evaluating them in an
integral form over each element, thus assigning values to each degree of freedom and allowing
the global solution to be constructed [107]. A domain of arbitrary geometry can be used, and
a higher node concentration (or level of mesh refinement) can be used in regions of particular

interest such as near small features or discontinuities. In the case of heterogeneous domains,
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a finer mesh is required at the phase boundaries (i.e., the interfaces), as strong gradients in
stress and strain can form in those regions. As presented in Figure 2.6, for fiber-reinforced
composites, proximity between fibers causes large stress concentration factors (=~ 7) [108],
underscoring the need for a detailled resolution in those areas. While automated solvers can
generally execute the meshing automatically, problems arise however when high volume frac-
tions are required. Proximity between inclusions will cause the number of required elements
to increase drastically, making the computational cost of solving the problem enormous, and
the meshing tools eventually failing to construct a mesh altogether. User input becomes
necessary at this point, which is a tedious process, affects the accuracy of results, making
them less repeatable [91]. Furthermore, the complexity of the mesh-generation process puts

in question the competitiveness of this method [109].
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Figure 2.6 Stress field (o33) for volume containing vertical and out of plane fibers, subjected
to a strain eg3 = 1E — 5. In a) a center-to-center separation of 1.5 fiber diameters d yields
a stress concentration factor of 2.14. In b), the stress concentration factor reaches 6.98
for a distance D = 1.05d. Proximity between fibers leads to higher overall stiffness and
lower toughness, as higher local stresses are reached for the same applied strain. Adapted
from [108].

2.6 Moulinec and Suquet’s FFT algorithm

To circumvent the limitations of FEM for high volume fraction composites, researchers have
sought to develop mesh-free methods for homogenization. Moulinec and Suquet [110] pro-
posed such a method which reformulates the elasticity equations as the Lippmann-Schwinger

equation [111], and solves the problem iteratively, with extensive use of the Fourier transform.
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The Fourier transform is an integral transform that is used in many physics and engineer-
ing contexts to relate a time or space varying function f(x) to a form where its frequency

dependence is explicit. The Fourier transform of f(x), noted F(f(x)), is:

FU@) = Fl6) = o= [~ sy 29

where f(€) denotes the expression of the function f(z) in Fourier (or frequency) domain, and
i = v-1. We write: f(¢) = F (f(x)). Several mathematical relations are simpler to evaluate
in the Fourier domain. For instance, the convolution product of two funciton f and g, noted

(f * g)(x), defined as:

o

(f+9)@) = [ flz = )g(r)dr, (2.10)

[e.e]

becomes a simple multiplication in the Fourier domain, as per:

A

F((<9) = F©310). (211)

In a heterogeneous solid, the stiffness is a function of position, i.e. C(x). The local defor-
mation can be written as the sum of a constant term E, and a fluctuating term e(u*(x)),
as: e(u(x)) = e(u*(x)) + E, or equivalently: u(x) = u*(x) + E - . Here u* is considered
periodic, and the stress term o is antiperiodic: (L) -n = —o(—L) - n so that the traction
term o - n = 0 at the boundary (equilibrium condition). n is the vector normal to the
boundary, and the unit cell, which is centered at the origin, has a side of length 2L, as can

be seen in Figure 2.7.
The classical elasticity equation becomes:
o(x)=C(x): (e(u*(m)) + E) VeeV

(2.12)
V-o(x)=0 VeeV

We pose a reference media with stiffness Cy and define d¢(q) = C(x) —Cy. Inserting d¢(s) into

Equation 2.12 gives:

o(x) = (6c@) + Co) : e(u(x)) (2.13)
= Cp:e(u(x)) + dc@) : e(u(x)). (2.14)
We define: 7(x) = dc(a) : €(u(x)), (2.15)

called the polarization, which contains the position-dependent stiffness through d¢(s), and
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Figure 2.7 Unit cell: cube of side 2L, showing vectors normal to the boundary

the fluctuations in deformation through e(w(x)). This formulation is termed the periodic
Lippmann-Schwinger equation [111]. The Moulinec algorithm iteratively solves for 7(x)

through a fixed-point scheme.

Expessing Equation (2.14) in the Fourier domain, it is possible to write the solution as:

e(u*(x)) = -T%* 7(x) (2.16)

where T'V is the Green operator corresponding to the reference media Cy, and * denotes a
convolution product. In the Fourier domain, I'° can be derived explicitly, and takes the

following form for isotropic symmetries (see Appendix A for derivation):

A

1 A £
I‘(Ig:hij (&) = W (5ki§h5j + 0nik&; + Ori€néi + 5hj§k§i) - 0t Ho Gibibkbn

po(Xo + 2p0)  |EI

(2.17)

where 9;; is the Kroeneker delta, £ are the frequency domain variables and i and Ay are the
Lamé coeflicients of the reference material. The work of Mura [112] details the derivation of

the Green operator for other material symmetries.

The principle behind the Moulinec algorithm is to use Equations (2.15-2.16), in the real and
Fourier space, respectively, to iteratively solve Equation (2.14). A constant deformation E
is applied, and the stiffness tensors C(x) and C, are known. we start by computing o and
7(x) from C(x) and E (Equations (2.20-2.21)). This initial 7(x) will not be accurate, as it
only accounts for the average displacement E. It can be used to arrive at a better estimate
of € (Equation (2.23)), which in turn yields a better estimate of o (Equation (2.25). The
entire algorithm is repeated until the solution has converged (Equation 2.26), meaning the

estimated error is inferior to a prescribed value. The error at iteration ¢ is defined as:
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(o)™ (geem)”
(o) (o)

where | -| is the Euclidean norm, and ( - ) is the volume average over V. A typical value used

(2.18)

as a stopping criterion is e < 107%. The main algorithm is as follows:

Initialization (step i = 0) e(z)=E VxeV (2.19)

o’(z) =C(z) : e(x)’ Vx eV (2.20)

Iteration (steps i > 0) a) 7(z) = o'(z) — Cy : €'(x) (2.21)

b) #(§) = F(r(x)") (2.22)

c) EM1(&) = —T°(&) : #'(€) VE#0,67(0)=E (2.23)

d) &1t = F1(&™) (2.24)

e) o (x) = C(x) : e (x) (2.25)

Convergence test (Equation 2.18) f) If (¢’ < 107?) : stop. Else: iterate from a). (2.26)

Once an equilibrium condition has been reached, if the applied strain E was chosen to be
uniaxial and unitary, one column of the homogenized stiffness tensor C is obtained directly

from (o (x)).

2.6.1 Comparison of FFT and FEM performances

While the performance comparison of the FEM and FFT based approaches has not been
reported for SFRPs, it has been done by a handful of authors for polycrystalline structures,
in terms of similarity of predicted results and computational workload. Rovinelli et al. [113]
have studied the plasticity of the polycrystalline Ti55531, in the vicinity of a crack tip, using
tomographic data of a physical specimen as a starting point. As presented in Figure 2.8,
for FFT simulations the volume required needs to be a rectangular prism, so the authors
filled the outside of the solid with gas. For the FEM simulation, the mesh was refined in the
neighborhood of the crack tip using quadratic tetrahedral elements, and the rest of the volume
used linear elements. The use of quadratic elements in the FEM formulation enabled the
capturing of sharper transitions of the stress field around the crack tip. The FF'T formulation

is linear, so this effect is not present.

From a computational standpoint, the FFT formulation is more readily parallelizable, as the

resolution of each voxel column in the volume is independent of each other column. The
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Figure 2.8 Microstructure geometry of an Ti55531 specimen, as used in the a) the FFT and
b) the FEM method. In a), the gray and red regions represent the solid and gaseous phase,
respectively. In b) the solid is meshed, using linear tetrahedral elements, and quadratic
tetrahedral elements near the crack tip. Adapted from [113].

FEM formulation has some degree of parallelizability, but in the model used in the paper

(and many commercial solutions) the maximum number of cores allowable cores is 8-12.

The authors report only minor distinctions in the predicted stress fields, except at the
crack tip, where the different geometrical representation and handling of boundary condi-
tions causes up to 10% difference in local values of stress, which dissipate at a distance of
7 pm of the crack tip. In term of computational time, when using a comparable number of
CPUs, the FFT method is up to 25x faster than the FEM method, though it is not obvisous
how this ratio would be affected by strong property contrasts and anisotropic reinforcements

such as those seen in SFRPs.



CHAPTER 3 RATIONALE AND OBJECTIVES

3.1 Rationale

A critical evaluation of the existing literature has revealed the following salient points.

20

o Successful modelling is dependent on the quality of the microstructure descriptions

used, or its fidelity to real materials. The majority of work on this topic focuses
on making a statistical description of real materials and producing artificially gener-
ated microstructures to match those statistics as closely as possible. The computation
burden required to generate artificial microstructures increases significantly with the
inclusion’s aspect ratio and volume fraction, and if the desired output is one that has a
particular length and orientation distribution of fibers. Microstructure characterization
from imaging data is a well-developed topic, but its use in direct microstructure de-
scription (i.e., not artificially generated) for modelling purposes has only been reported

for a few relatively simple cases.

The use of imaging data for microstructure description requires extensive development
of specialized image analysis tools, with the specific goal of producing geometric descrip-
tions compatible with numerical modelling methods, which requires the differentiation
of constituents (single fibers and pores). The type of volumetric image processing re-
quired is challenging for two reasons: the presence of porosity makes this a 3-phase
classification task, and the high volume fraction of fibers produces frequent fiber con-

tact, for which a separation heuristic must be devised.

The process-structure relationship that exist in SFRPs made with FFF is still largely
unknown, in part due to the indirect methods by which fiber lengths and orientation
distributions are characterized, and because the use of 3D imaging is much more tech-
nically demanding than 2D microscopy for instance. However, important features like
the correlation between length and orientations of fibers and the spatial variability of
local distributions inside the solid and how it relates to processing parameters can only

be revealed through data that is volumetric in nature.

Most experimental investigations of SFRPs made by FFF concentrate on the relation
between process and property directly, with little consideration of morphology. Without

a method for discerning the morphological attributes that are produced by the process
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parameters and how they in turn affect the mechanical behavior, improving the reli-
ability of the FFF process and thereby part performance remains empirical, without
strong fundamental footing. That area of research is nascent for 3D printed composites,
and a necessary precondition to establish a knowledge base into the process-structure-

property relationship that exists in these materials.

To date, modelling efforts on SFRPs made with FFF exhibit large error margins
(~ 20 — 40%) as to their predictive accuracy of stiffness for instance. The microstruc-
tures used are often simplified into perfectly aligned, or uniform (random) distribution,
and analytical methods are often used for microscale homogenization. The imperfect
description of the microstructure, paired with the limited ability of analytical modelling
to account for fiber-fiber interactions which are more prominent for higher volume frac-

tions, are possible explanations for the poor accuracy of these methods.

Some attempts at full-field numerical modelling exist, notably with FEM. The creation
of a suitable mesh from the geometric description is difficult to automate successfully,
and the resulting mesh requires such high levels of refinements at fiber contact points
that the computational cost the FEM resolution becomes prohibitive. Mesh-free meth-

ods are a better alternative and are only beginning to be applied to SFRPs.

Homogenization-based modelling of elasticity and viscoelasticity lack experimental val-
idation, and when it is present, the anisotropy of the resulting solid is only addressed in
a few studies on pure polymer, and never on reinforced polymers. It has been demon-
strated that anisotropy arises from the printing pattern, due to the mesoscale regular
arrangement of printing passes. It is expected that the anisotropy would increase with
the addition of reinforcements, due to the marked preferential alignment in extruded
materials and the fact that carbon fibers are strongly anisotropic. Disentangling the
contribution of micro and mesoscale anisotropy would be an important insight to be

gained from detailed modelling and multi-axis experimental testing.

The contribution of specific processing parameters such as nozzle diameter and printing
pattern on mechanical properties through their effect on morphology would pave the
way to a deeper understanding of processing parameter selection, which is also largely

empirical.

The goal of making SFRPs with higher temperature resistance implies the need for mod-
elling creep compliance, which is more prominent at higher temperatures. A method

for identifying a material law that incorporates time and temperature dependence con-
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sidering complex microstructure has only been done for a handful of cases involving
SFRPs made with FFF.

3.2 Objectives

The general objective of this thesis is to develop a numerical method to predict the elastic
and thermo-viscoelastic properties of SFRPs made with FFF. The main objective is broken

into the following specific objectives (SO).

SO1: Characterize morphological properties of SFRPs as a function of process-
ing parameters. The objective is to create an image analysis tool to automate the task
of pnCT data analysis to identify individual constituents (single fibers, pores) within the
polymer matrix. This tool should require little to no user input and be able to differentiate
individual fibers to extract their length and orientation in space. In addition to the geometric
representation of the microstructure in a form that is compatible with modelling methods,
statistical representations and visualization methods must be devised to enable comparison
of the processed scans between them and gain insight into the process-structure relation. The
processing of scans from specimen produced with several manufacturing conditions including

nozzle diameter, fiber volume fraction, and printing pattern is required.

SO2: Characterize and model tensile properties of SFRPs made with FFF. The
process-property relation is investigated by manufacturing test specimens under different
processing conditions and subjecting them to mechanical testing to measure their tensile
properties. FFT-based full-field homogenization models are adapted to perform effective
elastic property prediction using the morphological description obtained using the image
analysis tool. The predictions are validated against the experimental tensile testing data.
The predicted properties and the morphological features revealed enable the quantification
of the anisotropy of these material properties and to what degree it is affected by processing

parameters.

SO3: Formulate a material law incorporating the time and temperature depen-
dence of SFRPs made with FFF. Using experimental creep-recovery data taken on
specimens made with neat (pure) polymer, an isotropic constitutive law is generated at two
different temperatures. This law, along with the morphological description, is then used as
inputs for an anisotropic, temperature-dependent constitutive law identification procedure,

which is then compared with the experimental data from reinforced polymer specimens.
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CHAPTER 4 SCIENTIFIC APPROACH

Over the course of this research project, three scientific publications were prepared. The
achievements of each article are outlined here, as well as their relation to the objectives as
stated in Chapter 3.

4.1 Article 1: OpenFiberSeg: open-source segmentation of individual fibers
and porosity in tomographic scans of additively manufactured short fiber

reinforced composites

This article presents an automated segmentation procedure for pCT imaging of fiber-reinforced
composites containing porosity. Using high resolution scans obtained from specimen fabri-
cated from CF-reinforced PEEK at several fiber volume fractions, a pixel-wise labelling was
performed by adapting existing machine learning and classical image processing algorithms.
Then, a tracking procedure was developed by which pixels are grouped into connex regions,
and continuous segments in 3D are identified based on their geometrical properties. An elab-
orate stitching procedure was created to identify segments likely to belong to a single fiber,
and to fill in the gaps between them. Once all fibers present in the volume were individually
labelled, characteristics such as the relation between length and orientation were revealed for
each level of fiber volume fraction. The tool was validated by reproducing the segmentation
and tracking results of two separate studies on FRPs. The total fiber fraction predicted by
the segmentation was also compared with that computed from experimental measurements
of the density of each specimen. Visual inspection was used to demonstrate that although
minimal human input is required, the resulting microstructure description is of high quality,
with a mean precision of 93.1% on an individual fiber basis and near perfect precision for

porosity detection.

This article was published in the Composite Science and Technology journal on July 28", 2022
(DOI: 10.1016/j.compscitech.2022.109497). This article was almost entirely written by the
author of this thesis, who developed the software implementation of the segmentation tool and
performed the image acquisition. Dr. Yahya Abderrafai and Dr. Audrey Diouf Lewis provided
expertise in material processing and performed filament preparation. Dr. Nicola Piccirelli is
our industrial partner representative and provided administrative oversight. Professors Daniel
Therriault and Martin Lévesque assured supervision, scientific guidance and review of the

manuscript.
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4.2 Article 2: Multiscale Fast Fourier Transform homogenization of additively
manufactured fiber reinforced composites from component-wise description

of morphology

In this paper, the micro and mesoscale microstructure of 3D printed SFRPs was characterized
with the OpenFiberSeg, using data collected on specimen manufactured using three different
nozzle diameters and three different printing patterns using the nozzle of intermediate size,
for a total of five printing configurations. This data was used to generate microstructures
description to perform dual-scale FFT-based homogenization and predict the tensile prop-
erties directly from the tomographic data. The extraction of richly detailed morphological
data also enabled the visual inspection of the spatial variation of local properties such as
fiber length and orientation distribution, and fiber and porosity density. The different levels
of anisotropy present at the microscale (intrabead) for each printing configuration was re-
vealed by statistical observation of orientation distribution. The dual-scale homogenization
prediction of tensile moduli was validated against experimental data and compared to the
output of homogenization performed on artificial microstructures, a leading method in the
field. The predicted tensile moduli were shown to be within 5% of experimental data, in all

but one of the printing configurations.

This article was submitted to the Composite Science and Technology journal on January 19",
2023, and at the time of writing is undergoing peer-review. This article was almost entirely
written by the author of this thesis and is the main author of the software implementation
of the dual-scale homogenization method and the morphological analysis. Clément Vella
participated in the development of the software adaptation of the homogenization method.
Alessandra Lingua and Juliette Pierre performed processing parameter optimization, spec-
imen preparation, and tensile testing. Dr. Nicola Piccirelli is our industrial partner repre-
sentative and provided administrative oversight. Professors Daniel Therriault and Martin

Lévesque assured supervision, scientific guidance and review of the manuscript.

4.3 Article 3: Thermo-viscoelastic multiscale homogenization of additively man-
ufactured short fiber reinforced polymers from direct microstructure char-

acterization

In this article, the dual-scale homogenization method was extended to model the time and
temperature dependent mechanical properties of SFRPs made by FFF. First, the constitutive
law parameter for the neat polymer was identified using experimental creep-recovery testing

data. This material law and the microstructure descriptions obtained by OpenFiberSeg were
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then used to generate the time dependent mechanical behavior of the composite through
FFT-homogenization. The parameters for a material law exhibiting anisotropic and temper-
ature dependent viscoelasticity were then identified, considering the mesoscale structure (the
printing pattern). The behavior law is then used to predict the stress strain history of any
arbitrary loading, which is compared to multi-axis experimental data. For specimen printed

unidirectionally, submitted to axial loading, the mean relative error for a creep-recovery test
is <3%, for both 21°C and 120°C.

This article was submitted to the International Journal of Solids and Structures on Febuary
2272023, and at the time of writing is undergoing peer-review. This article was almost
entirely written by the author of this thesis and is the main author of the software implemen-
tation of the dual-scale homogenization method, and performed the creep-recovery testing
under various temperatures. Alessandra Lingua performed processing parameter optimiza-
tion and specimen preparation. Dr. Nicola Piccirelli is our industrial partner representative
and provided administrative oversight. Professors Daniel Therriault and Martin Lévesque

assured supervision, scientific guidance and review of the manuscript.
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CHAPTER 5 ARTICLE 1: OpenFiberSeg: open-source segmentation of
individual fibers and porosity in tomographic scans of additively manufactured

short fiber reinforced composites

This article was published in the Composite Science and Technology journal on July 28,
2022 (DOTI: 10.1016/j.compscitech.2022.109497).

Sosa-Rey, F., Abderrafai, Y., Lewis, A. D., Therriault, D., Piccirelli, N., & Lévesque, M.
(2022). Composites Science and Technology, 226, 109497.
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Figure 5.1 Graphical abstract: OpenFiberSeg

5.1 Abstract

From a modelling standpoint, the morphology of additively manufactured (AM) high-performance
short fiber reinforced polymer (SFRP) are essential to characterize, yet this task poses great
challenges. The method presented extracts individual fibers from tomographic scans and
produces a segmentation that is 93.1% precise on average on a per-fiber basis across a large

range of fiber filling ratios (5-40 wt.%), needs minimal human input and is scalable to full-
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sized datasets containing ~ 10° individual fibers. In addition, this tool allows the analysis of
the correlated length and orientation distribution of fibers, and the quantification of shear-
induced alignment and fiber breakage. The method is validated by successfully reproducing
the segmentation of (continuous) fiber reinforced composites published in 2 separate studies
and by predicting the fiber volume fraction and material density directly from the tomo-
graphic data of SFRPs. The output can serve as a basis for constituent-level mechanical
modelling, and to gain insight into the relationship between processing parameters, morphol-
ogy and mechanical behavior of SFRP. The full source code and imaging data are attached

to this publication.

5.2 Background

Fused Filament Fabrication (FFF) is an additive manufacturing (AM) method in which
parts of arbitrary geometry are built layer-by-layer. The use of materials like polyether-ether
ketone (PEEK) in FFF is a very active area of research as its mechanical properties simi-
lar to human bone, its chemical and thermal resistance, biocompatibility and transparency
to medical imaging methods make it a choice candidate for medical implants and prosthe-
ses [15,39,41,114,115]. When PEEK is used as a short fiber reinforced polymer (SFRP),
the reinforcements can be oriented purposefully, enabling the engineering of parts with high
weight-specific material properties [11,43,50]. As such, reinforced PEEK parts made by FFF
are being investigated as possible replacement for heavier metallic components in the automo-
tive and aerospace industry [11,15,43,51]. However, several technical challenges complicate
the printing process with this material and cause it to under-perform when compared to
aircraft-grade aluminum parts [16,116]. PEEK resin being semi-crystalline with a high melt-
ing point, significant shrinkage occurs during solidification, both of thermal origin and due
to density and viscosity changes during crystallization [5,11,15,41,43]. When used in FFF,
process parameters, part geometry and local cooling history can interact to cause warpage
of such severity as to cause print failure [11]. Adding reinforcements can reduce warpage [16]
and improve mechanical properties like strength and stiffness [5], but have complex effects
on crystallization [5], interlayer bonding and flow dynamics [11]. During extrusion, fibers
alignment and flow characteristics are mutually dependent, and in turn affect the bonding
dynamics, as fibers present at the bead surface modify diffusion conditions and surface ten-
sion [11]. ITmproper bonding between layers is one of the main causes why FFF parts exhibit
inferior mechanical properties to molded parts, most notably across the layers [5,15]. Porosity
is another important factor, introduced both during filament production and by air trapping

between passes and layers at deposition [5,15,42]. This reduces the effective cross-section of
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the parts, changes flexural properties through pore collapse, and adversely affects strength
since pores act as stress concentration sites [11,42,117]. The inclusion of fibers has been
shown to be accompanied by increased porosity [5,50-52], measured at 20 vol.% for PEEK
with 30 wt.% carbon fibers (CFs) [118]. These combined effects makes mechanical modelling
of real parts a yet-unsolved challenge [4,11,12,87,119-121], as all these phenomena need to be
considered in concert [11]. To help address this issue, microstructural analysis methods must
be developed to enable the extraction of relevant properties from imaging data, particularly

at the constituent scale (single fiber and pore).

5.2.1 Microstructural features

In order to serve as a basis for mechanical behavior prediction, the microstructural analysis
must extract the main features affecting stiffness and strength of SFRP materials (other than
the inherent properties of the matrix and fibers). Those features have been identified as: the
distributions of fiber lengths and orientation [75,80,122-125], the uniformity of fibers’ spatial
dispersion [50, 126], as well as the presence and morphology of porosity and other defects
[126-129]. Unlike for the case of continuous fibers, in SFRP those properties are all affected
by the processing parameters (both in injection molding or FFF) [50,119,123-125,130], and
are therefore crucial to understand the properties of the parts produced. For instance, shear-
induced alignment of fibers and fiber breakage during the different processing steps have

decisive impact on the mechanical performance of SFRP parts [11,50].

Recent advances have been made on constituent-level characterization of SFRP used in FFF,
for instance in basalt fiber reinforced polylactic acid (PLA) [78], and CF reinforced PEEK
[118]. In both cases, proprietary software was used to perform the critical segmentation
steps. Yu et al. [78] do differentiate individual fibers, but in a context of little porosity in the
feedstock material (so-called inner-voids, of at most 4.2 vol.%), and moderate infill (up to 20
wt.%). As for CF reinforced PEEK, Sommacal et al. [118] centered their study on porosity
distribution, and identified the volume occupied by reinforcements generally, not individual
fibers.

In this work, we propose a method of automated constituent extraction from imaging data,
called OpenFiberSeg. We draw on existing methods and techniques, complementing and
adapting them to the specific case of FFF of reinforced PEEK. The presence of significant
porosity (~ 20v0l.%), low contrast in the input data and high filling ratios under consider-
ation (up to 40 wt.%) make for a problem that is uniquely challenging. Once this problem
is solved, the solution can be applied to a host of fiber reinforced materials, of equivalent or

lesser degree of complexity. The intent of open distribution of both source code and imaging
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data guided the development of this tool, to help accelerate progress in the field.

5.3 Literature review

X-ray tomography provides volumetric renderings of the microstructure of these solids. How-
ever, since CFs and polymeric matrices have similiar densities and elemental composition,
the imaging data is low contrast and has considerable noise amplitude [72,73]. As imaging
apparatus are limited to a voxel size of 0.7 to 0.4 pm, fiber identification must be per-
formed on at best a handful of voxels, as they typically have a diameter ranging from 5 to
10 pm. Manual labelling by an expert is possible, but is a tedious, time-consuming task,
and subject to inter and intra-observer variability [131]. Automatic segmentation tools are
therefore required. Various groups have produced such tools for fiber-reinforced compos-
ites, the majority of which consider only two-phase materials (the phases being matrix and
reinforcements) [65,66,81,85,122]. When dealing with a third phase (the porosity), the seg-
mentation task considered to be much harder [132,133], especially when the grayscale values
from different phases can overlap each other [133,134] as they do in FFF reinforced PEEK.
In [74], 3-phase segmentation (matrix, fibers and voids) is performed by using a stochastic
optimization procedure adapted from [135,136] to segment small regions of data, and training
a neural network with the output. The authors avoid the task of manually labelling training
data or the computationally prohibitive task of using the stochastic procedure on full-sized
dataset. Their method performs well on real data from glass fiber reinforced polypropylene
containing voids, though only visual validation is presented. Using synthetic data with no
porosity, they report a per-fiber detection precision of 87.0% (651/748 fibers detected).

If orientation characterisation is the only concern, one traditional method is to use scanning
electron microscope images of polished specimen, and determine fiber orientations based
on the minor and major axes of the ellipses made by their cross-sections on the specimen
surface [137]. However, this method is limited to surface level, is time-consuming, and cannot
distinguish between the two orientations that produce the same elliptical cross section [73,82].
A more modern method based on 3D imaging is to compute the local orientation tensor by
obtaining the local structure tensor for neighboring voxels via the Hessian matrix [80-82].
While being very general and not requiring fiber separation, this method can produce length
information only for very highly resolved scans, and it is quite susceptible to noise [13§]
(though it can be adapted to process poorly resolved scans [65]). Furthermore, the accuracy
of the orientation tensor method drops significantly if the gray intensity profile is not Gaussian

inside fibers, or for high filling ratios, where fiber contact is more common [80,122].
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5.3.1 Fiber separation and tracking

To extract richer data pertaining to individual fibers, a necessary first step is the segmentation
(labelling) of voxels belonging to fibers rather than other phases (matrix, pores, etc). Methods
to perform this task include: grayscale value thresholding (Otsu’s method) [85] , pattern
matching [76,77], supervised machine learning (for instance K-means clustering used by Qim
at DTU [79,139,140], or deep learning methods like those implemented in commercial software
like Dragonfly™ [72,134,138] or others. One common limitation for all these methods is that
for high filling ratios, many fibers will be in close proximity, and their boundary blurred,
leaving many missed detections or failing to separate distinct fibers [81,85]. Since computer
vision tools and methods are overwhelmingly aimed at 2 dimensional (2D) images, all of the
cited methods are 2D-based. Many missed or false detections could be avoided by taking
advantage of the 3 dimensional (3D) nature of tomographic data, but only some efforts have

been made towards this goal, for instance using convolutional neural network in 3D [141,142].

Extracting individual fibers from the voxel-wise label requires a 3D tracking procedure. A
fiber tracking method proposed by Whitacre [143] (companion study of Czabaj [76]), uses
template matching as the first segmentation step, then the Global Nearest Neighbor algorithm
combined with the Kalman filter to estimate fiber trajectories as they are being constructed.
This method also incorporates smoothing, track stitching, and a constraint by which fiber
trajectories are only accepted if no volumetric overlap occurs in their paths. Whitacre reports
99.4% accuracy of track assignment, but as is pointed out, this is for a relatively small spec-
imen (629 fibers) of unidirectional composite, with high scan quality. The authors recognize
that for more complex, larger specimen, this method would "increase the computational cost
dramatically" [76] (though mainly for the meshing and mechanical simulation than tracking
per se). The segmentation procedure itself took 2h for 629 fibers on a desktop workstation,
while 1 mm? of SFRP can contain up to ~ 10° individual fibers [85]. Assuming linear scaling,

that would translates into nearly two weeks’ time.

Another tracking method applied to injected glass fiber SFRP was developed by Agyei and
Sangid [85] by which the image quality of the scans are first sharpened, then voxels probably
containing fibers are flagged using Otsu’s method, and clustered using an iterative watershed
algorithm. Ellipsoids are fitted to each cluster, and they are connected across 3D space on
the basis of the proximity of their centroids. Post-processing ensures that the remaining
fibers have tortuosity below a prescribed threshold. Their method successfully tracks 91 682
fibers with a processing time of 55 hrs on a desktop workstation. However, they selected
injection-molded glass fiber reinforced polypropylene because of the higher contrast of glass

fibers, and there is no porosity to speak of in their samples.
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Partially reconstructed fibers have been stitched in different ways. Altendorf selects stitching
candidates on the basis of endpoint distance, the angle between the segments, and the angle
between segments and the added connecting line [144]. Creveling implement a method by
which fiber tracks all considered for stitching, and the most likely candidates which pass a
series of checks are selected, including endpoint distance, potential interference with existing
tracks, and other tests [77].

In FFF SFRP, the regions surrounding pores are of particular concern from a tracking stand-
point. Artifacts at pore boundaries cause many missed and false detections of fibers (even
for manual labelling). Hence, a heuristic that overcomes this difficulty need be more com-
plex than those in tracking tools previously published, focused on materials with negligible

porosity.

The ultimate objective being mechanical property inference, it is more important that the
reconstructed volume be statistically equivalent to the actual solid, rather than any single
fiber being found or not. As long as the proportion of phases present is correct, as well as
the lengths and orientation distribution of fibers, the extracted microstructure will serve as
a representative volume element [145,146]. This guiding principle will be useful for selecting
empirical parameters for aspects of our method that are probabilistic in nature, most notably

the stitching partially tracked fibers.

5.4 Methods

In this work, contrasts in imaging data are first enhanced by histogram equalization. Then
2D-image based pre-segmentation of porosity and specimen boundary (perimeter) is per-
formed with a combination of classical image processing (Otsu’s method and Canny edge
detection) and fiber regions are located with the use of a machine learning (ML) tool called
InSegt [147]. From this voxel-wise labelling, a 3D-based feature extraction is performed: fiber
segments are identified by locating centroids and connecting them by the K-nearest neighbor
algorithm. Then, a multi-step stitching heuristic is applied to recombine these segments in a
manner which can handle not only missing but also false detections. The voxel-wise labelling
is then retroactively corrected to include the missing segments, and to successfully label the
fiber boundaries which are a source of frequent error for ML tools. The method is shown to
be effective across many material compositions (filling ratios), with close to no human input,

except at the ML model training stage.

The material specimen under consideration here are produced by free-space extrusion (3D

printing nozzle not pressed against the build plate, but extruding in air). This way, phenom-
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ena present at the meso scale (inter-bead and inter-layer voids, over- or under-extrusion) and
macro scale (infill fraction, infill pattern, stacking of layers of different relative orientation,
etc) [4,12,119,148] are removed from consideration, allowing an analysis of the morphology

at the microscale in a more pristine state.

5.4.1 Specimen preparation

Pellets of PEEK 90G (Victrex™, UK) were first desiccated in a Cole-Parmer 282A Vacuum
Oven (Antylia Scientific, USA) at 150°C for 5 hours. For each specimen, pellets were first
introduced in a DSM Xplore Micro 5 cc twin-screw microextruder (Xplore Instruments BV,
Netherlands), before introduction of Panex™ 35 Type 83 chopped CFs (Zoltek, USA), with
weight fractions from 5 to 40%, by 5% increments (pure polymer was removed from con-
sideration as it shows no porosity and doesn’t require tracking). Mixing (while extrusion
is shut off) was carried out at a constant speed of 3 mm/s at 360°C. Extrusion was made
at a constant speed of 3 mm/s at 390°C. Only sections of the filament with a variation of
100 microns or less as measured with a caliper were kept for extrusion in a 3D printer ex-
truder. Printing of specimen was performed on a AON3D™ industrial 3D printer, extruding
through a 0.6 mm diameter nozzle in free space (not pressing on the build plate) with a

nozzle temperature of 390°C. The resulting average specimen diameter is 500 pm.

5.4.2 Tomographic data acquisition

Individual filaments specimens were then mounted on a pin vise and placed in a ZEISS
Xradia™ 520 micro-computed tomography system. Each specimen was exposed to a source
power of 80 KV, with the source at a distance of 10 mm, and the detector at 15 mm, with
no filter in the beam line. 1600 projections were acquired for each specimen, for a total
acquisition time of ~ 1.75 hour per specimen. Volumetric reconstruction was performed with
the parameters obtained automatically by the Zeiss Reconstructor™ software. The resulting
voxel dimension is , and the filaments were entirely inside the scanned field of view. Figure
5.2a shows a sample 2D slice of the resulting tomograph, for a PEEK filament (diameter
0.6 mm) with 40 wt.% CF. In Figure 5.2b we can see that the pores (large dark structures)
have a light region at their boundary which has the same grey intensity as the fibers (smaller
white round shapes), complicating the segmentation task. These artifacts are attributed to
sharp changes in refractive index in the specimen, and could be attenuated by imaging in
phase-contrast mode, in which source and detector are much farther apart [149]. However,

this incurs much longer and therefore more expensive scans.

While OpenFiberSeg can work on larger specimen sizes (up to 1.4 mm in diameter, using 4500
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projections and a total exposure time ~ 4 hours), with the contrasts encountered with CF
PEEK, pixel sizes >1 um lead to unsatisfactory performance of InSegt, for which the stitching
procedure cannot compensate. This means highly resolved scans are required for this class
of materials. Although not presently tested, glass fibers (GF) reinforcements would have a
stronger imaging contrast, as they are mainly made of silicon rather than carbon atoms like
polymers, have a density of 2.61 g/cm? compared to CF at 1.72 g/cm? and average diameter
of 12 pm against 7 pm for CF [5]. In which case, larger pixel sizes (up to 2 ym) will probably
be acceptable.

5.4.3 Global processing flowchart

The data processing is structured in the manner illustrated in Figure 5.3. Starting form
the tomographic data, the phases are separated on a voxel-by-voxel basis. Then, for all
three reference directions z,y and z, individual fiber regions are separated, and centroids
extracted. Tracking of fibers is performed, including stitching of partial detections. From
fiber tracks, 3D representations of each fiber are constructed, with gaps identified by the
stitching procedures filled. Fibers detected from all 3 directions are then recombined to form
the final segmented output. The entire procedure requires minimal input from the user, and
accomodates a variety of material types (continuous fiber composites, and FFF SFRP of
very different filling ratios, etc). The relevant parameters are scaled with respect to the voxel

physical dimension, which depend on scanning parameters.

5.4.4 Initial voxel-wise labelling
Porosity detection

The first labelling steps consists in identifying which voxels contain either polymer matrix,
fiber reinforcement, porosity, or are outside the filament (the perimeter). First, the con-
trasts in the raw data are enhanced using histogram equalization from the OpenCV library
(cv.equalizeHist). Then, with the help of the Canny edge detection algorithm (implemented
in the Scikit-image library [150]), both the perimeter and the porosity can be identified on
each 2D slicing of the volume. This algorithm uses the gradient in the image and two thresh-
olds to identify continuous contours. To identify the perimeter, a binary mapping is first
created by thresholding the image with Otsu’s method. This mapping makes the specimen
stand out from the perimeter, and the boundary is easily identified. The Canny algorithm
is used twice: on the binary mapping (to find the specimen boundary), and on the original

histogram-equalized image (to identify pore boundaries). The required parameters for the
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Pore

Artifact at
pore boundary

Fiber

Figure 5.2 Sample 2D slice of tomographic scan of a PEEK 40 wt.% CF filament (after
histogram equalization). a) Entire filament cross-section b) Pores and fibers are indicated by
arrows, along with the artifacts in the region surrounding pores.

Input: Tomographic Data (repeat for v, y, 2 directions) Individual fibers

Combination of fibers

Fiber separation and Centroid extraction

Initial voxel-wise labelling from x,y, 2z directions
Canny edge detection (pores) Centroids
InSegt (fiber regions) Tracking Output:
Nearest neighbor search i%gmente.d volume
Fiber regions Stitching (Blind, Smart) 1ber statistics
Output: Fiber tracks

Pores

Assign voxels to fibers
Gap filling, smoothing

Figure 5.3 Schematic flowchart of the segmentation and tracking procedure. From the to-
mographic data, voxels containing pores and fibers are first isolated, then fibers are tracked
and reconstructed from all 3 reference directions, to be combined in a single segmented
microstructure.
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Canny algorithm depend on image characteristics. For the datasets used in this study, the
following parameters were used: low_ threshold ranging from 60-100, high threshold of 180-
200, and sigma=3.0 for the porosity detection, and low_threshold=30, high threshold=>50
and sigma=1.0 for perimeter detection. See attached source code for further details. In
order to fill in the closed contours in each case, the floodfill algorithm (cv.floodfill) is used,
which labels all the voxels reachable (not bound by a closed contour) from a given seed point.
The Canny method was favored over simpler gradient-based methods like Sobel, Roberts or
Prewitt edge detection as it more robust against noisy data [151] and it produced closed con-
tours consistently amidst the variety of edge characteristics encountered in the original data.
As can be seen in figure 5.2b, pore edge sharpness can vary significantly, making simpler

methods unsuitable.

Figure 5.4a shows the result of the porosity extraction by contour filling in a typical region
of data. Because the contours are at times too attenuated in a few (typically 1-2) image
slices, the volume of pores are interrupted by a few thin missing sections. Small regions are
also present, which visual inspection reveals to be false positives (the smallest real pores are

much larger than these structures which are < 2 pm thick.)

As shown in Figure 5.4b, both types of artifacts are eliminated by performing the 3D morpho-
logical operations of closing (filling in missing thin slices) and opening (removing structures
smaller than the structuring element) as implemented in the N-dimensional image processing
library SciPy.ndimage [152]. For both operations, spherical structuring elements of radius 3
and 1 voxels are selected, respectively. These are large enough to handle the encountered
artifacts, and small enough to leave the general topology of pores unaffected. The resulting
pores after corrections are shown in Figure 5.4c. Relying on classical image processing such as
this has the advantage of handling a variety of scanning conditions and morphologies without
any intervention, or occasionally requiring the adjustment of a handful of parameters (the
two Canny thresholds), rather than the re-training of neural networks encountered in ML.

We therefore elected to not investigate MLL methods for this particular task.

Fiber detection and separation into convex blobs

The InSegt tool is used to find probable fiber-containing regions. In InSegt, a manual labelling
of a small region of the data is used to create an image dictionary based segmentation tool
using the machine-learning method called K-means clustering. A specimen image slice is then
processed, yielding a probability field giving the likeliness that each voxels belongs to a fiber
or not. By inspecting this probability field, the user selects a threshold above which to label

pixels as fibers, and checking against the input to ensure the majority of fibers are found,
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Pores obtained by I Voxels added by closing

filling contours B Voxels removed by opening

DResulting pores

Figure 5.4 Porosity labelling, typical region of data (2D slicing in z—y planes): a) as obtained
by filling the closed contours of the Canny algorithm. b) Morphological closing fills in missing
thin slices inside well-defined pores, opening removes false detections. ¢) Resulting pores.

with as little false positives as possible. The full volume is then processed to obtain an initial
mapping of all voxels containing fibers. For specimen with low filling fraction (<15 wt.%),
the fiber regions were often underestimated in size, because setting the threshold lower to
capture the whole perimeter for each fiber also introduced many false detections. This minor
effect was corrected with a method presented in Supplementary Materials (Appendix B),

involving the Laplacian of the probability field.

As shown in Figure 5.5a, each voxel is now considered either matrix, pore, or fiber. However,
the InSegt tool often labels fibers in close proximity as a single connex region, or blob. To
identify individual fibers across the volume, it is necessary to detect the regions containing
more than one fiber, and split them accordingly. First, the watershed algorithm is used to find
all the connex regions (using the cv.watershed function, implemented in the manner detailed
in [153], with distance parameter of 0.8 pixel). Then, OpenCV functions cv.findContour
and cv.convexityDefects are then utilized to flag the blobs that are not convex (defined as a
convexity defect size >1.2 pixels). The blobs passing or failing this convexity test are repre-
sented in Figure 5.5b as "single fiber" blobs and "rejected" blobs, respectively. To reprocess
the "rejected" blobs, the watershed transform is used again, in a recursive manner: the dis-
tance parameter of the watershed is increased by 0.1 pixels increments for each individual
blob. When the new watershed transform outputs more than one blob, the convexity test is

performed on those new blobs. New blobs that are flagged as non-convex are then processed
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by themselves in the same manner. The resulting subdivision of each blob into the largest
number of convex blobs is illustrated in Figure 5.5c. For these individual fiber blobs, a cen-
troid (analogous to center of mass) is computed with the OpenCV function cv.moments, as
shown in red in Figure 5.5d. Note that not all identified centroids belong to real fibers, as
some will be false detections, particularly due to light-colored artifacts around pores. The
shape of these artifacts is such that those centroids will most likely not form neatly defined

chains of sufficient length, and they will be discarded during the tracking procedure.

The fact that detection of pores and perimeter, the splitting of blobs, the convexity tests and
the extraction of centroids can be done on a slice-by-slice basis allows these step to be done

in parallel, yielding a speedup factor equivalent to the number of cores available.

5.4.5 Tracking

Figure 5.6 shows a schematic of the entire tracking procedure: image slices are imagined as
1 dimensional (1D) projections, shown as dotted lines. Fiber regions were identified (with
some missing and false detections, as shown in Figure 5.6b, and centroids were extracted,
from which complete fiber objects are sought. When tracking in the vertical direction, the
fibers roughly aligned with this direction will have centroids on adjacent slices at a small
distance in the transverse plane, when compared to the radius of the fibers. For each pair
of adjacent slices, we want to find the pairs of centroids that are mutually closest. The K-
nearest neighbor (KNN) algorithm is very efficient and highly scalable in this setting, as it
can find the closest neighbor with an O(nlogn) complexity. For each slice, a K-dimensional
tree (KD-tree) is built (in 2D, for x and y coordinates), as implemented in SciPy. The KD-
trees are then queried at the coordinates of the centroids for the following slice. We then
initialize fiber objects from the continuous chains of closest centroids: centroids on the first
slice <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>