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RÉSUMÉ

Grace à la fabrication additive, des pièces d’une géométrie complexe ayant des caractéris-
tiques internes sont possibles sans avoir recours à des moules. Différents prototypes peuvent
donc être rapidement réalisés et testés, et pour des séries limitées, l’absence d’outillage rend
cette méthode économiquement avantageuse. Dans une méthode telle que la Fabrication par
Filament Fondu (FFF), l’utilisation de polymères thermoplastiques et de renfort sous forme
de fibres permet d’améliorer les performances mécaniques des pièces produites. Par contre,
elles demeurent en deçà de celles de leurs homologues fabriqués par injection. En outre, le
processus d’impression confère un ensemble unique de caractéristiques morphologiques qui
rendent les propriétés du matériau difficiles à prédire. Le fait de ne disposer que de données
limitées et de nature empiriques sur le comportement mécanique des polymères renforcés de
fibres courtes et sur leur relation procédé-structure-propriété constitue un problème pour la
modélisation des pièces 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 manière fiable de l’anisotropie de la réponse mécanique.
Ces difficultés en termes de modélisation constituent une limite à l’adoption de cette tech-
nique en industrie. Dans cette thèse, le lien entre le processus et la structure est étudié en
prenant des images micro-tomographiques 3D (µCT) de spécimens réels, et en traitant ces
données avec un logiciel spécialement conçu pour extraire les constituants individuels (fibres,
matrice, vides). À partir de ces données, des modèles d’homogénéisation sont adaptés et mis
en œuvre pour permettre la prédiction des propriétés élastiques et viscoélastiques effectives
et leur anisotropie. Ces prédictions sont ensuite comparées à 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 diamètre 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 complètes sont également
modélisées via une procédure d’homogénéisation à double échelle qui utilise des relations
constitutives pour le polymère pur telles qu’obtenues à 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, à la fois à
21 et 120 °C. En outre, plusieurs caractéristiques morphologiques qui n’avaient jamais été
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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 être étendue à d’autres combinaisons polymère et fibres, et peut être utilisée pour la
prédiction d’autres propriétés physiques, telles que la résistance, la ténacité à la rupture, et
d’autres phénomènes 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 (µCT) 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 à Matrice Organique), a research and development partnership between Safran S.A.,
an aerospace equipment manufacturer from France and the Laboratory for Multi-scale Me-
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chanics (LM2) 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.
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CHAPTER 2 LITERATURE REVIEW

Notation Unless otherwise specified, scalars are represented by lowercase letters (a, b, α, β),
vectors by lowercase latin bold letters (a,b), 2nd-order tensors by lowercase bold greek let-
ters: (ε, σ), 4th-order tensors by uppercase bold Latin letters: (C,S). Einstein summation
convention is adopted, which reads for the singly contracted product:

a · b = aibi =
∑
i

aibi = c (a scalar) (2.1)

α · β = αijβjk =
∑
j

αijβjk = δik = δ (a 2nd-order tensor) (2.2)

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.% ZoltekTM 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 (σ) and strain (ε), or, as is formalized by Hooke’s law as: σ = C : ε,
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
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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.:

C(t) = C(∞) +
N∑
i=1

C(i)
(
e−ωi(t)

)
(2.3)

where C(i) are the stiffness tensors and ωi their corresponding relaxation times. The instanta-
neous (or elastic) stiffness is therefore found at t = 0, which yields Celastic = C(∞) +∑N

i=1 C(i).
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:

σ(t) = C(∞) : ε(t) +
∫ t

0

N∑
i=1

C(i)
(
e−ωi(t−τ)

)
: dε(τ)

dτ dτ. (2.4)

Here, the time-dependent stiffness C(t) is composed of C(∞), the stiffness at t → ∞, and a
sequence of i pairs of relaxations times ωi and stiffness tensors C(i). 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 t is adjusted by a shift factor aT , which is function of temperature T ,
such that:

C(t, T ) = C
(

t

aT (T )

)
. (2.5)

In polymers, this temperature-dependence has an abrupt transition at the so-called glass tran-
sition temperature Tg, 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
Tg of a polymer, the shift factor can be obtained empirically with the Williams-Landel-Ferry
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model [19,29], for which log(α(T )) is:

log
(
α(T )

)
= − C1(T − Tg)

C2 + (T − Tg)
, (2.6)

where C1 and C2 are material-specific positive constants. In this research project, only
temperatures below Tg are considered, for which the shift factor can be obtained using the
Arrhenius law, as per:

log
(
α(T )

)
= − Ea

2.303R

( 1
T
− 1
T0

)
, (2.7)

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

It is also possible to have a shift factor α(T ) which is directionnally dependent [36, 38], i.e.
αijkl(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 − 3× 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 µm
and a diameter of 7−10 µm. 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 (Tg ≈ 145◦C) and a high melting temper-
ature (Tm ≈ 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
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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
Tg 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/C11) 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 vf , 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 µCT 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 µm under certain conditions. To distinguish individual CFs, which have a diameter in
the 5-10 µm range, a resolution (pixel size) of ≈ 0.7 µm 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].

X-ray source

Detector

Specimen

Figure 2.4 Schematic of the µCT 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 µCT 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 vf 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 Σ (or
strain E) over the RVE [88,89], which serves to characterize the behavior of the entire solid.
The detailed microscopic elastic equation: σ(x) = C(x) : ε(x), therefore becomes simply:
Σ = C̃ : E, where C̃ denotes the homogenized stiffness tensor. It has been shown [89] that
for a composite consisting of r distinct phases, C̃ can be expressed as:

C̃ = C1 +
r∑
2
cr(Cr −C1) : Ar (2.8)

where A is the so-called localization tensor, which links the microscopic strain to the average
loading as per ε(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, C̃
is arrived at by computing C̃ 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-
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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 C̃ 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):
σ(x) · n = Σ · n, ∀x ∈ ∂V , where ∂V is the surface of the volume element V , and n is the
normal vector to the surface of V at x.
Kinematic uniform boundary conditions (KUBCs) (or uniform displacement):
u(x) = E · x, ∀x ∈ ∂V , 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 kapp 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 vf = 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].

Figure 2.6 Stress field (σ33) for volume containing vertical and out of plane fibers, subjected
to a strain ε33 = 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:

F(f(x)) = f̂(ξ) = 1√
2π

∫ ∞

−∞
f(x)e−i2πxξdx (2.9)

where f̂(ξ) denotes the expression of the function f(x) in Fourier (or frequency) domain, and
i =
√
-1. We write: f̂(ξ) = 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:

(f ∗ g)(x) =
∫ ∞
∞

f(x− τ)g(τ)dτ, (2.10)

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

F
(

(f ∗ g)(t)
)

= f̂(ξ)ĝ(ξ). (2.11)

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 ε(u∗(x)),
as: ε(u(x)) = ε(u∗(x)) + E, or equivalently: u(x) = u∗(x) + E · x. Here u∗ is considered
periodic, and the stress term σ is antiperiodic: σ(L) · n = −σ(−L) · n so that the traction
term σ · 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:

σ(x) = C(x) :

(
ε(u∗(x)) + E

)
∀ x ∈ V

∇ · σ(x) = 0 ∀ x ∈ V
(2.12)

We pose a reference media with stiffnessC0 and define δC(x) = C(x)−C0. Inserting δC(x) into
Equation 2.12 gives:

σ(x) = (δC(x) + C0) : ε(u(x)) (2.13)

= C0 : ε(u(x)) + δC(x) : ε(u(x)). (2.14)

We define: τ(x) = δC(x) : ε(u(x)), (2.15)

called the polarization, which contains the position-dependent stiffness through δC(x), 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 ε(u(x)). This formulation is termed the periodic
Lippmann-Schwinger equation [111]. The Moulinec algorithm iteratively solves for τ(x)
through a fixed-point scheme.

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

ε(u∗(x)) = −Γ0 ∗ τ(x) (2.16)

where Γ0 is the Green operator corresponding to the reference media C0, and ∗ denotes a
convolution product. In the Fourier domain, Γ0 can be derived explicitly, and takes the
following form for isotropic symmetries (see Appendix A for derivation):

Γ̂0
khij(ξ) = 1

4µ0|ξ|2
(
δkiξhξj + δhiξkξj + δkjξhξi + δhjξkξi

)
− λ0 + µ0

µ0(λ0 + 2µ0)
ξiξjξkξh
|ξ|4

(2.17)

where δij is the Kroeneker delta, ξ are the frequency domain variables and µ0 and λ0 are the
Lamé coefficients 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 C0 are known. we start by computing σ and
τ(x) from C(x) and E (Equations (2.20-2.21)). This initial τ(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 ε̂ (Equation (2.23)), which in turn yields a better estimate of σ (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 i is defined as:
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ei =

(〈
|∇ · σi|2

〉)1/2

〈
|σi|

〉 =

(〈
|ξ · σ̂i|2

〉)1/2

〈
|σ̂i|

〉 , (2.18)

where | · | is the Euclidean norm, and 〈 · 〉 is the volume average over V. A typical value used
as a stopping criterion is e ≤ 10−4. The main algorithm is as follows:

Initialization (step i = 0) ε0(x) = E ∀x ∈ V (2.19)

σ0(x) = C(x) : ε(x)0 ∀x ∈ V (2.20)

Iteration (steps i ≥ 0) a) τ i(x) = σi(x)−C0 : εi(x) (2.21)

b) τ̂ i(ξ) = F(τ(x)i) (2.22)

c) ε̂i+1(ξ) = −Γ̂0(ξ) : τ̂ i(ξ) ∀ξ 6= 0, ε̂i+1(0) = E (2.23)

d) ξi+1 = F−1(ε̂i+1) (2.24)

e) σi+1(x) = C(x) : εi+1(x) (2.25)

Convergence test (Equation 2.18) f) If (ei ≤ 10−4) : 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 C̃ is obtained directly
from 〈σ(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 FFT 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 µm of the crack tip. In term of computational time, when using a comparable number of
CPUs, the FFT method is up to 25× 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.
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CHAPTER 3 RATIONALE AND OBJECTIVES

3.1 Rationale

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

• 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 µCT 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 µCT 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 28th, 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 19th,
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
22nd, 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 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 28th,
2022 (DOI: 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.

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 ∼ 105 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]. Improper 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 (∼ 20vol.%), 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 µm, fiber identification must be per-
formed on at best a handful of voxels, as they typically have a diameter ranging from 5 to
10 µm. 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 [138]
(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 DragonflyTM [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 mm3 of SFRP can contain up to ∼ 105 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 (VictrexTM, 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 PanexTM 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 AON3DTM 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 µm.

5.4.2 Tomographic data acquisition

Individual filaments specimens were then mounted on a pin vise and placed in a ZEISS
XradiaTM 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 ReconstructorTM 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 µm 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/cm3 compared to CF at 1.72 g/cm3 and average diameter
of 12 µm against 7 µm for CF [5]. In which case, larger pixel sizes (up to 2 µm) 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 x, 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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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.

Individual fibers

Initial voxel-wise labelling

Input: Tomographic Data

Combination of fibers 

from              directions

Nearest neighbor search

Stitching (Blind, Smart)

Canny edge detection (pores)

InSegt (fiber regions)

Assign voxels to fibers
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Fiber statistics

(repeat for              directions)

Output:

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 µm 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 ML 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 

filling contours

Voxels added by closing

Voxels removed by opening
Resulting pores

Figure 5.4 Porosity labelling, typical region of data (2D slicing in x−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. c) 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(n log n) 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 which are successfully paired to those on the second form initial fiber segments (if they
are within a maximum distance). From then, centroids on the following slices are either
matched to an existing fiber, to which they are added, or become new fibers themselves, as
depicted in Figure 5.6c.

Blind stitching

Due to missing and false centroid detections, the centroid chains are often interrupted seg-
ments from a single true fiber. Using only the start- and end-points for each chain, a similar
procedure is done: a 3-dimensional KDTree is constructed for the start- and end-points.
Both trees are queried with the other set of points, and matching nearest neighbors are
found. Three checks are made before selecting fibers for combination: these matches need
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Figure 5.5 Initial labelling and centroid extraction in data from a PEEK 40 wt.% CF speci-
men. a) Labelling of pores by Canny edge detection and fiber blobs with InSegt. b) Fiber-
containing blobs failing convexity test flagged for reprocessing. c) Output of recursive wa-
tershed transform on non-convex blobs. d) Extraction of centroids for each fiber blob.
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Figure 5.6 Schematic representation of fiber tracking: a) true fibers in the data (unknown).
b) Detections by InSegt, with missing and false regions. c) Extracted centroids, linked in
chains of nearest neighbors. d) Blind stitching: bridging small gaps of few missing centroids
(light blue). e) Fiber segments that are sufficiently aligned in space are combined (blue).
Segments that overlap can also be stitched, if backtracking length is below a maximum
distance (shown in pink). When more than one stitching candidate is found, better alignment
between longer fibers is favored (in green) over first match (in red). f) Extracted fibers
overlaid on true (unknown) fibers in data.
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be below a prescribed distance, set empirically to 2.5 fiber diameters for CF (or 20 µm) in
the stitching direction, and 1 diameter (7.5 µm) in the transverse direction, as well as to
not allow backtracking: the end-point of the lowest fiber must be lower in the z direction
than the start-point of the higher one. The distance criteria are taken relative to the fiber
diameter, which can be measured visually if not known for a particular material. These
values allows for some imprecision in the centroid position relative to the true fiber center,
without allowing a match to a different fiber that is neighboring the main one. The matching
pairs that meet these criteria are combined, linking the corresponding centroid chains. As
we can see in Figure (5.6)d-e, for each centroid chain a line segment is obtained that rep-
resents its main orientation and length, by the singular value decomposition (SVD) method
(numpy.linalg.svd function).

The limitations of the "blind" stitching method are that if a long gap is present in the data
for a particular fiber, there isn’t enough information to ascertain that the detected segments
are really part of the same fiber, or if there are two distinct fibers that are somewhat aligned.
Large gaps attributable to many missing centroids are likely to occur in two contexts: in the
vicinity of pores, and when fibers that have strong inclination (>45◦) relative to the main
direction, with an elongated cross-section. Both of these effects lead to interruptions in fiber
tracking. With blind stitching alone, an underestimation of long fibers would occur, and
since longer fibers contribute the majority of the mechanical load transfer, they are quite
significant, especially for those at a strong inclination. To circumvent this limitation, the
following method is employed.

Smart stitching

For each fiber segment (shown in grey in Figure 5.6e, two six-dimensional vectors are con-
structed (one for each end-point): the 3 coordinates of the point, and the 3 components of
its normalized orientation vector. Then, a 6-D KDTree is constructed for the end (topmost)
points vectors, and the start (lowest) point vectors are the query points. This way, as shown
in blue in Figure 5.6e, we simultaneously find the pairs of objects that are closest both in
terminal point distance and in terms of relative angle. Here it is possible and desirable to
allow the stitching of segments that exhibit backtracking: segments belonging to the same
fiber overlap each other quite often, due to the presence of erroneous centroids along the path
of the fiber. As shown in purple in Figure 5.6e, allowing the stitching of fiber segments that
overlap up to a maximum prescribed distance can be done reliably by assuring that both
the relative angle and the start-to-end transverse distance (in the plane normal to the main
direction) are sufficiently small.
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As shown in red in Figure 5.6e, sometimes a match is made first which satisfies requirements
in distance and relative angle, but an alternate match (in green) is also possible, perhaps
further away, but with a more perfect alignment. When instances of this scenario were
encountered in the real data, predominantly the offending candidate was a short segment,
in the vicinity of the endpoint of the main fiber. To avoid these false matches, a ranking
function was devised that favors stitches between longer segments (the orientation vector has
more statistically significance for a higher centroids count) without deteriorating the relative
angle by more than a prescribed value. This way, from all possible candidate matches for a
particular segment, the ones between longer segments at acceptable relative inclination were
prioritized.

By checking not only the endpoint distance but also relative angle, the distance criteria can
be set larger than for the "blind" stitching step, without risking the stitching of non-related
fiber segments. Once all segments to be stitched have been identified, two additional checks
are made: in the gap between the endpoints that would be connected by the stitching, new
centroids are interpolated at each of the z coordinates corresponding to an image slice. Above
a certain distance, to avoid connecting fibers which truly aren’t related, a majority of those
new centroids must be in a region which was labelled as "fiber" by the InSegt tool (rather
than "pore"). Secondly, none of the new centroids can be at a distance of less than one fiber
diameter from an existing fiber, as they would otherwise physically overlap with the existing
fiber. If both tests are passed, stitching is allowed and the interpolated centroids are inserted
in the gap between segments. Once all the stitching steps are complete, we update the fiber
line segments to account for the presence of partial segments and interpolated centroids.

The fiber objects that have a length below a prescribed minimum are marked as "rejected".
Many false positives occur at very short fiber lengths, when a few non-related centroids are
connected, but do not represent a real fiber in the data. A length of 1 fiber diameter is chosen
as the minimum permissible length, and fibers shorter that that are marked as "rejected".
Since the mechanical behavior will be determined mainly by longer fibers, missing a few
real fibers at such short length is considered acceptable, so long as the fiber filling fraction
remains close to the known value for the material in question. Fibers with strong inclination
(> 55◦ from tracking direction) are also rejected, as they will be more accurately tracked
along the direction with which they are most aligned with. (A vector [1, 1, 1]T forms an angle
of 54.7◦ with any of the reference axes, so a larger angle indicates better alignment with
another axis). By performing the entire centroid detection and tracking procedure from the
3 reference directions (x, y, z), all possible inclinations are thus captured.
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5.4.6 Assigning voxels to fibers

To reconstruct the fiber bodies from the identified centroid chains, we link voxels in the initial
labelling to each of them.

For the majority of voxels in the watershed output, assigning a fiber ID number is immediate,
as the tracked centroid was obtained from these voxels. However, in the gaps between stitched
fiber segments, the centroids created by interpolation are not related to any existing voxels.
For those cases, the first step is to check whether the interpolated centroids are squarely
inside a closed contour that is not already matched to another fiber, in which case all those
voxels are assigned to its fiber. If more than one centroid (either interpolated or present
in the initial extraction) are present in the same closed contour, the watershed transform is
used to assign the voxels to the closest centroid, assuring the subdivided voxel groups all lie
in a single connex region. Remains the case where interpolated centroids lie in regions where
no voxels are labelled as fiber. To create this labelling, the following method is used.

5.4.7 Volumetric post-processing: gap filling and artifact removal

As shown in Figure 5.7a, for each fiber identified in tracking, a sub-volume is created which
is only large enough to contain the voxels belonging to that fiber. A tube-like structuring
element is created by stacking 2D circles (of the same diameter as a fiber) at the same angle
and direction as this fiber’s orientation vector, for a total height of a few voxels longer than the
largest gap created by stitching (or a default value for unstitched fibers). The morphological
operation of closing (scipy.ndimage.binary_closing function) is applied using this structuring
element. As shown in Figure 5.7b, this has two effects: it smooths the surface of the fiber,
and it fills gaps in a manner that is inferred from existing geometry, rather than prescribed.
This is preferable because some fibers have an oblong rather than a circular shape, which
this method preserves. Also, strongly inclined fibers will have elongated cross-sections. The
morphological operation of opening (scipy.ndimage.binary_opening) is used afterwards with
a ball structuring element, with a diameter slighly under a fiber diameter. The effect of this
is to remove the regions that are erroneously labelled as belonging to this fiber: just for like
pores, these false detections will be thin, and are readily removed by opening. In Figure
5.7c, we see the topmost regions of the fiber after removal of such an erroneous shape (i.e.,
an artifact).

Making this operation on a subset of the entire volume is memory-efficient, and can be done
in parallel. A last check is made when projecting it back into the large volume: newly
identified voxels should not spill into regions already identified as another fiber, or a pore.
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Figure 5.7 Example of post-processing on a single fiber object made up of 4 stitched seg-
ments, leaving three gaps (tracking performed along z). a) Fiber from previously labelled
voxels, including erroneous structures. b) Output of morphological closing with inclined
rod structuring element: gaps are filled, but erroneous regions are expanded. c) Output
of morphological opening with ball structuring element: smoothing, removal of erroneous
regions.
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Figure 5.8 Post-processing applied to a larger region showing several distinct fiber objects.
a) Fiber segments as obtained by assigning voxels to the tracking output, with several gaps.
b) Morphological closing adds missing segments where interpolation has occurred, and open-
ing removes a few erroneous structures. c) Resulting volume of fibers.



43

In Figure 5.8, we can see the effect of the morphological operations on several fibers at once, in
a small region of interest. In Figure 5.8a) are presented the fibers as obtained by tracking and
assignment of voxels. We can see interruptions of different sizes, as well as the same erroneous
structures previously seen. In Figure 5.8b the effect of closing and opening are highlighted:
closing fills in the gaps between interpolated segments, opening removes erroneous regions.
The resulting fibers in Figure 5.8c are a much more reliable representation of those present
in the data.

5.4.8 Combining fibers from all reference directions (x, y, z)

As strongly inclined fibers are more easily detected by slicing in the transverse plane (x and y
directions), the entire segmentation procedure explained above is repeated twice more. Using
the labelling obtained in the direction of main alignment (z), all voxels where fibers were
successfully identified (and not rejected for being too short or too steep) are first removed
from the pre-segmentation volume (substracted from the InSegt output). This way, only new
fibers can be found.

After the entire procedure is performed for both x and y directions, the fibers found need to
be projected onto the original frame orientation. The most problematic cases are long fibers
which are inclined by close to 45◦ to more than one of the reference directions. This results in
partial capture of segments from potentially all three reference frames, which for the x and y
directions can potentially interfere with each other. Two more steps are taken to correct these
problems. First, colliding voxels are identified and if their corresponding fiber objects are
sufficiently aligned, the objects are combined into a single fiber. Then the smart stitching
method is called on all the fibers from all the permutations, with the provision that only
fibers from two different permutations are eligible to be stitched together. This allows the
reconstruction of fiber whose segments were obtained from more than one reference direction.
Finally, the volumetric post-processing method is applied again on the fibers that have been
combined or stitched in this last step, yielding the final segmentation of fibers present in the
data.

5.5 Validation

The segmentation procedure was performed on 2 distinct datasets, whose analysis were pre-
viously published by Czabaj [76,143] and Creveling [77], and kindly made available to us. By
performing the segmentation on the same input data, we can compare our tracking results to
theirs, and verify the degree of accuracy of OpenFiberSeg for the type of materials on which
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these scans were performed. The code from these two projects not being public, only the
results in the original publications can be discussed.

5.5.1 Data from Czabaj et al, 2014

This dataset is obtained from a specimen of AS4/3501–6 graphite/epoxy unidirectional com-
posite, formed into a thin "matchstick" specimen. The resulting tomograph is presented in
Figure 5.9a. The authors of this work used template matching and a sophisticated method
involving the Kalman filter and track stitching to track fibers across the volume, and pre-
venting fiber inter-penetration [76,143].

As can be seen in Figure 5.9b, the shape of the histograms of angles measured with our
tool vs that in [76] are quite close, especially when considering the position of the 5th, 25th,
50th, 75th and 95th percentiles, which are all within less than 0.5◦ between our results and
theirs. While the height of the central peak is 9% higher for our method when compared
to theirs, several reasons can account for this. When obtaining fiber centroids at each slice,
we compute the moments of the fiber blobs, whereas their methods finds the best match
for a pre-defined circular template: some variability in centroid positions is likely to occur
between the two methods. Secondly, when attempting to reproduce their results, we needed
to truncate the dataset as they did, leaving 508 out of 629 fibers, without knowing the exact
coordinates. Also, while all fibers presented are found automatically in OpenFiberSeg, in the
original paper manual segmentation of 4 missed fibers, and removal of 3 false one was done.
They report a processing time of 2 hours on a CPU capable of 4 simultaneous threads. Our
method also executes in 2 hours when using 4 threads.

5.5.2 Data from Creveling et al. 2019

This data was obtained on a IM7/8552 carbon/epoxy laminate, from which a 1 mm3 specimen
was extracted. A high-resolution micro-CT scan was performed, yielding a voxels size of
0.41 µm. As shown in Figure 5.10a, this specimen has 3 plies, with fibers oriented at +45◦,
-60◦, and +60◦, as measured from the vertical direction. In the original paper, the fibers
were extracted using template matching and a more elaborate method of stitching. As can
be seen in Figure 5.10b, there is only small deviation between the outputs of our method
and theirs, especially when considering the position of the percentiles for each peak. The
remaining difference in peak heights can probably be explained by the different method of
obtaining centroids, i.e. template matching vs the direct calculation of center of mass of
irregularly shaped blobs, used in out method.
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Figure 5.9 Extraction performed on original micro-CT scan of unidirectional graphite/epoxy
composite. a) Sample data slice, reproduced with authorization [76]. b) Probability density
function of fiber deviation from main direction, as reported by original authors, and as
measured with OpenFiberSeg. The box and whisker plots for each peak represent the 5th,
25th, 50th, 75th and 95th percentiles for both segmentation methods, which are all within 0.5◦,
indicating good agreement between the methods.
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Figure 5.10 Extraction performed on micro-CT scan of carbon/epoxy laminate. a) rendering
of original data, showing the main angles of the three layers, relative to the vertical direction
[77]. Reproduced with authorization. b) Probability density function of fiber deviation from
main direction, as reported in [77], and as measured with OpenFiberSeg. The bottom portion
shows zoom around the three main peaks, with generally good agreement between the output
of the two methods. The box and whisker plots for each peak represent the 5th, 25th, 50th,
75th and 95th percentiles for both segmentation methods, when grouping the data around the
three main peaks.
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From these two analyses, we can assert that OpenFiberSeg of segmentation yields very similar
results to state-of-the art tools, at least when it comes to the tracking of fibers in bi-phasic,
continuous fiber reinforced polymers. As we will now show, OpenFiberSeg can handle a much
larger number of fibers, with more randomness in orientation (hence more contact between
fibers) and to produce accurate results from partial detections, amidst porosity.

5.6 Results

5.6.1 Predicting fiber volume fraction and material density

For SFRP with several tens of thousands of individual fibers, getting a clear appreciation of
the quality of the segmentation is not straightforward. One way is using the segmentation
data to predict properties such as the specimen density or the fiber volume fraction cvf

and compare them to values measured experimentally. The cvf is obtained directly from
segmentation data, and can be calculated experimentally from the knowledge of the mass
fractions used at the specimen preparation step, fiber and matrix density (from supplier data),
and the pore volume fraction cvp measured by OpenFiberSeg. To independently validate that
the segmentation tool produces the correct assessment of porosity, the total density of each
SFRP specimen is calculated, and compared to the measured experimental value of density.
Detailed calculations are presented in Supplementary Materials (Appendix B).

As shown in Figure 5.11a, there is generally good agreements between fiber volume fractions
as predicted from the segmentation output and those obtained by the mass fractions. The
results from the segmentation output are overestimated by at most 4% for some filling frac-
tions. This variation can be explained considering how different are the morphologies from
low to high filling fractions (with porosity ranging from 10% to 40%), and the fact that no
tweaking of parameters is done to process them.

As shown in Figure 5.11b, the two methods of determining density are in high agreement
(mean error of <2%), which would only happen if all the volume fractions were correctly
estimated, particularly cvp, which has a larger effect on density, as pores occupy space but
contribute no mass. Any remaining deviation between the two density measurements can
be explained by sampling error: the tomographs encompass a volume of 1 mm3, while the
specimen used for the pycnometer measurement is ~200× larger. The scanned region might
possibly have a local phase distributions slightly different from the average. The much higher
porosity (39%) of the 10 wt.% CF specimen explains the large departure of it’s density
from the general trend. It can also explain the largest discrepancy between both methods,
at 4.9% error: possibly some helium leaks into the unusually large pores, leading to an
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Figure 5.11 Experimental validation: a) Comparison of fiber volume fraction obtained di-
rectly from the segmentation output, vs. calculated from the known densities of matrix
and reinforcement materials, as a function of fiber filling fraction. The difference between
the two is at most 4% (meaning if one method gives 10%, the other can give at most 14%).
b) Comparison of specimen density, as calculated from the segmentation output and the den-
sity measured directly with the help of a gas pycnometer. Very high agreement (mean error
<2%) between the two indicates the proportions of matrix, fiber and porosity as predicted
by the segmentation are a reliable indicator of the proportions in the real material.

overestimation of density from the instrument. Ning et al. also reported an uncommonly
high value of porosity for 10 wt.% CF filled acrylonitrile butadiene styrene (ABS) (9.04%
whereas specimen with 0-15% filling averaged at 2%) [128].

It remains possible however that the volume fractions are accurate on average, but only due
to the number of missed fiber detections being cancelled by false detections. To ascertain
how reliable the output at the pixel level, the following method is used. On a slice-by-slice
basis, we can superimpose the segmentation output onto the raw data. This visualization is
presented in Figure 5.12 for two different material composition: in a) PEEK with 15 wt.%
CF and in b) PEEK with 40 wt.% CF. A different colormap was used to show which reference
direction each fiber was detected from. For both these materials, it is clearly visible that the
vast majority of fibers present are identified, with only a few missed fibers or false detections.
Also, nearly full cross-section of each fiber is captured rather than a portion of it. And
while there are more false detections in the in-plane directions (as shown in Figure 5.12d),
the fibers with strong inclination (near-tangent to the x − y plane) are also successfully
captured. To assess the segmentation precision, a slice-by-slice analysis is presented in Video
5.13 for the specimen with 25 wt.% CF. For each studied slice, we compared the fibers
detected by OpenFiberSeg against the original data, and labelled false fibers or single true
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fibers fragmented into segments as false positives (FP) and missed fibers or separate true
fibers combined into one as false negative (FN). This annotation is performed at 7 separate
locations (2D slices) in the data, encompassing 3945 individual fiber detections. Precision
for this specimen (defined as the voxel ratio of TP/(TP+FP) ) is computed to 95.6%, with
rates of FP of 4.4% and FN of 1.6% (average across all filling ratios: precision: 93.1%, FP:
6.9%, FN: 1.5%). The majority of FP are in the vicinity of pores, and are for short fibers
(< 20 µm). Overall, there is <1% occurence of fiber fragmentation or false combination.

5.6.2 Discussion

For each material specimen, we obtain a set of individual fibers, complete with their position
in space, orientation vector and length. In order to study the correlated distribution of
lengths and orientations, and to compare them across material composition, we produce the
following visualization. In Figure 5.14, a 2D-histogram is presented for the fibers present in a
PEEK specimen with 40 wt.% CF. The lengths and deviation angle are both discretized into
256 bins, and the color of each pixel represents the density (amount/bin) for that combination
of length and deviation angle. A logarithmic scale is used for the colormap, so that both high
and low density regions are appreciable. Single-variable histograms for lengths and deviation
angle are also shown, making explicit the relation between bin count and the pixel color
mapping. The correlated histogram allows us to assert the inverse relation between fiber
length and deviation: longer fibers tend to be better aligned, and shorter fibers can deviate
more (although the bulk of the distribution is always at <30◦). The extent of shear-induced
alignment during the extrusion process is thus revealed, which could not have been inferred
from the single-variable histograms alone.

The same visualization allows us to compare the specimen between them: in Figure 5.15,
all 8 specimen types are juxtaposed, in order of increasing filling ratio. Fiber counts and
processing times on a workstation with an IntelTM i9-10940X CPU, and 64GB of RAM are
presented for each dataset. Here we can see that the shear-induced alignment is present even
at low fiber concentrations. This indicates it is attributable to fibers aligning with the flow
direction, more than interactions between fibers which are less frequent at low filling fraction.
Also, for higher ratios, the most noticeable increase (regions in red) is in the < 100 µm, <30◦

range, suggesting more fiber breakage at these ratios, as the proportion of fibers 100 µm and
longer are essentially the same for 30 wt.% CF and above. The unusually large proportion
of short fibers at large deviations for the 40 wt.% CF also suggest more breakage for higher
filling ratios. Additionally, the lower fiber count at 35 wt.% compared to 30 wt.% suggests
there is less fiber breakage at this filling ratio.



49

False 

detections

a) c) d)

100µm 100µm 50µm50µm

3 missed 

fibers

b)

Figure 5.12 Output of segmentation for 2 material compositions: a) PEEK with 15 wt.%
CF and c) with 40 wt.% CF. Different color maps are used to represent in which reference
direction the fiber was detected. The majority of fibers are detected in the out-of-place (z
direction), and some in the in-plane directions x and y. In b), a closer look shows examples
of missed detections, and in d), we can observe that more false detections are present in the
x direction, but the strongly inclined fibers are also successfully captured.

The degree to which shear-induced alignment is more pronounced for longer fibers is illus-
trated in Figure 5.16. Here, for each dataset, only the fibers of a certain length are selected
(centered at 20 and 100 µm) and the histograms of the deviation angles are compared.
Clearly, the general tendency is that fibers tend to align with the flow direction (the bulk
of the distribution is always at >30◦) but this phenomenon is markedly more prominent as
longer fibers are considered. One dataset (10 wt.% CF) doesn’t follow this trend, which
can be explained by inordinately large porosity for this specimen, probably changing the
flow characteristics. The highest peak for long (100 µm) fibers being for the 35 wt.% also
indicates less fiber breakage at this filling ratio.

5.7 Conclusion

In this work, we presented OpenFiberSeg, a tool for fiber tracking and segmentation of indi-
vidual fibers in tomographic scans of SFRPs. Combining elements from several techniques,
we propose original improvements such as retroactive correction of labelling based on fiber
reconstruction, as well as a detailed heuristic for stitching fibers from partially detected seg-
ments. The method is shown to be robust and satisfactorily reproduces the results of 2
independent studies on continuous fiber reinforced composites. When applied to FFF SFRP
with non-negligible porosity, it can be used to corroborate the experimental measurement
of porosity and fiber filling fraction, and produce a detailed portrait of the correlated fiber
lengths and orientation distributions for vastly dissimilar specimen composition (5-40 wt.%
filling ratio), yielding an average segmentation precision of 93.1% on a per-voxel basis. This
tool can serve as a central characterization and diagnostic method for the development of
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Figure 5.13 Slice-by-slice analysis of segmentation accuracy: PEEK 25 wt.% CF. The porosity
and perimeter detection are shown to be nearly perfect. The fiber extraction precision is
measured at 95.6% for this specimen. Animated sweep of fibers colorized first by length and
then deviation highlight the trend by which longer fibers are better aligned and vice-versa.
Link to video.

FFF SFRP materials and processes. However, it is not designed for fibers with significant
curvature, as fibers are represented by line segments, and up to 1% of fibers can be frag-
mented or combined with another with which they are well aligned and in close proximity.
By divulging the source code, this project can reduce development time for other research
groups, and be applied to a variety of use cases, such as other types of SFRP, reinforced
ceramics, concrete, etc. The precise knowledge of reinforcement and pore size and position
will be invaluable for the development of models involving elasticity, viscoelasticity, fracture
dynamics, and transport phenomena.

https://drive.google.com/file/d/1_whBJfvLKTlL-bqcHPUHleenqchxm5tH/view?usp=share_link
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Figure 5.14 2D histogram representation of the correlated lengths and angle of deviation from
tracking direction (z) for fibers present in a PEEK specimen with 40 wt.% CF filling ratio.
Single-variable histograms are juxtaposed on the left-hand and lower side, to highlight the
relationship between the counts for each variable and the correlated density values.
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Figure 5.15 Correlated lengths and deviation histograms for PEEK SFRP with filling ratios of
5-40 wt.% CF. For all levels of filling, there exists an inverse correlation between fiber length
and deviation: longer fibers will be more aligned with the extrusion direction. Processing
time is given, along with fiber count for each scan.
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Figure 5.16 Histograms of deviation angles for 2 different ranges of fiber lengths, centered
at 20 and 100 µm, by specimen filling fraction. Shear-induced alignment is present for all
specimen, as evidenced by the bulk of the distribution being below 30◦ for specimen. This
effect is more pronounced for longer fibers for all filling ratios, except 10 wt.%, which can be
explained by unusually high porosity.

5.8 Source code and data repository

The full source code repository along with original tomographic data used in this work are
available at https://github.com/lm2-poly/OpenFiberSeg.
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CHAPTER 6 ARTICLE 2: Multiscale Fast Fourier Transform
homogenization of additively manufactured fiber reinforced composites from

component-wise description of morphology
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Figure 6.1 Graphical Abstract: Multiscale homogenization

6.1 Abstract

The process-structure-property relationship in short-fiber reinforced composites made in
Fused Filament Fabrication (FFF) remains inadequately understood, much trial-and-error
and extensive testing is required to use these materials for load-bearing applications. As a
consequence, the largely empirical design process has hindered the adoption of this technol-
ogy, notably due to the lack of reliable structural analysis capability. In order to surpass the
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limitations of mechanical property prediction using simplified artificial microstructures, this
work demonstrates the decisive advantage of using geometries obtained directly from imaging
of printed specimen instead. The analysis of µCT images is performed via a purpose-built
extraction tool called OpenFiberSeg, yielding profound insight into the process-structure re-
lation. The use of real microstructures is shown to considerably improve the mechanical
behavior prediction capability via dual-scale FFT-based homogenization, bringing relative
error margins below 5%, for full anisotropic description. It also becomes possible to inves-
tigate the effect of processing parameters such as nozzle diameter and printing pattern on
morphological properties and on mechanical behavior, revealing the magnitude of the spatial
variation of local properties. The combination of experimental and simulation enables in-
sight that is not accessible to either alone. Original imaging data and source code are made
publicly available.

6.2 Introduction

Fused filament fabrication (FFF) is an additive manufacturing (AM) method by which com-
plex parts are built layer-by-layer by the deposition of semi-molten polymer filaments through
numerical control. As opposed to injection or compression molding, the process requires
no molds or tooling, which leads to fewer design restrictions, low cost per unit in small
batches, customizability and simplicity of manufacturing [4, 11, 15, 62]. By employing short
fiber reinforced polymer (SFRPs) filaments made from high-performance polymers such as
poly ether-ether-ketone (PEEK) mixed with short carbon fibers (CFs), parts made through
FFF exhibit weight-specific properties giving them the potential of replacing metallic com-
ponents in fields like the aerospace or automotive industries [15, 51, 62]. In addition, by
controlling the orientation of reinforcements, the mechanical, thermal and electrical prop-
erties of parts can be engineered for specific purposes [11, 62, 67]. However, before FFF
parts can be used for load-bearing applications, structural analysis tools must be signifi-
cantly improved [11, 61, 65]. The lack of understanding of the relation between processing
parameters and mechanical properties makes existing tools insufficiently reliable [61,62,154],
rendering the design process largely empirical [11,155]. The main problem resides in the fact
that morphological characteristics are influenced first by the properties of the base materials
and the processing parameters [13, 50, 62, 63], which lead to localized gradients in material
properties and contribute to suboptimal part consistency [103, 156–158]. Fiber length and
orientation distributions, local fiber volume fractions and the formation of porosity are all
affected by processing conditions, and exhibit local variation within parts [50,63–67, ]. In ad-
dition, parts made by FFF exhibit structural features at several distinct length scales [61,62],
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some of which are absent in molded parts [13]. Understanding the link between these mi-
crostructural features and the resulting mechanical properties is a crucial, and yet-unsolved,
challenge [11,64,148,154,155,159].

Generally, three distinct scales are relevant in the context of SFRPs manufactured by FFF.
The microscale is where the constituents (matrix, fibers, intra-bead voids) are explicitly
considered [61, 63]. Then, the part geometry scale, or macroscale, is always present and is
the main focus of mechanical design. Lastly, the FFF process imparts an intermediate, or
mesoscale, level of structuring that is determined by the printing infill pattern selected, and
the characteristics of the exterior part shell. Even with the simplest of infill patterns, i.e., all
passes aligned with each other, and 100% volume occupation, each bead being round at the
nozzle tip and forced into a rectangular section leaves voids at the corner of this rectangle,
which form a periodic array of neatly aligned cavities throughout the part [62, 148, 160],
contributing to part anisotropy [12,13,161,162]. All these scales must be encompassed by an
attempt to account for the morphology-property relation of AM SFRPs [61].

6.3 Background

6.3.1 Morphological characterization: fiber properties

Predicting the mechanical stiffness of SFRPs requires a description of their microstructure,
often generated from statistical observations of real materials. Fiber length and orientation
distributions are commonly obtained as follows. The elliptical cross-section of individual
fibers can be obtained from scanning electron microscopy (SEM) images of polished samples.
The orientation of individual fibers in three-dimensional (3D) space are computed by measur-
ing the angle those ellipses make with the printing direction and their ratio of minor to major
axis [18,63,68]. Fiber lengths can be measured under optical microscopy or SEM after they
are separated from the matrix, either though pyrolysis [4, 63] or dissolution [18]. However,
those procedures are time-consuming and suffer from repeatability issues [68], and accuracy
is reduced for fibers almost perpendicular to the image plane [163]. Further, SEM images
are two-dimensional (2D) rather than volumetric, and thus cannot account for property vari-
ation at different depths in the material. In addition, the lengths and orientations aren’t
measured at once on the same fibers, therefore the SEM images method does not produce
a full-field description including positions in 3D space, and the correlation between length
and orientation is unknown [68]. Some studies have measured this correlation, more so for
carbon fibers than for glass fibers because of their higher average aspect ratio [63,71,164]. It
is possible to obtain data at several depths, by repeatedly polishing the specimen to produce
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a 3D rendering [68,70], or use confocal microscopy to image beyond the surface [69].

These statistics can be used directly in analytical modelling [18, 64, 75, 165] or artificial ge-
ometries can be tailored to have similar average properties [4, 45, 63, 90, 104, 166]. These
geometrical descriptions, or representative volume elements (RVEs), are a volume descrip-
tion of a sample of the microstructure which is small enough so modelling is achievable,
but rich and complex enough to be representative of the variability of the real morphology
(for strict definitions, see [99, 100]). The generation of such RVEs is complex and computa-
tionally costly, especially when large fiber aspect ratios and volume filling fractions vf are
required [4, 45, 63, 167]. As a consequence, the vf considered only rarely reach 25% [104],
whereas the vf in SFRPs are commercially available at 30% and can reach as much as
40% [10, 164]. A commonly used method of microstructure generation is random sequential
adsorption (RSA) [103–105, 168, 169], in which inclusions (fibers and/or pores) are seeded
into a volume one at a time, checking for interference with existing inclusions, and randomly
repositioned in case of interference, until the desired volume fraction is reached. Fiber seg-
ments that extend beyond volume boundaries are repeated on opposite faces of the volume,
ensuring geometric periodicity [104, 167]. Notably for large aspect ratios, this method has
been modified in several ways to enable higher volume fractions [63,105,154]. Other methods
draw from molecular dynamics modeling, in which fibers have velocities and collide with each
other while increasing in volume, until the desired vf is reached [167,170,171]. A few studies
attempted generating artificial microstructures with a specific set of orientation and lengths
distributions, in addition to infill fractions. Tian et al. proposed a fiber growth method by
which they were able to reach 25% of infill [103, 105], but only 19% was achieved with an
aspect ratio of 10 [104]. Tang et al. achieved vf = 38% at a mean aspect ratio of 15, but only
for random orientations [154]. Using a modification of the RSA algorithm, they generated mi-
crostructures (including fibers and voids) in which fibers conformed to an orientation tensor
obtained from a computed micro-tomography (µCT) scan of a real CF polyamide-12 (PA12)
specimen. By generating RVEs with varying characteristics, they demonstrated that fiber
alignment has a pronounced effect on tensile properties: an RVE with an average deviation
of 18° shows a tensile modulus 2.67 larger than one with random orientation.

Nasirov et al. [4] used artificially generated RVEs with vf up to 10% with a constant fiber
length of 60 µm, with either uniform (random) orientations or aligned with the print di-
rection. This microstructure was homogenized first, then embedded in a mesotructure of
unidirectional or 0◦-90◦ printing pattern (each layer has aligned beads, and subsequent layers
are perpendicular to each other). For their mesostructure description, the authors considered
ideal RVEs of beads modelled as rounded rectangles and actual RVEs, generated according
to mesotructures observed in microscope images of physical specimens. They compared the
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tensile moduli predicted by simulation to tensile testing measurements performed on car-
bon fiber reinforced polylactic acid (PLA), and encounter up to 20% error in unidirectional
configuration, and up to 40% error for 0◦-90◦, using actual mesotructure RVEs (error was
higher for ideal mesotructures). Another study from the same group considered aligned car-
bon fibers in polycarbonate (PC), and an ideal mesostructure, and reported 3.5% to 36%
error in tensile modulus prediction [160]. These studies suggest the mesoscale porosity has a
significant influence on effective properties, notably in making the material anisotropic, even
when considering a pure (non-reinforced) isotropic polymer [13]. They also highlight the fact
that real microstructures are not perfectly aligned, which has a decisive impact on effective
properties. The non-uniform nature of real mesoscale porosity and the probable spatial vari-
ation in microscale properties can also cause discrepancies between those models and reality.
The correlation between those attributes is also not accounted for. Those factors explain
the rather large error encountered when comparing predictions to experimentally measured
tensile moduli.

Volumetric characterization based on imaging methods such as µCT has also been reported
for SFRPs [65, 66, 68, 76, 77, 85, 164]. Obtaining microstructures this way is technically chal-
lenging, requiring specialized post-processing that is computationally costly, but the mi-
crostructures produced are detailed and high fidelity to physical specimen can be achieved [68,
85, 164]. To the authors’ knowledge, however, material data produced in this manner has
only rarely [87] been utilized directly for mechanical properties prediction.

6.3.2 Effect of processing on microstructure

The rheological phenomena by which fiber alignment and lengths are affected by processing
has been studied from modelling and expeximental perspectives. Using flow simulations,
most studies [165, 172] utilize a so-called weakly coupled approach, in which fluid flow is
solved first without considering the presence of fibers. Then, a fiber orientation tensor is
inferred from flow profiles via the Advani and Tucker’s equations [173]. The weakly coupled
assumption is considered valid for vf < 10%, beyond which fiber-fiber and fiber-matrix
interactions induce strong coupling. These models predict a change of fiber alignment at
nozzle tip. Lewicki et al. [67] performed flow simulations using discretely modelled fibers and
epoxy resin, with a vf = 6% and aspect ratio of 50. They found that alignment is promoted
during the extrusion phase, most notably close to the walls. Zhang et al. [155] performed
a coupled fluids/discrete fiber modelling of extrusion in FFF to study the phenomena of
nozzle clogging. They used their modelling and µCT data of CF filled PA6 to propose nozzle
geometries and fiber characteristic to prevent nozzle clogging and promote fiber alignment.
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On the experimental front, Chacón et al. [174] studied the effect of nozzle diameter on the
tensile and strength properties of CF reinforced polyamide-6 (CF-PA6) specimens, along
with porosity generation and geometric accuracy. They found that mechanical properties
increased with a larger nozzle diameter, and that porosity is lowest for large diameter nozzles
(measured up to 0.8 mm). However, to the author’ knowledge, there hasn’t been numerical
prediction of mechanical properties taking nozzle diameter as a variable. Extrusion of SFRPs
is known to cause fiber breakage, which attenuates their mechanical properties [50, 67, 175].
Limited data exists on this phenomenon, whether experimental [50, 164] or simulated [155],
as the computational requirements to model this phenomenon would be prohibitive [11].

6.3.3 Mechanical property prediction: homogenization

Homogenization is the process of estimating the effective properties of a heterogeneous solid.
There are generally two families of methods by which this process is carried out: mean-
field and full-field methods. Mean-field, or analytical, methods use statistics about the
size and orientation of inclusions along with their material properties to estimate those of
the composite solid. Such methods include the Mori-Tanaka [176, 177], the self-consistent
scheme [178], Lielen [179] and others, see [166]. These methods all assume ellipsoidal inclusion
shapes and uniform spatial distribution of orientations, sizes and local density [180]. Further,
the interaction between inclusions is possible only to a limited extent (usually for vf <

15%) [166, 180]. It has been suggested that these simplifications make mean-field methods
unsuitable for modelling complex microstructures such as high-vf SFRP [104], notably at
high property contrasts and aspect ratios [166].

Recent progress in full-field or volumetric approaches have produced more accurate predic-
tions [4, 45, 63, 166, 180], though at a much higher computational cost. In full-field methods,
a unit cell representing the microstructure (the RVE) is subjected to external strain, and
the local stress response is computed at each point in space by numerical resolution of the
constitutive laws. The effective response is obtained by volume averaging of the local re-
sponses [64] (see Appendix 6.8 for details). The chosen boundary conditions (BCs) directly
affect the convergence rate towards true effective properties [100, 105], with periodic BCs
converging the fastest [99].

The most well-known of full-field methods is the Finite Element (FE) method, which has
had some success in the context of homogenization of SFRPs [63, 87, 103–105]. However,
the FE method requires a suitable mesh representing the microstructure geometry, whose
construction becomes increasingly challenging and computationally costly with high vf [63,
104]. For high fiber content and aspect ratios, the meshing can fail altogether due to numerous



59

contact points between fibers [103,181]. Mesh-free methods offer a means to circumvent this
problem.

One such method was developed by Moulinec and Suquet [110], where the elasticity equation
is expressed in a so-called Lippman-Schwinger form, and resolved iteratively with the help
of the Fast Fourier Transform operation (FFT) (see Appendix 6.9 for details). In the FFT
method, the microstructure is described by an orthogonal grid (a 3D array), which means
this method has the decisive advantage of being able to use data from 3D-imaging techniques
directly [159]. The absence of meshing also lowers the memory requirements, which combined
with the computational efficiency of the FFT method, enables the resolution of large and
realistic microstuctures [180,182]. Recent developments have extended the original Moulinec
and Suquet method to allow convergence in presence of infinite phase contrast (as for porous
materials), which was a limitation of the original formulation [183]. The AMITEX software
implements the FFT method with these improvements, along with distributed computing
techniques that allow performance gains on multi-CPU architectures [184,185].

When a material exhibits structuring phenomena at dissimilar length scales, such as in SFRPs
made by FFF, attempting to consider the smallest features at the largest scale is often
unfeasible [159, 186]. Sommireddy et al. [87] attempted it for predicting tensile properties,
using a single RVE with a simplified description of both micro and mesostructure, with
error margins of 16 to 26%, depending on load direction. Multiscale techniques are used
instead, where the constitutive equations at the macroscale are substituted by the output of
the boundary value problem computed at the microscale. Doing so allows the combination
of different methods for each scale, drawing on the strengths of each. For instance, the
efficiency of FFT method applied to the microscale can be combined by the ability of FE at
the macroscale to account for arbitrary part geometry and BCs [180,182]. For the multiscale
method to be valid, however, a sufficient scale separation must exist between the each scale:
the typical length at which the smallest features vary, or ln, must be small when compared
to the RVE size used to homogenize those features, or Ln. That RVE size must also be small
when compared to the features at the scale above it, or ln+1, and the RVE size used to model
those, or Ln+1 [187]. This can be expressed as ln << Ln << ln+1 << Ln+1.

6.4 Methods and materials

We investigated the process-structure-property relationship of SFRPs made by FFF. As
shown in Figure 6.2, specimens of CF reinforced PEEK were manufactured using unidirec-
tional (0◦-0◦), 0◦-90◦ and 90◦-90◦ patterns and an intermediate nozzle diameter. Unidirec-
tional specimens were also fabricated for 2 additional nozzle diameters, one smaller and one
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larger. As shown in Figure 6.3, for each scenario, both the microscale and mesoscale mor-
phologies were characterized through µCT imaging. Component extraction was then per-
formed using OpenFiberSeg, a special-purpose tool developed by the authors [164]. This tool
enables the identification of individual fibers, as well as the intra-bead (microscale) and inter-
layer (mesoscale) porosity. Sub-volumes where no mesoscale features are present are located,
which serve as representation of the intra-bead microstructure itself. This microscale descrip-
tion C(x) (stiffness as a function of position in space) was then processed with the AMITEX
software to obtain an homogenized effective stiffness at the microscale, C̃micro, which was
used in turn to obtain the homogenized stiffness at the mesoscale, or C̃meso. The stiffness
predicted by dual-scale homogenization was then validated by comparing with experimental
data and contrasted with predictions made with simplified artificial microstructures.

Figure 6.2 Schematic representation of the printing patterns used to produce the test spec-
imens. For all nozzle diameters, the 0◦-0◦ or unidirectional along the longitudinal axis was
studied. For the 0.4 mm nozzle, additional specimens using the 0◦-90◦ and 90◦-90◦ pattern
were also considered.
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Figure 6.3 Schematic flowchart of the dual-scale FFT-homogenization. a) µCT imaging data
of physical specimen, performed with large field of view for the mesoscale, and at high resolu-
tion for the microscale. b) Constituent extraction using specialized software OpenFiberSeg.
c) The result of FFT-homogenization at the microscale serves as input for the mesoscale
homogenization.

6.4.1 ASTM D638 Type 4 specimen preparation

Commercial filament Tecafil™ PEEK VX 30CF from Ensinger was placed in a vaccum oven
for 24 h at 60◦C and 17 kPa. Figure 6.2 shows an ASTM D638 Type 4 dogbone specimen that
was printed in an AON3D™ Mark 2 industrial 3D printer using 3 different nozzle diameters
(Volcano model from E3D, diameters D = 0.25, 0.4 and 0.8 mm). The slicing parameters
utilized in the Simplify3D™ slicer are shown in Table 6.1. The layer height and extrusion
multiplier were set empirically by attempting to minimize inter-layer porosity, with a printing
speed of 30 mm/s. In addition, the following temperature settings were common to all
specimens: nozzle temperature: 410◦C, bed temperature: 180◦C, and chamber temperature:
120◦C (maximum allowable in AON Mark 2). A total of 6 specimens were produced for each
nozzle diameter, using longitudinal or 0◦-0◦ (all passes are along the longitudinal axis of the
specimen, i.e., the 0◦ direction). Using the 0.4 mm nozzle, 6 additional dogbones were made
using a 0◦-90◦ pattern (layers alternate printing passes along the long and short axis) and a
90◦-90◦ pattern (all passes perpendicular to the dogbone axis). Filaments spools were kept
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in the heated chamber for the duration of printing.

Table 6.1 Printing parameters used for each specimen type

D, nozzle Layer Extrusion Extrusion Printing
diameter (mm) height (mm) width (mm) multiplier pattern

0.25 0.10 0.22 0.95 0◦-0◦
0.40 0.20 0.42 1.10 0◦-0◦, 0◦-90◦, 90◦-90◦
0.80 0.25 0.80 1.01 0◦-0◦

Additionally, for each of the nozzle diameters considered, 3 specimens were made by extrusion
in free-space, meaning the printhead is not pressed against the table. These specimens enable
the characterization of the microstructure at the bead scale, excluding all phenomena related
to the deposition onto a part.

6.4.2 Tensile testing

The specimens were loaded at a rate of 5 mm/min using a MTS Insight Material Testing
system and a MTS uniaxial extensometer model 634_25F-25. For each loading sequence,
the strain was obtained directly from the calibrated extensometer readings, and the stress
was computed by dividing the loading force by the specimen cross-section area (measured
from the average of 4 caliper measurements along the narrow section of the dogbone). The
linearly elastic range for each specimen was identified in the following manner. A first-degree
polynomial was fitted by the least-square method to the entire stress-strain data. The fit
was then performed iteratively, each time removing the point at the highest stress from the
data, until the relative error between the fitted line and the experimental curve reached 1%.
This segment of the data was considered within the linear regime, and the tensile modulus
for each specimen is the slope of the fitted line.

6.4.3 Volumetric characterization

Tomographic data acquisition

Using a specimen of roughly the same physical dimensions as the scanning field of view (FoV)
minimizes the noise contributed by material outside the FoV and helps achieve the highest
quality imaging data. To ensure that individual fibers are differentiated and tracked, at
least 10 pixels [65, 164] for the typical fiber diameter of 7 − 10 µm are required for carbon
fibers, which leads to a pixel size of 0.7−1.0 µm. The Zeiss XRadia™ 520 micro-tomographic
scanner has a cylindrical FoV with a diameter and height of ∼ 1000 pixels, which at that pixel
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size allows for a diameter and height of 0.7− 1.0 mm of physical specimen volume. In each
specimen, a roughly cylindrical section of diameter 1−1.5 mm was manually carved from the
narrow part of the dogbones and mounted on the specimen holder. The following scanning
parameters were used: source power: 7 W, source voltage 80 kV, distance from source to
specimen: 9.1 mm, distance from detector to specimen: 23.0 mm, optical magnification:
10×, exposition time: 1.25 s, number of projections: 3200, and no filter (i.e., using air
attenuation). This configuration yields a pixel size of 0.764 µm, and a total scan time of
2 h 20 m per specimen. Two separate FoVs were chosen inside each specimen to account
for local variations in properties. In total, 4 FoVs were scanned at high resolution for each
printing configuration: 2 FoV per specimen and 2 specimens per configuration. The free-
space specimens, along with a section of feedstock 1.75 mm filament, were also scanned in
this manner.

Except when using the nozzle with D = 0.25 mm, the grid-like printing pattern is larger
than the diameter of the high resolution scans. To enable the analysis of those mesoscale
features, rectangular sections measuring ∼ 4 mm on one side were also produced and scanned
at a larger FoV (meaning at a lower resolution). Here, the scan resolution was reduced
considerably since we are mainly interested in the larger mesoscale porosity, not the small
intra-bead pores, nor the fibers. The parameters used are the same as above, except for:
distance from source to specimen: 21.1 mm, distance from detector to specimen: 9.0 mm,
optical magnification 4×, exposition time: 0.4 s, number of projections: 1600. This yielded
a pixel size of 4.69 µm and a total scan time of 40 min. One such FoV was produced for each
nozzle diameter and print configuration. As the specimen preparation for µCT scanning is
destructive (a small section is carved from the dogbones) all imaging was performed after
tensile testing.
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Figure 6.4 Segmentation of mesoscale porosity and definition of subvolume for homogeniza-
tion. a) Slice of tomographic data showing a rectangular specimen printed according to the
0◦-0◦ pattern and a 0.4 mm nozzle. Horizontal printing layers are visible, leaving mesoscale
porosity in dark. b) The inter-layer porosity identified by OpenFiberSeg is highlighted in
light blue. c) Cumulative sum of all porosity voxels in the out-of-plane direction. The grid-
like arrangement of printing passes is revealed in sharp contrast. The red rectangle is the
chosen subvolume for homogenization.

Component extraction (OpenFiberSeg)

The tomographic scans were processed with the help of OpenFiberSeg, an open-source soft-
ware built for the purpose of identifying the constituents in the volume (matrix, pores and
individual fibers). With this software, the user first manually labels a small patch of data
to identify the constituents. This labelling is then fed to a machine learning algorithm to
identify the remaining pixels in the entire dataset. On a slice-by-slice basis, the pixels con-
taining fibers are automatically grouped into connected regions, and the centroids of those
regions are tracked across 3D space to form neatly aligned chains, which are used to infer
the presence of individual fibers. Thanks to this extraction, it is possible to build a voxel-
based (regularly-spaced volume elements) representation of the microstructure for a specific
specimen. Porosity is labelled using classical image processing methods such as the Canny
edge detection algorithm. As can be seen in Figure 6.4 a), at this length scale, the large
pores belonging to the mesostructure and the smaller intra-bead pores can be discriminated
according to their size. Each pore size is estimated by the number of connected pixels it con-
tains, then a size threshold (∼ 1% of total FoV volume) was chosen such that only mesoscale
porosity is kept. Examination of Figure 6.4 b), in which the pores above the threshold are
in shown in light blue serves to ascertain that all the mesoscale porosity has been labelled.



65

Subvolume definition, micro and mesoscale

For the purpose of homogenization, one or more rectangular subvolumes inside the cylindri-
cal FoV need to be identified. These combined subvolumes form the RVE for a particular
printing configuration. The FoV must be cropped for several reasons. First, the rectan-
gular subvolume must lie entirely within the material. Then, for the case of mesoscale
homogenization, the subvolume dimensions should respect the periodic structure formed by
the evenly spaced printing layers and extrusion beads, since only a handful of periods is
included. Lastly, for the purpose of dual-scale homogenization, the microscale structure con-
taining fibers/matrix/intra-bead pores must be isolated from the mesoscale pores, to not
skew the results by including those twice.

The shape and size of porosity made by the priting pattern is irregular and the grid-like
pattern is not readily visible on a single slice. To reveal this pattern more clearly and to
identify suitable subvolumes within a FoV, the following method was used. Across the entire
volume, the pixels containing pores were assigned the value 1, and all other pixels the value 0.
Then, we took the cumulative sum of all 2D slices in the volume along a reference direction
(for instance, the out-of-plane direction in the Figure 6.4 b), creating a 2D map with high
values where the mesoscale porosity in concentrated, and low values otherwise, as shown in
Figure 6.4 c). Here, the mesoscale porosity is revealed unambiguously for the entire volume.
A subvolume that is inscribed in the natural periodicity of the mesostructure is thus identified:
the red rectangle in Figure 6.4 c) encompasses an integer number of layers (starts and ends
at mid-layer in the vertical direction) and of passes (starts and ends at bead centers).

The same projection procedure was repeated for the case of microstructure homogenization,
on the high-resolution imaging data, as shown in Figure 6.5 for the nozzle with D = 0.4 mm
and a specimen made with a 0◦-0◦ pattern. In Figure 6.5 a), the input imaging data is shown,
with the corresponding material labelling in Figure 6.5 b). In Figure 6.5 c), the subvolumes
identified are the largest possible such that they contain only microscale porosity.
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Figure 6.5 Segmentation of fibers and microscale porosity and definition of subvolumes for
homogenization. a) Slice of tomographic data of a specimen printed according to the 0◦-0◦
pattern with a 0.4 mm nozzle, showing horizontal printing layers. b) Fibers and porosity
found by OpenFiberSeg highlighted in orange and light blue, respectively. c) Cumulative
sum of porosity voxels in the out-of-plane direction. The location of mesostructure porosity
across the volume is made obvious, relatively to the single-slice rendering in b). The red rect-
angles are chosen for homogenization, selected to the maximum size while avoiding mesoscale
porosity.

6.4.4 Dual-scale homogenization

Under the condition of scale separation, the microscale morphology (including fibers, matrix,
and the small, inter-layer porosity) can be homogenized by itself if the scale at which this
homogenization occurs (a single pass) is large when compared to the dimension of constituent
phase change (the size of fibers and pores). Using many subvolumes across several different
scans enables the estimates given by homogenization to be representative of the variability
in the real material.

The AMITEX software accepts as inputs a volumetric description containing a number of
different materials, which can be the organized in zones, for instance for fibers or grains with
different orientations. For the problem at hand, the isotropic matrix is described by tensile
modulus E and Poisson’s ratio ν. If the axis of the transverse isotropy is ~e1, and the transverse
plane is ~e2×~e3, the fibers are described by longitudinal (along ~e1) and transverse (along ~e2 or
~e3) moduli El and Et, respectively, Poisson’s ratios between axes (~e1,~e2) and (~e2,~e3), i.e. νl and
νt respectively, and the shear modulus between axes (~e1,~e2), i.e. Gl. The matrix properties
were obtained from manufacturer datasheets on Victrex 450G PEEK [1]. The precise carbon
fiber type is not disclosed, but the most likely candidate are the so-called standard modulus
fibers, of which Toray T300 carbon is the most common and cost-effective [188]. The material
properties for T300 fibers are taken from [2,3]. Property values are given in Table 6.2.
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Table 6.2 Material properties for base constituents, see [1–3].

Polymer E (GPa) ν
Victrex 450G PEEK 4.0 0.3855
Carbon fibers El (GPa) Et (GPa) νl νt Gl (GPa)
Toray T300 230 13.4 0.256 0.3 27.3

Whereas all matrix and porosity voxels can share the same default zone (they are isotropic),
the different fiber orientations are represented using zone descriptors at each voxel, which
include a rotated reference frame onto which the stiffness tensor is projected. The implemen-
tation of the AMITEX software has the number of zones limited to 215 = 32768. For large
subvolumes containing more fibers than this limit, the orientation angles φ and θ (spheri-
cal coordinates) are rounded to the nearest integer, and fibers with common angle pairs are
grouped under the same zone identifier, with negligible effect on homogenization output (this
was tested on subvolumes below the fiber count limit, for which it is possible to not round
the angle values).

The homogenized stiffness tensor for an equivalent solid is obtained by subsequently ap-
plying the uniaxial strains in the 3 references directions, and the 3 pure shear strains to a
given microstructure. For each load case, the volume-averaged stress response of the entire
solid yields one column vector in the homogenized stiffness tensor for this material (see Ap-
pendix 6.8 for more details). For each printing configuration, each subvolume is processed
through AMITEX in this manner, and the stiffness tensors for each realization were aver-
aged. This averaged tensor represents the composite made of matrix-fiber-microscale pores,
which is then used in mesoscale homogenization, where the RVE contains this composite and
the grid-like porosity pattern due to the printing procedure. For the 0◦-90◦ printing pattern,
the microscale was homogenized separately for beads containing only 0◦ or 90◦ subvolumes,
and the two resulting C̃micro were averaged together to represent the 0◦-90◦ pattern. Only
then was inserted into the mesostructure RVE. The output of this last stage is the effective
stiffness for each printing configuration.

The specimen made with the D = 0.25 mm nozzle has a printing pattern with layer height ×
extrusion width of 0.1 mm×0.2 mm. As such, a single high-resolution scan volume of diameter
≈0.75 mm contains several printing passes, so in this case only single-scale homogenization
is required.



68

6.4.5 Alternative approach: artificial microstructures

The approach based on high-resolution tomographic imaging is restrictive in many respects.
It requires access to expensive equipment and technical expertise, and extensive post-processing
of the imaging data. To benchmark the quality of our modelling approach against those found
in the literature [4, 160], and quantify its added value, the following approach is also pre-
sented. Producing an artificial geometry with the full orientation and lengths distribution
of real materials, at high vf is technically challenging, and beyond the scope of this work.
Much like the approach used in [4, 160], a simplified set of artificial geometries can be used
instead. Based on the work of Ghossein et al. [167], microstructures can be created using an
algorithm based on molecular dynamics modelling, in which ellipsoidal fibers are generated at
a fixed aspect ratio (AR), with near-ideal alignment (some fibers rotate during the generation
process due to collisions), up to a desired vf . Spherical pores, occupying a specified volume
fraction vp = are also produced. To determine which AR is representative of a real physical
specimen, the following method was used. In Figure 6.6 a), the distribution of lenghts and
deviation angles θ as seen in real physical specimens is shown. Longer fibers contribute more
to the effective stiffness than shorter fibers, therefore simply using the mean length as seen
in a real specimen will not capture the outsized effect of longer fibers. An estimation of the
effect of AR on effective properties was gained by performing Mori-Tanaka simulations on
aligned microstructures, for AR ranging from 1 to 100.

In Figure 6.6 b), the relative effect (or weight) of a fiber’s AR is shown: by keeping vf

constant, the tensile modulus predicted by the Mori-Tanaka model is normalized by the
modulus for AR = 1. The value obtained is an indication of the effect each AR has on
the effective moduli: an AR=10 was a weight of 3, meaning it has 3× the effect on effective
stiffness than a fiber of AR=1. Using these weights, a weighted mean can be computed, which
accounts for the larger effect of longer fibers. For instance, instead of one fiber with AR=1 and
one with AR=10 giving a mean AR of 5.5, we consider the fiber with AR=10 to be duplicated
3 times, according to its weight, therefore the weighted mean becomes (10 ∗ 3 + 1)/4 = 7.8.
Therefore, a Mori-Tanaka estimate using two fibers with AR=1,10 is equivalent to one with
a single fiber of AR=7.8, keeping total vf constant. The weighted mean procedure is done
on the distribution of ARs in a real specimen, duplicating each fiber by the integer amount
of its weight. The weighted and unweighted mean obtained are presented in Figure 6.6 a),
with values of 32 µm (AR = 4.2) and 60 µm (AR = 8.0), respectively.

The latter value of AR is used to generate artificial microstructures, along with vf = 23.8%
and vp = 2%, and a deviation value θ ≈ 0◦. As these microstructures are costly to generate
for large fiber counts, 20 subvolumes with 300 fibers and 8 pores were used instead. An
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example of such a microstructure is presented in figure 6.6 c), with fibers identified in different
shades of grey, and pores shown in red. Keeping the same dual-scale FFT-homogenization
approach, these artificial geometries are used as a stand-in for the microscale description
from real materials. The averaged output of this homogenization (C̃micro) was then inserted
into the same mesoscale RVE obtained from µCT imaging of each specimen type, to evaluate
the relevance of using high-resolution imaging and individual fiber tracking. The alternate
approach uses only the low-resolution µCT images for the mesoscale, and the much simpler
labelling of mesoscale porosity, along with idealized microstructure description.

6.5 Results and discussion

6.5.1 Tensile testing results

Figure 6.7 contains the stress-strain curves as measured during tensile testing, as well as
the line segments that represent the estimated linear domain for each test. In general,
considerable variability is observed between specimens of the same printing configuration.
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Figure 6.7 Stress-strain curves for each specimen, for all 5 printing configurations. Solid lines
segments represent the estimation of the linear elastic domain for each curve, from which the
tensile modulus is calculated.

The averaged modulus for each specimen category is presented in Table 6.3. Among the
specimen made with the 0◦-0◦ print pattern, those made with the D = 0.4 mm nozzle have
a stiffness 14% lower than the average of specimens made with the D = 0.25 and 0.8 mm
nozzles. The specimens made with the 90◦-90◦ pattern have the lowest tensile modulus, since
the fibers are mainly oriented in the direction perpendicular to the testing direction, and the
specimens at 0◦-90◦ exhibit an intermediate modulus.
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Figure 6.6 Generation of representative simplified artificial microstructure. In a) the fiber
lengths and deviations in all physical specimen is shown. In b) the Mori-Tanaka model is
used to give a weight to each fiber according to its aspect ratio, and its relative impact
on effective tensile properties. c) Example of a microstructure, with constant aspect ratio
AR = 8, corresponding to the weighted mean in b), and near-ideal alignment. This RVE
was used to compare against the prediction accuracy of the homogenization procedure using
imaging data. Fibers occupy vf = 23.1%, and pores occupy vp = 2%, which is consistent
with real material microstructures.
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Table 6.3 Measured averaged modulus for each specimen type, with 95% confidence intervals

D, nozzle Printing Averaged
diameter (mm) pattern modulus (GPa)

0.25 0◦ − 0◦ 19.4± 1.0
0.40 0◦ − 0◦ 16.4± 0.7
0.80 0◦ − 0◦ 18.5± 1.0
0.40 0◦ − 90◦ 9.7± 0.6
0.40 90◦ − 90◦ 3.2± 0.3

6.5.2 Effect of nozzle diameter

The probability density functions (PDF) of fiber lengths and deviation angles from the ex-
tracted fiber properties pertaining to the free-space extrudates and the segment of 1.75 mm
filament feedstock are shown in Figure 6.8. In Figure 6.8 a) the extent of fiber breakage is
revealed: for all 3 nozzles, the proportion of fibers shorter than 20 µm increased by nearly
a third, when compared to that of the 1.75 mm filament, with no large distinction between
nozzle diameters. In Figure 6.8 b), the effect of extrusion on fiber alignment is appreciated,
as measured by the peak locations (θmax) on each curves and the measure of full width at half
maximum (FWHM). Although the position of peaks is nearly unchanged, there is more dis-
persion surrounding the peak in all extruded specimens. Though these variations are small,
their magnitude had not been measured before. Having these distributions along with the
corresponding 3D renderings of the fibers as they present in each bead could be valuable for
future rheology modelling efforts of the extrusion of SFRPs.
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Figure 6.8 Probability density functions (PDFs) of a) fiber lengths and b) fiber deviation
angles relative to printing direction (θ), for each nozzle diameter D. In a), the comparison
to the PDF in the feedstock filament (diameter=1.75 mm) shows that fiber breakage occurs
for all nozzle diameters to roughly the same degree. The peak locations (θmax) on each curve
and the full width at half maximum (FWHM) in b) reveal the effect of extrusion on fiber
alignment. The drops in peak heights in b) could be explained by fiber breakage: the short
segments produced by breaks are more likely to be misaligned. This effect is particularly
prevalent in the 0.25 mm nozzle.

6.5.3 Local property variation

The same cumulative sum procedure described in Section 6.4.3 was used to visually analyze
the microstructure for each printed configuration. As presented in the Video in Supple-
mentary Materials (Appendix C), in addition to computing the cumulative sum of pixels
containing fibers or pores, here each pixel is also given the value of a property: first fiber
length, then fiber alignment with the 0◦ print direction. As a reminder, x and y are the 0◦

and 90◦ printing direction, respectively, the x − y plane is the printing bed plane, and z is
the vertical direction. Cumulative sums are taken along both x and y, enabling the study of
gradients in material property, that is not easily seen on a slice-by-slice basis.

Figure 6.9 presents the cumulative sums of fiber alignment with the 0◦ print direction, fiber
length, fiber and pore densities, for specimens printed with nozzle D = 0.4 mm, and the
0◦-0◦ printing pattern. Three whole layers are visible, and one partially at the bottom. In
Figure 6.9 a), we can see that there are pockets of stronger and weaker alignment (pale blue
patches) that are of a size comparable to the layer height. This degree of non-uniformity
is one possible explanation to the variability observed in tensile properties: these variations
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are not always present depending on which specimen or scan location is considered. If more
patches of weak alignment are present in a specimen, it would lead to lower macroscopic
modulus in that direction. In addition, there is noticeable decrease in both fiber length and
fiber density at the layer interfaces (Figure 6.9 b anc c). This effect is subtle, but indicative
that different rheological characteristics are found at the interface. In Figure 6.9 d), we
also observe a vertical gradient in the distribution of intra-bead porosity, which accumulate
towards the bottom of each layer. These phenomena offers an interpretation to the known
deviation of tensile and fracture properties at the inter-layer region.
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Figure 6.9 Morphology visualization: 0◦-0◦ pattern, nozzle diameter D = 0.4 mm. Cumu-
lative sum of per-voxel properties along x and y directions. a) Alignment with 0◦ print
direction x (1.0 is perfect alignment (θ = 0◦), 0.0 is perpendicular (θ = 90◦)). b) Length of
fibers. c) Fiber density. d) Pore density.

Figure 6.10 depicts the same cumulative sums, for specimens of nozzle D = 0.4 mm, and the
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0◦-90◦ printing pattern. From top to bottom, 4 layers are distinguished, namely 0◦-90◦-0◦-
90◦. The alignment color code in Figure 6.10 a) is with direction x, therefore the white parts
in the 90◦ layers are those with the strongest alignment with y. Again, regions of weaker
alignment are perceptible in both the 0◦ and 90◦ passes, although in this case they are in
the shape of elongated streaks. In addition, the x− z (left-hand side) and y − z (right-hand
side) cumulative sums plots are not mirror images: the right-hand side shows much more
pronounced waves. There are also noticeably longer fibers present in the center of those
deeper indentations, as visible in Figure 6.10 b). We surmise this is due to the different
cooling duration between the 0◦ pass and the 90◦ pass: the central part of the dogbone
specimen has a long aspect ratio. Therefore, the print head travels 115 mm for the 0◦ pass
and only 6 mm for the 90◦ pass, a difference of 19 times. As a consequence, for each 90◦

bead much less cooling has occurred when the adjacent one is applied, therefore local base
layer temperature is higher. More remelting of the base layer can thus occur, forming deeper
indentations. We corroborate this explanation by scanning and analyzing a specimen made
from a square plate (aspect ratio of 1, dimensions 20 × 20 × 4 mm) printed in the 0◦-90◦

configuration, also with the D = 0.4 mm nozzle. In Figure 6.10 e), the resulting cumulative
sum visualization for fiber alignment in such a specimen is presented. In this scenario, the
indentations left on the preceding layer are of similar severity for the passes in both directions.
This effect suggests that feature aspect ratio is a source of microstructure orthotropy: the
fiber alignment and length distribution is less symmetrical when part aspect ratio is high,
leading to a different moduli in the x, y and z directions.



75

Figure 6.10 Morphology visualization: 0◦-90◦ pattern, nozzle diameter D = 0.4 mm. Cu-
mulative sum of per-voxel properties along x and y directions. a) Alignment with 0◦ print
direction x (1.0 is perfect alignment (θ = 0◦), 0.0 is perpendicular (θ = 90◦)). b) Length of
fibers. c) Fiber density. d) Pore density. e) Fiber alignment, using alternative square-shaped
specimen (part aspect ratio of 1, dimensions 20 × 20 × 4 mm). The indentations left on
previous layers are of similar extent for print passes in both directions.

The reader is referred to the Supplementary Materials (Appendix C) for the renderings of
data from the nozzles with D = 0.25 mm and D = 0.8 mm mm. All these local variations
highlight the need for using several FoVs across many specimens, as this is the only way to
reach a true RVE for each printing configuration for this class of material.

6.5.4 Microscale orthotropy

It is expected that the presence of fibers in SFRP introduces transverse isotropy, i.e. the
material’s stiffness is symmetric with respect to rotation along one axis, here the printing
direction x. However, the degree to which the microstructure by itself is orthotropic rather
than transversely isotropic is not clear, meaning that the tensile moduli along directions y
and z are also different from each other, which breaks the rotational symmetry along x. This
effect is hard to disentangle from global orthotropy, to which the mesoscale printing pattern
is a known contributor [12,13,161,162, ]. Having a detailed description of the microstructure
allows us to investigate this feature. As shown in Figure 6.11, each fiber in a microstructure
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can be represented in polar coordinates, in the following manner. The angle θ the fiber
makes with the printing direction x is the radial coordinate, and the azimuthal angle in
the y − z plane is the angular coordinate. Doing so, a two-dimensional histogram can be
generated, by binning all the fibers in a specimen by θ and φ. In addition, just as in artificial
microstructure generation, the histogram is weighted to account for longer fibers’ estimated
effect on effective stiffness (see Section 6.4.5). Figure 6.12 presents the resulting histograms
for nozzles with D = 0.25, 0.4 and 0.8 mm. The degree of alignment with print direction is
higher for nozzle D = 0.25 and 0.8 mm, as seen in Figure 6.12 a) and c). The cumulative
distribution function in Figure 6.12 d) shows that, for those specimen categories, 56% of
all fibers have θ < 15◦, whereas for the D = 0.4 mm specimen the proportion is 29%. This
explains the drop in tensile modulus observed in experiments, as presented in Table 6.3, where
the D = 0.4 mm specimen is 14% less stiff in the x direction that the average of the D = 0.25
and 0.8 mm specimens. Furthermore, the more elongated and horizontally aligned red regions
in Figure 6.12 b) indicate that the D = 0.4 mm specimen has a higher ratio of fibers aligned
with the y direction against the z direction. This is not correlated with the extrusion cross-
section (layer height/extrusion width, see Table 6.1), as the D = 0.25 and 0.4 mm specimen
have a cross-section aspect ratio of 2, and the D = 0.8 mm specimen has an aspect ratio of 3.
Nonetheless, this phenomenon deserves further investigation, as D = 0.4 mm nozzle offers a
good trade-off between geometric print resolution and printing speed, but the drop in tensile
properties is deleterious. Whereas the experimental measurement of microscale orthotropy,
separately from the mesoscale contribution is not feasible, the degree of orthotropy can be
gauged from the homogenized stiffness tensors at the microscale, C̃micro. The degree of
congruence with either transverse isotropy or orthotropy can be measured by projecting
C̃micro to either space, i.e. rebuilding the tensor from the extracted independent parameters
for each symmetry class, and measuring the L2 norm of the difference between the two. For
instance the distance e of the projection into orthotropic space is: e =

∣∣∣C̃micro − C̃ortho
micro

∣∣∣
L2
.

The distances for all nozzle diameters are presented in Table 6.4, along with the ratio of tensile
moduli along each of the reference directions. While the distance for the the D = 0.25 and
0.8 mm specimens are nearly identical for both symmetry classes, the one for the D = 0.4 mm
specimen has a value 50% larger for transverse isotropy than orthotropy. The same effect is
noticeable with the Ez/Ey which is further from unit for the latter specimen, and the moduli
perpendicular to the printing direction Ez/Ex and Ey/Ex are also relatively larger.
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Figure 6.11 Polar representation of a fiber by its deviation angle θ and azimuthal angle φ.
The angle θ the fiber makes with the printing direction x becomes the radial coordinate, and
the angular coordinate φ is the angle made by the x− y′ plane containing the fiber and the
x− y print bed plane.

Figure 6.12 Histogram of fibers angular distributions, for the 0◦-0◦ specimen made with: a)
nozzles D = 0.25 mm, b) D = 0.4 mm and c) D = 0.8 mm, including ∼ 105 individual
fibers each. The radial coordinate is the deviation angle θ, and the angular coordinate is
the azimuthal angle φ. As the cumulative distribution function of θ for each nozzle diameter
showns in d), the specimens made with 0.25 and 0.8 mm nozzles have their fibers much more
aligned with the print direction, with 56% of fibers with θ < 15◦, when compared to 29%
for the D = 0.4 mm nozzle, which explains lower axial tensile properties for the latter. In
addition, the specimen made with D = 0.4 mm nozzle exhibits a preferential alignment in the
y direction (ratio between y-alignment and z-alignment of 74:26 instead of 61:39 for D = 0.25
and 0.8 mm).
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Table 6.4 Remainder of C̃micro after projection to transversely isotropic and orthotropic space.
Ratios of tensile moduli along x, y and z.

D, nozzle Printing Distance Distance
diameter (mm) pattern Trans. iso Orthotropy Ez/Ey Ez/Ex Ey/Ex

0.25 0◦ − 0◦ 1.15 1.07 0.97 0.26 0.27
0.40 0◦ − 0◦ 3.02 1.86 0.84 0.33 0.40
0.80 0◦ − 0◦ 2.08 2.02 0.96 0.24 0.25
0.40 0◦ − 90◦ 8.88 1.71 0.42 0.63 1.52

0.40 (plate) 0◦ − 90◦ 5.53 0.70 0.52 0.54 1.04
0.40 90◦ − 90◦ 1.26 1.19 1.02 0.25 0.24

However, in many applications, having an isotropic response is preferable, for which the 0◦-90◦

printing pattern is better suited. In Figure 6.13, the histograms for the D = 0.4 mm nozzle
are presented, first by separating the fibers in the 0◦ and the 90◦ passes in Figures 6.13 a) and
b), then by showing both passes together in Figure 6.13 c). Note that the 90◦ pass is made in
the y direction, therefore most fibers in that pass have values of θ ∼ 90 and φ ∼ 0, 180, where
the two red regions in Figure 6.13 b) are located. However, much as was observed in the
morphological visualizations in Figure 6.10, the two directions show salient asymmetry. As
can be observed visually, no red region is present in Figure 6.13 a), meaning the concentration
of fibers aligned with x is lower. In addition, the ratio of fibers better aligned with y to those
aligned with x is 57:43, suggesting the different thermal conditions seen by the 90◦ pass are
more favorable to fiber alignment in that direction. The difference in alignment between the
two passes suggests tensile properties are inferior in the x direction (0◦) than the y direction
(90◦), likely due to part aspect ratio. That prediction is corroborated in the homogenization
output, as seen in Table 6.4: just as the alignment profile was asymetrical in the dogbone
specimen vs. the square plate, the C̃micro is also far more symmetrical for the plate specimen,
with a ratio of Ey/Ex=1.04, against 1.52 in the dogbone specimen.
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Figure 6.13 Histogram of fibers angular distributions, for the 0◦-90◦ specimen made with the
D = 0.4 mm nozzle. The fibers are separated as belonging to: a) the 0◦ pass, b) the 90◦
pass, and c) both 0◦ and 90◦ passes combined. More fibers are aligned with the y direction
than with the x direction, with a ratio of 53:47, introducing orthotropy, attributable to part
aspect ratio of 19 in ASTM D638 Type 4 dogbones.

6.5.5 FFT Homogenization results

Using the fully detailed description of the microstructure for elastic homogenization allows
the study of the stress-strain fields that develop inside the material. In Figure 6.14, a slice
oriented in the printing bed plane inside one of the subvolumes used for homogenization for
a specimen printed with the 0◦-0◦ pattern and the D = 0.25 mm nozzle is presented. For this
nozzle, the micro and mesoscale homogenization are made in a single step as the printing
pattern is present at a length scale close that of the individual fibers. In Figure 6.14 a),
the tomographic data is depicted, where the fibers are distinguished in white, the matrix
in grey, and the pores in dark. The printing pattern is also discernible, with the extrusion
width annotated in red. In Figure 6.14 b) and c), the von Mises strain and stress fields
computed with the help of AMITEX are presented. The fibers being the phase with the
highest stiffness, most of the stress concentrates inside them, and they exhibit very little
strain. The opposite is true for the pores: they have no stiffness, therefore they develop no
stress, and the maximum values of strain are inside them, as they deform freely (contrary
to what is done in the FE method, in FFT-homogenization the nodes are regularly-spaced,
meaning the inside of pores is also solved for).Inside the matrix phase, we can observe stress
concentration near the tip of fibers, or where pores have sharp corners. Those locations are
likely to be damage initiation sites.
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Figure 6.14 Result of the FFT homogenization procedure on a subvolume of a specimen made
with the D = 0.25 mm nozzle and the 0◦-0◦ printing pattern. a) Tomographic data in the
plane of the printing bed. b) Von Mises strain field, mainly present in pores. c) Von Mises
stress field, concentrating inside fibers.

In Figure 6.15, the mesoscale homogenization results for the specimen made with the 0◦-0◦

printing pattern and the D = 0.4 mm nozzle are presented. In this case, only two phases are
homogenized: the mesoscale porosity and the solid phase described by the C̃micro stiffness
tensor obtained at the microscale homogenization step. In Figure 6.15 b), the strain field is
again maximal inside pores, however the strain also forms bands in the vertical direction. In
Figure 6.15 c), the stress field shows that stress concentrates where the mesoscale pores form
small radii.
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Figure 6.15 Resulting stress-strain fields for the mesoscale FFT homogenization procedure
on a subvolume of a specimen made with the D = 0.4 mm nozzle and the 0◦-0◦ printing
pattern (0◦ is out-of-plane). a) Tomographic data. b) Von Mises strain field. c) Von Mises
stress field.

6.5.6 Simulation vs experimental results

Table 6.5 FFT-simulation results, microscale only (C̃micro)

D, nozzle diameter (mm) Pattern Ex (GPa) Ey (GPa) Ez (GPa)
0.25 0◦ − 0◦ 20.30 5.53 5.37
0.40 0◦ − 0◦ 18.32 7.27 6.13
0.80 0◦ − 0◦ 21.37 5.30 5.10
0.40 0◦ − 90◦ 10.07 15.26 6.34

0.40 (plate) 0◦ − 90◦ 11.25 11.75 6.07
0.40 90◦ − 90◦ 5.59 23.21 5.73

Table 6.6 FFT-simulation results, dual-scale homogenization (C̃meso). For the D = 0.25 mm
nozzle, both the separate and simultaneous dual-scale outputs are shown.

D, nozzle Printing Ex (GPa) Ey (GPa) Ez (GPa) Exper. Relative
diameter (mm) pattern Ex (GPa) error (%)
0.25 (simult.) 0◦ − 0◦ 18.76 5.02 4.60 19.4± 1.0 3.37

0.25 (sep.) 0◦ − 0◦ 17.67 4.64 4.17 19.4± 0.7 8.98
0.40 0◦ − 0◦ 15.60 5.69 3.49 16.4± 0.7 4.60
0.80 0◦ − 0◦ 18.82 4.63 4.31 18.5± 1.0 1.63
0.40 0◦ − 90◦ 8.80 13.30 4.25 9.7± 0.6 9.63
0.40 90◦ − 90◦ 4.37 19.55 3.23 3.2± 0.3 36.23
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In Tables 6.5 and 6.6, the homogenization results for each specimen type are presented, for
the microscale and the mesoscale, respectively. The relative errors between the tensile testing
values and the prediction for FFT-homogenization using real data are all below 5%, except
for the 90◦-90◦ specimen with the 0.4 mm nozzle which has a 36% error. For theD = 0.25 mm
nozzle, the relevance of using simultaneous dual-scale instead of separating them as for the
rest of the specimen types is demonstrated: the relative error is nearly halved by doing
simultaneous dual-scale homogenization, as the scale separation is insufficient in this case to
successfully account for C̃micro alone.

In Figure 6.16, the final output of the dual-scale FFT-homogenization procedure for each
specimen type is presented, along with the tensile testing measurements, and the results of
the alternate method using artificial microstructures for the microscale step. The confidence
intervals in the simulated results are calculated from the dispersion of results for each sub-
volumes in each of the simulated cases. The relative errors between the tensile testing values
and the predictions made with artificial data are all in excess of 19%. Even though the
artificial microstructures used are simplified, the recourse to fully detailed mesostructures
makes the prediction quality somewhat improved, when compared to similar methods in the
literature [4, 160]. Nonetheless, using real microstructures is considerably more reliable, and
the prediction quality is within or near the confidence interval for the experimental mea-
surements. A few sources of error that affect the result quality bear mentioning. First, the
material variability due to the manufacturing process is considerable, as witnessed by the
width of the confidence intervals in tensile properties themselves. Then, local morphological
properties can vary within and between specimens, which affects both physical specimens as
well as homogenization prediction quality. Then, the FFT method assumes periodic bound-
ary conditions. When generating artificial microstructures, both RSA or molecular dynamics
methods enforce geometrical periodicity by repeating fiber segments that exceed the unit-cell
boundary on the opposite side, which isn’t the case in microstructures based on real (non-
periodic) imaging data. Also, the matrix-fiber interface is considered ideal in our method,
which is likely not true in real materials [18], and were this included, the homogenization
prediction would be somewhat lower. However, the quality of these results for such a broad
range of morphological configurations leaves no doubt that using rich microstructures from
actual specimen is a decisive advantage over relying on artificial geometries. Note that the
simplification made in some studies considering isotropic CFs [4] is not advisable: when our
simulations were done with isotropic CFs, the estimated moduli were in excess of 20% above
experiment. Using transversely isotropic CFs, while requiring more analysis to differentiate
individual fibers, is also a determining factor for successful homogenization. In addition, the
number of fibers that encompass the RVEs are in the order of 104, much higher than the
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customary 10 − 200. Each of the predictions in Figure 6.16 requires ≈ 10 h in combined
processing on AMITEX, using 24 CPUs and 90GB of RAM. This is on top of the ≈ 20 h of
extraction done on OpenFiberSeg for each FoV.
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Figure 6.16 Comparison of tensile moduli as predicted from FFT-homogenization and as
measured experimentally. Values are averaged for at least 4 subvolumes in each configuration.
The error bars indicate 95% confidence intervals. The variation in the simulation output is
representative of the spread of values encountered for the subvolumes that makeup the RVE
for each configuration.

6.6 Conclusion

In this work, the process-structure-property relationship for FFF SFRPs is investigated,
including the effect of using three nozzle diameters, and three different printing patterns.
Physical specimens were produced and comprehensively characterized, using µCT imaging
and individual component extraction, both in free-space extrusion (no contact with print bed)
or in standard tensile testing specimen. Dual-scale homogenization was employed to success-
fully predict the tensile properties of 5 different print configurations, and it was demonstrated
that the relative errors are reduced by a factor of 4, when compared to using simplified arti-
ficial microstructure descriptions. Variations in local morphology and in angular deviations
between specimens were exposed, which provides insight into the variability in tensile prop-
erties between specimen. For instance, the large angular dispersion in specimens made with
a D = 0.4 mm nozzle explain the lower tensile moduli. In addition, the impact of part
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aspect ratio on the microscopic morphology is revealed, which is an important phenomena
for predicting part behavior for real applications. Future work on this topic would include a
more rigorous handling of the size of representative volume element (RVE), an exploration
of inter-layer properties, the application of this method to fracture modelling, the use of
imperfect matrix-fiber interfaces, and mechanical modelling using parts of more complex ge-
ometry, infill pattern and loading scenarios. The FFT homogenization method can also be
applied to FFF SFRPs to study other material behavior laws, including thermal and electrical
conductivity, thermal expansion, viscoelasticity and piezoelectricity.

6.7 Source code and data repository

The full source code repository and selected original tomographic data including processed
results are available at https://github.com/lm2-poly/OpenFiberSeg.
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6.8 Appendix: Deriving effective properties of a microstructure

Notation and conventions used

In the following discussions, unless otherwise specified scalars are represented by lowercase
letters (a, b, α, β), vectors by lowercase latin bold letters (a,b), 2nd-order tensors by lowercase
bold greek letters: (ε, σ), 4th-order tensors by uppercase bold Latin letters: (C,S). Einstein
summation convention is adopted, which reads for the singly contracted product:

a · b = aibi =
∑
i

aibi = c (a scalar) (6.8.1)

α · β = αijβjk =
∑
j

αijβjk = δik = δ (a 2nd-order tensor) (6.8.2)

The doubly-contracted tensor product is denoted: Aijklxjl = bik, or A : x = b. The spatial
averaging operation is denoted b̄ = 〈b(x)〉 (with b being a scalar or tensor of any order).

The 4th rank tensors that are of relevance to continuum mechanics generally present minor
and major symmetries, and can be represented concisely in the so-called modified Voigt
notation. A 4th−order tensor A takes the following modified Voigt notation:

Aijkl =



A1111 A1122 A1133
√

2A1123
√

2A1131
√

2A1112

A2211 A2222 A2233
√

2A2223
√

2A2231
√

2A2212

A3311 A3322 A3333
√

2A3323
√

2A3331
√

2A3312√
2A2311

√
2A2322

√
2A2333 2A2323 2A2331 2A2312√

2A3111
√

2A3122
√

2A3133 2A3123 2A3131 2A3112√
2A1211

√
2A1222

√
2A1233 2A1223 2A1231 2A1212


. (6.8.3)

Writing AIJ refers to the Ith row and Jth column in the modified Voigt representation.

Homogenization

For any given microstructure described by C(x), an equivalent homogeneous C̃ tensor can be
derived. With the help of a numerical scheme (FE, FFT, etc), a solution for σ(x) = C(x) :
ε(x) can be found for any average applied strain ε̄ = 〈ε(x)〉. By applying a pure uniaxial
strain such as ε̄ = [1, 0, 0, 0, 0, 0]T , we thus obtain the corresponding σ(x) given C(x), and



86

the volume averaged equation 〈σ(x)〉 = C̃ : 〈ε(x)〉 is then:


Σ11

Σ22

Σ33√
2Σ23√
2Σ13√
2Σ12


=



C11 # # # # #
C21 # # # # #
C31 # # # # #
√

2C41 # # # # #
√

2C51 # # # # #
√

2C61 # # # # #


·



1
0
0
0
0
0


(6.8.4)

(The symbol # denotes irrelevant values). The first column in C̃ is then inferred from the
average stress 〈σ(x)〉 as :

[
C11, C21, C31, C41, C61, C51

]T
=
[
Σ11,Σ22,Σ33,Σ23,Σ13,Σ12

]T
(6.8.5)

Performing this procedure for the 3 uniaxial loadings and the 3 pure shear yields the entire
C̃ tensor for the microstructure at hand.

6.9 Appendix: Moulinec’s algorithm

The local deformation can be written as the sum of a constant term E, and a fluctuating
term ε(u∗(x)), as: ε(u(x)) = ε(u∗(x)) +E, or equivalently: u(x) = u∗(x) +E ·x. Here u∗

is considered periodic, and the stress term σ is antiperiodic: σ(L) ·n = −σ(−L) ·n so that
the traction term σ · n = 0 at the boundary (equilibrium condition). n is the vector normal
to the boundary, and the unit cell has side of length 2L.

The classical elasticity equation becomes:


σ(x) = C(x) :
(
ε(u∗(x)) + E

)
∀ x ∈ V

∇ · σ(x) = 0 ∀ x ∈ V
(6.9.1)

We pose a reference media with stiffnessC0 and define δC(x) = C(x)−C0. Inserting δC(x) into
equation (6.9.1) gives:

σ(x) = (δC(x) + C0) : ε(u(x)) (6.9.2)

= C0 : ε(u(x)) + δC(x) : ε(u(x)). (6.9.3)

We define: τ(x) = δC(x) : ε(u(x)), (6.9.4)
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called the polarization, which contains the position-dependent stiffness through δC(x), and
the “random” component of deformation through ε(u(x)). This formulation is termed the
periodic Lippmann-Schwinger equation [111]. The Moulinec algorithm iteratively solves for
this τ(x) through a fixed-point scheme.

Expessing equation (6.9.3) in the Fourier domain, it is possible to write the solution as:

ε(u∗(x)) = −Γ0 ∗ τ(x) (6.9.5)

where Γ0 is the Green operator corresponding to the reference media C0, and ∗ denotes
a convolution product. In the Fourier domain, Γ0 can be derived explicitly, and takes the
following form for isotropic symmetries [110,112]:

Γ̂0
khij(ξ) = 1

4µ0|ξ|2
(
δkiξhξj + δhiξkξj + δkjξhξi + δhjξkξi

)
− λ0 + µ0

µ0(λ0 + 2µ0)
ξiξjξkξh
|ξ|4

(6.9.6)

where δij is the Kroeneker delta, ξ are the frequency domain variables and µ0 and λ0 are the
Lamé coefficients 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 (6.9.4-6.9.5), respectively in
the real and Fourier space, to iteratively solve equation (6.9.3). A constant deformation E
is applied, and the stiffness tensors C(x) and C0 are known. we start by computing σ and
τ(x) from C(x) and E (equations (6.9.9-6.9.10)). This initial τ(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 ε̂ (equation (6.9.13)), which in turn yields a better estimate of σ (equation (6.9.15). The
entire algorithm is repeated until the solution has converged (equation 6.9.12), meaning the
estimated error is inferior to a prescribed value. The error at iteration i is defined as:

ei =

(〈
|∇ · σi|2

〉)1/2

〈
|σi|

〉 =

(〈
|ξ · σ̂i|2

〉)1/2

〈
|σ̂i|

〉 , (6.9.7)

where | · | is the Euclidean norm, and 〈·〉 is the spatial average. A typical value of stopping
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criteria is e ≤ 10−4. The main algorithm is as follows:

Initialization (step i=0) ε0(x) = E ∀x ∈ V (6.9.8)

σ0(x) = C(x) : ε(x)0 ∀x ∈ V (6.9.9)

Iteration (step i+1) a) τ i(x) = σi(x)−C0 : εi(x) (6.9.10)

b) τ̂ i(ξ) = F(τ(x)i) (6.9.11)

c) Convergence test (6.9.12)

d) ε̂i+1(ξ) = −Γ̂0(ξ) : τ̂(x)i(ξ) ∀ξ 6= 0, and ε̂i+1(0) = E

(6.9.13)

e) ξi+1 = F−1(ε̂i+1) (6.9.14)

f) σi+1(x) = C(x) : εi+1(x) (6.9.15)

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 C̃ is obtained directly
from <σ(x)> (see Appendix 6.8).

The Moulinec basic algorithm is known to have poor convergence for the cases of high prop-
erty contrasts, and in the presence of voids (infinite contrasts), as the number of iterations
required is proportional to the contrast between phases [90,189]. To deal with this problem,
Eyre and Milton [189] proposed a modification to deal with the cases of high contrasts.
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CHAPTER 7 ARTICLE 3: Thermo-viscoelastic multiscale homogenization of
additively manufactured short fiber reinforced polymers from direct

microstructure characterization

Sosa-Rey, F., Lingua, L., Piccirelli, N., Therriault, D. & Lévesque, M. Submitted to Inter-
national Journal of Solids and Structures on Febuary 22th 2023.

7.1 Abstract

Short fiber reinforced polymers (SFRPs) processed by Fused Filament Fabrication (FFF)
show great promise for applications requiring high weight-specific mechanical properties,
such as aerospace. However, the unique morphology created by the printing process and
the relationship between processing parameters and part behavior is not sufficiently well
understood, making structural analysis a largely empirical task. The limited ability to pre-
dict the effective viscoelastic properties and their thermal dependence is a problem from
a mechanical design standpoint and is an obstacle to the widespread adoption of SFRPs
made by FFF. In this work, those properties are evaluated using high-resolution imaging of
physical samples, enabling the accurate prediction of time-dependent stress-strain relations
across different temperatures. Multiscale homogenization is performed considering individ-
ual components (fibers, pores, matrix) at the microscale, and the regular pattern created by
the printing process at the mesoscale. The efficiency of the Fast Fourier Transform (FFT)
based homogenization procedure is leveraged to allow for large Representative Volume El-
ement (RVE) sizes, which are required due to the complexity of real microstructures. The
predicted thermo-viscoelastic behavior is validated against creep-recovery data of specimens
printed from 30 wt.% short carbon fiber reinforced poly-ether-ether ketone (PEEK), and the
experimental data can be predicted within 3% mean relative error for axial loading, both
at 21° and 120°C. Imaging data and pre-processed RVEs as well as original source code are
made publicly available.

7.2 Introduction

Fused Filament Fabrication (FFF) is an additive manufacturing method in which parts are
constructed out of thermoplastic polymer filaments by depositing them layer-by-layer in a
molten state through computer control. When compared to injection molding, the process
is more cost-effective for small part count, can achieve intricate interior geometries, and
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produces complex parts in a single step, with minimal material waste [4, 11, 15, 40, 62]. The
addition of short fiber reinforcements to the feedstock filaments yields printed parts featuring
higher elastic and viscoelastic stiffness, when compared to those of the matrices alone, mainly
along the print direction. The presence of short carbon fibers also reduces warpage during
cooldown via higher thermal conductivity, and part design can be optimized by purposeful
positioning of fibers in the directions of expected in-service stresses [11, 62, 67]. Short-fiber
reinforced polymers (SFRPs) thus have relatively high specific mechanical properties, which
are sought in automotive and aerospace applications in which weight reductions translate
into reduced fuel consumption [15,40,51,62], and have been used as an alternative to metals
for certain components [21]. Short fibers are more economical and easier to process than
continuous fibers, and retain the increased performance given that fiber aspect ratio is high
enough to enable efficient load transfer to the fibers [93, 190, 191]. Due to their viscoelastic
matrix, SFRPs have a vibration damping effect which is higher than metals, which is of
considerable interest in many applications [24,192–194]. The viscoelastic behavior of SFRPs
made by FFF has been less studied than their elastic or fracture properties [93], and the
interplay between processing parameters, morphology and mechanical properties has scarcely
been explored [195].

The viscoelastic properties of SFRPs made by FFF are anisotropic due to several factors.
Firstly, reinforcements are preferentially aligned with the printing direction, which induces
the highest stiffness to be along that axis. Secondly, reinforcements such as carbon fibers (CF)
are themselves transversely isotropic [34, 194] (glass fibers are considered isotropic [28, 45]).
Anisotropy makes both modelling and experimental investigations more complex: the former
must be done with a larger set of independent time-dependent coefficients [24, 196], and the
latter requires specialized equipment and is more time-consuming [24, 25, 194]. However, if
anisotropy is not precisely accounted for, mechanical designers are forced to use the most
compliant value in all directions, thus restricting the performance advantage of using this
class of materials and leading to approximate mechanical behavior prediction.

Given the multiscale nature of these solids, successful modelling depends on correctly ac-
counting for microstructural features at all relevant scales. However, considering the small-
est features at the largest scale would be impractical computationally. Instead, multiscale
methods have been developed to exploit the scale separation between structural features
and make the modelling much more efficient by computing only the amount of detail neces-
sary to correctly describe each scale separately [27, 37, 93, 190, 197–200]. For fiber reinforced
composites in general (continuous or short), many authors consider the smallest scale as one
represented by a cubic or hexagonal unit-cell with a single or a few fibers [93,190,198,200,201],
that, when repeated periodically, generate a regular arrangement of fibers. In the case of
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SFRPs, the complex nature of the microstructure requires a much more detailed microstruc-
ture description. To date, studies on viscoelasticity of SFRPs have been performed by ac-
counting for a number of fibers ranging from a dozen to several hundreds [45, 190, 196, 202].
For thermo-viscoelasticity, the only studies where the scale above the microstructure is ac-
counted for focus on the pattern made by weaved continuous fibers [37, 197, 198]. However,
for SFRPs made by FFF, modelling efforts of elastic properties have shown that considering
the mesoscale pattern created by the printing process is essential [4, 160, 203]. From those
studies, it can be inferred that the mesoscale likely affects the effective viscoelastic response.
In addition, those studies also highlight that using microstructure descriptions derived from
imaging data, where individual components are identified, lead to more accurate predictions
than when artificial microstructures are used.

In this work, a dual-scale homogenization model is developed using micro- and meso-structure
descriptions made by constituent extraction in imaging data from printed specimen. The
model is used to generate an anisotropic constitutive behavior law for the time-temperature
dependence of SFRPs made by FFF. The size of the microstructure description used are
several orders of magnitude larger than what is often encountered in the field of viscoelastic
homogenization, as measured by the number of represented fibers. In addition, multi-axis ex-
perimental data is used for two purposes. First, the constitutive law parameters are inferred
from the characterization of the pure polymer in its 3D-printed form, at 21 and 120°C. Sec-
ond, the predictions of the homogenization model are validated against creep-recovery curves
of 3D-printed composite specimens. This close relationship between model and experiment
proves to be a decisive advantage in the prediction of thermo-viscoelasticity of SFRPs made
by FFF.

7.3 Background

Homogenization is the process by which effective mechanical properties are predicted, given a
specific microstructure description and the properties of each constituent. There are generally
two classes of homogenization procedures for viscoelasticity: those based on the Laplace-
Carson transform, and those that perform homogenization in the time-domain [195, 204].
The former exploits the so-called elastic-viscoelastic correspondence principle to transpose
viscoelastic constitutive equations into a form analogous to elasticity, via the Laplace-Carson
transform [24, 32, 196, 205–207]. By doing so, the analytical homogenization methods devel-
oped for linear elasticity (such as the Mori-Tanaka model, Lielen’s model, the Self-consistent
scheme among others), are applied directly in the Laplace-Carson domain, and the results can
be used to predict the frequency-dependent viscoelastic properties [34,196,204]. While being
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the subject of recent theoretical and practical studies [34,193,208], these analytical methods
have intrinsic limitations. For high reinforcement volume fractions, the fiber interactions as a
function of their spatial distribution are not captured accurately [109,194]. Furthermore, the
conversion back from the Laplace-Carson domain requires specialized optimization methods
and is not forthcoming in many cases [32,209–212].

In the second class of methods, homogenization is performed directly in the temporal domain,
via full-field numerical methods: the constitutive laws for a multi-phase solid are integrated
numerically with the help of internal variables [27,195,213–215]. The complexity of intercon-
version is avoided entirely, at the additional cost of being more computationally intensive,
and dependent on having a geometrically explicit microstructure description, the so-called
Representative Volume Element (RVE). Authors that have studied the viscoelastic behavior
of SFRPs given a particular fiber length and orientation distributions have done so using
RVEs generated artificially from statistical observations [28, 45, 104, 216]. It is also possible
to create RVEs directly from volumetric imaging data of real specimens. To the authors’
knowledge, however, that method has only been used for elasticity modelling of SFRPs made
by FFF. In those works, the authors show that this approach is required due to the complex-
ity of the morphology seen in those materials [4, 14, 87, 203]. Due to the poorly understood
relation between processing parameters and morphology, approaches using direct description
of microstructure are likely to surpass the prediction accuracy of methods using only a few
statistical features such as fiber lengths and orientation distributions.

In numerical homogenization, the stress-strain constitutive relations are first solved at the lo-
cal level for a particular microstructure and material properties. The effective global response
is obtained by averaging the stress and strain fields. Most homogenization efforts of viscoelas-
tic properties of FRPs are done using the Finite Element (FE) method [20, 29, 33, 36, 106].
However, resolving the constitutive law via the FE method is cumbersome for high fiber
volume fraction and non-ideal fiber alignment, as the RVE required is large and achieving a
mesh description which conforms to all individual components is challenging [63,104]. This is
especially true for anisotropic fibers, where knowledge of the material’s axes for each fiber is
required, contrary to isotropic fibers [100]. The continued reliance on FE is explained by the
fact that many studies use simplified models for the microstructure, e.g., single fiber RVEs
or a handful of perfectly aligned continuous fibers [37,93,190,197,198,200,201]. Those mod-
els are well-suited for woven composites, in which the spatial arrangement of (continuous)
fibers is regular and predictable, and the warp and weft structure is usually handled at a
second homogenization step [37, 197,198]. Furthermore, for viscoelasticity, the evaluation of
constitutive equations is performed at several time increments, rather than for a single one
in elasticity, making the CPU and memory requirements of the FE method impractical for
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RVEs featuring ∼ 103− 104 fibers. To circumvent those issues, mesh-free methods have been
developed, which have recently been extended to the case of SFRPs made by FFF, notably
in [45, 203]. A leading example of mesh-free methods is that developed by Moulinec and
Suquet [110, 183, 189, 217]. In this method, the constitutive relations are transposed in the
Fourier domain and solved iteratively via the Fast Fourier transform, hence it is called the
FFT method. It has been demonstrated to produce more accurate predictions than analytical
methods [45,166], and has lower computational requirements than the FE method [26].

To date, few studies have been performed on the thermo-viscoelasticity of SFRPs made by
FFF, but the topic is well developed for fiber-reinforced polymers more generally, be it con-
tinuous fibers or molded short fibers composites. Models that explicitly consider temperature
and time-dependent materials, with anisotropic relaxation or creep tensors include: Halpin
and Pagano [218], Poon and Ahmad [38], Yi et al. [33], Taylor et al. [20], and Petterman
and DeSimone [29]. Extensions to nonlinear viscoelasticity (using the Shapery model [219])
include Yi et al. [33], Lévesque et al [220], and numerical implementation details and an
alternative Finite Differences formulation are discussed in Crochon et al. [221]. Thermo-
rheologically complex anisotropic materials are discussed in Sawant and Muliana [36]. An
important limitation of many of those studies is that they often lack experimental data to
inform or validate the constitutive laws presented, and many are validated against other
numerical implementations.

7.3.1 Linear thermo-viscoelastic constitutive relation

The Generalized Maxwell Model (GMM) [23–28, 32, 36] expresses the relationship between
the stress and strain histories as:

σ(t) = C(∞) : ε(t) +
∫ t

0

N∑
i=1

C(i)
(
e−ωi(t−τ)

)
: dε(τ)

dτ dτ =
∫ t

0
C(t− τ) : dε(τ)

dτ dτ (7.3.1)

or, the strain history as a function of the stress history as:

ε(t) = S(0) : σ(t) +
∫ t

0

N∑
i=1

S(i)
(
1− e−λi(t−τ)

)
: dσdτ dτ. (7.3.2)

Here, σ(t) and ε(t) are the time-dependent stress and strain, respectively. C(t) and S(t) are
the time-dependent stiffness and compliance, which are composed of i+ 1 individual tensors
C(i) and S(i), which can be of any material symmetry class (positive semi-definite, symmetric
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tensors), and are related to i relaxation times ωi or λi > 0.

For thermo-rheologically simple materials, temperature-dependence is described through the
concept of internal time [21, 34] by the time-temperature superposition principle, in which
real time t is adjusted by a shift factor function aT , which depends on temperature T such
that:

C(t, T ) = C
(

t

aT (T )

)
. (7.3.3)

Below the glass transition temperature (Tg) of the polymer, the aT function can be expressed
by the Arrhenius relationship as per [35]:

log(aT ) = Ea
ln(10)R

( 1
T
− 1
T0

)
, (7.3.4)

where Ea is the polymer’s relaxation activation energy, R is the ideal gas constant and T0 is
a reference temperature. Once C(t, T ) is known for the polymer matrix, it can be used in
conjunction with the fiber stiffness Cf in analytical or numerical homogenization schemes to
predict the overall viscoelastic properties of a composite.

7.3.2 Homogenization models

Several studies focus on short or continuous fibers use either regular (periodic) or randomly
arranged aligned fibers. A non-exhaustive list includes the following authors. Pathan et al.
considered a 2D description of randomly spaced, aligned fibers. They considered linearly
elastic, isotropic fibers and linearly viscoelastic isotropic matrix. The resulting composite
was transversely isotropic due to perfect fiber alignment. They compared the prediction of
several analytical estimates for all five independent transversely isotropic coefficient estimates
against those of numerical homogenization, and found that Mori-Tanaka and Lielen’s model
were the most accurate. They also conducted a RVE size analysis, as measured by fiber
count. They found the axial tensile modulus El to be RVE size-independent (it is fiber-
dominated) and the numerical homogenization predictions coincided exactly with any of the
mean-field methods employed. Across all five transversely isotropic coefficients, the authors
concluded that, for this microstructure, a RVE size of 12 fiber radii, including 30 realizations,
was sufficient to produce a prediction accuracy of ±5%.

In a series of recent studies, Cruz-González et al. [190, 199, 200] proposed a model in which
asymptotic homogenization was used in which the scale separation between the smallest
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features and the macroscale that encompasses a regular arrangement of fiber was exploited
to diminish the computational workload. To expand the method to non-continuous fibers
for which closed-form solutions are not known, the FE method was employed on unit-cells
containing a single short fiber. The FE resolution was made in the Laplace-Carson domain
at a number of evaluations of p, the time variable in the Laplace-Carson domain. They
compared their method to experimental data on continuous fibers for oblique loading at
several angles and reported relative error between 3 and 7%. They demonstrated that their
method could be used for short, aligned fibers which could be all be rotated by a fixed angle,
though no experimental comparison was made for that case.

Studies that are concerned with the response to a cyclical loading can take advantage of the
correspondence principle and avoid the interconversion back to the time-domain. Consider-
able success was achieved for simple morphologies, notably for isotropic matrix and fibers,
with either perfect alignment [194–196] or following a particular orientation distribution [196].
Conejos et al. [198] used a dual-scale approach to model the thermo-viscoelastic response of
fiber reinforced aluminium under cyclical loads at various frequencies and temperatures, using
a full-field FE method both at the microscale and the scale of woven fibers.

Gusev studied analytical homogenization methods applied to fiber-reinforced viscoelastic
materials [196]. The Monte-Carlo method was used to produce either aligned ellipsoidal in-
clusions, aligned spherocylindrical inclusions, or spherocylindrical inclusions with a specified
fiber orientation distribution and constant aspect ratio. He studied the dependence of vis-
coelastic compliance on fiber aspect ratio and filling fraction. The viscoelastic behavior was
modelled with the storage and loss moduli used in dynamic mechanical analysis and fibers
were considered isotropic (glass fibers). He then compared each scenario by homogenization
in the viscoelastic regime for either Mori-Tanaka, the self-consistent scheme, or the Advani
Tucker orientation averaging procedure for non-ideal fiber orientation distribution. He found
that Mori-Tanaka’s model yielded the most accurate prediction for spherocylindrical inclu-
sions, which is surprising because it is derived using the ellipsoidal Eshelby tensor description.
He did not however consider the transverse isotropy of inclusions, as his target material was
isotropic glass fiber reinforced polymers.

An et al. [27] created RVEs by arranging unidirectional fibers in regular arrays, such as a
rectangular or hexagonal grid, and produced an ABAQUS plugin to help user define their own
UMAT (user-defined material) subroutine for anisotropic viscoelastic behavior of composites
with the specified material inputs and geometries. They compared the predictions of these
UMATs against data from the asymptotic homogenization procedure (see [190]) and found
good agreement (within 1%).
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Wang et al. [93] studied the effect of fiber volume fraction and fiber aspect ratio on the
homogenized creep compliance of discontinuous aligned fibers, in a elementary unit-cell RVE,
and for several packing geometries. They confirmed that fibers have the most notable effect
on the direction of alignment, and that fiber aspect ratio amplifies this effect: longer fibers
increase stiffness.

Chen et al. [205] developed a constitutive model of linearly viscoelastic behavior for finite
(large) deformations. They implemented this model in unidirectional randomly spaced con-
tinuous fibers and found good agreement between FE modelling of the finite strains and
their constitutive model, with < 1% error in the axial direction and up to 5.12% error in
the transverse direction. Their RVE relied on 12 continuous aligned fibers, no porosity, and
regular spatial distribution.

Anoop et al. [25] and Luo et al. [222] investigated the behavior of 3D-printed polylactic acid
(PLA), both through modelling and experimental characterization, and demonstrated that
the printing pattern makes the viscoelastic properties orthotropic, with the highest stiffness
along the print direction, even in the absence of reinforcements.

To the author’s knowledge, the thermo-viscoelastic behavior of the specific morphology of
SFRPs made by FFF has only been studied in [45], using artificial microstructures generated
from imaging data. The fact that, in elasticity modelling, the best results are obtained
when imaging data is used to directly create geometrical descriptions for the purpose of
homogenization, makes us believe that using that approach in thermo-viscoelasticity will
also yield more accurate results.

7.4 Methods and materials

Figure 7.1 presents a schematic of the entire modelling approach. The homogenization proce-
dure requires material properties characterization of the neat (pure) polymer, in its 3D printed
form, as well as the CF stiffness data. A viscoelastic material law for the polymer matrix
was generated using experimental creep-recovery data. The microstructure description was
achieved via analysis of µCT imaging data, in which porosity and individual fibers were iden-
tified. The AMITEX FFT homogenization software was then used to produce an effective
relaxation curve, at the 2 temperatures at which the experimental characterization was per-
formed. These relaxation curves were then used to fit a temperature-dependent anisotropic
viscoelastic law, which is encapsulated in a UMAT subroutine. The second homogeniza-
tion step was then performed using AMITEX, with the UMAT behavior law representing
the microstructure response of the fiber-matrix composite and a mesostructure description
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including mesoscale porosity. The output of this homogenization was a set of simulated
creep-recovery curves, created under the same loading conditions as those obtained experi-
mentally for the CF-reinforced specimens. The simulated and experimental data were then
compared to validate the method.

µCT data: 

high resolution, 

microstructure description

Input: 

Creep test data:
-Neat polymer 

-21°C, 120°C

µCT data: 

-low-resolution 
-mesostructure description

µCT data: 

-high-resolution
-microstructure description

Input: 

Fiber material parameters:
-transversely isotropic

-temperature independant

Creep experimental data: 

-Composites

-Longitudinal, Transverse
-21°C, 120°C

Validation

Simulated 

creep-recovery curves

AMITEX: 

computation of effective 

creep stiffness 

Optimization of material law:

-isotropic linear viscoelasticity

Material law for polymer

Microscale homogenization

AMITEX: 

computation of effective 

creep compliance

Optimization of material law:

-temperature dependance
-transverse iso. viscoelasticity

UMAT for composite

Mesoscale homogenizationSimulated 

relaxation 
curves

low temp. data

high temp. data

temperature- 

dependent data

temperature- 
independent data

Legend

Figure 7.1 Schematic of the dual scale homogenization procedure. The first homogenization
was done using a polymer material law derived from experimental data and a microstructure
description extracted from µCT imaging. The output of the first homogenization was used to
create a temperature-dependent anisotropic material law which, along with a mesostructure
description, was homogenized again to create simulated creep-recovery curves. These are
compared with experimental data on reinforced polymer to validate the approach.

7.4.1 Specimen preparation

As presented in Figure 7.2, standard ASTM D638 Type 1 dogbone specimens were manu-
factured in an AON3D™ Mark 2 3D printer for the purpose of viscoelastic characterization.
Using neat PEEK filament (Tecafil™ PEEK VX Natural from Ensinger) and the corre-
sponding 30 wt.% CF reinforced variant (Tecafil™ PEEK VX 30CF), 4 specimens for each of
the following material/printing pattern configuration were made: neat filament/0° (all print
passes in the long axis of the specimen), reinforced filament/0°, reinforced filament/90° (all
print passes in the perpendicular direction). The printing parameters used were as follows:
nozzle diameter: 0.4 mm, layer height: 0.2 mm, extrusion width: 0.42 mm, extrusion mul-
tiplier: 0.95, speed: 30 mm/s, infill: 100%, nozzle temperature: 410°C (neat polymer) and
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440°C (reinforced polymer), chamber temperature: 120°C, bed temperature: 180°C.

7.4.2 Creep-recovery tensile testing

The composite’s axial creep compliance was measured for specimens printed at 0°, and
the transverse compliance for those printed at 90°. Only measurements on 0° specimens
are required for the neat polymer, as the creep compliance of PEEK resin is considered
isotropic [28, 216]. As per the ASTM D2990 standard, for materials exhibiting linearly vis-
coelastic behavior, each specimen was subjected to at least three loading levels within the
linear range. Using a MTS Insight Material Testing system, the loading was applied in less
than 5 seconds, then kept at this loading level for a fixed time t0, then released for a recovery
time at no load of 4t0 before a new loading was applied. The axial and transverse strain
data was recorded with an MTS biaxial extensometer model number 634.25F-25, as shown in
Figure 7.2b). The linearly viscoelastic range was ascertained by applying progressively higher
loads, then normalizing each strain response as a function of time by the applied stress. By
taking the lowest loading level as a reference point, with axial strain εo(t) and stress σo, the
mean relative error quantifying deviation from linear behavior is defined as:

ei =
∑N
n=1

∣∣∣ εi(tn)
σi − εo(tn)

σo

∣∣∣
N

(7.4.1)

where ei is the error associated with loading level i, εi(t) is the axial strain and σi is the
(constant) applied stress for loading i, n it the index in the time-series, and N are the total
number of data points for a given stress level. In this work, a maximum relative error of less
than 0.5% was chosen to define the linear regime. Once the threshold for linear viscoelasticity
was known, all specimens were subjected to at least 3 loading levels below it.

To characterize temperature dependence, the procedure is done once at room temperature
(21°C) and at 120°C, using a Thermcraft™ LBO-series laboratory oven. As per the ASTM
2990 standard, specimens were pre-conditioned at the target temperature for at least 48
hours before starting the creep-recovery testing procedure.

7.4.3 Tomographic data acquisition and analysis

The scanning procedure used here has been described in detail in [164,203], and is summarized
here. To achieve a microstructure description of sufficient quality, a high-resolution scan
was performed on a small piece (cylinder of ∼ 1.5 mm diameter and height) carved from
the central region of the composite dogbone specimens, in a Zeiss XRadia™ 520 micro-
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Figure 7.2 Specimen geometry and tensile testing setup. a) Schematic representation of the
printing patterns used to produce the ASTM 638 Type 1 specimens. Two printing patterns
were considered, either with all print passes aligned with the long axis (0° pattern, along the
x-direction) or with passes along the y-direction, or 90° pattern. b) Specimen mounted in
tensile testing machine, with extensometer attached.

tomographic scanner. As presented in Figure 7.3a), a series of 4 scans in a 2 × 2 grid
pattern were made on samples extracted from 2 separate dogbone specimens. The scanning
parameters for each scan were: source power: 7 W, source voltage 80 kV, distance from source
to specimen: 9.0 mm, distance from detector to specimen: 23.0 mm, optical magnification:
10×, exposition time: 1.5 s, using 3200 projections. This configuration yields a pixel size of
0.758 µm, and a total acquisition time of 2 h 20 m for each of the 4 scans.

A low-resolution scan at a larger field of view (FoV) is also required to enable the mesoscale
analysis. To that end, a cubic sample of 5 mm side was cut from a dogbone specimen, and
scanned with the same acquisition parameters as above, except for the detector distance, now
set to 9.0 mm, with optical magnification of 4×, 0.25 s exposition time and 1600 projections.
This yielded a pixel size of 3.34 µm and a total scan time of 55 m.

7.4.4 Component extraction (OpenFiberSeg)

For both the micro and mesoscale scans, the imaging data was processed through an open-
source software created by the authors called OpenFiberSeg [164], which was developed for
the purpose of component (fiber, matrix and pores) identification and fiber tracking. In Fig-
ure 7.3a), the high-resolution imaging data for microstructure characterization is presented,
and in Figure 7.3b) the result of the extraction procedure with OpenFiberSeg is presented.
Once the component extraction and fiber tracking are performed, the density of pores can
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be visualized using the following method. In the volume of data, each pixel is replaced with
the value 1 where a pore is present, and 0 otherwise. Afterwards, the cumulative sum of
2D slices along the print direction is taken. This allows to appreciate the density variations
in porosity, as presented in Figure 7.3c). The subvolumes required for the microstructure
homogenization were then identified by selecting regions inside each print bead, avoiding the
mesoscale porosity, as shown in colored rectangles in Figure 7.3c).

The same procedure was performed on the mesoscale imaging scan, as presented in Figure 7.4.
At this resolution, the fibers cannot be identified, only the mesoscale pores are clearly visible
in Figure 7.4a). The labelling of porosity obtained by OpenFiberSeg is presented in light
blue in Figure 7.4b). Here, the subvolume definition for the mesoscale homogenization should
respect the natural periodicity produced by the printing pattern, so that volume made from
periodic repetitions of the RVE has the same grid-like pattern as the real solid [4]. As
represented by the red rectangle in Figure 7.4c), the subvolume definition spans 4 layer
widths and 8 layer heights.

7.4.5 Identification of polymer viscoelastic parameters

A linearly isotropic viscoelastic constitutive law for the polymer matrix is required to be used
as an input for the microscale homogenization. The procedure detailed in Appendix 7.8 was
used to derive this law from the creep-recovery curves obtained experimentally. The relax-
ation times λi were chosen to be evenly distributed on a logarithmic range from [1, 104] seconds
(which is 10× more than the load duration in the experimental test data), with 2 values per
decade, as per:

λ =

1, 1
10 1

2
,

1
101 ,

1
10 3

2
,

1
102 ,

1
10 5

2
,

1
103 ,

1
10 7

2
,

1
104

. (7.4.2)

For each relaxation time ωi, the correspondingC(i) isotropic tensor identified was decomposed
into its isostatic and shear moduli, respectively denoted κi and µi.

In addition, the fitted constitutive law must be representative of the neat polymer in the ab-
sence of porosity, as the inter and intrabead porosity is considered at the micro and mesoscale
homogenization step, respectively. Therefore, the experimental data pertaining to the neat
polymer must first be compensated for the porosity. Considering that the mesoscale porosity
forms neatly aligned structures along the print direction, the Voigt mixture law was used
to infer the properties of the neat matrix by itself. An estimate of the total porosity was
obtained in the following way. By measuring the dimensions of each specimen, and comput-
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Figure 7.3 Tomographic data acquisition and microscale component extraction. a) Imaging
data in a 2 × 2 grid. b) Visualization of fiber density. c) Visualization of pore density.
Colored rectangles are the subvolumes selected for microstructure homogenization, avoiding
the mesoscale porosity.

Figure 7.4 Tomographic data acquisition and mesoscale component extraction. a) Imag-
ing data spanning ≈ 14 full layers. b) Labelling of mesoscale porosity. c) Visualization
of mesoscale pore density. Red rectangle is the subvolume selected for mesostructure ho-
mogenization. The dimensions of the subvolume respect the natural periodicity created by
the printing pattern, by having the boundaries in the middle of layers and in the center of
printing beads.
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ing its volume, its ideal mass mideal with zero porosity was computed using the density of
the pure polymer as provided in the manufacturer datasheet [1]. Each specimen was then
weighed, and the measured mass mmeasured was used to derive the porosity of each specimen
as: vp = 1− mmeasured

mideal
. Then, each specimen cross-section measurement was compensated by

this porosity factor, i.e., Aactual = Aexternal(1− vp) and the true stress was obtained from the
loading, as per σ(t) = F (t)/Aactual, where F (t) is the applied force at time t. A different set
of S(i) values were obtained for each of the temperatures used for experimental testing.

7.4.6 Homogenization

The micro and mesoscale homogenizations were performed with the help of the AMITEX
software which implements the FFT homogenization method. The inputs to the software are
the subvolumes as described in Section 7.4.4, along with the orientation of each individual
fiber, which AMITEX interprets to rotate the fiber stiffness tensor accordingly. For microscale
homogenization, the matrix material was described using the parameters produced by the
optimization procedure described in Section 7.4.5, i.e., a series of C(i) and corresponding
ωi. The conversion from S(i) and λi was performed using the procedure described in [223].
The fibers were considered to be linearly elastic, with transversely isotropic symmetry. The
set of parameters used correspond to Toray T300 fibers, which are reported in [2, 3]. If
~e1 is the axis of transverse isotropy, and ~e2×~e3 the transverse plane, then the longitudinal
modulus (along ~e1) is El = 230GPa, the transverse modulus is Et = 13.4GPa, the Poisson’s
ratio between directions ~e1 and ~e2 is νl = 0.256, the ratio between ~e2 and ~e3 is νt = 0.3,
and the shear modulus between axis ~e1 and ~e2 is Gl = 27.3GPa. Using AMITEX, relaxation
curves were obtained for all the subvolumes pertaining to the microscale, using the matrix
material parameters for both 21°C and 120°C, by prescribing a unit strain in all 3 reference
directions, and in the 3 pure shear modes, and integrating the stress for ∆t = 40 min for
each loading case. At each time-step, the time-dependent stiffness tensor was constructed
column-by-column, from the averaged stress field for each of the loading cases. These curves
were used as the output of the microscale homogenization step.

Before the mesoscale homogenization can be performed, a material behavior law for the mi-
crostructure must be derived using these relaxation curves. To that end, an optimization
procedure developed by Trofimov et al. [37] was used. In that method, the relaxation curves
at several temperatures are used to optimize a material law of arbitrary symmetry, which
includes temperature-dependence under the time-temperature superposition principle. The
procedure is based on the NOMAD algorithm [224], and seeks a set ofC(i) and ωi such that the
distance between the relaxation curves obtained numerically and the input data is minimized
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across all temperatures. Once convergence is reached, this material law representing the mi-
croscale behavior is encoded in a UMAT subroutine, which was then utilized inside AMITEX
along with the mesoscale description (see Figure 7.4), to create simulated creep-recovery data
at a specified temperature and loading profile. The output of the dual-scale homogenization
procedure was validated by comparing it with the experimental creep-recovery curves for the
reinforced specimens, at both 21°C and 120°C, when loading them in the axial direction, as
well as in the transverse direction.

7.5 Results and discussion

An example of experimental stress-strain history curves, which are the starting point of the
optimization procedure, are presented in Figure 7.5, for a neat polymer specimen printed
longitudinally (0° print pattern). The subsequent stress levels σaxial are shown (as com-
pensated for actual specimen cross-section, see Section 7.4.5), along with the corresponding
axial and transverse strain responses, or εaxial and εtransverse, respectively. The normalized
εaxial responses are also presented, where the lowest loading level was not considered for the
material properties identification, as it can possibly be affected by initial play in the testing
setup.
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Figure 7.5 Example of stress-strain history curves for creep parameter identification, longitu-
dinally (0°) printed specimen, neat PEEK polymer, at 21°C. a) Sequence of 8 min loadings,
with 32 min recovery. b) Superposition of axial strain curves when normalized by loading
level.

The pure polymer constitutive law numerical values (κi and µi) are presented in Table 7.1
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and Table 7.2, for the low and high temperature inputs, respectively.

In Figure 7.6, the relaxation curves obtained from the microscale homogenization step and the
resulting fit obtained with the method developed by Trofimov et al. are presented, for both
21°C and 120°C temperatures. It can be observed that the microstructure homogenization
procedure produces relaxation curves that do not perfectly satisfy the transverse isotropy
symmetry but show some degree of orthotropy. Under transverse isotropy, with the principal
axis in direction ~e1, the components of the stiffness tensor involving ~e2 and ~e3 are identical.
This is visible in the tensor expression, where elements C22 = C33 6= C11, and analogously for
the shear terms: C55 = C66 6= C44. In these data, however, for all time steps both C22 6= C33

and C55 6= C66, which is indicative of orthotropic symmetry.

The following method was used to quantify the degree of conformity to either symmetry
class. The distance to that representation type was measured by projecting the stiffness
tensors at each timestep into the transverse isotropic space and the orthotropic space, i.e., by
extracting the independent parameters for each and using those to re-construct the tensor. If
C is a tensor of arbitrary symmetry, and Cproj is the reconstruction in either the transversely
isotropic or orthotropic space, then the distance for each time point d(t) is defined as:

d(t) = ‖C(t)−Cproj(t)‖L2

‖C(t)‖L2
, (7.5.1)

where ‖ . ‖L2 denotes the L2-norm (sum of squared elements). In Figure 7.7, the distances
from both the microscale homogenization step and the final dual-scale homogenization are
presented. In all cases, the distance to orthotropic symmetry is lower by a considerable
margin (≈ 70%). This indicates that the microscale morphology itself is orthotric. For
both symmetry classes, the second homogenization step further breaks the symmetry, i.e.,
the distance to a perfect transversely isotropic or orthotropic material is larger. This means
that although the printing pattern is regular, and orthogonal, the local variability in porosity

Table 7.1 Constitutive law parameters identified for the pure PEEK polymer specimens, at
21°C. Only the terms within 3 orders of magnitude of the largest values are kept.

i κi (MPa) µi (MPa) ωi (s)
0 6221 1185 −−
1 2171 668 100

2 54 12 10− 1
2

3 0 9 10−2

4 0 43 10− 7
2

5 239 242 10− 9
2
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Table 7.2 Constitutive law parameters identified for the pure PEEK polymer specimens, at
120°C. Only the terms within 3 orders of magnitude of the largest values are kept.

i κi (MPa) µi (MPa) ωi (s)
0 5700 640 −−
1 0 458 100

2 139 20 10− 1
2

3 6 9 10− 3
2

4 0 19 10− 5
2

5 729 649 10− 9
2

creates anisotropy in the most general sense. This global effect is small however, and for
most applications considering transversely isotropic behavior rather than orthotropy would
be sufficient.

Once a UMAT law was obtained for the composite material in the 3D printed form, a sim-
ulated creep-recovery test was done, under the same conditions as the experimental data
for composite dogbones. In Figure 7.8, the resulting comparison for an axial loading on a
longitudinally printed (0° pattern) dogbone and the axial loading on a perpendicular (90°
pattern) are presented. The average prediction error over all N time steps is defined as:

e =
∑N
n=0

∣∣∣ εexp(tn)−εsim(tn)
εexp(tn)

∣∣∣
N

, (7.5.2)

where εexp and εsim are the experimentally measured and simulated strains at time t, re-
spectively, and |.| denotes the absolute value operation. The computed error values for each
scenario are presented in Table 7.3 For the longitudinal printing pattern, the match between
simulation and experiment is within 3%. For the perpendicular printing pattern, the match
is far less accurate, with a maximal error reaching nearly 25% for the axial strain. However,
the transverse strain, which in this configuration (90° printing pattern) is the strain along
the stiff axis, remains within 3% mean relative error, suggesting the error originates from
the load transfer from polymer to fibers in the transverse direction. Several phenomena were
considered to possibly close this gap, however each strategy encountered only partial results.
As the fiber type is not known with certainty, it is possible that the material properties
used are not correct. If the transverse modulus Et or the shear modulus Gl were lower,
the compliance across the transverse direction would be larger. However, even when these
values are reduced to a degree that is not physically realistic (e.g., 10% of the values stated
in Section 7.4.6), the compliance obtained is only increased by a small margin, insufficient
to reach the experimental values. The impact of fiber-matrix interface was also considered.
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Figure 7.6 Output of the microscale homogenization: the dotted lines are the relaxation
curves produced with the FFT method, considering the microscale description, the fitted
parameters for the matrix behavior, and the fiber properties. The full lines are the result of
the optimization of parameter for the composite behavior, given these relaxation curves.

As a first approximation, the pixels immediately in contact with each fiber perimeter were
labelled as interface. Then, to allow for the possibility that the wetting and therefore the
load transfer from matrix to fiber is only partial, the interface pixels were assigned a set
of penalized properties, relative to the matrix values. However, this method also only en-
countered partial success at compensating for the transverse compliance, and values that
had a significant effect on the transverse behavior also negatively affected the axial behavior.
Further investigation of the creep response to transverse loading is left for future studies.

7.6 Conclusion

The thermo-viscoelastic properties of SFRPs were investigated from a modelling standpoint
using dual-scale homogenization, and from an experimental and material characterization
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the final (dual-scale) result. The blue lines are for low temperature (21°C) and the red lines
are for high temperature (120°C). In all cases the projection to orthotropic representation
has a ≈ 70% lower error value.

perspective. This holistic approach allows the inference of material properties such as or-
thotropy and the degree of thermal and temporal dependence of each independent material
parameter. The use of RVEs obtained from imaging of physical specimens is proven to be
necessary in the process of obtaining constitutive laws which account for the morphology
seen in SFRPs made by FFF. The scale separation was exploited, such that the microscale
behavior was homogenized first, then a material law was optimized for it, which was then
used to homogenize the mesoscale structure. The computational advantage of this dual-scale
procedure is clear, as the pixel size necessary to differentiate fibers is small, and using it for
the mesoscale would produce an RVE of impractical size. This approach opens the door to a
more advanced series of studies on the matter of SFRPs, as the RVE obtained through vol-
umetric imaging and specialized processing are published alongside this study: both source
code and processed volumes spanning 106 differentiated fibers are available. While the pre-
diction of axial viscoelastic behavior as a function of temperature is demonstrated to be
highly accurate (3% mean relative error between simulated and experimental results), the
same material constitutive law submitted to transverse loading produces predictions that
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Table 7.3 Relative error between the experimental strains (εaxial and εtransverse) and the strain
predicted by the dual scale homogenization method.

21°C 120°C
Printing pattern εaxial εtransverse εaxial εtransverse
Longitudinal (0°) 0.39% 0.97% 1.51% 2.38%
Transverse (90°) 24.5% 3.14% 24.3% 3.31%
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Figure 7.8 Output of dual-scale homogenization compared with averaged experimental creep-
recovery curves on fiber-reinforced dogbone specimens. Axial and transverse strain are shown,
for both the low (21°C) and high (120°C) conditions. a) Longitudinal (0°) printing pattern.
b) Perpendicular (90°) printing pattern.

overestimate the stiffness by a considerable margin (25% mean relative error). Future work
related to this topic include the extension to other fiber-matrix combinations, more elabo-
rate printing patterns, and the consideration of other physical transport phenomena such as
thermal and electrical conductivity, thermal expansion, and the aging of polymer matrix.

7.7 Source code and data repository

The component extraction code (OpenFiberSeg), along with the implementation of AMITEX
using the microstructure description obtained with it are available at https://github.com/
lm2-poly/OpenFiberSeg. The imaging datasets are also released, along with fully processed
RVEs. While the anisotropic optimization procedure is not published due to confidentiality

https://github.com/lm2-poly/OpenFiberSeg.
https://github.com/lm2-poly/OpenFiberSeg.
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7.8 Appendix: Fit of isotropic constitutive law parameters

The load profile for each creep-recovery test was modelled by:

σ(t) = H(t)
(
σot

t1

)
+H(t−t1)

(
−σot
t1

+ σo

)
+H(t−t2)

(
−σo −

σot

t3 − t2

)
+H(t−t3)

(
σot

t3 − t2

)
(7.8.1)

where t is the time variable, H(t) is the Heaviside step function and σo is the applied (axial)
stress. t = 0 is the initial load application time, t1 is when full loading is reached, t2 is the
load release time, and t3 the time at which load returns to 0. By inserting Equation (7.8.1)
into the constitutive law (7.3.2), we obtain:

calculquebec.ca
alliancecan.ca
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ε(t) = S(0)σ(t) +
N∑
i=1

S(i)σo
t1

(
t− 1

λi
(1− e−λi(t))

)
H(t)

−S(i)σo
t1

(
t− t1 −

1
λi

(1− e−λi(t−t1))
)
H(t− t1)

−S(i) σo
t3 − t2

(
t− t2 −

1
λi

(1− e−λi(t−t2))
)
H(t− t2)

+S(i) σo
t3 − t2

(
t− t3 −

1
λi

(1− e−λi(t−t3))
)
H(t− t2).

(7.8.2)

The experimental values of ε(t) was used to infer the S(i) and λi such that the difference
between the ε(t) obtained with Equation (7.8.2) and the experimental data is minimized. To
reduce the complexity of the optimization problem, the following variable change was made.
Each isotropic tensor can be written as S(i) = αiJ + βiK, where J is the hydrostatic and K
the deviatoric 4th-order tensors [225]. Using the definitions J and K, equation (7.3.2) can
be expressed as:

3ε1(t) = (αo + 2βo)σ(t) +
∫ t

o

N∑
i=1

(αi + 2βi)
(

1− e−λi(t−τ) : dσdτ

)
(7.8.3)

3ε2(t) = (αo − βo)σ(t) +
∫ t

o

N∑
i=1

(αi − βi)
(

1− e−λi(t−τ) : dσdτ

)
. (7.8.4)

Then, by taking:

ε†(t) = ε̌1(t)− ε̌2(t)

ε††(t) = ε̌1(t) + 2ε̌2(t)
(7.8.5)

with ε̌j the experimental strain along direction j = 1, 2 (axial and transverse, respectively),
variables ε†(t) and ε††(t) allow the fit of parameters αi and βi to be done independently,
using at once the axial and the transverse experimental data. The non-negative condition
on αi and βi was removed by optimizing instead for xi and yi such that αi = x2

i and βi = y2
i ,

which makes the optimization problem unconstrained. To optimize the parameters, the
Levenberg-Marquardt algorithm in Matlab™ lsqnonlin was used, defining the residual using
the averaged stress-strain time series as:

resα =εLMα − ε††(t)

resβ =εLMβ − ε†(t)
(7.8.6)

where εLMα and εLMβ are the strains given via the coefficients found via Levenberg-Marquardt.



111

The interconversion between the identified S(i) into C(i) was then performed with the proce-
dure explained in [223].
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CHAPTER 8 COMPLEMENTARY WORK: RVE size convergence study
using realistic microstrutures

The advantage of using imaging data from printed specimens for homogenization has been
demonstrated in Chapters 6 and 7. Having the ability to produce large datasets with explicitly
identified constituents presents with the opportunity to carry out a rigorous evaluation of the
RVE size for SFRPs made by FFF. In addition, the effect of morphological factors such as
fiber and pore volume fraction, fiber’s average length and orientation on estimated mechanical
properties such as El and Et can be analyzed separately, as each subvolume can be treated
as a statistical sample of the material.

8.1 Creation of large microstructure description

As presented in Figure 8.1, a similar procedure as that used in Sections 6.4.3 and 7.4.4
was used to create a larger dataset from multiple individual scans. An ASTM D638 type 1
dogbone specimen was printed from reinforced PEEK (using commercial filament TecafilTM

VX 30CF) with the 0.4 mm nozzle with the 0°-0° pattern (see Section 7.4.1 for details on
processing parameters). A segment of ≈ 1.5 mm diameter was then carved from it. A low-
resolution (large FoV) scan of the carved segment is presented in Figure 8.1 a). Then, the
same segment was repeatedly scanned at high resolution, with each FoV carefully placed in a
3×3 grid, in such a manner that FoVs overlap to completely cover a wider volume, as shown
in Figure 8.1 b). Once the data was acquired, each of the 9 datasets were juxtaposed by
manually adjusting the coordinates so that fibers and pores that cross the boundary between
neighboring scans are correctly aligned, as shown in Figure 8.1 c). In this Figure, the 9
individual scans are given an intensity offset in a checkered pattern, so that continuity across
boundaries can be visually assessed. The combined tomographic dataset was then processed
using OpenFiberSeg in the same manner as for individual FoV, on a compute server with
enough memory capacity (≈ 200 GB) for the task. Three such datasets were produced and
processed in this manner. The processing for those datasets took 20 days using 32 CPUs,
identifying ≈ 106 individual fibers. The result of the segmentation is presented in Figure 8.1
d) and e), showing the fiber and the pores density, respectively. The fiber density is nearly
homogeneous except at the locations of mesotructure porosity (there are no fibers inside
pores). The pore density concentrates at the corners of each print bead, and between print
layers.

Under the hypothesis that a volume of this size is larger than the minimum RVE size for this
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Figure 8.1 Creation and processing of a large dataset from a specimen printed with the 0°-0°
pattern. a) Low-resolution scan with large FoV. b) 9 high-resolution scans, in a grid pattern.
c) Manual cropping and juxtaposition. OpenFiberSeg results: d) fiber density and e) pore
density, revealing the printing pattern.

microstructure, elasticity homogenization is performed using first the largest subvolume that
respects the natural periodicity of the printing pattern, as shown in Figure 8.3. The largest
rectangle encompassing the 4 smaller ones starts and ends in the middle of a layer, and at
the center of a bead. The largest volume is then partitioned by dividing in each direction
by a power of 2. There are therefore 23 = 8 subdivisions in the first set (as presented in
Figure 8.2), 43 = 64 in the second and 83 = 512 in the third. For each of these subdivisions,
FFT homogenization is performed in the way presented in Section 6.4.4. The results of those
simulations are presented in the following sections.

8.2 Homogenization results

For each realization processed through AMITEX, the five transversely isotropic parameters
were extracted from their homogenized stiffness tensors. The longitudinal and transverse ten-
sile moduli, respectively El and Et, obtained for each subdivision are presented in Figure 8.4
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Figure 8.2 Subdivision process of data volume. a) Single, whole volume before any subdivi-
sion. b) Grid of 2× 2× 2 = 8 sudvisions of the volume at the first level of subdivisions.

as a function of fiber count. The longitudinal shear moduli Gl, and the longitudinal and
transverse Poisson’s ratio, νl and νt are presented in Figure 8.6. From the dotted trend lines
connecting the average values for each subdivision level, out of the 5 transversely isotropic
parameters, the values which converge the slowest among those are El.

In Figure 8.5, the mean values of El for each subdivision level is presented, along with the
total CPU time required to process those microstructures through AMITEX. The value for
El estimated at the subdivision level 64 (near 103 fibers) is within 5% of the asymptotic
value, but the processing time required is more than 40 times lower.

Using these data, the influence of factors that are generally thought to influence mechani-
cal properties can be examined in isolation. In Figure 8.7, the longitudinal modulus El is
presented as a function of mean fiber length and mean fiber deviation in each of the subdivid-
ions. El shows a moderate positive correlation (computed at 0.37) with mean fiber lengths,
and a moderate negative correlation with mean fiber deviation (computed at −0.4). These
observations are consistent with expectation, though they had not been quantified previously.

In Figure 8.8, the dependence of El on the fiber and pore volume fraction is presented. Sur-
prisingly, the correlation with fiber volume fraction is weak, measured at 0.2. This suggests
that fiber fraction by itself is not a sufficient indicator of overall stiffness, but rather it’s com-
bination with alignment and low porosity for instance. The correlation with pores fraction
is negative and stronger, measured at −0.6. This is in line with expectation, as pores have a
negative effect on stiffness.

The Kanit method presented here is usually performed on artificially generated microstruc-
tures. However, reaching high volume fractions and aspect ratios with predominant alignment
is a long-standing problem in the field [4, 45, 63, 98, 167]. The use of imaging data instead
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Figure 8.3 Definition of subvolume inscribed in the natural periodicity of the printing pattern.
The largest volume is then divided by 2 along each dimension as shown. Here 4 squares are
visible, out of the 8 cubes formed by the subdivision process.

allows the method to be applied in those regimes. Observing the convergence of properties
in data obtained experimentally is a strong validation that the Kanit method is applicable
in materials showing these morphological features.
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Figure 8.4 Longitudinal and transverse tensile moduli (El and Et, respectively) of each real-
ization as a function of fiber count
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Figure 8.5 Mean longitudinal tensile moduli El of each realization as a function of fiber count,
with 95% confidence intervals. Total processing time for each subdivision level.
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Figure 8.6 Longitudinal shear modulus Gl and Poisson’s ratio νl, transverse Poisson’s ratio
νt of each realization as a function of fiber count
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Figure 8.7 Longitudinal tensile modulus El for each realization, showing the dependence on
mean fiber length and mean fiber deviation from printing direction
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Figure 8.8 Longitudinal tensile modulus for each realization, showing the dependence on fiber
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119

CHAPTER 9 GENERAL DISCUSSION

9.1 Generalization of the method presented

Two variants of CF-reinforced PEEK were studied in this thesis. In Chapter 5, a custom
mixture of Victrex 90G PEEK and chopped Panex 35 CF was used, at various infill levels,
produced at LM2. In Chapters 6 and 7, the commercial product TecafilTM VX 30CF by
Ensinger was used. In both cases, the polymer used is a high-performance polymer with high
melting temperature and high viscosity, which is challenging to successfully form into filament
spools while minimizing porosity. The reliance on a commercially available product for
the characterization efforts undertaken increases the usefulness and potential reproducibility
of the results presented. However, the morphological attributes observed in the previous
chapters are likely to be somewhat unique to the combination of materials studied, and
the additives and other industrial secrets that are involved in its processing, which are not
disclosed by the manufacturer.

In order to extend this work and generalize it, it would be of great utility to have the ability
to estimate the properties of other combinations of polymer and reinforcements, without
having to manufacture them first. However, several factors make such an endeavor difficult.
For instance, through the work pertaining to Chapter 5, specimens were also fabricated
using Poly-Ether-Imide (PEI) resin, and PEEK reinforced with milled CFs. In Figure 9.1,
the experimentally measured tensile modulus, tensile strength and porosity of several samples
at each level of CF filling fraction is presented (see Sections 5.6.1 and 6.4.2 for details on the
experimental procedures). While the dependence of tensile modulus on CF filling fraction is
simply understood, as it roughly follows a linear law (except for a filling of 10%, where the
porosity is high), the strength and porosity data are much less regular. These data illustrate
an important point: knowledge of the material properties given one particular combination
and ratio of constituents cannot reliably be used to predict the properties for significantly
different ratios. For instance, the tensile strength of chopped CF-PEEK increases for high
filling fractions, above the levels for the neat resin. This is not the case for milled CF-PEEK
or chopped CF-PEI, for which the tensile strength remains below that for neat resin at all
filling ratios.

Nonetheless, the microstructural features observed in Chapter 5 for a variety of CF filling
fractions can be used as a starting point for material system design which could possibly
include other polymer matrices such as PEI, polyamide-6 (PA6), polycarbonate (PC), differ-
ent grades of CF, and other reinforcement materials such as glass fibers or natural fibers like
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Figure 9.1 Experimental measurements of a) tensile modulus, b) tensile strength and c)
porosity for specimen made with Victrex 90G PEEK mixed with chopped and milled CFs,
and Ultem1010 PEI mixed with chopped CFs, at several fiber volume fractions.

hemp or wood. Mechanical properties could be estimated using the microstructures found in
our specimen data, but the accuracy of such estimates remains to be demonstrated, especially
with polymers which have vastly different rheological properties to PEEK, in which case the
morphology as a function of processing parameters could be significantly different.

In addition to nozzle diameter and the few printing patterns considered in this thesis, there
are many more process parameters which all work in concert to produce unique morpho-
logical attributes. First, the filament production step is complex and has many adjustable
parameters, then arriving at general rules of thumb to optimize the 3D printing process itself
across various material systems is notoriously difficult. For the work on commercial filaments
presented here, the parameter search (speed, bed temperature, nozzle temperature, chamber
temperature, layer height, extrusion width, extrusion multiplier) was done by a trial-and-
error process, and the first pass of optimization was performed on the basis of quality of
printing assessed visually. Once parameters were narrowed, µCT observations were used to
gauge the level of internal porosity and layer adhesion, to determine final print settings.
Some of the parameters chosen were a limitation of our equipment, as the manufacturer rec-
ommends 250°C for the chamber temperature when printing with PEEK, but the AON3D
MK2 printer can only reach 135°C. The high viscosity of CF-reinforced PEEK means the
flow through the nozzle can settle into metastable states such as oscillations, as presented in
Figure 9.2. In Figure 9.2 a), the visualization of length distribution features flow patterns
which are not in perfect alignment with extrusion direction. In Figure 9.2 c), the somewhat
wavy nature of the flow is revealed, as the flow trendline is not straight but oscillating. The



121

non-aligned nature of the flow is corroborated by visualizing the alignment with a direction
perpendicular to the extrusion direction, which is labelled y in Figure 9.3. In this figure, a
light color indicates stronger alignment with the vertical direction in the image, and a darker
green color is away from it. The same pocket of flow identified in Figure 9.2 a) can be seen
here as better aligned with y. To the extent that such flow structures are common, they
could be the source of some of the spatial variability and local gradients observed in printed
specimens in Chapter 6.

Figure 9.2 Morphological visualization: Oscillations observed in free-space extrusion using
nozzle diameter 0.8 mm. a) Cumulative sum of the lengths in the FoV, in the plane normal
to extrusion direction. b) 3D-rendering of the fibers in the FoV, colored by length. c)
Cumulative sum of the lengths in the FoV, in a plane parallel to the extrusion direction.

Again, it is possible that these observations and other morphological properties discussed
are unique to the particular polymer and reinforcement under study, and the processing
parameters used. The question of whether some of the insights are generalizable to other
polymer/reinforcement combinations is quite relevant, and can only be answered by future
studies on the topic, some of which are already underway at LM2. But while the finely resolved
features like spatial variation in local properties and the differential concentration of fibers at
interface regions may differ from one material system to another, there are coarser features
that can be generalized with more confidence.

For instance, the microstructures as observed in Chapter 5 (at several fiber volume fractions,
see Figure 5.15) can be inserted into the mesostructures as presented in Chapters 6 and 7 (see
Figures 6.4 and 7.4), and the homogenization procedure could predict with high confidence
the tensile properties of materials created from those fiber volume fractions using a particular
nozzle and printing patterns. As demonstrated in Section 6.5.6, the majority of the variation
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Figure 9.3 Morphological visualization: Alignment with the y-direction. a) Cumulative sum
of the alignment in the FoV, in the plane normal to the extrusion direction. b) 3D-rendering
of the fibers in the FoV, colored by length.

between specimen configuration is attributed to the microscale features, not the mesoscale.
Therefore, using a generic mesoscale description for other microstructure types should leave
the prediction accuracy largely unaffected.

9.2 Investigation of interlayer properties

In FFF, the deposition of material in layers creates an interlayer region, where the welding of
beads occurs. It is often mentioned that the different mechanical properties at the interlayer
region are responsible for much of the observable differences between printed and injected
parts, especially in terms of tensile strength. The extensive characterization performed now
enables the discussion of how the morphological features at the interface diverge from those
of the bulk material. Using the data presented in Section 8.1, and the visualization of
morphological properties by 2D cumulative sum, a further reduction of the data is performed,
as presented in Figure 9.4. The 2D mappings in each subfigure is averaged along the vertical
direction (excluding positions where no data exists, such as pores), and this averaged data
is normalized by its maximum value. The data thus created represents the variation of a
property as a function of a single coordinate, in this case the z-direction, which is the direction
normal to the bed plane. The resulting values for each property, which vary between 0 − 1
are plotted in red on top of the 2D cumulative sums they pertain to. In Figure 9.4 b), the
fiber density is seen to have little dependence on the z position, though it has noticeable
dips at the interlayer regions. In Figure 9.4 c), the average length is shown to have a much
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larger dependence, as the average value drops by 20% in the interlayer region. In Figure 9.4
d), e) and f), the average alignments with directions x (the printing direction), y (the other
in-plane direction), and z is shown. In the interlayer regions, the alignement with the print
direction x drops, and more dispersion in y and z is noticeable. Therefore, this data reveals
that the interlayer regions have lower than average fiber lengths, and the alignment with the
printing direction is lower than in the bulk of the material. In addition to the partial polymer
welding that exists in this region, those morphological attributes contribute to explain the
consistently lower strength values in the direction normal to the layer plane.

9.3 Sensitivity of homogenization to extraction parameters

In Chapter 5, the image analysis and fiber extraction tool make use of parameters which
have been optimized to yield results that are as accurate as possible for the materials under
consideration, as evaluated by visual inspection (see Section 5.4 for details). It is reasonable
to expect that the precise parameter selection influences the mechanical prediction quality
performed in Chapters 6 and 7 as well. For instance, the volume fraction in the extracted
volume will be affected by the sensitivity of the machine learning-based voxel-wise identifi-
cation. Successfully identifying the fiber boundaries is still an outstanding problem, as those
are not readily identifiable in visual inspection, and the sharpness of the boundary is affected
by the scan quality and the tomographic reconstruction parameters. Future work would be
required to investigate the precise relationship that exists between those parameters and the
predicted mechanical properties. One effect of relevance occurs at the location of contact
between fibers. If there are pixels that are identified as belonging to different fibers that are
immediately adjacent, there would exist a perfect load communication at those locations,
which is not what we expect in real materials. This effect is a possible explanation for the
over-estimation of transverse creep stiffness in the mechanical simulations in Chapter 7.
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Figure 9.4 Interface property variation as a function of position in the z-direction (normal to
the print bed). Specimen printed with 0.4 mm nozzle, in the 0°-0° printing pattern. a) Slice
of the tomographic data, where the print direction is out of the page. b) Cumulative sum of
the fiber density in the volume. c) Cumulative sum of the fiber lengths.) d) Cumulative sum
of the alignment with the x-direction (print direction). e) Cumulative sum of the alignment
with the y-direction. f) Cumulative sum of the alignment with the z-direction. For each
case, the red line is the average value over the vertical direction, giving a estimation of the
variation of the property in question along the position in z.
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CHAPTER 10 CONCLUSION AND RECOMMENDATIONS

In this work, the process-structure-property relationship of SFRPs made by FFF was inves-
tigated, and a methodology for relating microstructure characterization of printed specimens
to effective properties was developed and validated. An automated tool called OpenFiberSeg
was developed for the purpose of extracting individual components from µCT imaging data.
With this tool, a volume of data is segmented (classified) into either fiber, pore or polymer
matrix in a pixel-wise manner using machine learning (K-nearest neighbors method) and
classical image processing (Canny edge detection and morphological operations). Then the
regions containing fibers are grouped and differentiated using a special-purpose heuristic in
which partial detections serve to inform on possible missing segments, enabling the recon-
struction of entire fibers in an efficient manner, with little to no human input. The tool is
validated by reproducing the results of two independent publications, and by visual inspec-
tion of the output when used on SFRPs with different levels of fiber volume fraction, which
yields 93.1% accuracy on a per-voxel basis. The output was also validated globally by using it
to calculate the density of the specimens directly from the tomographic data and comparing
the estimate with experimental measurements.

OpenFiberSeg being fully automated, it can be used to process large quantities of data from
several types of specimens without introducing user error or other types of experimental bias,
though the quality of the segmentation is markedly dependent on the resolution and contrasts
in the tomographic data used as input. Having a tool specifically designed for the type of
morphological features found in SFRPs made by FFF has greatly facilitated the analysis of
the process-structure relationship in those materials.

The process-structure-property relationship was then investigated, by producing specimen
made with different nozzle diameters and printing patterns, in a total of five different config-
urations. Several tomographs were taken for each configuration, both at high resolution to
characterize the microstructure, i.e., the individual fibers and small intra-bead pores, and at
low resolution to analyze the mesostructure, i.e., the regular array of beads and larger poros-
ity left by the printing pattern. The relationship between process parameters such as nozzle
diameter and fiber lengths and orientation distribution were revealed experimentally for the
first time, enabling the quantification of phenomena like fiber breakage and shear-induced
fiber alignment during extrusion. The extraction of individual fibers in a volume of specimen
also allows the analysis of variation of local properties such as fiber or pore density, degree
of alignment, and lengths distribution. Up to now, localized gradients such as those were
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suspected but had not been measured.

The advantage of using such a highly detailed characterization for tensile property predic-
tion was demonstrated, by implementing a dual-scale FFT homogenization method based on
imaging data, which reduces the relative error on tensile testing predictions by a factor of
4 compared to homogenization procedures using artificially generated micro and mesostruc-
tures.

Furthermore, the dual-scale homogenization method was extended to the thermo-viscoelastic
domain. A procedure was devised, by which the parameters for the isotropic constitutive law
pertaining to the neat polymer is identified from experimental creep-recovery data, then
used in conjunction with detailed microstructure descriptions to create simulated relaxation
curves. These curves were used to obtain an anisotropic, temperature-dependent constitutive
law describing the creep behavior of the SFRPs at the microscale. Using this constitutive law
and a mesostructure description, the macroscopic creep response to an arbitrary loading as
a function of temperature can be predicted. The quality of these predictions was evaluated
by using the behavior law produced to simulate creep-recovery tests on the SFRPs, which
were compared against experimental multi-axis measurements on composite specimens. In
the case of axial loading (0° printing pattern), the mean relative error of the predicted creep
strain to the measured one was < 3% for both 21°C and 120°C. In the case of transverse
loading (90° printing pattern), the error is much larger, reaching nearly 25% mean relative
error. This is the first study to attempt to compare the predicted multi-axis response to
experimental data for a homogenization model on SFRPs, and the general accuracy in axial
loading is on par with leading methods in the field.

Limitations and recommendations for future studies This thesis centered on the
modelling of effective properties of CF-reinforced PEEK, in the morphology produced by
FFF. The definition of the scope of the work is such that several limitations can be mentioned.

In addition to the many other thermoplastics suitable for FFF, there are other types of
reinforcements such as glass or natural fibers, for which the tracking procedure nor the ho-
mogenization models have not been tested. The tracking procedure as implemented assumes
that each fiber can be considered straight. For longer fibers, such as those used in some
injection molding applications, this assumption does not hold, and a more complex represen-
tation of fibers would be required that includes curvature, such as splines for instance. Such
a description would considerably complicate the stitching heuristic, as the missing segments
would also have curvature, making the identification and ranking of candidate matches much
more demanding algorithmically. However, using OpenFiberSeg for SFRPs made by injec-
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tion molding is already possible, which could help ascertain how FFF and injection affect
morphological features differently.

The work presented in this thesis focusses on stiffness, either elastic or viscoelastic. How-
ever, stiffness is not the only mechanical attribute that is relevant to mechanical design:
for many applications the tensile strength, elastic limit, fracture toughness, or impact hard-
ness can be the main design criterion. For the study and prediction of all those features,
having a highly resolved microstructure description is certainly an advantage. For instance,
the degree of stress concentration at the microscale near fiber tips or at points of contact
between fibers, which can be observed in the full-field solutions presented in Section 6.5.5,
can be used as a starting point for fracture toughness evaluation. The influence of differ-
ent properties at the fiber-matrix interface is also of great research interest, as they have
been shown to affect elastic and fracture properties but are cumbersome to study, as the
interface properties cannot be measured directly. The insertion of an interphase region in
the immediate surrounding or fibers would provide a means of investigating those properties
with inverse methods for instance. On the topic of temperature-dependent properties, the
behavior law produced can accommodate temperature variations during loading. This fea-
ture was not tested numerically or experimentally, but that would be of considerable interest,
as anisotropic thermal expansion is a non-trivial concern for mechanical designers. Another
advantage of the encapsulation of the behavior law in a UMAT subroutine is that it can
be used with any mechanical modelling software that accepts UMATs, not necessarily the
AMITEX implementation presented here.

In addition, other types of physical laws can also be studied with a similar methodology as
presented here. For instance, linear thermal or electrical conductivity has essentially the same
mathematical expression as Hooke’s law, therefore those properties pertaining to SFRPs could
be evaluated using the dual-scale homogenization method, without modification. It would be
interesting to compare those estimations with experiment, particularly anisotropic features.
Anisotropic thermal conductivity and thermal expansion are of considerable technological
interest, as tooling used in resin transfer molding technique, which require high temperature
resistance could be manufactured using CF-reinforced PEEK or PEI by FFF instead of
machined steel. In such cases, the tool warpage attributed to anisotropic thermal expansion
change must be predictable to a high level of precision.

Finally, an area of research that was only touched on is the study of infill patterns, for
which FFF offers great flexibility and potential for optimization. The emerging field of
architected materials is becoming much more accessible thanks to low-cost FFF equipment,
and the creation of functionally graded infill patterns is of great interest for technological
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applications [226]. The ability to predict the macroscale properties of any arbitrary infill
pattern increases the potential for computational optimization of such materials.
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APPENDIX A GREEN’S TENSOR FOR ISOTROPIC SYMMETRIES

The following derivation is adapted from [110, 112]. Hooke’s law, re-expressed using the
polarization term τ(x) reads:

σ(x) = C0 : ε(u(x)) + τ(x). (A.0.1)

Considering

ε(uij(x)) = 1
2

(
dui
dxj

+ duj
dxi

)
, (A.0.2)

and the fact that F(∂uk

∂xh
) = iξhûk and F(∂uh

∂xk
) = iξkûh, this equation in the Fourier domain

reads:
ε̂hk = 1

2i
(
ξhûk + ξkûh

)
. (A.0.3)

By definition we have εij = εji, which implies ε̂hk = ε̂kh, and therefore ε̂hk = iξhûk, and hence
Hooke’s law in the Fourier domain is expressed as:

σ̂ij(ξ) = iCo
ijklξhûk(ξ) + τ̂ij(ξ) (A.0.4)

Furthermore, the condition ∇·σ(x) = 0, ∀x ∈ V allows us to write F(∇·σ) = iξjσij(ξ) = 0
(since ∇ · σ = dσij

dxj
) so (A.0.4) simplifies to

K0
ikûk(ξ) = Co

ijkhξhξjûk(ξ) = iξj τ̂ij(ξ), (A.0.5)

where K0
ik(~ξ) = C0

ijkhξhξj. We isolate û(ξ) = iN0
kiτ̂ij(~ξ)ξj, where N0 = 1

K0 , and use the
symmetry of τ , i.e. τij = τji, to write:

ûk(ξ) = i

2

(
N0
kiτ̂ij(ξ)ξj +N0

kj τ̂ji(ξ)ξi
)

(A.0.6)

= i

2

(
N0
kiξj +N0

kjξi

)
τ̂ij(ξ). (A.0.7)
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Then, by virtue of: ε̂hk = i
2

(
ξhûk + ξkûh

)
, we find:

ε̂hk =− 1
4

(
N0
kiξjξh +N0

kjξiξh +N0
hiξjξk +N0

hjξiξk

)
τ̂ij (A.0.8)

=− Γ0 : τ̂ , (A.0.9)

where Γ0 is the Green tensor. If the material is isotropic with Lamé coefficients κ0 and µ0

C0, we have:

C0
ijkh =κ0δijδkh + µ0 (δikδjh + δihδjk) (A.0.10)

therefore: K0
ik(ξ) =(κ0 + µ0)ξiξk + µo|ξ|2δik (A.0.11)

and N0
ik(ξ) = 1

µ0|ξ|2

(
δik −

ξiξk
|ξ|2

κ0 + µ0

κ0 + 2µ0

)
, (A.0.12)

so the Green tensor for isotropic symmetries is:

Γ̂0
khij(ξ) = 1

4µ0|ξ|2
(
δkiξhξj + δhiξkξj + δkjξhξi + δhjξkξi

)
− λ0 + µ0

µ0(λ0 + 2µ0)
ξiξjξkξh
|ξ|4

(A.0.13)
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APPENDIX B SUPPLEMENTARY MATERIAL: ARTICLE:
OPEN-SOURCE SEGMENTATION OF SHORT FIBER REINFORCED

COMPOSITES

Extension of incomplete detection of fiber regions

In scans of specimen with low filling fraction (≤15wt.%), the following difficulty was encoun-
tered: radiometric artifacts are more prominent in the comparatively large regions occupied
by matrix, and are more often confused by InSegt as fiber voxels. To prevent many false
detections, the probability threshold had to be kept relatively high, which has the side effect
of not capturing each fiber region entirely and yields an underestimation of total fiber volume
fraction. The following procedure was applied to be able to extend these regions into the
actual space occupied by each fiber without introducing false detections.

The probability field produced by InSegt was first smoothed (with cv.GaussianBlur) and
then the Laplacian of the field was taken (with cv.Laplacian), shown in Figure B.1 a). The
Laplacian of probability field inside fibers is low (< 500), which does not occur where there
are radiometric artifacts. To identify these regions in an adaptive manner, which is invariant
to scan quality and intensity, the threshold is empirically set at 1.5 standard deviations
below the mean of the Laplacian. This mask, shown in Figure B.1 b), delimits a larger
region around each fiber detection. The threshold was set on the basis of the size of these
expanded regions compared with visual inspection of the input data. Computing it in this
manner successfully found nearly all fiber regions, without introducing false detections at the
location of radiometric artifacts, regardless of scan characteristics. The watershed algorithm
is then used, taking the initial detections as seeds, and the mask as the boundaries. Although
the mask does feature regions where no fibers are present, since they also contain no "seed"
values, they will not introduce false detections. The output of the watershed algorithm is
shown in Figure B.1 c), overlaid on the raw data alongside the output from InSegt for a
PEEK specimen with 5 wt.% CF. If the blue regions were absent from the detection, each
fiber would be under-represented by 15-25%, which in turn would yield incorrect estimates
of fiber volume fraction and density, and ultimately mechanical properties in general.

Calculation of fiber volume fraction and material density

Using the number of voxels labelled as fibers, matrix or pores (respectively marked as vf , vm
and vp) the fiber volume fraction cvf can be predicted from the segmentation output, as per:
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Figure B.1 Expansion of fiber regions for low fiber filling fraction specimen (PEEK with 5
wt.% CF): a) Laplacian of the probability field provided by InSegt, b) binary mask, threshold-
ing on the Laplacian values, c) initial fiber regions (orange) serving as seeds for the watershed
algorithm, expanding them into areas delimited by the binary mask (blue). This method al-
lows the inference of the entirety of fiber cross sections without introducing false detections
where artifacts are present.

cvf = vf
vf + vm + vp

. (B.0.1)

On the other hand, the volume fraction can be computed from the fiber mass filling fractions,
cmf with which the specimen were manufactured, as per:

cmm = 1− cmf (B.0.2)

v = vf + vm + vp (B.0.3)

vp = cvpv, (B.0.4)

where cmm is the mass fraction of matrix, and v is the total volume of the specimen. By
positing a total mass m of 1 gram, we can obtain vf and vm directly from the mass fractions
and the densities ρ, as per:

vf = mcmv
ρf

, (B.0.5)

and similarly for vm. We then combine (B.0.3) and (B.0.4) and obtain vp as:
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vp = cvp

(
vf + vm
1− cvp

)
. (B.0.6)

Knowing all partial volumes allows us to use (B.0.1) to compute the cvf directly from the
known density data for matrix and fibers and the mass fractions.

To validate that the segmentation tool produces the correct assessment of porosity, the total
density of each SFRP specimen can be measured directly with the help of a helium pycnome-
ter (AccuPyc II 1340 from Micromeritics). The density is obtained from the volume fractions
obtained by the segmentation tool by:

ρ = m

vm + vf + vp
. (B.0.7)
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APPENDIX C SUPPLEMENTARY MATERIALS: ARTICLE:
MULTISCALE FFT-HOMOGENIZATION OF AM FIBER REINFORCED

COMPOSITES FROM COMPONENT-WISE DESCRIPTION OF
MORPHOLOGY

Effect of processing on microstructure: radial dependence of fiber properties

The non-uniform distribution of fiber properties through an extrusion bead has been sug-
gested by several modelling-based studies. These models predict a radial variation of fiber
alignment at nozzle tip. Heller et al. [172] found it is maximized at the periphery for CF
filled ABS, vf = 15%, with aspect ratio of 15, using a nozzle diameter D = 0.35 mm. Wang
et al. [165] found that alignment is maximized at the center of the bead for a large (3 mm)
nozzle used in Large Area Additive Manufacturing (LAAM), using a realistic length distri-
bution of fibers in 13% Acrylonitrile Butadiene Styrene (ABS). Lewicki et al. [67] performed
flow simulations using discretely modelled fibers and epoxy resin (a thermosetting polymer),
with a vf = 6% and aspect ratio of 50. They found that alignment is promoted during
the extrusion phase, most notably close to the walls. Bertevas et al. studied the impact of
fiber aspect ratio and vf on the flow-induced orientations, finding that printing beads exhibit
skin-core alignment differential, also predicting higher alignment at perimeter for fiber-filled
PLA [158]. They comment on the lack of rich experimental data to corroborate their find-
ings against. Wang et al. used a fully coupled model in which the effect of fiber presence
on the flow characteristic is accounted for, and compare with a weakly-couple approach, in
the context of large nozzles used in LAAM [165, ]. They found that both models predict
increased alignment at the walls, and decreased alignment at the center, but less so in the
fully coupled model.

Experimental measurements of radial dependence

By knowing the position of each fiber or pore relatively to the axis of each cylindrical ex-
trudate specimen, the radial dependence of fiber alignment, fiber length and fiber and pore
densities can be computed. Those statistics are presented in Figure C.1. Contrary to what
was predicted in the literature [67,165,172], only some curves show some radial dependence,
notably the higher fiber lengths at the periphery of the D = 0.4 mm nozzle and its more
centralized porosity distribution. The porosity is higher for that nozzle as well, and is much
more lateralized for both the D = 0.25 mm and D = 0.8 mm extrudates. We do not have a
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clear explanation for this observation at this stage, given that the input filament has evenly
distributed porosity and that the extrusion speeds and temperatures used are all identical.
However, the effect is seen consistently across many specimens.
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Figure C.1 Variation of fiber characteristic as a function of radial position in free-space
extrusion, for 3 nozzle diameters D, and the feedstock filament. a) Alignment with print
direction (1.0 is perfect alignment (θ = 0◦), 0.0 is perpendicular (θ = 90◦)) is highest in the
1.75 mm filament, and has no appreciable radial dependence in any of the 4 cases. b) Fiber
lengths has little radial dependence: is slightly higher at the periphery in the D = 0.4 mm
nozzle, and slightly lower at the periphery in the D = 0.8 mm nozzle. c) Fiber density is
evenly distributed for all nozzle diameters. d) Pore density is slightly more centralized in
feedstock filament and the D = 0.4 mm nozzle, and much lower and more lateralized for
nozzles of D = 0.25 mm and D = 0.8 mm

Cumulative sum of morphological properties

Once the properties of each fiber have been extracted, the spatial variations of fiber properties
can be investigated with the following method, as shown in Video C.2. For the volume under
consideration, the numerical value of the property of each fiber (e.g. fiber length or alignment
with the x direction) is inserted at the location where that fiber is present (or NaN where
matrix or porosity is present). Then, the cumulative sum of those properties all 2D slice
across the volume along one of the reference directions is taken, and for each column of
pixels along that direction, the sum is divided by the number of pixels containing fiber in
that column of voxels. This is so that the value isn’t skewed by the absence of fibers in some
regions, for instance where mesoscale porosity is dominant. As a reminder, x and y are the
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0◦ and 90◦ printing direction, respectively, the x − y plane is the printing bed plane, and z
is the vertical direction. This procedure is illustrated in Video C.2

Figure C.2 Material property visualization by taking cumulative sum along x and y direction,
for a specimen printed with the 0◦-90◦ pattern and the D = 0.4 mm nozzle. Local property
variability is exposed. Link to video.

https://drive.google.com/file/d/1D0KJcMwxJIM4Nmb8uOcO5kg9B2dMQqC8/view?usp=share_link
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