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RESUME

La fabrication par dépot de filament fondu (FFF) de polyméres a haute température offre un
potentiel considérable pour l'industrie aérospatiale. Cela s'explique par la flexibilité de la FFF dans
la création de structures complexes, ainsi que par les propriétés mécaniques, thermiques et
ignifuges de certains polymeres résistants a haute température. Cependant, plusieurs défis sont
associés a la FFF des polymeéres a haute température, en particulier lorsqu'ils sont renforcés par des
fibres courtes. Ces défis incluent le traitement a haute température, la viscosité élevée, les
difficultés d'extrusion des filaments, la formation de porosité, le comportement thermique tel
qu’amorphe et/ou semi-cristallin de la matrice et l'interface fibre-matrice, qui peuvent tous avoir
un impact sur les propriétés mécaniques finales des pieces imprimées. De plus, le choix d'une
matrice polymére appropri¢e et le développement de matériaux composites respectant les
exigences strictes de certification de l'industrie aérospatiale représentent un défi important. La
technologie FFF, qui est relativement récente, manque de procédés standardisés, et les propriétés
des pieces imprimées par FFF ne sont pas encore complétement comprises, en comparaison avec

celles produites par des techniques de fabrication conventionnelles.

Le travail présenté dans cette thése propose le développement des différentes formulations de
matrices polymeres polyetherimide (PEI) amorphe et de polysulfure de phenylene (PPS) semi-
cristallin, renforcées avec de la fibre courte de carbone recyclée (rCF) et des particules de thermal
black (TB). Quatre (4) formulations composites différentes ont été fabriquées pour chaque matrice.
Initialement, les composites contenaient 20 % en poids de rCF, qui ont été progressivement
remplacées par des particules de TB, par incréments de 5 % en poids. Aprés leur extrusion, les
composites ont ét€ moulés par injection (IM) et aussi ont été extrudés sous forme des filaments.
Ensuite, les propriétés mécaniques, thermiques et microstructurales des pieéces imprimées par FFF

et celles des pieces moulées par injection ont été analysées et comparées.

Les propriétés mécaniques ont été étudiées en termes de performance en traction, en flexion et a
I’impact. L'incorporation de rCF a significativement amélioré les propriétés mécaniques des
composites PEI et PPS. L'incorporation de 20 % en poids de rCF a augmenté le module de traction
de la matrice PEI moulée par injection de 3.2 GPa a 6.2 GPa, tandis que pour le PPS moulé par
injection, le module de traction est passé de 3.5 GPa a 20 GPa. L’efficacité du renforcement avec

un chargement en rCF pour les spécimens IM de PEI et de PPS peut étre attribuée aux différences
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dans leurs caractéristiques structurelles, PEI étant amorphe et PPS semi-cristallin. Pour les mémes
formulations, le module de traction des composites PEI et PPS imprimés par FFF a été
respectivement de 4.3 GPa et 6.0 GPa. Pour d'autres formulations, les différences mécaniques entre

les piéces moulées par injection et celles imprimées par FFF étaient moins prononcées.

Pour mieux comprendre ces différences des propriétés mécaniques entre les pieces moulées par
injection et celles imprimées par FFF, nous avons étudié I'évolution de la microstructure associée
a chacun des procédés, c’est-a-dire pour I’IM et le FFF. Une corrélation a été faite entre les
caractéristiques microstructurales et la performance mécanique, en utilisant des techniques de
caractérisation telles que la microscopie électronique a balayage (MEB), la micro-tomographie a
rayons X (micro-CT) et la calorimétrie différentielle a balayage (CDB). Ces techniques ont permis
de quantifier le contenu en porosité, la distribution et I'alignement de la longueur des fibres, ainsi

que la cristallinité des pieces moulées par injection et imprimées par FFF.

11 a été constaté que les picces imprimées par FFF présentent une porosité allant jusqu'a 17 % pour
les composites PEI et 9.2 % pour les composites PPS renforcés avec 20 % en poids de rCF,
comparativement aux mémes formulations de pieces moulées par injection qui ont présenté
seulement ~ 1 % de porosité. De plus, les fibres dans les piéces moulées par injection sont plus
longues et mieux alignées dans la direction de 1'injection par rapport a celles des pieces FFF. Par
ailleurs, les composites PPS moulés par injection présentent une cristallinité plus élevée que les
composites PPS imprimés par FFF. Ces analyses quantitatives nous aident a mieux comprendre les
différences de performances mécaniques entre les pieces moulées par injection et celles imprimées

par FFF.

La performance mécanique des pieces structurelles plus complexes imprimées avec les composites
développés, notamment des panneaux sandwich en configuration de nids d'abeilles, a également
été évaluée. Ces panneaux ont été choisis en raison de leur utilisation répandue dans les intérieurs
des avions, donc par leur application dans l'industrie aérospatiale. La performance mécanique en
flexion des panneaux sandwich imprimés par FFF a été comparée a celle des panneaux imprimés

avec des filaments composites PEI et PPS disponibles commercialement.

Un dispositif de corrélation d'image numérique 3D (DIC) est utilis¢ lors des tests de flexion,
permettant une mesure de déformation en champ complet et mettant en évidence les zones de

concentration de la déformation. Cette analyse a aidé a mieux comprendre les mécanismes de



vii
fracture des panneaux sandwich imprimés par FFF sous charge de flexion. Dans 1'ensemble, les
panneaux sandwich imprimés en 3D ont démontré une capacité de charge significative allant
jusqu'a 3.0 kN, avec un poids moyen d'environ 50 g. Les propriétés de flexion de ces panneaux

sandwich imprimés avec des filaments de composites PEI et PPS se sont avérées comparables a

celles des panneaux imprimés avec des filaments commerciaux.

Les nouvelles formulations de filaments composites de PEI et de PPS ont montré des propriétés
mécaniques améliorées par rapport aux matrices pures moulées par injection, ainsi qu'une bonne
imprimabilité¢ dans les structures sandwich en nids d’abeille imprimés par FFF. Ces nouveaux
composites ont prouvé un réel potentiel d'application dans l'industrie aérospatiale, en particulier
pour des composants secondaires non structuraux dans les pieces intérieures, telles que les conduits

d'air, les capots de si¢ges et les panneaux de sol ou muraux.
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ABSTRACT

Fused Filament Fabrication (FFF) of high temperature and high mechanical performance polymers
offers considerable potential for the aerospace industry. This is due to the flexibility of FFF in
creating complex structures, as well as the mechanical, thermal and flame-retardant properties of
these polymers that are resistant to high temperatures. However, there are several challenges
associated with the FFF of high-temperature polymers, particularly when reinforced with short
fibers. These challenges include high-temperature processing, high viscosity, filament extrusion
difficulties, porosity formation, the amorphous or semi-crystalline behaviour of the matrix, and the
fiber-matrix interface, all of which can impact the final mechanical properties of the printed parts.
Additionally, selecting a suitable polymer matrix and developing composites that meet the strict
certification requirements of the aerospace industry is challenging. The relatively new FFF
technology lacks standardized processes, and the properties of FFF-printed parts are still not fully

understood when compared to those produced by conventional manufacturing techniques.

The work presented in this thesis proposes the development of different formulations of amorphous
polyetherimide (PEI) and semi-crystalline polyphenylene sulfide (PPS) matrices, reinforced with
recycled short carbon fiber (rCF) and thermal black (TB) particles. Four (4) different composite
formulations were manufactured based on each matrix. Initially, the composites contained 20 wt.%
rCF, which was gradually replaced with TB particles, by 5 wt.% increments. After their melt
compounding, the composites were injection molded (IM) and, as well, were extruded to shape
them in filaments. Then, the mechanical, thermal, and microstructural properties of FFF printed

parts and those of IM parts were analysed and were compared.

The mechanical properties are investigated in terms of tensile, flexural, and impact performance.
The incorporation of rCF significantly enhanced the mechanical properties of both PEI and PPS
composites. The incorporation of 20 wt.% rCF increased the tensile modulus of the IM PEI matrix
from 3.2 GPa to 6.2 GPa, while for the IM PPS, the tensile modulus increased from 3.5 GPa to 20
GPa. The reinforcement efficiency with rCF loading for IM specimens of PEI and PPS may be
attributed to differences in their structural characteristic, as they are amorphous and semi-
crystalline, respectively. For the same formulations, the tensile modulus of FFF printed PEI and
PPS composites is found to be 4.3 GPa and 6.0 GPa, respectively. For other formulations, the

mechanical differences between IM and FFF printed parts are less pronounced.
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To better understand these mechanical performance differences between IM and FFF printed parts,
the microstructure evolution was investigated in respect to the melt-process applied, e.g., to IM and
FFF processing. A correlation was done between the microstructural characteristics and the
mechanical performance using characterization techniques such as scanning electron microscopy
(SEM), X-ray micro computed tomography (micro-CT), and differential scanning calorimetry
(DSC). These techniques allowed us to quantify porosity content, fiber length distribution and
alignment, as well as crystallinity in both IM and FFF printed parts.

It is found that FFF printed PEI and PPS composites reinforced with 20 wt.% rCF have a porosity
content of up to 16.8 % and 9.2 %, respectively, when compared to the same formulations of IM
parts which presented only ~ 1 % of porosity. Additionally, the fibers in IM parts are longer and
more aligned in the injection direction compared to those in FFF parts. The IM PPS composites
exhibited higher crystallinity than FFF printed PPS composites. These quantitative analyses help

to better understand the mechanical performance differences between IM and FFF printed parts.

The mechanical performance of FFF printed parts using the developed composites, e.g., of more
complex structural parts such as honeycomb sandwich panels, was also evaluated. These panels
were chosen due to their widespread use in the interiors of planes, therefore for their application in
aerospace industry. The flexural mechanical performance of the FFF printed sandwich panels was

compared to that of panels printed with commercial PEI and PPS composite filaments.

A 3D digital image correlation (DIC) setup is employed during flexural testing, enabling full-field
strain measurement and highlighting areas of strain concentration. This analysis helped to better
understand the fracture mechanisms of the FFF printed sandwich panels under flexural loading.
Overall, the 3D printed sandwich panels demonstrated a significant load-bearing capacity of up to
3.0 kN, with an average weight of approximately 50 g. The flexural properties of the sandwich
panels printed with developed composite filaments were found to be comparable to those printed

with commercial filaments.

The novel formulations of PEI and PPS composites filaments have demonstrated improved
mechanical properties compared to injection molded neat matrices and also a good printability in
FFF printing of sandwich panels. These new developed composites proved a real potential of
application in the aerospace industry, particularly for secondary non-structural components in

interior parts such as air ducts, seat caps, and wall or floor panels.
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CHAPTER 1 INTRODUCTION

The global additive manufacturing (AM) market is projected to reach $37 billion by 2029 [1]. This
technology is widely used in prototyping, tooling, and other production fields. The market is
dominated by a few commercial companies with closed-source printing technologies featuring
printers and materials. Fused Filament Fabrication (FFF) is an open-source technology for
processing thermoplastic filaments to manufacture complex three-dimensional (3D) structures.
FFF technology also shares a significant market portion of 11.5 % within the additive

manufacturing industry by 2024, mainly because it is open-source technology.

The FFF process could yield significant benefits to the aerospace field. For example, sandwich
panel structures consist of two outer layers, called skins, with a lightweight core [2, 3]. These
structures are usually made of dissimilar materials that are glued together. The manufacturing of
sandwich panels requires therefore many steps. Moreover, the hollow core structures are usually
periodic and offer little room for variations in their geometries. The FFF printing could be used to
fabricate sandwich panels in a single step while offering full flexibility on the manufacturing of

complex core geometries.

Aerospace applications have challenging environmental conditions such as high temperatures,
oxidative and chemical exposures, combined with mechanical loading. For example, aluminium
(Al) 7000 and 2000 series alloys are limited to maximum operating temperatures ranging from 90
°C to 175 °C, as temperatures above this range can induce over-aging in the Al alloys. Regarding
oxidative and chemical environment, the exposure of moisture and hydraulic fluids can cause

corrosion and hydrogen embrittlement in most metallic parts.

Thermoplastic polymers like Polyetherimide (PEI) and Polyphenylene sulfide (PPS) are adequate
candidates for secondary (non-structural) application in aerospace interior parts owing to their
mechanical performance, inherent flame retardancy, and chemical and UV resistance. PEI is an
amorphous thermoplastic polymer that has a tensile strength of up to 110 MPa, a tensile modulus
of 3.2 GPa, and a service temperature of up to 175 °C, for selected grades [4]. PPS is a semi-
crystalline thermoplastic polymer that has a tensile strength of up to 90 MPa, a tensile modulus of

3.5 GPa, and a service temperature of up to 200 °C, for selected grades [5].



The bulk mechanical properties of pure PEI and PPS cannot meet, in a neat form, the demanded
requirements for the aerospace industry to replace metals. For example, the stiffness of PEI is
approximately 3.5 GPa, whereas Al has a stiffness of approximately 69 GPa, making Al
approximately 20 times stiffer than PEI. However, when considering their specific properties
relative to density, with PEI having a bulk density of approximately 1300 kg/m?* and Al a density
of 2700 kg/m?, the gap narrows. The specific stiffness of PEI becomes 0.26 x 102 GPa.m*kg,
while for Al it is 2.5 x 1072 GPa.m?/kg. In terms of specific stiffness, Al is only approximately 10

times stiffer than neat PEIL.

PEI and PPS, as neat matrices, still do not possess adequate specific mechanical properties
compared to Al. To address this drawback, developing composites with the incorporation of fillers
and implementing them for manufacturing of lighter geometric structures such as sandwich panels
is a viable solution to compete with metallic parts. For example, incorporating carbon fibers can
improve the mechanical properties of the polymer matrix. According to the technical datasheet of
commercially available carbon fibers (CF)-reinforced polyetheretherketone (PEEK) filaments, the
modulus of neat PEEK, which is approximately 4 GPa, increases with CF incorporation up to
approximately 10 GPa for 3DXTech PEEK-20 % CF and 17 GPa for Tecafil™ Vx 30 % CF
filaments, both with a density of approximately 1400 kg/m? [6, 7]. The specific stiffness of these
filaments becomes 0.7 x 102 GPa.m?*/kg and 1.2 x 102 GPa.m%/kg, respectively. This means that,
in terms of specific stiffness, Al is now approximately 3.5 and 2 times stiffer than the CF-reinforced
PEEK composites, respectively, while Al was approximately 8 times stiffer, when compared to
neat PEEK. The sandwich panel geometry increases the strength to weight ratio thanks to their
low-density cellular core. For example, a commercial Al honeycomb core with 4.8 mm cell size
has approximately 400 kg/m® of density, while a honeycomb core made of aramid fiber
impregnated with phenolic resin, known commercially as Nomex, with the same geometry has
density of 48 kg/m?, which provides significant advantage of light core density. In this context, the
flexibility of FFF could lead to optimized geometries of sandwich panels printed with developed

PEI and PPS composite filaments that cannot be made with commercial Al or Nomex core.

Incorporating fibrous reinforcement into polymer matrix enhances mechanical performance and
reduces the cost of final products since fillers are generally less expensive, when compared to neat
matrix. However, developing composite materials introduces other problems, such as increased

viscosity that significantly affects the processability during composite compounding, filament



extrusion, and FFF printing. Developing new thermoplastic composite materials involves multiple
processing steps, including composite compounding, filament extrusion, and FFF printing, while
each one requires significant know-how and expertise. It also necessitates careful material selection
to ensure the materials can withstand repetitive thermal processing cycles. On the other hand,
commercially available PEI and PPS filaments with standard diameter of 1.75 mm are limited to
only few manufacturers and are more expensive, up to 10-fold, when compared to pellets
counterparts. Moreover, commercially available carbon-reinforced PEI and PPS filaments are

currently limited to a maximum content of 15 wt.% of short carbon fiber.

This study was a part of National Research Council Canada’s (NRC) project named 3D Research
Ecosystem for Additive Manufacturing of Thermoplastic Composites, 3DREAM. 3DREAM
project proposed to develop high-performance thermoplastic composites and to adapt them to the
existing open-source FFF technology. 3DREAM was an industrial R&D group, initiated by the
NRC, where Polytechnique Montreal (Laboratory for Multiscale Mechanics (LM2)) was a
collaborator. There were 15 partners in total, among which 13 were from the industry. The
industrial partners were chosen by NRC to create a unique value chain for 3D printing of parts for
transportation while using novel developed advanced composites. This collaboration includes,
among others, the development of novel PEI and PPS composites reinforced with recycled carbon
fibers (rCF) and thermal black (TB) particles and, as well, the advancement of the FFF printing

process for the manufacturing of sandwich panel structures for the aerospace industry.

In this context, the main objectives of this thesis were the development and the comprehensive
investigation of amorphous PEI and semi-crystalline PPS composites adapted for FFF printing of
parts featuring significantly improved specific stiffness and strength, when compared to injection
molded parts made from neat polymers. The methodology included the melt processing of
composites and their comprehensive analysis in terms of rheological, thermal, microstructural, and
mechanical characterization using advanced methods such as differential scanning calorimetry
(DSC), X-ray microtomography (micro-CT), digital image correlation (DIC), 3D scanning, and

scanning electron microscopy (SEM).

The main challenge for this work relied in the fabrication of a printable filament with a maximum
reinforcement content, optimized at 20 wt.%, while reducing the presence of porosities and

increasing the strength and toughness of FFF printed parts. The quality of printed parts needed to



be addressed by using advanced characterization methods applied to initial extruded composites
and to the printed parts, both before and after testing, since the selection of printing parameters was
challenging and involved machine calibration and many changes of FFF processing parameters.
Moreover, the FFF technology is still not fully mastered and lacks of appropriate standard testing
methods for the final printed parts, all combined to the high costs of high-performance
thermoplastic polymers. The lack of standards for 3D printing technology and 3D printed parts and
the existing strict safety regulations specific to the aerospace industry require a full understanding
of the FFF printing process and the development of new materials to be able to compete with

conventional manufacturing methods, such as injection molding.

This thesis consists of eight (9) chapters. Chapter 1 contains a short introduction on existing FFF
3D printing technology and its current challenges. Chapter 2 is the literature review that includes
the main considerations for developing new polymer composite materials for FFF. It also reviews
the literature on different types of polymers and emphasizes the need for developing novel high-
temperature composite materials for FFF printing for aerospace interior applications. Chapter 3
analysis and identifies the gaps existing in the scientific literature to support the choices of the
hypotheses at the basis of this thesis. Chapter 3 also defines the three specific objectives of this
research project. Chapters 4 presents the methodology for composite processing including
compounding, injection molding, filament extrusion and FFF printing. Chapters 5, 6, and 7 present
the three research papers submitted to peer-reviewed scientific journals as part of this work, each
corresponding to a specific objective. Chapter 8§ is a general discussion that synthesizes all the
results and the knowledge acquired from the previous chapters, correlating them with the
hypotheses and objectives formulated at the beginning of the study. Chapter 9 encompasses the
conclusions and the recommendations for potential future studies that would bring other scientific

advancements for the development done in this work.



CHAPTER 2 LITERATURE REVIEW

2.1 Fused filament fabrication

Fused filament fabrication (FFF) additive manufacturing uses thermoplastic filaments to build
structures through the melting and computer-controlled deposition of thermoplastic polymers and
their composites, layer-by-layer. The FFF is an open-source printing technology and the printing
process could be freely modified, unlike the closed-source fused deposition modeling (FDM)
technology. Figure 2.1(a) shows the schematic representation of the FFF process. The
thermoplastic filament is fed into a heated nozzle through the feed system which usually consists
of two pinch rollers and a stepper motor. The heated polymer is ejected onto the printed bed in the
molten state, and then the deposited polymer starts to cool down and solidifies. The layers are built
with the programmed movement of the printing head in X, Y and Z coordinates to draw particular

patterns which are designed with a computer aided design (CAD) and a slicing software.

Thermoplastic polymers commonly used as feedstocks for 3D printing are acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), polyamide (PA), and polycarbonate (PC). Before using a
material in FFF printing, the thermoplastic polymers or their composites containing reinforcing or
filling components such as fibers or particles (when applicable) are first compounded together in
an extrusion line and then converted, also by extrusion, into composite filaments featuring the
desired diameter (e.g., 1.75 mm or 2.85 mm). The reinforcing or filling components and the
polymer matrix should be compounded adequately and dried to attain a certain level of moisture
below a critical one (specific to each thermoplastic polymer). Moreover, there are some other
considerations during the transformation of compounded composite pellets in a filament such as
filament dimensional tolerance (diameter and ovality), flexibility, porosity content, and melt

viscosity [8].

The 3D printed parts usually have lower mechanical properties, when compared to injection and
compression molded parts, mainly due to the presence of defects formed during the printing
process, such as porosity, a weaker layers adhesion compared to bulk parts, etc. [9, 10]. Figure

2.1(b) summarizes studied key elements and main parameters that affect the FFF printing quality.



In terms of material parameters, the crystallinity, viscosity, and surface characteristics of polymers
are mostly dependent on the temperature of the FFF printing. Material parameters dominate the
flow behaviour of polymer through the nozzle and have a significant role in developing adhesion
between printed layers. Raster angle and infill ratio are the other important printing parameters that
lead to different mechanical performance and void contents across the material printing direction
[9-11]. Raster angle is the deposition angle of deposited filament for each layer ranging from 0° to

180°. Infill ratio is the fill density regarding amount of material withing the printed part.

The FFF process offers flexibility and adaptability due to its open-source nature, which allows
modifications to the printing parameters and materials to improve mechanical performance.
Therefore, the careful selection of printing parameters and materials, as well as tailoring of each

parameter, are essential to improve the performance of the final printed parts.
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Figure 2.1 Schematics of the FFF extrusion process and key printing and material parameters [11].
(a) FFF printing method consisting of a filament spool system to feed filament and a liquefier for
the melting and deposition of the extruded filament through the heated nozzle on the heated printing
bed. (b) Main process, material, and printer parameters affecting the printing quality and ultimate
mechanical performance of the FFF printed parts.
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2.2 Polymer composites

The incorporation of fibers into a polymer matrix often enhances its mechanical and physical
properties such as tensile, flexural and impact performance, thermal conductivity, electrical
conductivity, etc. [12, 13]. Carbon fibers are widely used for applications in the aerospace industry.
Polyacrylonitrile (PAN)-based high strength carbon fibers have a tensile strength of ~ 4.5 GPa, a
Young’s modulus of ~ 230 GPa, and a density of 1.75-1.93 g/cm? [14].



The recycling process of CF wastes to manufacture recycled carbon fibers (rCF) was reported to
require roughly 5-10 % of the energy expenditure associated with the manufacturing of virgin CF
[15, 16]. The mechanical properties of rCF are comparable to those of virgin CF while being more
cost-effective. For example, the rCF could have a tensile modulus of 231 GPa, a tensile strength of
4.4 GPa and density of 1.78 g/cm?. The cost of rCF (~17 $/kg) is approximately the third of that of
virgin CF (~60 $/kg). Similarly, it was reported that rCF costs 40 % lower and maintain at least 90
% of their tensile strength, when compared to virgin CF. For smaller production capacity of 100
t/yr, the rCF costs 15 $/kg, but at production capacity of 500-6000 t/yr the market price of rCF
could reduce down to 5 $/kg [17, 18].

Very few studies focused on using rCF for developing FFF composite filaments as summarized in
Table 2.1. For example, Huang et al. [19] reinforced polyether ether ketone (PEEK) matrix with
10 wt.% of rCF and compared the flexural mechanical properties with pure PEEK and PEEK
reinforced with virgin CF. It was reported that with the incorporation 10 wt.% rCF, the flexural
strength and modulus increased by ~ 10 % and 25 %, respectively, when compared to pure PEEK.
In contrast, the addition of virgin CF improved the flexural strength and modulus by ~ 15 % and
30 %, respectively, over pure PEEK. Similarly, Liu et al. [20] developed PEEK composite
filaments reinforced with 10 wt.% of rCF and compared the tensile properties with pure PEEK and
PEEK reinforced 10 wt.% of virgin CF. It was reported that rCF reinforced PEEK exhibited 17 %
and 23 % higher tensile strength and modulus, when compared to pure PEEK. Specimens printed
with virgin CF reinforced PEEK exhibited 23 % and 31 % higher tensile strength and modulus,
respectively, when compared to pure PEEK.

Table 2.1 Summary of literature studies comparing the effects of rCF and virgin CF on the flexural
and tensile properties of FFF printed PEEK.

. Reinforcement Improvement over pure
Study Matrix (WE.%) Property measured PEEK (%)
rCF Virgin CF rCF Virgin CF
10 10 Flexural Strength 10 15
Huang etal. [197 | PEEK ™, 10 Flexural Modulus 25 30
. 10 10 Tensile Strength 17 23
Livetal. [20] | PEEK ™, 10 Tensile Modulus 23 31

Thermal black (TB) is a form of carbon black particles produced by the burning of natural gas,
which results in a powder with contents of elemental metals < 0.5 ppm, sulphur < 10 ppm, and ash

< 0.02 ppm [21]. The production of TB particles yields only hydrogen (H>) as a side product and



this is used for reheating the reactor and electricity generation. It has an average particle size of
280 nm. Unlike the furnace carbon black, TB is not electrically conductive (electrical volume
resistivity of 4.5x107 ohm.cm) due to its surface characteristics and amorphous structure [22]. The

cost of TB (~2 $/kg) is significantly lower than that of virgin carbon fiber (CF) (~60 $/kg).

To the best of my knowledge, only two studies investigated the use of TB with polymer matrices.
For example, Ziebell et al. [23] incorporated TB particles into ethylene propylene diene monomer
(EPDM) rubber and the study showed that the addition of TB enhanced the processability by
lowering the dynamic viscosity and storage modulus. In another study [24], the advantage of using
TB and combination with TB and CF in terms of rheological and thermal properties improvement
was demonstrated. For example, it was reported that the complex viscosity of PA6 reinforced up
to 20 wt.% TB remained similar to neat PA6. Incorporating up to 20 wt.% of TB increased the heat
deflection temperature (HDT) from 160 °C to 183 °C, while providing cost reduction up to 32 %,
when compared to neat PA6. Moreover, the morphological characterization showed that the
addition of TB enhanced the fiber-matrix adhesion as the surface of CF was completely covered
by a mixture of matrix and TB in hybrid composites, when compared to composites reinforced by

CF alone.

Thus, incorporating carbon fibers into a polymer matrix can improve its mechanical and thermal
properties. The use of rCF offers a cost-effective and sustainable alternative to virgin carbon fibers.
Using rCF in combination with TB to produce FFF filaments could yield to a cost-effective and

energy-effective alternative to filaments made of virgin CF.

2.3 Composite filaments in FFF

Surface characteristics and mechanical performance of 3D printed composite parts strongly depend
on polymer matrix innate properties, layer adhesion, fiber content, porosity, and fiber-matrix

interaction such as fibers distribution, aspect ratio, and fiber-matrix adhesion [10, 25].
2.3.1 Layer adhesion and crystallinity

The adhesion between the layers of printed parts strongly depends on the bond formation during
layers deposition that could affect the final mechanical performance of the printed parts [26]. The
bond formation is a physical phenomenon driven by the diffusion of polymer chains through

interfaces. This mechanism is significantly affected by the polymer’s microstructure (semi-



crystalline or amorphous), crystallization kinetics, and cooling rate. Figure 2.2 illustrates the steps
of the bond formation mechanism between the extruded filaments which starts with the contact of
filaments followed by the formation of the neck through molecular diffusion between layers. Layer
adhesion depends on polymer molecular mobility, viscosity, thermal conductivity, and
microstructure (e.g., semi-crystalline or amorphous). According to the reptation theory, which
describes the thermal motion of polymer chains and diffusion mechanism for polymers, the lower
cooling rates could provide greater mechanical strength for the printed part [27]. Moreover, the
thermal conditions of printing and heat transfer phenomena during bond formation also affect the
adhesion degree between layers. The interfacial bond continues to grow as polymer chains diffuse
across the interface until temperature reduces below glass transition temperature, as described by

the polymer healing model proposed by Wool et al [28].

Figure 2.2 Bond formation mechanism between adjacent filaments in the FFF process. (1) the
contact between two adjacent filaments depends on the raster (deposited filament) gap in which
negative (overlap) or zero air gap allow the physical contact of filaments of the same layer, (2) the
neck formation is the result of filament contact and molecular diffusion of polymer chains toward
each other, and (3) diffusion mechanism is the key parameter for layer adhesion and strongly
depends on material microstructure (molecular weight, crystallinity, etc.) and temperature profile
(cooling rate, printing bed, and chamber temperature, etc.) [29].

The Newtonian sintering model for bonding quality prediction is given in equation (2.1) where ¢,
¥, ao, a, M, and I represents time, neck length, initial particle radius, filament radius during necking,

viscosity, and surface tension, respectively [29]. According to the equation 2.1, faster coalescence
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rate occurs when the molecular weight (M,,) or the viscosity of polymers is lower, regardless of

semicrystalline and amorphous polymers.

5
dd T 273cosOsinf(1 — cosh)/3

dt ~ aon (1 —cos6)(1+ cosf)1/3 "’

o =sin"'(V/g) (2.1

The interlayer bonding mechanisms in FFF-printed polymers vary significantly between
amorphous and semicrystalline materials due to their molecular characteristics, which influence
polymer-polymer interdiffusion [30]. For amorphous polymers, the coalescence of adjacent
filaments occurs primarily through viscous sintering, driven by surface tension and opposed by
viscous forces. However, the time available for molecular diffusion during FFF is limited.
Increasing temperatures can enhance filament fusion by improving molecular chain mobility. In
semicrystalline polymers, bond formation is more challenging due to crystallization, which
increases viscosity and inhibits neck growth as the material cools. It was observed that
crystallization hinders molecular diffusion, and the interdiffusion length in semicrystalline

polymers results in weaker bond strengths.

Collinson et al. [31] investigated the effect of crystallinity on layers adhesion for FFF printed
PEEK. They printed specimens at chamber temperatures of 70 °C, 100 °C, and 130 °C which
resulted in crystallinity content of 8 %, 8 %, and 32 %, respectively. The specimens printed at
lower temperature resulted in a larger amorphous phase due to higher cooling rate and which
resulted in higher mechanical properties, when compared to specimens printed at higher
temperatures which had higher crystallinity. The authors explained this observation as a premature
surface crystallization of PEEK depositions at higher temperatures that prevented the adhesion
between printed layers, leading to a weak layer interface, which resulted in lower mechanical

properties than expected.

Different layers adhesion enhancement methods have been reported in the literature such as
annealing, printing parameter selection, in-situ local heating techniques, and matrix modification
[32]. For example, Yang et al. [33] investigated the effect of annealing on the mechanical properties
of FFF printed PEEK reinforced with 10 wt.% CF. It was reported that the crystallinity of
specimens increased from ~ 21 % up to 36 % after annealing at 300 °C for 2 h. They reported that
the tensile strength and tensile modulus of the specimens increased from ~ 50 MPa to 135 MPa

and from 3.5 GPa to 9.2 GPa, respectively, owing to enhanced crystallinity after annealing.
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Levenhagen et al. [34, 35] reported that the incorporation of low molecular weight (M,,) additives
could improve layer adhesion of FFF printed specimens, since these additives have higher diffusion
ability due to higher molecular mobility. They synthesized PLA with different molecular weights
and architectures and blended them with commercial PLA. The authors reported that blending 10
mol.% of low M,, PLA (M,, of 50 k) with commercial PLA (M,, of 220 k) increased the tensile
stress and modulus by 66 % and 10 %, respectively, when compared to neat commercial PLA.
Moreover, they investigated the effect of the architecture of Low M,, PLA with linear, 3-arms and
4-arms structures. The addition of 3 mol.% of 3-arm PLA exhibited optimum performance, with
tensile stress and modulus increasing by 100 % and 36 %, respectively, when compared to neat

commercial PLA.

Rostom et al. [36] reported that the incorporation of graphene nanoparticles in PLA matrix
enhanced the inter-filament bonding quality due to improved thermal conductivity. They compared
graphene loading contents of 0.5 %, 1 %, and 2 %. The only improvement was observed at 0.5 %
graphene content, which enhanced thermal conductivity by ~ 15 %. This formulation exhibited 4
% porosity, while neat PLA had 11 % porosity. As a result, the tensile strength and modulus
increased by 22 % and 30 %, respectively, when compared to neat PLA.

Therefore, enhancing adhesion between layers is key to improving mechanical performance. Layer
adhesion is significantly affected by crystallinity and printing parameters. Studies also suggest that
incorporating additives can enhance layers bonding by improving diffusion and thermal
conductivity. Therefore, adjusting printing parameters by considering the microstructure of

polymers and formulation is crucial for achieving stronger layers adhesion.
2.3.2 Fiber content

A variety of short fibers reinforced composite filaments with different content and size have been
developed for FFF [37]. Short fiber reinforced composites usually contain less than 50 wt.%
loading, as increasing the fiber content adversely affects the processability and causes nozzle
clogging [25]. Liao et al. [38] investigated the effect of different carbon fiber loadings (2, 4, 6, §,
and 10 wt.%) on the mechanical performance of a polyamide (PA) matrix. The tensile and flexural
performance of the printed parts were enhanced by increasing CF loading while reducing the
impact strength due to stress concentration at fiber ends resulting in crack initiation and

propagation.
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Zhong et al. [39] reinforced ABS with up to 30 wt.% of glass fibers. The authors observed that the
extruded filaments could not be spooled and fed into the 3D printer due to brittleness resulting from
the incorporation of glass fibers. Linear low-density polyethylene (LLDPE) plasticizer
and hydrogenated Buna-N compatibilizer were used to eliminate this problem by enhancing the
ductility and toughness of the composite structure. The authors found the optimum formulation for
ABS containing 10 wt.% of LLDPE, 1 wt.% of compatibilizer, and a glass fiber content of 13-18
wt.%. The mechanical testing results showed an improvement in tensile properties compared to

neat ABS. However, the incorporation of glass fibers reduced the adhesion strength between layers.

Diouf-Lewis et al. [40] developed composite filaments of PEEK/PEI blends with 30 wt.% CF
content for FFF, where the CF ratio was fixed but the PEEK/PEI ratio gradually changed from
100/0 to 50/50. They reported that CF reinforcement increased the tensile modulus of the filaments
up to 4-fold compared to their neat PEEK/PEI blends. However, they also observed that CF
incorporation led to porosity formation. For instance, the PEEK/PEI (100/0) filament with 30 wt.%
CF had a porosity of 3.9 %, while the PEEK/PEI (50/50) filament with the same CF content had a
porosity of 19.7 %. The PEEK/PEI (100/0) and PEEK/PEI (50/50) filaments with 30 wt.% CF
exhibited tensile modulus of 13 GPa, and 10.6 GPa, respectively, with the reduction in modulus

attributed to the increase in porosity content.

Kishore et al. [41] investigated the rheological properties of carbon fiber reinforced polyphenylene
sulfide (PPS) and polyetherketoneketone (PEKK) at different temperatures to determine the
process condition and printability of these polymers. The zero-shear viscosity of PPS and PEKK
increased by approximately 3 orders of magnitude at the incorporation of 40 wt.% of CF. Moreover,
for PPS composites, it was reported that at CF incorporation the storage modulus became dominant,
when compared to the loss modulus. The dominant elastic component is likely to cause cracks
between the printed layers due to reduced layers adhesion and increased number of defects. This
phenomenon was observed for CF reinforced PPS where the crack initiation appeared between

deposited layers.

Increasing the fiber content could have a significant effect on the processability of composites and
mechanical performance of the printed parts due to increased viscosity, porosity formation, and

poor layers adhesion. Therefore, determining the optimum fiber content for a composite filament
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is needed for facilitating the printing process and improving the mechanical performance of a

polymer composite part.
2.3.3 Fiber length and alignment

The length of short fibers and their orientation in the matrix significantly affect the mechanical
performance of the printed composite parts. For example, two grades of commercial composites of
Acrylonitrile Styrene Acrylate (ASA) reinforced with 23 wt.% CF, having different average fiber
length of 42 pm and 96 pm, were printed and their mechanical properties were compared. The
printed specimens with longer fiber length exhibited 15 % and 66 % higher tensile strength and
modulus, respectively, when compared to those with shorter fiber length [42]. Moreover, a
commercial filament featuring 20 wt.% CF reinforced polyethylene terephthalate glycol (PETG)
was used to investigate the effect of fiber alignment on mechanical properties. The commercial
filament had an average fiber length of ~ 40 pm with a minimum aspect ratio of 3:1. The average
fiber alignment were reported for the deviation with respect to extrusion direction along the
toolpath. It was reported that specimens with an average fiber alignment of 9° in the extrusion
direction exhibited 70 % and 117 % higher tensile strength and modulus, respectively, when

compared to specimens with an average fiber alignment of ~ 30°[43].

The shear stress applied to the melted matrix during the extrusion process leads to fiber breakage
and the melt flow orientation due to elongational stresses presented in the nozzle leads to the
alignment of fibers [37, 44]. Initially, long fibers are shortened in length due to shear forces created
by screw rotation during the compounding in the extruder barrel. Its well-known that the fiber
aspect ratio is an important parameter for the tensile mechanical performance of short fiber
composites [45]. Inadequate fiber length distribution significantly decreases the load transfer
between fiber and matrix, resulting in fiber pull-out instead of load-bearing. Werken et al. [25]
reported that a fiber aspect ratio greater than 1000 is required to achieve 80 % of the theoretical

effect on strength and modulus of a fiber reinforced composite.

The filament extrusion and printing processes have a relatively lower effect on fiber breakage,
when compared to the compounding process. Tekinalp et al. [46] compared the fiber length
distribution of printed and compression-molded ABS/CF specimens. It was reported that the initial
fiber length of 3.2 mm was reduced to the average length of 0.4 mm during the compounding period

due to high shear forces and interactions. Although there is a relatively lower shear rate in the FFF
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method, the printing process further shortened the fiber length, especially with increasing fiber

content, when compared to compression molded specimens.

The mechanical performance of FFF printed short fiber-reinforced composite is significantly
influenced by the length and orientation of the fibers within the polymer matrix. Longer fibers and
better alignment along the extrusion direction have been shown to enhance tensile strength and
modulus. Therefore, managing fiber length distribution and alignment during the compounding

and extrusion steps is crucial for improving the mechanical properties of printed composites.
2.3.4 Porosity

The carbon fiber incorporation generally leads to porosity formation in extruded filaments. For
example, in Figure 2.3, commercial filaments of neat and 13 wt.% CF reinforced PETG were
analyzed with micro-CT, where the resolution only allowed for the detection/visualisation of
porosities, not individual fibers. It was reported that neat PETG filaments did not contain any
porosity while CF reinforced PETG filaments had porosities occupying up to 15 % of their volume
[47]. The porosities are labeled in yellow in the images of XY and XZ cross-section of filaments
and were oriented in the Z flow direction. The source of porosity formation could be trapped air,
inadequate wetting of fibers by the PETG matrix, and possible gases release during processing due

to the degradation of fiber sizing.

Figure 2.3 Micro-CT images of PETG filaments for porosity analysis. (a) XY cross-section of neat
PETG filament, (b) XY cross-section of PETG filament reinforced with CF, (¢) XZ cross-section in
the length direction of a PETG filament reinforced with CF. Micro-CT analysis illustrates the effect
of CF incorporation on porosity formation (labeled in yellow) in the composite filaments [47].
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In the FFF process, the porosity can be classified in two types. The intra-layer porosity occurs in
the extruded beads and the inter-layer porosity form between the layers of printed parts. For
example, Figure 2.4 shows the micro-CT images of FFF printed CF reinforced ABS composite
specimens. As shown in Figure 2.4(b), diamond shape inter-layer porosities are present between
deposited layers, indicated in red. In contrast, Figure 2.4(c) shows that intra-layer porosities are
randomly distributed within the extruded bead and are smaller in size (~ 50 pm), when compared
to inter-layer porosity. Tekinalp et al. [46] reinforced ABS with varying CF content of 10-30 wt.%,
and observed that with the increasing CF content the intra-layer porosity become dominant over
inter-layer porosities, while total porosity fluctuates between 16 - 27 %. In another study [48], the
porosity content of ULTEM 9085 and carbon fiber reinforced ULTEM 1000 were compared after
the printing process of a compressor inlet guide vane. It was reported that porosity content ranged
between 5 - 8 % for ULTEM 9085 which was mostly consisting of inter-layer porosity.
Incorporating 10 wt.% carbon fiber in ULTEM 1000 increased the porosity content up to 25 % for

the printed part, and both types of porosity, intra-layer and inter-layer, were observed.

Figure 2.4 Micro-CT images of FFF printed CF reinforced ABS specimens. (a) inter-layer porosity
highlighted in red, (b) inter-layer and intra-layer porosity and (c) higher resolution of intra-layer
porosity [49]. The formation of inter-layer porosity in the printed specimens is due to the layer-by-
layer deposition inherent in the FFF process, while carbon fiber incorporation leads to additional
intra-layer porosity in the FFF printed specimens.

The presence of porosity could significantly reduce the mechanical properties of FFF printed parts.
For example, Wang et al. [50] investigated the effect of porosity on the mechanical properties of
FFF printed commercial PLA. Based on the different set of printing parameters, it was observed
that the tensile modulus and strength of the FFF printed specimens reduced by ~ 15 % and ~ 10 %
respectively, as porosity content increased from 4 % up to 6 %. The presence of porosity can result

in weaker mechanical performance as pores affect adhesion and act as stress concentrations points.
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To summarize, porosity is a significant factor that could affect the mechanical performance of parts
produced by the FFF process. To mitigate porosity formation and enhance the mechanical
performance of FFF printed parts, both fine tuning of material formulation and FFF processing
parameters is needed. Understanding and quantifying porosity through experimental methods is
crucial for fine-tuning of the mechanical behavior of FFF printed parts as it provides a quantifiable

output that can be optimized.

2.4 High-temperature thermoplastic polymers in FFF

Thermoplastic polymers are made up of simple long chains that can be repetitively heated, melted,
shaped, or welded without any significant change in their structure. Generally, thermoplastic
polymers can be classified into three main categories which are commodity, engineering, and high-
performance polymers based on their physical and mechanical properties. High-performance and
high-temperature polymer terms are used interchangeably and defined differently depending their
application, since their definition is evolving based on industry standards. In this work, "high-
performance" refers to polymers with exceptional stability in harsh environments and superior
properties over conventional ones. A widely accepted definition combines these attributes and
includes: Flame, Smoke, and Toxicity (FST) compliance, thermal decomposition temperatures
above 450°C, low weight loss rates at high temperatures (e.g., 0.05 wt.%/h at 450°C), high heat
deflection temperatures (>177 °C), and high aromatic content with rigid, high 7, [51, 52].

Commodity polymers such as PLA is mainly used in 3D prototyping, while high-performance
polymers like PEI, PPS, or PEEK are used for engineering applications such as interior parts in
aerospace applications [53]. Moreover, polymers used in aerospace parts must meet the Federal
Aviation Administration (FAA) regulations of FST [13, 53]. High-performance polymers have a
high amount of double carbon (C=C) and aromatic bonds which enables their use at elevated

temperatures, high pressure, and under a corrosive atmosphere [51, 54].

High-performance polymer families include polyimides, polysulfone, polyaryletherketones, and
polyphenylsulfides [51]. These polymers exhibit amorphous or semi-crystalline structures.
Amorphous high-temperature polymers such as polysulfones (PSU), polyetherimides (PEI), and
polyphenylsulfone (PPSU) have clear optical properties, isotropic dimensional stability, relatively
higher toughness, and impact strength, when compared to semi-crystalline polymer. Semi-

crystalline high-temperature polymers such as PPS, PEEK, liquid crystal polymer (LCP),



17

polyetheretherketone (PEKK), polyphthalamide (PPA) have an opaque appearance, poor

dimensional stability, and relatively higher chemical resistance compared to amorphous polymers.

PEI and PPS offer significant advantages for aerospace and transportation applications due to their
inherent properties. For example, PEI offers ease of processability and high dimensional stability
and toughness due to its amorphous structure. On the other hand, PPS has significant chemical
resistance, when compared to other semi-crystalline high-performance polymers. Moreover, both
PEI and PPS have relatively lower cost compared to high-performance polyaryletherketones, such
as PEEK, making it a more cost-effective option for certain industrial applications while still
offering robust properties. PEI and PPS are already used in aerospace and ground transportation
applications, like interior of planes, parts for train exteriors and interiors, due to their inherent flame

retardancy, low smoke emissions, and chemical resistance [4, 5].

FFF 3D printing technology applied to PEI and PPS polymers features many challenges due to
their high processing temperatures (up to 390 °C or higher in the case of composites) and their high
viscosity. The high thermal differences and fluctuations in the printing environment induce
warping, distortion, or/and delamination, which significantly decrease the mechanical performance
of the printed part. These challenges must be carefully managed to maintain the mechanical
performance and integrity of final printed parts. Tailoring printing parameters and material
formulations are essential to successfully adapt the behaviours of these high-melting temperature

polymers and composites to FFF technology.

2.4.1 PEI based filaments for FFF

PEI, also known as ULTEM (SABIC’s trademark for PEI resin), has a tensile strength of up to 110
MPa, a tensile modulus of 3.2 GPa, and a service temperature of up to 175 °C for selected grades.
PEI has an amorphous structure which includes repeating units of ether and imide linkages. PEI
has a glass transition temperature (7) of approximately 210 °C. The aromatic imide units offer
high thermal and mechanical performance, while the ether links in the molecular chain provide
flexibility and melt processability. Therefore, PEI can be processed by melt extrusion, injection
molding, and compression molding. Moreover, some grades of PEI have been verified to meet
flammability requirements for the aerospace industry including FST tests. However, PEI also

suffers from drawbacks such as high temperature and long time for drying it before processing due
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to its hygroscopic structure. Weakness against chlorinated solvents and high cost are other PEI’

drawbacks, when compared to semi-crystalline high-temperature polymers such as PEEK.

There are different commercially available grades of ULTEM; the ULTEM 1000 resin series are
pure PEI grades with different melt flow rates such as ULTEM 1040A, ULTEM 1000, and ULTEM
1010. Grades from ULTEM 9000 resin series are blends of PEI and polycarbonate (PC), where the
PC was used in low concentration to enhance the melt flow properties such as for ULTEM 9075
and ULTEM 9085 [4]. Some ULTEM grades are commercialized already in the shape of filaments,
such as ULTEM 9085 and ULTEM 1010, while being very expensive when compared to
conventional pellets. The current prices of these commercial filaments can be as high as 500 $/kg

[55], while the prices of corresponding commercial pellets are approximately ~ 60 $/kg.

Table 2.2 summarizes literature studies done on ULTEM based filaments used in FFF process.
Different grades of commercial PEI filaments have been studied in the literature in terms of printing
parameters and mechanical properties of printed parts. Studies on printing ULTEM 1010 mainly
focus on optimization of the printing parameters and on the comparison of the mechanical
properties of parts printed under different conditions [56-58]. Most of the studies focused on the
commercial ULTEM 9085 filaments and investigated the effect of printing parameters such as

printing direction, raster angle, and raster width, on mechanical properties [59-65].

Gebisa et al. [66] investigated the effect of printing parameters, such as the raster angle, raster
width, raster air gap, contour width, and contour number on the mechanical properties of FFF
printed ULTEM 9085 dogbone specimens. The mechanical results showed that raster angle is the
most significant parameter affecting tensile properties; changing the raster angle from 90° to 0°
increased the tensile strength from 30 MPa to 87 MPa, while the effects of other parameters
remained minor. Similarly, Zaldivar et al. [60] studied the effect of raster angle and built direction
on mechanical properties of FFF printed ULTEM 9085 dogbone specimens and compared them
with those fabricated in injection molding. The specimens were printed in flatwise, edgewise, and
45° incline position with raster angle of 0° and 90°. It was found that specimens printed in the
flatwise position and at 0° direction exhibited highest tensile properties and their tensile strength

was equivalent to 85 % of that of the injection molded specimens.

Zaldivar et al. [61] investigated the effect of moisture content on the mechanical performance and

porosity content of FFF printed specimens by using ULTEM 9085 filaments. Various moisture
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concentrations (0, 0.05, 0.1, 0.16, 0.4, and 0.8 wt.%) were examined and it was found that porosity
content in the printed specimens increased with moisture. For moisture content above 0.4 wt.%,

porosity increased to over 45 %, corresponding to a reduction in tensile strength higher than 60 %.

Shelton et al. [63] investigated the effect of chamber temperature on the mechanical properties of
FFF printed ULTEM 9085 specimens, with chamber temperatures ranging from 110 °C to 170 °C.
It was reported that the tensile strength of specimens increased by 20 % as the chamber temperature

increased from 110 °C to 170 °C.

Ajinjeru et al. [67] studied the rheological properties of commercially available ULTEM 1000 and
its pellets reinforced with 20 wt.% and 30 wt.% of CF that were used for Big Area Additive
Manufacturing (BAAM). Figure 2.5 is showing that the addition of 20 wt.% and 30 wt.% of CF
increased the complex viscosity by 150 % and 200 %, respectively, at frequency of 100 rad/s, when
compared to neat ULTEM 1000. Moreover, increasing the temperature of testing from 365 °C to
400 °C reduced the complex viscosity by 51 %, 47 %, and 53 % for neat ULTEM 1000, and
ULTEM 1000 containing 20 wt.% and 30 wt.% CF, respectively. Apart from increasing viscosity,
they reported that CF incorporation provided shear thinning, when compared to neat ULTEM 1000.
Neat ULTEM 1000 exhibited Newtonian like behaviour, where the loss modulus dominates over
the storage modulus, making it fail or require longer times to retain their shape during the printing

process, when compared to CF reinforced ULTEM 1000.
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Figure 2.5 Complex viscosity versus angular frequency at various temperatures; (a) neat ULTEM
1000, (b) ULTEM 1000 with 20 wt.% CF, and (c) ULTEM 1000 with 30 wt.% CF.

Contrary to commercial PEI filaments, limited studies are available for developing custom PEI
based composite filaments. For example, Chuang et al. [48] developed composite filament of
carbon fiber reinforced ULTEM 1000 with 10 wt.% loading content and compared the mechanical
properties with FFF printed neat ULTEM 1000, ULTEM 9085, and injection molded ULTEM
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1000. The FFF printed ULTEM 1000 composite specimens showed a tensile mechanical
performance of ~ 70 % of that ULTEM 9085 and ~ 50 % of an injection molded ULTEM 1000 due
to the high porosity content, ~ 25 %, in the printed composites parts.

In another study, Slonov et al. [68] developed PEI based composite filament by modifying ULTEM
1010 matrix with oligophenylene sulfone (OPSU) and PC. Filament formulations of ULTEM 1010
containing of 25 wt.% CF with 20 wt.% of OPSU (CF/OPSU (25/20)) and 25 wt.% of CF with 20
wt.% of PC (CF/PC (25/20)) were manufactured. The mechanical performance of FFF printed
specimens were compared with injection molded specimens. The FFF printed ULTEM 1010
composite containing CF/OPSU (25/20) exhibited 40 % of the tensile strength and 60 % of the
tensile modulus compared at injection molded specimens. Similarly, the FFF printed ULTEM 1010
composite containing CF/PC (25/20) exhibited 48 % of the tensile strength and 35 % of the tensile

modulus compared at the injection molded specimens.

Table 2.2 Summary of 3D printing studies that have been done in the literature with different grades
of PEL

Study Material Key parameters Key results
Tensile strength increased from 30 MPa to 87

Gebisaetal. [66] | ULTEM 9085 Raster angle MPa (90° to 0°)
Zaldivar et al. Build direction, raster | Highest tensile strength at 85% of injection
[60] ULTEM 9085 angle molded in flatwise, 0° position
Zaldivar et al. Moisture content (0 to | >45% porosity and >60% reduction in tensile
[61] ULTEM 9085 0.8 wt.%) strength at 0.4 wt.% moisture
Shelton et al. Chamber temperature | 20% increase in tensile strength (110 °C to
[63] ULTEM 9085 (110 °Cto 170 °C) 170 °C)

Rheological 150% and 200% increase in viscosity (20
Ajinjeru et al. | ULTEM 1000 + 20 | properties at various | wt.% and 30 wt.% CF); 51% viscosity
[67] wt.% & 30 wt.% CF | temperatures reduction (365 °C to 400 °C)

Mechanical ~70% tensile strength of FFF printed ULTEM
Chuang et al. | ULTEM 1000 + 10 | properties 9085, ~50% of injection molded ULTEM
[48] wt.% CF comparison 1000; with ~25% porosity

ULTEM 1010 + 25 | Mechanical When compared to IM: CF/OPSU (25/20):

Slonov et al. | wt.% CF  with | performance 40% tensile strength, 60% modulus; CF/PC
[68] OPSU/PC comparison (25/20): 48% tensile strength, 35% modulus

Overall, PEI-based composites hold promise for high-performance application. While there is a
significant body of literature on the use of commercially available PEI filaments for FFF, there are
limited studies on developing novel PEI-based composite filaments. Mechanical performance of
FFF printed PEI composites still does not match the mechanical properties of their injection molded

counterparts. In this context, to fully harness PEI potential in FFF technology, new PEI composite
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formulations are needed and ongoing challenges such as material cost, porosity, high viscosity, and

the need for optimizing the printing parameters should be extensively studied.

2.4.2 PPS based filaments for FFF

PPS is a semi-crystalline thermoplastic polymer consisting of an aromatic ring connected to a
sulphide atom that forms the basic unit of polymerization [69, 70]. There has been a growing
interest in PPS due to its important mechanical performance, for example a tensile strength of 90
MPa and a tensile modulus of 3.5 GPa. The polymer's 7} is ~ 90 °C while its melting temperature
is ~ 280 °C. Moreover, PPS is inherently flame retardant owing to its distinctive chemical

configuration and its innate capacity to undergo charring upon exposure to an open flame [69].

There are three reported types of PPS including cured, linear, and branched. Each type has a
different molecular weight, resulting in distinct mechanical properties. It is reported that linear PPS
is suitable for injection molding applications due to its molecular chains length which provides
adequate elongation and strength, while other types of PPS are mostly used for coating and films
due to their thermal and chemical stability along with more ductile characteristics [69]. PPS is used
in the injection molding of valves, high-pressure nozzles, fuel manifolds exterior light reflectors,

coil bobbins, and flow measuring units, among many others [71].

Table 2.3 summarizes the limited number of studies dealing with the FFF printing of neat PPS and
carbon reinforced PPS composites. A search using keywords like polyphenylene sulfide, additive
manufacturing, and carbon fiber yielded roughly 30 relevant studies in the scientific literature
databases. The existing literature mainly studied commercial PPS filaments and pellets to
investigate the effect of printing parameters on the mechanical properties of printed parts [72-75].
For example, Geng et al. [73] used a design of experiment to study the effects of various
parameters, including extrusion multiplier, raster gap, outline overlap, infill angle, number of
outlines, layer thickness fingerprint on the tensile, bending, and impact properties of FFF printed
PPS specimens. The most significant parameters affecting the mechanical properties with
contribution rate were reported with respect to each other. The raster gap, contributing at 46 % to
tensile strengths and 43 % to bending strength was deemed to be the most important parameter,
when compared to the other parameters. The extrusion multiplier was proved to affect tensile
strength with a contribution of 31 % and bending strength with a contribution of 25 %. For impact

strength, outline overlap was the most important parameter, contributing at a level of 51 %.
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Garmabi et al. [72] investigated the effect of printing temperature, chamber temperature, and layer
height on the mechanical properties and inter-layer bonding of FFF printed parts using commercial
neat PPS filaments. They reported that increasing nozzle temperature from 310 °C to 340 °C
reduced the viscosity by 50 %, making it the most effective parameter for inter-layer adhesion
enhancement. Using optimized printing parameters, the tensile strength and tensile modulus of FFF

printed specimens reached 93 % and 96 % from those of compression molded specimens.

Similarly, Magri et al. [76] investigated the effect of different printing temperatures (320, 330, 340,
and 350 °C) on the crystallinity and mechanical properties of PPS. It was found that the crystallinity
of printed specimens increased from 23 % to 37.3 % with increasing temperature up to 340 °C, but
decreased to 33.6 % at a temperature of 350 °C. Similarly, the tensile modulus slightly increased
from 1910 MPa to 2030 MPa with increasing temperature up to 340 °C, but decreased to 1980 MPa
at 350 °C. The reason is that increasing the temperature promotes crystallinity by creating highly
ordered lamellae during printing, while temperatures close to degradation lead to chain breakage,

resulting in lower crystallinity and reduced mechanical properties.

Geng et al. [77] investigated the effect of a heat treatment on the mechanical properties of FFF
printed neat PPS filaments. The FFF printed specimens were heat-treated for 100 min at
temperatures of 130 °C, 150 °C, 200 °C, and 240 °C. The crystallinity content of FFF printed
specimens increased from 19 % up to 64 % with increasing the post-processing treatment
temperature, when compared to untreated specimens. The tensile properties also were improved as
a function of the temperature of the heat treatment, with specimens treated at 240 °C exhibiting ~
2-fold higher tensile strength, when compared to untreated specimens. However, the increased
crystallinity significantly reduced the impact properties, as the impact strength dropped from 17

kJ/m? in untreated specimens down to 2 kJ/m? in those heat-treated at 240 °C.

Similarly, Kishore et al. [78] studied the effect of post processing on the crystallization and
dynamic mechanical properties of printed commercial neat PPS and PPS containing 40-60 wt.% of
CF used in a BAAM 3D printing technology. The printed specimens were submitted at a post-
treatment at 250 °C for 18 h. The heat treatment increased the crystallinity by 37 % for neat PPS,
by 55 % for PPS containing 40 wt.% CF, by 96 % for PPS containing 50 wt.% CF, and by 20 %

for PPS containing 60 wt.% CF. The storage modulus of heat-treated specimens increased by 150
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CF, respectively, when compared to untreated specimens.

Fitzharris et al. [79] investigated the effect of post-processing on the inter-layers adhesion and
mechanical properties of 3D printed neat PPS filaments. The optimal post-processing parameters,
based on the design of the experiment, were found to be for a printing temperature of 300 °C, a 24-
hour heat treatment, and a heat treatment temperature of 180 °C. It was found that, for the same
printing conditions, heat-treated specimens at 180 °C had a tensile strength of 60 MPa, a tensile
modulus of 2.3 GPa, and 48.4 % crystallinity, while specimens that were not heat treated had a
tensile strength of 50 MPa, a tensile modulus of 1.8 GPa, and 25.7 % crystallinity. They compared
the mechanical properties of printed specimens with compression-molded specimens, which had a
crystallinity of 51 %. They reported that the heat treatment of the 3D printed specimens allowed to
reach 80 % of the tensile strength and 72 % of the tensile modulus of the compression-molded PPS

specimens.

Yeole et al. [80] studied the additive manufacturing of PPS composites using commercially
available composite pellets containing 50 wt.% of CF. They processed the pellets into filaments
for their use in BAAM and compared the evaluated mechanical properties with those obtained for
IM parts. It was reported that the printed composites exhibited 45 % of the tensile strength and 63
% of the tensile modulus of the IM composites. The lower mechanical properties were attributed
to the high porosity content, up to 15.5 % in the printed parts, and to a better alignment of CF in
the IM parts.

Table 2.3 Summary of 3D printing studies presented in the literature by using PPS and its
composites.

Study Material Key parameters Key results

Raster gap contributed 46 % to tensile strength (TS)
Geng et Printing parameters (raster | and 43 % to bending strength. Extrusion multiplier
al. [73] PPS gap, extrusion multiplier) contributed 31 % to TS.

With increased nozzle temp. viscosity reduced by 50
Garmabi Nozzle temp (310°C to %; TS and tensile modulus (TM) reached 93%/96%
etal. [72] | PPS 340°C), layer height of compression molded parts.
Magri et Printing temperature Crystallinity increased from 23 % to 37.3 % at
al. [76] PPS (320°C to 350°C) 340°C, TM from 1.9 GPa to 2.0 GPa.

Crystallinity increased from 19 % to 64 %; TS 2-fold
Geng et Heat treatment (130°C to higher at 240°C; impact strength dropped from 17
al. [77] PPS 240°C) kJ/m? to 2 kJ/m?.




24

Crystallinity increased by 37 % -9 6 %; storage
Kishore | PPS+40-60 | Heat treatment at 250°C modulus increased from 60 % up to150 % based on
etal. [78] | wt.% CF for 18h CF content.

Heat-treated specimens had 60 MPa TS, 2.3 GPa TM,
Fitzharris Post-processing, heat 48.4 % crystallinity, reaching 80 %/72 % of
etal. [79] | PPS treatment (180°C) compression molded properties.
Yeoleet | PPS+50 Composite pellets in Printed composites had 45 % of TS and 63 % of TM
al. [80] wt.% CF BAAM compared to IM parts due to 15.5 % porosity.

Therefore, various factors such as printing parameters, temperatures of the post-processing
treatments, and the CF reinforcement significantly affect the crystallinity, porosity content, and
mechanical properties of PPS. Optimizing these variables could enhance the performance of FFF
printed PPS composites. The literature highlights the importance of fine-tuning printing parameters
and post-processing temperatures to maximize the mechanical properties of the semi-crystalline

PPS and its composites.

2.5 Sandwich panel structures in aerospace applications

Figure 2.6 shows the sandwich panel structures that consist of two outer layers (skin) and
lightweight core structures [81]. Similar to I-beam structures, the skins of sandwich panels act as
flanges while the core acts as the web. The incorporation of a core between two skin plates
increases the stiffness of the structure by enhancing the moment of inertia. When submitted to

flexural loads, the skins are mostly loaded uniaxially while the core is submitted to shear stresses.

Face sheet

Honeycomb

Adhesive

Fabricated
sandwich

Face sheet panel

Figure 2.6 Schematic of the composition of a sandwich panel and its final shape [82]. The
honeycomb sandwich panel includes two face sheets, one hexagonal geometry core, and adhesive
bonding of the core to the two face sheets.



25

The most commonly used core types are corrugated, honeycomb, balsa wood, and cellular foams.
Honeycomb cores, primarily used in aerospace applications, can be manufactured with different
cell types. A common type of honeycomb for aerospace applications is made of aramid fiber
impregnated with phenolic resin, known commercially as Nomex. Nomex is widely used because
its mechanical properties are comparable to those of Al honeycombs. Nomex honeycomb can be
used up to 180 °C. It has been reported that Nomex cores with a cell density of 129 kg/m? have a
shear modulus of 112 MPa and 64 MPa and a core shear strength of 3.2 MPa and 1.7 MPa in the

longitudinal and lateral directions, respectively [83].

The core-to-skin adhesive in sandwich panels is a critical component as it can lead to failure of the
sandwich panel structure. Failure modes in sandwich panels include skin fracture or yielding, core

shear failure, face wrinkling, buckling, and local indentation [84].

Sandwich structures are utilized in both primary and secondary applications in interior parts for
aircraft applications. Carbon/epoxy and Nomex are mostly used in primary applications because
of their reliability. Al honeycomb/boron-epoxy skin were used in secondary non-structural
applications like interior parts, sidewalls, baggage racks, galleys, flooring, spoilers, rudders,

ailerons, and flaps [85, 86].

The conventional production of thermoplastic composite sandwich panel structures includes
separate manufacturing of skins (e.g., laminates, prepreg) and core structures (e.g., tube extrusion,
hot press, ThermHex concept), and subsequently joining the skins to the core structures with
adhesive or by fusion bonding methods [2, 3]. The current manufacturing method of sandwich
structures manifests significant challenges due to the difficulty of the fabrication of a wide variety
of shapes, of hollow configurations, and due to the critical adhesions between the cores and the
face sheets. The thermoset-based sandwich panels production is also labor and time intensive and
has as disadvantages a lack of the environmental sustainability due to poor recyclability of the
thermoset-based parts. Moreover, joining the skins to the cores presents challenges, as it requires
careful cleaning of their surfaces to remove potential contamination, release agents, machine oils,
etc. Additional surface treatments could be applied as well in order to achieve adequate chemical
bonds between cores and skins. Contrary, the FFF additive manufacturing technology using

thermoplastic polymers and composites enables the fabrication of these complex structures in a
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single step while permitting a higher flexibility in the core’s design and offering a more sustainable

environmental solution since the thermoplastics can be recycled.

Table 2.4 presents literature studies for 3D printing of sandwich panels. The literature studies
regarding FFF printing of sandwich panels mostly focused on the mechanical performance of
sandwich panels with different core designs by using commercial filaments. PLA or ABS were
extensively used to print sandwich panel structures for process optimization, modelling, and for
investigating the effect of core structure on the mechanical properties [8§7-91]. For example, Castro
et al. [92] investigated the mechanical properties of printed PLA sandwich panels with different
core types, including out-of-plane and in-plane hexagonal honeycomb core structures (Table 2.4).
It was reported that the out-of-plane honeycomb sandwich panels exhibited 29 % and 55 % higher

flexural modulus and strength, respectively, when compared to in-plane honeycomb cores.

Essassi et al [93] used a commercial PLA reinforced with flax fiber to print sandwich panels with
auxetic structure and different core densities (Table 2.4). They investigated the bending behaviour
with cyclic loading. Sandwich panels were printed with four different core densities of 8.3 %, 16.7
%, 25.1 %, and 33.5 %, respectively. It was found that the failure load increased from 184 N up to
276 N as core density increased. However, the fatigue resistance of sandwich panels was reduced
with increasing core density. The panel with 8.3% core density withstood five times more loading
cycles under 65 % of the maximum applied load, when compared to the panel with 33.5% core

density.

Few studies use high-temperature polymers for FFF printing of sandwich panel applications. For
example, commercial ULTEM 9085 was used to predict the mechanical properties of honeycomb
structures through analytical and numerical models [94]. In another study, Bagsik et al. [95] studied
the effect of building direction of side, flat, upright (Table 2.4) and core angle of 0°, 90° and 45°
on the mechanical properties of sandwich panels printed with ULTEM 9085 filaments. The
specimens printed on the side and flat positions showed similar bending stresses (60—75 MPa),
which were higher than those printed upright (25-35 MPa), regardless of core angle. Panels with a

0° core angle showed relatively higher bending stress compared to core with angles of 90° and 45°.

Pierre et al. [96] compared the flexural properties of sandwich panels with different core designs
and materials using commercial neat PEEK and PEEK reinforced with 30 wt.% carbon fibers (CF).

The study included panels with honeycomb cores made entirely from PEEK/CF and others with
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hexagonal honeycomb and trapezoidal compact cores printed from neat PEEK, while the skins
were printed with PEEK/CF. Results indicated that sandwich panels with PEEK/CF skins and neat
PEEK cores showed notable improvements in flexural stiffness. Specifically, panels with
hexagonal honeycomb cores demonstrated an 18 % increase in stiffness, and those with trapezoidal

compact cores showed a 66 % increase, compared to panels printed entirely from PEEK/CF.
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Table 2.4 Summary of studies that have been done for 3D printing of sandwich panel structures
with commercially available filaments. Schematic of sandwich panels adopted from literature to
provide better understanding of corresponding literature studies.

Material Figures of parameters Key results

Out-of-plane honeycomb cores exhibited 29
% higher flexural modulus and 55 % higher
strength compared to in-plane cores.

PLA [92]
Failure load increased from 184 N to 276 N as
core density rose from 8.3 % to 33.5 %; panel
PLA + Flax with 8.3 % core density withstood 5x more
Fiber [93] loading cycles.
2*
B Bending stress was higher for side/flat printed
Built direction ! specimens (60—75 MPa) compared to upright
ULT}E;\;[]%E;S 5 . (25-35 MPa); 0° core angle panels showed
Y ore e higher bending stress than 90° and 45°.
side flat upright angle

PEEK/CF skins with neat PEEK cores: 18 %
higher flexural stiffness for hexagonal cores,
66 % higher for Trapezoidal Compact cores,
compared to all-PEEK/CF panels.

PEEK, PEEK | PEEK/CFskinand
+ 30 Wt.% CF hexagonal core
[96]

PEEK/CF skin — neat PEEK
hexagonal core

PEEK/CF skin — neat PEEK
trapezoidal compact cores

The literature studies suggest that there is an advantage of using FFF technology for manufacturing
of parts having complex designs and structures. Studies on FFF printed sandwich panels primarily
focus on understanding how core structures and printing parameters would influence mechanical
performance. Commercial commodity polymers are commonly studied. There is limited research
on high-temperature polymers like PEI and PPS and their composites used in FFF of sandwich

panels.

2.5.1 Using digital image correlation (DIC) for analysing mechanical testing

of sandwich panels

DIC is an optical contactless measuring technique, that presents significant advantage over other

methods that use extensometers or strain gauges, for full field strain measurement. The complex
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geometries like sandwich panels can be analyzed with this technique since this method is not
depending on the sample geometry. The use of DIC for sandwich panels testing can give significant
information regarding core and skin deformations during testing which help to understand their

type of failure mechanism [97].

Few studies investigated the failure mechanism of sandwich panels by using DIC system. For
example, Ogasawara et al. [98] used a DIC system to investigate the failure mechanism of sandwich
panels with a Nomex core and carbon fiber reinforced skins. They detected three failure modes
during flexural loading: outward local buckling at the specimen center, and inward and outward
buckling at the edges. These buckling failures caused core-skin debonding, crack propagation, and
final failure of the sandwich panels. More than 80 % of specimens showed failure initiation at the

specimen edge.

The Figure 2.7(a-b) presents images from Zhang [99] et al. study on the flexural properties of FFF
printed PLA sandwich panels with variable core density by using DIC. They found that maximum
tensile strain occurred in the lower half of the sandwich panels, leading to crack initiation in the
lower face sheet, followed by core and upper face sheet fractures. Similarly, as shown in Figure
2.7(c-d), Edelen et al. [100] used DIC system to examine the effect of process parameters on the
mechanical response of printed ABS and PC sandwich panels for prediction of failure modes. Their
study detected different failure modes, such as axial tensile strain accumulation in the lower face
sheet, indicative of face sheet failure, and shear strain accumulation in the core, signaling core

failure.

Therefore, DIC is very useful for investigating failure modes and sandwich panels and
demonstrated that failure usually initiate at weak bonding points between core and skin in sandwich
panels. DIC was used for understanding deformation in both the core and skin of sandwich panels,
which is essential for diagnosing failure modes. Various studies have demonstrated how DIC can
reveal key failure mechanisms such as buckling, core-skin debonding, and crack propagation in

different materials, helping to improve the design and optimization of these structures.
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Figure 2.7 The DIC images of sandwich panels, as adopted from the literature, provide a clearer
understanding of the deformation and failure mechanisms under flexural loading. (a) The evolution
of the displacement field in the Y direction illustrates the deformation behavior of the sandwich
panel, where displacement increases as the load is applied. (b) The strain field in the X direction
before fracture shows the distribution of tensile strain across the panel. As the flexural load
increases, maximum deformation and tensile strain are concentrated in the lower half of the panel,
eventually leading to failure. (c) The exx strain at the maximum load highlights the area of high
tensile strain, which indicates that the face sheet of the sandwich panel fails due to excessive tensile
stress. (d) The exy strains at maximum load show a high concentration of shear strain near the
center of the core, particularly on the right-hand side, which is associated with core shear failure.
This indicates that shear strain is responsible for core failure, complementing the tensile failure
observed in the face sheet. These DIC images provide valuable insights into the failure modes of
sandwich panels, including tensile failure in the face sheets and shear failure in the core. Figure
2.7.a-b adapted from [99], and 2.7.c-d adapted from [100].
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CHAPTER 3 OBJECTIVES AND SCIENTIFIC CONTRIBUTIONS

3.1 Synthesis of the literature

The literature review highlighted the gaps in existing knowledge regarding the development of
high-performance composites and filaments specially adapted for the utilization in FFF printing
technology for the fabrication of robust parts designated for aerospace interior applications. These

gaps are as follow:

e The porosity, the fiber length distribution, and the fiber alignment have a significant impact
on the mechanical performance of both amorphous and semi-crystalline reinforced
polymers. However, the effect of various thermal conditions during the FFF printing on
layers adhesion and mechanical performance of semi-crystalline polymers are more severe,
than those observed on amorphous polymers. The literature present gaps in terms of
investigating and comparing the effect of porosity, fiber length, fiber alignment, and
crystallization kinetic on printing quality and mechanical performance of FFF printed PEI
and PPS composites.

e The existing commercial PEI and PPS filaments prove to be made only from some basic
grades offering limited performance. The 3D printing market is dominated by a low number
of big companies offering those filaments at prohibitive prices, as high as 500 $/kg.
Moreover, commercial PEI and PPS composite filaments containing low concentrations of
fibers, up to a maximum of 15 wt.% of short carbon fibers, offering again a limited
performance. This situation constraints the design space and calls for the development of a
wider range of lower-cost and higher-performance composite filaments. In this context, rCF
and TB can assure significant cost-advantage and performance enhancements when used in
PEI, PPS resins.

e Only a few studies discus the development of virgin carbon fibers reinforced PEI and PPS
composites. The studies regarding PEI used the ULTEM 1000 matrix, while studies
regarding PPS composites was for BAAM rather than FFF.

e There is no existing scientific work or commercially available filaments using the
amorphous PEI ULTEM 1040A and the semi-crystalline PPS reinforced with rCF, TB

particles, and their hybrid combinations. This combination of fillers, reinforcements, and
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high-performance matrices is the first time studied and adapted to FFF technology in this
work

The impact of printing parameters on the mechanical properties of printed parts was
addressed only for commercial filaments, such as neat PPS and neat ULTEM 9085. The
mechanical performance resulted from these studies does not compete with the one of parts
fabricated by conventional manufacturing processes. The printed PEI and PPS composites
roughly attained 50 % of the performance of injection molded polymers or composites.
Composites formulation solutions, such as the use of nano/submicron particles or by adding
a secondary polymer phase were proposed to improve the thermal, electrical, and
mechanical properties of composites. However, very limited or no studies exist on the
development of new formulations based on high-performance thermoplastic adapted for
FFF and for aerospace interior applications.

So far, sandwich panels are mostly FFF printed with commodity polymer filaments. Studies
dealing with such structures only focused on the effect of different core geometries on
mechanical properties and on the optimization of 3D printing parameters. There is no
published work presenting an extensive characterization of FFF printed sandwich panels
made from high-performance thermoplastic polymers and composites.

The development of performant sandwich panel structures using PEI and PPS composites
is a promising alternative to Aluminum or Nomex honeycomb for aerospace applications,
offering competitive thermal and mechanical properties. However, there is no study on FFF
printing of sandwich panel structures made using PEI and PPS composite or hybrid
filaments.

Damage evaluation poses a significant challenge for FFF printed sandwich structures and
there are limited studies that provide insights regarding suitability of using DIC system to

analyse failure behaviour of FFF printed composite sandwiches under flexural loading.
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3.2 Research objectives

The main objective of this thesis was the development of high-performance thermoplastic
composites featuring significantly improved specific stiffness and strength, when compared to their
injection molded neat matrices and, using FFF printing technology, to fabricate performant

sandwich panel structures for aerospace interior applications.
This objective was attained by the successful completion of three specific objectives (SO):

SO1: Development of novel amorphous composite formulations based on Polyetherimide
(PEI) with the incorporation of recycled Carbon Fibers (rCF) and Thermal Black (TB) for
their adoption in FFF technology

SO2: Development of novel semi-crystalline composite formulations based on Polyphenylene
Sulfide (PPS) with the incorporation of recycled Carbon Fibers (rCF) and Thermal Black
(TB) for their adoption in FFF technology

SO3: Fabrication of sandwich panel structures by FFF using novel and performant

formulations of PEI and PPS composites and characterize their flexural properties.

Coherence between the specific objectives

To achieve the main objective of this thesis, SO1 and SO2 addressed important challenges related
to high-performance composite behaviours to further understand the differences in mechanical
performance between FFF printed and IM specimens. For this, multiple characterization methods
were used. In this context, novel printable formulations of amorphous PEI and semi-crystalline
PPS composites, containing rCF, TB, and their hybrid combinations, were developed and
extensively studied to further adapt their behaviours to the FFF fabrication of sandwich panels. An
extensive comprehension of these novel high-performance composites was achieved to further
accomplish a maximum mechanical performance of FFF printed parts by correlating the
performance to matrix crystallinity, fiber content, fiber length distribution, and alignment. SO3
aimed to use the advancements obtained from SO1 and SO2 with the purpose to use FFF
technology to manufacture performant sandwich panels for aerospace applications of interior parts

such as air ducts, wall panels, seat frameworks etc.
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3.3 Scientific contributions

Article 1: Formulation and characterization of polyetherimide composites reinforced with
recycled carbon fibers and thermal black particles for fused filament fabrication

This article presents the development of novel PEI composite formulations by the incorporation of
rCF, TB particles, and hybrid combinations of rCF/TB. These formulations of composites were
compounded, injected, and extruded in filaments. FFF printing parameters were adjusted to PEI
composites behaviours to improve the quality and the performance of the printed specimens. The
effect of rCF and TB contents on the mechanical and thermal performance, and the microstructure

of injected and FFF printed specimens were evaluated, analyzed, and compared.

Scientific contribution - Article I: the development of unique formulations, using for the first time
the PEI grade ULTEM 1040A as high-performance thermoplastic for 3D printing applications. The
uniqueness is emanating also from the unique selection of rCF and TB as sustainable additives.
Therefore, the ULTEM 1040A/rCEF/TB are the first time studied here, and, more the first time
applied successfully in FFF printing. There are no similar formulations or results existing in the

scientific literature or available as commercial filaments.

The article was submitted in the Composite Part A: Applied Science and Manufacturing on April
16, 2024. The first author wrote the full article under the scientific supervision of Prof. Martin
Lévesque, Prof. Daniel Therriault, and Dr. Mihaela Mihai.

Article 2: Crystallinity, porosity, and microstructure of polyphenylene sulfide composite
parts fabricated by filament-extrusion additive manufacturing

This article presents the development of novel PPS composite formulations by the incorporation
of rCFs, TB particles, and the combination of rCF/TB hybrids. Different formulations of PPS
composites were compounded, injected, and extruded in filaments. The effects of incorporating
rCF and TB on mechanical properties, on crystallization behaviour of PPS, on morphology, and on
the microstructure of FFF printed parts were extensively investigated. The effect of processing
conditions on the crystallinity content of PPS composites was examined, along with an

investigation into the crystallization kinetics of the developed composites. The effect of
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crystallinity, porosity, and microstructure on the properties of IM and FFF printed specimens were

evaluated, analysed, and compared.

Scientific contribution - Article 2: the uniqueness of the work described here is emanating from the
unique selection of PPS as thermoplastic matrix in combination to rCF and TB, as sustainable
additives. Therefore, the PPS/rCF/TB are the first time extensively studied here and the first time
applied successfully in FFF printing. There are no similar formulations or results existing in the

scientific literature or available as commercial filaments.

The article was submitted to the Composite Part B: Engineering on October 07, 2024. The first
author wrote the full article under the scientific supervision of Prof. Martin Lévesque, Prof. Daniel

Therriault, and Dr. Mihaela Mihai.

Article 3: Flexural mechanical properties of sandwich panels fabricated by filament-
extrusion of high-temperature thermoplastic composites

This article presents the design of sandwich panels followed by their FFF printing using developed
formulations of PEI and PPS composite filaments previously developed and analysed. The
mechanical properties of the sandwich panels printed with these novel composite filaments were
compared with those printed with commercial filaments. The printed sandwich panels were
extensively characterized in terms of dimensional stability, microstructure, and flexural properties,

proving to have adequate characteristics to further be adopted in aerospace interior applications.

Scientific contribution - Article 3: Sandwich panels having adequate performance for aerospace
interior applications, made from novel formulations of PEI/rCF/TB and PPS/rCF/TB developed in
this PhD research work, were the first time fabricated using the open-source FFF 3D printing

technology.

The article was submitted to Additive Manufacturing on October 07, 2024. The first author wrote
the full article under the scientific supervision of Prof. Martin Lévesque, Prof. Daniel Therriault,

and Dr. Mihaela Mihai.
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CHAPTER 4 METHODOLOGY

4.1 Materials

ULTEM 1040A, a low viscosity PEI grade with a melt flow rate (MFR) of 77 g/10 min, was
purchased from SABIC (Massachusetts, USA). PPS Fortron 0214P1 grade in a pellet form was
purchased from Celanese (Celanese Corporation, Fortron Industries LLC., Wilmington, NC, USA).
Recycled short carbon fibers, rCF, (re-Evo® HSC) were purchased from Carbon Conversion (Lake
City, SC, USA). According to the manufacturer, the rCF have an initial length of 6 mm, an average
diameter of 4.9 um, and the sizing content ranges between 1.5 and 3.5 wt.%. The sizing type and
chemistry are not disclosed by the manufacturer. Characterization results to identify the type of
sizing is provided in the Appendix A. Thermal Black (Thermax® N990, TB) particles were
supplied by Cancarb Limited (Medicine Hat, AB, Canada). The TB spherical particles have an

average size of 280 nm.

4.2 Processing methods

4.2.1 Composite preparation and compounding

The pure PEI pellets were first dried at 140 °C for 12 hours, while the neat PPS pellets were dried
at 100 °C for 12 hours before compounding. Prior to extrusion, the PEI and PPS pellets, along with
TB particles were mechanically mixed to ensure even distribution, where the TB particles covered
the surface of the pellets uniformly. The materials feeding mechanism consisted of the PEI/TB and
PPS/TB mixtures being fed into the main hopper, while rCF was introduced through a side feeder.
The compounding of PEI and PPS with rCF and TB was performed using a Biihler clamshell co-
rotating twin-screw extruder (Biihler Group, Gupfenstrasse 5, Uzwil 9240, Switzerland) with the
motor speed of 200 rpm. For PEI, the temperature profile of the extruder was incrementally set to
rise from 280 °C to 350 °C, spanning from the feeding zone to the die. For PPS, the extruder
temperature profile was incrementally set to rise from 280 °C to 330 °C, spanning from the feeding
zone to the die for PPS.

The temperature profiles for both PEI and PPS extrusion were determined based on the technical
datasheets of the respective polymer matrices to ensure optimal processing conditions. The
extruded composites were cooled in air and subsequently pelletized. These pellets were later used
for both injection molding (IM) and filament extrusion. Table 4.1 lists the extruded PEI and PPS

composite formulations containing combinations of rCF and TB.
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During the processing of composites containing TB, specific safety measures were implemented
to ensure safe handling and minimize health risks from airborne dust exposure and material contact.
Dust generation and accumulation were controlled through carefully managed processes and
regular surface cleaning. Local exhaust ventilation systems were utilized to maintain airborne dust
concentrations within safe limits. To prevent skin, eye, and respiratory exposure, operators were
equipped with appropriate personal protective equipment (PPE), including safety goggles or

glasses, protective clothing, and approved respiratory protection as necessary.

Table 4.1 Formulations of the extruded composites of PEI and PPS matrices by using a twin-screw
extruder.

Formulation Matrix (wt.%) rCF (wt.%) TB (wt.%)
PEI/PPS 100 0 0
rCF/TB (20/00) 80 20 0
rCF/TB (15/05) 80 15 5
rCF/TB (10/10) 80 10 10
rCF/TB (00/20) 80 0 20

4.2.2 Injection molding (IM)

The compounded pellets of PEI and PPS composites were dried prior to injection molding, with
PEI dried at 140 °C for 12 hours and PPS at 100 °C for 12 hours. Injection molding was carried
out using a 34-ton Boy injection molding press (Boy Machines Inc, Exton, PA, USA). The injection
barrel and mold temperatures were set based on the melting temperatures of the respective polymer
matrices. For PEI, the barrel temperatures were incrementally increased from 280 °C to the 350-
400 °C range, while for PPS, the temperatures were set to rise from 280 °C to 330 °C. The injection
molding process utilized an injection speed of 30 mm/s, an injection pressure of 110 bar, and a
screw rotation speed of 50 rpm, and the specimens were molded into heated molds maintained at a

temperature range of 140 - 160 °C for both PEI and PPS, respectively.

Standard specimens were produced according to ASTM standards, specifically ASTM D638 for
tensile properties, ASTM D790 for flexural properties, ASTM D256 for Izod impact strength, and
ASTM D648 for heat deflection temperature evaluations.

4.2.3 Filament extrusion

The developed composites of PEI and PPS were processed into standard-sized FFF filaments using
a filament making extruder (Xcalibur, Noztek, Shoreham, England). For PEI composites, the

temperature profile of the extruder was set to rise from 370 °C to 390 °C at a motor speed of 25
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rpm, while for PPS composites, the temperatures were set to increase from 330 °C to 350 °C with
the motor speed of 25 rpm. Figure 4.1 illustrates the filament extrusion system, where the filaments
were melted using a single-screw extruder, cooled, and then spooled. During the spooling process,
the filament diameter was continuously monitored to maintain a consistent 1.75 + 0.05 mm
diameter and constant ovality. A laser control system operating at 1200 scans/s along the radial
axes (Zumbach-ODAC18XY, Switzerland) was employed to ensure precision in filament

dimensions.

Figure 4.1 Image of the setup for composite filament manufacturing that includes a high-
temperature single screw extruder, followed by a cooling system, conveyor belt, laser-controlled
diameter monitoring system, and a spooling system.

4.2.4 Fused filament fabrication (FFF)

Simplify3D software (Simplify3D-4.1.2, Cincinnati, OH, USA) was used to slice the 3D models
of the specimens. An open-source 3D printer, AON-M2 (AON3D, Montreal, QC, Canada), was
used to print the specimens which were oriented in the flatwise position according to their
geometries defined by the ASTM standards used as shown in Figure 4.2.

The 3D printing parameters for the developed PEI and PPS composites were optimized through a

systematic trial-and-error approach to achieve reduced porosity and improved mechanical
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properties. Although no specific Design of Experiment (DoE) was employed, multiple printing
trials were conducted by varying key parameters, including extrusion multiplier, extrusion width,
layer height, printing speed, and nozzle temperature. Based on the iterative trials, the adjusted
parameters were selected to minimize porosity and ensure good mechanical performance of the
printed parts. The trial and final printing parameters are presented in Table 4.2.

For PEI composites, the final printing parameters included a nozzle diameter of 0.4 mm with a
nozzle temperature of 400 °C, a heated bed temperature of 180 °C, and a heated chamber
temperature of 130 °C. The specimens were printed with a raster angle of +45° relative to the
horizontal plane, using 16 successive layers with a thickness of 0.2 mm, a layer width of 0.48 mm,
and a 100% infill ratio.

For PPS composites, the final printing parameters consisted of a nozzle diameter of 0.4 mm with a
nozzle temperature of 350 °C, a heated bed temperature of 160 °C, and a heated chamber
temperature of 100 °C. The specimens were printed with an in-plane raster angle of +45° relative
to the horizontal plane, using 16 layers with a thickness of 0.2 mm, a layer width of 0.48 mm, and
a 100% infill ratio. Before printing, the composite filaments were dried at 100 °C for 12 hours to
eliminate moisture and ensure high-quality processing.

Compared to the ASTM mechanical specimens, all final printing parameters for the PEI and PPS
composites remained the same for the sandwich panel specimens, except for an increase in layer
thickness from 0.2 mm to 0.3 mm and an increase in printing speed from 20 mm/s to 50 mm/s.
These adjustments were made to reduce the printing time from over 10 hours to approximately 5

hours for the sandwich panel specimens.
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Figure 4.2 Schematic of specimens for mechanical testing, including sandwich panel, ASTM D638
(tensile test), ASTM D790 (flexural test), and ASTM D256 (impact test) geometries. The inset
highlights the raster orientation of +45° used during FFF printing for all specimens.

Table 4.2 FFF printing parameters for PEI and PPS composite formulations were tailored by trial
and error, with the trial range determined based on the technical data sheets of the neat PEI and

PPS matrices.

Parameters Trial values Final PEI parameters | Final PPS parameters
Nozzle Temperature (°C) 350-400 400 350
Bed Temperature (°C) 160-180 180 160
Chamber Temperature (°C) 100-130 130 100
Nozzle Diameter (mm) 0.4 0.4 0.4
Layer Thickness (mm) 0.2,0.24,0.3 0.2 0.2
Extrusion Width (mm) 0.4, 0.48, 0.55, 0.65 0.48 0.48
Extrusion Multiplier 0.90, 0.95, 1.00, 1.05, 1 1
1.10, 1.20
Printing Speed (mm/s) 20, 30, 50 20 20
Raster Angle (°) +45 +45 +45
Infill Ratio (%) 100 100 100
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5.1 Abstract

The study aims to develop novel polyetherimide (PEI) composite formulations by the incorporation
of recycled carbon fibers (rCFs), thermal black (TB) particles, and the combination of rCF/TB
hybrids. Thermoplastic composites were prepared by melt compounding of an amorphous PEI,
rCFs, and TB particles. Four (4) formulations of composites were prepared, with a maximum
loading of 20 wt.% of rCF and a gradual replacement of rCF by TB. These formulations were used
to manufacture standard specimens through injection molding (IM) and Fused Filament Fabrication
(FFF) after being extruded into filaments. The effect of rCF and TB contents on the mechanical
performance, the thermal behaviour, and on the microstructure of injected and FFF printed
specimens were evaluated and analyzed. After the incorporation of 20 wt.% rCF, the tensile
modulus of IM specimens increased from 3.20 GPa to 6.18 GPa, and the tensile strength increased
from 74 MPa to 103 MPa, respectively. FFF printed composite specimens with 20 wt.% of rCF
presented a tensile modulus of 4.23 GPa and a tensile strength of 70 MPa, respectively. The heat
deflection temperature (HDT) of the IM and FFF printed composite increased from 177 °C to 200
°C with the addition of 20 wt.% of rCF, a common metric for assessing the maximum service
temperature. X-ray micro-tomography was carried out to assess the composites’ porosity contents
and, as well, the rCF average length and orientations. X-ray micro-tomography results illustrated
that the presence of rCF leads to a maximum porosity formation of up to 17 % in the FFF printed
specimens. As expected, the initial length of the raw rCF was reduced from 6 mm down to
approximately 30 um mainly due to the shear forces applied during the different steps of the

manufacturing process, i.e., composites compounding, filament extrusion, and FFF printing.
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Scanning electron microscopy (SEM) images obtained on fractured surfaces revealed that the
incorporation of TB seemed to improve the fiber matrix adhesion when compared to composites
containing only rCF. The obtained results allowed us to understand the thermal and mechanical
performance of these novel composites and their potential for FFF 3D printing of parts for aircraft

interior or ground transportation applications.

5.2 Introduction

Carbon-based fibers and particles are used as reinforcement for developing thermoplastic
composites for ground transportation and aerospace components [12-14, 53]. Thermal black (TB)
is manufactured by burning natural gas in the absence of oxygen [21]. Unlike carbon black, TB is
not electrically conductive due to its surface characteristics and its amorphous structure [22]. The
production of TB particles yields hydrogen that is recirculated for reheating the reactor and for
electricity generation. Moreover, the market price of TB (~2 $/kg) is significantly lower than that

of virgin carbon fiber (CF) (~ 60 $/kg) [22, 101].

The effect of using TB particles and CF on the thermal and mechanical properties of different
polymers, such as polyamide (PA6), polypropylene (PP), acrylonitrile butadiene styrene (ABS),
and polyphenylene sulfide (PPS), has been studied in the literature [24]. It was reported that the
addition of TB could improve the fiber-matrix adhesion by anchoring the mixture of TB-matrix on
the surface of CF. The recycling process of CF wastes to manufacture recycled carbon fibers (rCF)
was reported to require roughly 5-10 % of the energy expenditure associated with the
manufacturing of virgin CF [15, 16]. Using rCF in combination with TB represents a more
sustainable approach due to its cost-efficiency and substantially lower energy requirements, when

compared to using virgin CF and furnace carbon black.

Fused filament fabrication (FFF) is an open-source three-dimensional (3D) printing technology
that uses a filament of a thermoplastic material or its composite, which is heated to its melting point
and then extruded through a small nozzle to create a 3D object, layer by layer [9, 10, 102, 103].
The mechanical performance of 3D printed composite parts strongly depends on the fiber content,
the inter- and intra-layer porosity, the fiber distribution, the fiber aspect ratio, the fiber-matrix
adhesion, and the layer-to-layer adhesion [10, 25]. Liao et al. [38] reported that gradually increasing
the weight fraction of CF from 2 wt.% to 10 wt. % in polyamide (PA12) increased the stiffness and

strength by up to 260 % and 102 %, respectively. However, they also demonstrated a reduction in
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impact strength by 46 % from the nominal value of neat PA12. The tensile modulus and strength
of FFF printed specimens made from 30 wt.% reinforced polyetheretherketone (PEEK) along the
longitudinal direction showed significant enhancement of up to 500 % and 61 %, respectively,
when compared to the neat matrix [104]. The incorporation of CF into PPS and PEEK matrices
increased their zero-shear viscosity by up to 3 orders of magnitude. This increase of the viscosity
could have a negative impact on the material's flow characteristics during the IM and FFF printing
processes [41]. Moreover, filaments containing 15 wt.% of CF have been observed to cause
porosity content of 15-25 % in printed parts [47]. The porosity can potentially lead to bonding
defects between layers during the printing process, which could promote crack initiation and
mechanical failure of the structures [32, 34-36]. The trade-off between the increased mechanical
properties, melt viscosity, and porosity is an important consideration when developing composite

formulations for FFF printing applications [10, 25].

High-temperature resistant and high-performance thermoplastic polymer families include
polyimides, polysulfone, polyaryletherketones, and polyphenylsulfides [4, 51, 54, 105].
Polyetherimide (PEI), also known under the commercial name ULTEM, has a tensile strength of
up to 110 MPa, heat deflection temperature (HDT) of up to 175 °C, and inherent flame retardancy.
The melt flow properties of PEI allow its melt processing by extrusion, injection molding, and FFF
technology, depending on its grade. ULTEM 1040A stands out among ULTEM grades due to its
lower melt viscosity, making it a suitable choice for fillers and fibers incorporation at contents up
to 30 wt.%. The average molecular weight (M,,) of ULTEM 1040A is reported to be 23,100 g/mol,
when compared to 33,200 g/mol for ULTEM 1010 and 38,300 g/mol for ULTEM 1000 grades,
respectively [106]. The inherently lower melt viscosity and molecular weight of ULTEM 1040A,
in comparison to other ULTEM grades, could possibly play a significant role in promoting layer-

to-layer adhesion during FFF printing.

ULTEM 9085, 1010, and 1000 based composites and filaments are the most studied from the
ULTEM family [66, 105]. On the other hand, there is a noticeable gap between the existing
literature and the 3D printing industry regarding the ULTEM 1040A composites and filaments. For
example, Chuang ef al. [48] studied the mechanical properties and printing quality of 10 wt.% CF
reinforced ULTEM 1000. It was reported that the printed ULTEM 1000 composites exhibit a
tensile performance equivalent to 50 % of the injection molded neat ULTEM 1000. This reduction

in mechanical performance was primarily attributed to the relatively high porosity, which was
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observed at ~25 % in the printed composite parts. On the other hand, the commercially available
ULTEM filaments are limited to a few manufacturers and are very expensive, up to 10-fold, when
compared to polymer pellets. Moreover, the commercially available carbon fiber reinforced PEI
filaments with a diameter of 1.75 mm are currently limited to the maximum loading of a of 15 wt.%
of CF. Neat filaments of ULTEM 9085 and ULTEM 1010 are also commercially available [55].
Hence, there is a strong interest from the FFF community and industry to develop the knowledge
on new reinforced ULTEM 1040A FFF feedstock materials. Composites made of this PEI grade

have not been investigated yet in terms of their mechanical performance and FFF printing behavior.

This study represents the first publicly available investigation into various PEI ULTEM 1040A
composite formulations tailored for the FFF printing process. The research involves developing
novel composite formulations by the incorporation of rCF, TB particles, and rCF/TB hybrid
combinations at different weight percentages. The evaluation covers the mechanical, thermal, and
morphological properties of composites for both injection molded (IM) and FFF printed specimens.
This study aims to develop PEI/rCF/TB composites featuring improved specific stiffness and

strength of specimens fabricated using FFF, when compared to IM pure PEI and its composites.

5.3 Materials and Methods

5.3.1 Materials

ULTEM 1040A, a low viscosity PEI grade with a melt flow rate (MFR) of 77 g/10 min, was
purchased from SABIC (Massachusetts, USA). Recycled short carbon fibers, rCF, (re-Evo® HSC)
were purchased from Carbon Conversion (Lake City, SC, USA). Thermal Black (Thermax® N990,
TB) particles were supplied by Cancarb Limited (Medicine Hat, AB, Canada).

5.3.2 Methods

5.3.2.1 Compounding

The pure PEI pellets were dried before compounding processing at 140 °C for 12 hours. PEI pellets
were compounded with rCF and TB by using a Biihler clamshell co-rotating twin-screw extruder
(Biihler Group, Gupfenstrasse 5, Uzwil 9240, Switzerland). The temperature profiles of the
extruder were set to incrementally rise from 280 °C to 350 °C, from the feeding zone to the die.

PEI pellets, TB, and rCF were fed through separate feeders into the forward area of the extrusion
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line. The extruded composites were cooled down in the air and pelletized. The pellets were further
used in the injection molding step and filament extrusion. Table 5.1 lists the extruded formulations
containing combinations of rCF and TB.

Table 5.1. Formulations of the extruded composites using a twin-screw extruder.

Formulation PEI (wt.%) rCF (wt.%) TB (wt.%)
PEI 100 0 0
PEI/rCF/TB (80/20/00) 80 20 0
PEI/rCF/TB (80/15/05) 80 15 5
PEI/rCF/TB (80/10/10) 80 10 10
PEI/rCF/TB (80/00/20) 80 0 20

5.3.2.2 Injection molding (IM)

The compounded pellets of composites were dried as specified before and then injection molded
using a 34-ton Boy injection molding press (Boy Machines Inc, Exton, PA, USA). The injection
barrel and mold temperatures were adapted as a function of the melting temperature of PEI polymer
matrix. Standard specimens were molded according to ASTM D638, ASTM D790, ASTM D256,
and ASTM D648 for tensile, flexural, unnotched Izod impact, and heat deflection temperature

evaluations, respectively.
5.3.2.3 Filaments extrusion

The developed composites were transformed into standard size FFF filaments (Figure 5.1(a)) by
using a filament-making extruder (Xcalibur, Noztek, Shoreham, England). The filaments were
continuously monitored for a constant diameter of 1.75 + 0.05 mm, and a constant ovality by using
a laser controlling system with 1200 scan/s along radial axes (Zumbach-ODACI8XY,
Switzerland). The compounded pellets were dried as specified prior to their melt transformation

into filaments.

5.3.2.4 Fused filaments fabrication

The software Simplify3D (Simplify3D, USA) was used to slice the 3D computer-aided designs of
the specimens on the flatwise position based on their shape. The approach was to fabricate similar
specimens by FFF and by injection molding, for further characterization using the same ASTM
tests. An open-source printer, the AON-M2 (AON3D, Montreal, QC, CA) was used to print the
specimens. The parameters used for the printing of the specimens were: nozzle diameter of 0.4 mm

(400 °C), heated bed of 180 °C, chamber temperature of 130 °C, a raster angle of & 45° relatively
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to the horizontal plane. The specimens were printed with 16 successive layers, each with a
thickness of 0.2 mm and a width of 0.48 mm, providing a 100 % infill ratio. Some of the printed

specimens are presented in the Figures 5.1(b) and 5.1(c).

4 (b) s
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Figure 5.1 Images of extruded composite filaments and of FFF printed ASTM specimens; (a) PEI
composite filament spools (from left to right; rCF/TB (20/00), rCF/TB (15/05), and rCF/TB
(10/10)), (b) FFF printed Type-1 dogbone specimens (ASTM D638) by using filament containing
rCF/TB (20/00) for tensile testing, (c) Optical microscopy images showing details on FFF printed
dogbone specimens’ surface.

5.3.3 Characterization techniques

5.3.3.1 Morphology and microstructural analysis

Scanning electron microscopy (SEM) was used to observe the fractured surfaces of composites
using a Hitachi-TM3030Plus (Hitachi High-Tech Corporation, Hitachinaka, Japan) at an
accelerating voltage of 15 kV. The surfaces of composite filaments were prepared by fracturing
them in liquid nitrogen to provide brittle surface fracture, while the surfaces observed for IM and
FFF printed specimens were those resulting from failure during mechanical testing. A chromium

coating of 20 nm was applied on the surface of the specimens before SEM observation.
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Figure 5.2 Micro-CT analysis of PEI containing rCF/TB (20/00) composite filaments processed
with the OpenFiberSeg tool: (a) reconstructed scanned volume, (b) XY cross-section of the
composite filament, (c) XZ cross-section of the composite filament.

Micro-CT analysis was carried out to observe the porosity and the rCF distribution of orientation
with a Zeiss XradiaTM 520 Versa X-ray computed tomography system (Carl Zeiss Microscopy
GmbH, Jena, Germany). The applied source voltage and power were 80 kV and 7 W, respectively,
with a 10X objective without filter, for an exposure time of 1.2 s. The scans were analyzed with an
open-source segmentation tool (OpenFiberSeg) for porosity and fiber distribution analysis [107].
Figure 5.2 features representative micro-CT images of the extruded composite filament having a
diameter of 1.75 mm. Figure 5.2(a) represents the reconstructed scanned volume in which the Z-
axis indicates the extrusion direction. Figure 5.2(b) and 5.2(c) represent the processed micro-CT
data by using the OpenFiberSeg tool for the XY and XZ planes, respectively. The porosities and
carbon fibers were successfully detected and labeled in blue and orange, respectively. The
aforementioned micro-CT scan was repeated at least twice for each formulation of filaments (1.75

mm), FFF printed, and IM dogbone specimens that have not undergone tensile testing.

5.3.3.2 Heat deflection temperature

The HDT was determined using an Instron Ceast HDT-3-Vicat (Instron, Norwood, MA, USA).
The rectangular beam specimens, obtained by IM and FFF printing, had a thickness of 3.2 mm, a
length of 105 mm and a width of 12.7 mm. The ASTM D648 standard was applied as follows: the
cross-section of a rectangular beam was loaded in the edgewise position until stress of 1.82 MPa
was reached. The specimens were tested in a heat-transfer medium (silicon oil) in which the

temperature was increased by 2 °C/min. The HDT was recorded when test specimens deflected by
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0.25 mm under the applied load. At least three (3) specimens were tested for each formulation and
the test results are presented as a mean value with a confidence interval (CI) of 95 %, which is

reported in parentheses in the sequel.
5.3.3.3 Mechanical characterization

Tensile and flexural specimens made by IM and FFF were tested for each composite formulation.
Testing was carried out according to ASTM D638 and ASTM D790 standards using an MTS
Insight electromechanical testing machine equipped with a 50 kN load cell at room temperature
(MTS Systems, Eden Prairie, MN, USA). Tensile tests were done with a crosshead speed of 5
mm/min. The flexural tests were conducted using a support span of 105 mm for IM specimens and
51.3 mm for FFF printed specimens, with a crosshead speed of 2.6 mm/min. The differing support
span lengths were chosen because FFF printed specimens exhibit higher deflection, necessitating
adjustment to minimize noise in the data and prevent specimen slipping during testing, in
accordance with ASTM standards. Five (5) conditioned specimens for each composite formulation
were tested and the mean values are further reported for tensile modulus (TM), tensile strength

(TS), flexural modulus (FM), and flexural strength (FS).

The Izod impact strength was measured with a ZwickRoell impact device (ZwickRoell LP,
Kennesaw, GA, USA). The unnotched specimens were both IM and FFF printed. The tests were
performed according to ASTM D256 using a 2 kg hammer. The impact tests were repeated eight
(8) times for each formulation and their mean values are reported with a CI of 95 %. Before

mechanical testing, all the specimens were conditioned at 23 °C, 50 % RH for at least 40 hours.

5.4 Results and Discussion

5.4.1 Microstructural characterization of the manufactured composites

5.4.1.1 Micro-CT and SEM analysis of composite filaments

Figure 5.3 provides the information obtained through micro-CT scanning of the filaments on the
porosity density, as well as graphs depicting the distribution of porosity size. The porosity density
images were generated by projecting the three-dimensional porosities onto the axial planes (Figure
5.3(a)). X, Y, and Z are representing the axes of the 3D image for the filament, Z being aligned

along the extrusion direction. The 2D image projections were obtained by summing the pixel values
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along an axis. For example, in the XY plane, the pixel intensity values were summed along the Z
axis for each fixed (x,y) coordinate in that plane. The pixels that contained pores were assigned a
value of 1, while all other pixels were given a value of 0. Subsequently, the cumulative sum of
pixels that contains porosity within the volume was provided as a normalized 2D color map of
porosity density, with respect to the highest pixel count along the XY and XZ planes (Figures
5.3(b.1)-(d.1) and ((b.2)-(d.2)). This ensures that the visualization accurately represents the
relative intensities in the original 3D image. These images provide new complementary qualitative
information about porosity density and distribution that corroborates the porosity distribution plots.
The normalized density levels are indicated by yellow and blue colors, which correspond to the
upper and lower bounds on the scale bar, respectively, where high values indicate concentrated
porosities and low values indicate the absence of porosities. In Figures 5.3(b.3)-(d.3), the porosity
size distribution is reported as a function of radial axis. The volume of porosity was extracted with
OpenFiberSeg. Then, the location of centroid of each porosity were determined and their distance
from the center of the filament along the radial axis was computed. This allows us to compute the

porosity size distribution with a CI of 95 % as a function of the radial coordinate.

Figures 5.4(a-d) show SEM micrographs of filament cross-sections for each composite
formulation. This qualitative analysis supports the micro-CT data on porosity within filament

cross-sections, providing a visual insight into the porosity levels on 2D surfaces of the filaments.
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Figure 5.3 (a) Isometric 3D view representing the composite filament volume with porosity
projection onto axial planes. Micro-CT images of porosity density and their corresponding porosity
content (b.1-d.1, and b.2-d.2), and plots of porosity size distribution (b.3-d.3) computed with a CI
of 95 % for the composite filaments, (b.1-b.3) PEI/rCF/TB (80/20/00), (c.1-c.3) PEI/rCF/TB
(80/15/05), (d.1-d.3) PEI/rCF/TB (80/10/10).

The incorporation of rCF leads to the formation of porosity of 17.5 (2) % for composite filament

containing rCF/TB (20/00). The porosity content is decreased down to 10.3 (1.7) % and 7.3 (1.5)

% for composite filament containing rCF/TB (15/05) and rCF/TB (10/10), respectively. There is

no detectable porosity inside the filament containing rCF/TB (00/20) (detailed data on this aspect

is not presented here).
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Figure 5.3(b.2) shows the porosities that are present throughout the entire cross-section observed,
consisting of small and large porosities for the composites containing rCF/TB (20/00). Smaller
porosities, measuring up to ~ 0.001 mm?, are densely distributed towards the edges as can be
verified with SEM images of filament cross-sections (Figure 5.4(a)). The variation in the size of
the small porosities is very small as they have relatively small standard deviation of ~ 10 mm?,
when compared to large porosities. The large porosities have higher standard deviation of ~ 107
mm?, with the sizes reaching up to ~ 0.016 mm?>. The larger porosities are predominantly located
in the central region of the filament. This porosity distribution in the filaments were due to the melt
flowing characteristics through the extrusion die, where high shear forces were maximal to the die
walls, which caused a reduction in the porosity sizes on the filament’s walls. The replacement of
rCF by TB not just reduced the porosity content but also reduced the overall size of the porosities.
The size of the porosities became relatively finer, reaching a maximum of ~ 0.003 mm? for the
composites containing rCF/TB (15/05) and rCF/TB (10/10), respectively (Figures 5.3(¢c.2) and
(d.2)). For the composite filaments containing rCF/TB (15/05), the larger porosities are more
evenly distributed with average volume of ~ 0.0015 mm?, when compared to the composite
filaments containing rCF/TB (20/00). The larger porosities are mostly located in the central region,
with a higher deviation, while the smaller porosities are located near the outer perimeter of the
filament with a smaller size deviation at the edges, as can be verified with SEM images of filament
cross-sections (Figure 5.4(b)). The replacement of rCF with TB significantly changes the porosity
distribution for the composite filaments containing rCF/TB (10/10) by introducing in two different
small porosity regions. The porosities with a volume of ~ 0.0001 mm? are located in the center and
near the outer perimeter of the filament. There is a region between filament center and perimeter
where a small amount of larger porosities are located with a volume of ~ 0.003 mm?. It seems that
the TB incorporation shifted the location of the porosities toward the filament center, which can be

clearly observed in SEM images of filament cross-sections (Figure 5.4(c)).

The porosity formation is thought to be primarily due to the presence of rCF, as porosity content
increases as a function of rCF content. Epoxy based sizing was identified on the rCF surfaces and
epoxy starts to degrade at ~ 300-330 °C, up to 470 °C [49, 108]. Thus, the epoxy sizing degradation
at the filament extrusion temperature could form degradation gases that remained trapped within

the volume of the filaments. Consequently, as Figure 5.4(d) presents, composites containing
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rCF/TB (00/20) exhibit a noticeable reduction in porosity (0.2 %) due to the absence of rCF, and

thus, the absence of epoxy and degradation gases during filament extrusion.

PEI/rCF/TB (80/20/0

\

Figure 5.4 SEM images of the fracture surface of composite filaments: (a) PEI/rCF/TB (80/20/00),
(b) PEI/rCF/TB (80/15/05), (c¢) PEI/rCF/TB (80/10/10), (d) PEI/rCF/TB (80/00/20).

5.4.1.2 Micro-CT analysis of IM and FFF printed composite specimens

Table 5.2 compares statistical values for the fiber length distribution, the orientation, and the
porosity content for samples extracted from dogbone specimens prior to mechanical testing. The
average fiber length and deviation angle were computed on a sample size of ~ 15,000 individual
fibers. The deviation angle represents the angle of the deviation of fibers from the Z-axis which is
the injection/extrusion direction. The total porosity, which encompasses both inter-layer and intra-
layer porosities in the FFF printed dogbone specimens, is 16.8 % for the composites containing
rCF/TB (20/00). As the rCF content was replaced by 5 wt.% and 10 wt.% of TB, the total porosity
gradually decreased down to 13.8 % and 7.1 %, respectively. The FFF printed composite containing
rCF/TB (00/20) exhibited a total porosity of 2.8 %, consisting solely of inter-layer porosities. The
porosity content increased linearly for FFF printed specimens with increasing rCF content, while
no detectable porosities were found in the IM specimens for all the formulations. The lack of
porosities in IM specimens is due to high injection pressure used to fill-in the mold. When
compared at IM, there is no high pressure applied to the melt during FFF printing. The micro-CT
results regarding the porosity content demonstrate that the adjusted FFF printing parameters

enabled us to obtain low porosity content FFF printed specimens, down to 2.8 %.
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Table 5.2 Micro-CT analysis of FFF printed and IM PEI composites: quantitative values regarding
porosity content and rCF length distribution and orientation. The average values are reported with
CI of 95 % in the parentheses.

Specimen Composite formulation Porosity (%) rCF length (um) Deviation angle (°)

PEI/rCF/TB (80/20/00) ~0 41.1 (0.85) 34.7 (0.38)

M PEI/rCF/TB (80/15/05) ~0 22.4(0.34) 44.7 (0.37)
PEI/rCF/TB (80/10/10) ~0 19.5 (0.22) 47.5(0.33)
PEI/rCF/TB (80/00/20) ~0 - -
PEI/rCF/TB (80/20/00) 16.8 (1.4) 36.6 (0.22) 46.2 (0.22)

FFF PEI/rCF/TB (80/15/05) 13.8 (0.8) 24.1(041) 39.1(0.36)
PEI/rCF/TB (80/10/10) 7.1(1.9) 30.4 (0.96) 41.3 (0.56)
PEI/rCF/TB (80/00/20) 2.8(0.7) - -

The FFF printed composite specimens containing rCF/TB (20/00), rCF/TB (15/05), and rCF/TB
(10/10) have average fiber lengths of 36.6 um, 24.1 um, and 30.4 pm, respectively. In contrast, the
IM composite specimens containing rCF/TB (20/00), rCF/TB (15/05), and rCF/TB (10/10) have
average fiber lengths of 41.1 um, 22.4 um, and 19.5 um, respectively. The size of rCF with an
initial length of 6 mm was significantly reduced due to the shearing effects during compounding,
IM, filament extrusion, and FFF printing processes. Considering the diameter of rCF, which is ~ 5
um, the aspect ratio of rCF in the manufactured composites ranged from 4 to 10 for composite
formulations. The aspect ratio of the short fibers significantly affect their orientation in the matrix,
thus mechanical performance of the composites [25]. High aspect ratio fibers tend to align more
effectively with the flow direction due to shear forces [109].

Figure 5.5 compares the deviation angle distribution of rCF for each composite formulation. The
solid bars represent the deviation angle of the IM specimens while patterned bars represent those
of the FFF printed specimens. The average deviation angles for the IM specimens are 34.7°, 44.7°,
and 47.5° for composites containing rCF/TB (20/00), rCF/TB (15/05), and rCF/TB (10/10),
respectively. It seems the fibers are randomly distributed on the entire range of angles (i.e., 0°-90°),
while the fibers are more aligned for composites containing rCF/TB (20/00) (Figure 5.5(a)). The
relatively longer average fiber length of the composites containing rCF/TB (20/00) might lead to
increased fiber alignment, when compared to composites containing rCF/TB (15/05), and rCF/TB
(10/10), and considering also the effect of TB particles presence that inhibit the molecular mobility
of the matrix. The average deviation angles are 46.2°, 39.1°, and 41.3° for FFF printed composites
containing rCF/TB (20/00), rCF/TB (15/05), and rCF/TB (10/10), respectively. The deviation angle
distribution seems to be uniform, pointing to a random orientation distribution, while composites
containing rCF/TB (20/00) seem to exhibit higher fiber alignment, as observed for IM specimens
(Figure 5.5(b)).
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Figure 5.5 Plots of rCF deviation angle distribution for developed composites; (a) IM and (b) FFF
printed dogbone specimens.

IM composites containing rCF/TB (20/00) have slightly longer average fiber lengths and are more
aligned, when compared to FFF printed parts. The replacement of rCF content by TB particles
further reduced the average rCF length and also restricted the rCF alignment through
extrusion/injection flow direction for both IM and FFF printed specimens. This could be due to the
high number of interactions of nano-scale TB particles with rCF. Consequently, these substantial
interactions between rCF-TB, rCF distribution orientation along the matrix, and total porosity
content are expected to significantly affect the mechanical performance of IM and FFF printed

parts.

5.4.1.3 SEM analysis of fracture surfaces of IM and FFF printed specimens

Figure 5.6 shows SEM images of the fracture surfaces of Izod impact specimens obtained in IM
with three (3) different magnifications for each formulation. From the top to the bottom, the SEM
images represent the formulation of composites containing rCF/TB (20/00), rCF/TB (15/05),
rCF/TB (10/10), and rCF/TB (00/20), respectively.

Figure 5.6(a.1)-(a.3) shows uniform rCF dispersion and distribution in the PEI matrix for the
composites containing rCF/TB (20/00), which suggests that the mixing strategy used was
appropriate. A mix of fiber breakage, fiber pull-outs, and partially wetted fiber surface that is seen
in the SEM images (Figure 5.6(a.3)) may indicate a moderate level of adhesion between rCF and

the matrix.



55

Figures 5.6(b.1)-(b.3) and (c.1)-(c.3) represent the fracture surface of PEI hybrid composites
containing rCF/TB (15/05) and rCF/TB (10/10), showing the same uniform fiber distribution. The
incorporation of TB seems to enhance the fiber-matrix adhesion since the rCF surfaces were
covered by the matrix and by TB particles, as well (Figures 5.6(b.2)-(b.3) and (c.2)-(c.3)). The
similar surface chemistries of rCF and TB, providing carbon-carbon interactions, may improve the
affinity between rCF and TB, as well as between the matrix and rCF [24]. The TB particles,
attached to the surface of rCF, have possibly increased the surface area of rCF while promoting
more bonding sites for the PEI matrix. Such phenomenon is expected to increase the reinforcement
efficiency of rCF, with a potential positive effect expected further on the mechanical performance.
Figures 5.6(d.1)-(d.3) shows a smooth fracture surface of composites containing rCF/TB (00/20).
TB particles are finely dispersed along the matrix without significant agglomerations, which
indicates a moderate affinity between the matrix and TB particles. Overall, these SEM images of
the fracture surfaces reveal a uniform distribution of rCF and TB throughout the matrix. There is
also a clear enhancement in fiber matrix adhesion for hybrid composites, which is expected to favor

the mechanical performance of these composites.
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Figure 5.6 SEM images at three different magnifications of the fracture surfaces of the IM Izod
impact specimens: (a.l1-a3) PEI/rCF/TB (80/20/00), (b.1-b.3) PEI/rCF/TB (80/15/05), (c.1-c.3)
PEI/rCF/TB (80/10/10), (d.1-d.3) PEI/rCF/TB (80/00/20).

Figure 5.7 shows SEM images of the fracture surfaces of FFF printed PEI composite specimens
resulting from Izod impact testing. The SEM images correspond well with the micro-CT findings,
revealing qualitative levels of porosity across all formulations. In Figure 5.7(a), two different types
of porosities were observed for composites containing rCF/TB (20/00). Intra-layer porosity has a
relatively fine size (~ 10-30 um). On the contrary, inter-layer porosity has a diamond-like shape
with a larger size (~ 50-100 pm), which occurred as a characteristic of FFF printing during the
deposition of layers from a circular shape printing nozzle. Figures 5.7(b) and 5.7(¢) present the
fracture surface of specimens containing rCF/TB (15/05) and rCF/TB (10/10), respectively. Inter-

layer and intra-layer porosities were observed on these surfaces as well, due to the presence of rCF.
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However, the porosity level decreased when replacing the rCF with TB as the quantitative results

reported in Table 5.2.

~ inter-layer porosity

S A

P S o0 ¢
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Figure 5.7 SEM images of the fracture surface of FFF printed impact specimens: (a) PEI/rCF/TB
(80/20/00), (b) PEI/rCF/TB (80/15/05), (c) PEI/rCF/TB (80/10/10), (d) PEI/rCF/TB (80/00/20).

Finally, Figure 5.7(d) shows the fracture surface of composites containing rCF/TB (00/20). There
is no intra-layer porosity in this case, while some inter-layer porosities are still present. Overall,
the fracture surfaces of FFF printed composites with very low porosity content indicating efficient
layer-to-layer adhesion for all formulations. The porosity observed is predominantly attributed to
the presence of rCF, leading to the formation of intra-layer porosities. However, for the
formulations without rCF, the porosity content remains significantly low (2.8 %), consisting of
only inter-layer porosity due to the FFF printing process itself. The low porosity content that
promotes layer-to-layer adhesion is expected to favor the mechanical performance of FFF printed

parts, when compared to IM composites.
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5.4.2 Mechanical properties of IM and FFF printed PEI composite specimens

Figure 5.8 compares the TS and TM of the pure PEI and its composites. The solid bars represent
the tensile properties of the IM specimens while patterned bars represent those of the FFF printed
specimens. With the incorporation of 20 wt.% rCF, the TM of IM specimens increased from 3.20
GPa up to 6.18 GPa, and the TS increased from 74 MPa up to 103 MPa. Replacing rCF by TB
resulted in the reduction of the TM and TS, when compared to the composite containing rCF/TB
(20/00). For example, the TS of composites containing rCF/TB (15/05) and rCF/TB (10/10)
reduced down to 88 and 82 MPa, respectively. The TS exhibited a 14.5 % reduction, and the TM
decreased by 29.5 % for the composite containing rCF/TB (15/05), when compared to composites
containing rCF/TB (20/00). However, this reduction was less pronounced for the composite
containing rCF/TB (10/10), showing only a 6.8 % decrease in TS and 18 % reduction in TM, when
compared to that observed for the composites containing rCF/TB (15/05). In composites containing
rCF/TB (00/20), the TS was reduced down to 42 MPa. However, the TM exhibited an
improvement, reaching 4077 MPa, when compared to the composite containing rCF/TB (10/10).
The trend of tensile properties shows that gradual replacement of rCF with TB does not result in a
significant reduction in mechanical properties as composites containing rCF/TB (15/05) and
rCF/TB (10/10) almost show similar performance. As shown before in SEM images presented in
the Figure 5.6, the TB particles attached to the surface of rCF seemed to indicate they helped to
increase the surface area of rCF while promoting more bonding sites for the PEI matrix and proving

further this positive effect on mechanical performance.

The FFF printed composites containing rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10) and
rCF/TB (00/20) have a TS of 70 MPa, 69 MPa, 64 MPa, and 42 MPa and a TM of 4.23 GPa, 4.20
GPa, 4.21 GPa, and 4.14 GPa, respectively. The FFF printed composites have comparable TM with
those of the IM composites, while their TS is slightly lower. In the case of the composite containing
rCF/TB (20/00), FFF printed parts exhibit a 32 % lower TS and a 31 % lower TM, when compared
to IM specimens. For the composite containing rCF/TB (15/05), FFF printed parts show a 21 %
lower TS and a 3.6 % lower TM than IM specimens. For the composite containing rCF/TB (10/10),
FFF printed parts display a 22 % lower TS but an 18 % higher TM, when compared to IM
specimens. Composite containing rCF/TB (00/20) show similar performance between IM and FFF

printed parts when considering their respective CI values.
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Figure 5.8 Tensile properties of injection molded (solid bars) and FFF printed (patterned bars)
composites, showing (a) tensile modulus (TM) and (b) tensile strength (TS) of the various
specimens. The results are presented as mean values and a CI of 95 % is provided based on a
sample size (n) of 5.

The differences in TS and TM between IM and FFF printed specimens are mainly attributed to the
presence of porosity and the fiber lengths and distributions. The reduction observed in mechanical
properties of FFF printed specimens is more pronounced for the composite containing rCF/TB
(20/00), primarily because of the higher porosity content (16.8 %), when compared to IM.
Additionally, in IM parts, the average fiber length is longer (~ 41 um), and the fibers are more
aligned in injection flow direction, when compared to FFF printed parts. This difference is less
pronounced for composite containing rCF/TB (15/05) since the total porosity content is reduced to
13.8 % and there is no significant difference in average fiber length and fiber deviation for IM and
FFF printed parts. The FFF printed composite containing rCF/TB (10/10) shows slightly higher
TM than IM parts, and this could be due to the longer average fiber length and lower fiber deviation
along the Z axis with the relatively low porosity content (7.1 %). Composite containing rCF/TB
(00/20), have similar mechanical performance for IM and FFF printed parts since porosity content
is very low (2.8 %) for FFF printed parts. Finally, all composites have higher tensile modulus and
tensile strength (except composite containing rCF/TB (00/20)) when compared to the IM neat PEIL.
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Table 5.3 Mechanical properties of injection molded and FFF printed PEI composites presented as
mean values, and a CI of 95% is provided based on a sample size (n) of 5.

Specimen | Properties PEI PEI/rCF/TB PEI/rCF/TB PEI/rCF/TB PEI/rCF/TB
(0/0/0) (80/20/00) (80/15/05) (80/10/10) (80/00/20)
TS (MPa) 74 (3.8) 103 (0.3) 88 (0.7) 82 (0.2) 42 (2.6)
TM (GPa) | 3.20(0.02) 6.18 (0.10) 4.35(0.07) 3.57(0.02) 4.07 (0.08)
M IS (kJ/m?) 36.9 (5.5) 29.6 (1.2) 23.2(1.5) 20.5 (1.0) 6.5(0.3)
FS (MPa) 127 (3.3) 158 (7.4) 154 (2.0) 127 (3.3) 70 (3.0)
FM (GPa) | 3.59(0.04) 6.69 (0.30) 4.79 (0.07) 4.17 (0.07) 4.61 (0.06)
HDT (°C) 177 (1.6) 200 (0.9) 194 (1.1) 186 (1.2) 184 (0.5)
TS (MPa) - 70 (4.0) 69 (0.8) 64 (0.4) 40 (1.8)
TM (GPa) - 4.23 (0.13) 4.20 (0.04) 4.21(0.12) 4.14 (0.04)
FFF IS (kJ/m?) - 9.5(1.0) 11.6 (1.8) 8.4 (2.7 6.6 (2.7)
FS (MPa) - 112 (2.0) 99 (4.0) 64 (3.5) 84 (1.3)
FM (GPa) - 3.36 (0.07) 2.96 (0.06) 2.74 (0.04) 4.25 (0.07)
HDT (°C) - 199 (0.6) 197 (0.2) 186 (1.0) 184 (0.8)

Table 5.3 presents the tensile, flexural, impact, and HDT characterization results for injection
molded and FFF printed specimens. The incorporation of 20 wt.% of rCF increased the FS and FM
of the IM PEI matrix from 127 MPa to 158 MPa and from 3.59 GPa to 6.69 GPa, respectively. The
FS and FM relatively decreased when gradually replacing rCF by TB. The composites containing
rCF/TB (15/05), rCF/TB (10/10), and rCF/TB (00/20) have FS and FM of 154 MPa, 127 MPa, 70
MPa and 4.79 GPa, 4.17 GPa, 4.61 GPa respectively. FFF printed PEI containing rCF/TB (20/00),
rCF/TB (15/05), rCF/TB (10/10) and rCF/TB (00/20) showed FS of 112 MPa, 99 MPa, 64 MPa,
and 84 MPa and FM of 3.36 GPa, 2.96 GPa, 2.743 GPa and 4.25 GPa, respectively. The FS and
FM values of the FFF printed composites are relatively lower than those of the IM specimens most
likely, as explained before, due to the presence of porosity. The FFF printed composites containing
rCF/TB (00/20) has higher FS value and comparable FM value when compared to the IM

specimens, as the porosity content is significantly low at 2.8 %.

The impact strength (IS) of neat PEI is 36.7 kJ/m?. It must be noted that some neat PEI specimens
did not break during testing which were exempted from average IS calculation. The IS was reduced
down to 29.6 kJ/m? for the composite containing rCF/TB (20/00). The replacement of rCF by TB
further reduced the IS down to 20.5 kJ/m2. On the other hand, the IS of specimens containing
rCF/TB (00/20) is 6.5 kJ/m?. The more brittle behavior of composites could be attributed to rCF
and TB presence in which the effect of TB is more prominent. The presence of TB inhibits the
molecular mobility of the PEI matrix, which would prevent energy absorption during crack
propagation. FFF printed composites containing rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10),
and rCF/TB (00/20) showed an IS of 9.5 kJ/m?, 11.6 kJ/m?, 8.4 kJ/m?, and 6.6 kJ/m?, respectively.
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The FFF printed composites exhibited similar IS performance when considering standard
deviations, most likely due to the presence of porosities, which may suppress the effect of rCF and
TB presence. Moreover, the FFF printed composites demonstrated lower IS when compared to the
IM specimens. The lower IS values of the printed specimens could be attributed to the presence of
porosity as the inter-layer and intra-layer porosity in FFF printed specimens could act as defects
and stress concentration points which made printed composites more prone to crack propagation
[37, 49]. It can be seen that the composite containing rCF/TB (00/20) with very low porosity has

the same IS values as the IM specimens, trend which was also observed for the tensile properties.

Overall, the FFF printed composites have comparable mechanical performance, when compared to
IM specimens due to efficient FFF printing parameters used to print the standard specimens that
further resulted in low porosity contents. The SEM and micro-CT comprehensive and precise
quantitative analysis on the morphology of developed PEI ULTEM 1040A composites allows us
to better understand the link between their microstructure and their mechanical performance for

IM and FFF printed parts.
5.4.3 Thermal resistance of IM and FFF printed PEI composite specimens

The HDT values of IM neat PEI increased from 177 up to 200 °C for the composite containing
rCF/TB (20/00), as shown in Table 5.3. Replacing the rCF by TB particles decreased the HDT
down to 184 °C. The FFF printed PEI composites containing rCF/TB (20/00), rCF/TB (15/05),
rCF/TB (10/10), and rCF/TB (00/20) have HDT of 199 °C, 197 °C, 186 °C, and 184 °C
respectively. The HDT was evaluated when the tested specimens deflected by 0.25 mm under the
applied load while increasing the temperature. The specimens containing 20 wt.% rCF, due to the
rCF network inside the specimens, helped to support higher temperature before deflection than
those containing partially or fully TB particles. The HDT is a material formulation characteristic
regardless to the manufacturing methods and, as can be concluded, the HDT of FFF printed
specimens and of IM specimens are comparable for the same formulation. Therefore, the service
temperatures of the PEI ULTEM/rCF/TB composite parts made in FFF printing will be the

equivalent to their corresponding parts made in IM process.
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5.5 Conclusion

In this study, novel formulations of high temperature composites based on PEI ULTEM 1040A
containing rCF and TB were for the first time developed, characterized, and analyzed. These novel
composites were transformed through extrusion melt-process into filaments of a diameter of 1.75
mm with a high dimensional accuracy. Mechanical testing specimens were obtained in injection
molding and, as well, in FFF printing using an open-source 3D printer equipped with a high-
temperature closed chamber. The morphology, various mechanical performances, and thermal
resistance of PEI reinforced with rCF and TB were evaluated and analyzed for both injection
molded and FFF printed parts. The combination of rCF and TB particles revealed an excellent
dispersion and distribution quality through the PEI matrix. Moreover, the incorporation of TB
particles seems to have improved fiber-matrix adhesion, possibly due to similar carbon surface
characteristics of rCF and TB particles, since SEM images showed that the surface of rCF was
covered with the mixture of matrix and TB particles. FFF printed specimens disclosed a very low
level of porosity, decreasing from 16.8 down to 2.8 % when rCF content was decreased from 20
down to 0 wt.% in the hybrid composites. At the incorporation of 20 wt.% of rCF, the tensile
strength and modulus of injection molded specimens were enhanced from 74 MPa up to 103 MPa
and from 3.20 GPa up to 6.18 GPa, when compared at pristine PEI. The tensile properties of FFF
3D printed composites were found to be similar to the injection molded specimens due to the
relatively low inter-layer and intra-layer porosity contents. The substitution of rCF with TB appears
to offset the decline in mechanical properties for certain formulations, such as composites
containing rCF/TB (15/05) and rCF/TB (10/10) that shown similar performance. The FFF printed
specimens based on these new materials present a good range of mechanical and thermal properties
in terms of tensile, flexural, impact, and HDT results. These novel formulations of newly developed
PEI ULTEM1040A/rCF/TB composites and hybrids are recommended for FFF 3D printing of

interior parts for ground transportation and aerospace industries.
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6.1 Abstract

In this study, polyphenylene sulfide (PPS) composites were developed, fabricated by different
melt-processes, and characterized for their application in filament-extrusion of high-performance
parts. Semi-crystalline PPS matrix was compounded with recycled carbon fibers (rCF), and thermal
black (TB) particles, followed by injection molding (IM) and by extrusion of the compounded
composites into filaments for Fused Filament Fabrication (FFF). The effect of rCF and TB contents
on the microstructure, crystallization kinetic, and mechanical performance of the PPS composites
were evaluated and analyzed. At the incorporation of 20 wt.% rCF, the tensile strength of IM
specimens increased from 73 MPa up to 151 MPa and the tensile modulus increased from ~ 3.5
GPa up to ~ 20 GPa, respectively. FFF printed specimens with 20 wt.% of rCF showed a tensile
strength of 86 MPa and a tensile modulus of 6 GPa, higher when compared to IM neat PPS.
Differential scanning calorimetry (DSC) analysis was conducted on extruded pellets, IM, and FFF
printed specimens to explore the crystallization kinetic of PPS composites. The analysis of DSC
results revealed that the incorporation of rCF and TB significantly hindered the crystallization of
PPS. The microstructural characterization of the PPS composites performed by scanning electron
microscopy (SEM) and micro-computed tomography (micro-CT) provided quantitative results for
porosity content, and of length distribution and deviation angle of rCF. These characterizations
helped to analyze the mechanical performance of IM and FFF printed parts, and providing
quantitative results to explain the differences in mechanical properties of specimens fabricated

trough the two methods.
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6.2 Introduction

Polyphenylene sulfide (PPS) is a semi-crystalline thermoplastic polymer consisting of an aromatic
ring connected to a sulfide atom that forms the basic unit of polymerization [69, 70]. PPS, as a
function of its grade and its manufacturer, can present a tensile strength up to 90 MPa, a tensile
modulus approximately 3.8 GPa [5]. Moreover, PPS is classified flame retardant due to its
distinctive chemical configuration and its innate capacity to undergo charring upon exposure to an
open flame [69]. The inherent properties of PPS gave rise to its particular use in parts
manufacturing for aerospace and ground transportation applications. PPS-based composites have
been successfully used in a number of aircraft components, including the main landing gear door,

the rudders, the keel beams, and ailerons, all manufactured using conventional methods [110].

The PPS matrix has been modified with fillers, fibers, and other polymers to be used in a variety
of industries [69, 111]. Recycled carbon fibers (rCF) are sourced from end-of-life composite
products or manufacturing wastes and are considered being more environmentally responsible
materials, including the benefits of cost-effectiveness, energy consumption, emissions reduction,
and mechanical performance, when compared to virgin CF [16]. The rCF is priced at approximately
21 USD/kg, while virgin CF costs can go up to 66 USD/kg [101]. The rCF generally exhibits a
similar modulus as virgin CF, while its tensile strength might be only 10 to 20 % below than of the
virgin CF [16, 112]. On the other hand, thermal black (TB) is derived from the combustion of
natural gas in the absence of the oxygen (no emissions) resulting in the production of one of the
purest and cleanest carbon black grade from the industry, while being a low-cost material (~ 2 $/kg)
[16, 21, 24]. The PPS composite formulations developed and studied in this work are beneficiating
from the presence of these environmental-friendly materials, rCF, TB, and their combinations,

while bringing cost reductions and increased performance, as well.

Fused Filament Fabrication (FFF) is an extrusion-based additive manufacturing (AM) technology
that employs a thermoplastic material in the form of a filament and subjects it to controlled heating
until it reaches its melting point. Then, the molten material is extruded through a nozzle enabling
the layer-by-layer construction of a three-dimensional (3D) object [9, 10]. The mechanical
performance of FFF printed composite parts depends, among many other parameters, on the innate
matrix performance and its thermal behaviour, the filler and reinforcements types and

concentrations, the 3D printing conditions, the porosity content, the fibers average length and
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distribution, and, not the last, the layer-to-layer adhesion. FFF printed parts are reported to
generally have lower mechanical performance than composite parts manufactured using
conventional melt-processes (e.g., injection molding) due to specific defects induced by the
extrusion-based 3D printing technology itself [48, 80]. Structural defects mainly consist of
different types of porosity that emerge during FFF printing [113]. The presence of intra-layer and
inter-layer porosities induces a reduction in toughness, strength, modulus, and fatigue performance
of the FFF printed structures [49]. For the same specimen geometry and material, the tensile and
flexural strengths of extrusion-based additive manufactured commercial PPS composites pellets
reinforced with 50 wt.% of short carbon fiber were ~ 2 and 3 times lower of that of injection molded
specimens. The total volume of porosities was measured to be of 15.5 % in additively manufactured

specimens while it was almost 0 % in the injection molded specimens [80].

In contrast to conventional melt-processes such as injection or compression molding, the FFF 3D
printing operates under significant thermal variation conditions, such as fast cooling of the melt
from the nozzle down to the deposition, of the deposited layers etc., phenomena that involve
various heat transfer mechanisms [114, 115]. The cooling rate is affected by several factors,
including the nozzle temperature, bed temperature, environmental temperature, layer thickness,
and nozzle diameter [29, 116]. Depending on these factors, the cooling rate of the printed material
can vary significantly and would attain a loss of temperature as rapid as 500 °C/s during the FFF
printing [117]. The crystallinity content and morphology of the PPS composites are affected by
distinct factors such as filler/reinforcement contents and non-isothermal processing environments
[118-121]. The crystalline structure of PPS also plays an important role in the interfaces formed
between sequentially FFF deposited layers, which holds significance for mechanical performance

[29, 75, 116].

The crystal size and morphology of CF reinforced PPS composites fabricated through large scale
extrusion-based AM were investigated [122]. The very rapid cooling rates inherent to the extrusion-
based AM process were found to obstruct the innate PPS crystal growth, leading to a comparatively
less ordered crystal structure, when compared to injection molding process. The isothermal
crystallization characteristics of neat PPS and PPS composites incorporating different types of
fibers were also investigated [123, 124]. It was found that the presence of fibers as reinforcements
accelerates the crystallization rate. However, the resulting crystallinity content remains lower than

that of the neat PPS. In another study, it was observed that the presence of CF had a minor impact
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on the overall crystal growth mechanism in a PPS matrix, but it reduced the crystallinity content

[125].

The existing studies on PPS material-extrusion 3D printing were done mainly on commercial
filaments and pellets to investigate the effect of 3D printing parameters on the mechanical
properties and crystallinity of printed PPS specimens. The effect of nozzle temperature, chamber
temperature, and layer height on the mechanical properties of FFF printed parts were studied. It
was found that increasing the nozzle temperature from 310 °C to 340 °C decreased the melt
viscosity that helped the printing and led to tensile strength reaching 93 % of that of compression-
molded counterparts [72]. The 3D printing temperatures variations were explored in terms of their
impact on crystallinity and mechanical properties of PPS printed specimens. It was found that
increasing the temperature of the nozzle from 320 up to 340 °C raised crystallinity from 23 % to
37 %, but it declined again to 33 % when the nozzle was set at 350 °C [76]. In another study, the
impact of a post-processing temperature of 180 °C for 24 h on 3D printed neat PPS proved an
important impact on the crystallinity content and mechanical properties. Heat-treated specimens
achieved a tensile strength of 60 MPa, a modulus of 2.3 GPa, and 48.4 % of crystallinity, compared
to untreated samples that showed lower values. The heat-treated specimens in ideal conditions
reached 80 % of the tensile strength and 72 % of the tensile modulus of compression-molded PPS,
indicating the important role of the crystallinity of printed parts on their mechanical performance
[79]. Despite these existing studies done on commercial neat PPS and PPS composites filaments,
no publication exists on the development of new formulations of PPS composites specially
designated for FFF printing and on the effect of the FFF printing temperatures on the thermal

behavior of PPS composites.

Therefore, investigating the relationship between the PPS composite formulations, the fast
temperature variations encountered in FFF printing, and their combined effects on the
crystallization behavior and crystallinity evolution of PPS, are of interest in understanding
mechanical performance of PPS composite parts printed by FFF. The effect of microstructure,
considering porosity, fiber length distribution, and crystallization kinetics on the mechanical
performance of FFF printed composite parts made of rCF has been scarcely studied, especially for
semi-crystalline PPS composites. This study investigates the in-process behaviour and the
performance of PPS composite formulations and hybrids reinforced with rCF and combinations of

rCF and TB nanoparticles, respectively, specifically designed for use in FFF 3D printing. A
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framework has been created to understand formulation-process-performance relationships for
injection molded (IM) and FFF printed PPS composite parts, where IM composites are considered
as the benchmark with respect to FFF 3D printed composites. The framework encompasses an
extensive analysis of PPS/rCF/TB composites, processed by IM and FFF 3D printing, in terms of
their morphology and microstructure, crystallization kinetics, and mechanical performance that
were comparatively used with the intend to bring a full understanding of the behavior of PPS

composites when used in FFF additive manufacturing technology.

6.3 Materials and Methods

6.3.1 Materials

PPS Fortron 0214P1 grade in a pellet form was purchased from Celanese (Celanese Corporation,
Fortron Industries LLC., Wilmington, NC, USA). Thermal Black (Thermax® N990, TB) particles
were supplied by Cancarb Limited (Medicine Hat, AB, Canada). The TB spherical particles have
an average size of 280 nm. Recycled short carbon fibers (re-Evo® HSC, Phenix 0.25) were
purchased from Carbon Conversion (Lake City, SC, USA). According to the manufacturer, the rCF
have an initial length of 6 mm, an average diameter of 4.9 um, and the sizing content ranges

between 1.5 and 3.5 wt.%. The sizing type and chemistry are not disclosed by the manufacturer.

6.3.2 Melt-processing methods

6.3.2.1 Compounding

The neat PPS and its composites were dried before each processing step (i.e., compounding, IM,
filaments extrusion, and FFF printing) at 100 °C for 12 h. PPS pellets were compounded with rCF
and TB by using a Biihler clamshell co-rotating twin-screw extruder (Biihler Group, Gupfenstrasse
5, Uzwil 9240, Switzerland). The temperature profiles of the extruder were set to incrementally
rise from 280 °C to 330 °C, from the feeding zone to the die. PPS pellets, TB, and rCF were fed
through separate feeders in the first zone of the extrusion line. The extruded composites were
cooled down in the air and pelletized. The pellets were further used in the IM and filament

extrusion. Table 6.1 lists the five (5) PPS composite formulations studied in this work.



Table 6.1 Formulations of the extruded composites using a twin-screw extruder.

Formulation PPS (wt.%) | rCF (wt.%) | TB (wt.%)
PPS 100 0 0

rCF/TB (20/00) | 80 20 0

rCF/TB (15/05) | 80 15 5

rCF/TB (10/10) | 80 10 10

rCF/TB (00/20) | 80 0 20
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6.3.2.2 Injection molding (IM)

The compounded pellets were dried as specified before and then injection molded using a 34-ton
Boy injection molding press (Boy Machines Inc., Exton, PA, USA). The injection barrel
temperatures were set to incrementally rise from 280 °C to 330 °C with an injection pressure of
110 bar. Specimens were molded according to ASTM D638, ASTM D790, and ASTM D256

standards, corresponding to tensile, flexural, and unnotched Izod impact, respectively.

6.3.2.3 Filament extrusion

The composites pellets were dried at 100 °C for 12 h before their extrusion into filaments. Figure
6.1(a) shows filament spools of PPS reinforced with rCF/TB (20/00) and rCF/TB (10/10),
respectively. The filaments were manufactured by using a filament-making extruder (Xcalibur,
Noztek, Shoreham, England). The temperature profiles of the extruder were set to incrementally
rise from 310 °C to 330 °C, from the feeding zone to the die, with a screw rotation speed of 25
rpm. The filaments were continuously monitored for a constant diameter of 1.75 + 0.05 mm, and a
steady ovality by using a laser controlling system with 1200 scan/s along radial axes (Zumbach-

ODACI18XY, Switzerland).

C——

Figure 6.1 Images of: (a) PPS composite filament spools (top: PPS/rfCF/TB (80/20/00) and bottom:
PPS/rCF/TB (80/10/10)), (b) FFF printing of a Type-1 dogbone specimen, (c¢) FFF printed Type-1
dogbone specimens using filament PPS/rCF /TB (80/20/00).
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6.3.2.4 Fused filament fabrication (FFF)

Simplify3D software (Simplify3D-4.1.2, Cincinnati, OH, USA) was used to slice the 3D models
of the specimens on the flatwise position based on their shape as defined in the aforementioned
ASTM standards. The approach chosen was to fabricate specimens having the same geometry by
FFF and by IM, for comparison purposes. An open-source printer, AON-M2 (AON3D, Montreal,
QC, CA), equipped with a 0.4 mm nozzle (350 °C), heated bed (160 °C), and a heating chamber
(100 °C), was used to print the various specimens (Figure 6.1(b) and 6.1(c)). The specimens were
printed relative to the longitudinal axis of the specimens with an in-plane raster angle of +45°/-45°,
16 successive 0.2 mm thick layers, a width of 0.48 mm, and an infill ratio of 100 %. The filaments
were dried at 100 °C for 12 h before their FFF printing. These printing parameters were found to
yield optimal mechanical properties after a number of preliminary printing trials where the purpose
was to reduce the degree of anisotropy, to make the mechanical properties more consistent in

different directions, and to reduce the porosity content.

6.3.3 Characterization methods

6.3.3.1 Differential scanning calorimetry (DSC)

Non-isothermal and isothermal tests of neat PPS and PPS composites were performed using a
Q2000 DSC apparatus (TA Instruments, New Castle, DE, USA). For the non-isothermal analysis,
the samples were first heated from room temperature up to 350 °C at a heating rate of 10 °C/min
and dwelled for 5 min to completely remove their thermal history. They were then cooled down
to 25 °C at arate of 5 °C/min and reheated up to 350 °C at a rate of 10 °C/min. The glass transition
temperature (7%, ), the temperature of crystallization (7.), and the melting temperature (7,,) of the
samples were extracted from the obtained curves. The crystallinity content (X.) was computed
based on the enthalpy of crystal melting (4H,) for the heating cycles and the enthalpy of
crystallization (4H.) during the cooling by using the equations (6.1) and (6.2):

heating — (AHm) x 100 (6 1)
‘ wppsdHyp, .
gooling — (AHC) X 100' (62)

0
wppsdHp,
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where wpps is the weight fraction of the PPS and 4HY, is the ideal heat of fusion of 100 %
crystalline PPS, which was considered as 76.5 J/g [126].

Figure 6.2 presents a combination of isothermal and non-isothermal cycles that was also applied
to neat PPS and its composites to determine their crystallization kinetics, i.e., crystallinity formed
under isothermal conditions and the corresponding crystallization half-time (#12). The samples
were each heated from room temperature up to 350 °C at a heating rate of 10 °C/min, and dwelled
for 5 min to completely remove the thermal history. The specimens were cooled down to
temperatures of 190, 200, 210, 220, 230, 240, 250, and 260 °C at a rate of 70 °C/min and dwelled
under isothermal conditions for 60 min. These eight (8) temperatures used for the isothermal steps
were selected considering the optimal crystallization temperature during cooling of the PPS and its
composites (observed in the range of 200 — 240 °C during the cooling cycles from previous non-
isothermal analysis) but, as well, at the left and the right of these temperatures. Then, the samples
were cooled down to ambient temperature at rate of 70 °C/min. These combinations of non-
isothermal and isothermal steps were used with the intention to replicate the temperature variations
that the PPS melt materials would encounter during their normal FFF printing. The final purpose
was to understand the crystallization behaviors of PPS materials in thermal conditions variations
as near as possible to their FFF printing. Finally, the specimens were heated up again to 350 °C at

a rate of 10 °C/min to evaluate their total crystallinity.
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Figure 6.2 DSC plot illustrating the combination of isothermal and non-isothermal cycles applied
to the studied PPS composites to observe their crystallization behaviors in thermal conditions

variations mimicking the temperature variations met in FFF printing.
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6.3.3.2 Avrami model

The Avrami’s model was used to describe isothermal crystallization kinetics of PPS composites

according to the equation (6.3):
X(t) =1—exp(—k,t"), (6.3)

where X(?) is the crystallization content as a function of time ¢, k., is Avrami’s rate constant related
to nucleation and crystal growth rate, n is Avrami’s exponent related to the geometry of the
formed crystals, and ¢ is time. The Avrami’s equation parameters can be computed by plotting a

rearranged form of equation (6.3), as per the equation (6.4):

log(—In (1 — X(¢t))) = logk, + nlogt. (6.4)

The plot of the log(-In(1-X(t))) with respect to log(z-t) is linear and yields the Avrami equation
parameter of k., and n. The crystallization half-time (#12) refers to the time at which the
crystallinity of a composites reaches the half of its maximum crystallinity, which was calculated

according to the equation (6.5):

In2
ti2 = (kia)l/"~ (6.5)

6.3.3.3 Morphology and microstructural analysis

Scanning electron microscopy (SEM) was used to observe the fractured surface of composite using
a Hitachi-TM3030Plus SEM (Hitachi High-Tech Corporation, Hitachinaka, Japan) at a 15 kV

accelerating voltage. A coating of 20 nm of chromium was applied on the surface of the specimens.

X-ray microtomography (micro-CT) was carried out to observe the porosity and the rCF orientation
and length with a Zeiss XradiaTM 520 Versa X-ray computed tomography system (Carl Zeiss
Microscopy GmbH, Jena, Germany). The applied source voltage and power were 50 kV and 4 W,
respectively, with a 10X objective without filter, for an exposure time of 20 s. Figure 6.3 shows a
schematic representation of the method for measuring the porosity and the fibers length distribution
for IM and FFF printed dogbone specimens. Only untested dogbone specimens were analyzed by
micro-CT since the size and content of porosity can be affected during mechanical testing. The
scan was first applied to the entire cross-section for observing the inter-layer porosities. Then, a

small portion FFF printed part, that includes only a few layers were isolated by cutting and
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polishing excessive layers for a high-resolution micro-CT scan which has a field of view (FOV) of
900 pm. Similarly, for IM specimens to accurately represent the distribution of fibers, samples with
a thickness and width of ~ 1 mm were extracted from an area between the core and shell regions,
approximately 0.3 mm away from the skin and mid-plane, in the IM specimens for micro-CT
analysis. The OpenFiberSeg tool was used to segment individual rCF and determine porosities
(inter-layer and intra-layer) by using high-resolution micro-CT scan data [107]. This tool allowed
to label the porosity regions and to segment the rCF. The computation of fiber length distributions
and orientations was achieved by treating a dataset including up to 15,000 individual fibers.
Moreover, the average aspect ratio which refers to ratio of the fiber length to its diameter was
computed from the data of fiber length distribution by considering average rCF diameter of 4.9
um. The obtained results provided insights into the effect of the used melt-processing on the

porosity and fiber length and orientation distributions values.
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Figure 6.3 Micro-CT procedure to assess porosity and fiber distribution for IM and FFF printed
dogbone specimens: (a) inter-layer porosities were measured from scans of the entire cross-section
of dogbone specimens, followed by higher resolution scans for intra-layer porosities. The
porosities, matrix and fibers are highlighted with arrows. (b) rCF were tracked and labeled by using
OpenFiberSeg software, allowing for the computation of fiber length distributions and deviation
angles from the extrusion direction.
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6.3.3.4 Mechanical characterization

Tensile and flexural testing specimens were manufactured by IM and FFF printing for each PPS
composite formulations. The testing was carried out according to the ASTM D638 and the ASTM
D790 standards using an MTS Insight electromechanical testing machine (MTS Systems, Eden
Prairie, MN, USA) equipped with a 50 kN load cell. The tensile tests were done with a crosshead
speed of 5 mm/min and the flexural tests were done using a support span of 105 mm with a
crosshead speed of 2.6 mm/min. Five (5) specimens for each formulation were tested and the mean
values and their confidence intervals (CI) of 95 % are reported for tensile modulus (TM), tensile

strength (TS), flexural modulus (FM), and flexural strength (FS).

The Izod impact strength was evaluated with a ZwickRoell impact device (ZwickRoell LP,
Kennesaw, GA, USA). The unnotched specimens were obtained by IM and FFF printing. The tests
were performed according to the ASTM D256 using a 2 kg hammer. At least eight (8) specimens
from each formulation were tested. Before tensile, flexural, and impact testing, all the specimens

were conditioned at 23 °C, 50 % RH for at least 40 hours.

6.4 Results and Discussion

6.4.1 Crystallization Kinetics of PPS and its composites

6.4.1.1 Non-isothermal behaviors

Figure 6.4 shows DSC thermograms for the cooling cycles and second heating cycles of
compounded pellets of neat PPS, PPS composites, and PPS hybrids. The first heating cycles are
not reported here because they were very similar to those of the second heating cycles. Figure
6.4(a) shows the cooling cycles applied after a 5 min dwell at 350 °C, that was meant to melt all
existing crystals and erase the thermal history. The neat PPS exhibited a 7. 0f 239.5 °C. The rCF/TB
(20/00), rCF/TB (15/05), rCF/TB (10/10), and rCF/TB (00/20) composites exhibited a 7. of 233.9,
240.3, 241.5 °C, and 225.1 °C, respectively. These values show that the incorporation of 20 wt.%
of rCF slightly decrease the 7. by 6 °C while the presence of 20 wt.% TB particles shifted the 7.
to lower temperatures, by 15 °C. The 20 wt.% TB presence seems to modify the crystallization
behaviour of the PPS in a more important manner than the 20 wt.% rCF. TB has nanometric
dimensions (~ 280 nm), much lower than the rCF dimensions (4.9 um in diameter), and, at the

same 20 wt.% concentration in PPS, the number of TB particles is much more important than the
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number of rCF, while considering that they have similar densities. It seems that TB particles would
impede the PPS molecular chains mobility, therefore their crystallization, more than rCF.
Surprisingly, the two hybrids containing rCF/TB (15/05), rCF/TB (10/10) presented 7. very similar
to PPS a slightly higher. These hybrid combinations seem to not affect in an important way the
crystallizing of PPS during the cooling. This is due, possibly, to a potential TB-rCF synergism
explained by their common C-structures that brought them together and reduced the number of

nucleation sites.

Neat PPS presented a crystallinity content of 71.7 % during cooling. PPS composites shown
crystallinity contents of 62.5, 58.3, 61.3, and 56.9 % for the rCF/TB (20/00), rCF/TB (15/05),
rCF/TB (10/10), and rCF/TB (00/20) composites, respectively. Globally, the incorporation of rCF
and TB particles slightly hindered the PPS matrix's ability to crystallize as indicated by a lower 7
and lower crystallinity levels achieved during the cooling. The lower crystallinity was observed,

as expected, for PPS containing rCF/TB (00/20).

Figure 6.4(b) shows the second heating cycles of neat PPS and its composites. The absence of
crystallization peaks suggests that the PPS matrix was already fully crystallized during the previous
cooling cycles (Figure 6.4(a)). Therefore, the PPS composites proved to be able to completely
crystallize rapidly, using a cooling rate of 5 °C/min. Consequently, all crystalline structures formed
during cooling cycles were melted in this heating cycle, with a similar calculated crystallinity

content.

The T, of neat PPS and rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10), and rCF/TB (00/20)
composites were found to be similar, e.g., 281.7, 280.7, 282.5, 281.9, and 279.8 °C, respectively.
This similar 75, values possibly indicate that the presence of rCF, rCF/TB and TB did not
significantly change the type of crystal structure and growth with respect to the cooling rate applied
during the cooling cycles [125].

This non-isothermal study suggests that the PPS composites achieved their full-crystallinities
during a cooling process of 5 °C/min and their thermal behaviours were fingerprinted by different

rCF and TB loadings and their combinations.
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Figure 6.4 Non-isothermal DSC curves of cooling and second heating cycle in which the heat flow
is given with respect to increasing temperature (a) exothermic crystallization peaks during cooling,
(b) endothermic melting peaks during second heating cycle.

6.4.1.2 Isothermal crystallization Kinetics of PPS and its composites

Figures 6.5(a) and 6.5(b) present DSC thermograms of isothermal steps done at temperatures of
190 °C to 260 °C and their subsequent heating cycles. The heat flow was plotted as a function of
time for isothermal steps and as function of temperature for non-isothermal heating steps. The plots
were provided only for the rCF/TB (20/00) composites for conciseness. Table 6.2 reports all
quantitative data extracted from isothermal and heating steps for all formulations, including the
crystallinity content computed from isothermal curves (Xc.i0), crystallization half time (¢.2),

Avrami index (n), and melting temperatures (7,,; and T.2).

In Figure 6.5(a), the exothermic crystallization peaks were not observed for the 190 °C and 200
°C isothermal steps. However, in Figure 6.5(b), the minor endothermic melting peaks, T,
observed at 200.5 and 210.5 °C during the heating cycles, would suggest that some very rapid
crystallization possibly occurred during the 70 °C/min cooling, while the material was passing
rapidly by its optimal crystallization temperatures, e.g., ~ 240 °C, before reaching the isothermal
conditions of 190 °C and 200 °C. On the other extreme, for the isothermal at 260 °C, also the
isothermal crystallization is not present on the curve. In this case, 260 °C is above the optimal
crystallization temperature and gave a high mobility to macromolecular chains and inhibited their
isothermal crystallization for the 60 min of the isothermal step. A minor melting peak 7,.; at 267.8
°C is still observed in Figure 6.5(b) and it might be explained by a rapid crystallization that

happened after the 60-min isothermal at 260 °C while the material is cooling down at -70 °C/min
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while passing through the optimal crystallization temperature. Two different melting peaks, T:
and T2, were also observed during the heating cycles applied after the isothermal treatments at
210, 220, 230, 240, and 250 °C. The lower melting peak (7,./) shifted to higher temperatures and
approached to the main melting peak (7..2) as the temperature of the isothermal step increased. As
can be observed in the Table 6.2, the values of 7,,; and 7,2 did not show variations in respect to
the PPS material formulation but varied only as a function of the temperature of the isothermal
step. For example, after isothermal steps at the temperature of 190 °C, T,; and T are
approximately 201 °C and 283 °C, of 220 °C T,; and T2 are approximately 230 °C and 283 °C,
etc., for all PPS formulations. 75> remained the same at 283 °C for all testing conditions and it is
the normal melting temperature of the pure PPS (see Figure 6.4(b)). However, 7> shifted up to
288 °C when the isothermal crystallization temperature was 260 °C. The two different melting
temperature suggests that a lower isothermal condition may result in the formation of smaller and
less perfect crystal structures with differing average crystal sizes that melt at lower temperatures
(Tm1). However, with increasing temperatures, there is more time for molecular mobility and
rearrangement, which resulted in more uniform and larger crystal structure which melts at higher

temperatures (72) [127, 128].
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Figure 6.5 DSC plots from the combination of isothermal and non-isothermal DSC procedure show
crystallization behavior of PPS/fCF/TB (80/20/00) for different isothermal conditions: (a)
exothermic crystallization peaks during isothermal steps for different isothermal crystallization
temperatures, (b) endothermic melting peaks during heating cycle after isothermal steps.

The Avrami’s model was used to theoretically explain the observation of different melting peaks

during heating cycles. The computation of Avrami's constant n allows to appreciate the mechanism

of nucleation and the geometry of growth. A values of n ranging from 0 to 1 are typical of 1D
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growth, values ranging from 1 to 2 are typical of 2D growth, while values of n ranging from 2 to 4

are typical of 3D growth [129].

Table 6.2 presents the computed values of the Avrami’s exponent, 7, and the melting temperatures
for all the studied PPS formulations. The pristine PPS presents n values between ~ 2.6 up to ~ 3.7,
very similar to the n values calculated for all the PPS composite formulations, e.g., from ~ 2.1 to
3.8. Therefore, n value was in between 2 and 4 for the PPS composites. It should be concluded that
all studied materials presented the typical pristine PPS 3D growth of the crystals and the presence
of rCF and TB did not change this 3D growth. The value of n slightly increased with the isothermal
crystallization temperature used during the 60 min of isothermal crystallization, which suggests
that the higher temperatures for crystallization facilitate the 3D crystal growth due to providing
higher molecular mobility and time for crystal formation. This was proven by the increment of
crystallinity content with the temperature used in the isothermal step. An exception is the decrease
of the crystallinity content obtained for the 260 °C isothermal step, for all the formulations. At this
very high temperature, superior to the optimal crystallization temperature of PPS composites,
induced a higher mobility than necessary for the macromolecular chains and decreased their speed

of crystallization at such high temperature.

The crystallization half time with respect to crystallinity content for different isothermal steps were
computed for each formulation. Neat PPS has a #;20f 0.15 min for Xc.i5o 0f 29.4 %, evaluated from
the isothermal curve obtained at 210 °C. The #;2 increases up to 13.8 min for Xc.iso of 42.7 % with
increasing isothermal crystallization temperature up to 260 °C. The rCF/TB (20/00) composites
have a longer #;> of 0.29 min for Xc.i50 of 35.1 % at 210 °C, when compared to neat PPS. The ¢,
of rCF/TB (20/00) increases up to 36.4 min for Xc.iso 0f 41.6 % with increasing temperatures up to
260 °C. It seems that incorporating rCF reduced the molecular mobility which resulted in longer
crystallization half time with respect to relatively similar crystallinity content. The rCF/TB (15/05),
rCF/TB (10/10), and rCF/TB (00/20) composites follow the same trend. Replacing rCF with TB
reduced the ¢, by 30-40 % in the rCF/TB (15/05) and rCF/TB (10/10) composites at temperature
ranges of 210-260 °C, when compared to rCF/TB (20/00) composites. On the contrary, the rCF/TB
(00/20) composites have relatively higher #;,> at temperatures ranging from 210 to 260 °C, when
compared to rCF/TB (20/00) composites. It seems that the nucleating effect of TB particles are
outweighed by restricted molecular mobility due to the significantly increasing number of TB

particles (see Figure 6.5(a)). The incorporation of rCF and TB reduced the crystallization rate of
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PPS matrix in the range of 1 to 2-fold at an isothermal crystallization temperature of 210 °C. The
crystallization rate of PPS matrix reduced ~ 100-fold when isothermal crystallization temperature
was 260 °C. It seems that the effect of isothermal crystallization temperature is more prominent

than the effects of rCF and TB in terms of crystallization half time and crystallinity content.

It is important to observe as well from the Table 6.2 and Figure 6.5(a), that the highest
crystallinities were developed during 3 isothermal steps, e.g., the ones at 230, 240, and 250 °C. The
corresponding crystallinities were evaluated in the range ~ 42 to ~ 59 %. These are high contents
of crystals formed during short times of 0.35 x 2 up to 5 x 2 minutes. One exception can be
observed, e.g., 19 x 2 minutes for PPS rCF/TB (00/20) composites, that needs more time to fully
crystallize because the high number of TB particles. When considering the thermal dynamic of FFF
printing process, this important crystallization steps would start immediately after the deposition
of a composite melt layer on an already deposited layer. When the environmental printing
temperature and the temperature of the two successive layers that have just come into contact are
at least 230 - 240 °C or higher, a significant crystallization phenomenon will occur within and
through two successive layers. Those can be considered ideal FFF temperatures that will help to

increase the PPS composites layers adhesion.

The crystallization kinetic results yield insights on the crystallization mechanism during FFF
printing, in which crystallization kinetics are expected to affect the layer-to-layer adhesion and
mechanical properties of printed parts. The isothermal printing temperature (chamber temperature)
should be adjusted based on crystallization kinetics to allow adequate inter-layer adhesion while
the molecular mobility of the amorphous phase is still dominant [130]. Isothermal crystallization
analysis conducted in this work at temperatures ranging from 190 °C to 260 °C suggest that the
printing chamber temperature of 100 °C used in this study seems to be insufficient for adequate
PPS composite crystallization. Therefore, a steady temperature of ~ 240-250 °C of the printing
environment and of printed PPS composites, for times between 1 to 40 minutes, would significantly

contribute to layers adhesion and on improving mechanical properties.
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Table 6.2 Crystallinity content during isothermal step (Xc.iso), crystallization half-time (%;),
Avrami’s parameter (n), and melting temperature (7,1, T2) data obtained from the combination of
isothermal and non-isothermal DSC procedure for each formulation. The Xc.is, ¢12, and n, were
computed from isothermal curves, while 7,,; and 77,2 were obtained from the data for heating cycle
after isothermal steps.

Isothermal
crystallization 190 200 210 220 230 240 250 260
temperatures (°C)

Ke-iso (%0) - - 294 32.1 45.3 52.2 56.6 42.7

t1/2 (min) - - 0.15 0.25 0.35 1.15 3.15 13.8

PPS n - - 2.63 2.65 3.18 3.56 3.59 3.74
Toi/Tos 200.5/ 210.5/ 219.8/ 230.0/ | 238.6/ | 248.8/ | 257.6/ | 267.8/

283.4 283.2 283.0 282.6 | 281.6 | 282.1 | 284.9 288.0

Ke-iso (%0) - - 35.1 374 45.8 51.2 55.3 41.6

t1/2 (min) - - 0.29 0.40 0.75 1.59 5.26 >30

ng%//rz%%g? n - - 2.01 256 | 271 | 2.84 | 3.04 | 3.22
Toi/Tos 201.0/ 211.0/ 220.0/ 229.5/ | 239.0/ | 248.8/ | 258.3/ | 268.0/

283.2 283.3 283.3 283.0 | 280.8 | 2819 | 285.0 287.8

Ke-iso (%0) - - 29.9 36.8 48.8 494 55.3 48.3

t1/2 (min) - - 0.16 0.22 0.35 0.93 345 214

Pé%ﬁg%g? n - - 2.38 2.4 2.58 3.19 3.31 3.83
Toi/Tos 200.7/ 210.0/ 220.0/ 230.0/ | 239.3/ | 249.0/ | 258.5/ | 268.0/

282.7 283.0 283.0 282.6 | 281.3 | 2823 | 284.5 287.8

Ke-iso (%0) - - 32.8 30.2 41.1 49.3 52.8 43.5

t1/2 (min) - - 0.20 0.22 0.49 1.28 4.86 23.8

P(I;g%//rl((l)ljl/;l)? n - - 2.27 2.53 2.66 2.81 3.14 3.77
Toi/Tos 200.0/ 210.5/ 220.0/ 230.0/ | 239.0/ | 248.8/ | 258.3/ | 268.0/

282.7 283.0 283.0 282.1 | 280.6 | 282.0 | 284.7 287.6

Ke-iso (%0) - - 28.9 35.6 43.5 49.7 594 -
PPS/{CF/TB t1/2 (min) - - 0.22 0.57 1.46 4.97 19.3 >30
(80/00/20) n - - 2.55 2.69 2.66 2.77 2.96 -

Toi/Tos 201.0/ 211.0/ 215.0/ 230.0/ | 239.0/ | 246.8/ | 258.8/ | None/

283.0 283.0 283.0 282.0 | 281.0 | 282.0 | 284.3 283.8

6.4.1.3 Crystallinity of IM and FFF printed PPS and its composites

Table 6.3 encloses the heat enthalpy, the crystallinity content, and the melting temperature values
obtained from the first heating cycle for the FFF printed and IM dogbone specimens. The purpose
of this DSC test was to evaluate how the thermal dynamic encountered by the materials during both
the FFF printing and injection molding processes would fingerprint the thermal behaviors of
PPS/rCF/TB composite parts. The IM neat PPS exhibits 93.5 % crystallinity, while the
crystallization content for IM composite specimens was found to be lowered down to 40 %, 40.6
%, 42.4 %, and 37 % for the rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10), and rCF/TB
(00/20), respectively. The crystallinity content of the FFF printed rCF/TB (20/00) composite was
found to be 31.1 %, lower when compared to 40 % observed for its corresponding injection molded

specimen. The gradual replacement of rCF by TB kept the crystallinity contents at relatively similar
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lower values, e.g., of 34.1 %, 36.2 %, and 33.3 % for the FFF printed rCF/TB (15/05), rCF/TB
(10/10) and rCF/TB (00/20) composites, respectively. These seems to indicate that the thermal
dynamic encountered in injection molding would favor the crystal formation in PPS composites

more than the thermal dynamic specific to FFF process.

In the process of injection molding, the PPS composite melt having a temperature of 320 - 330 °C
in the barrel was injected using a high injection speed and high pressure into a heated mold at 140
°C and kept there for 5 seconds. This resulted in the orientation of the melt flow and of the
macromolecular chains along the injection direction, the mold walls. The process encountered
during IM promotes the pure PPS and PPS composites crystallization, but still limited by
temperature and time when compared to higher crystallinity contents obtained during 60 minutes
iso-thermal steps (Table 6.2). A different temperature dynamic takes place in the FFF process,
where the temperature difference of approximately 200 - 250 °C could be between the nozzle (at
350 °C) and the deposition plane (possibly between 100 - 160 °C). This represents a very short
distance, as less as 5 to 7 mm. This important cooling gradient may support the lower crystallization
contents calculated for FFF printed part when compared to IM ones. The more severe cooling rates

during FFF printing brings evidence for a lower crystal formation in FFF printed parts.

To further demonstrate that is a remaining crystallization capacity of PPS composites after their
FFF processing, the FFF printed dogbones containing rCF/TB (20/00) were annealed for 12 h at
235 °C in a vacuum oven. The annealing temperature was selected based on the 7% during cooling
of the composite containing rCF/TB (20/00), which was presented in Section 6.4.1.1. The
crystallinity content of the FFF printed samples increased from 31.1 % up to 58 % after annealing.
The crystallization of PPS composites occurred in the range of 225-240 °C during cooling,
depending on rCF and TB contents. The cooling rates in FFF 3D printing could reach several
hundred degrees per second, while the critical cooling rate of PPS was reported to be 40 °C/s [75,
119]. Considering the fast-cooling rates of PPS composites, after their melting in the printer
extruder and passing through a heated nozzle at 350 °C, down to the heated plateau at 160 °C and
the heated chamber at 100 °C, there is not enough time for composites to complete their
crystallization [131, 132]. The experimentally acquired crystallinity content values demonstrate
that the PPS composites require a much higher temperature than that encountered in the FFF printer
heating chamber, and in the FFF process in general. For the PPS composites, as discussed before

(Table 6.2 and Figure 6.5(a)), a temperature of 240 - 250 °C of their melt depositions and of layers
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already deposited would be necessary to properly fully crystallize these composites, to fine-tune
the formation of the crystals ideally after the layer deposition, to further help the crystal formation
in between two successive layers and, therefore, to increase the layer-to-layer adhesion and the
mechanical performance of PPS composites FFF parts.

Table 6.3 Heat enthalpy, crystallinity content, and melting temperature data obtained from the first

heating DSC thermograms of the PPS composite samples for FFF printed and IM dogbone
specimens.

Formulations M FFF printed

AI{I}'I Xm 71"1 AHI‘H Xm 71"1
Jg | () | (O (/g (%) (9]

PPS 71.0 93.5 298.7 - - -
PPS/tCF/TB (80/20/00) 24.5 40.0 | 280.1 19.1 31.1 281.9
PPS/tCF/TB (80/15/05) 24.9 40.6 281.6 21.0 343 282.6
PPS/tCF/TB (80/10/10) 259 424 | 282.1 222 36.2 281.7
PPS/tCF/TB (80/00/20) 22.6 37.0 | 2825 204 333 282.1
PPS/rCF/TB (80/20/00) annealed at 235 °C - - - 35.5 58.0 282.9

6.4.2 Microstructural characterization of PPS composites

6.4.2.1 SEM and micro-CT analysis of PPS composite filaments

Figures 6.6(a.1) - (d.1) show the SEM cross-section images of the composite filaments that were
fabricated by extrusion with a uniform diameter of 1.75 mm. The uniformity of the filament
diameter enhances printing quality by limiting extruded volume variation during FFF printing.
Moreover, it can be seen that the incorporation of rCF comes along with porosity presence, which
could be due to the degradation of their sizing materials during the melt-processing [49, 108].
Figures 6.6(a.2) - (d.2) illustrate micro-CT images of the composite filaments obtained with the
purpose to evaluate the porosity ratio in the filaments. The rCF/TB (20/00) composites presented
9.6 (1.6) % of porosity. Porosity content was slightly reduced down to 8.5 (0.9) % and 6.6 (1.2) %
for the rCF/TB (15/05), and rCF/TB (10/10) composites, respectively. No significant porosity was
observed inside the rCF/TB (00/20) composite filaments. These observations suggest that the

porosity content of the filaments declined when the content of rCF decreased.
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Figure 6.6 SEM (a.1-d.1) and micro-CT (a.2-d.2) images of the fracture surface of PPS composite
filaments used to determine the porosity level with a CI of 95 %. (a.1-a.2) PPS/rCF/TB (80/20/00),
(b.1-b.2) PPS/rCF/TB (80/15/05), (cl.-c.2) PPS/rCF/TB (80/10/10), (d.1-d.2) PPS/rCF/TB
(80/00/20).

6.4.2.2 SEM and Micro-CT analysis of IM and FFF printed PPS and its

composites

Figure 6.7 shows SEM images along with micro-CT images of the FFF printed PPS composites.
The SEM images were observed on fracture surfaces resulted from Izod impact testing of
specimens, while untested dogbone specimens were used for micro-CT scans, respectively. The
SEM and micro-CT images of IM specimens were not presented here, since no detectable porosity
was evaluated in their volume. The observed porosity encompasses both inter-layer and intra-layer
ones and were indicated by white arrows on SEM micrographs (left column) and black arrows on
the micro-CT images (right column). A common characteristic of SEM images is that the
reinforcements and the fillers present a good dispersion and distribution in the PPS matrix for all

the formulations.

Figure 6.7(a) shows the SEM and micro-CT images of the rCF/TB (20/00) composites that helped
to quantify the level of porosity inside FFF printed dogbone specimens. A brittle fractured surface,
partial wetting of the rCF surface by PPS matrix, some rCF fiber pull-outs, and presence of porosity

can be observed in the SEM image. Intra-layer porosity, which is formed due to the addition of
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rCF, can be observed through the matrix. The average total porosity content was computed to be
9.2 (2.7) %. The porosity content is mostly dominated by intra-layer types of porosity with

dimensions that varied in 10-30 um range.

Figures 6.7(b) and 6.7(c) present SEM and micro-CT images of the rCF/TB (15/05) and rCF/TB
(10/10) composites, respectively. The porosity content decreased when replacing the rCF by TB.
The average total porosity content for rCF/TB (15/05) and rCF/TB (10/10) composites was found
to be 8.1 (2.0) % and 6.9 (2.9) %, respectively. The size of intra-layer porosities is also similar to
the former case, which deviates between 10-30 pm. Moreover, the incorporation of TB particles
seems to help in fiber-matrix adhesion since the surface of rCF is covered by a mixture of TB and
matrix. The enhanced fiber-matrix adhesion phenomenon could be explained by the similar carbon-
based surface characteristics of TB and rCF, which possibly favor their chemical affinity to each
other, when compared to their chemical affinity for the neat PPS matrix. This clear findings from
SEM analysis of rCF/TB (15/05) and rCF/TB (10/10) formulations would confirm the observations
resulted from DSC analysis (Figure 6.4(a)), e.g., that the common C-structures of rCF and TB

brought them together and possibly reduced the number of nucleation sites.

Figures 6.7(d) presents the rCF/TB (00/20) composites presenting the lowest computed porosity
content of 2.2 (0.9) %. This porosity content consists of only inter-layer porosity, while there was
no detectable intra-layer porosity. This observation can also be supported and explained by the
previous images presented in Figure 6.6(d.1) and Figure 6.6(d.2) where, again, no significant
porosity was observed inside the rCF/TB (00/20) composite filaments, the precursor of the 3D

printed the specimen analysed here.

It can be concluded that the source of intra-layer porosity comes from rCF incorporation, while the
inter-layer porosity may result from the deposition of successive layers of melted material that is
specific to FFF technology and to its rapid temperature variations. As mentioned before, the cooling
of PPS composite melt going out from the nozzle (set at 350 °C) can be as rapid as 500 °C/s. The
layers of PPS composites already deposited might have temperatures in between 160 °C (for the
heated plateau) and 100 °C (for the heated chamber). This is an indication that the PPS composite
materials passed through their optimal temperature for crystallization while cooling down, e.g.,
while being between the nozzle and the existing deposited layers. This should prove that PPS

composites crystallized partially or fully before their deposition, which would freeze their shape,
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would impeach a complete melt relaxation, and, in consequence, the fulfillment of spaces between

deposited layers.

Moreover, as reported previously in Figure 6.4(a), the 7. of PPS composites during cooling are
233.9, 240.3, 241.5, and 225.1 °C, for composites containing rCF/TB (20/00), rCF/TB (15/05),
rCF/TB (10/10), and rCF/TB (00/20), respectively. Therefore, both the melt in deposition and the
deposited layers need to be at least 225 - 242 °C or higher to avoid material crystallization before
its deposition, to permit an adequate relaxation of the melt and, finally, to avoid the formation of
inter-layer porosity. When these temperatures will be encountered, the composites crystallization
will take place after the melt deposition while reinforcing the layers adhesion, the inter-layer
porosity will be completely reduced while bringing an enhancement of final performance of FFF

printed PPS composites.
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Figure 6.7 SEM images of the fracture surfaces (left column) and micro-CT images of FFF printed
specimens (right column): (a) PPS/rfCF/TB (80/20/00), (b) PPS/tCF/TB (80/15/05), (c)
PPS/rCF/TB (80/10/10), and (d) PPS/rCF/TB (80/00/20).
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6.4.2.3 Fiber length distribution and orientation of IM and FFF printed PPS

composites

Table 6.4 presents the numerical results for the fiber length distribution, aspect ratio and deviation
angle obtained from the micro-CT images for IM and FFF printed specimens. The rCF/TB (20/00),
rCF/TB (15/05), and rCF/TB (10/10) IM composite specimens have average fiber lengths of ~42.5
(0.34) um, 56.1 (0.77) um, and 56.8 (0.99) um, respectively. FFF printed rCF/TB (20/00), rCF/TB
(15/05), and rCF/TB (10/10) composites have average fiber lengths of ~34.3 (0.39) um, 34.1 (0.43)
pm, and 34.6 (0.49) um, respectively. The IM composites have slightly longer average fiber
lengths, with an average aspect ratio up to 11.3, when compared to those from FFF printed parts,
which have an average aspect ratio up to 6.9. It should be noted that the presence of TB particles
did not affect the rCF length when compare the formulations resulted from the same melt-process,
e.g., for the same thermal history. The initial length of rCF of ~ 6 mm was significantly reduced,
as expected, due to the important shearing stresses during the composites compounding, the
molding, the filament extrusion, and the FFF printing processes. This length reduction of rCF was
slightly higher in the FFF printed specimens, most likely because the composites passed through
more melt processes when compared to IM specimens, e.g., the filaments extrusion and extrusion
through the small nozzle of the printer. Due to thermal history and rCF length differences, but also
to the presence of porosities in FFF printed specimens (Figure 6.7), it can be expected that the

mechanical performance of FFF printed specimens to be lower than of IM specimens.

Table 6.4 Micro-CT analysis results, along with the 95 % CI, on average rCF length, the
corresponding aspect ratios, and rCF deviation angles of IM and FFF printed PPS composites.

Composite formulation Average rCF length Aspect ratio Deviation angle
(pm) (um/pm) (@)
IM specimens
PPS/rCF/TB (80/20/00) 42.5(0.34) 8.5 (0.05) 19.1 (0.21)
PPS /rCF/TB (80/15/05) 56.1 (0.77) 11.2 (0.15) 35.1(0.37)
PPS /rCF/TB (80/10/10) 56.8 (0.99) 11.3 (0.20) 32.1 (0.42)
PPS /rCF/TB (80/00/20) - - -
FFF printed specimens

PPS /rCF/TB (80/20/00) 34.3 (0.39) 6.8 (0.07) 42.7(0.24)
PPS /rCF/TB (80/15/05) 34.1 (0.43) 6.8 (0.09) 41.8 (0.30)

PPS /rCF/TB (80/10/10) 34.6 (0.49) 6.9 (0.10) 40.8 (0.34)
PPS /rCF/TB (80/00/20) : _ 3
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Figure 6.8 compares the deviation angle distributions (Figure 6.8(a) and (b)) and the cumulative
distribution functions (Figure 6.8(c) and (d)) of rCF for each PPS composite formulation. The
deviation angle indicates the angle of the deviation of fibers from the Z-axis which is the injection
and extrusion trough the FFF nozzle directions, respectively. The solid bars and lines represent the
deviation angles and the distribution functions of rCF in the IM specimens (Figure 6.8(a) and (c))
while patterned bars and dashed lines represent those of the FFF printed specimens (Figure 6.8(b)
and (d)). The IM parts exhibit a core-shell structure for the fiber orientation along the thickness
direction. The fiber alignment is more prominent in the shell region adjacent to the skin, due to
high extensional flow, when compared to the core region adjacent to the mid-plane [133, 134].
Therefore, the presented results represent the fiber distribution from an area between the core and
shell regions for IM specimens. In Figure 6.8(a), the average deviation angles are 19.1, 35.1, and
32.1° for the IM rCF/TB (20/00), rCF/TB (15/05), and rCF/TB (10/10) composites, respectively.
In Figure 6.8(c), the fibers seem to be more aligned and uniform in the Z direction for the rCF/TB
(20/00) composites with cumulative probability of 0.9 at approximately 45°, indicating that 90 %
of the fibers have deviation angles less than or equal to 45°. The rCF/TB (15/05) and rCF/TB
(10/10) composites have cumulative probability of 0.7 and 0.75 at approximately 45°, respectively.
It seems that a uniformly random orientation distribution is observed with incorporation of TB
particles for IM specimens, probably due to restricted mobility of rCF which prevents them from

being aligned in the flow direction due to the increasing of the number of TB nanoparticles.

Additionally in Figures 6.8(b) and 6.8(d), the deviation angle distribution of FFF printed
specimens seems to be more uniform, pointing to a random orientation distribution as expected
considering the raster angle of +45° / - 45°. The average deviation angles are 42.7, 41.8, and 40.8
for the FFF printed rCF/TB (20/00), rCF/TB (15/05), and rCF/TB (10/10) PPS composites,
respectively. All FFF printed specimens have a cumulative probability of 0.6 at 45°. The
cumulative probability slope is steeper at 30° up to 50°, indicating fibers are more likely to be
aligned closer to a particular direction. The slope is decreasing at 50°, indicating fewer fibers

aligned beyond 50°.

The mechanical performance of FFF printed short fiber-reinforced composites is significantly
influenced by the length and orientation of the fibers within the polymer matrix. Therefore, the IM
PPS composites are expected to have higher mechanical performance owing to their longer fiber

length distribution and alignment, when compared to those of FFF printed.
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Figure 6.8 Plots of rCF of; (a) and (b) represent deviation angles that ranges from 0° to 90° with
respect to their relative frequency for IM and FFF printed specimens, respectively; (¢) and (d) the

cumulative probability as a measure of fibers that have an angle less than or equal to a given values
of 0° to 90°.

6.4.3 Mechanical properties of IM and FFF printed PPS composites

Table 6.5 presents the quantitative values resulted from tensile, flexural, and unnotched Izod
impact test for IM and FFF printed specimens. The TS and TM of the IM specimens of the neat
PPS were evaluated at 73.0 MPa and 3.5 GPa, respectively. The rCF/TB (20/00), rCF/TB (15/05),
rCF/TB (10/10), and rCF/TB (00/20) IM composites showed a TS of 151.0 MPa, 130.0 MPa, 105.0
MPa, and 62.0 MPa and a TM 0f 20.0 GPa, 17.3 GPa, 13.4 GPa, and 5.0 GPa, respectively. On the
other hand, FFF printed rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10), and rCF/TB (00/20)
composites presented a TS of 68.5 MPa, 66.5 MPa, 65.2 MPa, and 45.0 MPa, and a TM of 6.0
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GPa, 5.7 GPa, 5.4 GPa, and 5.3 GPa, respectively. FFF printed composites have, as expected, lower
TM and TS, when compared to those of the IM composites.

The incorporation of 20 wt. % of rCF increased the FS and FM, while the IS was reduced. The
flexural and impact properties followed the same trend with the replacement of rCF by TB.
Moreover, FFF printed composites presented lower flexural and impact properties than IM

specimens, which were slightly reduced with TB incorporation.

The TS, TM, FS, and FM of IM composites increased up to 2-fold and 7-fold with the incorporation
of rCF and TB particles. The FFF printed composites have comparable TS (up to 68.5 MPa), and
higher TM (up to 70 %) to that of neat IM PPS. However, there is a clear difference between the
mechanical performance of IM and FFF printed composite counterparts, for example the rCF/TB
(20/00) IM composites have 2- and 3-fold higher TS and TM respectively, when compared to FFF
printed specimens. This expected difference between the mechanical performance of IM and FFF
printed specimens may be attributed to the combined effects of the PPS crystallization (Table 6.3),
porosity (Figure 6.7), and fiber length distribution and orientation (Figure 6.8, and Table 6.4) as

discussed previously.

Table 6.5 Mechanical performance of injection molded and FFF printed PPS composites. The
results are presented as mean values and a CI of 95 %.

Properties PPS PPS/rCF/TB | PPS/rCF/TB | PPS/rCF/TB | PPS/rCF/TB

(80/20/00) (80/15/05) (80/10/10) (80/20/00)
IM specimens

TS (MPa) 73 (4 151 (14) 130 (4) 105 (3) 62 (8)

TM (GPa) | 3.48(0.07) | 19.99(1.06) | 17.25(1.14) | 13.44 (1.18) 4.99 (0.14)

FS (MPa) 110 (4) 204 (2) 182 (2) 144 (1) 55(0,5)

FM (GPa 3.65(0.03) | 17.51(0.14) | 14.19(0.02) | 10.78 (0.05) 3.20 (0.03)

IS (kJ/m?) 40.3 (2) 34.7 (1.2) 29 (0.8) 24.8 (0.6) 17.8 (0.6)

FFF printed specimens

TS (MPa) - 68,5 (2,5) 66,2 (3) 65,5 (1,5) 45 (4)

TM (GPa) - 5.96 (0.25) 5.73 (0.09) 5.39 (0.07) 5.26 (0.12)

FS (MPa) - 114 (1.4) 105 (1.5) 102 (1.3) 79 (4)

FM (GPa) - 5.43 (0.09) 5.10 (0.05) 5.08 (0.12) 4.76 (0.05)

IS (kJ/m?) - 19.7 (2.7) 17.5 (1.1) 15.3 (1.9) 8 (1.8)

FFF printed specimens annealed at 235 °C
TS (MPa) - 81 (2)
TM (GPa) - 6.53 (0.13)
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6.5 FFF applied to high performance composites: current challenges vs.

required improvements

This study demonstrated that when trying to adapt the PPS/rCF/TB composites to the existing FFF
technology, the encountered challenges need to be solved such as reduce porosity formation,
increase the crystal formation, improve the layer-to-layer adhesion. The industry objective would
be that the parts fabricated using FFF technology to be as similar as possible in performance to

those fabricated using IM technology.

As explained in Section 6.4.1.3, the IM and FFF printed specimens underwent very different
thermal histories, resulting in IM specimens having higher crystallinity contents than FFF printed
specimens. The crystallinity content and crystallization kinetic directly affected the mechanical
performance of FFF printed semi-crystalline composite parts, as they might lead to weak layer
adhesion due to the formation of crystals before layers deposition, preventing from a complete
welding between successive layers [31]. Moreover, crystallization kinetic results suggest that the
FFF printing temperature fluctuations might not be appropriate to induce a complete crystallization
during FFF printing. For example, after annealing, the crystallinity content of PPS/rCF/TB (20/00)
composites increased up to 58 % (Table 6.3), similar to 55 — 59 % crystallinity calculated from
DSC 60-minutes isothermal testing at 250 °C that mimicked an ideal FFF cycle (Table 6.2). The
annealed composite exhibited 18 % and 10 % higher TS and TM, respectively, when compared
unannealed specimens (Table 6.5). The results showed that differences in crystallization levels
observed between IM and FFF specimens were reflected on mechanical properties of the final parts.
Moreover, to be able to modify the crystallization kinetic of a PPS composite during its FFF
printing, it was demonstrated that the environmental temperature needs to be higher than the one
that FFF technology offers currently. For PPS/rCF/TB composites, an ideal environmental
temperature during FFF printing would be between 240 — 250 °C.

Porosity could act as defects and stress concentration points, which make 3D printed composites
more susceptible to crack propagation, so weaker in terms of their mechanical performance. It was
observed that as the porosity content of FFF printed specimens reduces, the difference in
mechanical performance between IM and FFF printed PPS specimens reduces accordingly. The
inter-layer porosity in PPS composites is attributed to the rapid cooling of the melt during

deposition. The cooling occurs below the 7 or 7., which solidifies the melt prematurely, preventing



91

melt relaxation and hindering the bonding between the deposited layers. Crystallization study
results suggest that FFF printing of PPS composites in higher environmental temperature (240 -
250 °C) could contribute to reduce inter-layer porosities owing to enhanced molecular mobility

and relaxation of deposited layer.

The characterization results for PPS composites indicated that improvements in the temperature
dynamics of the FFF 3D printing process are necessary to compete with the performance of
conventionally manufactured parts. The printing chamber temperature must be adjusted based on
the T, T., and T, to ensure strong adhesion between consecutive deposited layers. However,
current FFF technology is limited because the chamber temperature of printers typically falls below
the critical 7 or 7¢ values required for high-performance thermoplastic composites, such as PEI,
PPS, PEEK etc. In this context, the challenge of optimizing printing temperatures is increasingly

being addressed by both the scientific community and 3D printer manufacturers.

6.6 Conclusion

In this study, formulations of composites based on the semi-crystalline PPS with rCF and TB were
successfully developed and used in compounding, injection molding, filaments extrusion, and in
FFF printing. IM and FFF printed composites were characterized and compared in terms of

microstructural, crystallization, and mechanical properties.

The crystallinity content of PPS composites was evaluated to decrease from 71.7 % down to 56.9
% in compounded composite pellets, and from 93.5 % down to 37 % in IM specimens, when
compared to neat PPS. Furthermore, it was found that addition of rCF and TB increased the
crystallization half time. The increased crystallization half time can be attributed to the interactions
between the growing crystals and the fillers, demonstrating the effect of rCF and TB incorporation
on the composite's crystallinity development. Similarly, increasing isothermal crystallization

temperatures favored the crystallinity content and increased the crystallization half time.

The microstructural properties of PPS composites were examined for both IM and FFF printed
components. The porosity content of FFF printed PPS specimens with rCF/TB (00/20) is ~ 2.2 %,
while IM specimens shows ~ 1 % of porosity. The porosity content goes up to 9.2 % for PPS
containing rCF/TB (20/00), due to rCF incorporation. The average fiber length of IM composites

is longer than that observed in FFF printed specimens and more aligned in the Z direction. The IM
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rCF/TB (20/00), rCF/TB (15/05), and rCF/TB (10/10) composites have 25 %, 65 %, and 65 %
longer average fiber lengths, when compared to their FFF printed counterparts. Moreover, fibers
are more aligned in the Z direction for IM composites, since FFF printed specimens have a raster

angle of +45° / -45°.

Incorporating 20 wt. % of rCF led to a significant enhancement in the tensile strength and modulus
of IM PPS specimens, increasing from 82 MPa to 151 MPa and 3.48 GPa up to ~ 20 GPa,
respectively. FFF printed specimens showed approximately 60 % higher tensile modulus when
compared to IM neat PPS. Such level of enhancement in the mechanical properties of IM specimens
is a clear indication of efficient load transfer that resulted from longer fiber length and alignment
with the combination of a higher crystallinity content and the absence of porosity, when compared

to FFF printed specimens.

Moreover, developing different formulations of PPS composites by the utilization of rCF combined
with TB particles provided environmentally friendly aspect to the developed composites, when
compared to utilizing virgin CF and furnace carbon black particles, along with a cost reduction.
The mechanical performance of the FFF printed composites was compared with IM specimens,
and the effect of the printing process on the microstructure and its impact on mechanical
performance was extensively characterized and explained. The developed composite formulations
were found to be promising candidates for various FFF applications in interior aerospace and

ground transportation, such as sandwich panels, air ducts, and ventilation systems.
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7.1 Abstract

This study investigated the flexural properties of sandwich panel structures fabricated by the
filament-extrusion 3D printing technology using novel high-temperature thermoplastic polymer
composites of polyetherimide (PEI) and polyphenylene sulfide (PPS). Various formulations of PEI
and PPS composites, combined with recycled carbon fiber (rCF) and thermal black (TB) particles,
were manufactured. The flexural properties were assessed through a three-point bending test,
comparing the performance of sandwich panels printed with these filaments and those printed with
commercially available filaments. Dimensional accuracy was evaluated using a 3D scanner,
revealing that 90 % of scanned points deviated a maximum of 0.2 mm from the CAD model. X-
ray micro-tomography measured porosity, finding up to ~ 12 % in PEI and ~ 8 % in PPS skins.
The microstructural analysis of the composites revealed a level of adhesion deemed acceptable
between successive layers of printed parts and adequate dimensional accuracy. A digital image
correlation (DIC) system assessed full-field strain and crack propagation during flexural testing,
showing crack initiation due to strain concentration in the core region, consistent across all
specimens.The sandwich panels printed with developed filaments exhibited comparable flexural
properties to that of panels printed with commercial filaments, with a bending load capacity of up
to 3.0 kN for approximately 50 g specimens. The printing quality and mechanical performance of
the novel PEI and PPS composite formulations demonstrated in this study suggested that they could

serve as viable alternatives to commercial filaments.
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7.2 Introduction

Sandwich panels consist of two outer layers (skin) with lightweight core structures in which the
core increases the bending stiffness of the structure by enhancing the moment of inertia.
Conventional production of sandwich structures includes the separate manufacturing of the skin
(e.g., laminates, prepreg) and the core, and the subsequent joining of the skin to the core with
adhesive or fusion bonding methods [2, 3]. Moreover, the machining of the core can lead to
significant material waste [135, 136]. The most used core types are corrugated, honeycomb, balsa
wood, and cellular foams. Honeycomb cores, primarily used in aerospace applications, are made
of aramid fiber impregnated with phenolic resin, known commercially as Nomex. Nomex is widely
used because its mechanical properties are comparable to those of aluminum honeycombs. Nomex
cores with a density of 129 kg/m* have a shear modulus of 112 MPa and a core shear strength of

3.2 MPa in the longitudinal direction [83].

Fused Filament Fabrication (FFF) is an open-source three-dimensional (3D) printing technology
for processing thermoplastic feedstocks and their composites to manufacture 3D structures [9, 10].
FFF additive manufacturing would enable fabricating sandwich panel structures in a single step
with a higher flexibility in the design, when compared to conventional manufacturing methods.
However, there are some limitations to the adoption of the FFF technology in industrial
manufacturing. These include the difference in mechanical properties between a FFF printed
component and a conventionally manufactured component (e.g., injection molded), as well as the

limited material choices available for FFF printing, when compared to other processes.

Studies dealing with 3D printed sandwich panel structures in the literature are mostly focused on
mechanical and acoustic performance based on different core structure designs with commercially
available filaments. Commodity polymer feedstocks like polylactic acid (PLA) [92, 93, 137] and
acrylonitrile butadiene styrene (ABS) [87-89] have been used to print sandwich panel structures,
when process tuning and mechanical properties were studied. For example, Castro et al. [92]
investigated the mechanical properties of printed PLA sandwich panels with different hexagonal
honeycomb core designs, including core printed out-of-plane and in-plane direction. It was reported
that the out-of-plane honeycomb sandwich panels exhibited 29 % and 55 % higher flexural
modulus and strength, respectively, when compared to those make of in-plane honeycomb cores.

Pierre et al. [138] compared the acoustic capabilities and mechanical properties of sandwich panels
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with hexagonal honeycomb cores and Trapezoidal Compact cores that were printed with PLA. The
authors reported that the sandwich panels with a Trapezoidal Compact core exhibited 90 %
absorption within the acoustic range of 643 Hz and 1160 Hz and 10 % higher flexural stiffness,

when compared to sandwich panels with a hexagonal core.

High-temperature and high-performance thermoplastic polymers have superior thermal and
mechanical properties, when compared to commodity polymers [51, 54]. Polyetherimide (PEI) has
a tensile strength of up to 110 MPa, and a tensile modulus of 3.2 GPa with inherent flame
retardancy, chemical and UV resistance, and service temperature of up to 175 °C for selected grades
[4]. Polyphenylene sulfide (PPS) is a semi-crystalline thermoplastic polymer that has a tensile
strength of up to 90 MPa, and a tensile modulus of 3.5 GPa. PPS is inherently flame-retardant
owing to its chemical configuration and its innate capacity to undergo charring upon exposure to
an open flame [5]. Commercially available FFF filaments of PEI and PPS composites are limited
to a few manufacturers and are up to 10-fold more expensive, when compared to their conventional

pellet form.

There are limited studies on the FFF of printed sandwich panels with high-temperature composite
filaments. For example, Pierre et al. [96] compared the flexural properties of sandwich panels with
different core designs and materials using commercial neat polyether ether ketone (PEEK) and
PEEK reinforced with 30 wt.% carbon fibers (CF). The study features sandwich panels with
honeycomb cores printed entirely from PEEK/CF, as well as panels with hexagonal honeycomb
and Trapezoidal Compact cores printed from neat PEEK, with skins printed from PEEK/CF. The
authors demonstrated that the sandwich panels of hexagonal honeycomb and Trapezoidal Compact
cores with their skins printed from PEEK/CF and cores printed from neat PEEK exhibited an 18 %
and 66 % higher flexural stiffness, respectively, when compared to the honeycomb sandwich panels
printed entirely from PEEK/CF. The studies dealing with PEI based commercial filament of
ULTEM 9085 analyzed the effect of building direction, structure width, wall, and top layer
thickness on the mechanical performance of sandwich panels [94, 95]. For example, Bagsik et al.
[95] studied the effect of build direction (side, flat, and upright) on the mechanical properties of
sandwich panels printed with commercial ULTEM 9085 filaments. The results showed that
specimens printed in the side and flat positions exhibited higher flexural stresses, ranging from 60

to 75 MPa, when compared to those printed in the upright position (25-35 MPa).
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In the literature, the printing quality, including dimensional stability, layer adhesion, porosity, as
well as damage and failure behaviors of honeycomb sandwich panels, is mostly studied by
observing the failed or broken specimens after testing. However, significant information about the
fracture mechanism of sandwich panels can be obtained by characterizing the microstructure and
observing the failure process during testing. X-ray micro-tomography allows to observe porosity,
layer adhesion between successive layers, and the core of the sandwich panel. The digital image
correlation (DIC) system, equipped with high-speed cameras, enables in situ observation of various
failure and damage mechanisms, such as skin-core debonding and local buckling. In a few studies,
the 3D DIC technology provided an observation of the deformation process, damage modes, and
strain fields of sandwich structures [100, 139-142]. However, to the best of our knowledge, no

study focused on sandwich panels 3D printed using high-temperature resistant composites.

In this study, we developed composite filaments of ULTEM 1040A grade of PEI and PPS by the
incorporation of recycled carbon fiber (rCF) and thermal black (TB) particles. Using rCF and TB
is a sustainable approach that contributes to eco-responsibility by significantly reducing the
environmental impact and manufacturing costs, a key advantage over commercial filaments. We
investigated the FFF printing of honeycomb sandwich panels using these composite filaments and
evaluated their flexural properties. We also compared the performance of these composite
filaments with commercially available filaments as a benchmark. The FFF printed sandwich panels
were characterized in terms of dimensional stability, porosity analysis, and fracture detection. The
originality of this study lies in its focus on FFF printing sandwich panels using developed high-

temperature composites and on the detailed failure analysis presented herein.

7.3 Materials and Methods

7.3.1 Materials

PEI composite filaments were manufactured by using ULTEM 1040A pellets, a low-viscosity PEI
grade that was purchased from SABIC Americas (USA). PPS composite filaments were
manufactured using Fortron 0214P1 grade pellets that were purchased from Celanese (Celanese

Corporation, Fortron Industries LLC., Wilmington, NC., USA).

The developed composites were reinforced with recycled carbon fibers (rCF) and thermal black

(TB) particles. re-Evo® HSC (Phenix 0.25), the short rCFs used in this study, were purchased from
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Carbon Conversion (Lake City, SC, USA). TB Thermax® N990 (TB N990) particles were supplied
by Cancarb Limited (Medicine Hat, AB, Canada).

Commercial filaments of PEI and PPS composites were used as benchmarks in this work. A 1.75
mm diameter commercial spooled filament of PEI (ULTEM 9085 grade) reinforced with 15 wt.%
short CF (CARBONX™ PEI+CF15, 3DXTECH®, USA) and PPS reinforced with 15 wt.% short
CF (Essantium PPS-CF, VisionMiner, USA) were purchased. The commercial PEI and PPS
composites containing 15 wt.% CF called as PEI-commercial, and PPS-commercial, respectively,

in this study.

7.3.2 Manufacturing of composite filaments

7.3.2.1 Compounding

The neat PEI and PPS were dried before each processing step (i.e., compounding, filaments
extrusion, and FFF) at 140 °C and 100 °C for 12 hours, respectively. PEI and PPS pellets were
compounded with rCF and TB by using a Biihler clamshell co-rotating twin-screw extruder (Biihler
Group, Gupfenstrasse 5, Uzwil 9240, Switzerland). The temperature profiles of the extruder were
set to incrementally rise from 280 °C to 350 °C, and 280 °C to 330 °C from the feeding zone to the
die, respectively. Polymer pellets, TB, and rCF, were fed through separate feeders in the first zone
of the extrusion line. The extruded composites were cooled down in the air and pelletized. The
pellets were further used in filament extrusion by using a filament-making extruder (Xcalibur,
Noztek, Shoreham, England). The filaments were continuously monitored for a constant diameter
of 1.75 + 0.05 mm and a steady ovality by using a laser controlling system with 1200 scan/s along
radial axes (Zumbach-ODACI8XY, Switzerland). Table 7.1 lists the extruded composites
formulations containing combinations of rCF and TB developed for this work and the commercial
filaments.

Table 7.1 Formulations of PEI and PPS based filaments from this work and of the commercial
filaments. The CF content for commercial filaments is reported based on the manufacturer’s
technical datasheet.

Formulation Matrix (wt.%) rCF (wt.%) TB (wt.%)
PEI/rCF/TB (80/20/00) 80 20 0
PEI/rCF/TB (80/10/10) 80 10 10
PPS/rCF/TB (80/20/00) 80 20 0
PPS/rCF/TB (80/10/10) 80 10 10
Commercial Matrix (wt.%) CF (wt.%)

PEI-commercial 85 15 -
PPS-commercial 85 15 -
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7.3.2.2 Design and Fused Filament Fabrication of sandwich panels

Figure 7.1(a) presents the schematic of the hexagonal honeycomb sandwich panel annotated with
some common variables, which were designed using SolidWorks (SolidWorks2022, Dassault
Systemes, France) for flexural testing purposes. The hexagonal filling pattern is symmetrical,
which allows homogeneous load distribution during flexural testing. The number of core cells, core
thickness, and skin thickness were determined considering the ASTM standards ASTM D7250 and
ASTM C393. The sandwich panel had a dimension of 20 mm in height, 49 mm in width, and 125
mm in length. The core and skin had a height of 16 mm and 2 mm, respectively. The hexagonal
core had a cell wall width of 6.5 mm and a cell wall thickness of 0.8 mm, respectively. The width
of the sandwich panel was chosen to be greater than least twice the sandwich height and three times
the cell size. The core cell width was chosen to fit at least three cells in the width direction based
on the ASTM standards, while the skin thickness was selected to provide adequate stiffness. The
cell wall thickness was selected to ensure that at least two layers could be printed in the thickness
direction using a 0.4 mm nozzle. This choice was made because it was found by trial and errors
that sandwich panels printed with single-layer walls exhibited poor layer adhesion and

delamination during printing.

Simplify3D software (Simplify3D, Cincinnati, OH, USA) was used to slice the 3D models of the
specimens on the flatwise position. An open-source printer, AON-M2 (AON3D, Montreal, QC,
CA), equipped with a 0.4 mm nozzle, heated bed, and a heating chamber, was used to print
sandwich panel specimens with the developed composites filaments, as depicted in (Figure 7.1(b)).
Table 7.2 presents the main printing parameters for sandwich panels printed with PEI and PPS
composites, respectively. The sandwich panel skins were printed with a raster angle of +45° / -45°
with respect to the X axis in the XY plane with a 100 % infill ratio. Three (3) sandwich panel

specimens were printed for each formulation.
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Figure 7.1 Images of CAD design of sandwich panels and FFF printed sandwich panel specimens:
(a) rendered images of sandwich panel CAD file with dimensional parameters, (b) FFF printed
sandwich panel specimens and composite filament spool based on PEI/rCF/TB(80/10/10).

Table 7.2 FFF printing parameters used for the sandwich panel printing of developed and
commercial PEI and PPS composite filaments.

FFF parameters PEI composites PPS composites
Nozzle temperature (°C) 400 350
Bed temperature (°C) 180 160
Chamber temperature (°C) 135 100
Fill-in (%) 100 100
Extrusion multiplier 1 1
Extrusion width (mm) 0.48 0.48
Layer thickness (mm) 0.3 0.3
Printing speed (mm/s) 50 50
Support None None

7.3.3 Characterization methods
7.3.3.1 Optical 3D Scanner

The sandwich panel surfaces were scanned using an optical 3D scanner (GOM Atos Core 200,
GOM Metrology, Germany). The scanned points on the surface were reconstructed as a mesh and
converted to an STL file. The scanned volumes of the sandwich panels were compared with the
CAD file by using CloudCompare software (version 2.12.4), which allows for quantifying the
distance between the scanned surface and the CAD file. The CAD-to-mesh data were presented as
cloud-to-mesh (C2M) signed distance, which could be positive or negative with respect to the

reference point.
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7.3.3.2 X-ray microtomography

X-ray microtomography (micro-CT) was carried out to observe the porosity using a Zeiss
XradiaTM 520 Versa X-ray computed tomography system (Carl Zeiss Microscopy GmbH, Jena,
Germany). The applied source voltage and power were 50 kV and 4 W, respectively, with a 0.4 X
objective without filter, for an exposure time of 20 s.

Dragonfly software (Object Research Systems ORS Inc, Montreal, QC, Canada) was used to
analyze micro-CT scan data. The quantitative data on the thickness of the top skin, bottom skin,
and core walls were obtained through volume distance mapping of micro-CT images using

Dragonfly software, which provided thickness distribution for individual sections.
7.3.3.3 Digital image correlation (DIC)

A digital image correlation (DIC) setup (Correlated Solutions, Irmo, SC, USA) was used for
measuring the full-field strain distribution during mechanical testing. The DIC setup includes two
high-resolution cameras (Grasshopper3 GS3-U3-50S5M) and a light system. Figure 7.2 presents
the DIC images of sandwich panel specimens with a spackle pattern. The speckle patterns were
created by first spraying the specimens with matte white paint (Rust-Oleum Canada, Concord, ON,
Canada), followed by applying a black speckle pattern using black paint (Rust-Oleum Canada,
Concord, ON, Canada). The images were acquired at a frame rate of 300 FPS during flexural testing
with the software VicSnap (Correlated Solutions, Inc., Columbia, SC, USA). The speckle images
were analyzed using Vic-3D v9 software for local correlation. The analysis parameters were chosen
to maximize the correlation surface for each test while enhancing spatial resolution. The subset

size ranged from 50 to 90 pixels, and the step size varied from 5 to 7 pixels.

Loading tool at Side surface with
mid-span speckle pattern

105 mm
Supports

Figure 7.2 DIC image of FFF printed sandwich panel (PEI/rCF/TB (80/20/00) with spackle pattern
and three-point bending test setup with support span distance and loading tool position on the
specimen equidistant from the two end supports.
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7.3.3.4 Three-point bending testing

Three-point bending testing was carried out using an MTS Insight electromechanical testing
machine (MTS Systems, Eden Prairie, MN, USA) equipped with a 50 kN load cell. Testing was
performed using a support span length S of 105 mm with a crosshead speed of 2.6 mm/min. Three
(3) specimens for each formulation were tested, and the mean values and their confidence intervals
(CI) of 95 % were reported. Before testing, all the specimens were conditioned at 23 °C, 50 % RH

for at least 40 hours.
7.3.3.5 Computation of flexural and shear properties

The flexural and shear properties were computed based on ASTM D7250 and ASTM C393
standards by using the dimensional parameter shown in Figure 7.3. The effective flexural stiffness
(N/mm) was computed through a linear regression of the load/displacement curves. The sandwich
panel’s flexural rigidity, transverse shear rigidity, core shear modulus, and core shear stress were

computed according to

E-(d®—c3)b
D #( )

TR (7.1)
U= PG 1) . (7.2)
ajp  PCS? —9229 + I7)
¢ = %, (7.3)
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where D is the flexural rigidity in N-mm?, U is the transverse shear rigidity in N, G, is the core
shear modulus in MPa, F'is the core shear ultimate strength in MPa, P is the total applied force in
N, Eris the elastic modulus of the skin in GPa, S is the support span length of 105 mm, L is the
load span length in mm which is O for this configuration, A is the displacement in mm, d is the
sandwich thickness of 18 mm, c is the core height of 16 mm, b is the sandwich width of 49.5 mm,

and ¢ is the skin thickness of 2 mm.

The orthotropic skin and core properties were assumed to be as isotropic. Table 7.3 presents the

bulk properties of the composites that were used for printing the sandwich panels. The elastic
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modulus of developed composites were determined experimentally [143, 144] , whereas, for

commercial filaments, the values were obtained from the product' technical datasheets [55].

Core Top skin

Bottom skin

d [
< »

Figure 7.3 The sandwich beam cross-section with the dimensional parameter for the calculation of
the flexural mechanical properties.

Table 7.3 Elastic modulus values used for the analytical calculation of sandwich panel properties
for developed and commercial composite filaments.

Composite formulation Elastic modulus (GPa)
PEI/rCF/TB (80/20/00) 4.23 (0.13)
PEI/rCF/TB (80/10/10) 4.21(0.12)
PEI-commercial 8.60 (N/A)
PPS/rCF/TB (80/20/00) 5.96 (0.25)
PPS/rCF/TB (80/10/10) 5.39 (0.07)
PPS-commercial 4.55(0.12)

7.4 Results and Discussion

7.4.1 Dimensional accuracy of FFF printed sandwich panels

The dimensional accuracy of the specimens with respect to the designed CAD model was assessed
by 3D scanning and micro-CT analysis. Figure 7.4 presents the 3D images of the scanned surface
of sandwich panels and their corresponding cloud-to-mesh (C2M) distance distribution. Figure
7.4(a) depicts the surface roughness of the sandwich panels, which was visualized by rendering the
surface mesh obtained from 3D scanning analysis. Figure 7.4(b) shows the 3D scanned surface of

sandwich panels with a color map of C2M distance. The color map illustrates the surface roughness
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on the bottom and top skins, indicated by red areas, which could be due to the over-extrusion or
the sagging during bridging. Figure 7.4(c)-(d) shows the comparison of C2M distance distribution
for each formulation in which the solid and dashed lines represent the PEI and PPS composites,

respectively.

Table 7.4 gives the quantitative data extracted from the distribution of the C2M distance, including
the mean values of C2M distance and full width at half maximum (FWHM) of the peaks.
Additionally, the table reports the average weight and density of the sandwich panels. The PEI
composite formulations of rCF/TB (20/00), rCF/TB (10/10), and commercial filaments had a mean
C2M distances of 0.08, 0.02, and 0.01 mm, respectively. The PEI composite formulations of
rCF/TB (20/00), rCF/TB (10/10), and commercial filaments also had a FWHM values of 0.10,
0.23, and 0.26 mm, respectively. The PPS composite formulations of rCF/TB (20/00), rCF/TB
(10/10), and commercial filaments had a mean C2M distances of -0.08, 0.12, and -0.01 mm, and a
FWHM values of 0.22, 0.19, and 0.25 mm, respectively. Over 90 % of the scanned points fell
within a C2M distance range of -0.2 and 0.2 mm for all specimens. The mean values of C2M
distance and FWHM of the peaks indicated that the PEI and PPS sandwich panels printed with
developed composites had adequate dimensional accuracy, and the results were similar to those

obtained with commercial filaments.

The sandwich panels were expected to weigh approximately 53 g on average, estimated by the
SolidWorks CAD software using a bulk material density of approximately 1400 kg/m?*. However,
all printed panels exhibited a lower weight, as listed in Table 7.4, when compared to the expected
weight. Sandwich panels made of developed PEI and PPS composites also exhibited a lower
weight, when compared to those printed with commercial filaments. The deviation in the weight
of the sandwich panels led to specimens printed with developed composite filaments having lower
densities, when compared to those printed with commercial filaments, as listed in Table 7.4. The
observation regarding the weight and density of sandwich panels could be due to the presence of
porosity, as the higher filler content of developed composite filaments is expected to cause higher

porosity, when compared to commercial filaments, which have lower filler content.
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Figure 7.4 3D images of the scanned surface of a sandwich panel made of PEI/rCF/TB (80/20/00)
developed composite filament for measuring the dimensions and comparison dimensional
accuracy: (a) rendered 3D scanned surface of sandwich panel, (b) 3D scanned surface of sandwich
panel processed with a color map of C2M signed distance with respect to their CAD model, (c)
C2M distance distribution for PEI composites, (d) C2M distance distribution for PPS composites.

Table 7.4 Mean distance values of C2M signed distance extracted from a comparison of the 3D
scanned volume of the sandwich panel with respect to the CAD model, FWHM of peaks, average
weight, and density of sandwich panels. The average values are reported with CI of 95 % in the
parentheses.

Sandwich panel Mean FWHM Average weight Panel density
formulation distance (mm) (mm) (g) (kg/m?)
PEI/rCF/TB (80/20/00) 0.08 (0.02) 0.10 47.1 (0.6) 384
PEI/rCF/TB (80/10/10) 0.02 (0.16) 0.23 45.1(0.3) 368
PEI-commercial 0.01 (0.19) 0.26 49 (0.2) 400
PPS/rCF/TB (80/20/00) -0.08 (0.16) 0.22 47.4 (0.4) 386
PPS/rCF/TB (80/10/10) 0.12 (0.13) 0.19 47.8 (0.4) 390
PPS-commercial -0.01 (0.17) 0.25 52.5(0.2) 428

7.4.2 Microstructure analysis of FFF printed sandwich panels

The core cell dimensions were measured using non-destructive micro-CT scans, which allowed to
observe through the volume. Micro-CT scans also provided quantitative data on the porosity
content within the sandwich panels. Figure 7.5(a) displays the reconstructed volume obtained from

micro-CT images of the sandwich panel structure for PEI containing rCF/TB (20/00). Figure



105

7.5(b) shows a top-view cross-section of the sandwich panel, revealing the hexagonal core. Figure
7.5(c) illustrates a side-view cross-section, highlighting the top skin, bottom skin, and core wall
cross-sections of rCF/TB (20/00) composites of PEI and PPS, respectively. The PEI composites
exhibited more stable bridging than PPS composites, as highlighted in Figure 7.5(c), where the
PPS composites’ top skin shows significant sagging. The bridging quality difference between PEI
and PPS might be due to the glass transition temperature (Tg) of PEI (~ 215 °C), which is 80 °C
higher than that of the printing chamber temperature (~ 135 °C), allowing PEI composites to
solidify quickly after extrusion. In contrast, PPS composites have a much lower T (~ 90 °C), which
is 10 °C lower than the printing chamber temperature (~ 100 °C), causing a delay in solidification.
Figure 7.5(d) shows 3D images of segmented porosity in the top and bottom skins, indicated in
yellow. The porosities mainly consisted of inter-layer porosities, as the scan resolution did not

allow for the detection of intra-layer porosities within the expected size range of 10-30 um.

Table 7.5 presents the average porosity content in the bottom and top skins, along with the average
thickness values for the bottom skin, top skin, and core wall, as extracted from the micro-CT image
processing. The porosity content in the bottom skin of the PEI composites of rCF/TB (20/00),
rCF/TB (10/10), and commercial filaments was 9.4 %, 6.3 %, and 1.9 %, respectively. The porosity
content on the top skin was evaluated to be higher, e.g., 12.7 %, 9.4 %, and 6.2 %, respectively, for
the same formulations. The commercial PEI filament also exhibited lower porosity, when
compared to the developed filament. The lower porosity content of sandwich panels printed with
commercial filaments can be attributed to the lower T, (186 °C) of commercial PEI (ULTEM 9085
grade) matrix that promoted layer adhesion and resulted in lower porosity, when compared to
developed PEI composites with T, of ~ 215 °C. Additionally, the commercial filament includes a
lower filler content, reported to be 15 wt. % of carbon fiber which could lead to lower porosity,

when compared to developed filaments with filler content of 20 wt.%.

The porosity content in the bottom skin of the PPS composites of rCF/TB (20/00), rCF/TB (10/10),
and commercial filaments was 5.0 %, 3.0 %, and 4.6 %, respectively. The porosity content on the
top skin increased to 8.3 %, 8.4 %, and 8.1 %, respectively, for the same formulations. The porosity
content in the bottom skin was relatively reduced with the replacement of rCF with TB particles.
The sandwich panels printed with developed PPS composite filaments exhibited similar porosity

content, when compared to those printed with commercial PPS filaments.
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The top skin of the sandwich panels had a higher porosity than the bottom skin, which could be
due to inconsistent bridging since no support structure was used during printing, and the printer
used lacks the air-cooling system for suspended structures like the bridging of the top skin.
Moreover, the bottom skin had more consolidation of the deposited layer due to the pressure of
built volume, when compared to the top skin. No significant detectable porosity was found in the
sandwich panel core for both PEI and PPS composites. The observation regarding the porosity in
the core could be due to the fact that the core consisted only two-layer in the thickness direction,
which reduces inter-layer porosities, unlike observed in the skins. However, intra-layer porosities
were present within the printed beads, but the micro-CT resolution was insufficient to quantify

them.

In the CAD model, the skin and core thickness of sandwich panels were designed as 2 mm and 0.8
mm, respectively. The sandwich panels of PEI composites made of rCF/TB (20/00) had average
thickness values of 2.2 mm for the bottom skin, 2.3 mm for the top skin, and 1.2 mm for the core
wall. The sandwich panels made of rCF/TB (10/10) composites had an average thickness value of
1.85 mm for the bottom skin, 1.81 mm for the top skin, and 0.97 mm for the core wall. The
sandwich panels made of commercial PEI composites had average thickness values of 2.21 mm

for the bottom skin, 1.85 mm for the top skin, and 1.12 mm for the core wall.

The sandwich panels printed with PPS composites also had a deviation in skin and core thickness,
when compared to CAD files. It was found that the sandwich panels of PPS composites made of
rCF/TB (20/00) had average thickness values of 1.97 mm for the bottom skin, 2.08 mm for the top
skin, and 1.13 mm for the core wall. The sandwich panels made of rCF/TB (10/10) composites had
average thickness values of 1.87 mm for the bottom skin, 1.83 mm for the top skin, and 1.02 mm
for the core wall. The sandwich panels made of commercial PPS composites had average thickness
values of 2.13 mm for the bottom skin, 2.12 mm for the top skin, and 1.15 mm for the core wall.

The sandwich panels printed with PEI and PPS composites exhibited deviation in skin thickness,
when compared to the CAD design, which was specified as 2 mm. This discrepancy could be due
to the presence of porosities that caused extrusion inconsistency, while poor bridging could also
lead to deviation in dimensions. Moreover, considering long printing times of up to 5 hours for
each specimen, the loss of 3D printer calibration might result in a change in the nozzle and printing
bed distance that affected the dimensions of the printed part. The core thickness was also greater

than the CAD design, which was specified as 0.8 mm. The layer width during slicing was adjusted
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to 0.48 mm, and the core wall consisted of two layers in the thickness direction. In this context,

considering the effect of over-extrusion, the core wall thickness resulted in being greater than the

CAD design.

The micro-CT analysis, represented by the images shown in Figure 7.5 along with the numerical
values enclosed in Table 7.5, offered a more detailed understanding of dimensional accuracy
throughout the panel's volume, including individual skins or core thicknesses. These
characterization results discussed here are crucial for better interpreting the flexural testing
outcomes, as deviations in dimensions could lead to variations in mechanical properties, especially
in sandwich panels. For instance, if the thicknesses of the top and bottom skins differ, it could
affect the rigidity of the panel or lead to uneven deformations, as the structures would no longer be

symmetrical.

(a) Reconstructed volume of SP (b) Top view (d) Segmentation of porosity
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Figure 7.5 Micro-CT images of FFF printed sandwich panel structure: (a) reconstructed 3D volume
of sandwich panel made of PEI/rCF/TB(80/20/00), (b) top view cross-section of sandwich panel
that shows hexagonal core, (c) side views of sandwich panels showing cross-sections of top skin,
bottom skins, and core walls for sandwich panels printed with PEI/rCF/TB(80/20/00), and
PPS/rCF/TB(80/20/00) composite filaments, respectively, (d) rendered image of segmented inter-
layer porosity in the top and bottom skin of sandwich panel, respectively.
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Table 7.5 Quantitative values regarding average porosity content, including inter-layer porosity on
the bottom and top skins, and the average dimensional length values, including bottom skins, top
skins, and core wall thicknesses, were extracted from the processing of micro-CT images. The
average values are reported with CI of 95 % in between parentheses.

Sandwich panel Porosity content (%) Dimensions (mm)
formulation
Bottom skin Top skin Bottom skin Top skin Core wall
thickness thickness thickness

PEI/rCF/TB(80/20/00) 9.4 (0.5) 12.7(1.3) 2.20 (0.15) 2.30 (0.14) 1.20 (0.15)
PEI/rCF/TB(80/10/10) 6.3 (0.3) 9.4 (1.7) 1.85(0.13) 1.81 (0.16) | 0.97 (0.06)
PEI-commercial 1.9 (0.2) 6.2 (2.0) 2.21(0.21) 1.85 (0.25) 1.12 (0.07)
PPS/rCF/TB(80/20/00) 5.0(0.5) 8.3(1.2) 1.97 (0.09) 2.08 (0.13) 1.13 (0.07)
PPS/rCF/TB(80/10/10) 3.0(0.3) 8.4 (0.8) 1.87 (0.14) 1.83 (0.15) 1.02 (0.06)
PPS-commercial 4.6 (0.4) 8.1(1.0) 2.13(0.13) 2.12 (0.18) 1.15(0.07)

7.4.3 Full-field strain measurement during flexural testing

Figure 7.6(a) shows the DIC images of one of the sandwich panels printed with
PEI/rCF/TB(80/20/00)  prior to the application of bending force and location of virtual
extensometers. Figure 7.6(b) displays the strain values recorded in the top skin, bottom skin, and
core region based on the location of virtual extensometers, respectively. The lower half of the
sandwich panel, including the bottom skin, experienced tensile loading during flexural testing,
resulting in positive tensile strain, while the upper half of the panel, including the top skin,
experienced compressive loading, resulting in compressive strain. The strain values on the top and
bottom skins were measured by applying a virtual strain gauge with the DIC setup on the skins and
recording the strain changes during the testing period. Virtual strain gauges were also applied
horizontally through the Y axis to measure strain deformation in the core. The strain values in the
core region deviated from 0.001 to — 0.001 mm/mm with respect to the neural axis. The strain
values approached zero near the neutral axis, as expected. The strain values recorded from virtual
strain gauges located in the core region appeared to be symmetric, with a negligible deviation in
the strain values. However, this symmetry was reduced as the deviation in strain values of the skins
increases. The top skin had a compressive strain of up to -0.010 mm/mm, while the bottom skin
exhibited a tensile strain of up to 0.007 mm/mm. The different strain values in the top and bottom
skins during loading could be due to different dimensions of skin thicknesses, as discussed in the
previous section. These findings indicated that the skins resisted the in-plane normal stresses
resulting from transverse loading, while the core region resisted shear stresses. These findings

would help to understand the crack initiation and propagation mechanisms during flexural testing,
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as axial stress concentration near load application points or shear stress in the core region could

initiate different fracture mechanisms, such as skin failures, core failures, or core-to-skin failures.
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Figure 7.6 (a) DIC strain map of a sandwich panel printed with PEI/rCF/TB(80/20/00) prior to the
application of the bending force in which the color scale indicates the magnitude of strain, (b)
corresponding strain graph after applied bending force, showing the value of compression strain in
the top skin and tensile strain in the bottom skin.

7.4.4 Flexural properties of FFF printed sandwich panels

Figure 7.7 presents the DIC analysis of the three-point bending results for sandwich panels printed
with PEI/rCF /TB (80/20/00) composite filament. Figure 7.7(a) shows a series of DIC images
showing full-field strain measurement of e,, with respect to the applied load. The first image,
indicated by green color, shows no strain at zero load, while the DIC system detected strain
measurement through the surface with increasing load. Figure 7.7(b) shows the typical force-
displacement curve of the sandwich panel specimens during flexural testing. In Figure 7.7(a) and
7.7(b), the DIC images correspond to specific force values indicated on the force-displacement
curve. Each image is labeled from I to VII, matching its position on the curve. Figures 7.7(c) and
7.7(d) show the DIC image indicating the crack initiation and strain concentration at the core prior
to crack formation with an image of the failed sandwich panel after testing, respectively. Analyzing
the shape of the force-displacement curves and the full-field strain recorded with the DIC system
allowed the detection of damage phenomena during flexural testing. It can be seen that the
sandwich panel body experienced a negative strain due to displacement in the Y axis. With the
increment of the load, there was a strain concentration near the neutral axis symmetrically on two

sides of the sandwich panel. This positive strain concentration could be due to shear forces that
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reached a maximum value at the core region near the neutral axis. This strain concentration was
becoming more severe with increasing load and resulted in crack initiation in the core region. In
Figure 7.7(e), when the load reached the maximum value, the crack propagated between the layers

and resulted in the failure of this panel specimens.
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Figure 7.7 DIC analysis of three-point bending results of sandwich panel printed with PEI/rCF/TB
(80/20/00) composite filament: (a) a series of DIC images showing the evolution of strain with
respect to the applied load, (b) load-displacement curve showing the mechanical response of the
sandwich panel during flexural testing. (¢) DIC raw image for crack initiation, which is indicated
by the yellow circle, (d) DIC image presenting the strain concentration at the core prior to the crack
formation (e) post-mortem analysis of crack propagation in the sandwich panel core.

Figure 7.8 shows the typical force-displacement curve during flexural testing which reflects the
mechanical response of at least three sandwich panel specimens printed under the same conditions
and materials. All specimens exhibited linear behavior up to the maximum load point, followed by
failure. The trend of these experimental curves indicated the repeatability of the tests. The force-
displacement curve showed linear behavior up to the maximum load, indicating that the core and

skin experienced elastic deformation at this stage. The observed linear behaviour suggests the
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absence of debonding between the core and skin or inter-layer debonding within the core. The
observation regarding the absence of debonding was also in agreement with the DIC measurements
where no strain concentration was observed at the core-skin interface, which would have been

observed should there was any debonding.

As the deflection increased with loading, strain concentration was detected in the core, leading to
crack initiation and subsequent catastrophic failure, evidenced by the sudden drop in load. The
failure after maximum load was catastrophic, resulted in brittle fracture and the specimen’s
explosion. The crack initiation was detected with the DIC system, and post-mortem analysis
revealed the crack propagation pattern, which propagated diagonally through the core, jumping
between layers and leading to the failure of the top skin as well. The main reason for the failure
was crack formation due to strain concentration in the core for all specimens. The similar crack
propagation patterns of failed specimens are indications of repeatable printing parameters, which
allows a predictable failure mechanism of the printed sandwich panels. According to the
experimentally determined force-displacement curves and damage evolution examinations, the
failure behavior of the sandwich panels indicates a good level of layer adhesion in the core regions.
There is adequate adhesion at the skin and core interface, which is evident by no debonding
between the core and skins. However, enhancing adhesion between the core layers could shift the

failure to the skin, thus maximizing the efficiency of the panel.

Table 7.6 presents the mechanical properties of the sandwich panels extracted from the force-
displacement curves. The FFF printed sandwich panels showed repeatable flexural testing results
for all formulations, indicated by the confidence interval of the results. Sandwich panels printed
with developed PEI composites of rCF/TB (20/00) and rCF/TB (10/10) had average maximum
loadings of 2.3 kN and 1.7 kN, respectively. The sandwich panel printed with commercial PEI
filaments showed a relatively higher maximum loading capacity of 3.0 kN. However, sandwich
panels made of rCF/TB (20/00) composites had a similar flexural stiffness value of 0.94 kN/mm
as the sandwich panels printed with commercial PEI filaments. The sandwich panels printed with
rCF/TB (20/00) and rCF/TB (10/10) PEI composites exhibited a core shear modulus that is up to
twice as high as those made with commercial filaments, but their core shear strength values were

relatively lower.
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Sandwich panels printed with PPS composites of rCF/TB (20/00) and rCF/TB (10/10) presented
average maximum loadings of 2.8 kN and 2.9 kN, respectively. The sandwich panel printed with
commercial PPS filaments showed a relatively higher maximum loading of 3.3 kN. Sandwich
panels printed with PPS composites of rCF/TB (20/00) and rCF/TB (10/10) had higher flexural
stiffness values of 1.44 kN/mm and 1.38 kN/mm, respectively, when compared to specimens
printed with commercial PPS composites which had flexural stiffness value of 1.28 kN/mm. The
sandwich panels printed with rCF/TB (20/00) and rCF/TB (10/10) composites presented a core
shear modulus that is more than two-fold, when compared to those made with commercial

filaments, while their core shear strength values remained slightly lower.

The developed composite filaments used in this study present a strong alternative to commercial
filaments for engineering applications. They presented higher stiffness and shear modulus, while

also offering sustainable characteristics that enhance their appeal for environmentally responsible

manufacturing.
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Figure 7.8 Force-displacement curves showing the mechanical response of the sandwich panels
during flexural testing with images of failed specimens at maximum load showing the post-mortem
analysis of crack propagation in the sandwich panels.
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Table 7.6 Mechanical properties comparison of sandwich panels including maximum load, flexural
stiffness, maximum displacement, core shear modulus, and core shear strength as computed from
the results of flexural testing results based on ASTM standards. The average values are reported
with CI of 95 % in the parentheses.

Property / Formulation PEI/rCF/TB (80/20/00) | PEI/rCF/TB (80/10/10) | PEI-commercial
Maximum load (kN) 2.3 (0.19) 1.7 (0.05) 3.0 (0.21)
Flexural stiffness (kN/mm) 0.94 (0.027) 0.80 (0.023) 0.93 (0.002)
Maximum displacement (mm) 2.75(0.9) 2.35(0.2) 3.63 (1.4)

D (kKNmm?) 29985 29843 60962

U (kKN) 72 47 32

Core shear modulus (MPa) 80 53 36

Core shear strength (MPa) 1.41 1.04 1.82
Property / Formulation PPS/rCF/TB (80/20/00) | PPS/rCF/TB (80/10/10) | PPS-commercial
Maximum load (kN) 2.8 (0.19) 2.9 (0.09) 3.3 (0.08)
Flexural stiffness (kN/mm) 1.44 (0.029) 1.38 (0.024) 1.28 (0.013)
Maximum displacement (mm) 2.30(0.9) 2.42(0.5) 4.15(0.3)

D (kKNmm?) 42248 38207 32253

U (kKN) 11 13 54

Core shear modulus (MPa) 128 152 61

Core shear strength (MPa) 1.73 1.76 2.03

7.5 Conclusion

In this study, FFF printed sandwich panels were printed and characterized by using novel
formulations of high-temperature composites based on PEI and PPS containing rCF and TB. The
flexural properties of sandwich panels were compared with commercial PEI and PPS filaments.
Sandwich panel specimens were printed by using an open-source 3D printer equipped with a high-
temperature closed chamber. The printed sandwich panels were characterized in terms of
dimensional stability, microstructure, and flexural properties. The 3D scanning results showed
accurate dimensional stability of the FFF printed sandwich panels when compared to the CAD file,
as over 90 % of the C2M distance values deviated by less than 0.2 mm. Sandwich panels printed
with PEI composites exhibited up to ~ 12 % porosity on the top skins, while those printed with PPS
composites showed up to ~ 8 % porosity. The porosity content on the top skins was also found to
be higher than that of the bottom skin for all formulations due to absence of a cooling system which
resulted in inconsistency in bridging. No detectable porosity was found on the core wall of the

sandwich panels, indicating good layer adhesion between successive layers.

The force-deflection behavior, strength, stiffness, and failure mode of the specimens were
evaluated. Crack initiation during flexural testing was detected with the DIC system. The major

failure mode observed was core failure and this was consistent across all specimens tested. The
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core failure is an indication of good layer-to-layer and core-to-layer adhesion.

The flexural properties of sandwich panels printed with developed filaments were comparable to
those printed with commercial filaments, with a bending load capacity of up to 3.0 kN for
specimens weighted approximately 50 g. PEI sandwich panels, with a density of 384 kg/m?,
exhibited a core shear strength of up to 1.4 MPa and a core shear modulus of up to 80 MPa.
Similarly, PPS sandwich panels, with a density of 386 kg/m?, exhibited a core shear strength of up
to 1.7 MPa and a core shear modulus of up to 128 MPa. The core shear modulus results of sandwich
panels printed with developed filaments was approximately twice as high as that of the panels

printed with commercial filaments.

In conclusion, the novel formulations of composites based on PEI and PPS matrices exhibited good
printability and flexural mechanical performance. Considering the performance of the printed
sandwich panels, these results are promising, as they are comparable to commercial filaments.
Therefore, our study suggests that these composites could be eventually considered for applications
of ground transportation and aerospace industry such as interior parts, along with leveraging the
flexibility of printing complex core geometries by using FFF that cannot made with other

manufacturing methods.
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CHAPTER 8 GENERAL DISCUSSION

The choice to work in this research project with rCF and TB provided more sustainable and cost
reduction perspectives. The virgin CF production is known to be quite energy-intensive (183-286
MJ/kg) and a relatively expensive additive (~ 60 $/kg). In contrast, rCF and TB are less expensive
(~17 $/kg for rCF and ~2 $/kg for TB), when compared to virgin CF, to neat PEI, and to neat PPS
prices. While the overall cost of the developed composite filaments was not calculated, (not an
objective for this work being a complex evaluation process that includes many factors, such as
energy consumption, labor time and cost, materials costs etc.), it can be said the simple replacement
of 20 wt.% of expensive materials by 20 wt.% of rCF and TB, surely is a cost-effective solution.
Moreover, the developed composites are recyclable due to their thermoplastic nature, allowing
them to be reused by mechanical recycling as industrial manufacturing waste or at the end of their
service life. A small trail was already done during this project and a recycled filament of PPS
rCF/TB (10/10) was re-manufactured using granulates obtained from mechanically grinding of
broken specimens after their mechanical testing (Figure 8.1(a)). This mechanical treatment enables
printed parts to be recycled and repurposed again for FFF or for other printing technologies as well,
such as granules for fused granule fabrication (FGF). Conducting a life cycle assessment (LCA)
for these thermoplastic composites would provide a clearer understanding of their environmental

impact, particularly in terms of using rCF and TB compared to virgin carbon fiber.

Chapter 5 and 6 disclosed the primary reason of the presence of intra-layers porosity in the
filaments and printed parts being the incorporation of rCF due to degradation of the sizing material
normally added on the surface of rCF by their manufacturer (Figure 8.1(b)). But, the content of
this sizing was reported by its manufacturer to be up to 3.5%, therefore is a reduced quantity. Other
factors that possibly can contribute to the intra-layer porosity could be an inadequate polymer
drying before its processing at high temperatures or some inconsistency in the printer functioning.
Additionally, the addition of rCF increased the matrix viscosity (Figure 8.1(c)), which may trap
gas produced during processing. Similar levels of porosity were also observed in commercial PEI
and PPS composite filaments. Moreover, for the same formulations, but in IM specimens, porosity
was very low, only ~ 1 % due to the high pressure applied during injection of the melt, allowing
more efficient compression and degassing compared to FFF. The results and observations
regarding FFF printed parts, IM parts, and commercial filaments suggest that the presence of
porosity with CF addition is a difficult problem to avoid with the current FFF technology. Using
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CF without surface sizing or a sizing material more stable at PEI and PPS processing temperatures
would possibly help to reduce porosity. Another method to reduce porosity without material

modification could be using a consolidation tool to apply physical pressure on the deposited layer

to help eliminate trapped gasses.
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Figure 8.1 (a) Image of the recycled filament spool of PPS composites containing rCF/TB (10/10)
that was recycled by mechanically grinding the previously tested mechanical specimens into pellet
size. These pellets were then fed into a single-screw extruder, transforming them into filaments
suitable for FFF printing, (b) SEM images of the rCF revealed the presence of surface sizing, (c)
the frequency sweep test for the PPS composites demonstrated that the incorporation of rCF and
TB led to an increase in viscosity, which can impact the presence of porosity.

The rCF length was reduced from an initial 6 mm down to an average of ~ 30 - 50 um. It was found
that the most significant step for fiber length reduction was during the first compounding step in
the twin-screw extruder due to high shear rates, while filament extrusion and FFF printing further
reduced fiber length, but to a lesser extent. The IM specimens generally had longer fibers and more
aligned fibers in the injection direction compared to FFF printed specimens. In PEI composites,
the addition of TB further reduced the average rCF length and hindered the alignment of rCF in
both IM and FFF printed specimens. However, in PPS composites containing TB particles, the
average rCF length was slightly higher, when compared to rCF length observed in IM specimens.
No significant effect on the fiber length was observed after the FFF printing, where all the
formulations exhibited a similar average fiber length. Similar to the PEI composites, the addition
of TB in PPS composites restricted further alignment during both injection molding and FFF
printing. This could be due to the high number of interactions between the TB particles and rCF,
which likely altered the matrix viscosity. Clear interactions between rCF and TB were visualized
in SEM images, as reported in Chapters 5 and 6, for both matrices. It appears that combining rCF

and TB enhances fiber-matrix adhesion, which could potentially influence the observed fiber length
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distribution and alignment. However, to quantify this effect and gain a deeper understanding of the

underlying mechanisms, further research is required.

For the PPS composites, the 3D printer was used at a maximum chamber temperature limit of 135
°C. A chamber temperature beyond 100 °C could not be used due to a technical issue. The problem
was that the print head and the gear responsible for filament feeding into the heated nozzle are
located inside the printing chamber. At chamber temperatures above 100 °C, the filament became
significantly more ductile due to its 7, (~ 90 °C), making it difficult to feed the filament into the
printer. In Chapter 6, the crystallization studies showed that the environmental printing temperature
used in this study may not be sufficient to ensure efficient layers adhesion for improving the
mechanical performance. Crystallization of PPS, known for its high crystallization speed,
happened before layers deposition and it triggered weak interfaces between deposited layers by
inhibiting molecular diffusion during printing and making the mechanical performance of FFF
printed parts highly dependent on PPS crystallization kinetics. Isothermal crystallization studies
conducted at temperatures ranging from 190 °C to 260 °C suggest that the printing chamber
temperature of ~ 240 - 250 °C would significantly contribute to layers adhesion. This range of
chamber temperature, higher than the 7. of PPS composites observed during the cooling, will avoid
the PPS composite melt to crystallize before layers deposition while increasing its crystallization
half time. Moreover, conventional DSC does not allow full control over crystallization during
cooling, as its maximum cooling rate is approximately 1.2 °C/s, while some studies have shown
that the critical cooling rate to achieve fully amorphous PPS is approximately 40 °C/s. Therefore,
using flash DSC could provide more insight into mimicking FFF printing conditions and into a
more detailed evaluation of crystallization kinetics for PPS composites. This being said, the PPS
by its innate behaviour remains a highly crystalline thermoplastic having a rapid crystallization

rate.

Working with high-temperature 3D printers and composites presented numerous challenges,
significantly affecting the overall efficiency of printing. The fastest printing speed it could achieve
was 50 mm/s. For example, according to slicing software, each specimen should take, in average,
30 minutes to be printed. However, actual printing time was much longer. Printing a set of five
testing specimens for each formulation could take up to a full day due to technical issues, such as
nozzle blockage, filament breakage, warping, adhesion issues to the print bed, printer

miscalibration during printing, and prolonged waiting times for the chamber to stabilize after each
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failed print. These challenges were particularly pronounced for sandwich panels printings, where

each specimen took approximately 3 to 5 hours, allowing for only one successful print per day.

Clearly, the current 3D printing technology, such the open-source FFF, needs new developments
to further be able to mitigate these problems. New-generation printers seems to feature Al-assisted
print failure detection, filament break detection, higher chamber temperatures with adjustable
volumes for faster heating, and automated filament feeding systems. These technological
advancements could significantly improve the reliability and speed of high-temperature printing

Processces.

Despite all the encountered issues and challenges, all development novel composites in this PhD
research study proved to be promising candidates for FGF, as well. Unlike FFF, FGF can
significantly reduce printing time due to its higher extrusion rate and can avoid the extra steps and
challenges related to filament production, such as ensuring a consistent diameter and an easy

spooling. With FGF, the filler content can potentially be increased beyond the 20 wt.%.

The developed PEI and PPS composites inherently provide exceptional thermal stability and flame
retardancy. Preliminary investigations showed that incorporating rCF and TB did not compromise
these properties. Appendix B presents the thermal characterization results for PEI and its
composites, along with Flame Smoke Toxicity (FST) testing results for both PEI and PPS
composites. These tests demonstrated that the developed composites meet FST criteria, making

them suitable for use in aerospace and ground transportation industries.
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CHAPTER 9 CONCLUSION AND RECOMMENDATIONS

This thesis identifies the challenges in developing amorphous PEI and semi-crystalline PPS

matrices with the incorporation of rCF and TB for FFF applications. By employing complementary

characterization methods, this work research and its results bridge the gap between the differences

in mechanical performance of FFF printed parts and those produced by conventional manufacturing

methods while taking into account the behaviours of amorphous and semi-crystalline matrices. The

investigated properties of these novel composites include morphological, microstructural,

crystallization behaviours, tensile, flexural, impact, and HDT properties. The outcomes of these

investigations are as follows:

Eight (8) different composite formulations, 20 wt.% rCF, 20 wt.% of TB particles, or
combinations of 20 wt.% rCF and TB, were manufactured using PEI and PPS as matrices.
These concentrations are higher than the currently available commercial PEI and PPS
composites, that rarely goes up to 15 wt.%.

The FFF printing parameters were tuned to reduce the porosity content. The porosity
content of FFF printed PEI and PPS specimens with rCF/TB (00/20) was evaluated at ~ 2.8
and 2.2 %, respectively, while IM specimens shown ~ 1 % of porosity. The porosity content
went up to a maximum of 16.8 % and 9.2 % for PEI and PPS containing rCF/TB (20/00),
respectively.

The average fiber length was computed and found to vary between 30 - 50 um for both PEI
and PPS composites. IM specimens exhibited relatively higher average fiber lengths
compared to FFF printed specimens.

Crystallization studies showed that crystallinity of neat PPS significantly reduced from 93.5
% down to ~ 40 % for IM specimens with rCF and TB incorporation. The IM specimens
exhibited higher crystallinity of ranging 37 - 43 %, when compared to FFF printed
specimens were the crystallinity limited at 31 - 36 %.

Isothermal crystallization studies conducted on PPS composites at temperatures ranging
from 190 °C to 260 °C showed that with increasing the temperature of the isothermal step
the crystallinity content and the crystallization half time increased for all PPS composites
formulations. The crystallization kinetic results suggest that the printing chamber

temperature between 240 - 250 °C should contribute to layers adhesion and to the
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enhancement of the mechanical properties. It seems that delaying the crystallization after
the layer deposition would promote more macromolecular chains diffusion and a mutual
crystallization between two adjacent layers.

e FFF printed PEI containing rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10), and rCF/TB
(00/20) exhibited a TS of 70 MPa, 69 MPa, 64 MPa, and 40 MPa and a TM of 4.23 GPa,
4.20 GPa, 4.21 GPa, and 4.14 GPa, respectively. Similarly, the same formulations of IM
specimens exhibited a TS of 103 MPa, 88 MPa, 82 MPa, and 42 MPa and a TM of 6.18
GPa, 4.35 GPa, 3.57 GPa, and 4.07 GPa, respectively. For all formulations, FFF printed
specimens showed approximately 30 % higher TM, when compared to IM neat PEI.

e FFF printed PPS containing rCF/TB (20/00), rCF/TB (15/05), rCF/TB (10/10), and rCF/TB
(00/20) exhibited a TS of 68 MPa, 66 MPa, 65 MPa, and 45 MPa and a TM of 5.96 GPa,
5.73 GPa, 5.39 GPa, and 5.26 GPa, respectively. Similarly, the same formulations of IM
specimens exhibited a TS of 151 MPa, 130 MPa, 105 MPa, and 62 MPa and a TM of 19.9
GPa, 17.2 GPa, 13.4 GPa, and 5.0 GPa, respectively. Moreover, for all formulations, FFF
printed specimens showed approximately 60 % higher TM, when compared to IM neat PPS.

e PEI and PPS composites exhibited a heat deflection temperature (HDT) of up to 200 °C
and 270 °C, respectively. Considering the service temperature requirements for Nomex (up
to 180 °C) or Aluminum honeycombs, these novel performant PEI and PPS formulations
demonstrate a significant potential to be used in the same applications as Nomex or other
commercial materials.

e PEI sandwich panels, with a density of 384 kg/m?, exhibited a core shear strength of up to
1.4 MPa and a core shear modulus of up to 80 MPa. Similarly, PPS sandwich panels, with
a density of 386 kg/m?, exhibited a core shear strength of up to 1.7 MPa and a core shear
modulus of up to 128 MPa. These results are promising, as they are comparable to
commercial Nomex cores, which are reported to have a shear modulus of up to 112 MPa
and a core shear strength of up to 3.2 MPa for cores with a density of 129 kg/m?.

e Crack initiations, occurred due to the strain concentration in the core region, were detected
using a DIC system. The observed failure mode was consistent across all specimens,
demonstrating a high quality for the novel composites, a high print quality, and a strong

layer adhesion in the sandwich panel specimens.

Future work on the following issues may further advance this field:
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It was observed that the intra-layer porosity formation could be due to the degradation of
the sizing material, normally present of the surface of rCF. In this context, using carbon
fiber with sizing material that have thermal stability at high processing temperatures of PEI
and PPS could help to reduce porosity content.

It was demonstrated that FFF printed specimens generally exhibited equivalent mechanical
performance compared to IM neat matrices. But some formulations still have the potential
for improvement to match their IM composite counterparts. In this context, a printer with a
more control of its thermal environment could be used to print specimens at higher chamber
temperatures. This will allow to investigate of how higher chamber temperatures would
fingerprint the mechanical performance. In this study, the maximum chamber temperature
was limited at 135 °C by its manufacturer.

The effect of the FFF 3D printing and of IM process on the crystallization behavior of the
novel PPS composites was studied using conventional DSC, which is limited by maximum
cooling and heating rates. A more robust method, such as flash DSC, could be implemented
to study the effect of thermal history on the microstructure and mechanical properties of
PPS composites.

The flexural properties of FFF printed sandwich panels were investigated at room
temperature and compared with sandwich panels made from commercial filaments. Future
research on the investigation mechanical properties variations at lower / higher
temperatures, such as the real temperatures encountered during their utilization in planes
environment. Also, exploring the impact and fatigue properties of these panels and
comparing them to those of commercial Nomex or Al honeycomb sandwich panels would
provide valuable insights into their potential to be used in other application areas.

Flexural mechanical properties were calculated using analytical equations based on ASTM
standards, assuming homogeneous material geometry. However, more realistic results
could be obtained by implementing numerical analysis methods to identify stress
distribution during flexural testing, particularly in the skin and core regions, considering
the layered structure of FFF printed parts.

Conducting a life cycle assessment and evaluating the recyclability of the developed
composites., or using Artificial Intelligence tools (Machine Learning, Deep Learning, etc)

for FFF printing of novel materials.
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APPENDIX A SEM AND EDS ANALYSIS OF RECYCLED CARBON FIBER
SURFACE

Figure A.1 presents the SEM images that provide a detailed surface analysis of the rCF. Figure
A.1.(a) shows the surface morphology of the rCF, indicating the presence of residual sizing
material. Sizing is a thin surface coating applied during fiber processing to protect the fibers and
improve adhesion with polymer matrices. The micrograph highlights slight surface irregularities

and visible residuals of the sizing layer distributed across the fiber surfaces.

Figure A.1.(b) presents the Energy Dispersive Spectroscopy (EDS) elemental mapping of the rCF
surface. Elemental mapping reveals the distribution of carbon (C), nitrogen (N), oxygen (O), and
trace amounts of fluorine (F), with their respective weight percentages being 88.29%, 9.04%,
2.47%, and 0.20%. Carbon (C) dominates the surface composition, confirming the primary
presence of carbon fiber. Nitrogen (N), oxygen (O), and fluorine (F) are linked to the residual sizing

layer, indicating organic compounds or functional groups on the fiber surface.

The EDS data and elemental mapping strongly suggest the presence of a sizing or coating on the
carbon fiber surface. This sizing layer likely contains nitrogen and oxygen, which may be typical
for polymer-based or functionalized sizing applied to carbon fibers for improved composite
bonding. These findings could be linked to surface sizing agents like polyurethanes or epoxies.
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Figure A.1 SEM and EDS characterization of rCF. (a) The image shows the surface morphology
of rCF, highlighting the presence of residual sizing. (b) The image presents the EDS elemental
mapping, indicating the distribution of carbon (C), nitrogen (N), oxygen (O), and fluorine (F) on
the rCF surface.
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APPENDIX B THERMAL STABILTY AND FLAME SMOKE TOXICITY
PROPERTIES OF PEI AND PPS COMPOSITES

B.1 Thermal stability of PEI and its composites

The thermal degradation behavior of the PEI and its composites was analyzed using TGA under
air and nitrogen atmospheres to determine the effect of rCF and TB loading on the thermal stability
of the developed composites. Figure B.1 shows the TGA plots for the thermal behavior of the
different formulations under non-isothermal and isothermal heating conditions. Figure B.1(a) and
B.1(b) show the weight reduction of neat PEI with increasing temperature (non-isothermal heating)
and time (isothermal heating) under nitrogen and air atmospheres, respectively. During non-
isothermal heating, all the formulations are stable up to 500 °C, followed by a rapid drop in the
mass, indicating thermal degradation until 800 °C. There is no significant effect of the type of the
atmosphere on the onset degradation temperature. However, the thermal degradation is carried out
in two fast clear stages under the air atmosphere, by opposition to that observed under the nitrogen
atmosphere. For both the air and nitrogen atmospheres, the maximum rate of degradation is near
510°C, while the second step occurs at ~ 600 °C in the air atmosphere. The char residue content is
approximately 50 wt.% in the nitrogen atmosphere, while it completely decomposes in the
oxidative air atmosphere. Moreover, neat PEI is quite stable at 400 °C without significant weight
loss under air and nitrogen atmospheres during isothermal heating. Figure B.1(c) shows the weight
reduction of PEI composites with increasing temperature for three consecutive non-isothermal
heating steps which refer to the compounding (380 °C), filament extrusion (390 °C), and FFF
printing (400 °C) cycles, respectively. There is no adverse effect of the incorporation of rCF and
TB on the thermal stability of the PEI composites since no significant difference in weight
reduction is observed. The isothermal and non-isothermal TGA results showed that the PEI
composites are thermally stable during the aforementioned composites processing cycles under air

and nitrogen atmospheres.
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Figure B.1 TGA graph of PEI and its composites: (a) non-isothermal, (b) isothermal heating for
neat PEI under nitrogen and air atmospheres, (c¢) non-isothermal heating for PEI/rCF/TB
(80/20/00), PEI/rCF/TB (80/10/10), and PEI/rCF/TB (80/00/20) composites. The results from both
isothermal and non-isothermal TGA clearly demonstrate that the PEI composites exhibit a good
thermal stability throughout the processing cycles involved.

B.2 Fire Safety Performance

The flame smoke toxicity (FST) testing was conducted based on ASTM E662 — flaming mode,
"Standard Test Method for Specific Optical Density of Smoke Generated by Solid Materials," to
demonstrate that the developed composites are suitable for use in the aerospace and ground
transportation industries based on their FST properties. In this context, the FST test specimens were
FFF printed for a vertical burning test conducted over a period of 20 minutes. The results indicate
that the developed PEI and PPS composites meet or exceed the preliminary FST criteria, making

them strong candidates for industrial applications. The details of the results are as follows:
B.2.1 Flammability

Figure B.2 and Table B.1 showed that all tested samples exhibited satisfactory fire resistance, with
no dripping observed during the flammability tests. This indicates that the addition of rCF and TB
did not negatively affect this crucial safety feature. The formulations of PEI/rCF/TB (80/20/00),
PEI/rCF/TB (80/10/10), and PPS/rCF/TB (80/20/00) successfully passed the flammability test

without any dripping, which is essential for minimizing fire hazards.
B.2.2 Smoke Density

The smoke density after 4 minutes (Ds(4.0)) was used to evaluate the materials' smoke release
behavior in a fire scenario. As summarized in Table B.1, the PEI/rCF/TB (80/20/00), PEI/rCF/TB
(80/10/10), and PPS/rCF/TB (80/20/00) formulations produced low smoke densities of 14, 15, and

68, respectively, well below the regulatory limit of 200. This suggests strong suppression of smoke
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release, which is crucial for maintaining visibility during emergency evacuation. The slight
increase in smoke density with the introduction of TB (from 14 to 15) shows a minimal impact on

smoke suppression, while still maintaining excellent overall performance.
B.2.3 Smoke Toxicity

The release of toxic gases such as hydrogen fluoride (HF), hydrogen chloride (HCI), hydrogen
cyanide (HCN), sulfur dioxide (SO:), and nitrogen oxides (NO/NO:) were measured for the
PEI/rCF/TB (80/20/00), PEI/rCF/TB (80/10/10), and PPS/rCF/TB (80/20/00) formulations. The
results, listed in Table B.1, demonstrate the strong performance of all formulations in limiting the
release of toxic gases, especially HF and HCI, which were kept well below the maximum
permissible limits (HF < 100 ppm, HCI < 150 ppm). For PEI/rCF/TB (80/20/00) and PEI/rCF/TB
(80/10/10), HF concentrations were as low as 0.4 ppm and 0.7 ppm, respectively, with no detectable
HCI emissions in either case. Additionally, no detectable HF, HCI, or HCN concentrations were

found in the PPS/rCF/TB (80/20/00) composites.

The release of HCN was significantly reduced when TB was introduced. The PEI/rCF/TB
(80/10/10) formulation exhibited an HCN value of 20.0 ppm, a marked reduction from the 49.1
ppm recorded for the formulation containing 20 wt.% rCF, showcasing the effectiveness of TB in

lowering this harmful gas. Both values remained well below the safety threshold of 150 ppm.

For SO2, both PEI formulations produced comparable results, with values of 24.6 ppm and 25.7
ppm for PEI/rCF/TB (80/20/00) and PEI/rCF/TB (80/10/10), respectively, well below the limit of
100 ppm. Although SO: concentrations were higher after 20 minutes of testing for the PPS
formulation, this was expected due to the sulfur content in its matrix. However, the release rate of
SO: remained low during the first 4 minutes of the test, ensuring that the PPS/rCF/TB composite
passed the FST criteria.

Similarly, the release of nitrogen oxides (NO/NO:) was effectively controlled. The PEI/rCF/TB
(80/10/10) formulation showed a 47.8% reduction in NO/NO: emissions compared to PEI/rCF/TB
(80/20/00) (17.7 ppm vs. 33.9 ppm), demonstrating improved performance in reducing toxic
NO/NO: emissions. The PPS/rfCF/TB (80/20/00) formulation also met the criteria for NO/NO-,

with low emissions of 7.7 ppm.
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In conclusion, the PEI and PPS composites tested under ASTM E662 for FST performance exhibit
excellent fire safety characteristics, low smoke release, and controlled toxic gas emissions, making

them suitable for aerospace and ground transportation applications.

Before testing

PEI/rCF/TB (80/20/00)

PPS/rCF/TB (80/20/00)

Figure B.2 Images of FFF printed PEI/rCF/TB (80/20/00) and PPS/rCF/TB (80/20/00) composites
before and after the 20-minute vertical burning test. The burned specimens showed no dripping
and met the flammability criteria according to ASTM standards.

Table B.1 Summary of flammability, smoke density, and smoke toxicity performance for FFF
printed PEI and PPS composites after 20 min exposure of flame. This table presents the results of
key fire safety performance indicators with their limits based on ASTM standards.

Test Method Requirement/max PEI/rCF/TB PEI/rCF/TB PPS/rCF/TB
limit (80/20/00) (80/10/10) (80/20/00)
Flammability No dripping No dripping No dripping No dripping
Smoke density
@4min (Ds(4.0)) <200 14.0 15.0 68
HF <100 ppm 0.4 0.7 0
HCI<150 ppm 0.0 0.0 0
Smoke toxicity HCN<150 ppm 49.1 200 0
SO, <100 ppm 24.6 25.7 641
NO/NO, <100 ppm 33.9 17.7 7.7
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