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Abstract

This thesis investigates the relationship between additive manufacturing (AM) and
sustainability through two main research paths: the recycling of fiber-reinforced
thermoplastics and the development of bio-based continuous fiber composites for 3D
printing. Starting from conventional polymer systems and recycling strategies, the work
progresses toward fully bio-derived materials, showing that AM can combine high mechanical

performance with reduced environmental impact.

The first section outlines Fused Deposition Modeling (FDM), describing key process
parameters, common polymers, and reinforcement approaches with short and continuous
fibers. Polyamide and polyester matrices are then examined in terms of mechanical, thermal,

and rheological properties relevant to their use in composite filaments for AM.

The characterization methods adopted in the thesis are presented next, including
mechanical, thermal, rheological, and morphological analyses, together with the modeling

tools and instruments used.

The first experimental investigation addresses mechanical recycling of short carbon fiber-
reinforced PAG. Industrial printing scraps were re-extruded into new filaments and compared
with virgin material. Although grinding and reprocessing reduced molecular weight and
viscosity, this did not impair mechanical behavior; transverse and shear properties even
improved, likely due to enhanced interlayer adhesion. These results support the feasibility of

closed-loop recycling in FDM.

The second study explores a more sustainable composite with higher performance: a
continuous basalt fiber-reinforced PA12 printed using a commercial co-extrusion system. The
composite achieved a tenfold increase in stiffness and strength in the fiber direction, but
exhibited strong anisotropy with poor transverse properties, highlighting the need for
improved fiber orientation and post-processing. Despite being more sustainable than carbon
and glass fibers, basalt still has environmental limitations, motivating the search for bio-

based reinforcements.



The next research phase focuses on continuous vegetable fibers. A review identifies flax and
ramie as the most promising for 3D-printed biocomposites, though their variability and

compatibility with existing printers remain challenges.

To address this, a two-stage process was developed to produce coated filaments made of
continuous flax fibers impregnated with UV-curable thermoset resin. Boiled and bleached flax
were tested to assess the influence of surface treatments. Bleached fibers yielded more
uniform, dimensionally consistent filaments meeting the tolerances of commercial
composite printers. The use of a thermoset resin represents a compromise between

printability, mechanical performance, and sustainability.

In the final stage, both flax-based filaments were 3D-printed and mechanically tested. The
biocomposites achieved about 20% fiber volume fraction and 10% void content. Continuous
flax significantly increased stiffness and strength compared to neat PLA, with bleached fibers
providing more regular behavior. Fractographic observations confirmed that the thermoset

matrix preserved fiber integrity during printing, enabling efficient load transfer.

Overall, the thesis demonstrates that sustainable materials and high performance can be
combined in AM through proper material selection and process optimization. The findings
advance understanding of thermoplastic recyclability and confirm the potential of continuous

natural fibers in 3D printing, encouraging future work on more eco-friendly resin systems.



1. Fused Deposition Modeling technology

1.1 Introduction

Additive Manufacturing (AM), also referred to as 3D printing, is an advanced manufacturing
process that creates three-dimensional physical objects directly from computer-aided design
(CAD) data. Unlike traditional subtractive manufacturing methods, which remove material from
a solid block, additive manufacturing builds objects layer by layer, adding material only where
needed. This layer-wise construction enables the creation of highly complex geometries that

would be difficult or impossible to achieve through conventional methods.

AM can be divided into many different categories, each suited to specific materials and
applications, and the most common include: Fused Deposition Modeling (FDM), Selective
Laser Sintering (SLS), and Stereolithography (SLA) [1], [2]. This thesis will focus on FDM and the

various subfamilies derived from it.

FDM is the most widely used AM technology due to its ease of use, low cost, and wide
availability of materials. Printers are generally more affordable than other systems such as SLA
or SLS, making them more accessible for home use, rapid prototyping and production of ready-
to-use parts in industry. In addition, it offers greater operational security, requires less
maintenance, and file modeling and modification is less complex than with other technologies.
Despite having lower resolution compared to other techniques, FDM remains a practical and

the most widely adopted AM technology.



1.2 Technological overview
FDM technology will initially be described from a technological point of view. Among all the
aspects that characterize this technology, those of greatest interest for the purposes of this

thesis will be touched upon and introduced.

1.2.1Workflow and architecture

The 3D printing process typically begins with a 3D model designed using CAD software. Once
the design is complete, it is exported as an STL (Standard Tessellation Language) file, a format
that approximates the shape of the object using a mesh of triangles. This file is then processed
by a Slicer software, which converts the 3D model into a series of discrete 2D cross-sectional
layers. The slicer also generates machine-readable instructions, commonly referred to as G-
code, which guide the movements and operations of the 3D printer during fabrication (Fig. 1.1).
In addition, post-printing treatments can be carried out to remove visible layers and make the
surface smooth and shiny (sanding, chemical treatments with solvents), or to improve its
thermal and mechanical resistance (annealing) by heating the piece to a controlled

temperature to relax internal stresses.

3D Printing Process

>
3D Cad STL Slicing Layer Slices & 3D 3D
Model File Software Tool Path Printer Object

Figure 1.1: Workflow for creating 3D printed objects using FDM technology

Structurally, an FDM 3D printer consists of a frame, a printing plate, a printing head, and three
motors that enable movement along three axes (X, Y, Z) (Fig. 1.2a). The thermoplastic filament
is fed into the printing head, where it is melted and exits through the nozzle (Fig. 1.2b). This
material is then deposited layer by layer onto the printing plate. Typically, the nozzle moves
along the X and Y axes, while the platform itself moves along the Z-axis, and this allows for the
creation of successive layers [3]. In addition to standard architecture, some printers have a

closed printing chamber, which allows them to achieve a more uniform temperature and print



technical materials. Furthermore, a configuration with a double print head is possible, enabling

the use of multiple materials in the production of the same component.

(1) X - axis
(2) Z - axis
(3) Y - axis

(4) Printing head
(5) Printing plate
(6) Dysplay board
(7) Filament

(b)

(7A) Feed filament
(4A) Heat breaker
(4B) Hot-end

(4C) Nozde

Figure 1.2: Schematic representation of (a) the architecture of an FDM printer and (b) its printing head

1.2.2 Process parameters

The slicer software is used to define the printing parameters, which are essential for ensuring

good quality, adhesion, dimensional accuracy, and mechanical strength of the final printed

part. In literature [4], [5], it has been

extensively studied how printing parameters strongly

influence the final mechanical properties and quality. Table 1.1 shows the main parameters

divided into categories, alongside a brief description of each one.

Table 1.1: Main FDM process parameters

Parameter category Parameters and description

Thermal

Nozzle temperature: it regulates the melting of the
filament, and consequently its fluidity, influencing
surface quality, dimensional accuracy, and mechanical
properties

Printing plate temperature: linked to the adhesion of the
first layer and prevents warping, a phenomenon whereby

the component, usually the lower corners, lift up causing

5



the part to detach. This occurs due to uneven thermal
shrinkage, which generates internal stresses that deform
the part.

Cooling: includes a series of parameters related to the
management of fans for cooling the material after
extrusion. In the first layers, cooling management is
essential to ensure good adhesion to the print bed, while

subsequently it influences the adhesion between layers.

Geometric

Layer height. thickness of the deposited line, and
therefore of the relative layer

Line width: width of the deposited line

Both parameters are related to the resolution of the final part,

dimensional accuracy, printing time and mechanical strength

Structural

Infill pattern: type offilling (grid, hexagons, triangles, etc.)
Infill quantity: percentage of internal filling (e.g., 20%,
50%, 100%)

Raster angle: line orientation during the material
deposition in a specific 3D-printed layer

External shells: thickness of the outer areas that
surround the part

Top and Bottom layers: thickness of the lower and upper

areas of the part

Printing plate adhesion

Brim: ring printed around the piece to increase the
contact surface

Raft: thick base under the piece, it is a sacrificial part so
itis removed after printing

Skirt: contour that does not touch the piece, mainly acts

as a purge line to prepare the extruder for printing




The nozzle diameter is an important hardware factor that affects dimensional accuracy and
mechanical properties and typically ranges from 0.4mm to 1Tmm for standard FDM printers. It
isimportant to note that itis closely related to geometric parameters. Tipically, the line width is
set equal, or slightly higher, to the diameter of the nozzle and the layer height is 50% or 75% of
the line width. This is done for mechanical and practical reasons related to the printing process

itself.

Since the layer height is always smaller than the line width, when the molten material is
deposited by the nozzle onto the printing surface or another layer, it expands sideways rather
than upwards and takes on an elliptical shape (Fig. 1.3a). At the same layer level, the elliptical
shape ensures adhesion by leading to partial overlap between two lines deposited close to
each other. Additional bonding areas are created at different layers when new lines are
deposited on top of previously printed layers. However, empty spaces that remain during

deposition cause porosity and voids within the printed part (Fig. 1.3b).

When new molten polymer is extruded near previously solidified material, the existing material
heats up and partially re-melts. Molecular diffusion occurs in the adhesion zone with the
diffusion of polymer chains, resulting in a weld between the new material and the previous one.
In terms of weld strength, the quality of the adhesion zone depends on the viscosity of the
polymer, which must be low enough to ensure good diffusion of the molten polymer, and on the
temperature profile. The latter depends on various printing parameters, such as nozzle

temperature, ambient temperature, cooling rate and printing speed.

This topic will be explored in greater depth later in the thesis.

(2) (b)

I 1
H H Building
1 1
1 1

direction

Line width D Adhesion zone D Void

Figure 1.3: Representation of (a) the geometric parameters and (b) structure of a sequence of layers and lines



Figure 1.4a provides a better understanding of the spatial arrangement of the structural zones,
relating to the structural parameters described in Table 1.1. The representative cross-section
shows that the main role is played by the fully filled external areas (Top, Bottom, External Shell),

while the infill's main function is to transmit load between parts.

A very important structural parameter is the raster angle (Fig. 1.4b), which represents the line
orientation during the material deposition in a specific 3D printed layer, and clearly influences
the mechanical properties [6]. Indeed, it is expected that due to molecular orientation induced
by the line deposition, the 3D-printed part is stiffer and stronger when loaded parallel to the

raster angle than in any other direction.

(a) (b) Z:: building direction

Layer (n+1)

Layer (n)

D External shells

D Top & Bottom layers

[ 1onn

{X,Y, Z} : coordinate system

9 (°) : raster angle

Figure 1.4: (a) cross-section of areas related to structural parameters and (b) graphical description of the raster angle

1.2.3 Filament preparation

The thermoplastics used are usually either unreinforced or reinforced with short fibers,
depending on the required performance and operating conditions. The first step in 3D printing

is to prepare the filament, regardless of whether the polymer is short fiber-reinforced or not.

Even non-fiber-reinforced filaments contain small percentages of inorganic fillers (talc,
calcium carbonate, silica, etc.). These fillers are not added to increase mechanical strength,
but mainly for technical reasons. These fillers are typically used to improve dimensional
stability during cooling, reduce warping and lower the polymer's viscosity to enhance its

processability during extrusion.



The effectiveness of fillers and short reinforcement fibers depends on their size, distribution,
and adhesion to the matrix. These requirements ensure a homogeneous distribution of fibers,
or fillers, along the filament and maintain a uniform diameter. Both factors are essential for
achieving consistent print quality. As these points are crucial for short fiber reinforcement, this
section will henceforth refer to this type of filler, even though the manufacturing technology can

also be used for inorganic fillers.
Figure 1.5 summarizes the processing steps of filament preparation [7].

Composite granules

Two-step > Extrusion

" .
™ *+  Single-screw extruder
1m0 .
2/ *  Twin-screw extruder

*  Thermoplastic polymer 1

Materials process

+ Short fibers X
Compounding

\\/ + Internal mixer
- /\ +  Twin-screw extruder
A

*  Online mixing 3D pl‘i]‘ltil‘lg

Composite filament
Single-step T\
N T =

process

(Dry mixture)

Figure 1.5: Manufacturing steps of filament production

The first step is to disperse the fibers in the thermoplastic matrix (compounding) starting from
a dry mixture of raw materials. This is primarily achieved by melting the polymer; the most

common methods of melt mixing are internal mixing and twin-screw extrusion.

In single-step processes, the filament and matrix are compounded to form a filament that can
be used directly for 3D printing [8], [9], [10] . Overall, single-step methods are not widespread
for filament production. It is difficult to optimize the manufacturing parameters to ensure both
uniform fiber dispersion and good quality of the filament produced. In two-step processes, the
first step is compounding (first melt mixing), which is followed by cutting. Then, the second step
is filament preparation via extrusion (second melt mixing), during which the material is
remelted. The purpose of the first melt mixing is to ensure a homogeneous distribution of fibers,
and the secondis to ensure a constant filament diameter. Therefore, in the first step, high-shear

methods are preferred, which inevitably cause fragmentation of the fibers. Cutting may also



slightly decrease the average fiber dimensions. In the case of two-step methods, internal
mixers [11], [12], [13], [14] and twin-screw extruders [15], [16], [17], [18] are similarly common
solutions for making composite compounds. After cutting the compounds, the filaments are
almost always produced with a single-screw filament extruder and before printing, it is wound

onto a collection spool.

The reduction in fiber size in the two-step process is not always a negative factor. Before
deposition, the composite meltis in the nozzle and the main requirement is printability, which
means that the system pressure is equal to or greater than the pressure needed to overcome
clogging. The mechanism of nozzle clogging is the packing and bridging of fibers in the internal
cross-section of the nozzle. Therefore, if the fiber percentage and fiber size are too high, printing

problems will arise, potentially leading to process failure.

Filament production line

As mentioned above, the two-step method is the most widely used technique for producing
filaments for 3D printing. Once the starting granule has already been produced, it is then

processed by a single-screw extruder (Fig. 1.6).
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Figure 1.6: Main parts and zones of a single-screw extruder

The starting material is fed into the feed hopper volumetrically. The main body of the extruder
consists of an outer cylinder (barrel) and a screw that rotates inside it, pulling the material
towards the outlet die. The screw is usually square because the screw pitch is equal to the
internal diameter of the barrel, while the profile of the core can vary depending on the type of
material being processed. The standard screw typically used consists of three zones: solid

conveying, compression and metering zone. In the first one, the diameter of the screw remains
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constant, and the polymer is dragged towards the next zone in a solid state. In the melting zone,
the material gradually changes from a solid to a fluid state as it melts. Here, the diameter of the
screw increases linearly until it reaches its maximum value, which corresponds to the nominal

value. In the last zone, the core is once again constant and the material is completely melted.

Heating elements are positioned around the barrel to heat the extruder, while to prevent the
material from overheating, and thus maintaining the temperature at the set value, the extruder
is cooled by a liquid or air system. Thermoregulation takes place in different areas of the
extruder, which can vary in number from three to more than seven, depending on the length of
the extruder. Approximately halfway along the length of the screw, there may also be a
degassing zone, which is necessary to remove air and volatile products. These can cause
defects in the extrudate if they remain trapped inside the material. The material is pushed by
the screw to exit through a die mounted at the head of the extruder, which gives the melt the
shape of the final product. The pressure generated at the head must be adequate to compact
the outgoing material, but not too high for safety reasons, so pressure sensors are often

installed.

At the extruder outlet, the molten material continues to the other stations of the filament

production line (Figure 1.7).

Y

f>4 2

Extruder Cooling Laser || Puller

station

Figure 1.7: Production line for 3D printing filament

The polymeris directed through a cooling station, which may employ either forced air or a water
bath depending on the required cooling rate and the thermal properties of the material. The

cooling process is critical to stabilize the polymer structure and prevent internal stresses that
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could compromise the filament’s mechanical performance during subsequent 3D printing
operations. Once sufficiently solidified, the filament is conveyed by a puller unit, which
ensures a constant transport speed and mitigates variations in cross-sectional geometry. The
filament is then guided to a winding system, where it is uniformly spooled under controlled

tension to avoid residual stress, kinking, or deformation.

Between the cooling section and the winding unit, an inline dimensional control system,
typically based on laser micrometers or optical sensors, monitors the filament diameterin real
time. This step is fundamentalfor guaranteeing dimensional precision, since the filament must
conform to standardized diameters of 1.75 mm or 2.85 mm, with tolerances generally within
+0.05 mm. Deviations beyond these tolerances can lead to extrusion inconsistencies, print

defects, or even nozzle clogging during the additive manufacturing process.

Once the extrusion parameters have been optimized, the winding and pulling systems
automatically adjust the tension in response to feedback from the diameter measurement
system. This closed-loop control strategy ensures that any fluctuation in filament diameter is

compensated for in real time, thereby maintaining product uniformity and minimizing waste.

1.2.4 Continuous fiber technique

Short fiber-reinforced polymer composites are commonly employed in additive manufacturing
to enhance thermo-mechanical properties compared to neat polymers, enabling the
production of semi-structural components. However, the random orientation and limited
aspect ratio of short fibers inherently restrict the achievable stiffness, strength, and load-
bearing capability of the printed parts. To overcome these limitations, in recent years several
advanced additive manufacturing techniques have been developed to enable the deposition of
continuous fiber reinforcement directly within the thermoplastic matrix during the printing

process.

The integration of continuous fibers into thermoplastic matrices has led to the emergence of
Continuous Fiber-Reinforced Thermoplastic Composites (CFRTPCs), a class of materials that
synergistically combine the geometrical freedom of 3D printing with the superior mechanical

performance traditionally associated with laminated composite manufacturing. Unlike short-
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fiber systems, continuous fibers provide long-range reinforcement, allowing for a significant
improvement of the mechanical performance, and fatigue resistance, while also enabling a
more efficient load transfer along the fiber direction. When properly optimized, these materials
offer specific strength and stiffness values that rival those of conventionally manufactured
composites, thus opening the way to lightweight, high-performance structural applications in

sectors such as aerospace, automotive, and sporting equipment.

The technological approaches to CFRTPC fabrication vary depending on the printing system
[19], [20], [21].

Inthe in-situimpregnation method, fiberis directly compounded into the polymer matrix during
3D printing (Fig. 1.8). This integration occurs within the printhead, where the fiber is drawn by
friction through an inlet hole or an auxiliary entrance, leading into the deposition nozzle. This
approach allows for adjusting the fiber volume ratio and enables 3D printing of fibers of
different nature. However, it requires modifications to the print head, is more prone to clogging,

and there may be limited fiber impregnation due to brief contact time in the printhead.
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Figure 1.8: In-situ impregnation process

Another possibility is the prepreg method, which allows us to realize a prepreg filament
combining fibers and a matrix, where the fiber is pre-embedded in the matrix (Fig. 1.9). Before
3D printing, the polymer matrix is melted through a single- or twin-screw extruder and
subsequently pushed through a specially designed nozzle incorporating a continuous fiber
feed. The result is a ready-to-use prepreg composite filament compatible with conventional

printers, hence no modifications are required. However, this method has limitations in terms
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of the variety of materials and the volume of fiber content, as the diameter of the fiber is limited
by the capacity of the printer's filament. Moreover, adding fiber to the filament increases its

stiffness, making storage challenging, especially when stiff fibers are used.
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Figure 1.9: Prepreg filament preparation and printing

It is important to underline that in the field of traditional composite manufacturing, the term
"prepreg" (pre-impregnated) strictly defines a semi-finished product consisting of
reinforcement fibers impregnated with a polymeric matrix, typically a partially cured thermoset
resin. By definition, this material requires a subsequent consolidation cycle involving heat and
pressure (e.g., autoclave curing) to achieve full polymerization and final structural properties.
However, within the context of Continuous Fiber 3D Printing, the terminology undergoes a
significant functional shift. Here, the term "prepreg filament" refers to continuous fiber
reinforcement that has been pre-processed with a thermoplastic matrix to form a filament
feedstock. Crucially, unlike its traditional counterpart, the consolidation phase of this filament
is already concluded during its manufacturing. The filament enters the 3D printer as a fully
consolidated solid composite filament. Consequently, the subsequent 3D printing process
does not serve as a curing stage for the filament itself, but rather as a deposition and melting

step to integrate the reinforcement into the final component geometry.

The last option for printing CFRTPC is out-of-nozzle method, which uses two nozzles: one to
extrude the main polymer, as a standard FDM printer, and the other to deposit the

reinforcement fiber. This approach is highly versatile, allowing various fiber types and matrix
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materials to be used. Depending on the number of input materials available for the
reinforcement extruder, the method is divided into two categories. The first optionis to use only
the reinforcing fiber as input (Fig. 1.10a), and during the printing the fiber is pressed into the
previously printed polymeric matrix. The second option is to use two inputs: the reinforcing
fiber and an additional thermoplastic matrix (Fig. 1.10b), and the result is a fiber coextruded
directly onto the printing plate. This solution is like the in-situ impregnation method but
supported by an additional extruder usually used for external parts of the component (top,
bottom, external shells), thus ensuring higher dimensional quality and lower porosity.
However, due to coextrusion, the percentage of fiber that can be deposited is certainly more

limited.
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Figure 1.10: Out-of-nozzle process with (a) two input and (b) three input

Until now, in-situ impregnation techniques and the prepreg method have been mainly limited
to scientific and research fields, while the latter has already been widely commercialized. The
out-of-nozzle method with a single input has been developed and marketed for years by
industry leader Markforged, making it the first commercial CFRTPC solution for industrial
applications and ready-to-use parts. While Anisoprint implemented and brought to the market
the other technique as an alternative to the previous solution. This last possibility of out-of-

nozzle will be described in more detail and discussed later in the thesis.
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1.2.5 Multi-scale structure
3D-printed parts reinforced with short or continuous fibers exhibit a multi-scale structure (Fig.
1.11), comprising three distinct levels: bead, lamina, and laminate. Each level is linked to

specific key requirements, whose satisfaction ensures the quality of the final printed product.

When the composite is deposited on the print bed through the nozzle, it forms the first level of
the 3D-printed structures, a single bead. At the bead level, the microstructural properties that

influence macroscale behavior are fiber orientation, fiber-matrix adhesion, and the micro-

voids.
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Figure 1.11: Multiscale structure of 3D printed fiber-reinforced composites

Fiber orientation is reported to be generally parallel to the printing direction [22], [23], [24],
which is governed by the raster angle printing parameter, as described before in Section 1.2.2.
The nozzle diameter has the most significant influence: narrower diameters lead to a higher
degree of fiber alignment. Thisis expected because, as the same material flow is forced through
a smaller space, the shear stresses and the radial velocity gradient increase, causing the fibers
to align more effectively in the direction of flow. The same effect is achieved with a lower layer

height. Hence, the smaller itis, the better the fibers align with the print direction [25].

Fiber—matrix adhesion refers to the strength of the adhesive bond between the fibers and the
surrounding matrix. Strong adhesion ensures that loads are transferred effectively from the
matrix to the fibers [26], [27]. Better bonding reduces the number of micro-voids at the fiber

interface. Therefore, if the matrix does not fully impregnate the fibers, micro-voids can form
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near the fibers due to a lack of contact between the fiber and the matrix. This typically occurs
in cases of high fiber content and poor dispersion, especially in the case of short fibers. Due to
their chemical nature, this problem is much more pronounced for natural fibers, as described
in Section 1.3.2.2. Air entrapment voids can also form during compounding, and the presence
of short fibers can increase the likelihood of air entrapment, especially in high viscosity

thermoplastic melts [28], [29], [30].

The second level is when the beads are extruded next to each other to form a lamina. At the
same layer level, the pattern and the number of beads in a lamina are highly customizable. Itis
possible to print a completely filled layer at a specific raster angle and if external shells are not
used, the single layer represents the unidirectional lamina typical of classic composites (Fig.
1.12a). Alternatively, a partially filled layer can be printed by adjusting the infill and external
shell printing parameters (Fig. 1.12b). With continuous fiber reinforcement, you can choose to
place itin the infill only, in the outer shells only, or in the top and bottom only, in order to create

more complex sandwich-type structures.

(2)
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Figure 1.12: second level of the multi-scale structure for (a) completely filled unidirectional lamina and (b) partially filled lamina

External shells

At the third level, laminas are stacked on each other and new interfaces are created between
the laminas (layers). If all layers are completely filled and printed with a specific raster angle,
the resultis a laminate (Fig.1.12a), whereas if partial filling is used for lightening purposes, the

result is a structure (Fig.1.12b).

As previously described in Section 1.2.2, adhesion zones occur at the lamina and laminate (or

structural) levels, where new molten polymer is deposited in proximity to existing material.
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The quality of welding in the adhesion zones has a significant impact on macroscale
characteristics, and it is influenced by the viscosity of the polymer and thermal phenomena. It
can be expected thatthe fiber contentinfluences the welding process, both in terms of quantity
and the nature of the fiber. Excessive amounts of fiber can hinder diffusion phenomena at the
interface, and different types of fiber have different thermal properties. Consequently, heat

transfer between the fiber and matrix varies.

1.3 Materials

The materials used for 3D printing using FDM technology are mainly amorphous thermoplastic
polymers, chosen for their ability to cool without significant shrinkage or dimensional
distortion. Unlike semi-crystalline materials, which tend to form ordered structures during
cooling and can cause warping, amorphous materials allow for greater dimensional accuracy
and adhesion between layers. This stability is essential to ensure that printed parts maintain

the shape designed in the CAD file.

Thermoplastics are generally utilized either in their unreinforced form or with short-fiber
reinforcement, depending on the performance requirements and service conditions. As
mentioned above, continuous reinforcement fibers can be used to achieve a similar level of

mechanical performance to that of classic composites.

The following paragraphs provide an overview of the main characteristics of thermoplastic

matrices and reinforcing fibers used in FDM technology.

1.3.1 Thermoplastic matrices

The main unreinforced thermoplastics used in FDM technology are the following ones: PLA
(Polylactic Acid), ABS (Acrylonitrile Butadiene Styrene), PETG (Polyethylene Terephthalate
Glycol), TPU (Thermoplastic Polyurethane) and the Nylons (Polyamides - PA) [31], [32], [33].

PLA is a biodegradable thermoplastic derived from renewable sources such as corn, sugar
cane, or sugar beets. Itis the most common material used in desktop 3D printing due to its ease
of use, good aesthetic quality, and low cost. The advantages of PLA printing are its ease of

printing, as it does not require a hot chamber or heated plate, and low warping, thanks to
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excellent adhesion to the plate. On the other hand, its heat resistance is poor (60 °C), it is brittle
and susceptible to ageing, particularly when left outdoors, and it is hygroscopic, meaning it
absorbs a lot of moisture. Thanks to its moderate mechanical properties, it is mainly used in
the fields of aesthetic prototypes and demonstration models, components for electronics or
non-structural parts. An important point for PLA is its environmental compatibility, as it is one
of the few industrially compostable polymers. Biodegradation requires controlled conditions
(high humidity, temperature > 60°C), and it does not decompose quickly in natural

environments such as the sea or soil.

ABS is an engineering thermoplastic widely used in industry. It is known for its mechanical
strength, thermal stability, and good workability. Compared to PLA, it is more robust and heat
resistant, but more difficult to print. Its high resistance to impact, fatigue, and heat (100 °C)
makes ABS suitable for functional and mechanical parts, with high durability and good long-
term performance. It also has good post-printing workability, so it can be smoothed with
acetone or sanded. Onthe downside, ABS is difficult to print because it tends to warp, requiring
a heated bed and preferably a closed chamber. Furthermore, toxic and irritating fumes (styrene)
are emitted during printing, so the work environment must be adequately ventilated. ABS is not

biodegradable, but it can be mechanically recycled and reused in 3D printing processes.

PETG is a modified version of PET (Polyethylene Terephthalate), containing not only ethylene
glycol but also cyclohexandimethanol (CHDM), another glycol that is used to prevent
crystallization and thus it improves its printability. It combines many of the advantages of PLA
(ease of printing) with characteristics more similar to ABS (mechanical and thermal
resistance), making it ideal for functional applications. In addition to low warping during
printing, PETG has good impact and flexural strength. It also has good heat resistance, up to
approximately 80 °C, and it has good chemical resistance. Unfortunately, it absorbs a lot of
moisture, so if the material is not dried properly, there are obvious printing problems (stringing)
and mechanically itis less resistant to abrasion than other materials. Some of the applications
are functional components and structural prototypes, as well as technical objects (guides,

supports, clips, etc.).

PAs (or Nylons) are a family of semi-crystalline thermoplastic polymers known for their high
mechanical strength, flexibility, toughness, and wear resistance. They are widely used in
industry for functional components and parts subject to mechanical stress. There are several
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formulations (PA6, PA12, PA66, etc.), each with specific properties, but PA6 and PA12 are
mainly used in 3D printing. PA6 has higher mechanical performance than PA12, but it is prone
to warping and the printing conditions are more restrictive. On the other hand, PA12is easierto
print, but its mechanical performance is lower. The PA family is best suited to structural parts,
such as brackets and mechanical supports, as well as components that are subject to weair,
such as guides and sliders, or that are subject to repeated vibrations or impacts. These
applications are possible thanks to the superior mechanical strength, impact and wear
resistance compared to the other thermoplastics mentioned above. In addition, polyamides
have good chemical resistance to oils, greases, and fuels. Unfortunately, PAs are difficult to
printfor two reasons mainly: the adhesion to the printing bed, which requires a specific surface,
and the warpage, so it is preferable to use a closed chamber to ensure the most controlled
environment possible. It is also a highly hygroscopic material, so if it is not dried properly,

moisture compromises the print quality and strength of the printed part.

Table 1.2 compares the main thermoplastic materials used with FDM technology, setting out
their key characteristics in terms of printing conditions and thermo-mechanical

performance[31], [32], [33].

Table 1.2: Comparison between the main thermoplastic materials used with FDM technology

Material Ease of Nozzle Plate Mechanical Thermal
printing Temperature  Temperature | performance performance
[°C] [°C]
PLA A 180-220 0-60 0 v
(60°C)
ABS 0 230-260 90-110 oy A
(100 °C)
PETG ~ 220-250 70-90 ~ 0
(80°C)
PA 0 240 - 270 70-100 ~ ~
(100 °C)

1.3.2 Reinforcing fibers
In recent years, the use of thermoplastic polymers reinforced with short reinforcement fibers,
has become increasingly widespread in FDM 3D printing. Fibers reduce thermal shrinkage and

the risk of deformation during cooling, thereby improving processability and print accuracy,
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particularly with materials that are prone to warping, such as ABS and PA. Additionally, the
mechanical properties improve in terms of both stiffness, strength and impact resistance
compared to the base thermoplastic polymer. To further enhance mechanical properties,
continuous fiber-reinforced 3D printed composites have become increasingly popular in

recent years.

Both short and continuous reinforcing fibers can be of fossil origin (e.g. carbon, glass or Kevlar)
[10], [11], [35], [36] or natural origin (e.g. basalt or vegetable fibers) [37], [38] to achieve a more
sustainable solution. It is important to note that ceramic or metallic materials may also be
present as reinforcement [39], [40], but in particulate form rather than as fibers. In both cases,
the result is a fiber reinforced smart composite that can be used in a variety of applications

depending on the specific fiber-matrix combination.

This chapter focuses on the characteristics and properties of fiber-based reinforcements. The

general considerations apply to both continuous and short fibers.

Fossil-based fibers

The fossil-based fibers used as reinforcement in 3D printing are carbon, glass, and Kevlar.
Carbon fiber is the most widespread, both in commercial products and in scientific literature.
This strong interest is due to its high specific mechanical properties, combining high
performance with the lowest density among the fossil fibers under analysis. It also has high
thermal resistance and integrates very well with the main polymers used in FDM technology.
Onthe other hand, itis the most expensive type of reinforcement, and parts printed with carbon
fiber tend to be the most brittle. For these reasons, 3D printed parts reinforced with carbon
fibers are becoming increasingly popular in sectors such as automotive and aerospace. This is
particularly the case where lightweight structural and mechanical components are required,

such as brackets, jigs and mechanical supports.

Glass fibers are used instead of carbon ones for printing parts because they are significantly
cheaper. They offer good chemical resistance and electricalinsulation, and although they have
slightly lower mechanical properties than carbon fibers, they are less brittle. Unfortunately,
these are the heaviest fibers among those being analyzed. Applications include less critical

industrial applications (enclosures, light brackets), as well as low-cost functional prototypes
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where cost is a priority and extreme performance is not required. It is also used for electrical

components and insulation

Kevlar fibers are chosen for their excellent impact resistance and high tenacity, which allows
them to withstand shocks and fatigue well. Generally, they are very light, but they are less stiff
than glass and carbon. On the other hand, it is the most expensive fiber and is more complex
to process, because Kevlar tends to degrade thermally when exposed to excessively high
temperatures. This type of fiber is chosen for special applications where energy absorption and
impact resistance are important, such as in the ballistic or military fields (helmets,

reinforcements).

In terms of processability during 3D printing, glass fiber is the most abrasive material for printer

components, especially for the nozzle and filament handling parts.

Table 1.3 compares the key characteristics of the main fossil-based short fibers used as

reinforcement with FDM technology [35, 36].

Table 1.3: Characteristics of short fibers of fossil origin, used as reinforcement in 3D printing with FDM technology

Fiber Stiffness Strength Density Cost
[GPa] [MPa] [g/cm®]

Carbon | =230 = 4500 1.75-1.9 0

Glass 74 - 86 3000 -4600 ~2.5 !

Kevlar 62-124 2700 - 3600 ~1.4 Ok

Natural fibers

The usage of fibers of natural origin as reinforcement in 3D printing with FDM technology is
gaining increasing interest as an alternative to fibers of fossil origin thanks to a combination of

environmental, economic, and technical advantages.

Naturalfibers can be of plant or mineral origin. Among the latter, basaltis the mostwidespread.
It can be classified as a sustainable material, because it does not require additives for its
production and during the technological process, there are no emissions of toxic substances.
Through melt drawing and solution spinning, this material can be used in the form of powder
and reinforcement fibers, in a wide range of application areas [41], [42]. Although they do not
reach the same mechanical properties as carbon fibers, basalt fibers possess strength and

stiffness that are similar to glass fibers, but with an even higher density; therefore, they can be
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used as an environmentally friendly substitute. Moreover, they are superior to glass in terms of
heat and acoustic damping and outstanding vibration isolation, corrosion resistance, price and
can operate in a sufficiently wide thermal range, so that they can even be used as a thermal

shield [43], [44].

From a more sustainability perspective, vegetable fibers are derived from renewable resources,
and their production requires on average 40-60% less energy than the production of fossil-
based fibers, thus reducing the carbon footprint even more. Furthermore, when combined with
biodegradable matrices such as PLA, they give rise to composites that can degrade more easily
at the end of their life, promoting circular economy strategies and reducing the accumulation
of persistent plastic waste. Economically, fibers such as hemp, flax, or jute have production
costs that are 20-50% lower than fossil fibers and can be sourced locally, reducing

transportation costs and logistics impacts.

Table 1.4 shows the physical and mechanical properties of the main natural fibers [45], [46].
From a mechanical properties standpoint, vegetable fibers have a typical density of 1.2-1.5
g/cm®, significantly lower than that of glass fibers (= 2.5 g/cm®) and even lower than carbon
fibers (1.75-1.9 g/cm?®), allowing for the creation of lightweight components. The elastic
modulus of plant fibers generally varies between 10 and 80 GPa, with tensile strengths between
200 and 1,000 MPa, values lower than those of fossil fibers but sufficient for many non-
structural applications. Therefore, carbon and glass fibers maintain technical superiority in
high-performance structural applications (elastic moduli >70 GPa and tensile strengths >2
GPa). Fibers of vegetable origin are a competitive choice for prototyping, lightweight
components, and products with low environmental impact, combining sustainability,
affordability, and adequate mechanical properties. A further advantage is their lower
abrasiveness: vegetable fibers do not significantly damage brass nozzles, unlike carbon and

glass, thus reducing maintenance costs.

Table 1.4: The mechanical and physical properties of natural fibers

Fiber Stiffness Strength Elongationat  Density
[GPa] [MPa] Break [%] [g/cm?]
Basalt 80-115 2600-4840 2.85-3.90 3.00
Sugarpalm |0.5-3.4 15.5-290 5.7-28 1.30
Sisal 9.0-38.0 400-700 2.0-14.0 1.50
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Oil pal 9.0 400 18.0 1.55
Jute 10.0-30.0 393 - 800 1.2-1.8 1.60
Kenaf 53.0 930 1.6 1.45
Hemp 70.0 550 - 900 1.6-4.0 1.48
Cotton 5.5-12.6 287 -900 2.0-10.0 1.60
Bamboo 17.0 290 / 1.25
Flax 27.6 345-1500 1.2-3.2 1.50
Pineapple 60.0-82.0 413-1627 14.5 1.44
Banana 27.0-32.0 529-914 5.9 1.35

While the use of vegetable fibers as reinforcement in FDM 3D printing offers advantages in
terms of sustainability and lightness, it presents technical challenges that limit its applicability
in high-performance contexts. One of the main issues is the high hygroscopicity of vegetable
fibers, which easily absorb moisture from the environment. This can compromise fiber-matrix
adhesion and generate porosity during extrusion, thereby reducing the mechanical properties
of the printed piece. Furthermore, the biological nature of these fibers results in variability in
their physical and mechanical properties, which are influenced by plant species, cultivation
conditions and processing methods. This makes it more difficult to guarantee uniform
performance[38], [47]. Chemically, the polarity of the cellulose, which nis the main constituent
of vegetable fibers, is incompatible with many non-polar polymers used in FDM printing (e.g
ABS). This requires chemical treatments or the use of coupling agents to improve adhesion,
such as the usage of silanes and maleic anhydrides [48], [49]. In addition, vegetable fibers have
low thermal stability, as they begin to thermally degrade at around 200-220 °C. This reduces

their compatibility with technical polymers that can be processed at higher temperatures.

The thesis will explore 3D printing with plant fibre reinforcement in greater detail soon, covering

both the technology and the materials.
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2. Thermoplastic materials: Polyamides and Polyesters

2.1 Introduction

Chapter 1 introduced the most common thermoplastic materials used in FDM 3D printing
technology, either on their own or as a matrix for producing short or continuous fiber-reinforced
composites. In this thesis, the thermoplastic materials used belong to two families:
polyamides and polyesters. This chapter will therefore examine their characteristics, and
performance in greater depth. Further details and additional information can be found in

traditional polymer engineering textbooks [50] [51], [52], [53], [54].

2.2 Polyamides

Polyamides, also known as Nylons, are widely commercially available semicrystalline plastics
that can be used in various forms such as fibers, adhesives and rubbers. They have the
common feature that the amidic group (—CONH —) occurs repeatedly in the main polymer
chain (Fig. 2.1). Depending on the polyamide, monomeric units (R) of different types may also

be repeated in the main chain.

H

R
T,

O

Figure 2.1: Amide group in polymer chain

This work will focus only on aliphatic polyamides, i.e. those whose main chains consist of
methylene groups (—CH, —) between the amidic groups (—CONH —). Consequently, there are
no benzene rings in the main chain, a characteristic of aromatic polyamides (e.g. Kevlar and

Nomex).
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2.2.1 Preparation methods

Afirst classification can be made based on the method of preparing polyamides. One of these
is polycondensation, which is a polymerization reaction involving different molecules, also of
different nature, which are joined together to form a longer chain. Its main characteristic is that
at every chain propagation step, a small molecule is released as a byproduct of the chain
growth reaction. Another possibility is ring opening polymerization, to create long-open chains.
This reaction is quite interesting, since no small molecules need to be released, thus allowing
the possibility of higher molecular weights. This chapter will briefly describe these two main

processes.

Polycondensation with different molecules (Nylon a, b)

One possibility for the formation of polyamides is the reaction between a dicarboxylic acid
(adipic acid) and diamine (hexamethylenediamine). The reaction between an amino group
(—NH,), belonging to diamine, and a carboxyl group (—COOH), from the acid part, generates an
amidic bond (—CONH —)(Fig. 2.2). One water molecule is created for every bond formed. It is
important to remove water during the polyamide formation process; otherwise, equilibrium is

promoted rather than polymerization, and this would limit chain.

Adipic acid Hexanediamine Amidic bond H,0

Figure 2.2: Simplified scheme of the polycondensation reaction

In the polyamide chain, two distinct parts can be observed: an acidic part and an amine part.
For this reason, their nomenclature (Nylon a, b) includes two numerical indices relating to the
number of carbon atoms (C) in each respective part. The first index (a) refers to the amine part
and the second (b) to the acid part. For example, both Nylon 6,10 and Nylon 6,6 have six
carbon atoms in the amine part; itis the increase in C in the acid part that is the difference (Fig.

2.3).
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Figure 2.3: Comparison between the structure of a Nylon 6,6 and Nylon 6,70

Ring opening and self-polycondensation (Nylon a)

Another method of producing polyamides involves opening cyclic monomers (lactams) and
then carrying out a polycondensation reaction between the resulting open chains. This process
is referred to as self-polycondensation because the polyamide is obtained from the same

monomer rather than a pair of different ones.

Among the various possible cyclic starting monomers, for the purposes of this thesis we will
focus mainly on e-caprolactam and w-laurolactam. Two different polyamides are obtained

from their processing, respectively Nylon 6 and Nylon 12, but the work steps are the same.

First, the lactam ring is opened under high temperature (~250 °C) and pressure-controlled
conditions, and in the presence of water as an initiator. The amino group (—NH,) of one
molecule reacts with the carboxyl group (—COOH) group of another, thus generating the amidic
bond (—CONH —) (Fig. 2.4). The reaction continues until very long chains are obtained and

similar to the other process, water removal is essential.

The nomenclature for Nylons (Nylon a) produced using this process has a single numerical
index, which always refers to the number of carbon atoms present. Nylon 12 is obtained from
laurolactam and it has a total of 12 carbon atoms: 11 of these derive from the corresponding
methylene groups (CH;) the other from the carbonyl group (CO). Nylon 6 is obtained from
caprolactam and overall presents 6 carbon atoms. Similar to Nylon 12, one carbon atom is
always provided by CO and the remaining five by CH,. Therefore, the difference in the number
of C atoms lies in the starting cyclic monomer because one C atom is always associated with

the carbonyl group.
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Figure 2.4: Ring-opening and self- polycondensation processes

2.2.2 Structure and properties
The structure of polyamide will differ depending on how it is produced, resulting in changes to

its mechanical, thermal and physical properties.

Aliphatic polyamides such as Nylon 6, Nylon 12 or Nylon 6,6 are linear polymers and thus
thermoplastic. They contain polar (—CONH —) groups that are spaced out at regular intervals.
These groups cause hydrogen bonds to form between neighboring molecules, inducing high
intermolecular attraction, and their regularity allows and promotes crystallization. These
polymer chains also have aliphatic chain segments (—CH, —) which give a measure of flexibility

in the amorphous region.

There are several structural variables which can considerably affect the properties of the
aliphatic polyamides, among which the most significant are: concentration of amidic groups,

the number of methylene groups in the intermediates, lateral substitutes and crystallinity.

As the concentration of amidic groups increases, the distance between the polar groups

(—CONH —) decreases accordingly, resulting in greater intermolecular forces of attraction. This
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affects several properties. The density increases because the amidic group is much heavier
than the methyl group, and because the chains are closer together due to their ability to form
more hydrogen bonds. The polymer mechanical properties (strength, stiffness, hardness and
resistance to creep) increase as the force required to separate its molecules increases. For the
same reason, the melting temperature (Tm) and the heat deflection temperature (HDT) also

increase (Tab. 2.1) [50, 51].

Table 2.1: Mechanical and thermal properties of typical polyamides

Property Nylon 6,6 Nylon 6 Nylon 6,10 Nylon 12
Yield stress [MPa] 80 76 55 45

Stress at break [MPa] / / / 54
Elongation at break [%] 80-100 100-200 100-150 200
Young’s modulus [GPa] 3.0 2.8 2.1 1.4
Rockwell hardness R118 R112 R111 R107
Tm[°C] 264 215 215 175

HDT [°C] 200 155 160 140

The amide group is polar, thus it attracts water from ambient humidity, giving polyamides their
typical hygroscopic behaviour. The higher the concentration of amidic groups, the greater the
hygroscopicity (Fig. 2.5). For example, the amide groups in Nylon 6 are much closer together
than in Nylon 12. This means that the latter has lower thermo-mechanical properties but is
less hygroscopic. The presence of water has a dual effect on polyamides. At elevated
temperatures it promotes hot hydrolysis of the amide bonds, causing chain scission and loss
of molecular weight, which deteriorates the mechanical properties. At the same time,
absorbed water acts as a plasticizer at ambient conditions: it disrupts interchain hydrogen
bonding, lowers the glass transition temperature and stiffness, and increases flexibility and
impact strength. To avoid the problem of hydrolysis, it is necessary to ensure that the Nylons
are completely dry before processing. Another important factor is crystallinity. The higher the
crystallinity, the less water is absorbed, and therefore the less effect humidity has on the

polymer's properties.
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Figure 2.5: Trends in water absorption as the number of amide groups increases at different relative humidity values in the
environment.

There is also considerable uncertainty regarding the numerical values of the glass transition
temperature (T g). Rigorously dried polymers appear to have Tg of about 50°C, these figures

dropping towards 0°C as water is absorbed.

It has been observed that polymers from intermediates with an even number of methylene
groups have higher melting points than similar polymers with an odd number of methylene
groups: Nylon 6,6 has a higher melting point than either Nylon 5,6 or Nylon 7,6. These
differences are due to the differences in the crystal structure of polymers with odd and even
methylene groups which develop in order that oxygen atoms in one molecule are adjacent to

amino groups of a second molecule.

Another factor is the replacement of the hydrogen atom in the (—CONH —) group by such

groups as (—CH3) and (—CH,0CH;), which will cause a reduction in the interchain attraction.

The properties of the nylons are considerably affected by the amount of crystallization: for
example, Nylon 6 slowly cooled and subsequently annealed, may be 50-60% crystalline, while
rapidly cooled may be only 10% crystalline. The degree of crystallinity affects water absorption,
as mentioned above, electrical and mechanical properties. In particular, high crystallinity leads
to high abrasion resistance. As with other crystalline polymers, properties are dependent not
only on total percentage crystallinity but also on the size of morphological structures.
According to the method of processing, different morphological structures will be produced:
slowly cooled melts may form spherulites, while rapidly cooled polymers may form only fine

aggregates.

With regard to environmental stress cracking, nylons are susceptible to attack by mineral acids.

The rate of attack depends on the specific type of nylon as well as on the nature and
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concentration of the acid, with nitric acid being generally aggressive at all concentrations. In
contrast, nylons exhibit very good resistance to alkalis at room temperature. However, their

overall chemical resistance decreases significantly at elevated temperatures.

Because of the high cohesive energy density in their crystalline state the polymers are soluble
only in a few liquids of similar high solubility parameters and which are capable of specific
interaction with the polymers. The electrical insulation properties are quite good at room
temperature in dry conditions and at low frequencies. Because of the polar structure they are
not good insulators for high-frequency work and since they absorb water they are also generally

unsuitable under humid conditions.

2.2.3 Eco-sustainability

Polyamides exhibit substantial differences in terms of eco-sustainability, depending on the
origin of their raw materials, the synthesis routes employed, and consequently their overall
environmental impact. Among the most common grades, Nylon 6, and Nylon 6,6 are generally
regarded as the least sustainable options [55], [56]. Both are derived exclusively from fossil-
based feedstocks, and their production processes are energy-intensive. In particular, the
synthesis of Nylon 6,6 requires a higher energy input compared to Nylon 6, which results in an
even greater carbon footprint and overall environmental burden. At present, no commercially
available bio-based alternatives exist for these two polyamides, which limits the possibility of
reducing their dependence on non-renewable resources. Nevertheless, both materials benefit
from well-established recycling routes. In addition to mechanical recycling, which enables the
reprocessing of production scrap and end-of-life parts into secondary raw material, chemical
recycling technologies have also been developed. These allow the depolymerization of
Nylon 6, and Nylon 6,6 into their original monomers, which can subsequently be purified and
repolymerized to yield virgin-quality polyamides. Such recycling strategies significantly reduce
the environmentalimpact of these materials, offering a partial mitigation of their otherwise high

fossil and energy dependency.

Nylon 12 is predominantly produced from petroleum-derived feedstocks. However, partially
bio-based grades are available, in which it can be copolymerized with materials derived from

castor oil [57]. From an environmental standpoint, Nylon 12 generally exhibits a lower impact
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compared to Nylon 6, and Nylon 6,6, primarily due to its comparatively less energy-intensive
synthesis process. Nonetheless, its overall sustainability remains constrained by a strong

reliance on fossil resources, which continue to represent the bulk of its raw material supply.

Among the various polyamides, Nylon 11 stands out as the most sustainable option. This
polymer is almost entirely derived from renewable feedstocks, particularly castor oil, which
makes it less dependent on fossil sources [58]. The production of Nylon 11 is associated with
a reduced carbon footprint and favorable life cycle performance, making it attractive in
applications where environmental considerations are critical. However, the large-scale
adoption of Nylon 11 is limited by several factors. These include its significantly higher cost,
the concentration of production among a few industrial players, its lower thermal resistance
and stiffness compared with Nylon 6 and Nylon 6,6, its dependency on castor oil-based
feedstock with associated supply fluctuations, and its more restricted availability of grades and
processing know-how. These factors further reduce its competitiveness for widespread

industrial use.

Table 2.2 summarizes origin of raw materials, environmental impact and recyclability of the

polyamides just analyzed.

Table 2.2: Comparison of the main polyamides in terms of sustainability factors

Raw material Environmental impact
Polyamide Recycling Options
origin (CO, footprint)

™ Mechanical and chemical
Nylon 6,6 Fossil-based
No bio-based alternative (monomer recovery)

Mechanical and chemical

"
Nylon 6 Fossil-based (depolymerization to
No bio-based alternative
caprolactam)
Mainly fossil-
T
based,
Nylon 12 Still strongly fossil- Mostly mechanical
partially bio-
dependent
based
! Mechanical, less
Nylon 11 Bio-based

Entirely bio-based derived established
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2.3 Polyesters

Polyesters are encountered in many forms such as fibers, films, surface coating resins, rubbers
and plasticizers. The common factor in these widely different materials is that they all contain
ester groups (—C0OO0 —) in the main chain (Fig. 2.6). The diversity in polyester properties arises

from the nature of the monomeric units (R, R’) and the degree of crystallinity in the structure.

O

C R’
NG

Figure 2.6: Ester group in polymer chain

Polyesters can be broadly divided into aromatic polyesters, such as polyethylene terephthalate
(PET) and polybutylene terephthalate (PBT), and aliphatic polyesters, such as polylactic acid
(PLA) and polybutylene succinate (PBS). As with Nylons, the difference lies in the fact that the
former family has a benzene ring in its main chain, while the latter does not (Fig. 2.7). Its
presence in the main chain significantly enhances rigidity, thermal stability, and barrier

properties. For this reason, aromatic polyesters are known for their high strength and thermal

resistance.
Aromatic Aliphatic
0 -2 A N
%O-C-:—@LC—O_(CHz)zﬂ‘ ‘[O_?_ﬁ_o_?_c_o_?_ﬁt
—— n H O CH, H O
(PET) (PLA)

Figure 2.7: Comparison between representative aromatic and aliphatic polyesters, the benzene ring is highlighted in red

The distinction between aromatic and aliphatic polyestersis not only structural but also crucial

in determining environmental impact and sustainability.

Traditional aromatic polyesters like PET and PBT are synthesized from petroleum-derived
monomers (terephthalic acid and glycols). Recently, efforts have been made to replace fossil-
based monomers with bio-based alternatives. For instance, bio-PET can be produced using
bio-ethylene glycol (from bio-ethanol fermentation), although terephthalic acid is still
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predominantly petroleum-derived. The aromatic rings introduce steric hindrance and high
crystallinity, which make the ester bonds far less accessible to hydrolytic and enzymatic attack.
Consequently, PET and PBT are considered non-biodegradable under environmental
conditions. Their persistence in ecosystems is a majorissue, as illustrated by the accumulation
of PET bottles and microplastics. Recycling technologies (mechanical and chemical recycling)
are currently the main strategies for reducing their environmental footprint, rather than
biodegradation [59], [60], [61]. On the other hand, many aliphatic polyesters are inherently
more compatible with renewable feedstocks. PLA is the prime example, synthesized from lactic
acid obtained via fermentation of agricultural resources (corn, sugarcane). PBS can also be
produced from succinic acid derived from biomass fermentation. It is also possible to obtain

butanediol from renewable sources, meaning that PBS can ultimately be fully green.

As with nylons, polyesters are susceptible to hydrolysis and plasticization caused by water
absorption. The ester group in polyesters is polar, thus it attracts water from ambient humidity,
giving polyesters moderate hygroscopic behavior. The higher the concentration of ester groups
along the chain, the more pronounced the water uptake. Aliphatic polyesters feature flexible
methylene segments between ester groups, which expose the bonds to hydrolysis. The
absence of aromatic rings reduces steric hindrance, and the irregular synthesis results in less
crystallinity, allowing water molecules and enzymes to access the ester groups more easily.
Hence, aliphatic polyesters can be biodegradable, with degradation occurring through
hydrolysis of ester bonds followed by microbial assimilation of the resulting oligomers. The
effect of water may be desired and sought after in certain environments to promote degradation
at the end of life, but on the other hand, it is important to dry the polyesters thoroughly before

processing.

Biodegradability depends strongly on polymer type and environmental conditions: PLA
degrades efficiently under industrial composting (58 °C, high humidity), but much more slowly
in soil or marine environments. PBS degrades at lower temperatures and in a wider range of
environments. Thus, aliphatic polyesters are at the forefront of the bio-based plastics market,
combining both renewable origin and biodegradability. Among the biodegradable polyesters
currently available for 3D printing, PLA and PBS will be examined in greater detail below. The
study and development of these materials have increased significantly in recent decades,

compared to traditional polymers. In addition to the standard scientific literature, the section
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on biodegradable polyesters draws on more recent publications on both PLA [62], [63], [64],
[65], [66]and PBS [67], [68], [69], [70].

2.3.1 Polylactic acid (PLA)

PLA is probably the most commercially relevant bio-based polyester. The most common
feedstocks for PLA production are starch or agricultural crops, which provide fermentable
sugars (corn, sugarcane, wheat, potato). Lactic acid can be obtained by two routes:
fermentation or chemical synthesis. The latter is based on petroleum-based components, like
acetaldehyde or acrylonitrile. Although possible, this method is less common for PLA
production because it does not align with the renewable and biodegradable profile of the
polymer. On the other hand, fermentation involves microorganisms converting sugars into
lactic acid under controlled pH and temperature conditions. This is the most sustainable

approach, as it uses renewable raw materials.

Preparation methods

The synthesis of polylactic acid (PLA) can be achieved through two main routes: direct

polycondensation of lactic acid or ring-opening polymerization of lactide (Fig. 2.8).
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Polycondensation HO=—C—COOH O C—C
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(Lactic acid) (PLA)
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(Lactide) (PLA)

Figure 2.8: Methods for the synthesis of PLA

The direct polycondensation of lactic acid monomers is the simplest approach. During this
process, the hydroxyl group (—OH) of one lactic acid molecule reacts with the carboxyl group

(—COOH) of another, forming an ester bond and releasing water.

However, direct polycondensation has several limitations related to water production. Strong

vacuum and high temperatures are required to continuously remove water and drive the
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polymerization forward. The reaction equilibrium disfavors high molecular weight polymers
due to the accumulation of water. Hence, the molecular weights typically achieved are low,
which restricts the mechanical performance of the resulting PLA. For these reasons, direct
polycondensation is mainly used for oligomers, which can later be converted into high-

molecular-weight PLA by other methods.

The mostindustrially relevant route to PLA productionis ring-opening polymerization of lactide,
the cyclic dimer of lactic acid. Lactic acid is first oligomerized to form low-molecular-weight
chains, which then undergo depolymerization and cyclization to yield lactide. In the presence
of catalysts, the lactide undergoes ring-opening polymerization, producing high-molecular-
weight PLA. The choice of catalyst and reaction conditions influences not only molecular
weight but also color, purity, and thermal stability of PLA. This method enables excellent control
over molecular weight, polymer architecture (e.g. linear or branched) and stereoregularity. Itis

suitable for use in packaging, fibers and biomedical applications.

Structure and properties

The properties of PLA are strongly determined by its chemical structure, in particular the
presence of the ester group (—COO0 —) and the stereochemistry of the lactic acid units. These
structural features govern the degree of crystallinity, the mechanical performance, and the

interaction with water molecules.

As previously mentioned, lactide is the cyclic dimer of lactic acid, obtained through the
dehydration and cyclization of two lactic acid molecules. Lactide exists in three stereocisomeric
forms, depending on the configuration of the lactic acid units (Fig. 2.9): L-lactide (from L-lactic

acid), D-lactide (from D-lactic acid) and meso-lactide (from both enantiomers).

CHj

L-lactic acid D-lactic acid

Figure 2.9: Stereoisomers of lactic acid
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L-lactic acid is biologically compatible, and it is found naturally in living organisms as it is the
product of most biological fermentation pathways (e.g., from glucose via lactic acid bacteria).
L-lactide is formed by two molecules of L-lactic acid, and poly-L-lactic acid (PLLA) is produced
through its ring-opening. PLLA is a highly stereoregular polymer with a high degree of
crystallinity (up to ~40%), a melting point around 170-180 °C, and superior mechanical
strength. This type of PLA degrades more slowly due to the ordered crystalline domains, making

it suitable for long-term biomedical applications (e.g., resorbable implants, sutures).

The other stereocisomer is D-lactic acid. Although it is rare in nature and in biological systems,
it can be produced by specific microorganisms during fermentation. Two molecules of D-lactic
acid produce D-lactide, which is the basis of poly-D-lactic acid (PDLA), obtained through the
ring-opening process again. PDLA has lower crystalline properties than PLLA but opposite

chirality.

When blended with PLLA, PDLA can form a stereocomplex PLA, where chains of opposite
chirality crystallize together. This solution exhibits significantly higher melting temperature
(~220 °C) and improved thermal stability compared to PLLA or PDLA alone.The last one is the
meso-lactide, formed by one L- and one D-lactic acid unit. Its polymerization leads to atactic,

amorphous PLA, with low crystallinity and faster degradation rates.

In terms of crystallinity, PDLA tends to be more amorphous than PLLA. As with other polymers,
slow cooling or annealing favors crystallization, leading to higher stiffness and thermal
resistance. Rapid cooling tends to trap the chains in an amorphous state, improving

transparency but lowering dimensional stability.

The mechanical performance of PLA is strongly influenced by crystallinity: a higher crystallinity
induces higher strength and modulus, but increased brittleness. On the other hand,

amorphous PLA has lower strength but improved toughness and transparency.

PLA is often described as a rigid and brittle thermoplastic, with properties comparable to PET
and polystyrene, but lower ductility. It presents a tensile strength around 50-70 MPa, a Young’s

modulus about 2-3 GPa typically and elongation at break lower than 10% [63], [71].

Due to the presence of polar ester groups, PLA exhibits a certain degree of hygroscopicity,
although significantly lower than polyamides. Absorbed moisture can plasticize the polymer,

lowering the glass transition temperature (Tg) and reducing stiffness. Over time, water also
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promotes hydrolysis of ester bonds, leading to chain scission and loss of mechanical integrity.
Water diffusion occurs mainly through amorphous domains; hence, highly crystalline PLA is

more resistant to hydrolysis, while amorphous PLA degrades more rapidly.

This water sensitivity is a double-edged sword: while it is beneficial for biodegradability, it limits
the long-term performance of PLA in humid environments. It must also be properly dried before

processing.

2.3.2 Polybutylene succinate (PBS)

Polybutylene succinate (PBS) is a type of aliphatic polyester that is widely regarded as one of
the most promising biodegradable thermoplastics, thanks to its balanced combination of
mechanical performance, processability and compostability. Although PBS belongs to the
same family as PLA, it has distinct structural and functional features that make it a

complementary material for different applications.

Preparation methods

PBS can be synthesized through direct polycondensation or esterification followed by
transesterification (Fig. 2.10). Through the first approach, succinic acid reacts with 1,4-
butanediol in a condensation reaction, producing ester bonds and releasing water as a by-
product. The reaction requires high temperature and efficient removal of water to reach high
molecular weights. The other method also uses 1,4-butanediol, but instead of succinic acid,
dimethyl succinate can be used. The two components are processed via transesterification
process, releasing methanol. This method can offer better control over molecular weight and
product purity. In both cases, metal catalysts (typically titanium-based compounds) are used
to accelerate the polycondensation and achieve high-molecular-weight PBS suitable for

industrial processing.
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Figure 2.10: Synthesis of PBS

Traditionally, PBS has been synthesized from petrochemical succinic acid and 1,4-butanediol.
However, in recent years, significant advances have been made to obtain both monomers from
renewable resources, opening the way to 100% bio-based PBS. Succinic acid can be produced
via fermentation of carbohydrates (glucose, sucrose, starch, lignocellulosic biomass) by
microorganisms. Bio-based succinic acid production is attractive because it uses low-cost raw
materials and sequesters C0, during fermentation. 1,4-Butanediol is traditionally fossil-
derived but can also be obtained from biomass sugars through microbial fermentation, or via

catalytic hydrogenation of bio-succinic acid.

Thanks to these biotechnological routes, PBS can be produced as a fully bio-based polymer,
positioning it as a promising alternative in the family of biodegradable plastics, with a lower

environmental footprint compared to PLA (which relies mainly on starch/sugar feedstocks).

Structure and properties

PBS is a linear aliphatic polyester with ester groups regularly spaced along the chain. This
structure leads to a semicrystalline structure, with a crystallinity degree typically around 30—
40%. The crystalline regions, related to the ester groups, contribute to relatively high thermal
resistance, while the amorphous domains impart some ductility. It has a melting point of 115
°C and a glass transition temperature around 32 °C, which explains its good flexibility at low

temperatures.

PBS is less rigid but far more ductile than PLA, allowing better toughness and impact

resistance. It presents a strength of (30 - 50) MPa, a Young’s modulus around (0.4-0.6) GPa and
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an elongation at break up to 200-300%. PBS, like PLA, contains hydrolysable ester bonds, but
its hydrophobic aliphatic chains limit water uptake. Water absorption is generally lower than
PLA, which enhances dimensional stability in humid environments. Hydrolytic degradation
occurs more slowly compared to PLA, although still significantly faster than aromatic

polyesters like PET.

The biodegradability of PBS is superior to that of PLA in many environments (composts, soil and
aquatic environments) due to its chemical structure and thermal/mechanical profile. Given its
low Tg, PBS chains are flexible under ambient and natural environmental conditions. This
enhances molecular mobility and facilitates the enzymatic attack and hydrolysis of ester
bonds, even at low temperatures. By contrast, PLA (T g ~ 60 °C) remains rigid and glassy under
the same conditions, limiting water diffusion and enzymatic activity. PBS has a linear aliphatic
structure with evenly spaced ester groups, making them more accessible to water and
enzymes compared to the PLA configuration. In addition, itis semicrystalline, and its crystalline
regions are less densely packed than those of PLA. This means hydrolysis and enzymatic

degradation can proceed more efficiently, especially in the amorphous domains.

PBS degrades not only under industrial composting conditions, but also in soil and aquatic
environments, where PLA degradation is very slow. This makes PBS more promising for
applications in agriculture (e.g., mulch films) and marine packaging, where post-use collection

is challenging. Table 2.3 summarizes and compares the main characteristics of PLA and PBS

[50,54].
Table 2.3: Mechanical, thermal and sustainable properties of typical biodegradable polyesters
Property PLA PBS
Tg [°C] 55-65 -32
Tm [°C] 150-180 115
Tensile strength [MPa] 50-70 30-50
Young’s modulus [GPa] 2.0-3.0 0.4-0.6
Elongation at break (%) <10 200-300
Biodegradability Industrial composting Broader (soil, composting)
Feedstock Renewable (fermentation) Potentially 100% renewable
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3. Characterization of 3D-printed fiber-reinforced composites and their
constituents

3.1 Introduction

In this thesis, various fiber-reinforced composites were 3D printed and analyzed, with different
types of matrix and reinforcing fibers. In addition to the composite's overall features, it is also
important to assess the characteristics of its individual components, i.e. the matrix and
reinforcement. The objective of this chapter is to describe the most common characterization
methodologies used to study composites and their constituents, in order to evaluate their
mechanical, thermal, and rheological properties. Depending on the objective of each chapter,
analyses were performed either on the composite itself, or on the composite and its individual

components for comparison purposes.

First, the mechanical tests used to evaluate the mechanical properties of the material under
analysis will be described, along with the mathematical modelling methods used to interpret
and compare their performance. Next, the physical, thermal and rheological analyses used to
will be introduced. Finally, the morphological analysis methods used to evaluate the quality of

the printed object and fracture surfaces will be explained.

This chapteris divided into a first part providing theoretical background and a description of the
tests carried out, followed by a second part describing the methods used and the instruments

employed.

3.2 Mechanical behavior
As well-known from literature, fiber reinforced 3D printed polymeric materials can be regarded
and modeled as anisotropic materials like composites [6], [72], [73], [74] and consequently

tested according to their standards.

3.2.1 Mathematical modeling
Referring to the meso-scale structure introduced in Section 1.4.2.4, a layer printed with a
specific raster angle is often anisotropic in the same way as a unidirectional composite lamina,

hence it can be modelled using lamina macromechanics [75], [76].
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Two right-handed coordinate systems are normally considered (Fig. 3.1): the first one,
indicated with x,y,z , is a convenience coordinate system that is related to the external
loading, while x4, x5, X3 is related to material symmetry. In particular, axes x3 and z coincide
and are normal to the deposed layer, while x; is rotated with respect to x by the raster angle 9.
Since a 3D printed layer can be thought of as an orthotropic elastic material loaded in plane
stress, four constants are necessary to represent its behavior, namely E;, E;, G135, V12- E;
and E, are the Young’s moduli in the longitudinal and transverse directions, G, is the in-plane
shear modulus, while v, is the Poisson’s ratio, describing the contraction in the x, direction
when the layer is loaded in tension in the x; direction. Concerning tensile strength, it is
assumed that only three independent material constants S;, Sy, S, describe the mechanical

behavior and these are longitudinal, transverse and shear strength, respectively.

Z.(=3)
r 3
X {X, Y, Z} : non-principal coordinates
1 {1, 2, 3} : principal coordinates
3 (°) : raster angle
YO
Layer (n) | e

Figure 3.1: the lamina and its coordinate systems

Following the usual notation, the layer stiffness matrix [Q] in the x;, x,, x5 coordinate system

is:

41 Qi1 Q2 O &
{0} = [Q]{e} or {Uz} = [Q12 Q2 O l{fz } )
Og 0 0  Qgel ‘%6

where g; and o, are the normal stresses and o; is the in-plane shear stress. In analogy, ¢; and
&, are the normal strains and &g is the in-plane engineering shear strain. The stiffness matrix

components are:

E, Vi2E2 E

— : — 2
Qo6 = Gy with vy = V12E_1

Eq
Qu=—""0pn="7"
1-vyovp1’ 1-v12V21

, Q2 =

1-v12V21

)

The stiffness matrix changes its representation in the x, y, z coordinate system as follows:

42



9 o8 o
Q1 Q12 Qi

9 08 P
Qirz Q22 Q2

) Y Y
QlG Q26 Q66

O-x gx
{Gy] = [Sy} (3)
o, &

where &, €, and gy, g, are the normal strains and stresses, and &5 and g are the engineering

shear strain and stressinthe x — y plane. The stiffness matrix [ Q’9] depends ond and on matrix

[Q] through:

Q% = Qq1 cos* 9 + Qyy sin* 9 + 2(Qy, + 2Q4s) cos? 9 sin I
Q%, = Qq1 sin* 9 + Qa5 cos* 9 + 2(Qy, + 2Q4s) cos? ¥ sin? I
Q72 = (Qu1 + Q22 — 4Qg) cos* I sin? ¥ +Qy,(cos* ¥ + sin* 9) 4)
Qfe‘. = (Q11 — Q12 — 2Q66) cos® ¥ sin ¥ — (Qz2 — Q12 — 2Qg6) sin® I cos I
Q%5 = (Q11 — Q12 — 2Qs6) cos I sin® I — (@2, — Q12 — 2Q46) sin Y cos® Y
Qge = (Qu1 + Q22 — 2Q42) cos? ¥ sin® ¥ + Qg (cos® I —sin® ¥)?

Quantification of stiffness anisotropic behavior
The four stiffness lamina engineering constants (E;, E,, G5, V13) can also be transformed from
the principal material axes (x4, x5, x3) to the non-principal coordinate coordinates (x, y, z). For

example, the variation in Young's modulus, based on the raster angle (9), is described as

follows:

cos(9)* 1 2vy, . sin(®)* -1
. + (G_lz - E_l) cos(¥)?sin(¥)* + E, ] ®)

Ex=[

To better appreciate its variation, it can be plotted as a function of ¥ (Fig. 3.2).
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Figure 3.2: Variation of Young's modulus with lamina orientation (9)

E, generally decreases monotonically from E; atd = 0°to E, at9d = 90°. If the materialis highly
anisotropic (E; > E, ), the curve will show a sharp drop, as the angle changes slightly from 0°,
while if it tends to be isotropic (E; = E, ) the curve will tend to be flat. Despite this, it is not
necessarily true that the extremum values occur along the principal material directions [76],
and it is not so easy to graphically assess the influence of the shear modulus (G4;) on E,, .
Similar transformation equations, graphical representations and considerations may be found

also for vy, and Gy,,.

The effects of lamina orientation on stiffness are difficult to assess from inspection of stiffness
transformation equations such as Eq.4 and Eq.5. For this reason, a more convenient 'invariant'
form has been proposed by Tsai and Pagano [77], [78] to better interpret and evaluate the

anisotropy of the lamina.

An alternative form of Egs. 4 was introduced as follows:
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QY = U, + U, cos(29) + Us cos(49)

1

QY, = U, — U, cos(29) + Us cos(49) Up =5 (3Q11 + 30Q22 + 2012 + 4Q¢6)

sz = U, — U3 cos(49) th U, = %(Qn —Q22) ©6)
9 _Up_. - wi

Qi = Ztsin20) + Us sin(49) Us =2 (Qu1 + Qa2 — 2012 — Qo)

Qs = Lsin29) — Uy sin(49)

Uy == (Qu1 + Qpz + 6Q1, — 4
Qg6 — %(U1 —U,) — U, cos(49) 473 (Q11 + Q22 Q12 Qs6)

It can be shown that U; and U, are invariant quantities under a change of reference frame,
therefore they represent the isotropic contributions to material stiffness. The other two
guantities, U, and Uz, are not invariant and hence they are the orthotropic contributions and
have a direct physical meaning in terms of deviation from the isotropic behavior. In particular,
U, isrelated to the difference between longitudinal and transverse properties, i.e. between the
two Young’s moduli E; and E,, which is zero in the case of an isotropic material. U is related
tothe dependence of G, on E4, E,, and v, and againis zero in the case of an isotropic material,
since in that case the shear modulus can be obtained as a function of Young’s modulus and
Poisson’s ratio.

Tsai and Hahn [78] showed that it is convenient to represent the components of the stiffness
matrix in the reference system x,y,z (Eq.6) through two generalized Mohr’s circles (Fig.3),
based on U,, U,, U3, U,. The center of the first circle is placed on the abscissa axis at a distance
U, from the origin and its radius is Uz. The center of the second circle is located at a distance
U, from the center of the first circle and its radius is U,.

This representation is convenient to evaluate graphically and can be used to qualitatively
describe the degree of anisotropy of the in-plane stiffness. In fact, if the material is strongly
anisotropic the two circles will appear large with respect to their distance (Fig. 3.3a). On the
other hand, if the materialis isotropic U; # 0 and U, = U; = 0, thus the circles will collapse to

single points, and their distance is the only significant quantity (Fig. 3.3b).
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Figure 3.3: Generalized Mohr's circles for a) orthotropic lamina and for b) isotropic lamina

The novelty of this part of the thesis is the introduction of two quantitative parameters for a

better interpretation of anisotropy. The graphical analysis developed by Tsai and Hahn can be

U, U . . .
U—Z, U—3, which represent the relative weight of
1

1

also supported quantitatively through the ratios

the orthotropic components with respect to the isotropic one. In the definition of the two ratios,
U, is preferred to U, because it can never be zero. When these ratios are relatively large, the

material has a pronounced anisotropy, while if the material is isotropic, they will be close to
L Us . u . . . .
zero. Moreover, if U—Z is greater than U—3, anisotropy is mainly due to the difference between the
1 1

longitudinal and transverse properties. On the opposite side, the anisotropic behavior is due

to the shear properties.

Strength of a fiber-reinforced lamina

Given the different behavior of the lamina under tension and compression, five independent
material constants are required to fully describe its strength behavior: two for the longitudinal
direction (S}, S), two for the transverse direction (S{, S7) and one for shear resistance (S;7).
Very often it is reasonable to assume that tensile and compressive values are the same in
absolute value. Hence, only three strength material constants (S;, Sr, S.r) are needed to obtain
the basis for the analysis simplified analysis of lamina strength under simple stress states. §;,

Sr, S.r are referred to the principal axes (x;, x,, X3), while the known-external stress field (o,
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gy, ds) is referred to x,y,z coordinate system. The first step in all calculations must be the

transformation of gy, gy, 0, to the principal lamina axes, as follows:

oy cos(9)? sin(9)? 2 cos(9) sin(9) | (o«
{Uz} = sin(9)? cos(9)? —2 cos(9) sin(I) {Uy} (7)
Os —cos(9) sin(¥) cos(¥)sin(¥9) cos(Y9)? — sin(V¥)?| %

By doing so, itis possible to obtain principal stress values (o;, 0,, 05) and a comparison can be
made with the appropriate limit strengths. It may be pointed out that uniaxial stress applied in
any direction other than the principal material axes produces multiaxial stresses along the
principal material axes. For example, an external tensile stress state along the x-axis involves
ox # 0 and g, = g; = 0. Substituting this into Eq.7, the following stress state is obtained in the
reference system (x4, x5, X3):

0, = 0, cos(9)?

0, = 0y sin(9)? ®)

0 = —0,cos(9) sin(I)

With these assumptions, the Tsai-Hill criterion provides a single function for predicting failure
by considering the interaction between strengths. In the case of in-plane-stress states the

failure initiates when the following equality is true:

2 2 2
01" 0102 O Oe -1

———t =+ =
LY Y VL S S )

On the other hand, if the combination of stresses is less than unity, no failure of the lamina
occurs. Hence, this approach can be used either to predict the strength of the lamina once all
three limits (S;, St, Syr) are known, or to obtain one of the strength values required for a
complete mechanical characterization. Usually S;and Srare known and the shear strength S;

is sought.
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3.2.2 Tensile characterization
Tensile tests were performed on all materials involved in this thesis to obtain the seven
independent material constants necessary for a complete characterization of the in-plane

properties.

When considering structural applications of 3D-printed composites, the strength value of
interest is the yield strength. Hence, in this thesis, it assumed that S;, Sy and S, are related to

the yield values obtained from mechanical characterization.

ASTM D3039 standard [79] was used to measure longitudinal and transverse properties, by
printing specimens at 0° and 90° raster angle. In particular, Young’s modulus E;, Poisson’s ratio
V12 and longitudinal yield strength 0,90 (=S;) were obtained from 0° raster angle, while Young’s

modulus E, and transverse yield strength a,?°° (=S7) were evaluated from 90° specimens.

Two methods were used in this thesis to characterize shear properties: ASTM D3518 standard
[80], through specimens printed at +45° raster angles, and 10° off-axis tensile test method [81],

[82].

ASTM D3518 uses an £45° laminate, which is a symmetrical and balanced composite with a
lay-up composed only of +45° plies and -45° plies. If only unidirectional laminae oriented at
+45° or -45° were used, there would be a significant coupling effect. The clamps constrain these
deformations, and consequently parasitic stresses are generated near the gripping jaws.
Thanks to the symmetrical and balanced +45° sequence, these problems are greatly reduced,
and shear stress in the plane of the individual lamina is therefore predominant. Hence, using
this first method, the axial deformation generated by the tensile test is converted to an in-plane
shear stress state within the individual unidirectional layers. From which it is possible to
evaluate the shear modulus G;,, the shear yield strength 7, and the yield strength a{}so for the
individual lamina. As stated in the standard, it can be assumed that 0{}50 is twice Ty. Although
this standard enables G, to be calculated accurately, it has limitations, as it is not guaranteed
that failure is solely due to in-plane shear stresses. In addition to the intralaminar shear
component, which lies in the plane of the single lamina and is of interest, interlaminar shear
stresses are also generated between laminae due to out-of-plane coupling effects. If the
fracture surface does not show delamination, it is reasonable to conclude that the failure is

mainly due to intralaminar stresses present in the plane of the lamina.
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Looking at the other test, the laminate is made up of laminae that are all oriented at 10°. In this
case, the sample is practically unidirectional with a very small angle, close to 0°. For this
reason, the dominant deformation and stress field on the specimen are predominantly axial
with limited coupling effects. Consequently, there is mainly intralaminar shear stress and the
Young's modulus E;, and the yield strength a,}oo are obtained directly from the 10° off-axis
tensile test. Unlike ASTM D3518, the shear modulus of the lamina is obtained once the
longitudinal and transverse properties are known. Indicating with E;, (=E,) the Young’s
modulus at 10° (i.e.  /18), G,, can be obtained through Eq.5. This measurement method is
subject to error and is less accurate than the previous. Furthermore, the alignment of the
sample during the tensile test is critical, as even small angular errors can significantly impact
the results. Thanks to the limited effects of out-of-plane coupling effects and parasitic stresses,

the 10° method is preferable for strength evaluation.

Several works in the literature have focused on comparing in-plane shear characterization
techniques for composites[82], [83], [84], [85]. Regarding G,,, the ASTM D3518 standard is
preferable because, thanks to its +45° lay-up, it produces a deformation field dominated by
shear. Since out-of-plane coupling effects mainly influence strength, the deformation
measurement reflects y;, wellin the elastic field. In addition, the calculation of G, is based on
a simple linear formula. On the other hand, in the 10° test, the shear component is 'hidden'
within a predominantly axial stress field. To obtain G;,, a more complex equation must be
solved, which depends on the values obtained from the longitudinal tests at 0° and transverse
tests at 90°, so this measurement is more sensitive to errors and variability (e.g. incorrect fiber
alignment). For thisreason, G, values obtained using the 10° test are generally more dispersed
and less reliable than those obtained using the +45° method of ASTM D3518. In both methods
S.r is obtained through Eq.9 by setting o, equals to either 01}0° or U{fso, respectively, in Eq.8. It
isimportant to remember that the use of ASTM D3518 implies out-of-plane coupling effects, so
itis only correctto use itif the failure does notinvolve delamination. Concluding, both tests are

valid taking the relevant limitations into account: tensile shear test from ASTM D3518 should

result in higher shear modulus and a lower strength.
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3.3 Density and porosity evaluation

As described in Section 1.3, voids are inevitable in 3D printing, so it is important to evaluate
their quantity in relation to the printing parameters used and the mechanical performance

obtained from the tests.

Density was measured for the filaments before printingp,’: and for the specimens before testing
Pz, Where x is the considered material. The calculation of p; was performed for each
orientation of the tensile specimens, and for the rheological samples. Assuming that filament

porosity is zero, voids percentage of the specimens %v was evaluated as follows:

3 10
%vz(l—p—f>-100 (19)

Px

3.4 Thermal characterization

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that measures how the
heat flow absorbed or released by a sample varies when it is heated or cooled at a controlled
rate. When a material is heated or cooled, it can undergo physical transitions (e.g., melting,
glass transition, crystallization) or chemical reactions (decomposition, cross-linking). These
phenomena involve the absorption or release of heat, i.e., a change in the enthalpy of the
system. During the test, a controlled thermal profile for heating and cooling is set, and heat
flow is recorded. If the sample absorbs heat, itis undergoing an endothermic process (melting,
evaporation, glass transition), while if it releases heat, it is undergoing an exothermic process
(crystallization, chemical reactions like degradation etc.). The result is a curve (thermogram)

that shows the heat flow as a function of temperature or time.

DSC is used to determine specific heat, transition enthalpies, the crystalline fraction and the
characteristic temperatures, such as the glass transition temperature T, and the melting
temperature T,,. The crystalline fraction y., evaluated as a percentage, was obtained as

follows:
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XC—AH—m*l()O’ (11)

AHmo(1-wt)

where w, is the mass fraction of fillers or reinforcement fibers, 4H,, is the experimentally
measured melting enthalpy and 4H,,, is the melting enthalpy of the fully crystalline polymeric
matrix, specific for each material under analysis, which can normally be taken from the

literature.

Thermogravimetric analysis, or TGA, is an additional thermal analysis technique. It measures
how the mass of a sample changes as it is heated (or cooled) in a controlled atmosphere by
applying controlled thermal heating. The system records the changes in mass as the
temperature varies in real time. TGA is useful for obtaining information on the thermal stability
of a material, decomposition temperatures, moisture content, and percentage of fillers or

residues in composite materials

3.5 Rheological characterization

For thermoplastic materials, it is important to measure viscosity, which is related to fluid flow

resistance. Its physical meaning can be obtained from the following equation:
T=1n%* ]'/, (12)

where T is shear stress, y is shear rate, which represents the speed at which the layers of fluid
flow over each other, and 7 is the viscosity of the fluid. A fluid is considered Newtonian if n
depends only on temperature and pressure. On the other hand, a fluid has a non-Newtonian

behavior if n depends on other factors, such as shear rate, viscoelasticity effects, etc.
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In the molten state, thermoplastic polymers generally exhibit pseudoplastic non-Newtonian
behavior, whereby their shear viscosity n decreases as the shear rate y increases. Figure 3.4

shows the trend on a bi-logarithmic scale.
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Figure 3.4: Shear viscosity behavior as a function of deformation rate for a pseudoplastic material

Three main zones can be identified: a Newtonian plateau at low strain rates, an intermediate
pseudoplastic zone, and a second plateau at very high strain rates. The viscosity at strain rates

close to zero is called zero shear viscosity (7).

At low strain rates, the processes of breaking and reforming intermolecular bonds are
balanced. This keeps the nhumber of entanglements between macromolecules, and therefore
the material's viscosity, unchanged. As the strain rate increases, intermolecular bonds break
faster than they form, reducing the number of entanglements. Therefore, in the pseudoplastic
zone, viscosity decreases as the strain rate increases, and this trend can be modelled using the

following power law:

log(n) = log(k) + (n — Dlog (¥), (13)

where n is called the pseudoplasticity index, generally ranging from 0.4 to 0.9, and k is called

the consistency index, varying from 102 to 10° Pa depending on the material.
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Finally, assuming that extremely high strain rates can be achieved, entanglements are
completely eliminated. At this point, the macromolecules are unconstrained with respect to
each other, thus they can align with each other and have greater freedom to flow. Viscosity
therefore remains constant even at higher deformation rates and is called infinite shear

viscosity (), which is generally several orders of magnitude lower than 7, .

There are various ways to analyze the rheological properties of thermoplastic materials. One of
them is the parallel plate rotational rheometer, which can be used in steady-shear or dynamic

oscillation mode.

3.5.1 Steady-shear mode
In this mode, one of the two plates of the rheometer rotates at a constant rate while the other
remains stationary. In this way, the sample, trapped between the two plates, is subjected to a

continuous shearing flow (y = cost) (Fig. 3.5).

¥: shear strainrate

h: meatus height

Figure 3.5: Parallel plate rotational rheometer: steady-shear mode

A transducer measures the torque M,, thereby obtaining the shear stress T as follows:

L (14)
"~ mR3’
where Ris the radius of the sample.

This test can be performed by controlling the shear strain rate, as described above, or by
controlling the shear stress. Regardless of the control mode, shear viscosity n can be

determined through Eq.12.
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Although this method of analysis is simple and fast, it has several limitations. For example, it
does not provide information on the viscoelasticity of the material. Furthermore, excessively
high shear rates induce high centrifugal force, causing the fluid to move away from the analysis

area.

3.5.2 Dynamic oscillation mode

Typically, a parallel plate rheometer operating in dynamic oscillation mode at low shear strains
is used to determine the viscoelastic properties of polymeric materials. In this test, the upper
geometry no longer rotates in a continuous way but performs a sinusoidal oscillation. Molten
material is placed between two plates, one of which oscillates with frequency w and amplitude

Yo, imposing the following sinusoidal deformation on the material (Fig. 3.6):

v () = yosin(wt), (15)

Oscillating plate

Fixed plate

Figure 3.6: Parallel plate rotational rheometer: steady-shear mode

The shear stress 7 is calculated through Eq.14, as described above for the steady-shear mode.
A viscoelastic material is a material that exhibits a behavior that is intermediate between an
ideal liquid (viscous) and an ideal solid (elastic). Due to the viscous component, the material's
response in terms of stress will be out of phase with the imposed deformation by an amount &.

The shear stress obtained will therefore have the following trend:

7(t) = 1osin(wt + 8), (16)

which is graphically represented in Figure 3.7.
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Figure 3.7: Input and output signal during a test in dynamic mode

At this point, two quantities related to viscoelastic behavior can be defined: the storage
modulus G’ and the loss modulus G"'. The former is proportional to the elastic energy stored in
the material, while G’ is proportional to the energy dissipated by viscous friction. Knowledge of
G' and G'"' allows one to understand whether the material's response is more elastic or viscous.
If G' >G",the material behaves more like an elastic solid, while if G'' > G’, the material behaves
more like a fluid, with non-Newtonian viscous behavior. The moduli G’ and G"' are defined

according to the following formulae:

6" (@) = = cos(8) (17)
Yo

G () = ;;—zsin(é') (18)

To determine the viscosity of the material, a complex modulus G *must be defined:

G* = /(Gr)z + (G”)Z . (19)

From G*, the complex viscosity n* can therefore be defined as follows:

G*(w) (20)
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n* is not the shear viscosity derived from a flow subjected to shear, but it only has the same

dimensions.

It is important that measurements of the viscoelastic characteristics (G', G'') are carried out in

the linear viscoelastic region (LVR) of the material. The LVR is typically determined by the strain
sweep test, which measures the material's response to increasing strain amplitudes ()/) ata
constant frequency (W) and temperature. For example, by plotting (Fig. 3.8) the trend of the

storage modulus (G") as y varies, we can determine the LVR limit. This corresponds to the point

at which G’ is no longer constant but instead becomes dependent on deformation.
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Figure 3.8: LVR region analysis from strain sweep test

If the materialis in a linear viscoelastic regime, itis very common to assume the Cox-Merz rule,

whereby:

n*(@) =n(). 19

According to this, the relationship between 7*and w is the same as that between 77 and Y, and

this is valid for most polymer fluids.

3.6 Morphological analysis
Morphological observations were carried out on the filaments, on the untested printed

samples, and on their fracture surfaces.
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The analysis of the latter is useful for analyzing any peculiarities of the material at failure and,
in the case of 3D-printed continuous fiber-reinforced composites, it is used to evaluate the

adhesion between the fiber and the matrix.

The quality and surface characteristics of the pre-print filaments are assessed by analyzing
them from above, while the cross-section is analyzed to determine the actual diameter, any

porosity or internal defects.

From the cross-sectional view of untested tensile specimens, the printing quality and the

presence and spatial distribution of the voids can be assessed.

3.7 Methods and instruments
The following sections describe the methods used for the various analyses described above,

the instruments involved, and the test conditions.

3.7.1 Tensile tests

Tensile tests were carried out at room temperature at a specific crosshead speed for each
material being analyzed, using a universal testing machine (INSTRON 34TM-30, INSTRON, USA)
with a 30 kN load cell. The tests were performed on rectangular samples with different raster
angles, and at least three specimens were tested for each orientation. The dimensions and
orientations of the samples will be specified in the individual chapters relating to each material.
Digital Imaging Correlation or DIC (DANTEC DYNAMICS, Skovlunde, Denmark) was used to
measure both longitudinal and transverse strain, as an average value over the analyzed area, in
the samples oriented at 0° and +45°. To ensure readability by the DIC cameras, the surface of
the samples that were attached to the hot plate was painted with water-based ink. For 90° and
10° samples, a strain gage extensometer (INSTRON 2620 601, with 5 mm full scale) was used

to assess the specimen deformation in the testing direction.

E;, E,, v1, and E;, were estimated between 1000ue and 3000u¢, as described in ASTM D3039
and in the related shear method at 10°, whileG;, was calculated between 1500 and 4000u¢,
as reported in ASTM D3518. Yield strength values a°, 0¢¥°", 04°"and Ty were evaluated as offset

strengths, with the value of the offset strain being 10000u¢.
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0, &% and €1 should be evaluated at complete failure of the

Ultimate tensile strain ¢
specimens. Similarly, the ultimate shear strain y,; was measured from the shear

characterization with ASTM D3518.

3.7.2 Mass and dimensional measurements

Mass measurements were performed in all cases with a precision scale (AdventurerPro
AV4102C, Pine Brook, NJ USA, with = 0.01 g resolution). The cross-sectional area of the
filaments was measured with a stereomicroscope (Leica MZ6, with Leica EC3 camera) and a
caliper (= 0.01 mm resolution) was used to measure the dimensions of the samples and the

precise length of the filaments (about 50 mm).

3.7.3 Thermal analysis

In this thesis DSC analyses were performed on a DSC 8000, Perkin Elmer Inc. (Waltham,
Massachusetts, USA) equipped with IntraCooler Il cooling device and Pyris software (Version
13.3, PerkinElmer Inc., Waltham, Massachusetts, USA) for instrument control, data acquisition
and analysis. The instrument was calibrated for temperature and energy with high-purity indium
and lead as standards. All tests were conducted in a nitrogen atmosphere with two thermal
cycles at a heating/cooling rate of 10°C/min between 30 and 250 °C.

Measurements were carried out on 10-15 mg of material derived from filament before printing

or from 3D printed samples.

Material properties from TGA analyses were obtained through TGA 4000 thermobalance Perkin
Elmer Inc. (Waltham, Massachusetts, USA). Measurements were conducted on 5-10 mg of
each material under nitrogen atmosphere (30 mL/min), from 30 to 900 °C at a heating rate of 10

°C/min.

3.7.4 Rheological tests

The ARES rheometer from Rheometric Scientific (New Castle, Delaware, USA) was used in this
thesis for both dynamic oscillation and steady-shear mode. This rheometer has a smooth
surface and a parallel plate configuration: plates with diameters of 25 mm and 50 mm were

employed for dynamic oscillation and steady-shear analysis, respectively.

Tests in steady shear mode were performed at room temperature (28 °C), with approximately 1

mm thick analysis meatus and different shear rates (y) were explored:1, 3, 10 and 30 s™.
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Three types of rheological experiments were carried out in dynamic oscillation mode: strain,

frequency and time sweep, both performed at different temperatures.

In this thesis, for the strain sweep test, the frequency was set at 1 rad/s and the strain was

evaluated between 1% and 10%, for each temperature and for all the material explored.

In the frequency sweep test, the response of the material in terms of complex viscosity was

investigated as a function of frequency at constant strain and temperature. From this test, it is
possible to evaluate the storage modulus (G'), the loss modulus (G'') and the complex

viscosity through Eq. 20. In this work, frequency response was investigated between 0.1 and

100 rad/s, for all tests performed in this thesis.

The time sweep test is useful for evaluating the stability of the material over time and the
potential for degradation by monitoring the trends of G*, G’ and G"' at a specific temperature
over time. During the test, the material is held at a predefined temperature and subjected to

constant strain and frequency.

Both the frequency and time sweep tests are performed with constant strain, which is taken

inside the LVR as a result of the strain sweep test.

3.7.5 Optical analysis and preparative methods

Morphological observations were carried out with a stereomicroscope (Stereo WILD —-DFC 420,
Leica, Switzerland) and optical microscope (DMRM, Leica, Switzerland), both equipped with
LAS software (Version 4.12, Leica. Switzerland) for data and image acquisition. In addition, a
Scanning Electron Microscope (SEM) type Zeiss EVO MA 15 (Oberkochen, Germany) was also
used. All SEM micrographs were collected at an accelerating voltage of 10 kV using secondary
electrons. Energy Dispersive X-ray Spectroscopy (EDS) was also used to support the SEM
analyses. The EDS system is a detector connected to the SEM. When the electron beam hits
the sample, it emits characteristic X-rays, which allow us to identify which chemical elements

are present and in what quantities.

The preparative procedure is the same for both the cross-section of the filaments and the
untested samples. The materialunder considerationis first cut manually, then cold-embedded
in a two-component epoxy resin (Struers S.A.S., Champigny sur Marne Cedex, France), before

being lapped using a DAP-V polishing machine (Struers S.A.S., Champigny sur Marne Cedex,
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France). Specimens were then prepared with wet sandpaper (240, 400, 800, 2400 and 4000 grit)
and lapped until a very smooth surface was obtained. The surface was then dried in ambient

air and finally observed.
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4. 3D printing of polyamide 6 reinforced with short carbon fiber:
characterization of virgin and recycled material

4.1 Introduction
Among the polymers commonly used in FDM 3D printing, polyamides stand out due to their
relatively high mechanical and thermal properties, which make them suitable for semi-

structural applications.

As described in Section 2.2, there are different types of polyamides. Among these, those used
in 3D printing are PA6,6, PAG6, PA11 and PA12. The latter is the most widely used in commercial
filaments due to its lower hygroscopicity and greater ease of printing, despite having some of
the lowest mechanical properties among all polyamides. PA11 is gaining ground mainly thanks
to its biobased origin from castor oil. It is a material that offers good chemical and impact
resistance, and its mechanical performance is comparable to that of PA12. PA6,6 is the
polyamide with the best mechanical and thermal performance among those mentioned, but it
is also the most hygroscopic. Forthese reasons, itis the most difficult to print. In fact, it requires
a heated and closed chamber with very accurate temperature control for both the plate and the
chamber. The filament must also be thoroughly dried. PA6 has slightly lower thermo-
mechanical properties than PA6,6 but is easier to print. It is also highly sensitive to
environmental humidity, so it must be dried before processing. In summary, PA6 offers better
performance because it provides an optimal compromise between mechanical and thermal

resistance, processability, and cost.

In addition, these thermoplastics generally exhibit favorable printability. Thanks to their low
viscosity, they can also be readily combined with reinforcing fibers, such as glass, basalt or

carbon. This further improves their mechanical performance and fields of application [86], [87].

Due to theirenhanced properties, 3D printed fiber-reinforced polyamides have been widely use
across multiple industrial sectors. However, with the increasing emphasis on eco-
sustainability and circular economic principles, the issue of mechanical recycling has become
particularly relevant. Material waste production is inherent to the FDM process, which can
originate from the removal of support structures, purging operations, failed or defective prints,
as well as from the disposal of end-of-life printed components. These wastes represent a
potential secondary resource that could be reintegrated into the production cycle.
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A promising strategy is to reuse this scrap material to create new 3D printing filaments. Since
the original feedstock has already been formulated and optimized for extrusion-based additive
manufacturing, reusing it can help preserve its desirable rheological and mechanical
characteristics. Typically, the recycling pathway begins with a size reduction step, where the
waste material is milled into smaller particles. This is followed by a thermal reprocessing stage
in which the polymer is melted and extruded into filament form. The recycled filament can then
be melted and deposited again during the actual printing process, thereby completing the

recycling loop.

The number of studies addressing the mechanical recycling of reinforced polyamides for FDM
is still limited. This can be partly attributed to the intrinsic challenges of the process, as
highlighted by Mergulhao et al. [88]. In their work, a commercial carbon fiber-reinforced PAG,
marketed as “Onyx” and specifically designed for 3D printing by Markforged (Waltham, MA,
USA), was recycled. Although the material could be successfully milled and re-extruded into
filament form, the subsequent print quality was inadequate, and the recycled filament

exhibited reduced stiffness and strength compared to the virgin counterpart.

Contrasting results were obtained by Ding et al. [89] and Lohr et al. [90], who also focused on
recycling Onyx. Ding et al. [89] produced recycled filament by thermally straightening a knitted
3D printed structure, thereby avoiding the milling step and improving printability. Remarkably,
the tensile performance of the recycled prints surpassed that of parts produced from virgin
filament, showing higher stiffness and strength. Similarly, Lohr et al. [90]reported enhanced
bending properties after the first recycling step, although a decline was observed upon a
second cycle. At the same time, in agreement with Mergulhao et al. [88], they found that the

intrinsic filament properties deteriorated after the first recycling.

A larger number of recycling cycles was reported only for unreinforced PA12. Vidakis et al. [91]
achieved six successive reprocessing steps, which is consistent with the higher thermal
stability of PA12 compared to PA6 [92]. Interestingly, the mechanical performance of 3D printed

specimens increased up to the fourth cycle, before undergoing a sharp decrease thereafter.

Recycling of reinforced PA12 was investigated by Bandinelli et al. [93] using a slightly different
extrusion-based technology, Fused Granular Fabrication (FGF), which employs pellets instead
of filament. A key aspect of this study was the assessment of anisotropy induced by the short

carbon fibers composites properties [6]. While previous works [89],[90], [91] considered only
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+45° raster orientations, Bandinelli et al. [93]Jmanufactured tensile specimens with 0° raster
orientation to assess longitudinal properties, and helically printed tubular specimens to
measure transverse properties under axial tension. In line with other studies [89],[91], [90], the
recycled material displayed superior stiffness and strength compared to virgin material, with

the improvement being particularly pronounced in the transverse direction.

The aim of this chapter is to recycle a short carbon fiber reinforced PA 6 scrap, coming from
industrial 3D printers, and to compare it with the virgin material. Onyx was selected for
convenience as reference material, because it was specifically developed for industrial 3D
printers and is common for ready-to-use parts. Tensile tests at 0°, 90° and +45° are employed
to characterize the anisotropic in-plane properties of the virgin and recycled materials. These
results are supported by rheological and thermal characterization to achieve a better
understanding of the effect of recycling on mechanical performance and printability. The main
points of novelty of this chapter, in contrast with the studies present in literature, are the
complete characterization of anisotropy in the mechanical properties for both virgin and
recycled materials, and the proposed explanation for the unexpected differences in such

properties between the virgin and the recycled material.

4.2 Materials and methods

4.2.1 Materials

The thermoplastic examined in this study is a commercial PA6 reinforced with 10 wt.% short
carbon fibers, marketed under the name Onyx by Markforged (Waltham, MA, USA). Markforged
3D printers are designed to operate exclusively with proprietary materials and a fixed set of
printing parameters. Among the few materials available, Onyx is one of the most widely utilized.
Its mechanical properties are reported in the technical datasheet [94] and summarized in Table
4.1. In the following, the commercially obtained virgin Onyx will be denoted as “V,” while the

recycled material will be referred to as “R.”
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Table 4.1: Onyx mechanical properties from technical datasheet

Density Young’s Yield Strain at HDT Impact
[g/cm?] modulus stress break [°C] strength
[GPa] [MPa] [mm/mm)] [J/m]
1.2 2.4 40 0.25 145 330
4.2.2 Recycling process

Recycling process started from Onyx scraps supplied by Katakem (Catanzaro, Italy). These
scraps consist of highly heterogeneous elements, such as supports and purge lines produced
at the beginning of each print. They also include parts that are either unsuitable for their
intended purpose or have been discarded due to printing failures. As previously mentioned, the
processing parameters of Markforged printers cannot be adjusted by the user; therefore, Onyx
always undergoes the same thermal history, regardless of the source. More specifically, the
materialis always printed with a 0.4 mm nozzle at 275 °C on an unheated Garolite build surface,

with a suitable adhesive layer.

Larger scraps were first cut with a circular saw to obtain pieces of about 100 mm, suitable for
grinding. The material was then shredded using a single-shaft machine equipped with three
equally spaced blades. The resulting heterogeneous flakes were subsequently sieved with a 4
mm mesh to achieve a more uniform granulometry. Before re-processing, the sieved flakes

were dried overnight at 85 °C.

Filament extrusion was carried out using a MicroEx 3D single-screw extruder (Eur.Ex.Ma.,
Varese, Italy), equipped with a 17.5 mm diameter screw and an L/D ratio of 22.5, operated at 40
RPM. The extruder included three heating zones, two along the barrel and one at the die, set at
215°C, 240°C and 220 °C, respectively. Cooling was provided by a forced-air system consisting
of three fans. An in-line monitoring unit controlled the filament diameter before pulling and
winding, keeping it at 1.75 mm with a dimensional tolerance of *0.1 mm. Figure 4.1
schematically illustrates the recycling workflow leading to the production of the Rfilament from
Onyx scraps. Only one recycling run is studied in this work, as already in the second recycling
run the material viscosity appeared to be too low to allow extrusion within the required

tolerance.
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Figure 4.1: Onyx recycling workflow

4.2.3 3D printing parameters

To ensure consistent quality and printing reliability, Markforged printers restrict the use of non-
proprietary materials and limit the possibility of modifying printing parameters. For this
purpose, each print job begins with a material verification routine. As the R material has
undergone milling and two heating cycles, it may differ sufficiently from the virgin (V) filament
that either the printing quality cannot be guaranteed, or the initial control routine prevents the
job from starting. In addition, Markforged printers enforce a fixed 45° raster angle for 100%
infill parts, making it impossible to characterize Onyx in both the longitudinal and transverse
directions. For these reasons, a different printer had to be employed for both materials, using
identical printing parameters, to allow a complete characterization without processing-related

bias.

In this work, the selected printer was an Anet A8 Plus (Anet Technology Co., Shenzhen,
Guangdong, China), equipped with a 0.6 mm nozzle. To ensure stable conditions and reliable
specimen fabrication, the printer was housed inside a custom-built enclosure. Printing was
managed using Ultimaker Cura software, version 5.6.0, and the main parameters used for the
fabrication of rheological and mechanical specimens are summarized in Table 4.2. Adhesion
to the glass build plate was enhanced with an adhesive supplied by Thought 3D (Qormi, Malta),
while an 8-line brim was applied through the slicer settings. Prior to printing, both V and R
filaments were dried at 85 °C for 24 hours, and during printing, the spools were stored in a

passive dry box (Markforged, Waltham, Massachusetts, USA) containing silica salts.
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Table 4.2: V and R printing parameters

Parameter [unit] Value

First layer height [mm)] 0.2

Layer height [mm)] 0.3

Line width [mm] 0.4

External shells 0

Top and Bottom layers 0

Infill [%] 100

Infill pattern - Rheology Concentric
Infill pattern - Tensile Unidirectional

Infill raster angle - Tensile  0°, 90°, [£45°],s
Printing speed [mm/s] 30
Extrusion temperature [°C] 250

Plate temperature [°C] 70

4.2.4 Material characterization

Voids measurements

Porosity is calculated according to Eq.10, as reported in Section 3.3. Before testing, the density
of the rheological and tensile specimens (p;) was measured. The material, whether virgin or
recycled, is indicated by x. The reference density of the filament (pf) was assumed to be the

same for both materials, equal to 1.2 g/cm?, in agreement with the material datasheet.

Tensile characterization

Tensile tests were carried out for both materials in accordance with the procedures detailed in
Section 3.7.1 and in line with the ASTM D3039 and ASTM D3518 standards, in order to achieve
a comprehensive characterization of the in-plane properties [79], [80]. The first one is used to
measure longitudinal and transverse properties, by printing specimens at 0° and 90° raster
angle. The second standard is used for measuring the shear stress-strain response and
properties through specimens printed with £45° raster angle. As reported in Section 3.2.1, §; 1

is obtained through Eq.9 by setting g, equals to 0{,*50, which is twice ty.

For both cases, the samples are rectangular in shape, 110 mm long, 15 mm wide and 2.3 mm
thick. The tests were performed on three samples per raster angle (0°, 90°, £45°), for a total of
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nine samples per material. For all specimens, Digital Imaging Correlation (DIC) was used to

measure both longitudinal and transverse strain, as an average value over the analyzed area.

Finally, after characterizing the materials, the anisotropy of the in-plane stiffness properties

was evaluated for both virgin and recycled materials, as proposed in Section 3.2.1.

Microscopy analysis

Fracture surfaces and morphological observations of the longitudinal and transverse cross
sections of untested tensile specimens were analyzed to evaluate the printing quality and the
presence and spatial distribution of the voids. The transversal polished cross section is

obtained from the 0° sample, while the longitudinal cross section is taken from the 90° sample.

The samples were embedded and prepared before being analyzed under a stereomicroscope.

Section 3.7.5 outlines the equipment specifications and preparation procedure.

Rheological tests

Rheological characterization was performed in dynamic oscillation and strain-controlled
mode, both for V and R materials. The specimens are in the shape of a disc, 25 mm in diameter
and 2 mm thick. Prior to testing, a void content of less than 10% was verified so that the
accuracy of the measurements was ensured.

Three types of rheological experiments were done: strain, frequency and time sweeps, all
performed at two different temperatures, i.e., 200 and 215 °C. Rheological analysis techniques

and the instrumentation used are reported in detail in Section 3.7.4.

Thermal analysis
Both virgin and recycled Onyx were analyzed through DSC and TGA analysis. The latter was

performed to evaluate the fiber mass fraction. DSC was used to determine the crystalline
fraction (y.) and characteristic temperatures, such as the glass transition temperature T, and
the melting temperature T,,,. Equation 11 was used to calculate the crystalline fraction, setting
AH,,, equal to 230 J/g [95]. An isothermal DSC analysis was also performed on V and R
materials. Both tests were carried in nitrogen atmosphere. The samples were heated up quickly

(about 1 minute) to 200 °C and the temperature was subsequently maintained for 30 minutes.
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Measurements were carried out on 10-15 mg of material derived from 3D printed samples, and
three analyses were performed for both V and R materials. By doing so, it is possible to examine
the material in its post-printing state, that is, in the same conditions at which it will be
mechanically tested. The instrumentation and procedure for thermal analysis are detailed in

Section 3.7.3.

4.3 Results and discussion

4.3.1 Thermal characterization results

Based on TGA analysis, the material exhibits a residual mass of 14.3 + 2.1 % at 900 °C (Fig. 4.2),
with the major weight decrease occurring between 380 and 450 °C. The remaining mass is
attributed to the presence of carbon fibers, in good accordance with both the manufacturer’s
specifications and previously reported data in the literature[96]. A slight mass loss (<5%) is also
observed in the 80-150 °C interval, which can be ascribed to the evaporation of absorbed

moisture.

After the recycling process, no changes were made to the composition of the material (e.g.,
blend). For ease of visualization, only the curve for the virgin material is shown in Fig. 4.2,

because the curves obtained from TGA for virgin and recycled Onyx are identical.
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Figure 4.2: Representative TGA plot for V
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Representative DSC curves for both V and R are shown in Figure 4.3. The areas under the
cooling and melting peaks are consistently larger for V compared to R, suggesting a higher
crystalline fraction in the former. In the first heating cycle (Fig. 4.3a), both materials exhibit two
peaks: the first appears around 120 °C for R and at approximately 140 °C for V, attributable to
low-order crystalline fractions generated by rapid cooling and subsequent ageing. The main
melting peak occurs between 190 °C and 210 °C for both materials, although for R it is slightly
shifted toward higher temperatures. This tendency is also evident in the cooling curves (Fig.
4.3b), where the crystallization peak of R is clearly displaced to higher temperatures compared
to V. Moreover, the peak shapes are distinct: Ris characterized by a wider and lower peak, while
V exhibits a sharper and higher one. This phenomenon is most likely linked to degradation
phenomena occurring during recycling, which lead to a broader molecular weight distribution.
The presence of shorter polymer chains increases molecular mobility[97], [98], thus enhancing
the crystallization kinetics of R. As a result, crystallization in R starts earlier and proceeds over
a broader temperature interval. Similar effects of recycling-induced degradation on this

material have also been documented in [99].

During the second heating cycle (Fig. 4.3c), the secondary peaks at lower temperatures are no
longer observed, and the most notable difference lies in the morphology of the main melting
peaks. The V sample shows two distinct cusps, associated with the a- and y- crystalline phases
of polyamides[99], [100], [101], whereas the R sample presents only a single cusp, positioned
close to the second cusp of V. In addition to the disappearance of the secondary peaks,
comparison of the first and second heating reveals a decrease in the intensity of the main
melting peak, which is more pronounced for V. Meanwhile, the peak profile of R remains

substantially unchanged.
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Figure 4.3: DSC thermograms of V and R, for a) first heating, b) cooling and c) second heating

The characteristic temperatures and crystalline fractions obtained from DSC analysis are
reported in Tab. 4.3 for both materials, quantitatively confirming the qualitative trends shown
in Fig. 4.3. The melting temperatures in the two heating cycles are identical, whereas the
crystallization peaks differ by approximately 7 °C. Overall, V exhibits a slightly higher crystalline
fraction compared to R. When comparing the first and second heating cycles, the crystallinity
of Rremains constant (around 16%), while in V a small decrease is observed (from 22% to 19%).

This slight reduction can be attributed to the filament manufacturing process, where cooling

and stretching occur immediately after extrusion.

Table 4.3: Thermal characterization from DSC

Vv R
DSC Peak Temp. Xc Peak Temp. Xc
phases [°C] [%] [°C] [%]
1°Heating  199.9 (1.5) 22.4(1.8) 201.0(1.0) 16.3(0.3)
Cooling 162.6 (0.4) 21.2(1.8) 169.5 (0.3) 15.5(2.2)
2°Heating 194.8 (0.2) 201.0(0.6) 19.0(0.2) 199.6 (0.8) 16.4(0.8)
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4.3.2 Rheological results

The strain sweep tests ensured that a strain of 1% was sufficient for remaining within the LVR
and this value was used for performing all the other rheological measurements. Fig. 4.4 shows
the curves obtained from the frequency sweep tests, at 200 °C and 215 °C. For both materials,
the trend of complex viscosity n* is given as a function of frequency w. At low frequencies, part
of the Newtonian plateau can be seen, exceptforRat215°C. The n* curve for R lies below that
for V at both temperatures. This drop in viscosity is related to the decrease in molecular weight

due to material degradation, which confirms the DSC observations [100], [102], [103].

This is consistent with the work of Ding et al. [89], who performed a quantitative analysis of
matrix degradation using Gel Permeation Chromatography (GPC). In the GPC experiment,
molecules are separated according to their respective molecular weight. The smaller the
molecule, the longer it stays in the column, so small molecules are eluted from the column
later. The authors found that the elution time of PA6 in virgin Onyx was shorter than in recycled
Onyx. This suggests that the thermal processes that are involved as a consequence of the
recycling process result in the pyrolysis of the PA6 matrix's molecular chain, producing shorter
molecules. Thisis related to degradation of the PA6 matrix. At the same time, shorter molecular

chains mean that the resin has better fluidity and lower melt viscosity.
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Figure 4.4: Complex viscosity as a function of frequency for Vand R at a) 200 °C and b) 215 °C
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The degradation of R is also evident from the plots of G' and G" versus w, when compared to
those of V (Fig. 4.5). As the trends are similar at both temperatures, only the curves at 200 °C
are shown. For R, the slopes of the curves indicate that the crossover point between G’ and G”
occurs at higher frequencies, reflecting a reduction in the relaxation time of the polymer chains
(i.e., the chains relax more rapidly), which further confirms the degradation of R. Across the
entire analyzed frequency range, both materials exhibit fluid-like behavior (G" > G'), with both

moduli increasing as frequency rises.
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Figure 4.5: G'and G' as a function of w at 200 °C for a) V and b) for R

The thermal stability of the materials was assessed using a time sweep test at a frequency of 1
rad/s over a total duration of 900 seconds. Fig. 4.6 illustrates the evolution of G* throughout the
test. For both materials, the curves at 215 °C lie below those at 200 °C. In the case of V, the G*
curve at 200 °C shows a slightincrease, whereas at 215 °C the material becomes unstable after
approximately 600 seconds (Fig. 4.6a). For R, stability at 215 °C is maintained for about 400

seconds (Fig. 4.6b), while at 200 °C G * rises sharply.
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Figure 4.6: G*as a function of time at 200 °C and 215 °C fora) Vand b) R
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To further investigate this trend, the time-dependent behavior of G’ and G" at 200 °C was
analyzed for both materials (Fig. 4.7). For V, the material remains stable throughout the test
period (Fig. 4.7a), with G' remaining essentially constant and G" showing only a slight increase.
In contrast, both G’ and G" of R increase over time (Fig. 4.7b), with the slope of G’ being
considerably steeper than that of G". This suggests that the pronounced rise in G* observed in
Figure 4.6 is primarily due to an increase in the storage modulus, consistent with an increase

in solid-state behavior for R
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Figure 4.7: G'and G'" as a function of time at 200 °C fora) Vand b) R

In order to explain this behavior, the isothermal DSC scan at 200°C was performed on both
materials (Fig. 4.8). It can be seen that in the same time frame as observed in Fig. 4.6 the R
material undergoes an endothermic transformation, which is not compatible with
crystallization. As a consequence, the sharp increase inthe G* curve at 200°C is most probably
due to a degradation process, which induces cross-linking of the material. Indeed, polyamides
degradation is quite a complex phenomenon [104], [105], which may evolve either towards
chain scission or towards branching and cross-linking, depending on various environmental
factors [106], [107]. In particular, it has been found that at relatively lower temperatures
degradation is mostly by cross-linking, while at higher temperatures chain scission seems to
be the main result [107]. Notice anyway that degradation occurs mostly on the R material,
rather than V, due to the higher presence of —NH, chain ends in R, consequence of its first
degradation occurring during previous recycling. The presence of these chain ends is the key
intermediate step that leads to branching and subsequent cross-linking of the polymer chains
according to [108], [109].
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Figure 4.8: Isothermal DSC thermograms of V and R materials

4.3.3 Voids and stereomicroscope analysis

The void content was determined using Eq. 10 (Section 3.3.), with the corresponding values
reported in Tab. 4.4. The results are presented as a function of the raster angle of the
specimens, given that this parameter often influences void formation [72]. In the present study,
however, the void content remains around 5% for all samples, except for V at 0°. Al
measurements show low standard deviations, reflecting good printing quality and process
reproducibility. The slight reduction in void content for R is likely related to its lower viscosity,

which facilitates the filling of voids during printing.

Table 4.4: Voids percentage, values in parenthesis represent standard deviation

Material \Y R
Raster angle | 0° 90° +45° 0° 90° +45°
v [%] 6.7(0.9) 5.0(0.9) 5.8 (0.8) 4.6 (0.8) 4.3(0.4) 4.7 (0.2)
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The polished transversal cross sections observed at the stereomicroscope are shown in Fig. 4.9
for the V (Fig. 4.9a) and R (Fig. 4.9b) materials. The presence and spatial distribution of
porosities are visualized clearly. In both cases, a homogeneous distribution of roughly triangle
shaped voids is observed in the contact areas between subsequent deposited lines, which is
typical for material extrusion-based 3D printing. The voids of V (Fig.4.9a) are larger than those
seen for R (Fig.4.9b). In addition, the typical elliptical shape can be observed for V (Fig. 4.9a),
while R (Fig. 4.9b) shows a more compact and squared shape. As a consequence, R seems to

better fill the available room, spreading more evenly.

Interestingly, each deposited line of both materials is characterized by about the same height,
which is reasonable as this is one of the superimposed processing parameters. The main
differences between V and R are related to the general shape and the size of the line base (B),
which can be inferred from the straight line connecting two adjacent voids (Fig. 4.9). At least 20
line bases were observed at the microscope, and a base length equal to 0.47 £ 0.05 mm was
measured for V while 0.59 * 0.03 mm was obtained for R. These observations are generally

consistent with the void percentages reported in Tab. 4.4.

B B

Figure 4.9: Representative transversal cross sections for a) V and b) R, where B is the base of the deposited line
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Additionalinformation can be obtained from the polished cross sections of 90° samples of both
materials (Fig. 4.10), examined at the side edge. In the case of V (Fig. 4.10a) the adjacent layers
are characterized by a rounded end, while the R material (Fig. 4.10b) has a squared shape.
Furthermore, it can be seen that the layers of V are self-supporting (Fig. 4.10a), while those of
R tend to lean downward (Fig. 4.10b). This behavior is in line with the lower viscosity of R found

in the rheological analyses (Fig.4.4).

B , 27 TR i

Figure 4.10: Representative cross section of 90° samples fora) Vand b) R

4.3.4 Mechanical characterization

Representative stress—strain curves, for Vand R, are compared in Fig. 4.11a for the longitudinal
and transverse directions, and in Fig. 4.11b for shear properties. Both materials exhibit elasto-
plastic behavior in all orientations. As expected, longitudinal properties are higher than
transverse ones for both materials. The longitudinal curves of V and R coincide in the initial
linear elastic region (Fig. 4.11a). The 90° curve of R shows a steeper initial slope compared to
V, indicating greater transverse stiffness (Fig. 4.11a). A moderate increase in yield strength is
also observed for R, although it is less pronounced than the stiffness enhancement. A similar
trend is seen in Fig. 4.11b, where R displays superior shear properties relative to V, in terms of
both stiffness and yield strength. The most notable difference is that R is significantly more
brittle than V. This embrittlement is clearly associated with degradation caused by the recycling

process, as discussed in Sections 4.3.1 and 4.3.2. It is particularly evident in transverse and
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shear specimens, where the matrix contribution to the composite’s mechanical performance
is more significant.
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Figure 4.11: Comparison of representative curves of V and R for a) longitudinal and transverse characterization and b) shear
characterization

The notable reduction in strain at break is quantitatively confirmed by the values reported in

Tab. 4.5, which summarize the results from longitudinal, transverse, and shear testing.

Once S; (=6¢°) and Sy (=0y") are known from the longitudinal and transverse samples, the Tsai-
Hill criterion is used to calculate S;r. Its values are 5.18(0.28) MPa and 7.11(0.69) MPa,
respectively for virgin and recycled material. From examination of the fracture surface
(Fig.4.12), itis clear that there was no delamination of the layers for either material. Therefore,

the use of this criterion is correct, as described in Section 3.2.2.
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Figure 4.12:Fracture surface of *45°samples for a) Vand b) R

Regarding stiffness, E; remains unchanged between V and R, as the fibers predominantly
govern the composite’s mechanical response in the longitudinal direction. By contrast, at 90°
and *45° orientations the matrix plays a larger role: E, and G, increase by 40% and 25% ,
respectively, from V to R. A similar trend is observed for yield strength. Overall, these results

indicate that R generally exhibits higher mechanical properties than V.

The recycling process has an impact on mechanical and rheological properties. The main
factors are the degradation of the thermoplastic matrix and the reduction in fiber length. The
main effect is indeed due to matrix degradation in terms of molecular weight decrease, rather
than shortening of the reinforcement fibers. The main reason is as follows. In the longitudinal
direction, both E; and ¢’ remained unchanged for recycled Onyx, but the material became
more brittle, with lower deformation at break (£0;). Therefore, it is reasonable to assume that
the main difference with respect to the virgin material is that the thermoplastic matrix has
degraded as a result of the recycling process, while the fibers have not been affected in a
significant way. The significantly lower values of both £ and y,,, for recycled Onyx confirm
the greater role of matrix degradation than that of reinforcement fibers. For fiber shortening to
produce a very significant effect, fiber length should have been reduced below the critical
length, and this would have had consequences on the longitudinal properties of stiffness and

strength, which seem to remain unchanged.
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Table 4.5:Stiffness, yield strength and ultimate strain results from tensile tests, values in parentheses represent standard

Mechanical property Vv R
E;[GPa] 3.68 (0.06) 3.83(0.06)
E,[GPa] 1.64(0.15) 2.27(0.03)
Vip 0.40 (0.02) 0.33(0.03)
G1,[GPa] 0.60 (0.04) 0.74 (0.04)
oy [MPa] 43.70 (0.45) 42.72(1.12)
oy%" [MPa] 27.56 (1.79) 32.21(0.94)
7y [MPa] 12.62 (0.48) 15.19 (0.76)
ey [mm/mm] 0.14(0.02) 0.09 (0.02)
ey [mm/mm] 0.15(0.02) 0.05 (0.01)
Y [mm/mm] 0.29 (0.05) 0.16 (0.02)

This behaviouris well documented in scientific literature and has been reported in many papers
[89], [90], [91], [93]. The most striking feature is that the recycled material in filament form is
often weaker than virgin material [88], [90], due to the partial degradation of the recycled
material. Nevertheless, the mechanical properties of the recycled material exceed those of the
virgin material when it is printed. This phenomenon was first observed by Ding et al.[89], who
attributed it to improved impregnation of the carbon fibres by the PA matrix. Lohr et al.[90] and
Vidakis et al.[91] noticed the same behavior and justified it based on a plasticization-like effect,
while Bandinelli et al.[93] ascribed it to better wettability and a reduction in voids. Interestingly,
the last paper shows that this effect is more pronounced in tubular specimens (i.e. in the
transverse direction) than in the longitudinal direction. This is exactly what was found in the
present study. This suggests that this effect must be explained in terms of matrix mechanical

behavior.

In fact, void content alone cannot explain the observed phenomenon. The main void
percentage reduction when going from V to R (about 35%) occurs in the longitudinal direction,
where fiber mechanical behavior is dominant. Therefore, the reason for the increase in
transverse and shear properties from V to R must be sought elsewhere. Matrix crystallinity may
be a suitable explanation because lower molecular weight generally induces higher crystallinity

for kinetic reasons. However, this hypothesis is also not convincing since, in the present case,
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the crystallinity percentage is low and similar for V and R (Table 4.3), even though more rapid

crystallization kinetics were also observed here.

The most likely explanationis shown in Fig. 4.13, which illustrates the transverse cross sections
of V (Fig. 4.13a) and R (Fig. 4.13b). Low molecular weight results in lower viscosity (see Fig. 4.4a
and Fig. 4.4b), and with the same printing parameters, the R material is more fluid.
Consequently, the deposited 3D-printed lines spread better on the previously deposited
material. This is consistent with observations from stereomicroscope surface analysis (Fig. 4.9
and 4.10), which show that R is more compact and has larger contact surfaces. This can be
seen in both the interlayer areas (i.e. between one layer and the next, the red areas in Fig. 4.13)
and the intralayer areas (i.e. between one deposited line and the next, the green areas in Fig.

4.13).

Furthermore, when new molten material is extruded, it encounters the material that has
already been deposited, in both the adjacent lines and on the previous layer. This material then
undergoes a temperature increase, leading to partial remelting [110]. Molecular diffusion then
occurs in this state, and once cooled, welding is achieved. The strength of both the interlayer
and the intralayer adhesion are closely related to weld strength [111], [112], which in turn is
closely related to molecular diffusion at the interface [113], [114], [115]. This is enhanced by

the lower molecular weight of R, which favours self-diffusivity.

In fact, it is well known from the literature that the chain self-diffusion coefficient in an
entangled polymer melt generally increases with the decrease of molecular weight. This is a
fundamental result of reptation theory, which predicts that self-diffusion is inversely
proportional to the square of the average molecular weight[116], [117]. Recent studies tackled
this issue from an experimental [118], [119] and humerical point of view [120], [121], [122], and
a dependence with slightly different exponent is normally found, yet it is well understood that
polymer chains of low molecular weight self-diffuse faster. Moreover, self-diffusivity is also
enhanced by the mainly amorphous nature of the matrix material, as crystallinity does not

exceed 20%, thus making it more prone to the diffusion of smaller molecules.
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Figure 4.13: Adhesion zones and voids distribution in a) V and b) R FDM cross section

The behavior described so far is confirmed by the fracture surface obtained from the samples
at 90° (Fig.4.14). In the case of V (Fig. 4.14a), a ductile fracture can be observed, and the
successive layers are clearly visible. In contrast, R (Fig. 4.14b) exhibits a brittle fracture, with a

more compact section and layering that is less distinct than in V.

(b)

R e e R T 2 AT
T L e

Figure 4.14: Fracture surface from 90° sample for a) Vand b) R
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Stiffness anisotropy

The results of the tensile tests revealed a narrowing of the gap between the longitudinal and

transverse properties when moving from virgin to recycled materials. Therefore, the latter

tends to behave more isotropically. The anisotropy of the in-plane stiffness properties for the

tested materials can be analyzed and quantified as reported in Section 3.2.1. Once E4, E,, G4,,

V12 are known, the anisotropic behavior can be evaluated graphically and qualitatively from the
U, Us

generalized Mohr’s circles (Fig. 4.15), and quantitatively from the ratios T and its
1 1

constituents(Tab. 4.6).

Looking at R, the distance between the centers increases while the radii decrease slightly with
respect to V. Both factors are linked to an increase in the isotropy of the material: the greater
separation of the circles means that the isotropic component (U;) increases, while the

decrease in the radii is linked to a decrease in the orthotropic components (U,, Us).

This behavior is also confirmed by the fact that both anisotropic ratios for the R material

Us

decrease compared to the V material. The ratio — does not decrease much while the most

1

marked decrease canbe seenin % Therefore, anisotropy is primarily affected by the difference
1

between longitudinal and transverse properties rather than shear properties. Nevertheless, the
lower degree of anisotropy of R with respect to V is due to the reduced difference between

longitudinal and transverse properties.
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Figure 4.15: Comparison of generalized Mohr circles referred to Vand R

Table 4.6: Orthotropic fractions for the analyzed materials

Printed materials

Ratio V R
U,
— 0.42 0.28
Uy
Us
— 0.10 0.08
Uy

4.4 Conclusions and future developments

The work reported in this chapter investigated the mechanical recycling of FDM 3D-printed
short carbon fiber-reinforced polyamide, focusing on the feasibility of grinding the material and
producing a filament suitable for further 3D printing. The topic is highly relevant due to its
implications for eco-sustainability and circular economy. The virgin (V) and recycled (R)

materials were compared in terms of their thermal, rheological, and tensile mechanical
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properties. Rheological analysis clearly indicated that grinding and remelting the material led

to a decrease in molecular weight, as evidenced by a signhificant reduction in complex viscosity.

Unexpectedly, the transverse strength and stiffness of R-printed parts did not reflect this
reduction in molecular weight. This behavior cannot be attributed to an increase in material
crystallinity or a reduction in void content. Additionally, fiber orientation is unlikely to play a

major role, since longitudinal properties are nearly identical forV and R.

The most plausible explanation is related to an increase in the interlayer and intralayer contact
areas and adhesion during printing. The lower molecular weight of R enhances polymer self-
diffusivity, promoting improved interlayer and intralayer welding, which in turn positively affects
the mechanical properties. This effect is more pronounced in transverse and shear directions
than in the longitudinal one, as welds are primarily loaded in these orientations. Therefore, the
material's behavior becomes more isotropic because its transverse and shear properties
increase, while its longitudinal properties remain almost unchanged. These findings highlight
an important consideration: in 3D printing, whether the feedstock is virgin or recycled, the
molecular weight distribution of the polymer plays a critical role. In particular, the presence of
an appropriate fraction of low-molecular-weight chains is essential because it enhances self-
diffusion within the material. This, in turn, facilitates more effective intra- and inter-layer
bonding between the newly deposited molten material and the previously deposited one.
Consequently, this improves the strength of the welds generated and subsequently the

structural integrity and mechanical performance of the printed part.

After completing the first reprocessing cycle, an attempt was made to carry out a second round
of recycling and printing. Unfortunately, it was not possible to produce a filament within
tolerance and with a quality suitable for FDM technology. It is expected that multiple
reprocessing cycles would reduce the molecular weight further, resulting in a material with

such a low viscosity that it cannot hold itself in the winding phase after extrusion.

There are many interesting future developments related to this work. For example, the
transition to pellet-based 3D printing technology, which would eliminate the thermal step of
filament extrusion and could make the material processable in multiple steps. Alternatively, if
continuing with filament technology, countermeasures must be taken, such as blending with

virgin material or incorporating suitable toughening agents.
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This project was created with the aim of increasing sustainability by making use of technical,
high-quality waste materials specifically developed forindustrial applications. A further idea is
to investigate other types of materials suitable for FDM. These materials could include different

fibers and matrices and would still be appropriate for structural.
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5. Mechanical characterization and anisotropy evaluation of 3D printed
continuous basalt fiber composites

5.1 Introduction

To further improve the mechanical performance of additively manufactured components
beyond the levels achievable with short fiber-reinforced thermoplastics, as described in
Section 1.2.4, severaltechniques enable the 3D printing of continuous fibers as reinforcement.
These systems represent a significant technological advancement because they combine the
design flexibility inherent to additive manufacturing with the superior stiffness, strength, and
fatigue resistance characteristic of continuous fiber composites. This unique synergy opens up
new possibilities for lightweight structural applications, particularly in sectors such as

aerospace and automotive, where high strength-to-weight ratios are essential.

The most widely studied and commercially available continuous reinforcement fibers are
carbon, glass and Kevlar. Their properties and characteristics are discussed and compared in
detail in Section 1.3.2 and related subsections. The environmental impact of such fibers is
quite relevant due to their synthetic nature; therefore reinforcement fibers of natural origin are
increasingly studied and also employed in various industrial applications, due to their

attractive eco-sustainability [38].

Continuous basalt fibers (CBF) are an interesting type of natural fiber that is already
commercially available in filament form, making them suitable for 3D printing technologies.
Basaltis of mineral origin and is proposed as a more eco-friendly alternative to the more widely
used synthetic fibers. Its properties have been included in Section 1.3.2.2, which deals with

natural continuous fibers and their characteristics.

To the best of the author's knowledge, few studies in the literature address CBF-reinforced 3D-
printed composites using commercially available printers developed specifically for this
purpose. Specifically, the machine used for all works is an Anisoprint Composer, which uses
the out-of-nozzle technique, as discussed in Section 1.2.4. Qu et al. [123] tested a multi-cavity
structure realized with CBF and two different thermoplastic matrices were evaluated: PA12 and
PLA. Kong et al. [124] combined the use of continuous carbon fiber (CCF) to create mixed
structures reinforced with both carbon and basalt, using a thermoplastic PET matrix. In both
articles the composites were tested in tension and bending but only in the longitudinal
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direction, and a novel numerical model based on Peridynamics was proposed for the
simulation of the failure mode. The multi-cavity structures studied consist of a central part
made up of linear infill reinforced with continuous fiber, and an outer body made entirely of
thermoplastic (TP) material, consisting of the top and bottom layers and the outer shells (Fig.

5.1a).

Malik et al. [125] investigated the tensile and flexural properties of a composite made with a
PLA matrix reinforced with CBF with different fiber volume fractions (0%, 10%, 20%) and raster
angles (0°, 90°, £45°). Similar works were been carried out by the same authors with regard to
impactresistance and interlaminar shear strength[126], and the hydrothermal aging effects on
mechanical performance [127]. In both cases, to evaluate the different fiber volume fractions,
the number and sequence of layers containing fiber reinforcement and those containing only

TP were varied (Fig. 5.1b).

(a) (b)

<— Top TP layers

[ CBF reinforcement

= .:| :‘> CBF layers

=

= ] i

—

—

-— <—— Bottom TP layers
= |:| Outer body (TPF)

Figure 5.1: Representation of a) multi-cavity structure [123] and b) layered samples [124] reinforced with CBF

This chapter aims to characterize the in-plane stiffness and strength properties of a 3D-printed
composite made from continuous basalt fiber-reinforced PA12, produced using a commercial
out-of-nozzle printer. Its anisotropic behavior was then evaluated both qualitatively and
quantitatively. The results are compared with those obtained from the characterization of the

matrix alone: an unfilled PA12.

Compared to the work described in the previous chapter, a material with better mechanical
performance is used thanks to the continuous fiber. It is also more eco-friendly in terms of both
the matrix and the fiber. As described in Section 1.3.2.2, basalt fiber is clearly more sustainable

than carbon fiber. Similarly, as reported in Section 2.2.3, PA12 is preferable to PA6.
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Furthermore, unlike the literary works mentioned above [123], [124], [125], [126], [127], no
particular structures or printing configurations are tested here. The focus is on the complete
characterization of the in-plane properties for the continuous fiber-reinforced composite. This
enables to better understand its performance and to better assess its actual applicability in

industrial settings for structural components.

5.2 Materials and methods

5.2.1 Materials

The materials used in this paper are listed in Tab. 5.1 together with the information declared in
the technical data sheet. Both the thermoplastic matrix and the continuous reinforcement fiber
were purchased from Anisoprint Sarl (Luxembourg): the former filamentis an unfilled PA12 and
the latter is a continuous basalt fiber (CBF). The producer declares that such a fiber is coated

by a thermoset (TS) resin.

Table 5.1: Materials description from technical data sheets

Material Composition Fiber mass fraction = Diameter
[%] [mm]

Matrix PA12 - 1.75

CBF TS coated basalt fiber 65+ 75 0.28

5.2.2 3D printer

All specimens were printed using a Composer A3 by Anisoprint: a 3D printer based on out-of-
nozzle technique and with three inputs. The printhead is equipped with two different extruders
(Fig. 5.2): the left one is a standard bowden device with a 0.4 mm nozzle and receives an
ordinary thermoplastic filament TP; . This extruder works like a standard FDM machine with an
input for solid TP filament and an output for extruded material. The right one is input with the
continuous reinforcement fiber and another thermoplastic filament TP; that is molten within a
melting chamber and co-extruded with the fiber through a 0.8 mm nozzle. The two input

materials are joined together, resulting in a single output: the coextruded composite.
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Figure 5.2: Printhead of the Anisoprint Composer A3: a) picture and b) schematic representation

Going into more detail about the transition of the fiber in the composite extruder, on the right,
three distinct zones can be clearly identified (Fig. 5.3). In the cutting area, a circular blade,
driven by a servomotor, cuts the fiber when the reinforcement deposition is complete. This is
followed by a 30 mm addressing zone that leads to a 15 mm coextrusion chamber. From the
inletto the outlet of the co-extrusion head, the fiber is guided through channels with a diameter
of 1 mm. This ensures that once the fiber has been cut, printing can automatically resume

because the fiber is accurately guided toward the coextrusion chamber.

Fiber cutting

Fiber addressing

Fiber co-extrusion

Figure 5.3: Focus on the zones of the composite extruder

The slicing software used is the open version of Aura, which allows the management of the
various printing parameters in both extruders, such as printing speed, fiber-matrix ratio and

fiber orientation during the co-extrusion process. Aura makes it possible to completely fill a
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layer of fiber by depositing them with a specific raster angle to obtain a unidirectional lamina.
Alternatively, a reinforced infill can be created, where the specific pattern (triangles,
honeycomb...) consists of coextruded continuous fiber. In both cases, curved trajectories and
changes of direction are critical due to the stiffness of the continuous fiber. To overcome this
problem, the software adopts two different solutions simultaneously: different fiber feeding

techniques (Fig. 5.4) and path discretization (Fig. 5.5).

In straight sections, active feeding is used, where both the continuous fiber and the TP matrix
are fed into the chamber, by the action of both feeding motors (Fig. 5.4a). Passive feeding is
used near curved sections, where the fiber feeding motor is switched off and the TP matrix
motor is switched on (Fig. 5.4b). In doing so, the fiber is pulled by the movement of printhead

and the extrusion of the matrix simultaneously.

(a) (b)
(Fiber) (Plastic) (Fiber) (Plastic)
PUSH 1
PULL l
ACTIVE FEED PASSIVE FEED
(Straight sections) (Curved sections)

Figure 5.4: Different feeding strategy for a) straight and b) curved sections

Besides these different feeding techniques, to print the specific pattern of the fiber, Aura
discretizes the original trajectory to ensure that the fiber follows it as closely as possible (Fig.
5.5). Moreover, the printing speed is slowed down considerably near curved sections, so that

the fiberis broughtinto the required trajectory closely. The points at which a change in direction
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occur, resulting in the discretization of the trajectory, can induce weak points, poor aesthetics,

increased presence of voids and dimensional inaccuracy.

(a) (0°) (b) (90°) Fiber end
@_’/v
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cutting
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4
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)
]
l

(Original) (Discretized) (Original) (Discretized)

(Active feed) . . (Passive feed)

Figure 5.5: Original and discretized trajectories for a) 0° and b) 90° pattern

From the print preview of the discretized trajectory, it is also possible to evaluate how many
times and where the fiber is cut within the same layer. The slicer optimizes deposition in order
to cut as few times as possible, thus ensuring greater continuity in the deposition of the
continuous reinforcement fiber. Once the cut has been made (yellow dot in Fig.5.5), the printer
deposits the last 45 mm of fiber in passive feed mode. This final length is relative to the distance
from the cutting area to the exit of the coextrusion chamber (Fig.5.3). If multiple cuts are
required within the same layer due to the geometry of the part, the software will attempt to
complete the fiber deposition as close to the outer edge as possible. This also helps to ensure

as much continuity as possible of the fiber in the reinforced area of the sample.

5.2.3 Specimen preparation

The samples needed for testing the PA12 matrix alone were produced using the extruder on the
left, so the printer worked like a standard FDM machine. CBF reinforced PA12 specimens were
obtained by co-extrusion using the right extruder of the A3 Composer printer. The acronym
CBF,., which stands for CBF co-extruded composite, is used in this paper to refer to this
material. All specimens were printed using a single line skirt to purge and prepare the extruder
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before printing, without external shells, top or bottom layers. The bed was heated at 65 °C and
polyamide-based filament was dried at 80°C for 24 h and the spool was stored in a passive dry
box (Polymaker, China) containing silica salts during printing. To achieve a complete
characterization of the in-plane properties, the samples were printed in flat configuration and
different raster angles were considered (0°, 90°, [+45°],5). The main printing parameters are

listed in Tab. 5.2 for each material.

Table 5.2: Printing parameters of samples for the two materials

Characteristic PA12 CBF_,
Layer height [mm] 0.2 0.3

Line width [mm] 0.4 0.6
Extrusion temperature [°C] 250 250
Printing speed [mm/s] 40 30

Notice that while the matrix is an unfilled PA12, CBF,. is a composite reinforced with
continuous fiber. This peculiarity is well described in Fig.5.6. Fig. 5.7 shows the fiber orientation
for CBF,., for the three raster angle orientations. It is possible to observe fiber bending at the

edges, especially for 90° and +45°, related to the discretization of the trajectory.

(a) (b)
(PA12) (PA12) (CBFcc) CBF
d (fiber)
PA12
(matrix)
0000,
8838 cc0ococo 0'6'6'6 0000

Figure 5.6: Representative section of specimens for a) PA12 and b) CBFcc
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(b)

Figure 5.7: CBFcc fiber orientation at a) 0°, b) 90° and c) +45°

5.2.4 Material characterization

Tensile characterization

As in the previous chapter, tensile tests were carried out for both materials in accordance with
the procedures detailed in Section 3.2.2, in order to achieve complete characterization of the
in-plane properties. ASTM D3039 standard [79] is used to measure longitudinal and transverse
properties, by printing specimens at 0° and 90° raster angle. Shear properties are evaluated
through ASTM D3518 standard [80] and 10° off-axis tensile test [81], [82]. The former is used to
measure the shear modulus ( G;,) directly, via the shear stress-strain response of the material.
The latter is employed to evaluate only S; through Eq.9 (Section 3.2.1) by setting g, equals to

o¢+%". This value is then compared with that obtained using oy>".

For both cases, the samples are rectangular in shape, 200 mm long, 20 mm wide and 2.4 mm
thick. The tests were performed on three samples per raster angle (0°, 90°, 10°, £45°), for a total
of twelve samples per material. For all specimens, Digital Imaging Correlation (DIC) was used

to measure both longitudinal and transverse strain, as an average value over the analyzed area.

Finally, after characterizing the materials, the anisotropy of the in-plane stiffness properties

was evaluated for both virgin and recycled materials, as proposed in Section 3.2.1.

Voids measurements
Density was measured for the two starting filaments before printing prF,p{:Alz and for the
tensile rectangular specimens before testing pgrcc, Pra1z - Measurement techniques and the

instrumentation used are reported in detail in Section 3.3. The density of the co-extruded
composite prFCC is estimated using the rule of mixtures (ROM):
Plorce = PlorPesr + PharaGrarz 20)
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where ¢-gr and dpy1, are the volume fractions of the two materials, obtained by Aura during
the print preview, respectively.
Voids percentage of the specimens was evaluated according to Eq.10, as reported in Section

3.3.

Rheological tests

Rheological characterization was performed in dynamic oscillation and strain-controlled
mode, for the PA12 matrix. The specimens are in the shape of a disc, 25 mm in diameter and 2
mm thick. Prior to testing, a void content of less than 10% was verified so that the accuracy of
the measurements was ensured.

Three types of rheological experiments were done: strain, frequency and time sweeps, all
performed at 200 °C. Rheological analysis techniques and the instrumentation used are

reported in detail in Section 3.5.

Thermal analysis
PA12 and CBF filament were analyzed through DSC and TGA analysis. The latter was performed

to evaluate the fiber, or filler, mass fraction for both filaments. DSC was used to determine the
crystalline fraction (y.) and characteristic temperatures, such as the glass transition
temperature T, and the melting temperature T,,. Equation 11 was used to calculate the

crystalline fraction, setting 4H,,,, equal to 245 /g [128].

The instrumentation and procedure for thermal analysis are detailed in Section 3.4.

5.3 Results and discussion

5.3.1 Thermal characterization results
The thermal stability of the filaments and their mass loss as a function of temperature are

shown in the thermograms from non-isothermal TGA (Fig.5.8).
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Figure 5.8: TGA derivative curves for PA12 and CBF

The results obtained for both PA12 and CBF filament agree with the material datasheet as
reported by the producer (Tab 5.1). In particular, PA12 shows the onset of degradation at 435°C,
with 2.2% residual mass at the end of the test, which may indicate a small presence of mineral
fillers. CBF thermogram shows an onset of degradation around 358 °C and 84.2% residual mass
at 900°C. At around 350 °C the curve shows a 12% drop, as described also in [129], which is
referred to the degradation of the organic coating commonly used on structural basalt fibers.
Also, notice that the curve is flat up to 280 °C, thus it is this temperature that must not be
exceeded during co-extrusion to prevent fiber degradation.

Concerning DSC analyses, the thermograms are shown in Fig.5.9 for the two filaments.
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Figure 5.9: Thermograms of a) PA12 matrix and b) CBF filaments

Tab.5.3 summarizes characteristic temperatures and degree of crystallinity, which agree with

those found in [123], [124].
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Table 5.3: Characteristic temperatures and degree of crystallinity for the two filaments

PA12 CBF

Ty [°C] Tm [°Cl X [%] Tg [°C] T [°C]  Xc [%]

1° Heating 64.9 168.6 11.48 66.5 nd nd
2° Heating 67.9 166.6 1 76.5 nd nd

Glass transition temperature of PA12 agree with these for PA12. The melting peak is present
only in the first heating, while itis barely visible in the second heating. This shows a rather large
difference in crystallinity between first and second heating, which indicates that the
crystallinity observed was mainly induced by the stretching part of the filament manufacturing
process. On the other hand, crystallinity values are very low, which shows that the material is
essentially amorphous. This behavior renders this material ideal for 3D printing, as printing

amorphous materials limits warping and ensures good dimensional stability.

For the CBF filament, only the glass transition temperature of 76.5°C is observed, while the
melting temperature cannot be determined both in the first and second heating, indicating that

the resin used for the coating of the basalt fiber is amorphous.

5.3.2 Rheological results

The strain sweep tests ensured that a strain of 1% was sufficient for remaining within the LVR
and this value was used for performing the other two rheological measurements. Fig. 5.10a
shows the trend of complex viscosity n* is given as a function of frequency w. At low
frequencies, part of the Newtonian plateau can be seen with zero shear viscosity (n,) of around

5500 Pa-s.

The thermal stability of the materials was assessed using a time sweep test at a frequency of 1
rad/s over a total duration of 600 seconds. Figure 5.10b depicts the evolution of G* over time.
As the curve is flat, the material remains stable throughout the test period, which is longer than

the time that the TP matrix remains in the coextrusion chamber.
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Figure 5.10: Trend of a) complex viscosity as a function of frequency and b) complex modulus as a function of time

5.3.3 Density and voids measurements
Initially, the densities of the two starting filaments were measured, both for the TP matrix (p{:Alz)
and for the continuous basalt reinforcement fiber (prF). The density for the co-extruded

composite material (prFCC) was calculated following Eq.20 (Section 5.2.4), using the
volumetric fractions dp41,=0.66 and &= 0.34. The four density values are shownin Tab.5.4.
CBF density is higher than the TP matrix due to the presence of the basalt fiber, while CBF_,

density is intermediate due to the co-extrusion process.

Table 5.4: Densities for the two starting filaments, values in parentheses represent standard deviation, and that calculated for
the co-extruded composite

Filament density [g/cm?] Co-extruded density [g/cm?]
f f f
Ppai2 PcaF PcBFec
0.99 (0.002) 1.82(0.07) 1.28

These data allow the calculation of void percentage according to Eq. 10 (Section 3.3), and the
corresponding values are listed in Tab. 5.5. Itis important to note that void percentage is heavily
dependent on the raster angle of the specimens, therefore the results are presented also in

terms of this parameter.
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Void percentages are around 5% and, in some cases, even lower. For all samples there is a low
standard deviation, and this indicates good print quality and process repeatability. For each
material, the longitudinal configuration has lower voids percentage, and this is mainly due to
the lower number of direction changes during printing, as described in Fig.5.7. To achieve the
pattern at 90° and £45°, more changes of direction are required, resulting in a slight increase in
voids, and this is true especially for PA12. For CBF,., the highest percentage of voids is found in
samples at £45°, while at 90° is very low. This is due to the fact that to manufacture these
specimens it was necessary to reduce the z-offset during printing, which resulted in greater

compaction of the material and limited voids.

Table 5.5: %voids for all configurations, values in parentheses represent standard deviation

% Voids

Material 0° 90° 10° +45°

CFCPA  3.5(0.7) 5.2(0.2) 4.9(0.2) 5.6 (0.4)
CBF,, 1.4(0.2) 2.8(0.4) 3.72(0.8) 5.7(0.8)

CBF filament is made from continuous basalt fiber and TS coating. The basalt volume fraction
of the filament ¢z 45 can be evaluated from the following equations:

1 — qJBAS + 1- lPBAS
prF PBas Prs (21)

Plsr = Ppasbas + Prs(1 — baas) (22)

where Wp s is the basalt mass fraction equal to 0.842, evaluated from TGA analysis, pgas is the
density of raw basalt that from literature equals 3 g/cm?® [130] and prF is the density of the
basalt filament, which was calculated previously. The only unknowns are the density of the TS
coating, prs , and dgas, Which result 0.59 g/cm?® and 0.51, respectively. Taking this value into
account, the effective volume fraction of basalt fiber of CBF.. samples is finally 0.18, which

corresponds to a mass fraction of 0.41.
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5.3.4 Mechanical characterization
Representative stress-strain curves of the different configurations are provided in Fig. 5.11a for

PA12 and in Fig. 5.11b for CBF,..
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Figure 5.11: Stress-strain curves at different orientations for a) PA12 and b) CBFcc

Fig. 5.11a shows an elasto-plastic behavior, and the four curves overlap in the initial linear
elastic region, regardless of the printing orientation, therefore PA12 stiffness behavior can be
assumed isotropic. On the other hand, there is a slight difference in terms of yield stress, but
this is not enough to conclude that the material is anisotropic in terms of strength, therefore it
can be reasonably considered completely isotropic.

For CBF.. the development of the curves is completely different (Fig. 5.11b). 0° curve has
significantly higher stiffness and strength than other orientations. The behavior differs
significantly from the longitudinal direction at 10°, and this difference is even more pronounced
at 90° and £45°. Therefore, this material exhibits markedly anisotropic behavior. Furthermore,
the material is brittle in the longitudinal direction, but ductile in the other three directions.
Tab. 5.6 shows the four elastic constants required for stiffness characterization for the two
materials. Comparing the matrix (PA12) and the co-extruded composite (CBF_.), the latter has
higher mechanical properties, especially E; which increases by more than an order of
magnitude, while concerning E, and G;, there is only a slight increase. Indeed, in the 0°
configuration the fibers are placed in the same direction as the applied load. Thus, fibers are
the load bearing component of the composite. At 90° and +45° orientations, fibers have a less
favorable orientation, thus the behavior depends by a greater amount on the matrix. Poisson’s

ratio is about 0.45, for all materials.
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Table 5.6: Elastic properties for all materials, values in parentheses represent standard deviation

Material  E, [GPa] E, [GPa] Vi, Gy, [GPa]
PA12 1.11(0.05) 1.07 (0.03) 0.41(0.02) 0.35(0.05)
CBF,, 17.96 (0.67) 1.43 (0.03) 0.48 (0.06)  0.49(0.02)

From the tensile tests, the strength and ultimate strain values were also evaluated and are
shown in Tab. 5.7. The strength behavior has the same trend as the stiffness.

It can be seen that the S;r calculated using the two methods is of the same order of magnitude
for both materials. In the case of CBF,., there is a slight difference and the higher value
obtained from the +45° test is subject to greater variability (3.37 MPa over 15.63 MPa).
However, in the case of PA12, the values are practically the same.

The values for PA12 are about the same in the longitudinal and transverse direction. The shear
strength values, calculated at both 10° and +45°, are about half S; and S, in agreement with
the hypothesis of isotropy.

For CBF,., S, is approximately 20 times larger than S;+ and S;. The transverse strength for CBF,,
is lower than that of the matrix (PA12) and this is in agreement with the literature [76], since it’s
expected that for unidirectional composites fibers weaken the material in the transverse
direction. This does not appear in the case of shear strength obtained with ASTM D3518 but
notice that there is a considerably higher results dispersion for CBF,.. All these results are a
clear indication of a high degree of anisotropy of CBF_.. with respect to the isotropic matrix
(PA12), also in the case of strength.

As can be seen, CBF,. shows an approximately 30% decrease in Sy compared to the matrix
alone (PA12). Considering the low porosity (Table 5.5), it is reasonable to assume that there is
poor compatibility and interface between PA12 and the TS coating of the continuous basalt
fiber. For all stiffness and strength characteristics, a very low standard deviation of less than
5% from the average reference value can be observed, which indicates good printing quality

and process repeatability.
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Table 5.7: Strength properties for all materials, values in parentheses represent standard deviation

Material S, [MPa] St [MPa] SEIMPa]  SIY[MPa]

PA12 18.15 (1.14) 18.61 (1.88) 9.01(0.46)  8.52(0.35)
CBE,  222.27(11.87)  12.32(0.63) 15.63(3.37) 9.34(0.42)

Stiffness anisotropy

As described in Section 3.2.1 and in the previous chapter, once E;, E,, G5, V1, are known, the
anisotropic behavior can be evaluated graphically and qualitatively. The unfilled PA12 matrix
and continuous basalt fiber composite will be compared with virgin Onyx. The latter is a
compromise in terms of mechanical performance between the two materials in this chapter,
because itis polyamide-based but reinforced with short fibers.

Referring to the generalized Mohr's circles for PA12 (Fig.5.12a), the radii (U,, U3 ) are very small
compared to the distance between the centers (U;), meaning that the orthotropic components
are much smaller than the isotropic one. The two circles tend to collapse at one point. This
behavioris also confirmed quantitatively by both ratios, which are very close to zero, indicating
that the material is substantially isotropic.

Looking at the other two materials (Fig.5.12a), both the distance between the centers and the
radii increase with respect to PA12, denoting that the mechanical properties are higher.
Moreover, the proportion of the orthotropic components with respect to the isotropic one
increases from CFCPA to V-Onyx and even more to CBF,. (Tab. 5.8). This can be easily seen by
the size of the radii compared to the distance of the centers: for V-Onyx the circles are getting
closer, while they even intersect for CBF,..

This trend indicates that the behavior is increasingly anisotropic, with a stronger degree in the
case of CBF.. than V-Onyx, since both ratios increase by 35%.

In addition, both anisotropic ratios increase in comparison with PA12, to a larger extent in the

Up

case of CBF... For both the latter and V-Onyx, the major contribution is made by 5 80
1

anisotropy is mainly due to the difference between the longitudinal and transverse properties.
For completeness and in order to have a better understanding of the anisotropy estimate
through generalized Mohr circles, two other materials taken from the literature were compared

with CBF,.. (Fig.5.12b, Tab.5.8). The first one is a 3D printed composite reinforced with
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unidirectional continuous carbon fiber (CCF) [131] and the second one is an epoxy-based
composite reinforced with a [0°/90°] carbon fabric [132].

The circles of CCF are larger and more widely spaced than those of CBF,., because carbon
fibers are much stiffer than basalt. On the other hand, looking at the anisotropy ratios of CCF
and CBF,., the corresponding ones are basically identical and this shows that CCF is
anisotropic in the same way of CBF_.. The trend is the same as before when comparing V-Onyx
with CBF,., and again the left circle is smaller than the right circle.

The generalized Mohr circles of the fabric are completely different from the CBF,., as the two
circles are widely spaced, with respect to the size of the radii, and the left one is larger than

right one. The type of anisotropy is completely different because reinforcing fibers are present

in the longitudinal and transverse direction in equal amount. Since the ratio % is approximately
1

10 times of % anisotropy is mainly due to the shear properties.
1

a b
( ) — CBFcce ( ) Fabric
— V- Onyx — CCF

o
-

i S%

Figure 5.12: Comparison of generalized Mohr circles referred to CBFcc: a) with respect to PA12 and V-Onyx, b) with respect to
CCF [131] and fabric [132]
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Table 5.8: Orthotropic fractions for the five materials

Printed materials Literature references
Ratio PA12 V-Onyx CBEF,, CCF[131] Fabric [132]

U
2 0.02 0.42 1.10 1.15 0.02
Uy
U
U—3 0.02 0.10 0.26 0.27 0.24

1

5.4 Conclusions and future developments
In this chapter, two different materials were 3D printed with FFF technology and tested in
simple tension to obtain a complete characterization of the in-plane properties and an

evaluation of their anisotropy.

Alow percentage of voids was achieved for all materials, which was allowed by the good setting

of the 3D printer, and with a final effective volume fraction of basalt fiber of only 18% for CBF,..

For the co-extruded composite (CBF..), the use of continuous basalt fiber increases
longitudinal stiffness and strength by more than an order of magnitude compared to the matrix
(PA12). On the other hand, the transverse and shear properties are very low for CBF,. and

comparable to PA12. CBF,.. has a marked anisotropy, while the matrix shows isotropic behavior.

The anisotropic behavior of these 3D printed composites was also evaluated using the method
proposed in Section 3.2.1. Virgin Onyx was taken from the previous chapter for convenience as
a comparison, since it is a polyamide-based composite but reinforced with short fibers. The
increasing impact of the orthotropic component on the isotropic one can be observed moving
from an unfilled material to a short-fiber reinforced one and then to a material with continuous

fiber as reinforcement.

For CBF,., the longitudinal properties meet structural requirements, but the transverse and
shear properties are not completely satisfactory. The optimization of the fiber deposition
direction, as a function of the expected external loads, can be a possible strategy to make the

most out of the directionality of the material properties. Another possibility to increase
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transverse and shear properties can be to perform post-treatments [133], and this may also be

usefulin decreasing the voids percentage.

CBF,. is a 3D-printed structural composite that is more eco-friendly than the one analyzed in
the previous chapter, both in terms of matrix and fiber: basalt fiber is clearly more sustainable
than carbon fiber, and PA12 is preferable to PA6. Thus, a development in the direction of more
eco-friendly structural composites could involve using a more sustainable vegetable-based

matrix and fiber that are both compostable.
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6. Continuous vegetable fiber as reinforcement in 3D printing

6.1 Introduction

The application of natural materials to additive manufacturing (AM) opens a promising pathway
toward more sustainable and circular production practices. In recent years, increasing
attention has been devoted to the development of bio-based composites specifically tailored
for AM processes and structural applications. The usage of such materials aims not only to
maximize resource efficiency and minimize waste but also to substantially reduce the overall
carbon footprint compared to conventional petroleum-based polymers. In this context, the
combination of biobased matrices and continuous vegetable fibers enables the production of
3D-printed biocomposites. These systems effectively combine design flexibility, inherent to
AM, with the environmental and mechanical advantages of bio-based continuous
reinforcements, making them promising candidates for applications in fields ranging from

consumer goods to automotive and construction sectors.

The aim of this chapteris to provide a comprehensive overview of the various types of vegetable
fibers currently used or considered suitable for composite and additive manufacturing
applications. Particular attention will be devoted to their chemical composition,
microstructural characteristics, and physical-mechanical properties, such as tensile strength,
modulus, and thermal stability. Equally important will be the discussion of the inherent
drawbacks associated with these fibers, including variability in properties due to agricultural
and processing conditions, and issues of compatibility with polymeric matrices. Building on
this foundation, the chapter will then review the most relevant and up-to-date literature on 3D-
printed continuous fiber biocomposites. The goal is to map the current state of the artin terms

of materials, processing technologies and achievable performance.
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6.2 Vegetable fibers

Fibers of vegetable origin are composed of natural polymers: the most important ones are
cellulose, hemicellulose, pectin and lignin [134]. The weight percentages of the main

constituents of the different types of fibers are given in Table 6.1.

Table 6.1: Chemical composition of vegetable fibers

Constituents

Cellulose Hemicellulose Lignin Pectin Wax
Fiber

[wt%] [wt%] [wt%] [wt%] [wt%]
Flax 71 18.6-20.1 2.2 2.3 1.7
Hemp 70.2-74.4 17.9-22.4 3.7-5.7 0.9 0.8
Jute 61-71.5 13.6-20.4 12-13 0.2 0.5
Ramie  68.6-76.2 13.1-16.7 0.6-0.7 1.9 0.3

Cellulose, hemicellulose and lignin are the basic components, which determine the physical
properties of the fibers. Cellulose is the stiffest and strongest organic constituent in vegetable
fibers [135]. It is a common element and also the most abundant. It is important to note that
cellulose gives a hydrophilic nature to vegetable fibers, giving them the tendency to absorb
water and moisture. Hemicellulose is the second most abundant polymer in vegetable fibers,
and its mostimportant biologicalrole is to help strengthen the cell wall in synergy with cellulose
[136]. Lignin is an amorphous, three-dimensionally irregular and highly branched aromatic
polymer. The functions of lignin in the vegetable cell wall are to provide structural support and
to protect against chemical or biological attack [135]. In addition, the lignin content increases
significantly over the growth period [137]. Lignin has lower properties than cellulose and
together with pectin, it is the main component of the cell wall. Understanding these aspects is

essential to understand why vegetable fibers can have different properties.

In addition to the characteristics of the individual constituents, an understanding of their
distribution within the fiber structure is also important for a better comprehension of the
mechanical behavior of vegetable fibers (Fig.6.1). All vegetable fibers exhibit a hierarchical and

complex organization that includes a central lumen. Starting from the outermost layer and
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moving inwards, the primary wall is formed, followed by the secondary walls (S1, S2 and S3
layers). These layers determine the overall fiber structure. The fiber is not considered fully
formed untilthe central lumenis closed. The secondary walls are mainly composed of helically
arranged cellulose microfibrils bound together by a hemicellulose matrix, and the structure is
made rigid by the presence of lignin and pectin [138]. The amorphous parts of the wall are

mainly made of pectin and hemicellulose [139].
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Figure 6.1: The structure of a fiber cell
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The microfibril angle (8 or MFA) is the angle that microfibrils make with respect to the fibre axis,
and plays a critical role in determining the mechanical properties of vegetable fibers. Higher
tensile stiffness and strength are achieved with small angles of inclination of the microfibrils,
as the microfibrils are more aligned with the fiber axis. Conversely, a larger MFA results in
increased extensibility and reduced stiffness, as the load is distributed at an angle, allowing for
greater deformation under stress [138]. Moreover, smaller diameters and a high surface

area/volume ratio of the fibers increase the mechanical performance.

6.2 3D printed biocomposites: state of the art in literature
3D printing of biocomposites can be achieved using various techniques, and the most widely

studied fibers in the scientific literature are jute, ramie, flax and hemp [140], [141], [142], [143].

Continuous natural fiber-reinforced biocomposites fabricated through additive manufacturing

present notable advantages in terms of sustainability, performance, and design flexibility. The
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use of renewable, biodegradable fibers contributes to reducing environmental impact, while
maintaining a favorable strength-to-weight ratio. The combination of 3D printing technology
and biopolymers enables the creation of complex, customized geometries with high
mechanical performance thanks to continuous reinforcement. Furthermore, the lower
processing temperatures of biopolymers help to preserve fiber properties and reduce energy
consumption. These characteristics make continuous natural fiber biocomposites a promising
and sustainable alternative to conventional synthetic materials [142]. Despite their potential,
vegetable fiber-reinforced biocomposites in additive manufacturing still face several
challenges that hinder large-scale adoption, as also noted in Section 1.3.2.2. The intrinsic
variability of natural fibers is linked to a great variety of external factors such as cultivation,
harvesting, and extraction, and this often results in largely heterogeneous properties and
reduced reproducibility of printed parts. Their hydrophilic nature is the cause of their moisture
sensitivity, affecting both processing and long-term performance. Critical issues also arise in
fiberimpregnation and interfacial bonding. In fact, insufficient wetting limits stress transfer and
also the different chemical nature of vegetable fibers, which are hydrophilic, and common
polymers, which are mainly hydrophobic, determines a generally weak interface. Finally, the
relatively low thermal stability of many vegetable fibers restricts the choice of printable

matrices, as degradation may occur at temperatures above 200 °C [144], [145].

This section will summarize the current state of the art in the literature, focusing on the
materials involved, the tests performed, the printers and the techniques used. As almost all
authors carry out thermal, morphological and fracture surface analyses, this study will only
report and compare the mechanical tests performed in the various articles. The different 3D
printing methods are detailed in Section 1.2.4. For convenience, In-Situ Impregnation process,
PrePreg Filament technique and Out-Of-Nozzle method will be indicated with the acronyms ISI,
PPF and OON respectively. In addition, the fiber volume fraction (FVF) in the final composite,
the TEX value and the yarn diameter (@) will be reported for all analyzed biocomposites, where
indicated. It is important to note that the TEX value is a direct measurement of the fineness of
textile fibers. It is defined as the weight in grams of 1,000 meters of fiber or yarn; therefore, as

the TEX increases, so does the diameter of the filament.

As detailed in Section 1.2.4, it is important to note that the term 'PrePreg' is used incorrectly in

scientific literature related to the 3D printing of biocomposites. The filament enters in the 3D
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printer as a fully consolidated solid composite filament, while in the field of classic
composites, the term 'PrePreg' has a different definition. It strictly defines a semi-finished
product consisting of reinforcement fibers impregnated with a polymeric matrix, typically a
partially cured thermoset resin. By definition, this material requires a subsequent
consolidation cycle involving heat and pressure (e.g., autoclave curing) to achieve full

polymerization and final structural properties.

6.2.1 Flax fibers as continuous reinforcement

Flax is the most widely used natural fiber in 3D printed biocomposite, due to its excellent
balance of mechanical performance, industrial availability and environmental sustainability.
Its high cellulose content provides a good elastic modulus (typically between 27 and 85 GPa)
and tensile strength values ranging from several hundreds to over 1000 MPa, making it superior
to many other vegetable fibers. Thanks to its relatively low density (~1.5 g/cm3), flax exhibits a
high specific strength and stiffness, which is especially advantageous in sectors where
lightweight is particularly convenient, such as automotive, marine, and sporting goods. In
addition, flax cultivation is well established, particularly in Europe, ensuring a stable and
competitive supply chain [135], [146], [147]. Table 6.2 summarizes the main properties of 3D

printed biocomposites with continuous flax yarns found in the literature.

Most of the works reported in Table 6.2 employed PLA as a thermoplastic matrix, except for
Terekhina et al. [148] and Wang et al. [149], which uses PA6 and PE respectively. In addition,
Fruleux et al. [150] explores the usage of PolyButylene Succinate (PBS), PolyButylene Adipate
Terephthalate (PBAT) and PolyButylene Succinate Adipate (PBSA).
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Table 6.2: 3D printed biocomposites with continuous flax fiber in literature, the value in parentheses is the raster angle

Printing Technique ' Yarn 2 FVF [%] Mechanical characterization 2 Reference
32.6 T (0°, 90°, *45°) [150]
30.4 T (0°, 90°) [151]
26.4 T (0°) [152]
68 TEX, ® =0.5mm
26.4 T (0°, 90°, +45°) [153]
PPF 30.4 / [154]
32.6 / [155]
TEXN.D., ®=0.40 mm 16.0 T,B,C [156]
68 TEX, ® =0.5mm From 10 to 30 T,B [157]
TEXN.D., ® N.D. N.D. B (0°) [149]
67TEX, ®=0.3mm 55.1 (ISl), 44.1 (PPF) T(0°), B (0°) [158]
PRF 1S 500 TEX, ® = 0.77 mm 13.5 T (0°) [159]
67 TEX, ® =0.30 mm 25.3 T (0°), B (0°), EA (0°) [160]
TEXN.D., ® = 0.5 mm 24.4 T (0°), B (0°) [161]
26 TEX, @ =0.16 mm 15.0 T (0°, 90°, +45°) (148]
! 100 TEX, ® = 0.28 mm 2.5 B (0°) [162]
67 TEX, ® = 0.30 mm 38.0 / [163]
TEXN.D., & N.D. From 18.15t0 36.35 T(0°) [164]
OON 105 TEX, @ = 0.35 mm 21.0 T (0°, 90°, +45°) [165]

"1SI: In-Situ Impregnation, PPF: PrePreg Filament, OON: Out-Of-Nozzle. ? ® diameter, N.D.: not declared. * T: Tensile, C: Compression, B: Bending, EA:
Energy Absorption
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3D Printing techniques employed

All studies based on ISI and PPF techniques were developed using modified commercial 3-axis
cartesian or self-built printers. Only two published works incorporated 5-axis printers, which
introduced two degrees of rotation to the plate, enabling curved samples [157] or inclined

tubular structures[156] to be created.

ISI and PPF techniques are the most exploited, while Wu et al. [165] was the sole study to use
flax fiber with the OON technique, utilizing the Anisoprint Composer A4 printer. This printer is
based on co-extrusion and provides a constant FVF in the reinforcement areas. The other two
techniques (ISl and PPF) enable the volumetric fraction of materials to be managed. In the PPF
method, the volumetric fiber fraction is controlled during the pre-print filament preparation
phase by adjusting the co-extrusion ratio of fiber to matrix [25], [37], [53]. Conversely, for the ISI
technique, the main factor affecting the FVF is the nozzle diameter, which can be varied to
change the amount of matrix extruded for a given fiber diameter. Other important parameters

to consider with this technique are layer height and line width [52].

Tensile properties

The mechanical tests that are carried out are mainly tensile tests with the fibers deposited at
0°, i.e., parallel to the direction of load application, while only a few jobs print and study other

printing directions (90°, 45°) [148], [150], [151], [153], [165].

The FVF depends on the printing technique used, and having a higher FVF leads to higher
mechanical performance, thanks to the increased presence of reinforcing fibers. This can be
seen by analyzing the mechanical properties at 0° in relation to the respective FVFs of various
works in the literature (Fig.6.2): both Young's modulus E® (Fig.6.2a) and maximum stress at

break 0., (Fig.6.2b) decrease as FVF decreases.
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Figure 6.2: Comparison based on FVF for a) Young's modulus and b) maximum stress at break of samples at 0° tested in the
literature for flax reinforcement

When the fiber volume fraction in a composite becomes too high, mechanical properties can
actually decrease, as can be seen from Long et al. [158] with ISI| technique. The reasons are
multiple: first, excessive fiber content hampers matrix impregnation, giving rise to voids, pores,
and poor wetting. Second, load transfer from matrix to fiber becomes less efficient, especially
when the interface bonding is weak, or fibers are misaligned. Third, fiber-fiber interactions
(agglomeration, entanglement, waviness) increase defects and reduce uniform stress
distribution. Lastly, there are stress concentrators in zones with poor matrix presence, which
reduce tensile properties. Thus, there is an optimal fiber volume fraction, beyond which adding
more fibers does not help and often hurts mechanical performance [166], [167]. Conversely,
lower tensile properties are associated with a smaller FVF. Terekhina et al. [148] used a PA6 as
matrix with very low mechanical properties (E=0.7 GPa, g,,,,,=34 MPa) and a very thin flax fiber
with below-average performance (E=24 GPa, g,,,,=377 MPa). Therefore, the values shown in
Figure 6.2 are due to the combination of the low mechanical properties of the base materials
with the volumetric fraction of reinforcement at 15%.Instead, Dos Santos et al. [159] produced
the biocomposite on a large scale. They did this by printing with a nozzle diameter of

approximately 3 mm, combining the PPF and ISl techniques, thereby achieving a low FVF.
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Other types of characterization and testing

Fruleux et al. [155] investigated the geometric limitations related to 3D printing with continuous
flax fiber, such as the minimum diameter required for tubular structures and the optimal radius
for corners. Several studies have focused on specific aspects of 4D printing. Time is considered
the fourth dimension because, unlike 3D printing, which produces static objects, 4D printing
produces objects that can dynamically change shape and/or properties over time when
exposed to external stimuli such as heat, humidity, light, magnetic fields and pH changes. With
regard to that, Fruleux et al.[150] and de Kergariou et al.[154] characterized the hydro-
expansion properties that underlie 4D printing. Le Duigou et al. [152], Wangetal.[149]and Long
et al. [163] explored the effect of the printing parameters on the mechanical performance of
the 3D printed biocomposite. The most interesting results are that a reduction in the layer
height leads to lower porosity and higher strength, and a low printing speed is recommended

to promote adhesion between lines and thus overall mechanical performance.

6.2.2 Ramie fibers as continuous reinforcement

The second most widely employed and studied fiber is ramie, also known as chinese nettle.
This type of fiber is gaining attention among natural fibers due to its notable mechanical
properties, relatively low density, and environmental benefits. With a high cellulose and very
low lignin content, ramie exhibits excellent tensile strength (*220-938 MPa) and Young’s
modulus (*#44-128 GPa). Its density (~1.5 g/cm3) results in a favorable specific strength and
stiffness, making it suitable for lightweight and strong applications. Today, China is the world's
leading producer of ramie, followed by Japan and other far eastern countries. This crop has a
low environmental impact and a rapid growth cycle, which has contributed to its rapid market
expansion. To date, the main challenge is the process of extracting ramie fiber, which is energy
and chemical-intensive, affecting the overall sustainability of the fiber [168], [169]. The main

works focusing on ramie fiber are described in Table 6.3.

Allworks carried out on ramie fibers was performed using the ISl technique and PLA, except for

Caietal. [170], which used PP.

Compared to flax fiber, much more work has focused on analyzing the effect of printing

parameters on the mechanical performance of 3D-printed biocomposites [171], [172], [170],

114



[173], [174]. The trend is the same as that observed with previous fibers. It has also been found
that excessively high processing temperatures can degrade the fibers, thereby reducing their
mechanical performance. Greater attention was paid to the compression and energy
absorption properties of ramie fibers by comparing fully filled samples and optimized
structures[175], [176], [177] . Despite this, tensile tests remain the most widely used

characterization method [179], [171], [174], [180],[178].

Table 6.3: 3D printed biocomposites with continuous ramie fiber in literature, the value in parentheses is the raster angle

Printing Mechanical
Yarn 2 FVF [%] Reference
Technique’ characterization ?
42TEX, ®=0.40mm  20.1 T (0°, +45°) [179]
310 TEX, ®=1.00mm 14.6 T(0°) [171]
T(0°) [174]
28 TEX, @ =0.35 mm N.D.
T [180]
42 TEX, ® =0.40 mm N.D. T,C, EA [178]
330TEX, ®=0.74mm 17.2 B (0°) [162]
From
ISI 28 TEX,  =0.35mm 24.3 to C,EA [177]
39.1
42 TEX, ® =0.40mm  20.1 C, EA [176]
28 TEX,®=0.35mm  24.3 EA [175]
28 TEX, ® =0.35mm  24.3 / [175]
310 TEX, ®=1.00mm 14.5 / [173]
28 TEX, ®=0.35mm  N.D. / [170]
42 TEX, @ =0.40 mm N.D. / [172]

T ISI: In-Situ Impregnation, PPF: PrePreg Filament, OON: Out-Of-Nozzle. ? & diameter, N.D.: not

declared. 3 T: Tensile, C: Compression, B: Bending, EA: Energy Absorption

6.2.3 Other fibers of different nature as continuous reinforcement

Other vegetable fibers explored in the literature are juta, sisal and hemp. These are less
common in 3D printed composites than flax and ramie for a combination of reasons related to
mechanical properties, processability, availability, and chemical-physical characteristics.

These fibers have a much higher lignin content, making them incompatible with most polymer
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matrices and results in the composite being very stiff and brittle. This can lead to problems
during spinning and weaving. They are also heterogeneous and coarse due to less standardized
cultivation and harvesting conditions. In contrast, flax and ramie have more established supply
chains and more uniform fibers. These fibers are less competitive for engineering composites,
so they remain attractive only for more economical or non-structural applications (bags,
carpets, geotextiles, padding). Table 6.4 provides the main details of the work on 3D printed
biocomposites made with less common continuous vegetable fibers. Regardless of the type of
fiber used, PLA has always been used as the matrix. ISI and PPF techniques are the most
exploited, while Ginoux et al. [181] was the only study to use OON technique, in particular with
the Anisoprint Composer A4 printer. The effect of printing parameters on mechanical
properties [40], [54], [56], and on print quality and geometric aspects [42], [57] has also been

extensively studied.

Table 6.4: 3D printed biocomposites with less common continuous vegetable fiber in literature, the value in parentheses is
the raster angle

Fiber type Printing Mechanical
Yarn 2 FVF [%] Reference
Technique’ characterization ®
250 TEX, ® = N.D. 6.1 T(0°) [185]
/ [186]
Jute ISI 330 TEX, ® = 0.52 B (0°) [162]
17.2
mm T(0°) [171]
/ [173]
B (0°) [162]
1800 TEX, ® = 1.39
Sisal ISI 41.2 T(0°) [171]
mm
/ [173]
PPF (TEX, @) N.D. N.D. T(0°) [187]
Hemp 33.3 (Pure)
OOF 316 TEX, @ N.D. T(0°) [181]
26.4 (Com.)
TEX N.D., &=0.16 From 5.0 to
ISI T(0°),B(0°) [184]
mm 8.9
Cotton
TEXN.D., $=0.6,0.8, From 10.2to
PPF B (0°), EA (0°) [188]
1.0 mm 35.3
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Pineapple
ISI TEXN.D., ®=0.1 mm 25.0 T(45°) [182]
leaf

TEX N.D., &=0.19
Banana ISI N.D. / [183]
mm

T1SI: In-Situ Impregnation, PPF: PrePreg Filament, OON: Out-Of-Nozzle. 2 ® diameter, N.D.: not declared. ®T:

Tensile, C: Compression, B: Bending, EA: Energy Absorption

Tensile properties
Tensile tests are the most prevalent [171], [173], [181], [182], [184], [185], [187]. Similarly to

what was previously done for flax fibers, Figure 6.3 reports the mechanical properties at 0° (E*,
a2 ..) in relation to the respective FVFs of various works in the literature for all the other

vegetable fibers used.

(a) (b)
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Figure 6.3: Comparison based on FVF for a) Young's modulus and b) maximum stress at break of samples at 0° tested in the
literature for all fibers other than flax

As with flax fibers, the same trend in mechanical properties can be observed for ramie fibers as
FVF decreases [171], [179]. This is particularly evident in terms of strength. For stiffness,
however, there is a small difference that can be explained by the intrinsic variability of the fiber
and the method used by the different authors to evaluate Young's modulus. Dos Santos et al.
[171] produced a biocomposite reinforced with jute fiber that has an FVF of 17.2%, whereas the

FVF of that produced by Matsuzaki et al. [185] is only 6.1%. Although the latter has a
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reinforcement percentage of about one third compared to the former, it has greater stiffness
and slightly lower strength. The authors explain these low mechanical properties based on the
combination of large-scale 3D printing and the size of the fibers used, which have a diameter
of 0.52mm. The impregnation of the fiber by the matrix has a significantimpact on load transfer
capacity and fiber-matrix adhesion, which affects the composite performances. A very
interesting result was obtained by Ginoux et al. [181] in tensile tests on biocomposites
reinforced with hemp fiber. The as-purchased hemp yarn was compared with a hybrid yarn
prepared by commingling with PLA, before printing. The hybrid yarn-based biocomposite
exhibited a higher impregnation rate accompanied by a reduced void content, more aligned
fibers, and a more homogeneous distribution of the different constituents, resulting in
significantly higher mechanical properties. Superior mechanical performance was obtained
while having lower fiber fraction with the use of hybrid yarns, raising awareness about the

importance of improving the impregnation of the vegetable fibers as well as the FVF.

6.2.4 Key common features among the works analyzed
Regardless of the type of continuous fiber used to create the 3D-printed biocomposite, certain

key features can be observed in all of the analyzed works.

3D Printing techniques employed

ISI and PPF are the most widely used 3D printing techniques for biocomposites. Both
techniques allow higher volumetric fractions to be achieved, but the printing process is more
complex to manage, because in both cases commercial printers need to be modified and G-
Code programmed [157], [179], [184], [188]. These systems are ideal for testing samples with
simple shapes that are fully filled with reinforcing fiber in each layer. However, they are not
suitable for producing components with complex shapes, for which path programming is
crucial, norforreinforcing only certain layers if specific mechanical properties are required. For
these reasons if 3D printed biocomposites must be used for structural applications in as many
sectors as possible, they must be implemented in the simplest, most standard and automated
way that is possible. Only Ginoux et al.[34] and Wu et al.[53] worked with OON printers.
Specifically, they used the Anisoprint machine, which has already been developed and
marketed for the 3D printing of continuous fiber-reinforced composites. It is important to note

that both authors state that they modified the composite coextrusion system to adapt it to
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natural fiber yarn. As detailed in Section 5.2.2, Anisoprint implements two different fiber
feeding techniques to ensure continuous fiber deposition. Active feeding pushes both the
continuous fiber and the TP matrix into the coextrusion chamber, through the action of both
feeding motors. On the other hand, with passive feeding the fiber motor is switched off and the
TP matrix motor is switched on. In doing so, the fiber is pulled by the movement of printhead
and the extrusion of the matrix simultaneously. In both works, the fiber is always printed in
passive mode only. Therefore, the process is comparable to ISI printing, and the technology that

has already been developed and is available is not being fully exploited.

Tensile characterization

In order to use 3D-printed biocomposites for structural applications, it is essential to
understand how they perform mechanically. From a design and application point of view, the
first step is to characterize their in-plane mechanical properties, as detailed in Section 3.2.
Since continuous fiber reinforced composites tend to be anisotropic, for a complete
characterization, it can be assumed that 4 independent constants are required for stiffness and
3 for strength. These are associated with longitudinal, transverse, and shear properties: the first
two are obtained from samples printed at 0° and 90° respectively, through ASTM D3039 [79],
while the shear properties are evaluated from samples at 10° or with the [+45°],s stacking
seqguence, via 10° off-axis method and ASTM D3518 respectively [80], [81], [82]. Regardless of
the type of reinforcing fiber or printing technique used, all papers performed tensile tests 0°.
Only a few also printed at 90° [148], [150], [151], [153], [165], while a few more also printed at
45° [148], [150], [151], [153], [165], [179], [182]. For the latter orientation, in all tests the
samples do not comply with the shear characterization, as each layer is printed at 45° and the
sequence indicated by the standard is not followed. De Kergariou et al. [153] was the only study
that carried out a complete characterization of the in-plane mechanical properties, through
standards mentioned previously. The paper describes the influence provided by humidity on
the mechanical and failure properties of 3D printed composites made by continuous flax fibers
reinforcing a PLA matrix. The samples were specially conditioned prior to testing to achieve
specific moisture content levels. The longitudinal and transverse elastic moduli of the
composites, together with their transverse and shear strengths show an almost exponential
decay with the increase of the moisture content. However, the longitudinal strength remains
constant over the range of relative humidity considered. This work was carried out using the

PPF method and the samples were made with a customized Prusa i3 MK3S printer.
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Pre-printing fiber treatment

Regardless of the type of reinforcing fiber, the work of Ginoux et al. [181] was one of the few to
focus on the pre-print fiber preparation method. Quereilhac et al. [164] have developed similar
work, comparing the properties of flax fiber as is with those of a hybrid yarn commingled with
PLA. The trend is the same as that found by Ginoux et al. [181]. Intra-yarn porosity decreases
and mechanical properties increase thanks to commingling. Other studies have proposed a
different pre-printing approach, focusing on chemical treatments of the fiber. Long et al. [160]
used silane coupling agents to treat the surface of flax yarns, improving their wettability and
interfacial performance. It was found that the mechanical properties of the biocomposites
were greatly improved after the treatments which induced very low void contents of less than
1.1%, due to the improved wettability and the interfacial bonding between the flax yarns and
resin matrix. Instead, Song et al. [188] based the work on alkali treatment of cotton fiber. Also
in this case, the mechanical performance improved after the treatment. All other works
reported in this literature review use natural reinforcement fibers as they are, regardless of the

printing technique.

6.3 Conclusions and future developments

Among continuous natural fibers, flax and ramie are currently the most widely ones employed
as reinforcement in the 3D printing of biocomposites. Their predominance is largely
attributable to the existence of a well-established industrial supply chain, which ensures
availability, processing know-how and relatively consistent quality. In addition, these fibers
exhibit superior intrinsic characteristics compared with other vegetable reinforcements, lower
variability in cross-section and fineness, and a more regular surface morphology that facilitates
impregnation and bonding with thermoplastic matrices during the additive manufacturing
process. These factors collectively make flax and ramie particularly suitable for the production
of continuous-fiber reinforced structures via 3D printing, where both reproducibility and

mechanical performance are critical.

From this analysis of the state of the art of 3D-printed biocomposites reinforced with
continuous vegetable fiber, it is clear that there are still some aspects to be explored. To the
best of the author’s knowledge, only one paper provides a complete characterization of the in-
plane mechanical properties of the composite [153], through PPF method. To use these

biocomposites for structural and industrial applications, they must be manufactured using
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processes and technologies that make them easy to produce, in the most standard and
automated way that is possible. Only two works use OON technology, through printers already
developed and marketed for 3D printing of continuous fiber composites [165], [181]. However,
both papers claim to have modified the printing part of the composite and do not complete a
full characterization of the mechanical performance. Finally, there are few studies that focus
on the preparation of the fiber prior to printing [181], [160], [188]. These individual aspects, or

combinations of them, offer ample scope for future development.
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7. Continuous vegetable fiber preparation phase:
workflow and fiber analysis

7.1 Introduction

As described and analyzed up to now, the in-situ impregnation technique and the prepreg
method have been applied mainly within academic and research settings, whereas the out-of-
nozzle approach has already achieved broad commercialization. This latter process has been
developed and marketed for several years by the industry leader Markforged, which pioneered
the first commercial CFRTPC solution. Alternatively, Anisoprint has implemented a co-
extrusion method, positioning it as a complementary option to the Markforged system. As
described in Chapter 4, the Markforged printer is designed for industrial applications and
ready-to-use components. Consequently, the range of materials is limited, as are the process
parameters that can be modified. These restrictions imposed by the manufacturer, coupled
with the inherent variability of vegetable fibers, severely limit the use of this printer with this
type of reinforcement. Therefore, a more flexible technological solution is required to use
vegetable fiber as continuous reinforcement with a commercial printer. Instead, as discussed
in Section 5.2.2, the Anisoprint printer offers greater flexibility in terms of process parameter
modifications and can accomodate different materials for both the matrix and fiber
reinforcement. It therefore represents a viable industrial solution for producing 3D-printed

biocomposites.

For Anisoprint machines, the fiber moves through a series of predetermined zones and
channels before printing begins, ensuring the printing process is automatized. The channels
leading from the spool to the coextrusion head have a diameter of 1 mm, while coextrusion
occurs through a 0.8 mm nozzle (Section 5.2.2). Since a sufficient amount of matrix must be
extruded while ensuring that the nozzle does not get clogged, a maximum acceptable diameter
of 0.5 mm is reasonable. The fiber must also move through its specific feeding system, to fully
take advantage of the available technology. Therefore, the reinforcing fibers used must meet

the dimensional and physical requirements necessary for handling and 3D printing.

In order to meet these last two requirements, the vegetable fiber must be as consistent as

possible interms of yarn diameter and shape. One solution to these issues is to create a coated
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filament with a final diameter that is suitable for passing through all the channels and for

automated use by the printer without clogging.

Reinforcing filament can be made by coating the vegetable fiber with a thermoset or
thermoplastic matrix. Using the latter, however, presents several key difficulties. First,
achieving strong fiber-matrix adhesion is challenging because many thermoplastics have
limited chemical affinity with vegetable fibers. This can result in weak interfaces and reduced
load transfer. Furthermore, incomplete impregnation or gas entrapment during manufacturing
can generate micro-voids within the filament, which act as stress concentrators and degrade
mechanical performance of the printed part. Finally, the combination of high viscosity and fiber
irregularity complicates the achievement the uniformity of final prepreg diameter , especially

since small dimensions and tight tolerances are required [189], [190], [191].

Athermoset matrix is preferable for the last two reasons, especially because it helps guarantee
adequate dimensionaltolerances. The crosslinking reaction during curing further stabilizes the
filament shape, minimizing shrinkage or deformation. On the other hand, the use of thermoset
resins comes with an environmental trade-off: unlike thermoplastics, they are often only
partially derived from vegetable origin and in any case they cannot be remelted. This limits the

eco-sustainability of the final material [192], [193].

The choice between thermoset and thermoplastic matrices represents acompromise between
process reliability and mechanical performance versus recyclability and ecological
considerations. For this project, athermoset resin was chosen in an attempt to standardize the
shape of the fiber as much as possible and meet the printer's dimensional requirements,

despite a slight reduction in sustainability.

There are two main techniques for producing coated filaments with thermosetting resins,
distinguished primarily by the mechanism used to initiate resin curing. In the first one, the resin
is hardened through the application of heat during or immediately after coating, triggering
thermal curing. This method presents a significant limitation when continuous vegetable fibers
are used, as prolonged exposure to elevated temperatures can lead to fiber degradation,
reduction in tensile properties, and loss of structural integrity. The second approach relies on
curing induced by exposure to ultraviolet (UV) light. This technique allows the resin to
polymerize at much lower temperatures, thereby minimizing thermal stress on the fibers and

preserving their mechanical performance.
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Recent studies exploring the production of coated filaments for 3D printing of thermoset
composites have investigated both thermal and UV curing methods, each presenting distinct
advantages and limitations. Rahman et al. [194] dealt with continuous carbon fiber-reinforced
composites using UV-curable thermoset resins, demonstrating that UV-induced curing allows
efficient polymerization at low temperatures, preserving fiber integrity and enhancing
mechanical performance. A follow-up study by Rahman et al. [195] compared dual-cured
composites (employing both thermal and UV curing), showing that careful optimization of
these conditions can improve mechanical properties while maintaining process flexibility.
Mantelli et al. [196] focused on UV-assisted 3D printing using thermally and mechanically
recycled carbon fibers, combining environmental benefits with acceptable structural
performance, though emphasizing challenges in achieving uniform impregnation. Finally, Yang
et al. [197]presented a rapid in-situ thermal curing approach, enabling high-speed processing
of engineering thermoset composites, but also highlighting the risk of fiber degradation due to

elevated temperatures.

Overall, these studies illustrate a trade-off between curing method, processing temperature,
and material integrity: UV-based techniques favor fiber preservation and lower processing
temperatures, while thermal curing allows rapid production but requires careful control to
avoid fiber degradation. The choice of resin and fiber type, as well as the curing strategy, thus
directly influence the quality, reproducibility, and performance of 3D-printed thermoset
composites. Consequently, both methods require careful optimization of processing
parameters (e.g. exposure time, resin viscosity, and fiber alignment) to balance curing

efficiency with the preservation of fiber integrity and overall filament quality.

To the best of the author’s knowledge, the literature on coated filaments is limited to
continuous carbon fiber with thermoset resins. There are currently no studies exploring the use

of vegetable or natural fibers.

This chapter details the development of two-stage curing process for the production of coated
filament made by continuous vegetable fibers and thermoset resin. The aim is to obtain
consistent dimensions that are suitable for use with a commercial printer that has been
specifically developed for continuous fiber-reinforced composites. The resulting filament will
be analyzed using morphological and statistical analysis. Flax fiber was chosen as the
vegetable reinforcing fiber for this project. The selection is based on the fiber higher properties,
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its lower variability in dimension, and its more regular surface morphology compared with other

vegetable reinforcements, as detailed in Chapter 6.

7.2 Materials and methods

7.2.1 Materials
Fibers

In this study, three different resins and two types of flax fibers were considered. The fibers were
provided by Linificio e Canapificio Nazionale Srl (Bergamo, Italy) and their difference was
related to the pretreatment operated by the manufacturer to remove impurities to enhance
resin impregnation and to standardize the morphology regarding diameter and surface
cleanliness[198], [199], [200]. As stated by the supplier, one fiber type was only boiled in
caustic soda and calcium carbonate, while the other one was also bleached in hydrogen
peroxide after the previous treatment. The initial boiling phase acts as chemical wash,
removing as much as possible non-cellulosic substances naturally present in the fiber, such as
pectin, lignin, waxes, fats and oils. Cleaning hydrophobic and low-polarity substances allows
the fiber to open up and expose cellulose and hemicellulose, which are naturally hydrophilic
and polar due to their hydroxyl groups (—OH). Subsequently, the hydrogen peroxide bleaches
the fiber by oxidizing the lignin, pectin and residual waxes, thereby cleaning impurities more
thoroughly. This makes the fiber more uniform and absorbent by increasing the exposure of

cellulose and, consequently, the polar groups(—0H).

Both fibers were selected based on a comparable linear density (TEX), to ensure equivalent
fineness for comparison purposes and to meet the dimensional requirements described
previously. For the purposes of this study, BO refers to flax fiber that has only been boiled, while

BL refers to flax fiber that has been subsequently bleached.

The characteristics of the fibers from the manufacturer datasheets are shown in Table 7.1, and
all data (yarn strength, TEX values, thick and thin places, neps, and the coefficient of variation
of mass CVm) refer to average yearly production values. Thick and thin place values are related
to localized bulges and thinner points due to poor spinning regularity. Neps are small clumps
or nodules of fibers formed during harvesting or processing. Finally, CVm quantifies the
variation in linear density along the yarn axis, providing a comprehensive measure of mass
unevenness over the tested length. In practical terms, a high CVm reflects significant variations
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in the yarn cross-section, appearing as sudden accumulations of fibers (slubs) followed by
thinner segments. The uniformity and regularity of the yarn is directly related to the values of
these four parameters; lower values indicate a more uniform and regular yarn. These

parameters show that boiled fibers appear to be slightly more irregular than bleached fibers.

Table 7.1: Flax fiber properties from technical datasheets

Fiber type

Property BO BL
TEX 18 20
Average strength [MPa] 260 280
Average stiffness [GPa] 17 19
Thick place (+50%)/km 1307 1270
Thin place (-50%)/km 2252 1870
Neps (+200%)/km 4068 4051
CVm [%] 29 28

Resins

For the coating, a UV-curing thermoset resin was selected. The chemical composition of a UV-
curable resin typically includes a photoinitiator and a monomer or oligomer. Exposure to the
UV source causes the photoinitiator to decompose, initiating the polymerization reaction. After
that, a crosslinker binds the polymer chains together, giving them hardness and strength. As a
result, the monomer or oligomer reacts with reactive species, forming long polymer chains. The
longer the chains become, the more viscous and solid the material becomes. The presence of
pigments or additives reduces the depth of cure and consequently increases the time required

to complete the process.

The main parameters that influence UV curing are wavelength, radiation intensity, exposure
time, thickness, distance and temperature[201], [202]. The typical wavelength range is
between 365 and 405 nm. If the UV light is not in the correct band, polymerization will be
incomplete or slow. Insufficient UV radiation intensity causes under-polymerization and
fragility, while an excessive dosage causes over-polymerization, resulting in yellowing and

distortion. Exposure time must be calibrated according to the intensity and type of resin. Too
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little time results in soft parts due to possible incomplete curing, while too much time causes
brittleness and distortion. Thicker layers require longer times because UV light penetration is
reduced. The distance between UV source and the resin is linked to the time to complete the

process. Higher temperatures accelerate the reaction but can introduce internal stress.

Three different UV-curing thermoset resins were considered in this work. They were all
developed for use with SLA technology and thuscure in the wavelength range between 365 and

405 nm.

Thefirstresin, namely ‘UV Plant-Based’, was purchased from Anycubic (Shenzhen, Guangdong,
China) and was chosen because 45% of its weight is derived from soybean oil. The other two
resins were both purchased from Formlabs (Somerville, Massachusetts, USA) under the trade
names 'Fast Model' and 'Rigid 10K’. They were selected as the fastest and most rigid

commercially available products, respectively. They will be referred to as Fast and Rigid.

Table 7.2 shows the main characteristics of the resins, as taken from the technical datasheet.
The heat deflection temperature (HDT), which indicates thermal resistance, i.e. the
temperature limit at which the mechanical properties are guaranteed, is also reported. Resin
type “Rigid” is reinforced with glass powder, which results in the best performance concerning
both mechanical and thermal properties, and the highest density. On the other hand, “Plant” is
the lightest but has the lowest thermo-mechanical performance. “Fast” is intermediate and
was considered because the manufacturer claims it cures faster than the others, so it could be

useful for maintaining dimensional tolerances.

Table 7.2: UV-resins properties from technical datasheets

Resin type
Property Plant Fast Rigid
Density [g/cm?] 1.10-1.25 1.12 1.63
Young’s Modulus [GPa] | 0.45 2.67 10
Tensile strength [MPa] | 36 62 53
HDT @ 0.45 MPa [°C] 60 76 218
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Table 7.3 lists the main components of the resins investigated in this study, as obtained from
the Material Safety Data Sheet (MSDS). All resins used in 3D printing with SLA technology are
mainly based on acrylates and methacrylates. The differences are in the chemical composition

of the starting base, the type of initiator, and the crosslinker.

“Fast” has a more classic and “rapid” formulation for UV, characterized by a high percentage of
methacrylic monomer with low viscosity, which guarantees fast polymerization and greater
surface hardness. In this resin, phosphine oxide is used as the photoinitiator and urethane

dimethacrylate as the crosslinker.

“Rigid” also uses this type of crosslinker, but at a higher percentage (= 25 wt%). Isobornyl
methacrylate, a very low molecular weight monomer, was used to ensure the high glass powder

content.

”Plant” resin is a more bio-based solution, incorporating epoxidized esters derived from
soybeans. This acts as a plasticizer, improving flexibility and decreasing overall mechanical
performance, as shown in the properties listed in Table 7.2. Furthermore, “Plant” resin is an
acrylate rather than a methacrylate, which is stronger than the former. To counteract this to
some extent, a multifunctional diacrylate is used as a cross-linker, making the resin stiffer and
more brittle. By contrast, the urethane dimethacrylate used in the other two resins produces a

tougher, more elastic result.

Table 7.3: Main components and relative wt% present in the three resins considered

Substance role Plant Fast Rigid

Acrylates (30%)
+ epoxidized esters Methacrylates
derived from soybeans (= 85%)

Isobornyl methacrylate

Chemical base + glass powder

0,
(45%) (65 %)
. Hydroxyketone Phosphine oxide
Photoiniziator (10%) (<1%) N.D.
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Multifunctional Urethane Urethane

Crosslinker . dimethacrylate dimethacrylate
0,
diacrylate (15%) (~ 15 %) (~ 25 %)

To achieve effective coating between the flax fiber and the resin, it is important that they are
chemically compatible. Acrylate resins are highly reactive due to their abundance of vinyl
double bonds. On the other hand, flax fiber is primarily polar because of cellulose, which is rich
in —OH groups. These hydroxyl groups can form hydrogen bonds with the acrylates, but stable
covalent bonds are not created unless specific functional groups are introduced. As mentioned
previously, the growth in polarity and availability of —OH groups is linked to the boiling and
bleaching processes. This increase in hydroxyl groups promotes a greater number of
interactions with the acrylates, improving both hydrogen bonding and the wettability of the
fiber. The increase in hydrophilicity, while beneficial for adhesion, presents an additional
challenge: a greater sensitivity to water adsorption. This can lead to a risk of degradation and a
loss of adhesion in humid environments. Furthermore, without a compatibilization treatment
(such as silanization, acetylation, or grafting with methacrylates), adhesion remains

predominantly physical rather than chemical (non-covalent).

7.2.2 Two-stage curing process

This section will provide a detailed description of the system developed for coating flax fiber
with thermoset resin. As these resins were developed and marketed specifically for SLA
technology, the typical workflow of this additive manufacturing process inspired the creation
of the coated filament. Using SLA technology, the initial UV curing is only partial, leaving the
partin a 'green state' because the resin has not fully cross-linked yet. Next, the component is
washed in isopropyl alcohol (IPA) to remove any uncured resin. This step is essential to prevent
residual resin from curing randomly afterwards, which can result in lumps forming, loss of
detail or dimensional changes. Finally, a post-curing phase is carried out using a UV and/or
thermal source to encourage the complete cross-linking of the resin. The workflow is therefore
divided into two parts: aninitial stage thatincludes UV treatment and washing, and a secondary
stage of post-curing and dimensional control. In both stages, homemade devices were
developed, consisting of both commercial and non-commercial parts. The latter were all 3D
printed, fully filled, using a Sovol SV06 printer and PLA, with an extrusion temperature at 210°C

and with 0.4mm nozzle. Printer and material are both supplied by Sovol (Shenzhen, China).
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First-stage

The first stage of the coated filament production process was carried out using a custom-built
device, consisting of four main parts (Fig.7.1). The overall dimensions have been designed to
allow sufficient room to monitor each phase. The system is fixed on a base consisting of a
laminated wooden board. The initial fiber spool is held in place by a central cylinder fixed to the
board. This ensures that the spool can freely rotate while preventing it from slipping off. At the
beginning, the fiber unwinds and is guided to the next zone by two 3D printed guides screwed
directly onto the wooden basement (zone 1in Fig.7.1). Next, the fiber passesinto a second zone
consisting of a tray containing the thermoset resin (zone 2 in Fig.7.1). It then proceeds to the
UV curing zone (zone 3 in Fig.7.1) before being collected on a final spool. The winding is
powered by a three-phase asynchronous motor, which is mounted on a commercial metal

frame made (zone 4in Fig.7.1).

The individual areas will be described in more detail below, both in terms of their function and
constituent parts. Itisimportant to note that the configuration for each area represents the final

and optimized design.

In the current process, two separate impregnation steps are made in the resin tray, one
immediately following the other, to make the shape of the fiber as uniform as possible. After the
first step, the spool containing the fiber is removed from the motor and repositioned at the
beginning of the first zone. The fiber then retraces the entire path and is wound onto a new

spool.

Preliminary analyses have indicated that there is no significant increase in fiber diameter
between the first and second impregnation steps. Therefore, for the remainder of this study, the

measured diameters of the coated filament will refer to the final pass.
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Figure 7.1: The four main areas of the device developed for the first stage

Resin bath

The structure of the resin bath tray consists of a base and a top cover (Fig.7.2a). Figure 7.2b
shows a top view detailing all components and their positions. The tray base is screwed directly
to the wooden platform. The top cover has been attached to the base using four screws at the
corners. The base utilizes hot-plugged inserts, to provide secure, functional connection points

for the components.

At the inlet tray, a nylon cylindrical guide is positioned to facilitate the entry of the fiber and
prevent it from rubbing. Inside the tray there are three nylon wheels (Masidef, Varese, Italy) to
guide the fiber towards the exit: two with a diameter of 40 mm and one with a diameter of 60
mm. All wheels have a central recess on their outer surface to ensure that the fiber remains
centered. At the tray outlet there is a fabric roller with a diameter of 17 mm (Tecnomat, Milan,
Italy), which can be moved and adjusted thanks to a buttonhole in the tray's closure part. Both

the fabric roller and the cylinder at the entrance have a central through hole, which allows for
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the use of a small M5 threaded bar for closure and connection to the upper part. The first one
is completely locked in place once the correct position has been found, while the second one
is left free to rotate, thus facilitating the sliding of the fiber. The internal wheels are held in place
by supports, enabling free rotation. To ensure correct positioning, these supports are

connected with M5 screws to both the tray base and the upper cover.

outlet

(1) Base

(2) Closure

(3) Addressing cylinder

(4) Wheel (@ = 40 mm)

(5) Wheel (® = 60 mm)

(6) Fabric roller (® = 20 mm)

(7) Wheel support

3

Figure 7.2: Resin tray in a) axonometric and b) from above view

Figure 7.3 shows in more detail the path that the fiber follows inside the tray, presented through
a cross-sectional view. This configuration for the wheels has been optimized to maximize the
efficiency of the winding motor, keeping the fiber taut and centered in the tray. Considering that
the resin fills the tray to almost half its depth, the fiber is fully immersed while in contact with

the two smaller wheels and exits the resin bath when passing over the large central wheel.

Once the fiber exits the resin tank, it is directed towards the fabric roller. This roller is
deliberately held in place to ensure that the fiber rubs against it, allowing it to come into full
contact with the fabric. This has a dual effect of removing excess resin and homogenizing the

fiber as much as possible. Due to the fiber irregularities, localized knots or thickening may be
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present. As they pass through the resin, they become wet and may swell due to the additional
resin deposits. The forced contact with the fabric roller subsequently spreads and reduces their

size, resulting in voluntary homogenization of the fiber.

This fiber regularization is clearly visible in Figure 7.4, which shows two consecutive frames
extracted from a video during preliminary optimization tests. It can be seen that the
irregularities in the fiber have become enlarged due to resin deposits (Fig.7.4a). These
irregularities are then homogenized by friction against the roller (Fig.7.4b). The buttonhole at
the tray top partis used to adjust the position of the roller, and therefore to control the pressure

applied to the fiber.

outlet

Il Contact area

¢ Fiber direction

Figure 7.3: Section view of the resin tray
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(b)

Figure 7.4: Consecutive frames showing a) the enlargement of irregularities and b) their subsequent
homogenization

UV curing and cleaning

The UV curing phase was performed using a 5-meter-long LED strip with a wavelength of 395-
405 nm (Eleganted, China). This strip was wound in a spiral pattern inside the tube, covering a
length of 300 mm around the inner surface of the tube, which has a diameter of 50 mm. The
interior of the tube has been designed to provide housing for the LED strip, which can be
inserted and positioned in a spiral pattern inside the tube. The internal tube diameter and
effective UV light length have been optimized to provide the best curing conditions and allow
forthe installation of LEDs. The design maximizes the UV light exposure time and minimizes the
distance between the curing source and the thermoset. To ensure that the UV light is confined
inside the tube and does not hit the resin in the tray below, an intermediate cap has been
inserted. This cap is connected to the tube by interference and has a small central hole that
allows the resin-coated fiber to pass through. The tube is connected to two L-shaped supports,
which are in turn screwed directly onto the wooden base (Fig. 7.5a). Figure 7.5b shows a cross-

section of the tube, highlighting the main parts.
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= Cleaning part

— LED housing

— Closure cap

— L-shape support

Figure7.5: UV curing tube in a) axonometric and b) sectional view

Since the maximum size of the printer plate is 250 mm, the tube was divided into 4 parts for
printing. After the sections were assembled, the UV LED was inserted to create the spiral. Once
this phase was complete, the two halves of the tube were closed and connected to each other

(Fig.7.6).
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Figure 7.6: Sequential stages of LED insertion

Following the UV treatment phase, the cleaning section was located at the outlet of the tube
(Fig.7.7). As mentioned before, the fiber is passed through the resin twice. During the first pass,
a nylon wheel (Masidef, Varese, Italy) with a diameter of 10 mm was used. This wheel was held
in place by a small M5 threaded bar and is free to rotate, and serving to guide and direct the
fiber towards the winding area. During the second pass, a fabric roller was also inserted. This
roller was similar to the one used at the outlet of the tray. With a diameter of 17 mm, the fiber
only came into contact with it, avoiding contact with the nylon wheel. The fabric roller was
soaked in IPACOL isopropyl alcohol (P.C.M, Ferrara, Italy) to remove uncured resin residues.

The wheel and the roller support were 3D printed in the same way as the other parts of the tube.
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Figure 7.7: Resin cleaning in a) CAD representation and b) photos of the parts produced

Winding

The fiber is wound onto a 170 mm diameter spool, which was 3D printed like the previous parts
in other areas. A three-phase asynchronous motor combined with a VF/W series gear motor
was used for the movement, with speed controlled through an inverter (SYN10S22005AF
model). All three components were supplied by Bonfiglioli (Bologna, Italy). The spool was
attached to the shaft at the output of the gear motor, and a spacer was used to ensure the

correct positioning of the spool relative to the tube outlet (Fig.7.8).

Gear Spacer Spool
motor

Figure 7.8: Winding configuration
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According to the manufacturer's data, the output speed of the gear motor is 70 rpm at a
reference frequency of 50 Hz. Setting the inverter to the minimum achievable frequency of 1 Hz
reduces this speed to 1.4 RPM (or 0.15 rad/s). Since the winding is carried out on a spool with a
diameter of 170 mm, a linear fiber movement speed of 1.2 cm/s is obtained. Consequently,

with a UV section of 310 mm, the curing time is approximately 25 s.

Second-stage: post-processing and dimensional control

The post-processing phase is carried out thermally, using a vertical forced-ventilation oven
(Mazzali System, Reggio Emilia, Italy), which has a 900 mm long heating zone and is equipped
with two holes at the top and bottom, allowing the fiber to pass from the upper zone to the lower

zone (Fig.7.9a).

The spool containing the fiber is placed on an unwinding structure above the oven (Fig.7.9b).
Below the oven, there is a fiber collection and winding system after post-processing (Fig.7.9c).
The latter system consists of a 1770mm diameter spool driven by a NEMA 17 stepper motor,
which in turn is controlled by an Anet3D v1.5 control board (Anet Technology Co., Shenzhen,
Guangdong, China) (Fig.7.9d). Both the spool and the support structure for the motor and
control board were 3D printed. The oven was set to 85 °C and the board programmed to ensure

that the fiber remained at that temperature for 5 minutes.

As mentioned in Section 5.2.2, the coated filament must pass through 1 mm-diameter
channels from the spool to the coextrusion head and then through a 0.8 mm nozzle during
printing. Given the tight tolerances, a two-step dimensional check was carried out before using
the fiber. This control is necessary because vegetable fiber is inherently irregular, regardless of
all these methods to homogenize it. Therefore, localized swelling can occur due to the initial

shape of the fiber or unwanted resin deposits related to the process.

To address this issue, a dimensional control station was developed. During the first step, the
uncontrolled fiber is passed through a 1 mm diameter teflon tube and then wounded onto a
new spool containing only the controlled fiber. The second step is done in the same way, but
the fiberis passed through a 3D printing nozzle with a diameter of 0.6 mm. The nozzle and quick
couplings, which secure the Teflon tube in place, are screwed directly onto two supports. Both

the latter and the reel holders are 3D printed and screwed directly onto a wooden base
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(Fig.7.10a). Irregularities that do not comply with the size limit (Fig. 7.10b, Fig. 7.10c) are

carefully trimmed or reduced manually using sandpaper until they pass the dimensional check.

inlet

outlet

Figure 7.9: Details of post-processing phase for a) the oven, b) the upper unwinding and c) the lower
winding structure, and d) the winding control system

Unchecked 1° control Checked
fiber (® =1 mm) fiber

2° control
(® = 0.6 mm)

Figure 7.10: Dimensional control system: a) overview and b), c) non-compliant fiber points
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7.2.3 Morphological analysis

Morphological analysis was performed on both raw flax yarns and coated filaments using a
stereomicroscope. The average diameter was calculated from a total of 270 measurements:
nine readings were acquired at random locations along the length of thirty distinct 100-mm
segments. The diameters of the two initial flax fibers (Dﬁig, Dﬁf,) and the two coated filaments
(DE°, DEL) were calculated in this way. Furthermore, it was possible to see the cross section of
the coated filament produced through an optical microscope. Section 3.7.5 outlines the

equipment specifications and preparation procedure.

7.2.4 Density and fiber volume fraction evaluation

The average diameter of each of the thirty segments is obtained using the nine associated
measurements. Next, each segment examined was weighed, using the equipment described
in Section 3.7.2. The density of each segment can be obtained by associating its mass with its
relative average diameter. Consequently, the density of the flax fibers (p£, pf};) and the coated
filaments (pE%, pBL) is evaluated by taking the average of the densities of the 30 segments that
have just been achieved. Inthe same way, the average mass of the starting flax fibers(Mﬁ-g, Mﬁ-ﬁ,)
and coated filaments (M9, MEL) can be obtained. These values are used to calculate the fiber
mass fraction (W89, WBL). Finally, fiber volume fractions ($Z%, $B ) are obtained using the

following equations:

1 px  1-yx

Pr - Pfip PTs (22)

pr = pripd* + p7s(1—9), (23)

where the superscript x represents the type of fiber considered (BO or BL) and the only

unknowns are the density of the thermoset resin p7¢ and ¢*.

7.2.5 Statistical analysis
Statistical analysis was applied to evaluate the increase in diameter of the coated filament

compared to the starting fiber. To do this, it is essential to assess the normality of the data. The
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main parametric statistical methods assume that the underlying data are normally distributed.
Deviations from this assumption may compromise the test reliability and potentially lead to
biased estimates or incorrect statistical inferences. For these reasons, itis important to check

for the normality distribution of the dataset beforehand [203].

Data distribution

The Lilliefors test, which is based on Kolmogorov-Smirnov test ,is used to determine the
goodness of fit between a sample distribution and a reference probability distribution, such as
the normal distribution [204], [205], [206]. Both tests assume that the parameters (e.g. mean,
standard deviation) of the theoretical distribution are known. However, Lilliefors test is
specifically used if the parameters of the theoretical distribution are estimated from the data
sample and not fixed a priori. To take this into account, the method used to compare the sample

and reference distributions is made more restrictive.

The Lilliefors method tests the null hypothesis (H,) that a sample x4, ...,x, is normally
distributed. To do this, the statistical variable D(n, a) is defined and tabulated according to
Lilliefors et al. [206], where n is the sample size and « is the significance level (typically 0.05).
To determine whether to reject the null hypothesis, reference is made to the maximum absolute
difference between the observed sample values and the expected values from a normal
distribution. If this difference does not exceed the critical value D(n, a), the null hypothesis
cannot be rejected. This outcome allows to assume that the sample data is normally

distributed.

In the present study the Lilliefors test was selected to assess the normality of the coated
filament and fiber sample datasets, given the medium sample sizes and the experimental origin

of the data.

Data comparison

When both data sets are normally distributed, the T-test is used to check for significant
differences between the means [207]. The t-test is based on Student's t-statistics, which
relates the difference between sample means to the variability of the data and the sample size.
In other words, it assesses how much of the observed difference between means can be
attributed to random chance compared to the expected variability under the null hypothesis.
The null hypothesis (H,) of the T-test is that there is no difference between the means

considered (or that the mean of a sample is equal to the reference value). If the p-value
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associated with the test is lower than the pre-set significance level (usually 0.05), the null
hypothesis is rejected, and it is concluded that the observed difference is statistically

significant.

If one of the two or both data sets are not normally distributed, the T-test cannot be used. In
this case, the Mann-Whitney U test, also known as the Wilcoxon rank-sum test and described
by Kvam et al. [208], is used. This non — parametric test can be useful to compare two
independent groups to determine if they come from the same distribution or if there is a
statistically significant difference between them. In this test, null hypothesis H, indicates that
the distributions of the two samples are identical. As seen before when the p-value is lower

than 0.05 there is evidence against the H,,, so statistically there is a significant difference.

7.2.6 Thermal and rheological analysis
TGA analysis was performed on both BO and BL raw fibers and coated filaments, and the

instrumentation and full procedure for thermal analysis are detailed in Section 3.7.3.

Rheological characterization was performed in steady shear mode, for the three thermoset
resins. Analysis details and the instrumentation used are reported in Section 3.7.4.

The selection of the correctresin is based on rheological analysis. The chosen resin used must
allow the fiber shape to be homogenized as much as possible and must not create further

dimensional problems.

This requirement relates to a widely studied and described physical phenomenon known as
“beading” or the dripping effect, linked to the creation of fluid droplets on a surface [209], [210].
The tendency of a resin to form droplets results from the combined effects of surface tension
and viscosity, which together govern its wettability on the substrate and its propensity towards
coalescence or separation. High liquid viscosity hinders flow and spreading, causing the resin
to remain localized on the surface, favoring droplet formation. At the same time, surface
tension acts to minimize the free surface area of the liquid. When this tension is high relative to
the adhesion energy between the resin and the substrate, the liquid retracts into droplets rather
than spreading. Droplet formation is further promoted when the internal cohesive forces of the

liquid exceeds the adhesive forces at the interface. Overall, increasing viscosity enhances the
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tendency of the resin to preserve a droplet-like shape because of its internal resistance to flow

combined with the prevailing effect of surface tension.

Beyond this general behavior, the specific characteristics of natural fibers must also be
considered: their intrinsically low wettability amplifies the role of surface tension, promoting
droplet formation, while surface irregularities may locally retain the liquid yet still hinder
uniform spreading. In addition, the presence of functional groups (e.g., —OH groups in

cellulose) can influence the interaction with the resin depending on polarity.

7.3 Results and discussions

7.3.1 Rheological results

The results of the rheological analyses (Fig.7.11) are consistent with the characteristics of the
resins shown in Table 7.2: “Rigid” is the most viscous, “Fast” has a viscosity that is half that of
the previous one and “Plant” is the most fluid. All resins showed a Newtonian behavior, at least
within the shear rate range that was considered, thus viscosity is almost constant and the

average values are 1.57, 0.64 and 0.16 Pa-s, respectively.

~-PLANT «FAST  -RIGID

1 [Pa-s]

1 10
Shear rate [1/s]

Figure 7.11: Results for the viscosity evaluation of the three different resins analysis
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All coated fibers, obtained with the three resins and both fiber types, were evaluated under the
stereomicroscope described in Section 3.7.5. This preliminary analysis allowed for the
qualitative observation of the “the dripping effect”. This was done under the same process
conditions as described in Section 7.2.2. These preliminary results follow the trend described
above: “Rigid” and “Fast” tend to exhibit dripping , while “Plant” provides a uniform deposition
(Fig.7.12). “Plant” resin is the best solution for homogenizing the fiber under the same

manufacturing conditions. Hence, this resin will be selected and all coated filaments will

therefore be made with it.

(b)

Figure 7.12: Preliminary analysis on dripping effect made with a) “Plant”, b) “Fast” and c) “Rigid” resin

7.3.2 Fiber morphology and diameter evaluation

The morphology of both fibers as they are and of the coated filaments was investigated. The
materials were evaluated using a stereomicroscope and measurements were taken to
calculate the diameter. Four representative images are shown for each type of flax: two for the
starting fiber and two for the coated filaments. These are shown in Figures 7.13 and 7.14 for
boiled and bleached flax, respectively. Regarding the initial fibers, the BL fiber has a much more
regular shape than BO fiber. This is a direct consequence of the chemical refining process
reported in Section 7.2.1. This initialhomogeneity significantly influences the coated filaments:
the BO coated filaments are very irregular, whereas those made with the BL fiber filaments are

more uniform.
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Figure 7.13: Representative acquisition from stereomicroscope for the boiled flax fiber a),b) as is and c),d) in the coated
filament form

Figure 7.14: Representative acquisition from stereomicroscope for the bleached flax fiber a),b) as is and c),d) in the coated
form

The cross-section of the coated filaments was analyzed using the optical microscope, and
Figure 7.15 shows a representative image for each of the two flax fibers. The interface that
separates the resin used to coat the fiber from the embedding resin (the resin employed to
incorporate and prepare the filaments before the optical analysis) is clearly visible. Coated
filaments made with BO fiber have an uneven distribution of fibrils, while BL fiber has a more
compact distribution. This is in agreement with the trend seen previously, whereby the initial

irregularities in the neat fiber are also reflected in the final coated filament.

145



() (b)
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Figure 7.15: Representative cross-section from optical microscope for the coated filament obtained from a) boiled and b)
bleached flax fiber

The average diameter of the fibers (Df), Dfj) and coated filaments (DF°, DF*) were evaluated
through 270 acquisitions using the stereomicroscope. The masses Mfp, Mfy, ME® and ME*"
were calculated as the average of the thirty segments analyzed for each material. From these
measurements, the density of the starting fibers (o7, p/j;) and coated filaments (p£°, pf*) was
calculated. For the latter, it was also possible to calculate the fiber mass fraction (¢2°, w5L),
Finally, Equations 22 and 23 can be used to calculate the density of the thermoset (p2¢, pZL)and

the fiber volume fraction (@59, ®BL) present in coated filaments. Table 7.4 shows all of the

values mentioned above.

Table7. 4: Diameters, densities, volumes and mass fractions of the fibers obtained from materials analysis. The values in
parentheses represent the standard deviation of the averaged quantities.

BO BL
MZ, [mg] 5.35 (0.67) 4.89 (0.63)
M [mg] 11.97 (1.82) 9.73 (1.23)
D, [mm] 0.27 (0.04) 0.25 (0.03)
D¥ [mm] 0.40 (0.06) 0.34 (0.05)
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¥y [g/cm?] 0.93 (0.15) 0.98 (0.13)
pZ [g/cm?] 0.97 (0.13) 1.10(0.14)
P [%)] 45 51

P7s [8/cm?®] 1.01 1.25

O [%] 47 56

superscript x represents the type of fiber considered (BO or BL)

The density of both initial fibers is much lower than that typically found for flax, which is around
1.5g/cm?3[134]. Thisis because the flax fibers are in yarn form. This means there may be internal
porosity due to the spinning and weaving processes. Despite this, BL flax has a higher density
than BO flax, which is consistent with the results and effects of the chemical bleaching

treatment it has undergone.

After the coating process, both mass and diameter have increased. The BO fiber diameter
increases by 46%, and its mass by 124%. The same trend can also be seen for BL fiber, where
the diameter has increased by 35% and the mass by 100%. These changes indicate that both

increases are due to greater resin deposition on the outer surface.

Coated filaments with BO fiber has a lower fiber mass fraction (45%) compared to the BL fiber
(51%). Moreover, the density of the filaments rises by only 4.5% for BO and by 12% for BL in
relation to the initial fiber. The calculation of the fiber volume fraction is consistent with
previous observations, and once again, BL fiber has a higher fiber volume fraction (56%) than

BO fiber.

In summary, coated filaments made with BO flax have a greater increase in mass and diameter
than those with BL flax, which is related to a higher resin deposition. It is reasonable to assume
that the lower effect on the increase in density, and consequently the lower fiber volume
fraction value, is due to the definition of average diameter (Fig.7.16). Diameter measurements
were taken at 270 individual points, which are used to represent the overall trend. Therefore,
since these specific values are averaged during the calculation, Df is a representative value for

the entire filament.
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The bleached fiber is very regular and uniform, so the average diameter (dashed lines) fits the
real filament almost perfectly. On the other hand, DEL does not fit very well because the boiled
fiber has more frequent diameter variations and irregularities. Consequently, the calculation
includes empty areas, i.e., those between the white dotted line and the actual edge of the black
coated filament. While these areas are geometrically part of the average diameter, they have
no mass and therefore do not affect the density calculation. This discrepancy is also confirmed
by the p7s values obtained, which are equal to 1.01 and 1.25 g/cm?® for BO and BL coated
filament, respectively. p?_éis more representative of the "Plant" resin density reported in Table
7.2. This is not the case for pﬁg which is 1.01 g/cm3. This unusual value, which differs greatly
from that reported by the manufacturer, is due to the definition of average diameter, because

the value obtained for this density also takes into account empty areas.

(b)

Figure 7.16: Average diameter representation for coated filament made with a) BO and b) BL flax fiber

Taking the previous discussion into account, the average diameter of bleached filament is more
representative because it is more uniform. A reasonable representation of the coated filament
cross-section is shown in Figure 7.17. The one made with BO fiber has a larger diameter than

the one made with BL fiber, and the starting fibers also follow the same size trend. Following
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the results, a thicker circular resin crown is visible around the BO flax, which correlates with its

lower fiber volume fraction.

D22 = 0.40 mm DEY=0.34 mm
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Figure 7.17: Reasonable schematic representation of the coated filament section

The boxplot graphical analysis (Fig.7.18) also supported the previous results and
considerations regarding the filament diameter. The average value and the median for coated
filaments have increased compared to the relative starting fibers. This effect is more
pronounced in boiled flax and is presumably due to greater intrinsic irregularities in the original

fiber structure.

Although box plots are useful for gaining an initial visual understanding of differences and
variability, they are insufficient for determining whether an increase in diameter due to resin

deposition is statistically significant. To do this, a specific statistical test is required.

Four sets of data relating to diameters are being analyzed, two for the starting flax fiber and two
for the resulting coated filaments. First, the normality of the data sets was assessed with
Lilliefors test, and the following statistical variable was used for all four materials: D(270) =
0.054, a < 0.05. For all the data sets analyzed, the maximum absolute difference between the
actual values and the expected value from a normal distribution is greater than 0.054. Hence,
we cah assume that the sample data are not normally distributed. For this reason, the
nonparametric Mann-Whitney U test must be used to compare the data sets between the
starting fiber and its corresponding coated version. For both BO and BL linen, the p-value is
much lower than 0.5, meaning that the increase in diameter in the coated filament is

statistically significant in both cases.
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Figure 7.18: Graphical representation of the values relating to the diameters of the starting fiber and the coated filament for a)
bleached flax and b) boiled flax

7.3.3 Thermal results

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of the
reinforcement materials and to assess the protective effect of the thermoset coating. Figure
7.19 compares the thermograms of the raw flax fibers (BOs;,, BLy;p) with their respective
coated filaments (BOr, BLr). Beyond the moisture release phase, all samples exhibit a region
of thermal stability up to approximately 300 °C, where the main decomposition step occurs.
The onset of thermal degradation marks the decomposition of the main structural
components. While the raw fibers display a sharp degradation step typical of lignocellulosic
materials, the coated filaments exhibit a combined degradation profile of the fiber and the
thermoset matrix. The presence of the resin coating modifies the degradation kinetics,

smoothing the mass loss curve

Flax fiber consists of several components that have different thermal stabilities: cellulose
mainly degrades between 300 and 380 °C, hemicellulose between 200 and 300 °C, lignin,
meanwhile, has a very wide degradation range (200 - 500 °C) and yields a high amount of
carbon residue. The boiling treatment removes waxes and pectins while preserving more
lignin and amorphous components. This results in less chemical degradation of the cellulose
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chain. Conversely, the bleaching process is more aggressive, resulting in a substantial
decrease in lignin, hemicellulose and pectins. There is also a risk of oxidation and cleavage of
cellulose chains. Comparing the mass residues of the two starting flax fibers, a wt% of 30% is
observed for BOy;;, and 20% for BLg;,. This is due to the different fiber treatment processes.
Boiling preserves the most thermally stable components to a greater extent, soitis correct to

observe a greater residue at the end of TGA.

Both filaments (BO, BLf) are coated with a polyester-based thermoset UV resin, named Plant
(Tab. 7.3). In general, once fully cured, this type of resin begins to degrade at around 250 °C.
This is followed by major degradation up to 350 °C, with a more rapid loss of mass, and above
400 °C itis basically completely volatilized. Therefore, in coated filaments, the resin is the
thermally weakest component of the system. TS resin does not contribute to the residue, and
it reduces the char percentage of the fiber. The residue in TGA is dominated by fibers, rather

than the resin.

Analyzing the boiled fiber (Fig. 7.13a), the residue goes from 30% for BOy;;, to 20% for BOr. On
the other hand, the residue for bleached fiber (Fig. 7.13b) drops from 20% for BL¢;;, to 15% for
BLr. Inthe first case, there is a sharp decline in the residual, while in the other, the decrease
is less pronounced. This behavior is related to the amount of TS resin deposited in the coating,
which has a strong influence on these results. In accordance with what we have seen
previously (Fig.7.17, Fig. 7.18), boiled fiber has a higher TS resin deposition in the coating than
bleached fiber. While TS contributes to the initial reference weight, it does not contribute to
the final residue. The TGA analysis provides an output showing the percentage of mass lost,
calculated in relation to the initial starting mass. Therefore, if there is a high amount of TS

resin present, this will increase the initial weight but reduce the final residue.

Furthermore, the morphology of the coated fibers must be taken into account: boiled fiber
has a more uneven and irregular structure, while bleached fiber is more homogeneous
(Fig.7.16). Hence, when it comes to boiled fiber in particular, it is necessary to take into
account the intrinsic variability of the coated filament in terms of diameter, and therefore the

mass of TS present.
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Figure 7.19: TGA thermograms of the raw flax fiber and the coated filament for a) boiled and b) bleached configuration

7.4 Conclusions and future developments
The work reported in this chapter successfully demonstrated the technical feasibility of

developing continuous flax filaments coated with thermoset resin compatible with the OON

technique.

Flax fiber was selected as the vegetable reinforcement fiber due to its superior intrinsic
characteristics and more regular surface morphology compared to other vegetable
reinforcements. Two different types of flax fiber, subjected to different chemical treatments,
were considered: one was only boiled and the other was also bleached. This allowed to assess
whether and how the initial condition of the fibers affects the final result of the coated filament.
Similarly, three different UV-curing thermosetting resins, each developed for specific purposes,

were evaluated.

In this chapter, a two-stage process was developed to obtain coated filament. The first stage
utilized a customized device to partially cure the coated filament. The fiber was passed through

a tray containing liquid resin and then through a UV curing zone before being collected on a reel.
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This process was repeated twice to ensure adequate resin deposition and maximize structural
homogenization. After the second pass, the coated filament is cleaned using a roller soaked in

isopropyl alcohol to remove any excess uncured resin.

The second stage involved thermal post-curing process at 85°C for 5 minutes, to complete the
resin cure. The coated filament is then checked for dimensional accuracy: first usinga 1 mm
hole, representative of the passage and movement channels of the fiber in the printer, and then
0.6 mm, to ensure that the fiber exits the nozzle. Non-compliant parts were carefully brought

into tolerance manually.

Both rheological results and preliminary dripping tests demonstrated that “Plant” resin is the
best solution. It ensures uniform resin distribution, structure, and final filament shape, thanks
to the absence of droplet formation. The results of thermal analyses show that filaments

coated with this thermoset resin are stable up to 300 °C.

Optical analyses were used to evaluate the diameter and shape of both coated filaments
obtained and the starting fibers. The initial fiber morphologies are consistent with their
treatments: the boiled starting fiber is much more irregular, while the bleached fiber is more
uniform. The boiled coated filament showed a greater increase in mass and diameter, at the
expense of lower volume fraction and mass. This is due to the significant irregularity of the fiber
at the outset, which is reflected and amplified in the formation of the coated filament. The
bleached one has a more regular and uniform structure and shape. For this reason, the average

diameter assessment is also more realistic with the latter.

The analyses revealed clear morphological differences between the two types of fiber, which
were also reflected in the produced coated filaments. In both cases, dimensional control
required manual intervention, which was more frequent for boiled fibers. Nevertheless, the
dimensions of both coated filaments are adequate with the requirements of commercial OON

printers, confirming their potential as reinforcing fibers in 3D printing.
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8. 3D printing of biocomposites reinforced with continuous flax fiber:
mechanical characterization and comparison

8.1 Introduction

The state-of-the-art analysis carried out in Chapter 6 showed that OON technique is preferable
for the standard production of biocomposites. This is due to its ability to limit the influencing
parameters and its reliance on already developed technologies. These features make it suitable
for industrial and ready-to-use parts. Following this reasoning, among the vegetable fibers
analyzed, flax is the one with the most mature and developed production chain, combined with

high mechanical performance.

Taking into account the dimensional restrictions imposed by commercial OON machines, it is
reasonable to estimate that the maximum acceptable diameter for the reinforcement filament
is 0.5 mm. To use continuous vegetable fibers in the most standardized way possible, it is
necessary to homogenize their shape. One way to achieve this is to create coated filaments,

starting from the raw fiber.

Chapter 7 discusses the possibility of manufacturing them using thermoplastic or
thermosetting matrices. The choice between the two matrices represents a compromise
between process reliability, achievable final tolerances and mechanical performance on one
hand, and recyclability and ecological considerations on the other one. A thermoset resin
solution was chosen, primarily due to dimensional issues, with UV curing preferred over
thermal curing to prevent fiber degradation during the process. As a result, two coated
filaments were developed, utilizing two types of flax fibers: one boiled and one bleached. Both
meet the initial dimensional requirements, but their shape and structure are quite different

from each other.

To the best of the author’s knowledge, the only work that uses continuous flax fiber as
reinforcement with the OON technique is that by Wu et al. [165]. Specifically, they used the
Anisoprint printer, and the authors state that they modified the composite co-extrusion system
to adapt it to natural fiber yarn. Therefore, the process is comparable to ISI printing, meaning
that the already developed technology and available is not being fully exploited. Furthermore,
the biocomposite was only mechanically tested with tensile tests only in the longitudinal and

transverse directions.
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The aim of this chapteris to 3D print both coated filaments realized in the previous chapter and
perform a complete characterization of their in-plane mechanical properties, extending the
analysis beyond the longitudinal and transverse directions. By comparing the mechanical
results, it will be possible to assess whether there are significant differences between coated
filaments made with boiled or bleached fiber. The mechanical tests are supported by fracture
surface investigations using SEM micrography and optical analysis. This approach will allow for
the evaluation of the best solution for potential industrial use, considering both mechanical

performance and the structure and regularity of the reinforcement used.

8.2 Materials and methods

8.2.1 Materials

PLA (Raise3D, Stafford, TX, USA) was employed as the thermoplastic matrix for the fabrication
of the 3D-printed biocomposite. The reinforcement phase consisted of the two flax fibers
previously produced and thoroughly characterized in the previous chapter. The main properties
of the materials are summarized in Table 8.1, which includes the technical datasheet
information for the matrix and the characteristics of the flax fibers. For clarity, in the following
sections the acronyms BOr and BLy will be used to indicate the boiled and bleached flax

coated filaments, respectively, as described earlier.

Table 8.1: Materials description from technical data sheets, values in parentheses represent the standard deviation

Fiber volume fraction Diameter

Material Composition
[%] [mm]

PLA PLA - 1.75
TS coated - boiled flax

BOg 47 0.40 (0.06)
fiber
TS coated - bleached

BLy 56 0.34 (0.05)

flax fiber
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8.2.2 3D printer and specimen prepraration
All specimens were printed using the Composer A3 printer by Anisoprint, and its related slicing
software, which are widely described in Chapter 5. As with previous uses, the left extruder is

equipped with a 0.4 mm nozzle and the right one for the composite with a 0.8 mm nozzle.

Samples for testing the neat PLA matrix alone were produced using the left extruder, while
continuous fiber-reinforced biocomposite specimens were obtained by co-extrusion using the
right extruder. In this paper, the acronyms BO. and BL are used to refer to the latter materials:
BO. stands for BOr co-extruded composite, while BL. for the corresponding with BLg. This

peculiarity is well described in Fig.8.1.

(@) (b)

(PLA) (BO() Coated
Q (BL¢) @ filament
PLA PLA
(matrix)

ODEE®
888800@0 0000 C 00O

Figure 8.1: Representative section of specimens for a) PLA and b) co-extruded composites

For all three materials (PLA, BO. e BL.), the samples were printed without external shells and
top or bottom layers. Before printing, the PLA filament was dried at 60°C for 24 h and the spool
was stored in a passive dry box (Polymaker, China) containing silica salts during printing. The
bed was heated at 60 °C. To achieve a complete characterization of the in-plane properties,
samples with different raster angles were considered (0°, 90°, 10°). The main printing

parameters for each material are listed in Tab. 8.2.

Table 8.2: Printing parameters of samples for the two materials

Characteristic PLA BO., BL.
Layer height [mm] 0.2 0.5
Line width [mm)] 0.4 0.7
Extrusion temperature [°C] 215 215

156



Printing speed [mm/s] 40 30

The samples were rectangular, measuring 110 mm in length, 15 mm in width and 2 mm in
thickness. To obtain samples with raster angles of 10° and 90°, larger plates were initially
printed at a 0° orientation (Fig. 8.2b, Fig. 8.2c) and subsequently laser-cut to the required
dimensions. By contrast, the 0° specimens were printed individually and directly in their final
size (Fig. 8.2a). The thick contour indicates the effective sample obtained directly for

longitudinal orientation or via the laser cutting, for 10° and 90°.

(a) (b) (c)
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110 120 120
mm mm mm
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— e + >
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Figure 8.2: Dimensions for producing samples directly at a) 0° and using larger plates for b) 10° and c) 90° orientation.

8.2.3 Material characterization

Tensile characterization

Tensile tests were carried out for both materials in accordance with the procedures detailed in
Section 3.2.2, in order to achieve complete characterization of the in-plane properties. ASTM
D3039 [79] was used to measure longitudinal and transverse properties from specimens
printed at 0° and 90° raster angle, respectively. Shear properties were evaluated through 10°

off-axis tensile test [81], [82]. Considering 9 = 1—7; , the shear modulus ( G;,) is obtained from
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Eqg.5 (Section 3.2.1)by setting E, equals to E;4-, while S, 7 is calculated through Eq.9 (Section

3.2.1)by setting o, equals to a3 °".

The tests were performed on three samples per raster angle (0°, 90°, 10°), for a total of nine
samples per material. The instruments and details of the test conditions are given in Section
3.7.1. Finally, after characterizing the materials, the anisotropy of the in-plane stiffness

properties was evaluated for all three materials, as proposed in Section 3.2.1.

Voids measurements

The density of the PLA filament (pp;4) was measured before printing. The densities of the two
continuous reinforcements (py) refer to those obtained in the previous chapter for the two
coated filaments. The letter X represents the type of fiber considered, BO and BL for the boiled
and bleached fibers, respectively. The nominal density of the co-extruded composite (px.)™°™

was estimated using the rule of mixtures (ROM):

(pxc)™™ = pEdx + ppradpras (24)

where ¢p. 4 and ¢7 are the volume fractions of the materials, respectively, as obtained by Aura
during the print preview. After printing the co-extruded composite samples, their effective
density (px.)®// was calculated using the instrumentation and procedure described in Section
3.7.2. Once both densities were known, voids percentage of the specimens was evaluated
according to Eq.10 in Section 3.3. The techniques and the instrumentation used are reported
in detail in Section 3.3.

Considering the Eq.24 for calculating (px.)™°™, the volume fraction of coated reinforcing
filament (¢¥) varies depending on whether boiled (X=BO) or bleached (X=BL) fiber is used.
Since the biocomposite is produced using co-extrusion and the sample sizes are all the same,
regardless of the raster angle, printing a completely full one requires 9.5 meters of coated
filament and 1.6 cm® of PLA. As described in Section 7.3.2 (Table 7.4, Fig.7.18) the diameter of
coated filaments depends on the type of fiber. Consequently, the total volume of
reinforcement filament used also changes proportionally, and subsequently also c])fp(. This
behavior can be clearly seen in Figure 8.3. As discussed and evaluated in detail in the previous
chapter, it is worth to notice that reinforcing filament consists of a fiber coated with a
thermoset resin. Taking this into account it is possible to calculate the effective volumetric

fraction of continuous flax fiber ¢*within the 3D printed biocomposite.
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Figure 8.3: Schematic representation of the different fiber volume fractions in the co-extruded biocomposite

Optical analysis

Morphological observations of the longitudinal and transverse cross-sections of untested
tensile specimens were analyzed to evaluate the printing quality and fracture surface. The
samples were analyzed using a stereomicroscope, and SEM micrographs were collected only
for the fracture surface of the samples at 0°. Section 3.7.5 outlines the equipment

specifications and preparation procedure.

Rheological tests

Rheological characterization of the PLA matrix was performed in dynamic oscillation and
strain-controlled mode. The specimens were in the shape of a disc of 25 mm in diameter and 2
mm thick. Prior to testing, a void content of less than 10% was verified to ensure the accuracy
of the measurements.

Three types of rheological experiments were performed: strain, frequency and time sweeps, all
performed at 185 °C. The rheological analysis techniques and the instrumentation used are

reported in detail in Section 3.7.4.

Thermal analysis

PLA matrix filament was analyzed through DSC analysis to determine the crystalline fraction

(xc) and characteristic temperatures, such as the glass transition temperature T, and the
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melting temperature T,,. Equation 11 was used to calculate the crystalline fraction, setting
AH,,, equal to 93.6 J/g [211]. The instrumentation and procedure for thermal analysis are

detailed in Section 3.7.3.

8.3 Results and discussion

8.3.1 Thermal and rheological
DSC thermal analysis revealed that the crystallinity of PLA was 27%, meaning that the material

can be considered slightly crystalline, and a melting peak was found around 150 °C.

Regarding the rheological analysis, the strain sweep tests ensured that a strain of 1% was within
the LVR and this value was used for performing the other two rheological measurements. Fig.
8.4a shows the trend of complex viscosity n* as a function of frequency w. At low frequencies,
a portion of the Newtonian plateau can be seen, with zero shear viscosity n, of around 1800

Pa-s.

The thermal stability of the materials was assessed using a time sweep test at a frequency of 1
rad/s over a total duration of 600 seconds. Figure 8.4b depicts the evolution of G* over time. As
the curve is flat, the material remains stable throughout the test period, which is longer than

the time that the TP matrix remains in the coextrusion chamber.
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Figure 8.4: Trend of a) complex viscosity as a function of frequency and b) complex modulus as a function of time
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8.3.2 Density and voids measurements

The PLA matrix was found to have a density of 1.25 (x0.01) g/cm?®. Referring to the results
obtained in the previous chapter, the densities of the two coated filaments were found to be
equal to 0.97 (¥0.13) and 1.10 (x0.14) g/cm?® for BOr and BLg, respectively. From the print
preview provided by Aura, it is possible to calculate the nominal density (px.)"°™ of the co-
extruded composite, following Eq.24 (Section 8.2.3). As mentioned above, considering the
different diameters of the coated filaments, it is possible to obtain ¢p;, and ¢¥, for the related
co-extruded biocomposite. Subsequently, it is also possible to achieve the effective volumetric
fraction of continuous flax fiber (¢*) within the 3D printed biocomposite. The fiber volume

fraction and density values are shown in Tab.8.3.

The volume fraction of reinforcement is greater in the case of biocomposite reinforced with BO
coated filament. On the other hand, since the latter has a lower fiber volume fraction (47%

towards 56%), the coextrusion process results in the same effective fiber fraction value.

Table 8.3: Densities and volume fractions for the components of the 3D printed co-extruded composites

BO BL
(pxc)™™ [g/em?] 1.14 1.20
Gpra [%] 58 66
b7 [%] 42 34
$* [%] 20 19

superscript X represents the type of fiber considered (BO or BL)

Effective density of the printed co-extruded composite (py.)¢// allows the calculation of void
percentage, and the corresponding values are listed in Tab.8. 4. It is important to note that void
percentage is heavily dependent on the raster angle of the specimens, therefore the results are
presented also in terms of this parameter. Similarly, voids were also evaluated for samples
printed with the TP matrix alone. Void percentages are around 5% for PLA matrix samples and
10% for both 3D printed biocomposites. For the matrix, the longitudinal configuration has lower
voids percentage, and this is mainly due to the lower humber of direction changes during
printing, as described also in Chapter 5. Conversely, for both biocomposites, the samples at

90° and 10° exhibit lower porosity than the longitudinal direction. This relates to the process of
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creating samples using laser cutting, whereby the outer parts of the plate are removed, leaving

only the central part (Fig.8.2).

Table 8.4: %voids for all configurations, values in parentheses represent standard deviation

% Voids
Material 0° 90° 10°
PLA 5.6 (0.4) 6.6 (0.7) 6.2 (0.5)
BO, 11.9(1.0) 9.8(1.2) 11.3(1.3)
BL, 11.7(1.4) 10.6(1.2) 9.7(0.9)

8.3.3 Mechanical characterization

Representative stress-strain curves of the different configurations are provided in Fig.8.5a for

PLA and in Fig. 8.5b for the biocomposites.
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Figure 8.5: Stress-strain curves at different orientations for a) PLA and b) BOc and BLc

The neat PLA shows a slight elasto-plastic behavior, and the three curves overlap in the initial
linear elastic region, regardless of the printing orientation, therefore PLA stiffness behavior can
be assumed as isotropic (Fig. 8.5a). On the other hand, there is a slight difference in terms of
yield stress, but this is not enough to conclude that the material is anisotropic in terms of
strength, therefore it can be reasonably considered completely isotropic.

The development of the curves for the two biocomposites is completely different (Fig. 8.5b).
The 0° curve for BL. has significantly higher stiffness and strength than other orientations. The
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behavior differs significantly from the 10° direction, and this difference is even more
pronounced at 90°. In addition, the 0° curve for BL. has a double slope, with the first section
steeper than the second, and therefore stiffer. This well-known and widely studied behavior in
continuous fiber-reinforced composites indicates that the fibers initially carry the load
effectively, providing high stiffness in the elastic regime [212], [213]. However, beyond a certain
strain, interfacial debonding, matrix yielding, and micro-crack formation reduce the efficiency
of stress transfer from the matrix to the fibers. As a result, the apparent stiffness decreases,
producing a second slope with lower inclination. This behavior is commonly reported in the
literature for natural fiber composites and reflects the intrinsic limitations of fiber—-matrix
compatibility and matrix ductility [214].

For the composite made with BO coated filament, the 0° and 10° curves have a similar slope in
the initial region, while the 90° curve is completely different. Also in this case, the longitudinal
direction is stiffer and stronger than the other two directions. The 10° curve exhibits brittle
failure, anditis highly plausible that the observed mechanism is related to cleavage, which can
occur both within the matrix and along the fiber—-matrix interface [215]. In samples oriented at
10°, the applied load decomposes into a component transverse to the fiber direction, which
must be carried primarily by the matrix and the interface. When these induced stresses exceed
the strength of either constituent, a brittle and relatively sharp fracture occurs. This failure can
manifest as intra-matrix cleavage, with cracks propagating through the matrix, or as interfacial
cleavage, due to limited fiber-matrix adhesion, often evidenced by clean fracture surfaces. This
behavior is particularly pronounced in unidirectional biocomposites, where fiber-matrix

adhesion is generally more critical [216].

The 0° curve for BO. has a slightly lower slope than that for BL., although their ultimate strength
is comparable. In the transverse direction, BL is stiffer and stronger, but it has a slightly lower
strain at break. At 10 °C, the curves diverge significantly, with the BO, becoming stiffer and
more brittle. However, in both cases, there is a significant anisotropy in the mechanical

characteristics.

Tab. 8.5 shows the four elastic constants required for stiffness characterization for the three
materials. When comparing the PLA matrix and the two co-extruded composites, it can be seen
that the latter two have doubled E;. This is because, in the 0° configuration, the fibers are

placed in the same direction as the applied load. Therefore, they are the load-bearing
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component of the composite. For both BL. and BL., E, has fallen significantly compared to
the value of the matrix. At 90° orientation, fibers have a less favorable orientation, thus the
behavior depends by a greater amount on the matrix properties and on the fiber-matrix
interface quality. This behavior is not consistent with what is reported in the literature for
transverse properties [75], [76] and with was similarly seen in the chapter 5.3.4.

PLA matrix has a transverse stiffness of 2.68 GPa, while both BO.. and BL.. have E, which is
about half of that for the matrix alone, relatively 1.35 GPa and 1.95 GPa. It is reasonable to
assume that this is due to the ineffective interface between the TS resin coating the flax and the
coextruded PLA. In this condition, the continuous fibers do not improve the mechanical
properties, but they act as if they were cavities, which obviously weaken the matrix. In fact, if
the fiber volume fraction of continuous filament (¢, Tab.8.3) is added to the intrinsic voids due
to 3D printing process (Tab. 8.4), the overall porosity is approximately 50%. This is perfectly in
line with the drastic decrease in the transverse stiffness of the composite compared to the

matrix alone.

Although both the PLA and the filament coating are ester-based, it is not possible to achieve a
good interface because the resin is already fully cured prior to contact with the PLA matrix.
Complete curing results in a highly crosslinked network characterized by the absence of chain
mobility and by the consumption of reactive functional groups. As a consequence, no covalent
bonding or molecular interdiffusion can occur at the TS-PLA interface. Interactions are
therefore limited to weak physical forces, such as van der Waals and dipole-dipole

interactions, which are insufficient to ensure effective load transfer across the interface.

The interfacial adhesion is further reduced by the semicrystalline nature of the PLA matrix. At a
crystallinity degree of approximately 30%, a significant fraction of PLA chains is confined within
crystalline lamellae, leading to reduced segmental mobility and lower availability of functional
groups at the surface. This results in decreased surface energy and limited chain
rearrangement at the interface, promoting stress concentration and interfacial debonding.
Consequently, the combination of a fully cured thermoset and semicrystalline PLA represents

an intrinsically unfavorable condition for interfacial adhesion.
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G, for BL. isequalto that obtained forthe neat PLA, while the value obtained for BO. is double

that of the other two. Poisson’s ratio is about 0.40, for all materials.

Table 8.5: Stiffness properties for all materials, values in parentheses represent standard deviation

Material E; [GPa] E, [GPa] Vi G, [GPa]
PLA 2.94(0.14) 2.68(0.02) 0.42(0.02) 0.65(0.08)
BO, 5.32(0.32) 1.35(0.19) 0.38(0.04) 1.08(0.28)
BL, 5.75(0.67) 1.95(0.12) 0.36(0.03) 0.66(0.08)

From the tensile tests, the strength and ultimate strain values were also evaluated and are
shown in Tab. 8.6.

The values for neat PLA are about the same in the longitudinal and transverse direction. The
shear strength values, calculated at 10°, are about half §; and Sy, in agreement with the
hypothesis of isotropy.

Both BO. and BL. have S; that is approximately 6 times larger than S, and S;. In both cases,
the transverse strength is lower than that of the neat PLA matrix and this is in agreement with
the literature [75], [76], since it’s expected that for unidirectional composites, fibers weaken
the material in the transverse direction. The strength properties also demonstrate significant

anisotropy, as the stiffness characteristics do.

Table 8.6: Ultimate strain and strength properties for all materials, values in parentheses represent standard deviation

0° 90° 10°
Material L Ful o7 Eu [Mm/mm] Su &y [MmM/mm]
[MPa] [mm/mm] [MPa] [MPa]
PLA 40.44 (2.43) 0.019(0.001) | 37.49(0.31) 0.020 (0.003) 19.51(0.68) 0.018(0.002)
BO, 74.78 (4.07) 0.022 (0.002) | 8.39(1.06) 0.014(0.002) |8.18(1.40) 0.015(0.003)
BL. 74.15 (2.15) 0.021 (0.002) 10.90 (1.37) 0.009 (0.003) | 12.98(1.13) 0.028(0.002)
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The results obtained from the tensile tests for BO, and BL, can be compared with those
obtained by Wu et al. [165], the only study, to the best of the author’s knowledge, to have 3D
printed continuous flax fiber using an OON technique. In both this work and the literature
reference [1], the final fiber volume fraction in the 3D-printed biocomposite is practically the
same and around 20%. To enable a better comparison, Table 8.7 summarizes the main
parameters and their mechanical values. The raw fibers in the work by Wu have a slightly larger
diameter and are five times higher in TEX than those used in this work. These differences are
due to the yarn manufacturing process, as the linear density obtained depends on how the yarn
is twisted. Furthermore, the mechanical properties of its flax fibers are approximately twice
those of the fibers used in this chapter. Looking at the matrix employed, PLA was adopted in

both cases, and in this work, a slightly stiffer matrix with lower strength was used.

Comparing the longitudinal mechanical properties, it can be seen that E; and S, , obtained for
BO. and BL., are approximately half those reported by Wu. This is reasonable, given that we
are comparing biocomposites with the same reinforcement volume fraction, but the

mechanical properties of the starting fiber are twice as high in the case of Wu.

The contribution of the matrix is what matters most in the transversal properties of the
biocomposite . E, found by Wu is the same as that for neat PLA, while that for BO; and BL is
half that of the reference for the matrix. Furthermore, the presence of TS in this study results in
a significantly lower volume fraction of PLA (58% and 66% for BO. and BL., respectively)
compared to the 80% observed in Wu's study. In both cases, St is about six times lower than
S;. These values mainly depend on the strength of PLA matrix. In the case of Wu et al., neat PLA
has a strength which is about 10 MPa higher than that used in this work. This trend is also
evident in the transverse strength values obtained for the final biocomposites, because there
is a difference of about 10 MPa between BO. and BL.and Wu's results. This study also provides
a complete characterization of shear properties, which has not been addressed in the
reference literature cited to date. G, is approximately twice as much for BO. as for BL., as can
also be seen qualitatively from the curves in Fig.8.5. On the other hand, BL, exhibits more
ductile shear behavior than BO(: it has an ultimate deformation that is twice as high and S;r

greater than 60%.
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Table 8.7: Comparison between the properties obtained in this work and those found in the literature, values in parentheses

represent standard deviation

Property Wu et al. [165] BO, BL.

TEX 105 18 20

D [mm] 0.35 0.27 (0.04) 0.25(0.03)
Flax Yarn

E [GPa] 34.8 (2.5) 17 19

S [MPa] 492 (30) 260 280

E [GPa] 2.4(0.1) 2.94(0.14)
PLA matrix

S [MPa] 48 (3) 40.44 (2.43)

¢ [%] 21 20 19

E; [GPa] 9.2(0.6) 5.32(0.32) 5.75(0.67)
3D printed

E, [GPa] 2.4(0.4) 1.35(0.19) 1.95(0.12)
biocomposite

S, [MPa] 123 (5) 74.78 (4.07) 74.15(2.15)

St [MPa] 20(2) 8.39 (1.06) 10.90 (1.37)

From the stiffness data obtained from tensile tests at 0° it is possible to estimate the
contribution of the flax fibers alone. Since the biocomposite is produced by co-extrusion, the

following rule of mixtures (ROM) applies:

(ED)xe = EFOF + Eppa(1—07), (25)
where Ep; 4, (E;) xcand the volume fraction of the coated filament (¢ )are known and listed in
Table 8.6 and Table 8.3, respectively. At the same time, it should be remembered that both BO-
and BL-coated filament also consists of a TS resin component and a fiber component.

Therefore, the following ROM also applies:

Ef = Ef,d* + Ers(1—0%), (26)

where the fiber volume fraction of the two different coated filament (¢*) is reported in Table 8.3,
and the stiffness of the “Plant” resin (Ers) is 0.45 GPa, as declared in the datasheet (Tab 7.2).

Substituting Eq.26 into Eq.25, the following is obtained:

(Exc = (E;(ib(l)x + Ers(1—0*))0F + Eppa(1 — 7)), (27)
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where the only unknown is the stiffness of the fiber (Ef)ib). Notice that the letter X represents

the type of fiber considered, BO and BL for the boiled and bleached fibers, respectively.

Eﬁig results 18.8 GPa, while E]f’-f, results 20.2 GPa. These values are in agreement with those
reported by the manufacturer in the technical data sheet (Tab 8.6) and are equalto 17 GPa and
19 GPa for boiled and bleached fiber, respectively. The estimated stiffness contribution of the
fiber, based on the biocomposite tensile results, is consistent with the values indicated in the
supplier's datasheet. This indicates that the coated filament preparation process and the
subsequent 3D printing did not compromise the integrity of the fiber, without damaging its

performance.

Stiffness anisotropy

As described in Section 3.2.1 and in the previous Chapters 4 and 5, once the elastic constants
E,, E,, Gi,, v1, are known, the anisotropic behavior can be evaluated graphically and
qualitatively. The PLA matrix and the two biocomposites will be compared with CBFc. The latter
is a 3D-printed composite that is slightly less sustainable than BO. and BL, as it is realized

coextruding PA12 and continuous basalt fiber, and it is fully characterized in Chapter 5.

The generalized Mohr's circles for the four materials are reported in Figure 8.6. Referring to PLA
matrix, the radii (U,, U3 ) are very small compared to the distance between the centers (U;),
meaning that the orthotropic components are much smaller than the isotropic one. The two
circles tend to collapse into a single point. This behavior is also quantitatively confirmed by
both anisotropic ratios, which are very close to zero, indicating that the material is substantially
isotropic.

For both BO; and BL, the distance between the centers and the radii increase with respect to
the neat PLA, denoting higher mechanical properties. Moreover, the proportion of the
orthotropic components with respect to the isotropic one increases from neat PLA to BO. and

BL, (Tab. 8.8).

This is visible when comparing the size of the radii to the distance of the centers: for BO_, the
circles are closer than BL.. This closeness indicates an increase in anisotropy. The lower
separation of the circles means that the isotropic component (U;) decreases, while the

decrease in the radii is linked to a decrease in the orthotropic components (U,, Us). This trend
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indicates that the behavior is increasingly anisotropic, with a stronger degree of anisotropy

observed in BO. thanin BL.

This is also confirmed by the fact that both anisotropic ratios for the BO,; and BL. increase

compared to neat PLA matrix. The ratio % is practically the same for the two biocomposites,
1

and in both cases % is significantly greater than % This means that anisotropy is primarily
1 1

affected by the difference between longitudinal and transverse properties, rather than from

. . . . Us .
shear properties. Nevertheless, looking at the details, we can see that the ratio U—3 is
1

approximately double for BL. compared to BO.. This implies that for BL. there is a higher

orthotropic component linked to shear properties.

Comparing these results with those of CBF,, it is clear that its mechanical properties are
superior and it exhibits much greater anisotropy compared to the two biocomposites printed
with flax fiber. Its generalized Mohr’s circles are wider and even intersect, and furthermore its

anisotropic ratios are also significantly higher.
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Figure 8.6: Comparison of generalized Mohr circles referred to BOc and BLc with respect to PLA matrix and CBFcc

Table 8.8: Orthotropic fractions for the four materials

Ratio PLA BO, BL, CBF,,
U
2 0.03 0.63 0.56 1.10
A
U
3 0.03 0.06 0.14 0.26
A
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8.3.4 Morphological observations

Untested specimens — cross sections

The polished transversal cross sections observed from 0° samples are shown in Fig. 8.7 for the
BL (Fig. 8.7a) and BO_ (Fig. 8.7b). In both cases, the presence of TS material used as a coating
around the fiber can be seen, even after printing. This is in accordance with what is seen in
Chapter 7. The results of the TGA analysis of both coated filaments (Fig. 7.12, Section 7.3.1)
showed that both are thermally stable at the printing temperature of 215 °C. For both
biocomposites, the deposition speed is 30 mm/s (Tab.8.2), and considering that the printer's
co-extrusion chamber is 15 mm long (Fig. 5.3, Section 5.2.2), the passage time of the
reinforcement filament inside it is 0.5 s. This brief period during which the filament passes
through a temperature that does not degrade, it is consistent with the presence of the coating

even after printing.

TS PLA
void

Figure 8.7: Representative transversal cross sections for untested specimens of a) BLc and b) BOc

Fracture surface — optical analysis
Figure 8.8 and Figure 8.9 show the fracture surface obtained from BO. (Fig. 8.7a) and BL,

samples, respectively. In both cases, the reinforcement fibers have a shiny coating after
fracture. This is consistent with what was observed in the cross-section of the untested

samples. This effect appears to be slightly more pronounced in the case of BO. than for BL.
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This observation should be related to the thicker resin deposit on boiled fiber compared to

bleached fiber, as seen in Chapter 7.

In the longitudinal direction, collapse of the matrix can be observed in both biocomposites. In
the case of BL. (Fig. 8.9a), the broken fibers are clearly visible, whereas for BO (Fig. 8.8a) this
is less evident. This may be due to the different thickness of TS coating, which allows the
integrity of the fibers to be maintained better in the case of BO.. This can also be seen by
comparing the strength of the fiber from the datasheet with those calculated from mechanical
tests at 0° (Eq.26, Section 8.3.3). The strength calculated for the bleached fiber is practically
the same as that reported in the datasheet. However, the strength obtained for the boiled fiber

is 30 MPa lower than that declared by the manufacturer.

The fracture surface analyses at 90° and 10° are consistent with the behavior observed from
the stress-strain curves in Fig. 8.5. In the transverse direction, greater whitening of the matrix is
observed in the case of BO (Fig. 8.8b), indicating that it underwent greater plastic deformation
before failure compared to BL (Fig. 8.9b). At 10°, a clear and marked fracture can be observed
for BO. (Fig. 8.8c), while for BL. (Fig. 8.9c) is more limited and contained. The former is

consistent with the cleavage mechanism, as hypothesized in Section 8.3.3.
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Figure 8.9: Representative fracture surface for BLc at a) 0°, b) 90° and c) 10° orientation, obtained with stereomicroscope

Fracture surface - SEM

To further investigate the fracture characteristics, SEM micrographs were taken of the sample
fracture surfaces at 0° (Fig.8.10, Fig.8.11). In addition, spectra were also acquired at different

points to analyze the chemical composition of the materials.

Three different spectra were acquired for BO (Fig. 8.10a) and the relative composition is shown
in Table 8.5. Based on the wt% of the components present, it is reasonable to conclude that
the spectra acquired at points 1 and 2 are significantly different from the spectrum at point 3.
Therefore, the first two points can be associated with the PLA matrix, while the last with the
presence of thermoset resin around the fiber. This evidence is even clearer in Figure 8.10b,

where a portion of TS material can be seen between the matrix and the flax fiber.

The BL, sample also follows this trend. The spectra acquired in Figure 8.11a, with
corresponding datain in Table 8.6, shows a material surrounding the fiber whose composition

is reasonably similar to the TS resin identified in point 3 for BO. (Fig. 8.10a). This confirms that
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aresidual TS layer remains around the fiber which is further confirmed by the material analysis

shown in Figure 8.11b.

100um

Figure 8.10: SEM microscopy for BOc: a) the first analysis site with the points where the spectra were analyzed and b) the
second analysis site in which the various components are highlighted

Table 8.9: Components present and relative %wt, obtained from the spectra analyzed at the points highlighted in Figure 10a

Component (wt%)

Point | C @) Na Al Si S Cl K Ca
1 67.6 31.33 0.19 0.14 0.28 0.07 0.22 0.07 0.09
2 69.17 30.53 / / 0.23 / 0.07 / /

3 57.44 41.44 0.19 0.15 0.15 0.05 0.16 0.1 0.3
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Figure 8.11: SEM microscopy for BLc: a) the first analysis site with the points where the spectra were analyzed and b) the
second analysis site in which the various components are highlighted

Table 8.10: Components present and relative %wt, obtained from the spectra analyzed at the points highlighted in Figure 11a

Component (wt%)

Point | C O Na Al Si P Cl
4 56.01 42.53 0.08 1.12 0.12 0.07 0.07
5 56.25 42.05 1.34 0.14 0.13 0.09

Stereomicroscopy and SEM analyses of the fracture surfaces provide direct evidence of the
weak interfacial adhesion between the reinforcement filament and the PLA matrix. In all
samples investigated with stereomicroscopy (Fig.8.8, Fig.8.9), the surface of the reinforcement
filament appears clean and smooth after fracture, with no detectable traces of PLA adhering to
the filament surface. This observation is characteristic of an interfacial (adhesive) failure and
confirms the negligible load transfer across the interface. SEM observations further
corroborate this behavior, showing a complete absence of matrix remnants on the
reinforcement surface, consistent with interfacial debonding occurring prior to filament failure.
These morphological features are fully consistent with the absence of chemical bonding and

with the limited physical interactions at the cured thermoset - PLA interface.
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8.4 Conclusions and future developments

In this chapter, two biocomposites reinforced with continuous flax fiber were printed with FFF
technology and tested in simple tension to obtain a complete characterization of the in-plane
properties and an evaluation of their anisotropy. The results were compared with those

obtained for the neat matrix and literature data for similar studies [165].

The produced biocomposites exhibited a void percentage around 10%, with final effective fiber

volume fractions of 20% and 19% for BO. and BL, respectively.

The incorporation of continuous flax fiber in both co-extruded composites increases the
longitudinal stiffness and strength, which approximately doubled the values measured for the
neat PLA matrix. The shear properties of the composite made with bleached fiber were found
to be comparable to those of the neat matrix. Conversely, using boiled fiber significantly
increases the shear modulus, but this improvement is followed by a brittle, catastrophic failure
due to cleavage mechanism. However, the transverse properties are very low for both BO. and
BL.. The results obtained for both materials are consistent with those obtained by Wu et al.
[165] at the same fiber volume fraction (around 20%), who achieved similar results using a

reinforcement fiber with higher mechanical performance.

Both BO. and BL. have a marked anisotropy, while the neat matrix shows isotropic behavior.
The anisotropic behavior of these 3D printed composites was also evaluated using the method
proposed in Section 3.2.1. For comparison purpose, CBF.. was included, since it is a
continuous fiber reinforced composite but it is realized with basalt fibers. The increasing
impact of the orthotropic component on the isotropic one was observed when moving from BL.

to BO; and was more pronounced with continuous basalt fiber as reinforcement.

The analysis of the fracture surfaces, both under a stereomicroscope and SEM, revealed the
presence of TS resin around the fiber even after 3D printing. It is reasonable that this allows the
integrity of the fibers to be maintained. This can also be seen by comparing the stiffness of the
fiber from the datasheet with those calculated from mechanical tests at 0°. The estimated
stiffness contribution of the fiber is consistent with the values indicated in the supplier's
datasheet. This indicates that the coated filament preparation process and the subsequent 3D

printing did not affect the integrity of the fiber, without damaging its performance.
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Overall, bleached fiber has a performance and structure more suitable for structural
applications. Boiled fiber has good longitudinal properties, but its shear and transverse
properties are not entirely satisfactory. This can be reasonably attributed to the irregularity of

the fiber and the resulting negative implications for stress transfer.

The use of TS resin as a coating was shown to provide excellent results in 3D-printed
biocomposites. Specifically, it homogenized the fiber shape, especially with the bleached one,
and successfully preserved its mechanical performance. Undoubtedly, an important future
development will be finding a more sustainable TS resin, with the aim of achieving a 100%
biobased composite. Furthermore, optimizing the interfaces between the fibre-TS and between

the TS and the thermoplastic matrix is important for improving the transverse properties.

Conclusions and future developments

The work presented in this thesis has explored how additive manufacturing can serve as a
versatile platform for combining high mechanical performance with environmental
sustainability using fiber-reinforced materials. The thesis addresses these issues progressively
fromrecycled short-fiber composites, to mineral-based continuous fibers, and finally to almost

fully bio-derived continuous-fiber biocomposites.

The first stage of the research focused on PA6 reinforced with short carbon fibers, comparing
the virgin material with its mechanically recycled version. Thermal and rheological analyses
confirmed that the recycling process induces degradation, as expected. Yet, once printed, the
recycled material exhibited better transverse and shear properties than the virgin one. This
seemingly counterintuitive result highlighted how, in additive manufacturing, material
performance cannot be evaluated independently from the printing process. Degradation during
the recycling process reduces the viscosity of the recycled PA6. This increases the molecular
diffusion between the newly deposited material and the material already present, resulting in
stronger inter- and intra-layer adhesion. Morphological analyses supported this interpretation,
revealing more compact and flattened filament cross-sections. Overall, these findings suggest
that one-time recycling fiber-reinforced polyamides is not only feasible but may even produce
materials more suitable for printing than their virgin counterparts, thereby contributing to

circular-economy strategies within the field of additive manufacturing.
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The second part of the work examined continuous basalt fiber-reinforced composites
produced via co-extrusion 3D printing with a PA12 matrix, rather than the PA6 matrix used
previously. The aim was to assess whether a mineral-based natural fiber could provide a
sustainable alternative to more conventional synthetic fibers, while maintaining good
mechanical performance to ensure structural applications. The usage of continuous
reinforcement fibers instead of short fibers showed extremely large increases in stiffness and
strength along the fiber direction, whereas the transverse and shear properties remained
similar to those of the neat matrix. This pronounced anisotropy, which was further confirmed
through a generalized Mohr circle analysis, is typical of unidirectionally reinforced materials. It
reflects the fact that the continuous fiber carries most of the load when properly aligned. The
mechanical performance is significantly superior to that of short fibers and is satisfactory for

ready-to-use applications, even though the fibers are mineral rather than synthetic.

The third research direction involved a shift toward fully bio-derived materials with the study of
continuous vegetable fibers and their applicability to 3D printing processes. The literature
review highlighted that flax and ramie currently represent the most promising natural fibers for
additive manufacturing, due to their industrial availability, relatively consistent morphology
and superior mechanical properties compared with other vegetable fibers. However, the state
of the art still shows several shortcomings: printing setups are often non-standard, many
systems rely on custom modifications rather than commercial AM equipment, and complete
in-plane mechanical characterization is rarely performed. In addition, the intrinsic variability of
natural fibers and their sensitivity to moisture pose further challenges that remain only partially

resolved.

To overcome some of these limitations, a complete workflow for the preparation of continuous
vegetable fibers has been developed, based on a thermosetting coating that can be
polymerized with UV rays. Two versions of flax were chosen as the continuous reinforcing fiber,
corresponding to two different fiber treatments carried out by the supplier: boiling (BO) and
bleaching (BL). The aim was to produce a continuous filament with stable geometry and
suitable dimensions for co-extrusion using commercially available printing methods, based on
the principles previously applied to basalt fibers. For both flax fibers, morphological,
rheological and thermal analyses confirmed that the method complies with the required

dimensional specifications of the reinforcement filament. In addition, this UV coating solution
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preserved the intrinsic mechanical properties of the fibers: the values of stiffness and strength
inferred from tensile tests were consistent with the manufacturer’s datasheet, demonstrating

that neither coating nor printing damaged the reinforcement.

In the final stage of the research, the previously coated filaments were used to fabricate 3D-
printed biocomposites made from a PLA matrix reinforced with continuous flax fibers. The
results revealed a strongly directional mechanical behavior, analogous to that observed in the
basalt-reinforced composite. The PLA matrix behaved instead almost isotropically, as
expected. The mechanical integrity of the flax fibers was preserved, and the behavior of the
printed biocomposites confirmed the feasibility of producing 3D-printed, fully bio-derived
structures with reliable and predictable structural performance, particularly in the direction of

reinforcement.

Taken together, these results illustrate that additive manufacturing can indeed serve as a
platform for integrating sustainable materials without fully compromising performance.
Recycled polyamides can be reused successfully at least once after recycling, with
performance suitable for 3D printing. Continuous basalt fibers offer a balanced compromise
between mechanical properties and environmental impact. Vegetable fibers, when properly
prepared, enable the fabrication of entirely bio-based composites compatible with

commercial printing processes and suitable for low- and medium-load applications.

Looking ahead, numerous research directions remain open: understanding the effects of
multiple recycling loops on mechanical behavior of short-fiber reinforced materials, limiting
the variability of natural fibers through treatments or hybrid yarns, optimizing fiber-matrix
compatibility using more sustainable approaches and expanding mechanical characterization
campaigns to include out-of-plane properties, fatigue behavior and fracture mechanics. In
parallel, combining natural fibers with fully bio-based or recyclable matrices represents a
particularly promising frontier, potentially enabling the creation of 3D-printed composites that

are not only high-performing but also deeply aligned with circular-life-cycle principles.

In conclusion, this thesis shows that the integration of new materials, advanced additive
manufacturing processes and sustainability-oriented design can pave the way for a new
generation of fiber-reinforced composites, where technological innovation and environmental

responsibility can progress together rather than in opposition.
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List of acronyms and symbols

Bl [-] Bleached flax fiber
BLg [-] Coated filament realized with bleached flax fiber
BL. [-] Co-extruded composite realized with BLg
BOsip [-] Boiled flax fiber
BOg [-] Coated filament realized with boiled flax fiber
BO, [-] Co-extruded composite realized with BOg
CBE [] Filament made by continuous basalt fiber, coated with
thermoset resin
CBEF,. [-] CBF co-extruded composite
CVm [-] Coefficient of variation of mass
D(n, ) [] Lilliefors statistical variable: n is the sample size and «a is the
’ significance level (= 0.05)
X Diameter of the initial raw flax fiber, x is the type of fiber (BO or
Dty [-] BL)
x Diameter of the coated filament, x is the type of fiber (BO or
Dy (-]
BL)
EX [GPa] Young’s modulus of the initial raw flax fiber, x is the type of
fib fiber (BO or BL)
E; [GPa] Young’s modulus in longitudinal direction
E, [GPa] Young’s modulus in transverse direction
Eio [GPa] Young’s modulus at 10°
G1, [GPa] Shear modulus
G' [Pa] Storage modulus
G" [Pa] Loss modulus
G* [Pa] Complex modulus
ISI [-] In-Situ Impregnation process
M}(ib [g] Mass of the initial raw flax fiber, x is the type of fiber (BO or BL)
M¥ [g] Mass of the coated filament, x is the type of fiber (BO or BL)
OON [-] Prepreg Filament technique
PPF [-] Out-Of-Nozzle method
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SL [MPa] Longitudinal strength

(S1)pra [MPa] Longitudinal strength for PLA matrix
(S) [MPal] Longitudinal strength of the co-extruded biocomposite, x is
LoXe the type of fiber (BO or BL)
S§ [MPa] Strength of the coated filament, x is the type of fiber (BO or BL)
X Strength of the initial raw flax fiber, x is the type of fiber (BO or
Stib [MPa]
BL)
St [MPa] Transverse strength
Sts [MPa] Strength of the thermoset resin used as coating material
Sir [MPa] Shear strength
St [MPa] Shear strength obtained from 45° samples
Sy [MPa] Shear strength obtained from 10° samples
T, [°C] Melting temperature
T, [°C] Glass transition temperature
Isotropic contributions — Tsai and Pagano anisotro
Uy, U, [GPa] P g by
evaluation
Orthotropic contributions — Tsai and Pagano anisotro
Uy, Us [GPa] op g Py
evaluation
& [] Weight of the longitudinal-transverse orthotropic component
U, (U,) with respect to the isotropic one
E [] Weight of the shear orthotropic component (U3) with respect
U, to the isotropic one
%v [%] Voids percentage
wt% [%] Weight percentage of the component
Y12 [mm/mm] Shear strain
Yul [mMm/mm] Ultimate shear strain
£ [mMm/mm] Strain
83; [mm/mm] Ultimate strain at 0° (longitudinal)
end” [mMm/mm] Ultimate strain at 90° (transverse)
ei?o [mMm/mm] Ultimate strain at 10°
n* [Pa-s] Complex viscosity
Vi [-] Poisson’s ratio
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[g/em?]
[g/cm?]
[g/em?]
[g/em?]

[g/cm?]

[g/cm?]

[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]

[%]
[%]
[%]

[%]

Density of the initial raw flax fiber, x is type of fiber (BO or BL)

Density of the coated filament, x is the type of fiber (BO or BL)

Density of thermoset resin in the coated filament realized with
the specific type of fiber x (BO or BL)

Filament density before printing, x is the considered material

3D printed sample density before testing, x is the considered
material

Density of the co-extruded biocomposite, x is the type of fiber
(BO or BL)

Stress

Yield strength at 0° (longitudinal)
Yield strength at 10°

Yield strength at 45°

Yield strength at 90° (transverse)
Shear stress

Yield shear strength

Coated filament volume fraction in the co-extruded
biocomposite, x is the type of fiber (BO or BL)

Material volume fraction, x is the considered material

Crystalline fraction

Material mass fraction, x is the considered material
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