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Abstract i

Abstract

Fused filament fabrication (FFF) is a n additive manufacturing technique with signifi-
cant potential for producing customized and functional polymer -based components.
Using polypropylene (PP) as a representative system, the morphology, thermal be-
havior, and mechanical performance of pure and microfibrillar - filled semi-crystalline
polymersfabricated via FFF were explored, emphasizing the influence of temperature
control, material properties, and processing parameters on final part performance.
Results demonstrate that contact temperature is the key parameter controlling inter-
facial diffusion and bonding strength, a trend consistently validated across various
semi-crystalline polymer systems. A contact temperature model was developed and
validated, enabling process condition optimization and achieving interfacial properties
comparable to those of injection -molded parts. To exploit the anisotropic properties
of FFF using microfibrillar composites (MFC) , an unexpected phenomenon of in situ
fibrillation wasobserved, wherein PET droplets were fully transformed into aligned mi-
crofibers during printing under suitable thermal and flow conditions. These fibers en-
hance tensile properties and promote crystallization. These findings establish a com-
prehensive framework and practical strategy for optimizing the FFF process of semi-
crystalline polymers and MFC, enabling simplified processing, enhanced performance,
and geometry -aware parameter control for advanced lightweight structural applica-
tions.



ii Kurzfassung

Kurzfassung

Das Fused Filament Fabrication (FFF) Verfahren ist eine additive Fertigungstechno-
logie mit grof3em Potenzial zur Herstellung maRgeschneiderter und funktionaler poly-
merbasierter Bauteile. Am Beispiel von Polypropylen (PP) wurden die Morphologie,
das thermische Verhalten und die mechanischen Eigenschaften reiner sowie mikro-
verstreckter teilkristalliner Polymere untersucht, die mittels FFF hergestellt wurden.
Der Fokus lag auf dem Einfluss der Temperaturfihrung, Materialeigenschaften und
Prozessparameter auf die Bauteilperformance. Die Ergebnisse zeigen, dass die Kon-
takttemperatur als entscheidender Prozessparameter die interdiffusion und Bin-
dungsfestigkeit an den Schichtgrenzen bestimmt bein Zusammenhang, der tber ver-
schiedene teilkristalline Polymersysteme hinweg konsistent bestat igt wurde. Ein ent-
sprechendes Kontakttemperaturmodell wurde entwickelt und validiert, das die Opti-
mierung der Prozessbedingungen ermdglicht und Haftfestigkeiten vergleichbar mit
spritzgegossenen Bauteilen erzielt. Zur Nutzung der anisotropen Eigenschaften von
FFF mit mikroverstreckten Verbundwerkstoffen (MFC) wurde ein unerwartetes Pha-
nomen beobachtet: Wahrend des Druckvorgangs kam es unter geeigneten thermi-
schen und stromungsmechanischen Bedingungen zur in situ-Fibrillierung, bei der
PET-Tropfchen vollstandig in ausgerichtete Mikrofasern umgewandelt wurden. Diese
Fasern verbessern nicht nur die Zugfestigkeit, sondern férdern auch die Kristallisation
der Matrix. Diese Erkenntnisse bieten einen umfassenden Rahmen und eine praxisori-
entierte Strategie zur Optimierung des FFF - Prozesses fur teilkristalline Polymere und
MFCs bmit dem Ziel vereinfachter Verarbeitung, gesteigerter Leistungsfahigkeit und
einer geometrieabhangigen Prozesskontrolle fir den Leichtbaueinsatz.
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1 Introduction

Due to the continuous demand for increasingly intricate designs and the efficient uti-
lization of materials, additive manufacturing (AM) has experienced exponential
growth in both application and development. AM is able to obtain extremely complex
geometries in a single process, thus providing a great degree of freedom in the design
[1b3]. Fused filament fabrication (FFF) as one of the AM processes has attracted con-
siderable attention as an effective tool due to its simplicity, short time-to-market, and
freedom of design [4 b7]. FFF hasthe greatest potential to satisfy the design with var-
ious geometry of components and deposit multiple parts simultaneously [8b10]. A lot
of commercially polymeric materials can be used to print components for academic
and industrial applications with the development of the FFF [1b15] The semk crystal-
line thermoplastics have increasingly attracted attention for FFF due to their excellent
properties and widespread commercial use [16b19]. Semi-crystalline polymers acquire
certain characteristics through crystallization that distinguish them from their amor-
phous counterparts . However, this characteristic can also introduce processing com-
plications. In order to maximize the benefits of FFF processing, it is critical to have a
comprehensive understanding of the behavior exhibited by semi - crystalline polymers.

In the FFF process, the thermoplastic filament is fed into a printer via a pinch -roller
mechanism. During the extrusion process, the filament melts in a heated nozzle via
heat conduction and is extruded through a nozzle, with the solid portion of the filament

acting as a piston to push the melt along the nozzle. Three-dimensional objects are
built layer upon layer via material delivery along defined paths. Between the stacked
rods, intra-layer adhesion and interlayer adhesion occur when the new strand is de-
posited beside and on the top of a previously printed strand, respectively [20]. Con-
sidering the FFF process, the anisotropy mechanical properties of printed parts origi-

nated from the layer -wise strategy and the rapid thermal gradients [21b23]. As such,
to overcome the limited mechanical issue of the specimen, the challenge is to optimize
the welding behavior during the FFF process. To obtain high- quality parts, one major
aspect is the fusion between the deposited strands [24] . Recently, extensive related
studies exist for describing the influence factors on mechanical properties [2,14,25].
The research focused on the machine parameters such as the nozzle temperature
[26,27], the filling density [28,29], raster orientation [30,31] and platform tempera-
ture [32], which are related to the porosity, crystallinity, and mechanical properties of
the printed parts. During the formation of the welding line, the strand comes into phys-

ical contact with adjacent strands, simultaneously transferring thermal energy to the
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adjacent strand [33]. The interfacial bonding between the adjacent strands is ther-
mally driven and affects the morphology and ultimately the mechanical properties
[34,35] .

Fusion determines the bond quality between strands and is directly correlated with
mechanical properties [36,37] . Adhesion leads to the formation of strong bonds at the
interface through the entanglement of polymer chains across the interface [38]. As
the molten strand was being deposited, the previously placed strand underwent cool-
ing and reached varying temperatures as time passed. The temperature in the weld
lines has an impact on the diffusion of molecular chains, which subsequently influences
the fusion process and adhesion [3,39] . Sufficient thermal energy and longer weld
time can form a good interface between strands [40,41]. The fusion of the semi-crys-
talline thermoplastic during melt deposition is governed by crystallization , which limits
the interfacial molecular diffusion [42]. In addition to thermal conditions, local flow
processes during the processing of thermoplastics have a significant effect on the
structure formation, morphology , and mechanical properties of components [43].
These deformations affect the morphological formation of the contact areas, i.e. ulti-
mately the component quality perpendicular to the printing direction.

Nevertheless, the impact of various printing strategies of FFF on local contact
behavior and thus the joint quality, considering the actual dimensions of the
components, has received limited attention in the existing literature. This effect is
especially important, as it can optimize the properties of weld lines and the design of
various geometry of the components manufactured by FFF. When semt crystalline
thermoplastics are printed via FFF, these factors are especially crucial because they
determine the crystallization behavior, and the interfacial fusion, and ultimately
determine the mechanical properties [13,44].
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2 State of the Art

2.1  Semi-Crystalline Polymers

Polymers consist of large molecules, i.e. macromolecules. The macromolecules of
thermoplastic polymers may exist either as highly ordered crystallites in a solid state
or a glassy solidified state as disordered amorphous regions. Semi- crystalline poly-
mers that include both crystalline and amorphous regions. Typical polymers in this
class are linear polyethylene (PE), isotactic polypropylene (PP), polyamides (PA), pol-

ylactide (PLA), polyetheretherketone (PEEK) and poly( tetrafluoroethylene ) (PTFE).
Polymers do not crystallize as amorphous polymers, for instance, atactic poly (vinyl
chloride) (PVC), atactic polystyrene (PS), and polycarbonate (PC). In addition, ther-

moplastic copolyester (TPC), and thermoplastic polyurethanes (TPU) are thermo-

plastic elastomers.

Semi-crystalline polymers possess great potential for wide applications due to the ir
excellent mechanical properties, chemical, wear, and flame resistance, as well as ther-
mal stability. The distinctions in the toughness/stiffness balance among printed amor-

phous, elastomeric, and semt crystalline polymers concerning their mechanical prop-

erties are depicted in Figure 1.
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Figure 1 Elongationatthe ANAAE AO A AOi AOETof polyndermal O AU
terials according to [45b54] (modified based on[55]).

The properties of the amorphous polymer and thermoplastics elastomers are re-
stricted to a small area. However, semkcrystalline thermoplastic exhibits a much
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broader range of toughness (elongation at the break between 2.5 and 1600 %) and
OOEAAI AOO a:10i £#UO 11T AOCEOO AAOOAAI wuee
rated into a semi-crystalline polymer, the range is significantly expanded. Conse-
guently, semi-crystalline polymers and their composites are widely used in advanced
applications requiring properties such as superior mechanical properties. In particular,
PP has the potential for a broad range of applications due to its outstanding mechan-

ical performance.

2.11 The Crystalli ne State

Upon cooling of the semi-crystalline polymers melt, folding crystallites aggregate into

spherically symmetrical superstructures from individual nuclei and crystalline sections
radiate out in three dimensions. Crystallization imparts semi- crystalline polymers with
some distinct morphology, such as typical lamellar and spherulite superstructures. In
all cases, the crystalline structure comprises only a portion of the total volume, while

the remainder is composed of the amorphous state as shown inFigure 2. The final
mass fraction crystallinities range from 20 to 80 percent.

Crystalline domains Spherulite surface

Amorphous domains\ ’

——— e Solas {l )

o

5
i

Figure 2: lllustration of the spherulite structure of a semi -crystalline polymer with
the magnification of the lamellar structure (crystalline and amorphous
domains) (modified based on [56,57]) and further magnification of the
crystal structure of the crystalline domains ( modified based on [58]).

The crystallization process consists of two stages: nucleation and crystal growth. The
main nucleation can be categorized as homogeneous nucleation, heterogeneous nu-
cleation, and self- nucleation, based on the formation process. Homogeneous nuclea-
tion refers to the nucleation starting in a supercooled, metastable phase upon cooling
from the melt. Heterogeneous nucleation refers to the nucleation initiated on external

Al
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solid matter surfaces, such as container walls, dust, fillers, or nucleating agents. Self-
nucleation refers to the nucleation initiated on surfaces of crystals that have not com-
pletely melted.

In principle, the general crystallization window where the crystallization process can
occur is at least 30 °C above the glass transition temperature (4|||) and at least 10 °C
below the 7|5 [59] . As the 9|j is approached, the mobility of the chain segments is lim-
ited, so that no crystallization occurs. On the other hand, if the temperatures are too

high, however, the segments are too mobile to crystallize to any appreciable extent.

2.1.2 Crystallization in Processing Conditions

In processing of semi-crystalline polymer, crystallization typically occurs under com-
plex, inhomogeneous, and coupled thermal (cooling rate, temperature gradient), me-
chanical (flow, pressure), geometrical conditions (interface of component and the
processing tools), and post- processing treatment [60] . The structure formation of

semi-crystalline polymers is determined by kinetics rather than equilibrium thermody-

namics. For crystallization in general, both thermodynamic and kinetic factors must be
considered. The crystallization conditions are crucial, and the resulting morphology is
highly dependent on the processing history.

Because of the long and flexible macromolecular chains, one particular characteristic

of polymers is their viscoelastic behavior. The macromolecular chains are easily
oriented and stretched by flow fields in the molten state [61].5 CA @G 1 Adfthdl @y
deformation in the polymer melt can significantly affect the subsequent structure
formation [62,63]. This is typical of conditions in which the processing time is
significantly shorter than the relaxation time of the polymer melt. The effect is
particularly noticeable in the processing of semicrystalline polymers since the entire
thermal and mechanical histories influence the final product. During industrial
production processes, polymer melts are deformed in a complex thermomechanical
history before being allowed to cool and solidify into final products.

The thermomechanical history experienced by the polymer is complex as a result of
the high deformation rates, the high pressures (compressibility of the polymer) , and
the high speeds applied to the polymer, as well as the complex flow fields, the high-
temperature gradients, and high cooling rates [64] . The deformation of the polymer
melt was induced by either shear flow or elongation flow. It has been observed that
flow-induced nuclei can survive above the melting temperature of the crystals, and
the surviving nuclei behave as active nuclei whencooled again, thereby significantly
increasing the nucleation density and enhancing crystallization kinetics [65] . Zuo et al.
investigated t he thermal stability of shear-induced shish-kebab structures by using a
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polyethylene blend [66] . The shish-kebab structure can withstand temperatures
remarkably above the thermodynamic melting point due to the presence of
entanglement - point-limited stretched chain segments. The equilibrium melting
temperature increases due to the long-living metastable structures in sheared
polymer melt and an increase in the free energy of the orientation melt [67] . Figure 3
illustrates the increase in the equilibrium melting temperature with an increasing
degree of orientation .

O
I
| I
1T,,, increase :
Iby orientation,
| — I
Figure 3: Schematic curves of free energy as a function of temperature for crystal,

isotropic, and oriented melts (modified based on[67]).

During processes, non-isothermal crystallization plays a dominant role, rarely isother-
mal crystallization, and the cooling rate is location dependent . The cooling rate itself
is dependent on melt temperature, mold temperature (for injection molding), plat-
form temperature (for fused filament fabrication), method of cooling, and cooling
time [68] , etc. Firstly, the degree of crystallinity can be controlled by the cooling rate.
If the polymer is rapidly cooled, it does not have sufficient time to form a highly crys-
talline material. Moreover, the degree of crystallinity is also influenced by other con-
ditions, such as the temperature at which the polymer is heated and the time it is held
there. The cooling rate of processing not only affects the degree of crystallinity but
also the spherulite size and crystal structure. The effect on crystal structure was an a-
lyzed by Suksut et al. [69] . The h-phase of PP crystal is essentially formed at a wide
cooling rate, while the i -phase is only formed at a cooling rate lower than 1 K/s.



State of the Art 7

2.2  Fused Filament Fabrication (FFF)

2.2.1 Overview of FFF

Additive manufact uring (AM), commonly known as 3D printing or rapid prototyping, is
atechnology AAAETI AA A@ %*/ &/ *40Z2"45. Tziwee AO /
OT T AEA TANOGO ANTIT (1% 11 AAEAsA#KGt&tandionGekEE @ E
ing emerging technology, 3D printing is profoundly changing traditional production

methods and manufacturing processes. The first method of AM was developed by

Charles Hull in 1986 known as stereolithography, and today the AM methods have

evolved into Selective Laser Sintering (SLS), Fused Filament Fabrication (FFF) or

Fused Deposited Modeling (FDM) , Binder Jetting and Direct Ink Writing (DIW) [70] .

FFF or FDM is the most common 3D printing method for reasons including its multi-

material capability, relatively low cost, waste minimization, and the ability to manufac-

ture complex structures, as well as fast prototyping.

Cyber Domain Physic Domain

i-l-i-i-l-

Convert l Slicing l Build l Post- processl >

3D CAD Model STL file Layer slices AMprocess  Final parts

Figure 4: General process flow of Fused Filament Fabrication (FFF) (modified
based on[71,72)).

The general process flow of FFF is illustrated in Figure 4. The process starts by de-
signing and creating a three-dimensional model of the product using Computer - Aided
Design (CAD) that is later converted to a stereolithography (STL) file. The model is
then sent to the slicing software, where it is decomposed into horizontal layers that
represent thin cross-sections of the desired resolution. The supports are created, if
required, using the part's geometry, and are also sliced. The results are then saved as
a .gcode file which is used to guide the 3D printer to dep osit the material layer by layer
by slicing the entire geometry. Ultimately, the printed component required post -pro-
cessing to achieve certain mechanical and/or visual characteristics. This involved pro-
cedures such as removing support structures, thoroughly cleaning to eliminate any re-
sidual debris, and applying surfacetreatments such as painting or steam smoothing.
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2.2.2 Basic Principle of FFF

The key advantage of FFF is its simple functioning mechanism. The typical design
components of FFF systems are shown in Figure 5. The main elements of the FFF
system include afilament feed mechanism, Hot End, and build platform.

In the FFF process, the thermoplastic filament is fed into a printer via a pinch -roller
mechanism using a stepper motor connected to one of the rollers. The extrusion usu-
ally required a small positive force provided by the rollers [73] . Ideally, perfect traction
(without slippage) is established between the filament and the wheels. If the feed fil-
ament slips between the rollers as it ispushed into the hot end, the quality of filament
is less thanrequired. Such slippage can occur owing to the smaller diameter of the
filament that the filament no longer acts as an effective piston when extruding mate-
rial through the nozzle. If the viscosity of the material in the HotEnd is high or the fila-
ment has low hardness, the filament may buckle after passing through the rollers [74].
The buckle filament can present serious problems when printing parts in an extrusion-
based process.

The solid filament is continually heated by conduction from the HotEnd commonly re-
ferred to as aliquefier, where the polymer filaments transition into their molten state.
As the polymer filament is pushed through the HotEnd, the upper portion of the fila-
ment must remain cool to act as a solid piston to extrude the melt along the nozzle .
Hence, an external cooling fan is connected to an aluminum sink to cool the filament.
In common FFF printers, the HotEnd is moved horizontally in the X-Y plane. In order
to build three - dimensional components, a build platform moves in the Z direction and
the HotEnd lays down material layer upon layer. Otherwise, in Delta printers[75] and
Robotic Extrusion printers [76], the nozzle canachieve movement on the XYZ axis. It
is important that the melt adheres to the build platform, but not so well that the part
cannot be removed at the end of the printing process.

As the melt is deposited on the platform , the material deposition is governed by the
constant volumetric displacement principle [74] . Therefore, t he dimensions of depos-
ited strands are determined by the material flow rate. The flow rate of the material
that is extruded from the nozzle is determined by the dimensions of the road (width
and thickness) and the printing speed. For a given layer thickness, raster width, and
printing speed 0, the volumetric flow rate wrequired for complete filling is calculated
as follows [73]:

w QU0 U @)
For a filament with a constant diameter, the filament feed rate 0 depends on the vol-
umetric flow rate wrequired for the 100 % infillpart fabrication and can be calculated

by:
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U O wio (2)
where 0 is the cross-sectional area of the filament and "Ois the friction factor be-
tween the filament and rollers. Ideal feeding requires that "Ois equal to 1. If'Ois
greater than 1, then the filament is crushed by the rollers, whereas if "Ois less than 1
then the filament slips between the rollers.

Similarly, for a given filament feed rate (U ), the required roller speed (0 ) for complete
filling (100 % infill) can be calculated as:

O ol Q (3)
Where Qis the diameter of the roller. Consequently, for a given set of layer thickness,
raster width, and printing speed, the FFF system sets the required 0 to achieve the
required filament feed rate 0 and thus the flow rate wfor complete space filling. In
response to variations in the velocity of the print head's motion within the gantry of
the system, this feed rate is dynamically regulated. However, this fundamental control
assumes that the filament diameter is constant and that there is no slippage between
the roller and filament surfaces. If the filament diameter is smaller than required or if
the filament slips between rollers, insufficien t flow will result and cause significant de-
fects (voids) in the parts.

Thermoplastic

filament
Pinch roller

feed \(

Inconsistent Annular Filament

diameter backflow buckling

HotEnd

%
Deposited

material
y4

/" Build platform /A T,
X

Figure 5: A schematic representation of the working principle of the FFF process
together with some of the key process parameters and common failure
modes inside the nozzle (modified based on[77]).

Due to the basic principle of FFF, the process parameters are primarily associated with
the following elements: material, process, machine, geometry, and so on. Several Key
parameters have an impact on the characteristics of the printed component, such as
their microstructure and bonding strength. The definitions of the most important
printing parameters and their effect on the properties are given below:
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Nozzle temperature 4|, [°C]: The temperature at which the material is heated by the
nozzle. The temperature should be set at least the processing temperature of mate-

rials: 100°C above the glass transition temperature “Y to avoid blockage for amor-
phous thermoplastic or 50 °C above the melting temperature “Y to sufficiently reduce
the viscosity for a semi-crystalline material.

Platform temperature J||_[°C] : The temperature of the build platform is typically set
slightly above the "Y of the material. The temperature has an impact on the cooling
rate of the deposited part and can ensure sufficient adhesion of the part onto the build
platform.

Printing speed o [mm/s] : The speed is the velocity at which the nozzle travels as
depositing materials along the X-Y plane. The fast-printing speed can decrease the
printing time but may decrease the part accuracy.

Layer thickness  [[mm] : Thethickness is the height of one layer deposited in the X-
Y plane. According to the diameter of the nozzle , the suitable layer thickness was se-
lected . Increasing the layer thickness meansa shorter printing time and fewer bonding
areas between layers, butarougher surface.

Infill density [%)] : It is the infill percentage of the internal structure in the printed
component. Printing with reduced infill density means less material required and a
shorter printing time but higher porosity in the part. Increasing the infill density to 100
% means zero voids producing parts.

Raster angle [°]: Theraster angle refers to the direction of the raster relative to the
x-axis of the platform which influences the mechanical anisotropy of the printed part
[37] . The tensile strength of the 90° configuration is usually weaker than that of the
0° configuration [20,78] .

2.3 Semi-Crystalline Polymers within FFF

2.3.1 Printing Materials

FFF technique is regarded as a disruptive technology suitable for the fabrication of
thermoplastic - based parts. What makes material printable in FFF? The basic condi-
tions require the extruded material must retain the intended shape [77,79]. Further-
more, it is crucial that the extruded structure can function as a mechanically sound
substrate and span a designated gap. Then, the dimensional stability of the deposited
structure is imperative throughout the transition to the final state. For the semi-crys-
talline products, the mechanical, optical, and physical properties are the result of a
complex interaction between molecular structures, processing conditions, and the re-
sulting morphologies. In FFF, thermal conditions vary locally based on the processing
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conditions. As a result, products have an anisotropic structure with properties varying
within a wide range depending on the processing factors. Therefore, it is necessary to
understand the behavior of semi-crystalline polymers during processing in order to
optimize process parameters and thus exploit their full potential.

Polypropylene

Isotactic polypropylene (PP) exhibits notable advantages over other structures (syn-

diotactic and atactic) due to its high crystallinity, which results in a higher melting
point, exceptional chemical resistance, and superior mechanical strength [80] . PP
processes four crystalline structures: monoclinic (" Ohexagonal ( triclinic (* ,band
mesomorphic. Each structure specifies the properties and forms under particular pro-

cessing conditions. In melt-crystallized PP the predominant crystal structure is the
monoclinic (M énodification.

The formation of the hexagonal (i 8&tructure is influenced by specific conditions dur-

ing processing, such as thepresence of a few highly active and selective heterogene-

ous nuclei, crystallization within a suitable temperature range, or the application of

shearing forces to the melt [81]. The triclinic (* structure, on the other hand, is typi-

cally observed in low- molecular-weight or stereoblock fractions that crystallize under

elevated pressure conditions. According to exhaustive studies by Varga [65,81b83],
the temperature ranges for the formation of the phase were more reliable with a
theoretical upper -temperature limit ( 140 °C) and a potential lower temperature limit

(100-11C°C).

In comparison to the h phase of PP, the phaseof PP exhibits ET OAN : 1 O £UO |
and yields stress but demonstrates higher ultimate tensile strength and strain. The im-
provement is attributable to the -to-h-transition that takes place during the necking,

which results in the strain hardening of the material [81]. In addition, the spherulite size

and density of spherulites also play a greater role in determining the mechanical, op-

tical, and physical properties of the polymer.

Rapidly quenching PP below its glass transition temperature effectively prevents crys-
tallization, preserving an amorphous structure. Suksut [69] proposed a simplified
model to predict the crystallization peak temperature ( %|4p of PP | -modification as a
function of the cooling rate ( 1), utilizing experimental data obtained from flash differ-
ential scanning calorimetry as shown in Figure6. It is defined by the equation given
below:

14+ fme (4)

Where a and b were the specific constants, which were fitted from experimental data.
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This equation demonstrates that as the cooling rate (") increases, the crystallization
temperature ({H%) decreases correspondingly.
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Figure 6: Cooling curve of PP recorded at different cooling rate. Onset, peak and

end of crystallization temperature versus the cooling rate measured by

DSC and Flash DSC(modified based on[69]).
Unlike amorphous polymers, semi-crystalline thermoplastics such as PP experience
pronounced shrinkage upon cooling due to the dense packing during crystallization.
This shrinkage can negatively affect the dimensional accuracy of functional parts, pos-
ing challenges in applications requiring tight tolerances. However, this disadvantage
can be minimized through optimized processing parameters and intelligent design
strategies [55,84] . Both commercial and scientific approaches have been explored to
improve the geometrical accuracy of PP parts. These methods include refining pro-
cess parameters, blending PP with other thermoplastics, and incorporating fillers to
reduce shrinkage and improve dimensional stability [32,55,85] .

Poly lactide -based Composites

Plastics significantly contribute to ecological imbalances, but bioplastics have the po-

tential to substantially mitigate environmental impacts, greenhouse gas emissions,
and costs in comparison to traditional synthetic plastics. Recognizing the environmen-
tal challenges posed by plastics, it is essential to integrate sustainability considerations
into the development of FFF filament materials. The FFF process offers the flexibility

to utilize various bioplastics and their composite s for fabricating components with ta i-
lored properties, promoting environmental sustainability in manufacturing.

Polylactic acid (PLA) stands out as one of the most widely used thermoplastics for 3D
printing due to its biocompatibility, biodegradability, low shrinkage, and reduced warp-
age tendencies. These attributes make PLA a promising material for environmentally
conscious applications. However, the widespread adoption of PLA in FFF is hindered
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by its inherent limitations, such as its low heat distortion temperature and brittleness,

which result in poor tensile toughness and low impact strength [86] . These natural de-
fects restrict PLA's application in load bearing or mechanically demanding compo-
nents.

Pure polymers, including PLA, often lack the mechanical robustness required for fully
functional and load-bearing parts. Blending PLA with other polymers provides an ef-
fective strategy to create materials with enhanced and customized properties. Among
the promising candidates, poly (butylene adipate -terephthalate) (PBAT) has gained
significant attention due to its renewable precursors, inherent toughness, and biodeg-
radability. As global demand for sustainable materials continues to rise, incorporating
PBAT into a PLA matrix has been demonstrated as an effective method to improve
mechanical properties such as toughness and creep resistance[87,88] . The previous
research has observed that PLA/PBAT parts are almost amorphous with negligible or
even nonexistent levels of crystallinity as shown in Figure 7 [89 B91]. This amorphous
structure is attributed to the rapid cooling rates during manufacturing, which hinder
crystallization. Crystallization kinetics play a crucial role in determining the mechanical
and thermal properties of PLA/PBAT blends. It has been noted th at an increase in
half-time isothermal crystallization corresponds to a decrease in the overall crystalli-
zation rate, and vice versa. The PLA/PBAT materials exhibit the characteristic U -
shaped curves of the half-time crystallization as a function of crysta llization tempera-
ture. Consequently, it is evident that the quickest crystallization process of PLA in all
the examined materials is achieved at a crystallization temperature of 100 °C, with the
exception of PLA -S1, which has a minimum haitime of crystallization of 90 °C.

1E+02 5
Exo 0.5K/s 3
R -
0 K/s
‘_//7——— E IE+01 -
2 ﬂ - ]
- 200K >
ol——— WO ,
— ooy K/S “1E+00 -
400|</ ]
500 K/s
o4+
-80 -40 120 wso 200 70 80 90 100 N0 120 130
T,°C Te,°C

*PLA(PL), PLA - S1(PL1), PLA/PBAT SO(S0), PLA/PBAT -StP1(P1), PLA/IPBAT St P2(P2),
PLA/PBAT -StP3(P3), PLA/PBAT -StP4(P4)

Figure 7: Cooling curves of PLA/PBAT obtained at various cooling rates using
Flash DSC, along withthe half-time of crystallization (t 1) as a function
of crystallization temperature (modified based on[92]).
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Microfibrillar Composites (MFC)

For many applications, the structural properties of unfilled plastics are insufficient.
Plastics exhibit relatively low elastic modulus and strength compared to metallic ma-
terials. However, these properties can be significantly improved by incorporating a
second component in the form of fibers, such as glass or carbon fibers. This enhance-
ment is particularly effective when the reinforcing fibers can be aligned within the
component so that the applied loads act parallel to the fiber orientation. This concept
has been well established for many years. Today, fiberreinforced thermoplastic pol-
ymers are widely used in structural and semi structural components in mass produc-
tion. A thermoplastic matrix allows efficient processing of discontinuously reinforced
fibe rs through well- established polymer processing techniques. However, these rein-
AT NAAT Ai 60 AEOT EI ANAAOA OCA 1 AOANEAEUO
recycling, as the reinforcing effect is highly dependent on fiber length, which is inevi-
tably shortened during mechanical recycling in screw extruders. This is precisely where
Microfibrillar Composites (MFC) offer a promising alternative [93,94] .

In contrast to classic fiber -reinforced plastics, MFC consist of both a polymer matrix,
usually a polyolefin, and polymer fibrils or fibril bundles as a reinforcing component.
The original concept was developed by Fakirov and Evstatiev in the 1990s[95] . MFC
are formed by two or more immiscible polymers having melting temperatures that dif-
fer by at least 40°C. The process consists of three essential steps as shown in Figure
8:

1. Compounding is the process of making composites above the melting temperatures
of polymers A and Bwithout degrading either polymer :
e YE Y y (5)

2. Fibrillation is the process of drawing a strand to establish a high degree of orienta-
tion and form microfibrils in the discontinuous phase. To achieve optimal fibrillation
in the second processing step, the mixing process must ensure fine dispersion, re-
sulting in fibrils with diameters ranging between 0.6 and 2 um. A smaller fiber diam-
eter leads to higher strength and stiffness, making precise control over the fibrilla-
tion process crucial. During fibrillation, the extruded strand is stretched below the
melting temperatures of the polymer s A and B, following the relationship:

Y e Y (6)

3. Consolidation is a manufacturing process where a component with a lower melting
point transforms into a uniform and homogeneous matrix while the other compo-
nent maintains its elongated fibrous structure. To ensure that the oriented fibrillar
structure of the higher - melting component remains intact, the processing temper-
ature must be carefully controlled, adhering to the following condition:

AAI

OE
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Yio Y Y Yi (7)

These processes collectively result in the unique fibrillar structure of MFC, which en-
hances mechanical properties by promoting efficient stress transfer between phases.

Compounding > Fibrillization » Consolidation

A Polymer B Disperse phase B FibrilA- Fibril B Matrix A FibrilB

Polymer
¥ ¥
vel
DU e T 55

Coherent phase A

Figure 8: The process of microfibrillar composite (MFC) preparation.

Extensive research has demonstrated the feasibility of producing MFC using injection
molding or compression molding techniques, as well as their potential for innovative
applications across various polymer systems, such as PA/polyester and polyole-
fin/PET [7,96 B99] . For cost- efficient applications, particularly considering the signif-
icantly different melting temperatures of polymeric components, the combination of
polyolefins (as the matrix) and engineering plastics (as the fiber) has been identified
as a promising approach. Studies on the incorporation of fiber materials such as PC,
PPS, and PET into polyolefins have revealed that PP/PET blends exhibit particularly
favourable properties [100,101] PET is low cost, lightweight, impact - resistant, highly
recyclable, and thermally stable. Additionally, high-quality recycled PET (R-PET),
sourced from single-use plastic bottles, is readily available on the market. Moreover,
the viscosities (s) of PP and PET are well matched, where the viscosity ratio (1) is
defined as follows:

1 s 7Ts (8)

where s represents the viscosity of the dispersed phase and s the viscosity of the
matrix. A low1 value is desirable, as a higherviscosity matrix facilitates better shear
force transfer into the dispersed phase during compounding, leading to agglomerate
breakup, improved dispersion, and ultimately thinner fibrils [102,103]. In general, apart
from the viscosity ratio, several other parameters have been identified as critical for
fiber/matrix interphase formation and fibril geometry development:

1 Component blending ratio and compatibilizer concentration [104]
9 Screw speed and compounding temperature [97,103,105]
9 Draw ratio during the stretching process [106]
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Ultimately, these parameters determine the mechanical properties of the material
when subjected to fiber -direction loading, underscoring the importance of process
optimization to achieve superior material performance.

Figure 9 highlights the parallel tensile strength of PP/PET MFC samples reported in
the literature, illustrating a clear relationship between tensile strength and PET con-
tent. The improvement in mechanical properties of PP/PET MFC highlights the im-
portance of process control, particularly in relation to diffusion and interfacial bond-

ing.
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Figure 9: Summary of the tensile strength of MFC specimen of PP/PET with dif-
ferent PET content [7,103,107113]

Compared to traditional fiber -reinforced plastics, MFC offer several advantages, in-
cluding lower density, high chemical resistance, and reduced costs, making them a vi-
able alternative for medium load applications. When subjected to loads parallel to the
fiber direction, MFC exhibit significant improvements in stiffness and strength com-
pared to components manufactured from neat polymers [94,103,106,110,113This en-
hanced performance, combined with the versatility of the material, highlights the po-
tential of MFC in structural and semi - structural applications.

Despite their advantages, the production of MFC using traditional manufacturing
methods is time-consuming and costly, posing challenges to their continuous manu-
facture and commercialization. With only a few exceptions, most studies in the litera-
ture focus on injection - molded test specimens, in which the reinforcing effect of the
microfibrillar filaments is not fully utilized due to their predominantly randomized ori-
entation within the volume [104,114]To fully exploit the potential of MFC, it is essential
to take advantage of anisotropic reinforcement effects. Indeed, studies on unidirec-
tional (UD) MFC laminates fabricated via hot pressing [115,116have demonstrated



State of the Art 17

significantly improved material properties along the fiber orientation. However, a
purely unidirectional fiber alignment is often insufficient to withstand the complex load
conditions in structural components. Conventionally, fiber -reinforced plastic (FRP)
structures are composed of multiple layers with varying fiber orientations, ensuring
optimal load distribution across different directions. This layered reinforcement strat-
egy can be elegantly translated to the fabrication of MFC -based structural compo-
nents using 3D printing, specifically FFF. Unlike conventional FRP layups, FFF enables
precise control over the reinforcement path, allowing load- path- specific fiber orien-
tations to be achieved during fiber-reinforced thermoplastic strands deposition in a
manner like Direct Fiber Placement (DFP) , which presents enormous potential when
combined with MFC. However, in FFF-based MFC processing, the fiber/matrix com-
posite strand is already fully impregnated with thermoplastic resin, eliminating the
need for additio nal impregnation steps. By employing FFF, both stiffness and failure
load limits can be locally optimized through strategic fiber alignment within the printed
component. Furthermore, components fabricated using FFF are not necessarily lim-
ited to geometries . By tailoring the printing platform to match the component's con-
tour or by incorporating support structures, complex three -dimensional geometries
can be realized. Additionally, locally varying wall thicknesses can be easily adjusted to
fine-tune the structural stiffness of the component. These design concepts are par-
ticularly suitable for thin-walled structures subjected to bending and/or torsional
loads, demonstrating the potential of FFF as an efficient manufacturing technique for
high- performance MFC - based components.

Recent advances in 3D printing have introduced polymer-based MFC that enable the
fabrication of novel filaments with customized properties, paving the way for innova-

tive commercial applications [7]. The findings of uniaxial quast static tensile tests con-
ducted on printed specimens made from PP, PET, a PP/PET blend, and a PP/PET-
MFC structure. The results indicate that the PP/PET blend exhibited lower strength

compared to pure PP, as the PET phase effectively weakened the material. However,
the MFC structure led to substantial improvements, in -creasing both tensile strength
(+40%) and elastic modulus (+50%). Although the MFC contained only a PET volume
fraction of 20 %, its elastic modulus reached the level of pure PET, demonstrating the
effectiveness of the microfibrillar reinforcement. The ordered deposition of filaments

in the FFF process preserved anisotropy, ensuring superior mechanical performance
when loaded in the fiber direction. Further enhan cements in mechanical properties are
expected using compatibilizers and the process optimizations. The precise deposition
of MFC filaments b aligned with the specific load conditions of the component b has the
potential to enable more cost - effective, highly recyclable, and lightweight solutions
while maintaining equivalent performance. This contributes to a more energy - and
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material- efficient component design. By optimizing these key interfacial properties,
MFC-based FFF components can achieve higher structural integrity, superior recy-
clability, and enhanced mechanical efficiency, offering a sustainable alternative to
conventional fiber-reinforced composites.

2.3.2 Applications and Challenge s

FFF possessessignificant advantages over traditional manufacturing , making FFF a
valuable tool for a wide range of industrial applications, from medical devices to aero-

space components. By leveraging the unique capabilities of FFF, industries can accel-
erate product development and tailor designs to specific requirements.

Applications and Advantages

1. Medical Application

The ability to customize complex geometries has enabled FFF to make significant

contributions to the medical field. Biodegradable polymers such as PLA and poly-

caprolactone (PCL) are widely used to fabricate 3D -printed scaffolds with superior

biocompatibili ty and controlled biodegradability [117,118Beyond scaffolds, orthope-

dic and spinal implants, surgical instruments, and dental devices have been success-
fully manufactured using high - performance thermoplastics such as PEEK, which pro-
vides excellent mechanical properties and chemical resistance [11%121] Additionally,

studies have explored the use of semi-crystalline polypropylene (PP) for cranial im-

plants, further expanding the potential of FFF in medical applications [122].

2. Electronics and Conductive Components

FFF's material versatility enables the fabrication of functional electronic components.
Thermoplastic filaments blended with conductive additives such as carbon black, gra-
phene, and copper are used to create embedded or fully printed conductive circuits
[123,124] These materials have been applied in sensors, circuits, and wearable elec-
tronics, demonstrating the potential of FFF in individualized and flexible electronics
[125].

3. Automotive and Aerospace Applications

In the automotive and aerospace sectors, FFF is primarily used for part prototyping
and the production of semi - structural components. High - performance thermoplastics
such as polyphenylene sulfide (PPS) and polyphenylsulfone (PPSU) are favored for
their mechanical strength and thermal resistance, making them ideal for demanding
applications [126b128]. Compared to metal additive manufacturing, FFF offers a cost -
effective alternative for prototyping and limited production runs, though further re-
search is needed to qualify printed components for large - scale use.



State of the Art 19

4. Polymer-Based Bearings and Tribological Applications

Recent advancements in additive manufacturing have enabled the production of pol-
ymer-based sliding bearings using FFF. The process is particularly welsuited for ther-
moplastic materials, offering precise control over geometry and material composition.
By incorporating fillers such as graphite and PTFE, FFF-printed bearings exhibit im-
proved wear resistance and reduced friction, making them viable for industrial tribo-
logical applications.

Challenges and Potential Solutions

The widespread adoption of FFF in functional, load - bearing components is hindered
by several challenges, including material limitations [1295133], anisotropic mechanical
properties [37], slow build speed based on the flow rate [134,135] and dimensional
accuracy issues such as warpagd73] . Addressing these challenges is essential to ad-
vancing the field and expanding the range of practical applications for FFF.

1. Material Limitation

Although manufacturing and materials science researchers continue to focus on ma-
terial selection and development, the available materials for FFF filaments are cur-
rently quite restricted [136b138]. Common filament materials, including PLA, ABS,
PCL, and PP, possess certainlimitations and may not consistently be well-suited for
fabricating a wide range of functional or structural components [25,139b141]Further-
more, even commercially available flaments may present challenges in terms of pro-
cessability, stability, and part accuracy, necessitating extensive practical experience
and refinement [142].

Expanding the material portfolio for FFF through the development of polymer com-
posites and nanocomposites offers a promising solution. By incorporating advanced
fillers and additives, lightweight, durable, and multifunctional materials can be created
to address specific requirements. For example, blending thermoplastics with nanopar-
ticles or reinforcing agents can improve strength, thermal stability, and environmental
performance [48,89] . Additionally, understanding the structure -property relation-
ships of these materials in FFF is critical for optimizing their processability and perfor-
mance.

2. Anisotropic Mechanical Properties

The layer- by-layer deposition strategy inherent in FFF leads to anisotropic mechani-
cal properties, with parts exhibiting significantly lower strength perpendicular to the

printing direction compared to the printing direction [45,77,78,145b147]. This anisot-
ropy arises from weak inter-layer bonding, which is a key limitation for FFF parts used
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in load- bearing applications.

Efforts to mitigate anisotropy have focused on optimizing process parameters to en-
hance interlayer adhesion [105103]. However, these approaches often require exten-
sive parameter tuning, particularly when introducing new materials or printers. To ad-
dress this, advanced manufacturing process planning techniques have been proposed,
enabling systematic optimization of mecha nical properties while balancing processing
time and costs [150]. Further research into novel bonding mechanisms and alternative
printing strategies, such as multi- axis printing, could provide additional pathways for
overcoming anisotropy.

3. Dimensional Accuracy and Warpage

Dimensional accuracy and warpage are critical concerns in FFF, particularly for semi
crystalline thermoplastics, which tend to shrink more than amorphous materials due to
their higher volumetric change during cooling. For instance, PP exhibits significant
shrinkage and warpage compared to PLA, which has a much slower crystallization rate,
making it easier to print with higher dimensional stability.

To reduce shrinkage and warpage, materials with low crystallinity and slow crystalliza-
tion rates are preferred for FFF. For example, compounding PP with fillers and com-

patibilizers has been shown to lower its crystallization rate, thereby reducing warpage
[25] . Additionally, optimizing processing parameters, such as adjusting layer thickness
(typically 0.160.35 mm) or modifying cooling conditions, can enhance dimensional

control. Carneiro et al. [151]demonstrated that careful modifying of these parameters
can significantly improve the accuracy of printed components.

4. Surface Quality and Build Speed

Poor surface quality, caused by nozzle dimensions and the viscoelastic behavior of
polymers, and slow build speeds due to limited flow rates, remain practical limitations
for FFF. These factors hinder the production of high - precision and high- quality parts,
particularly for industrial applications requiring tight tolerances.

Advances in nozzle design and material formulations can mitigate surface quality is-
sues by improving polymer flow and reducing layer visibility. Similarly, increasing noz-
zle throughput and developing faster - curing materials could address the challenge of
slow build speeds. Research into hybrid manufacturing processes that combine FFF
with finishing techniques, such as CNC machining or laser polishing, could also en-
hance part quality and expand the range of applications.

Addressing material limitations, anisotropic properties, and dimensional accuracy
challenges requires a multifaceted approach combining material innovation, process
optimization, and advanced manufacturing strategies. Future research should focus
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on the integration of intelligent control systems and multi - material printing techniques
to enable the production of high -performance, functional components.

2.3.3 Material Behavior in FFF process

2.3.3.1 Material Melting

The liquefier is a critical component of the FFF process, responsible for melting solid
polymer feedstock and pushing it through the printing nozzle. Although thermal sen-
sors are employed to maintain a uniform temperature throughout the liquefier, the
inherent poor thermal conductivity of polymers and short residence times often result
in significant thermal gradients.
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Figure 10  Temperature distribution of PP with the nozzle temperature of 200 °C
under different mass flow rates during the steady state at the nozzle out-
let (modified based on [152]).
As depicted by the simulation results in Figure 10, significant thermal gradients de-
velop both axially and radially, particularly under higher feed rates [152]. At lower feed
rates (e.g., 1 g/h and 5 g/h), the polymer melt exhibits uniform temperatures close to
the setpoint. However, as the feed rate increases (10 g/h, 15 g/h, and 20 g/h), notable
radial temperature gradients develop, resulting in a relatively c older core surrounded
by hotter skinregions. The dynamics of the liquefier are challenging to model due to
the nonlinear relationship between the polymer's melt properties, temperature, and
shear rate. Ufodike [153] and Huang [152] et al. revealed that an increase in filament
feed rate leads to a reduction in outlet temperature, emphasizing the interplay be-
tween thermal gradients and feeding conditions. Kattinger et al. [154] further empha-
sized this, demonstrating through computational fluid dynamics (CFD) simulations
that higher filament velocities reduce the available time for thermal conduction and
lead to incomplete melting. Their results showed that the molten region dimin ishes to
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zone. These thermal discrepancies are critical, as cooler core temperatures can lead
to melt flow instabilities, nozzle clogging, or defects in the extruded filament [155].

Droplet break -up mechanism of immiscible blends

The melting process of immiscible polymer blends in FFF is inherently complex due to
the presence of numerous uncontrolled variables. A key phenomenon in these blends
is the deformation and break-up of polymer droplets embedded within a continuous

matrix under shear flow.

When a droplet is subjected to a simple shear field, viscous forces deform the droplet,
increasing the interfacial area between the two phases. However, this deformation is
counteracted by surface tension, which drives the droplet to return to a spherical
shape. The competition between these forces is quantified by the capillary number
(Ca):

hiy (9)

where /1 is the viscosity of the matrix, [ is the shear rate, Yis the droplet radius, and
[ is the interfacial tension [156,157]

When Ca exceeds a critical threshold (Ca.), droplets become unstable, undergo sig-
nificant deformation, and ultimately break apart. Taylor [156] defined Ca. by the fol-
lowing equation:

nis)p Q PP (10
PW PO

where h, is the viscosity ratio between the dispersed phase and the matrix. Different

break-up mechanisms dominate depending on h;:

0w

_ < X The end- pinching mechanism generates fine droplets due to tip streaming.

_= 1 The Rayleigh mechanism and coalescence produce morphologies with uniform
sizes.

_> 1 Asymmetric capillary wave instability becomes significant.

_>> 1 Droplet deformation ceases due to high viscosity, preventing break -up [157b
159].

Figure 1lillustrates these mechanisms under varying flow conditions, highlighting their
dependence on the viscosity ratio and shear environment.
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Figure 11  Possibilities of droplet break -up mechanisms in polymer blends under a
flow field (modified based on[160,161}.

Coalescence

In contrast to droplet break -up, coalescence occurs when two or more dispersed
droplets collide and merge, leading to an increase in droplet size. This process is influ-
enced by factors such as dispersed phase concentration, interfacial tension, and shear
stress.

Flow-induced coalescence involves droplets being brought together by a flow field,
causing the drainage of the surrounding matrix material. As the distance between
droplets decreases, the thickness of the intervening film reduces. When this film rup-
tures, the droplets merge and relax into a new equilibrium shape, completing the coa-
lescence process (Figure D).

Coalescence can negatively impact the uniformity of polymer blends, as larger drop-
lets may reduce the mechanical and thermal properties of the final material. Strate -
gies to control coalescence, such as using compatibilizers or stabilizers, are critical for
achieving desired material properties in immiscible blends.
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Figure 12  Idealized depiction of the coalescence mechanism in immiscible polymer
blends (modified based on [160,162).
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Finally, the final morphology is a result of the competition of simultaneous break -up
and coalescence processes during melt mixing [163,164]

2.3.3.2 Material Extrusion

Material extrusion in FFF involves the deposition of thermoplastic materials through a
heated nozzle, where polymer feedstock transitions from a solid to a melt. The process
is governed by the rheological properties of the polymer, flow dynamics, and the i n-
teraction between material behavior and process parameters. Understanding these
factors is critical for optimizing extrusion and achieving high - quality prints.

Polymers used in FFF are non-Newtonian, shear-thinning, and pseudoplastic melts.
Their viscosity (—) decreases with increasing shear rate ([ ), facilitating flow through
the nozzle. The shearthinning behavior of these materials can be described by the
power-law model:

- 0SS (1)

Where K is the consistency coefficient, [ is the shear rate, and n is the pseudoplasticity
index, (¢  p for shear-thinning fluids). For the complex flows, the CarreaubYasuda
model provides a better representation of viscosity behavior across a wider range of
shear rates:

— — — — p =r - (13

Where — and— are the viscosity of the fluid at zero shear rate and infinite shear
rate, respectively, _ is the relaxation time index, and a is a dimensionless parameter
describing the transition between the first Newtonian pla teau and the power law zone
and the shear rate. Both models highlight that polymer viscosity is highly dependent
on temperature, shear rate, and material properties.

The flow of shear-thinning fluids in the nozzle resulting in a parabolic velocity profile
[165b167]. The maximum velocity occurs at the nozzle center, while velocity ap-
proaches zero at the internal wall. The shear rate near the nozzle wall is critical for
characterizing flow and is expressed as

QU Tw o0& p (13
Qi FTY 1

Where wis the volumetric flow rate, R is the nozzle radius and n is the power index in
the CarreaubYasuda model. This relationship underscores how nozzle geometry and
flow rate influence shear stresses during extrusion.

[

The pressure required to extrude the molten polymer ( w ) depends on the material's
viscosity and flow dynamics:



State of the Art 25

. Yous (14
WL ——
' 4
where ais the capillary length. However, excessive extrusion pressure can lead to fila-
ment buckling, especially for slender filaments. The critical buckling stress (,, ) is
given by Euler's analysis:

" 0 (19
" U

where E is the elastic modulus, 0 is the length of the column from the top of the lique-
fier to the rollers, and'Y is the radius of the filament. Successful deposition requires
that w Odoes not exceed the critical buckling stress, ensuring filament stability [77]:

w0 , (16

As the temperature increases, the viscosity of the polymer decreases, facilitating ex-

trusion with reduced pressure drop. However, excessive temperatures can degrade
the polymer, breaking down molecular chains and weakening the printed part. Higher
extrusion temperatures enhance adhesion between the extruded strand and the pre-

viously deposited layers, improving mechanical strength. Nevertheless, care must be
taken to avoid thermal degradation.

The nozzle diameter (typically 0.280.8 mm) influences the resolution and surface
quality of printed parts. Smaller diameters yield finer details but increase pressure re-
quirements, demanding precise control over process parameters.

Despite advancements in modeling and process optimization, challenges remain in
achieving consistent extrusion quality. The interplay between material rheology, flow
dynamics, and thermal behavior necessitates further exploration .

2.3.3.3 Material Deposition

In FFF, the deposition of polymer melting onto the build platform is a critical step that
determines the morphology and mechanical properties of the final product. The ex-
trusion and deposition processes involve complex interactions of heat transfer, poly-
mer orientation, and crystallization, all of which influence the quality and functionality
of printed parts.

Heat Transfer

After leaving the nozzle of the FFF printer, the polymer melt is ultimately deposited
as astrand land on a platform according to the defined pattern. In the FFF systems,
the printing nozzle is positioned in a perpendicular orientation to the build plate. Con-
sequently, a rotation of 90 -degree is necessary to achieve a horizontal deposition of
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the strand onto the build plate. The sharp turn around the printing nozzle results in a
variation in radius along the direction of deposition, as depicted in Figure 13. The qual-
ity of the bonding between stacked strands is largely governed by heat transfer during
deposition, which is driven by thermal conduction to the underlying material and con-
vection to the surrounding air.

The thermal history of the strand at the interface is important for weld formation, as it
determines the viscous flow and diffusion between adjacent strands. Numerical mod-
els, such as those by Basgul et al[168] and Thomas et al.[169], have been employed
to predict temperature distributions in FFF - printed layers. Simplified models, includ-
ing one-dimensional and two-dimensional heat transfer analyses, provide rapid esti-
mations of temperature histories and bonding quality. While finite element models of-
fer higher accuracy, their computational demands often exceed acc essible resources.
Simplified assumptions, such as representing the filament cross- section as rectangu-
lar rather than elliptical, allow for efficient modeling with minimal dev iations from ex-
perimental results.

The balance between heat dissipation and retention directly affects the mechanical
performance of printed parts. High melt temperatures enhance interlayer adhesion,
improving mechanical strength. However, excessive temperatures can degrade the
polymer, leading to weaker printed components. Managing this balance is crucial for
optimizing FFF-printed parts, particularly for semi -crystalline polymers like polypro-
pylene (PP), which exhibit complex crystallization behavior during cooling.

4

Tax

Figure 13 A schematic representation of the fused filament fabrication process
(modified based on[170]).
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Orientational Effects  and Crystallization

The extrusion and deposition processes in FFF create a unique flow field that influ-
ences the orientation of polymer chains and reinforcing fibers. As the polymer melt is
extruded and deposited along predefined paths, the flow -induced alignment results
in fibers being highly oriented in the printing direction [17b173] This precise control
over fiber orientation enables the production of components with tailored mechanical
properties, particularly for load - bearing applications.

The ability to manipulate fiber orientation makes FFF an attractive method for engi-
neering components with optimized load distribution. Reinforcing fibers aligned par-
allel to the deposition path enhances stiffness and strength in the printing direction,
allowing for strategic exploitation of anisotropic properties to achieve desired perfor-
mance outcomes.

Flow-induced crystallization is another key factor affecting the properties of FFF -
printed parts, particularly for semi -crystalline polymers. During extrusion, the flow
field can transition the crystal morphology from spherulites to shish -kebab or tran-
scrystalline structures, significantly enhancing the rigidity and strength of the printed
material [174]. The flow field induces conformational ordering of molecular chains,
generating crystallization precursors that are aligned with the flow direction.

Studies by Alfonso et al. [175] demonstrate that flow -induced precursors are meta-
stable and exhibit temperature -dependent relaxation behavior. Higher flow rates pro-
duce more stable precursors with longer relaxation times, which contribute to im-
proved crystallization during subsequent co oling. Additionally, the memory effect of
semi-crystalline polymers, where residual structures above the melting point act as
self- nuclei during cooling, further influences the crystallization process.

For PP, the interplay of flow and thermal conditions determines the formation of mon-
oclinic, hexagonal, or orthorhombic crystalline structures. Shear-induced melting and
strain during FFF facilitate s -crystallization in PP, which has been shown to enhance
the mechanical performance of printed parts. Understanding these mechanisms pro-
vides insights into optimizing printing parameters for improved morphology and prop-
erties. The interactions of heat transfer, orientation, an d crystallization in FFF high-
light the need for a comprehensive understanding of material behavior during extru-
sion and deposition.

2.3.3.4 Welding Formation

Welding formation in FFF governs the mechanical strength and structural integrity of
printed parts. This process involves the creation of bonds between adjacent polymer
strands through interfacial interactions, diffusion, and crystallization. Understanding
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the thermodynamic and physical mechanisms underlying welding is essential for opti-
mizing print quality and mechanical performance.

The Flory-Huggins (FH) theory provides a foundational framework for analyzing pol-
ymer- polymer interfaces. According to FH theory, mixing occurs if the Gibbs free en-
ergy (G) of the system decreases:

O 0 YY (12)

where T represents the absolute temperature, H represents the enthalpy, and S rep-

resents the entropy. In polymer systems, the long-chain nature of the molecules re-
sults in a relatively small increase in entropy during mixing. Consequently, the -TS,
though negative, contributes less to the overall Gibbs free energy change compared

to enthalpy.

For semi-crystalline polymers, crystallization further increases the enthalpy (H), cre-
ating an energy barrier that hinders interfacial diffusion and molecular chain migration.
This limits the extent of mixing and bonding at the interface, particularly at| ower tem-
peratures. Therefore, welding effectiveness in FFF is highly dependent on maintaining
elevated temperatures to minimize viscosity and promote chain mobility.

Stages of Welding Formation

The welding process in FFF occurs in distinct stages, each of which is influenced by
thermal, rheological, and physical factors:

Surface Approach: As the molten polymer is deposited, it comes into contact with the
previously solidified strand. Surface roughness and alignment influence the initial con-
tact quality.

Wetting: Wetting involves the spreading of the molten polymer over the surface of the
adjacent strand. Effective wetting is critical for initiating molecular interactions.

Inter- Diffusion: At the interface, polymer chains from the molten and solidified strands
diffuse across the boundary. This stage is highly temperature-dependent and is gov-
erned by the diffusion coefficient, which increases with temperature and decreases
with viscosity.

Randomization and Surface Rearrangement Polymer chains undergo randomization,
leading to entanglement and mechanical bonding. For semi-crystalline polymers, this
stage also involves crystallization, which impacts the final bond strength and mechan-
ical properties.

Role of Temperature and Viscosity
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Temperature is a key parameter in the welding process, as it influences both viscosity
and molecular mobility [176]. Elevated temperatures reduce viscosity, facilitating in-
ter-diffusion and chain entanglement. However, excessive temperatures can degrade
the polymer, compromising the mechanical properties of the bond.

Bellehumeur et al. [177] demonstrated that for ABS, the welding process initiates only
when the temperature exceeds 200 °C, indicating the importance of maintaining ap-
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insufficient molecular mobility. The integral of the diffusion coefficient over time
above the crystallization temperature determines the extent of inter -diffusion. This
relationship is inversely proportional to viscosity and directly proportional to temper-
ature, highlighting the interpla y between thermal and rheological properties. Huang
[152] emphasized that inter - diffusion is the dominant factor influencing the mechani-
cal strength of printed parts, underscoring the need to optimize temperature profiles
during the FFF process.

Crystallization introduces additional complexity in welding semi - crystalline polymers.
During cooling, crystallization restricts chain mobility and reduces interfacial diffusion,
thereby affecting bond strength. However, the application of elevated tempera tures
can partially overcome these limitations by promoting chain mobility before crystalli-
zation sets in. Flow-induced crystallization further impacts the morphology of welded
regions. Under shear flow, molecular chains align and form precursors to crystdline
structures. These precursors, which are metastable, relax over time depending on the
thermal history. The quality of welding in FFF is a critical determinant of part perfor-
mance. Future advancements in FFF technology should focus on adaptive control of
temperature and viscosity to achieve consistent welding quality across complex ge-
ometries.

1 AC
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Objective of the Study

3

Objective of the Study

The primary objectives and contribution of the work are as follows:

T

To examine the impact of the specimen geometries and printing parameters on
the morphology and local welding properties of FFF -printed semi- crystalline
polymers under varying local contact conditions.

To analyze the correlation between contact temperature and welding quality
and propose a mechanism for understanding the welding strength.

To explore the relationship among printing parameters ( e.g., nozzle tempera-
ture, print speed, and layer thickness), sample dimensions, and contact tem-
perature, and to develop a predictive contact temperature model for accurate
prediction of weld properties in printed parts.

To extend the concept of contact temperature to various semi -crystalline pol-
ymers, addressing material- specific challenges and opportunities for optimiz-
ing mechanical properties during the FFF process.

To characterize microfibrillar composites (MFC) produced by FFF, analyzing
the effects of printing parameters on bonding quality and fiber reinforcement
efficiency and studying their anisotropic mechanical properties for enhancing
performance in FFF- printed components.
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4 Materials and Methods

4.1 Materials

4.1.1 Polypropylene -Based Material s

Isotactic polypropylene PP (H) (HD 120MO) with the weight-average molecular
weight (Mw) of 365 kg/mol was suppliedfrom Borealis GmbH, Burghausen, Germany.
The inorganic nanofiller is nano- SiO, Aerosil R8200 with a diameter of primary parti-
cles of 12 nm, manufactured by Evonik Industries, Germany. It is hydrophobic fumed
silica structurally modified and post - treated with Hexamethyldisilazane [178].

4.1.2 PP/PET Microfibrillar Reinforced Composites (MFC)

Polyethylene terephthalate (PET) (type Lighter C93, supplied by Equipolymers
GmbH, Schkopau, Germany) (as a reinforcing component) , while two types of poly-
propylene were employed as the polymeric matrix: commercial- grade PP (type 500N,
provided by Borealis, Burghausen, Germany) and PP (H).

4.1.3 Polylactide -Based Materials

The polylactide PLA (IngeoTM 3251D) with the Mw of 55.4 kg/mol [179], was manu-
factured by NatureWorks, Minnetonka, USA. To improve the toughness of PLA,
poly(butylene adipate -terephthalate) PBAT (ecoflex® F Blend C1200) with the Mw of
126 kg/mol [180] was supplied by BASF SE, Ludwigshafen, Germany.

Moreover, the commercial polyetheretherketone (PEEK) filament TECAFIL PEEK VX
with a diameter of 1.75 mm was provided by Ensinger GmbH (Nufringen, Germany).

4.2 Sample Preparation

4.2.1 Compounding

To avoid hydrolytic degradation during the manufacturing process, all polymer gran-
ulates were pre-dried in the oven (Model FD 56, Binder GmbH, Germany) at 80 °C at
atmospheric pressure for at least 15 h.

Polypropylene -Based Materials

The PP- S material, containing 1 vol.% nanosilica, was compounded to ensure homoge-
neous dispersion of the filler. The compounding process was carried out on a co-ro-
tating twin -screw extruder (Leistritz ZSE 18 MAXX 40D, Leistritz Extrusiontechnik
GmbH, Germany) with a screw diameter of 18.5 mm and an L/D (length/ diameter)
ratio of 40.
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PP/PET MFC

The PP/PET microfibrillar composites (MFCs) were prepared by compounding in a
twin- screw extruder. The filament compositions were varied by adjusting the PET con-
tent and by adding a compatibilizer to enhance fiber bmatrix adhesion.

Polylactide -Based Materials

The PLA/PBAT blend was prepared according to the "S0" formulation specified by
Saiprasit et al. [92] , consisting of 80 vol.% PLA and 20 vol.% PBAT.

The processing conditions are illustrated in Table 1

Table I Compounding parameters of materials.
) ) Rotational speed, Temperature, °C
Designation .
rpm (from hopper to die)
PP-S 100 2eclizreziseziiezize’
PP/PET 120 es2ZeaT2233223tTZ2faz
PLA/PBAT 50 UeZeseZaTeZealUZaUTZe

4.2.2 Filament Preparation

Filaments of the materials were fabricated via the single screw extruder (EX6, Filabot,
Barre, USA). The screw diameter and an L/D ratio are 16 mm and 24, respectively. All
of the materials were also dried before preparing filaments. The parameters of the
filament extrusion are given in Table 2.

Table 2: Summary of all semk crystalline polymers used in this work.

Designation Filament diame- Rotational speed, Temperature, .°C
ter, mm rpm (from hopper to die)

PP 2.80 +0.05 6 40/130/200/195
PP/PET 1.70£0.05 5 60/ 160/ 260/ 260

PP-S 2.80 £ 0.05 6 40/130/200/195

PLA 1.70 £0.05 5 40/130/190/190

PLA/PBAT 2.80 £ 0.05 6 40/130/190/190

Figure 4 illustrates the manufacturing process for filament s preparation of the PP-
based materials (PP, PP-S), PLA-based materials (PLA, PLA/PBAT) .
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Figure 14  Schematic illustration of preparation of filament s.

For preparing filaments of PP/PET MFC, three different processing strategies were
employed (Figure 15):

| PP/PET-C (Cold-drawn filament): After compounding in twin-screw extruder,
the extruded strand was directly prepared with a diameter of 3.5 = 0.1 mm in the pro-
cess. To create the microfibrillated structure, the extruded strand was drawn with the

filament stretching device in a warm water bath at 85 °C. The final diameter of the

filamentis 1.7 £ 0.1 mm.

1 PP/PET-H (Hot-drawn filament): After compounding in twin-screw extruder,
the extruded strand was directly prepared with a diameter of 1.7 £ 0.1 mm in the pro-
cess. The hot drawing temperature between 220 -240 °C.

1 PP/PET-N (Non-drawn filament): After compounding in twin-screw extruder,
the extruded strand was granulated, fed to the single screw extruder and a filament

with a diameter of 1.7 £ 0.1 mm was produced in the process.

- PP/PET-C
® ®
@ @ /@ @
e—e—0o H-H /
[ |
Hot drawing E Cold drawing PP/PET-H
1
1
1
I /
1
|
: PP/PET-N
L

Single Screw Extrusion

Figure 15  Schematic illustration of preparation of MFC filaments.
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4.2.3 Fused Filament Fabrication

This section details the fabrication of 3D - printed specimens made from various semi-
crystalline polymers. These materials were selected to investigate the effect of print-
ing parameters, such as nozzle temperature, platform temperature, and strand depo-
sition strategy, on contact temperature, welding quality, and mechanical performance.

For printing all the specimens, an infill of 100 % was selected as the constant parame-
ters. Using commercially available software (PTC Creo Parametric 3.0 M030), the
CAD model of the specimens was converted to an STL file. On the basis of CAD mod-
els, Ultimaker Cura 3.6.0 was used to slice the STL file and generate G- code files nec-
essary for the printer.

Polypropylene -Based Materials

PP and PP-S samples were printed using the Ultimaker 3 printer (Ultimaker B.V.,
Netherlands). The nozzle diameter was 0.4 mm.In order to avoid warping, the initial
layer with a brim was printed on PP tape (Tesa 64014).

The idea to print a triangular specimen is based on the hypothesis that the time to

contact between 2 deposited strands in one plane but also between the planes deter-
mines the contact temperature (welding temperature) and thus the morphology and
ultimately also influences the mechanical properties in y- and z-direction (perpendic-

ular to the printing direction). As shown in Figurel6, the specimens were printed layer
by layer along a meandering path from the hypotenuse to the apex. The printing pa-

rameters, summarized in Table 3, included nozzle temperatures ranging from 200 °C

to 240 °C and a platform temperature of 60 °C.

- o ATA X \

fPrinting sequence '
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£ 100 mm_

Figure 16

The strands were numbered from 1 to 11.

Schematic illustration of preparation of triangular -shaped specimens.
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Table 3: 3D printing parameters of triangular - shaped PP specimens.
PP Nozzle Platform Printing Layer
temperature (T ) temperature (T ,) speed (v) thickness (h)
°C °C mm/s mm
T.=200 °C 200 60 60 0.1
Th=220°C 220 60 60 0.1
T.=240°C 240 60 60 0.1

In a section along the plane of symmetry, the areas of confluence between adjacent
strands were numbered from | to X. The associated distances traveled (S/-) and path
inter-cooling time ( 4 were calculated according to equations 14 and 15:

a a (17
¢ <

0 — (18

where & is the length of the strand, & is the length of the adjacent strand, and v is
the printing speed. The values were determined as shown in Table4.

Table 4: Summary of the calculated values for the fusion line of two adjacent
strands.
Case I [l 1 v \% VI VI VI IX X
ym 95 85 75 65 55 45 35 25 15 7.5
* 158 142 125 1.08 091 075 058 042 025 0.125

To study the morphology, thin sections ( 20 >m thick) were taken from the A - A cross-
section (yz plane) and chemically etched as described in Section 4.3.1 To test me-
chanical characterization in a simple way, the cubic specimenswith lengths of 7.5 mm,
15 mm, 25 mm, and 55 mmwere printed to explore the effect of varying contact times
(contact temperature) on weld strength. Specimens with a width of 20 mm and thick-
ness of 4 mm were produced as shown in Figurel7. The printing direction is the x di-
rection.
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Figure 17  Schematic illustration of thin-section sample preparation.

PP/PET MFC

55
25 mm m

\

PP/PET MFC filaments were printed using the modified 3D printer (Ultimaker 2+ ex-
tended, Ultimaker B.V., Utrecht, Netherlands) with the dimensions of 20 x 20 x 1 mnf¥,
as shown in Figure 8. The nozzle was 0.8 mm in diameter.Two different combinations
of nozzle temperature and platform temperature were chosen as shown in Table 5. To
evaluate the weld strength and fiber reinforcement effect, tensile tests were con-
ducted in two orientations: perpendicular (y -direction) and parallel (x -direction) to
the strand deposition. The impact of PET fibrils on the welding quality and mechanical
properties was analyzed.

Table 5: Summary of the 3D printing parameters of PP/PET specimens
Designation  Nozzle Platform Printing Layer Infill den-
temperature temperature speed height sity
°C °C mm/s mm %
245/100 245 100 10 0.1 100
260/100 260 100 10 0.1 100

The tensile properties of specimens were fabricated into dumbbell specimens as
shown in Figure B. To guarantee the consistency of the results, the tests were con-
ducted three times for each case.

20 mm Grip position
<
o 5mm
. mm Break position
Infill 5 mm

Figure 18  Schematic illustration of PP/PET sample preparation of cubic speci-
mens.
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4.2.4 Temperature in FFF

4.2.4.1 Temperature Measurement

The temperature evolutions during the FFF process were measured using an ultra-
thin K-type thermocouple with a diameter of 0.1 mm as shown in AppendixA. Thermo-
couple was embedded at the height z = 0.2 mm after printing the second layer. The
temperature data were recorded and analyzed through a high - frequency analog-dig-
ital converter (1000 Hz), amplifier, and software Labview 9.0.

All thermocouples were calibrated with ice water and boiling water before testing. Dur-
ing the FFF process, the printer was paused manually to place the thermocouple on
the third layer's surface. The nozzle then resumed deposition at the halted position to
ensure uninterrupted strand continuity. Temperature readings were recorded from
the moment the filament was deposited onto the thermocouple's surface until the
printing process was completed. These measurements provided real-time insights
into the interlay er cooling behavior, which is critical for determining the welding quality
and crystallization rate of the polymer.

4.2.4.2 Modeling and Simulation

Numerical simulations were conducted using ANSYS® Mechanical APDL 2019R1 to an-
alyze heat transfer during the FFF process [17]. The simulations aimed to complement
the experimental data and provide a detailed understanding of the thermal behavior
at the strand interface.
The printed part and platform were meshed using SOLID70 elements, with an element
edge length of 0.1 mm. Continuous filament deposition was simulated using the ele-
ment birth/death technique to replicate the layer -by-layer process. To simplify the
model, Y  is the average temperature at the nozzle inlet. Each line of printed ma-
terial (hereafter referred to as a road) was reduced to a rectangular cross section
which was in perfect contact with each adjacent road. It is assumed that the strands
are in full contact with each other and do not generate contact thermal resistance.
Additionally, the effects of thermal radiation, polymer crystallization, and thermal ex-
pansion are ignored.
The thermal behavior was modeled using the heat conduction equation:

T Ty T roy oy

oy
. . , , , — 1 " Yz "YZ —, 1
o T oo fofa fa ° Y'aw

where X, y, and z represent the coordinates, whilel, m C, T, andnj represent thermal
conductivity, density, specific heat capacity, temperature, and heat generation rate,
respectively.
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The thermal conductivity of PP was in the range of 0.14 b0.23 W/(m-K), the density
was in the range of 740 b 900 kg/m 3, specific heat capacity was in the range of 1.6
3.9 kJ/(Kg-K), and which correspond to temperatures from 20 to 250 °C (Appendix
B). Based on the linear mixing rule of neat materials [181] the thermal conductivity of
PP/PET ranges from 0.18 b0.28 W/(m-K). The density of PP/PET ranges from 900
to 1050 kg/m 3, and its specific heat capacity ranges from 1.4 to 3.3 kJ/(kg-K). These
values correspond to a temperature range of 20 to 250 °C (Appendix C). The thermal
properties of the glass plate were obtained from the ANSYS database.

Understanding the velocity gradient and temperature distribution within the FFF noz-
zle is critical for optimizing the orientation of fibrils and ensuring uniform material dep-
osition. The second part presents a humerical simulation using a multiphase Volume
of Fluid (VOF) model to analyze the steady - state flow and thermal behavior within the
HotEnd (E3D V6) nozzle as shown in Figure19. A constant volume flow condition is
established at the input, with the flow velocity presumed to be equally distributed.
Furthermore, a no-slip boundary condition is imposed at the nozzle walls, resulting in
zero melt velocity at the wall. The model incorporates boundary conditions from inte-
grated nodes for convection and thermal contacts [152]. Throughout the simulation
procedure, the geometric model of the flow channel is meshed using an unstructured
tetrahedral mesh to accurately represent the intricate geometric configuration. To
enhance simulation accuracy, local mesh refinement was executedin the constricted
regions of the inlet and flow channel. The mesh independence was confirmed by vari-
ous experiments to guarantee that the impact of meshing on the simulation outcomes
remained within an acceptable range. The model equations were formulated in ANSYS
Fluent using a "coupling" approach to simplify computations and determine the tem-
perature distribution at the exit of the nozzle. The examined polymer melt is a viscoe-
lastic substance, and its viscosity is determined through experimental measurement
(Appendix D). The Carreau Yasuda model is employed to characterize the viscoelastic
behavior of the melt, specifically to describe the shear thinning phenomenon of the
polymer melt, with model parameters derived by fitting experimental data.
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Figure 19  Meshed model of the HotEnd with boundary conditions .

4.3 Characterization

4.3.1 Morphology
Polypropylene -Based Materials

Etched Morphology

To investigate the morphology of PP specimens, cross-sections were prepared using
a rotation microtome (Hyrax M 25, Carl Zeiss, Microlmaging GmbH, Jena, Germany)
equipped with a steel blade. The surfaces were chemically etched in a chemical solu-
tion, which contained potassium permanganate, sulfuric acid and phosphoric acid
[182,183] The samples were thereafter immersed in the etchant and rapidly stirred for
a duration of 18 hours atroom temperature, followed by a further 6 hours at a tem-
perature of 60 °C. After etching, samples were washed with a cold washing solution
consisting of concentrated sulphuric acid and distilled water.

The chemically etched surfaces were then inspected using an optical microscope
(OM) (Nikon ECLIPSE LV100POL, Nikon GmbH, Dusseldorf, Germany) and a 3D laser
scanning microscope (LSM) (VK-X1050, Keyence GmbH, Japan).

Supermolecular Morphology Development

PP thin sections with a thickness of 30 um were heated in a hot stage (Linkam
LTS420, Surrey, England) under the OM at a heating rate of 20 °C/min from room
temperature to 178 °C, held there for 10 mins, and then cooled to room temperature
at a rate of 10 °C/min. The process optimization of supermolecular morphology is de-
tailed in Appendix E.
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PP/PET MFC

Cryo-fracture surfaces of MFC filaments and specimens were prepared by immersing
them in liquid nitrogen. For observation of PET fibrils, PP/PET filaments were etched
by xylene at 130 °C for 2 h to remove the PP fraction. Laser scanning microscopy
(LSM) was used to assess fiber distribution, length, and diameter. The morphologies
and the fracture surface after tensile test ing were analyzed usingthe LSM.

A PP/PET thin section with a thickness of 30 um was placed on the hot stage and
heated from room temperature to 260 °C at a heating rate of 10 °C/min . The sample
was maintained at this temperature for 10 mins, and its melting behavior was observed
under the OM.

Two-dimensional wide-angle X-ray diffraction (WAXD) experiments were conducted
using a wide-angle X-ray scatterometer manufactured by Xenocs France, with a
wavelength of 1.5412 A. The WAXD patterns were recorded using a Pilatus 300 K de-
tector (DECTRIS, Switzerland). The X-ray beam, produced by Xenocs France, model
GeniX 3D, was focused on the filaments. The distance between the sample and the
detector was set to 172 mm. The effective range for the scattering angle 2 | is between
5°and 25°.

4.3.2 Thermal Properties

4.3.2.1 Differential Scanning Calorimet ry (DSC)

The thermal properties of the printed samples were analyzed under a 50 mL/min ni-
trogen gas flow rate using differential scanning calorimetry (DSC Q20, TA Instru-
ments, USA). The heat flow baseline of the DSC was verified before the tests and the
melting temperature was calibrated using indium as a calibration material. For check-
ing the thermal history, the investigations for PP materials were performed from 40
°C to 200 °C with a heating/cooling rate of 10 °C/min. For MFC materials, thermal
experiments were conducted at a heating/cooling rate of 10 °C/min within the tem-
perature range of 40 to 300 °C. Each s pecimen with a weight of 5-10 mg was placed
between an aluminum pan and lid. The degree of crystallinity & was determined by
using the following equation:

YO YO

© g5 q PTH

(20)

where YO is the measured melting enthalpy, YO is the enthalpy of cold
crystallization, "Qs the mass fraction and YO is the theoretical specific enthalpy of
completely crystallized PP (207 J/g) [184], PET (140 J/g) [185,186] respectively.
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4.3.2.2 Flash Differential Scanning Calorimet ry (Flash DSC)

A fast scanning or flash differential scanning calorimeter (Flash DSC) (FLASH DSC 1,
Mettler Toledo, Giel3en, Germany) was linked to a Huber Intracooler TC100 and
purged with dry nitrogen at a rate of 3 0 mL/min. The specimen was divided into small
sections with a lateral size of approximately 50 um and positioned directly on the chip
sensor. Prior to executing the testing, the sample was initially heated to a temperature
of 200 °C at a rate of 1°C/s. This procedure was carried out to ensure optimal thermal
contact with the sensor and to remove any previous thermal effects on the sample.

Firstly, the instrument was employed to mimic the crystallization behavior of the ma-
terial under rapid cooling conditions during the printing process. In this investigation,
cooling scans were conducted using a cooling rate derived from the temperature data
profile.

Flash DSC was then used to determine the crystallization temperature as a function
of cooling rates to calculate the diffusion coefficient since it can be used as the end
point of diffusion [187]. Since the onset crystallization temperature is dependent on
the cooling rate [143,188,189] the specimen was then cooled from 200 to 20 ° C at
cooling rates of 0.08, 0.17, 0.33, and 0.67 °C/s on the DSC. Furthermore, the sample
was tested at rapid cooling rates utilizing the Flash DSC. The temperature was set
from -90 to 200 °C at cooling rates of 10, 50, 100, 200, 500, 1000, 2000, and 3000
°Cls. The crystallization temperatures as a function of cooling rates were determined
by fitting raw data into the TableCurve2D software.

4.3.3 Mechanical Properties

Mechanical properties of 3D - printed specimens were evaluated using a micro-tensile
testing machine (Tension & Compression Module, Kammrath & Weiss GmbH, Ger-
many). The thin-section specimens were tested at a crosshead speed of 20 { m/s for
stretching with the aid of a template in the perpendicular direction with the printing
direction. The tensile force was recorded as a function of time. In parallel, the defor-
mation process was recorded usingthe OM with a charge- coupled device (CCD) cam-
era. Stress-strain curves were calculated from the force/deformation value pairs, as
well as the section and the initial crosshead distance.

For the MFC specimens, the tensile properties of specim ens were tested using the
micro-tensile machine at a crosshead speed of 10t m/s. The tensile modulus is the
slope between 0.5 % and 1.5 % strain on a stresstrain plot. To guarantee the con-
sistency of the results, the tests were conducted three times for each case.
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5 Results and Discussion

5.1 Behavior of Polypropylene

5.1.1 Morphology and Mechanical Properties

Supermolecular M orphology

The morphology of a chemically etched cross-section of 3D-printed triangular -
shaped specimens (cf. Figure 16, cut A-A) is shown in Figure 20, highlighting the
influence of nozzle temperature and printing length (i.e., time spans) on the structure.

First of all, it is noted that vertical welds, i.e. intra-layer welds are formed between two
overlapping adjacent strands within a layer. When leaving the nozzle, the molten
material experiences die swelling due to the relaxation of internal stresses within the
extrudate [190]. During deposition, the strand is constrained by adjacent strands on
its flanks and the underlying layer beneath it, resulting in a rhomboidal cross-section.

In the images, it is clear that the vertical welds become less sharp from left to right,
i.e., from the long to the short time spans. Considering the finding of Ref. [3], the
invisible weld line revealed a higher interfacial diffusion depth, thus, significantly
elevated properties. It is indicated that the diffusion depth is considerably increasing
with the decrease of the time spans. In addition, the vertical welds are more sharply
defined for the sample with a lower nozzle temperature than for the sample with a
higher nozzle temperature.

I [ Y V VI VII VIl X X

Z
XI—Vy

Figure 20:  Optical micrographs of PP specimen cross-section surface (cut A-A) (a)
“Y=200, (b) "Y =220 and (c) "Y =240 °C. The printing sequence is from
| to X. The printing direction is along the x- axis.
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A close view of chemically etched cross-sections, as shown in Figure 21 provides in-
sights into the effects of nozzle temperature and printing length on intra -layer welds
and supermolecular structures. The intra-layer weld at locations V and Xin Figure 21
(1) and (2) corresponds to the magnified image in Figure 20. The results show that
even with identical printing parameters, the transitions between the individual layers
vary significantly depending on the printing length. Longer printing lengths or lower
nozzle temperatures lead to more distinct demarcation between strands, as observed
at location V, where the time span between material contacts is longer. In contrast, the
welds at location X, representing shorter time spans, are less pronounced. The rough-
ness of the weld lines (cf. Table 6) increases with longer printing lengths but decreases
with higher nozzle temperatures.

Within the strands, spherulites are observed, with their size decreasing from the strand
interior to the edge due to local temperature gradients and cooling rates. At higher
nozzle temperatures (e.g., 240 °C), weld lines at location X are less distinct, indicating
enhanced interfacial diffusion.

Interestingly, the close view of morphology highlights oriented sup ermolecular struc-
tures in the weld regions, especially in specimens printed at lower nozzle temperatures
(200 °C, Figures 21a and b). These oriented structures, aligned perpendicular to the
weld lines, may be attributed to high shear stresses during extrusion, which stretch
polymer chains and induce shish kebab formation [41]. In contrast, specimens printed
at higher nozzle temperatures (240 °C, Figure 21c) exhibit less oriented supermolec-
ular morphology along the weld lines.

The proposed welding mechanism suggests that shear stress inside the nozzle induces
oriented crystalline regions within the molten material. Upon deposition, secondary
strands reheat the interface region. If the interface temperature exceeds the melting
point of PP, chain relaxation and interdiffusion dominate, erasing the oriented crystals
and enabling nearly complete interdiffusion. This results in smoother welds and dimin-
ished strand demarcation, as observed in Figure 2lc. These findings highlight the in-
terplay between shear-induced orientation and thermal effects in determining inter-
facial weld quality, emphasizing the importance of optimizing nozzle temperature and
printing length.
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Oriented it
- structure :

Figure 21  Optical micrographs of cross-section (cut A-A) and corresponding
color-coded height morphology at fusion line (1) V and (2) X of PP spec-
imens (a) “Y= 200, (b) "Y =220 and (c) "Y = 240 °C. The printing direc-
tion is along the x- axis.

Table 6: Roughness of the welding line of the PP specimens under the different
process conditions.

3Arel | Il Il \Y; \Yj VI Vil VI IX X

50 X'&c 018 0.17 019 015 0.13 0.5 0.12 0.10 0.07 0.06
50 *2'$ 012 012 012 011 0.11 0.12 0.09 0.09 0.05 0.05
5104 =%ec008 008 0.08 0.09 008 0.06 0.06 0.07 0.05 0.05
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Development of Sup ermolecular M orphology

To investigate the development of sup ermolecular morphology during cooling, two
samples (200/V and 240/1X) were selected based on their printing parameters.
Morphological observations at key temperatures (30°C, 130°C, and 120°C) are
presented in Figure 22a. Thin sections were obtained from the xz and yz planes for
analysis.

At 30 °C, the thin films exhibit an inhomogeneous morphology, which is similar to the
etched samples produced using the corresponding printing parameters . At 130 °C,
birefringence becomes evident in specimen 200/V (Figure 22b), specifically at the
interface where the layers are joined together (shown by white arrows). This effect,
observed in the xz plane (Figure 22d), suggests the presence of oriented structures
at the interface. Unlike the melt in specimen 240/1X, there is no evidence of
birefringence, indicating an absence of detectable nucleation under the same
conditions (Figure 22c and e).

At 120 °C, spherulites with characteristic Maltese cross pattern emerge in all
specimens under polarized light. In specimen 200/V, significant spherulite growth is
evident at the weld regions, while in specimen 240/IX, spherulites are uniformly
distributed across the sample. This difference suggests a distinct crystallization
dynamic between the two specimens.

Generally, PP samples were heated to 200 °C to erase the thermal history. However,
the relatively low treatment temperature of 178 °C was selected for checking
temperature -resistant stable nuclei. At this melting temperature, partial "melt
memory" is retained [27,62,191] enabling chain clusters from high-melt crystals to act
asnucleation sites during cooling. These temperature -resistant stable nuclei promote
localized crystallization, as observed in specimen 200/V, where accelerated spherulite
growth occurs in the weld region. This phenomenon is attributed to the combined

effects of flow -induced chain stretching and temperature gradients during deposition.

In contrast, specimen 240/IX shows uniform spherulite distribution, as thermally

sensitive nuclei are destroyed, preventing preferential growth. These observations
suggest that in specimen 200/V , stable nuclei at the weld interface, induced by flow
and temperature gradients during deposition, survive in the melt and facilitate early
spherulite formation, enhancing localized crystallization.
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Figure 22:  (a) lllustration of the non -isothermal crystallization of the prepared PP

thin sections in a hot stage. Optical micrographs of the chemically
etched surfaces under reflecting light and spherulite development of
thin sections in yz- plane and xz- plane under polarized light. Printing con-
ditions: (b,d) 200/V and (c ,e) 240/1X.
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Melting Behavior

The thermal properties of 3D-printed PP samples were measured by DSC and the first
heating curves are shown in Figure23. The resultsare summarizedin Table 7. The DSC
results reveal double peaks for [ -phase in all specimens, except case V,at 145°C (1 -
modification [65,83] ) and 155 °C ¢ "~ modification due to recrystalliz ation [192]). This
suggests that 1 -| recrystallization occurs during DSC measurements [83] . Initially, the
[ -modification undergoes a phase transformation to form the [ °-maodification , more
thermodynamically stable structure, which subsequently transitions into the J-modi-
fication, the most stable crystalline form of PP. All DSC curvesdemonstrate a melting
peak between 160 °C and 180°C, corresponds to the J - modification.

For samples processed at lower nozzle temperatures, the melting enthalpy of r-

crystals is much higher, thoughtheir degree of crystallinity ( &) is slightly lower than in
specimens processed at higher nozzle temperatures. Interestingly, @ is less sensitive
to the time spans (printing lengths) in the 3D-printed specimen, suggesting that noz-

zle temperature plays a more dominant role in determining crystallinity . A notable ob-

servation is that the enthalpy of the -phase is higher in samples printed with shorter
time spans compared to those printed with longer time spans. It can be concluded that

the time spans and nozzle temperature plays an important role in the morphology and

crystallization behavior, which are presumably due to the complex temperature history

during the process [27].

Heat flow, W/g (endo up)

100 120 140 160 180
Temperature, °C

Figure 23: DSC curves of the PP specimens on the different process conditions
(nozzle temperature/interface case).
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Table 7: The degree of crystallinity ( @ ) and the melting enthalpy of [-phase
(YO ) of the PP specimens on the different process conditions .
Process con- < ) < )
. 5iu Z1i%$e 5iu Zz&e
dition
Locations Vv VI IX X Vv VIlI IX X
®,% 422 426 425 43.9 40.1 42.0 421 425
YO , g 23 46 1.3 01 47 52 46
Y ,°C 166.5 165.5 167.3 165.3 167.7 167.2 168.0 166.0

Mechanical P roperties

To analyzethe influence of the sample length (i.e., the path inter - cooling time or time
span between two adjacent strands 0) on the local adhesion properties within the
layer, micro-tensile tests were performed . Figure 24a shows the representative
stress-strain curves for thin sections under different processing conditions. The
influence of 0 on the tensile strength and elongation at break was summarized in
Figures 24b and c, respectively.

The results indicate that specimens with shorter 0 exhibit significantly higher bonding
strength. For example, the strength of specimens with 0 of 0.125 sis 32.1 %higher than
those with 0 of 0.91 sand 18.7 %higher than injection molded (IM) PP. Additionally,
samples printed at higher nozzle temperatures show significantly improved strength
compared to those printed at lower temperatures.

However, for samples with shorter 0, the strength differences between different
nozzle temperature s are reduced or negligible. Cross- sectional analysis indicates that
these specimens have less pronounced weld lines, higher crystallinity, and a uniform
morphology after melting, collectively enhancing their mechanical performance.

A notable difference is also observed in elongation at break. Specimens with shorter
0 display substantially higher toughness compared to those with longer 0, a trend
consistent across samples printed at both high and low nozzle temperatures. This
enhanced toughness in specimens printed with higher nozzle temperatures or shorter
0 is further supported by the development of micro - crack morphology during tensile
testing (Figure 25).



Result and Discussion 49

45 -
_—
830 | sl et
z - E‘-ﬁa
§ ? u M
&5 E 4T, =200°C
& =T, =220°C
;f Timeinterval @ 0.91s @ T _=240°C
o 8 T T T 1
0 20 40 60 80
Strain, %
45 80 - IX
© e VI
o ~ r—;\v
z~ .:: 3 60 - \Y o
£30 =g = :
2 0 s =
o g 40 - =8
& = § _ =
2 15 = ® .- =5
2 = 2201 2 =1
o A= EE
'q-’ = ‘;5 = E 2 E % ‘::
0 = =B =0 = 0 = . b . = s
M 091 042 025 0125 0.91 0.42 0.25 0.125
Time span, s Time span, s

Figure 24: Representative stress-strain curve and comparison of tensile strength
and elongation at break of PP thin sections.

The deformation behavior observed during micro - tensile tests offers valuable insights
into the welding quality of 3D - printed specimens. As shown in Figure 5, vertical weld
lines form at the overlap of adjacent strands within the same layer, with the printing

direction aligned along the x - axis. These weld lines play a critical role in crack initiation,
significantly influencing the mechanical properties of the samples. Specimens
processed with longer 0 (e.g., specimen V) exhibit pronounced crack initiation at the

welded joints, which weakens their welding properties. In contrast, specimens
processed with shorter 0 (e.g., specimen IX) display significant plastic deformation, as
evidenced by visible elongation in the weld zones. This trend is attributed to the
smoother transition between the inner strand and the weld zone.

A comparative analysis of specimens 200-V and 240- IX further emphasizes this trend.
Specimen 240-IX exhibits superior deformation capacity and enhanced mechanical
properties due to a more homogeneous morphology. This improved interfacial
bonding reduces stress concentration at the weld zones, delaying crack initiation and
enabling greater plastic deformation. While the strength of printed specimens under
optimal processing conditions approaches that of IM specimens, their deformation
behavior remains inhomogeneous. Deformation is concentrated in the inter -strand
weld zones in printed specimens, whereas IM specimens exhibit homogeneous
deformation throughout the structure.



50 Results and Discussion

3 2% 20 % 40 %

200/V

200/IX

220/V

220/IX

240/V

240/IX

Figure 25:  Optical micrographs of the PP intra - layer slices during the micro-tensile
tests at an elongation of 2 %, 20 %, and 40 %. Injection molding plate and
3D printed specimen with different process condition s: nozzle tempera-
ture/interface case.
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To calculate the local strain, the length of the area & ; including welded region (w) and
inner strands (l), was determined at a given time t based on the damaged area (0 {Q
T A O A NEJidkoscope images. The change inlength &y &  relative to the
original length (& ) was used to calculate the local strain 0 . The corresponding
local stress-strain curve was obtained by correlating these strain values with stress
measurements from the microtensile tests.

. @
r
<« My M5 Tmg (22)

Here, @ represents the image width. The damaged aread j O Ddetermined using
MATLAB image processing software, specifically 6§ AOEAAAEY AOI AOGET |
AET 11T NT T OUYToAdéritih Gembged regions, binary image conversion and
thresholding technigues were applied to separate the damaged areas from the back-

ground, as illustrated in Figure 26. The pixel count from the processed images was

used to calculate the damaged area.

(b)

e % O

Figure 26: Development of damage area size as a function of the strain of PP: (a)
original images and (b) images in greyscale after processing with
MATLAB.

Figure 27 illustrate s the local stress-strain behavior for the welded regions and inner
strands of the 3D printed samples 200 -V and 240-1X, as observed through micros-
copy images. The stress-strain curves show that the welded regions exhibit signifi-
cantly higher elongation at break than the inner strands, indicating that tensile defor-

mation predominantly occurs within the weld zones. However, the modulus of the
welded areas is consistently lower than that of the inner regions.

For specimen 240-1X, the weld zone demonstrates greater elongation at break com-
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pared to specimen 200 -V, aligning with the observed differences in weld line mor-
phology. The pronounced weld line in 200-V may result from molecular orientation
perpendicular to the welding direction. The alignment reduces welding strength in the
perpendicular direction, resulting in fracture under low strain. This finding aligns with
previous research [36,193], which noted that 3D - printed PP typically exhibits lower
tensile strength compared to its bulk counterpart. However, in this work, specimens
with shorter printing lengths demonstrated tensile strength comparable to that of bulk

material.
40
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Figure 27: Comparison of global and local stress-strain curves of PP specimen

printed at (a) 200/ V and (b) 240/IX. (Nozzle temperature/interface
case).

5.12 Role of Temperature on Properties

To fully understand the formation mechanism of weld lines during the FFF process, it
is essential to analyze the temperature profile of the deposited strands and their sub-
sequent thermal interactions. The weld lines are formed due to the thermal and mo-
lecular interactions between adjacent deposited strands, where temperature plays a
crucial role in determining the quality of the interlayer bonding. When a new strand is
extruded from the nozzle, it is initially at the extrusion temperature ( “Y ), which is
controlled by the set nozzle temperature and mass flow rate. As the strand is depos-
ited onto the print bed or an existing layer, it begins to cool down due to heat loss to
the surrounding environment, the underlying layers, and convection effects from the
ambient air. Over a certain time interval (0), the strand continues to lose heat until it
reaches an equilibrium state, referred to as the substrate temperature ( 'Y ), before
an adjacent strand is deposited.

When the next strand is deposited at “Y , a localized heat transfer process occurs at
the interface between the new strand and the previously deposited strand. This inter-
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action results in a partial reheating of the already cooled material and facilitates mo-
lecular diffusion across the interface. The contact temperature ( Y ) at the weld in-
terface is a critical factor that dictates the extent of interlayer bonding, molecular dif-
fusion, and eventual mechanical properties of the printed structure. It can be approx-
imated using the following equation:

8% YUY T (23)

where Y represents the temperature of the newly extruded strand, while “Y corre-
sponds to the temperature of the previously deposited neighboring strand just before
the new deposition occurs.

Furthermore, several factors influence “Y , including:

1 Printing speed and path length: At a constant printing speed, longer path lengths
result in extended cooling times (higher 0), causing greater temperature drops in
the deposited strand before the next strand is printed. This leads to a lower Y
and subsequently a lower™Y , reducing the quality of weld lines.

1 Nozzle temperature ("Y): A higher nozzle temperature increases”Y , which can
contribute to a higher Y  and better welding quality, but excessive “Y can lead to
polymer degradation.

1 Ambient and substrate temperature: A heated print bed or chamber helps maintain
higher substrate temperatures (“Y ), which improves interlayer adhesion by pre-
venting excessive cooling before the next deposition.

1 Cooling mechanisms: The presence of cooling fans or natural convection influ-
ences the rate at which deposited strands lose heat, thereby affecting Y

The contact temperature model provides an essential framework for predicting and
optimizing interlayer bonding in the FFF process. By carefully controlling “Y ,”Y ,0,
and other process parameters, it is possible to enhance molecular diffusion at the in-
terface, minimize weld line defects, and improve the overall mechanical properties of
3D- printed components

5.12.1 Material Extrusion  Temperature

1 Measured temperature  and its dependence on process parameters

“Y refers to the temperature of the polymer strand as it leavesthe nozzle, measured
directly above the thermocouple. Figure 28a showsthe measured Y of PP at differ-
ent nozzle temperatures ("Y) and mass flow rates( ).

Firstly, it is worth noting that “Y was highly dependent on the nozzle temperature. As
expected, higher nozzle temperatures result in increased extrusion temperatures.
However, the measured extrusion temperature hardly reaches the nozzle temperature
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and, in some cases, even below the melting temperature of PP.

Moreover, a negative relationship was observedbetween “Y and the mass flow rate.
Higher flow rates lead to greater temperature gradients along both axial and radial
directions [152], which are attributed to reduced residence time in the HotEnd. The
mass flow rate can be calculated as:

(o ENER (24)

Where h is the layer thickness, w is the raster width, v is the printing speed andwis the
density of the material. Higher flow rates reduce the time available for the polymer to
fully melt, leading to lower Y . This non-isothermal extrusion process, particularly at
high flow rates, results in increased strand viscosity, negatively affecting interfacial
bonding and the final print quality.

Based on the measured results, a fitting equation was developed to predict “Y under
various Y and
@l 1Y

Y w wz 8 (25)

Where &= 0.033937775, (= 0.00028844767and i G2a2Ta22Tt t Tatehgl]
specific constants. The predicted “Y values exhibit agreement with experimental
data, as shown in Figure28c. This model offers a reliable method for estimating
extrusion temperatures across different processing conditions, enabling improved
process control and optimization.
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Figure 28: (a) and (b) Correlatio n between extrusion temperature, set nozzle tem-
peratures and mass flow rate of PP. (c) Comparison of measured results
and predicted results from the proposed fitting equation.

i Simulated t emperature gradient within the extruded strand

While the experimental setup captures the average surface temperature of the strand,
it does not resolve the internal temperature distribution during extrusion. To better
understand this, a numerical simulation was conducted to model the non-isothermal
nature of the material inside. The FFF process was simulated using PP.

Figure 29a shows the simulated temperature distributions at the outlet of nozzle at a
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nozzle temperature of 200 °C. Because material (and heat) is constantly added, the
moving nozzle is full of material at all of time. The temperature gradient was influenced
by the mass flow rate, which is determined by the printing speed, layer thickness, and
strand width as mentioned in equation 24. At low mass flow rates (<5 g/h), the fila-
ment exhibits a nearly uniform temperature profile. However, as  increases, substan-
tial radial and axial temperature gradients emerge, with the core remaining cooler than
the outer shell due to insufficient heat conduction during the reduced residence time.
This results areagrees well with the previous work [152].

To analyze post- extrusion behavior, the strand was further simulated after it left the
nozzle. A userdefined temperature profile (UDF) was applied at the nozzle exit
(0.4 mm diameter). As indicated by black lines in the nozzle outset (Figure 29a), a
temperature is given every 0.04 mm in diameter with the center of the nozzle. As
shown in Figure 2b, the temperature distribution in the zy(zx) plane as a function of
location/ time of the vertical cross-section at the center of the nozzle, where the
temperature gradient at the distance of O mm is the temperature gradient in the
diameter direction in Figure 2 9a. The material flow is in the zdirection.

The results show that the temperature at the lower mass flow (<5 g/h) is almost
constant within a distance of 2 mm. However, at the higher mass flow rate (>10 g/h)
the heat first transfers from the higher temperature of the outside to the lower
temperature of the center. Then they w ere expected to cool down over time. As can
be seen from the temperature profile, it is evident that the center temperature
increases while the outside temperature decreases. The temperatures are compared
with results from the measurement of surface temperature by using a thermal camera,
where the temperature points were plotted. These results match trends observed in
thermal camera measurements, although limited resolution restricts experimental
verification near the nozzle. The differences likely result from the surrounding air and
the radiation from the nozzle. The results indic ate that the extrusion process is a highly
non-isothermal process, especially at high extrusion mass flow. Moreover, it was
concluded that the temperatur e at the center of the filament is lower than the inner
walls of the hot end barrel.
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Figure 29: Temperature distribution of PP with the nozzle temperature of 200 °C
under different mass flow rates during the steady state: (a) at the nozzle
outlet; (b) when the strand left the nozzle and compared with the ther-
mographic camera.
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To investigate how the extrusion temperature and its gradient affect int ra-strand
contact temperature, a strand deposition simulation was performed. The inlet
temperature profile inside the nozzle is the temperature gradient shown in Figure 2a
input by the UDF method . The configuration gives a layer thickness of 0.1 mm which is
the distance of the nozzle from the platform. In order to check the effect of time
interval on the local contact temperature, the nozzle moves at speeds of 10 mm/s.

For a single strand, three frames by the extrusion of a hot nozzle are shown on the left
of Figure 30a. For two strands of contact, the time interval was 0.1 s as shown in Figure
30b, and 1 s was shown in Figur80c. Strands are initially displayed as red volumes. In
Figure 30a the nozzle is a cylinder with a drum shaped strand where the strand has
deposited on the platform . The strand was conducted to the platform temperature at
the point where it initially contacted the platform. In Figure 30Db, the nozzle has just
started moving and the strand cools down slightly especially on the upper side, which
is too short time to cool down to a uniform platform temperature. At short cooling
time (0.1s), the previously deposited strand retains substantial thermal energy,
enabling higher Y  when the next strand is added.
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Whereas in Figure 30 c, significant cooling of the strand occurred. When the adjacent
strand is deposited, the temperature of interface is lower than the one with short time
interval. Afterwards, strands with interface cool over time. Interestingly, the interface
with long tim e interval shows more steep temperature difference. At longer intervals
(1s), greater cooling occurs, reducing “Y and consequently Y at the weld
interface.

Heat transfer from the newly deposited strand partially reheats the older one, but the
interface temperature remains highly sensitive to the thermal history of both strands.
Based on simulation, the contact temperature at the center (y = 0 mm) can still be
reasonably approximated by the average value, whichsupports the use of equation 23
in subsequent bonding and diffusion analyses.
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Figure 30: Simulated temperature field distribution and evolution during filament
deposition and interfacial contact at different cooling time (a) 0 s, (b)
0.1 s and (c) 1 s(d) Corresponding temperature curves along the inter-
face at the top (T) and middle (M) surfaces.
The measured Y represents an average temperature inside the strand, which
reasonably reflects the thermal state of the material at the moment of deposition , as
shown in simulation results. As such, the measured Y can serve as a physically
meaningful and practical approximation of the effective strand temperature during
interfacial contact. The fitting model based on measured “Y thus offers a robust and
implementable approach to estimate contact temperature under varying process
conditions. This model serves as a bridge between experimental observables and
process-relevant thermal parameters and is adopted for subsequent weld line analysis.

5.12.2 Substrate Temperature of Intra - and Interl ayers

To clarify terminology used in the following analysis, intra-layers refer to adjacent
strands deposited within the same layer, while interlayers refer to successive layers
built on top of each other. The y-direction corresponds to intra -layer relationships
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(i.e., between neighboring strands within the same layer), and the z-direction corre-
sponds to interlayer relationships (i.e., between adjacent layers in the build direction).

Temperature Profiles of Intra  -layers

Figure 31 shows the temperature profiles at various positions within a triangular-
shaped specimen. The blue curve corresponds to the print strand (“Yj) of 200 mm,
with time t = 0 s marking the moment of deposition directly above the thermocouple
position. After deposition, the strand coolsto Y j during the cooling time (0) before
the next adjacent strand is deposited.

As the next strand of 90 mm is deposited at “Y , heat transfer from the newly depos-
ited strand induces local reheating in previously deposited strands, observed as a se-
ries of reheating peaks. The intensity of these peaks diminishes with successive dep-
ositions (e.g., 80 mm, 70 mm) due to reduced heat transfer efficiency. This behavior
highlights the importance of 0, governed by strand length and printing speed , in main-
taining optimal thermal conditions for effective interlayer bonding .

For example, when a short path of 5 mm is deposited, the previous strand (10 mm)
retains a semrmolten state [69] with Y j measured at 148.2 °C. In contrast, for
longer paths of 90 mm , the previous strand (100 mm) cools significantly to 77.1°C
before coming into contact. These observations highlight the importance of
controlling o to ensure sufficient thermal energy for molecular diffusion and robust

interlayer bonding.
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Figure 3T  Measured temperature curves as a function of time with the nozzle tem-
perature 200 °C of PP specimen.

The cooling rate (z) was calculated using the temperature derivative over time:

0" (26)
Qo
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The cooling rate shows significant variation over time, with a sharp decreaseobserved
between 0.1 sand 1 s, stabilizingat approximately 0.1 °C/s after 1 s.This behavior is
consistent across strand lengths, suggesting that a "master cooling curve" can
effectively describe time -dependent thermal behavior within a single layer. A
numerical model was developed to simulate the local temperature profiles during

filament deposition [152], using experimentally fitted extrusion temperatures (Figure

28) as input parameters. The agreement between experimental and simulated cooling

rates (Figure 32) further validates the model's reliability.
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Figure 32: (a) Experiment cooling rate as a function of time calculated using PP,
and (b) comparison of measured and simulated cooling rate.
The contact temperature curves as a function of time between the two strands were
calculated. Figure 33a illustrates a comparison between simulated (dashed line) and
experimentally measurements (solid line) contact temperatures, reveal ing excellent
agreement.

200

—
3
(@]

S
o

T, >
Contact temperature, °C

------ Simulated temperature |

0 2 4 6 8
Time, s

Ul
(@)

Figure 33: Contact temperature as a function of time with the nozzle temperature
200 °C of PP specimen.
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Figure 34 demonstrates the relationship between 0,”Y §,”Y and nozzle tempera-
ture, illustrating their combined influence on welding bonding. At the constant printing
speed, longer path lengths extend 0, allowing previously deposited strands more time
to cool. As a result,”Y and”Y decrease significantly, and in some cases, strands
may even cool to the platform temperature before reheating occurs.

Shorter 0 results in higher”Y , improving weld line quality and reducing roughness.
In contrast, longer 0 allows previously deposited strands to cool significantly, thereby
weakening interlayer bonding strength. While extrusion temperatures and platform
temperature directly affect "Y |, the result show that 0 is also a critical factor, which
is determined by both the path length and the printing speed. Longer paths or slower
speeds extend the cooling time, thereby lowering the Y .
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Figure 34: (@) Substrate temperature sand (b) contact temperatures at the contact
moment as a function of cooling time spans (0) of PP specimens.

Temperature Profiles of Interlayers

The temperature profile during FFF processisinfluenced not only by print lengths but
also by specimen heights, asillustrated in Figure 35a. The simulated printing path
starts from the outer walls and then the infill region, and the temperature profile is
analyzed at the height of 1 mm, 5 mm, and 9 mm. In Figure 35the location with the
highest temperature is where the nozzle is located.

At lower heights shown in Figure 35b, such as 1 mm, significant inplane thermal gra-
dients are observed due to the thermal influence of the platform. These gradients di-
minish at greater heights, such as 5 mm and 9 mm, as the material does not have suf-
ficient time to cool to the platform temp erature. This behavior can be attributed to
reduced thermal conduction and convective cooling at higher layers.
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(a)

Front view

z=1mm

z=5mm

Figure 35: (a) Schematic illustration of the dimension of the specimen. (b) Dynamic
temperature simulation of FFF process with 200/60/20/0.2 (nozzle
temperature/platform temperature/printing speed/layer height) at dif-
ferent heights z = 1, 5, and 9 mm.
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Figure 36: (a) and (b): The temperature curves of PP at different positions (X, y, z)

z=9mm

|
200

160

= (2, 10, 2). (c) Temperature curves and (d) contact temperature at dif-

ferent heights.

Figure 36a shows temperature evolution as a function of time at different heights ( z
from 0.2 to 9 mm ). Taking the temperature curve at a height of 0.2 mm as an example
(Figure 36b), the presence of a second peak can be attributed to the re -heating
process caused by the strand in the next layer, but these peaks diminish with
increasing height. The reheating effect becomes negligible at higher layers as recently



62 Results and Discussion

deposited material acts as a thermal insulator, limiting heat conduction from the
HotEnd. This behavior is validated by the agreement between simulated temperature
profiles and thermal camera measurements (Appendix F).

Figure 36c¢c compares cooling rates across different heights. Even with identical print-
ing parameters (extrusion temperature, platform temperature, and time intervals), the
cooling rate decreases significantly with height. This trend results from the progres-
sive thermal insulation provided by the deposited polymer layers. At higher position,
heat transfer efficiency diminishes due to the reduced temperature gradient between
layers and the platform. For example, “Y  at 10 mm height reaches approximately
150 °C, while the substrate temperature at the first layer decreases to 60 °C as shown
in Figure 36d.”Y j at 5 mm height is about 40 °C higher than at 1 mm height. These
differences in temperature profiles and cooling rates significantly affect interlayer
bonding and ultimately influence the mechanical properties of the printed specimens.
Therefore, build height must be recognized as another critical factor influencing sub-
strate temperature, and consequently the contact temperature and mechanical per-
formance of FFF - printed parts.

Diffusion time

In the FFF process, the crystallization and inter- diffusion of semi - crystalline polymers
occur simultaneously during cooling. Crystallization reduces polymer chain mobility as
chains become embedded in crystalline regions, limiting further diffusion. There fore,
the time available for diffusion before crystallization is critical for achieving effective
interlayer bonding. This section evaluates the diffusion time and self - diffusion coeffi-
cient under both isothermal and non -isothermal processes to quantify interlayer dif-
fusion.

Under isothermal conditions, the half -time of crystallization (0 ¢ ) is used to charac-
terize the crystallization rate. The relationship between the crystallization temperature
("Y) and 0 y isexpressed as[69] :
Gér & 44 (27)
()
Where a =-17.094452 and b = 0.015177269.
Under non-isothermal conditions, the onset, peak, and end crystallization tempera-
tures are determined using the cooling rate ( z).
For the onset temperature of crystallization temperature ("Y;  ):
Y O QoeE (28)
Where a = 115.07311 and b3.8243742.
For the peak temperature of crystallization temperature ("Y; ):
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Y O iz (29)

Where a = 108.538and b=-6.189.
For the end temperature of crystallization temperature ("Y; ):

z Un Y W Wz cQ? (30)
Where a =59.03476 and b=12.311689, c=72.1022

z U 7 W @faz oz ® (3
Where a =116.97049and b=1.2878579, c=-7.8627058 .
These equations, validated by Flash DSC, provide a comprehensive description of
crystallization behavior (Figure 37). Figures 37a shows the contact temperature as a
function of time, determin ed from the temperature curves for the specimen with pa-
rameters 200/60/20/0.2/1 mm . Figures 37b and c display the crystallization temper-
ature obtained from the isothermal 0y equation, as well as™Y; ,”Y; ,and™Y;

obtained from non -isothermal conditions. These values were additionally confirmed
by Flash DSC (Figure 37d).

Figure 37: Temperature curve of the PP specimen 200/60/20/0.2 at 1 mmand Tc
as a function of (b) 0+, (c) onset, peak, and end of crystallization. (d)
The cooling curve simulated by Flash DSC.

































































































































































































































