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Abstract: Composite materials represent the evolution of material science and technology, maximiz-
ing the properties for high-end industry applications. The fields concerned include aerospace and
defense, automotive, or naval industries. Additive manufacturing (AM) technologies are increasingly
growing in market shares due to the elimination of shape barriers, a plethora of available materials,
and the reduced costs. The AM technologies of composite materials combine the two growing
trends in manufacturing, combining the advantages of both, with a specific enhancement being the
elimination of the need for mold manufacturing for composites, or even post-curing treatments.
The challenge of AM composites is to compete with their conventional counterparts. The aim of
the current paper is to present the additive manufacturing process across different spectrums of
finite element analyses (FEA). The first outcomes are building definition (support definition) and the
optimization of deposition trajectories. In addition, the multi-physics of melting/solidification using
computational fluid dynamics (CFD) are performed to predict the fiber orientation and extrusion
profiles. The process modelling continues with the displacement/temperature distribution, which
influences porosity, warping, and residual stresses that influence characteristics of the component.
This leads to the tuning of the technological parameters, thus improving the manufacturing process.

Keywords: composite additive manufacturing; continuous fiber fabrication; direct ink writing;
process finite element analysis

1. Introduction

Additive manufacturing technologies represent the processes of incrementally adding
material to obtain a pre-defined tridimensional shape [1]. The technologies have been
developed continuously over the last 45 years. First, the commercially launched equipment
(1987) was based on stereolithography (the photopolymerization of liquid resin, SLA) via
the use of 3D Systems (Rock Hill, SC, USA), although the first patent was registered in
1977 [2—4]. The thermoplastics were first used in the industry for additive manufacturing in
1991, when fused deposition modelling (FDM)/fused filament fabrication (FFF) technology
was commercially launched by the company Stratasys (Edina, MN, USA), gradually becom-
ing a popular technology for daily users [5]. Subsequently, in 1992, the plastic and ceramic
powders were laser sintered (selective laser sintering, SLS) [6-9]. Eventually, beginning
from 1999 (EOS GmbH, Krailling, Germany), the metallic powders (titanium, aluminum,
stainless steel, nickel-based alloys) were melted and welded together via guided lasers or
electron beam fluxes under the generically named powder bed fusion (PBF), in particular
selective laser melting (SLM-1999) or electron beam melting (EBM-2000), considering the en-
ergy source [10,11]. In the beginning, the additive manufacturing technologies satisfied the
industrial needs of rapid prototyping, serving as design studies, mock-ups, rapid tooling
for molds, and, eventually, fully functional components in sectors such as aerospace (fuel
tanks, fuselage, or interior elements) [12,13], automotive (body panels, interior elements, or
spare parts) [14,15], medical applications (prosthetics, dental, or bone implants) [16,17], or
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electronics (MEMS, LED, transistors, or batteries) [18,19]. The global market of additive
manufacturing has an estimated annual growth of 18.41% from 2023 to 2032, and the mar-
ket share has risen from 13.16 billion dollars (2022) to 109.52 billion dollars (2032) [20-22].
Considering the progress, high performance materials like composites have become of
great interest being processed by AM technologies. In addition, the elimination of molds
brings a significant reduction of costs. The first endeavors were performed by introducing
short fibers in filaments for FDM/FFF such as ABS-fiberglass, 2001 [23] and ABS-carbon
fiber (CF), 2003 [24], developing into reinforcement particles of different natures, including
metallic, such as ABS-iron/copper [25], PLA-magnesium [26], and ABS-Stainless Steel [27];
ceramics, such as ABS-BaTiOj; [28] and Nylon-Al,O3 [29]; or short synthetic fibers, such as
PLA-CF [30], ABS-CF [31], Polycarbonate-CF [32], Nylon-CF [33], PP-glass fiber (GF) [34],
PEEK-CF [35]. This has resulted in randomly oriented composites [36—40], such as in
a layered extrusion, as shown in Figure 1a. Short fibered structures present improved
mechanical characteristics than pure plastics, due to the reinforcement embedded into the
component, as noticed in Figure 1b [41-44].
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Figure 1. Principle of FDM with pure thermoplastics (a); reinforced thermoplastics (b) [38]. Repro-
duced with permission: Elsevier.

The additive manufacturing of continuous fiber composites appeared experimentally
in 2012, then being based on SLA (continuous scaled manufacturing, CSM) using thermal
curing thermosets [45-47]. The evolution that occurred in 2017 relied on a photo-curable
matrix (direct ink writing, DIW), and developed commercially into Continuous Composite’s
equipment (Coeur d’Alene, ID, USA) [48]. The principle included the in-situ impregnation
of fibers through a liquid resin reservoir, resulting in the composite being extruded through
a nozzle and then cured either by a heat or light source, such as one may see in Figure 2.
Reinforcements are mainly synthetic fibers such as CF, GF, or Aramid [49-51], with ther-
moset resins such as epoxy [52,53], photo-curable acrylic resins [54,55], phenolic resins [56],
or frontal polymerization resins [57].
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Figure 2. Principle of continuous fiber DIW with a thermoset matrix [58]. Reproduced with permis-

sion: Elsevier.

In parallel, in 2015, the continuous fiber fabrication technology (CFF), first commer-
cially developed by Markforged (Waltham, MA, USA), resulted in continuous composite
materials [59-61], either through dual deposition or in situ impregnation as shown in
Figure 3a, utilizing a thermoplastic matrix. This could be completed using prepreg fila-
ments, as presented in Figure 3b, resulting in a continuous fiber with a matrix interface,
while the second extruder is deposed in parallel using the matrix between the fibers. Com-
mercially available filaments include the nanocomposite matrix CF-Nylon (Onyx) with
GEFE, Carbon, and Kevlar, or using Aramid fibers as reinforcements [62]. Alternatively,
some filaments were experimentally developed, such as CF-PLA [63], Kevlar-PLA [64],
Glass-PLA [65], Aramid-PLA [66], CE-ABS [67], CF-PA [68], CF-PEEK [69], Basalt-PLA,
and Stainless Steel-ABS [70].

(a) thermoplastic thermoplastic (b) prepreg filament thermoplastic
filament (matrix) filament = filament
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previous layer /

Figure 3. Principle of the in-situ impregnation of CFF (a); Prepreg (b) [71]. Under CC—BY Licens-
ing 4.0.

2. Challenges and Key Factors in the 3D Printing of Composites

Being a relatively new technology, several key aspects are worth studying. The results
of the manufacturing process must respect the designated quality criteria [72].

In the context of an engineering assembly, the quality criteria relate first and foremost
to the functional role. Alternatively, the aspect of the part is influenced by the technological
parameters. Lastly, the process performance is also influenced, allowing competitiveness
with conventional composites. The parameters’” influences are shown in Table 1. The slicing
strategy enables a better coverage of the built volume, which is crucial for anisotropic
structures like composites, resulting in an enhanced structural stability and deposed ma-
terial in the designated stress areas. Voided volumes are inevitable in 3D printing due
to the elemental deposition, resulting in a factor of embrittlement and a common cause
of structural failure. The optimization of trajectories induces the continuity of fibers and
their orientation, representing a key factor for the directional strength of the composite.
The extrusion temperature leads the recrystallization process, resulting in dimensional
deviations (warping) and induced residual stresses, thus making the component brittle.
The nozzle diameter influences the fiber orientation and fiber volume content (propor-
tional with strength) due to the flow of solid reinforcements into the molten matrix. The
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building plate temperature impacts the formation of the first layer and the interlaminar
adhesion, leading to delamination failure. In less severe cases, the surface could be affected
by wrinkles or sinkholes. The layer height directly influences the lead time of the process.
Nevertheless, an increased layer height causes a coarser structure and a high-temperature
gradient, which impacts the warping and residual stresses; the shrinkage may also cause
the delamination of the consecutive layers, which can lead to the failure of the component
and voids the formation. The aspect of the part could be affected when the layer height
or the temperature is too high. Ultimately, the printing speed causes fibers to settle on a
different orientation than expected due to a faster crystallization; indeed, some areas may
cause voids. All in all, the combination of optimized parameters results in a performant
process and component.

Table 1. Technological parameters for AM composites [73-79].

No. Technological Parameters Defects Induced in the Structure Influenced Characteristic
1 Slicing Strategy Vo%ds Cr.eatlon /Fiber Interruptions/Fiber Mechanical Strength
Orientation
2. Extrusion Temperature Warping/Residual Stresses/Nozzle Clogging  Precision, Mechanical Strength
3. Nozzle Diameter Fiber Volume Content/Fiber Orientation Mechanical Strength
L I . Precision/Mechanical
4. Printing-Bed Temperature Delamination/Residual Stresses Strength /Surface Defects
. Warping, Surface Defects, Voids, .. .
5. Layer Height Delamination, Residual Stresses Precision, Mechanical Strength
6. Printing Speed Fiber Orientation/Void Formation Mechanical Strength
3. Finite Element Simulations of Additive Manufacturing Processes for Composites
The current section aims to assess the types of finite element analyses performed on
the processes presented before, as shown in Table 2. The aim of these analyses is to optimize
AM processes for composite structures, tuning the technological parameters and predicting
defects, as presented in the prior section. The global AM process for polymers can be
seen as a series of physical phenomena that are potentially modelled via the finite element
method (FEM) [80] or the finite volume method (FVM) [81]. Considering the random
orientation of the fibers and the computational capacity, composites are widely modelled
using a representative volume element (RVE) [82].
Table 2. Categorization of the analyses for composite 3D printing.
No. Process Phase Subject FE Approach Application
1 Pre-Processin Path Optimization Topological Optimization, Fiber Trajectory Definition/Optimization
’ 8 P Direction Optimization ) y P
Melting Simulation
Extrusion Computational Fluid Dynamics In-Nozzle Flow and Fiber Orientation
Nozzle Clogging Simulation
2. AM Process Deposition Multi-Physics (Thermo-Mechanical) First Layer Formation
Residual Stresses
Solidification Multi-Physics (Thermo-Mechanical) Dimensional Accuracy
Curing Thermoset Composites
Internal Defects
. Defects and . . . . .
3. Post-Processing Post-processing Treatments Multi-Physics (Thermo-Mechanical) Void Formation
Surface Roughness

The deposition process of AM composites can be divided into several areas of interest.
The current section presents, via FEM or FVM, analytical models of the manufacturing
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phases in the technologies presented in Section 1, mainly CF/GF and thermoplastic and
thermoset matrices. The phases of AM are categorized (Brenken et al., 2018) [36], as
presented in Figure 4; the first area of interest is the nozzle, where the matrix undergoes
a phase change. The solid fibers show a viscous flow into the matrix, resulting in fiber
orientation. The unitary layer might be studied as a bonding between the current and
previous raster, with the fibers having to flow on top due to the gravitational effect. Lastly,
the solidification of the layer is studied with a focus on shrinkage (warping and residual
stresses), the thermal trace, and, ultimately, the elastic behavior of the structure.

Flow and fiber orientation:
Solidification behavior: * Viscous suspension flow
» Cool down = Flow and fiber orientation
= Viscoelastic behavior mutually dependent
= Gravity effects
= Crystallization kinetics
* Shrinkage Bond formation:
® Residual stresses * Fiber affect surface
tensions and necking
= Effect of crystallization

Material Flow

Die

Relative Movement

Deposited Material
Printing Bed

Figure 4. Physics of FFF processes [36]. Reproduced with permission: Elsevier.

3.1. Pre-Processing (Slicing and Trajectory) Optimization

Composite specimens are mainly formed on a 0° fiber orientation, though AM enables
one to develop various deposition strategies, presenting opportunities for design alter-
natives via the use of techniques such as topology optimization (mass/stiffness-oriented
redesign). The case of short carbon fibers (SCF) and the polyethylene terephthalate glycol
(PETG) matrix (Shafighfard et al., 2021) [83], is based on a rectangular plate with a hole in
the middle, as used in a common stress concentrator test, as shown in Figure 5. The method
was developed using the Halpin-Tsai homogenization method for design optimization
(LSC), where the boundaries of the raster are defined, see Figure 5a, and the different
orientation areas are emphasized, as seen in Figure 5b.

(a) i (b)
design optimization (LSC) patb gefctanion

Figure 5. Design optimization for SCF/PETG specimen (a); path generation (b) [83]. Reproduced
with permission: Elsevier.

The difference with unidirectional strands lies in their ability to prevent interruptions
in the path near the stress concentrator [84]. The conventional building strategy (0°), as
seen in Figure 6a, shows higher peak values around the stress concentrator as the load
increases (10 MPa, 12.5 MPa, respectively; 15 MPa), whereas the curvilinear optimized path,
presented in Figure 6b, presents lower values with a relatively evenly distributed strain due
to the stress occurring along a continuous path, which, in other areas, unloads in a normal
direction, as in the case of 0°, where tangential inter-fiber unloading can be observed.
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Figure 6. Tensile test for 0° orientation (a); path optimization SCF/PETG specimens (b) [83]. Repro-
duced with permission: Elsevier.

Further investigation has demonstrated continuous deposition paths, as one can see in
Figure 7, which form the basis of the concept of a flow over a cylinder. The idea behind this
concept originates from path definitions following curvilinear directions, as inspired by
natural structures (such as branches on a tree trunk). In utilizing this method, the material
avoids any interruptions in the deposition around the stress concentrator, even though the
geometry is slightly altered.

(b) 10mm

Figure 7. Continuous flow paths for PETG/SCF specimens: virtual (a); physical (b) [83]. Reproduced

with permission: Elsevier.

The path optimization becomes of more relevance in the case of continuous fibers,
which can assure the continuity of the fibers. The path topology optimization, in the case of
continuous carbon fibers (CCF) and PA, (Chen et al., 2023) [85] develops models where the
initial volume of the part was reduced, as visible in Figure 8.

%% V=40% — V=60% / —

H = 10mem
\

= 10mm -
| ' — —

(a) (b)

Figure 8. Trajectory optimization for CCF structures with 40% infill (a); 60% infill (b) [85]. Reproduced
with permission: Elsevier.

Stresses were observed when the material was subjected to 1% effective strains, partic-
ularly those occurring in the intersectional areas for CCF-PA, as shown in Figure 9b, as the
rest of the material was less vulnerable. On the contrary, for PA, the strain is distributed
throughout the whole structure. This may lead to a decrease in the fiber content, eventually
leading to a cost optimization.
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Figure 9. von Mises stress diagram of structures made with different volume fractions for PA
specimens (a); CCF-PA specimens (b) [85]. Reproduced with permission: Elsevier.

Due to the complex shapes, where continuous fibers can become difficult to lay on
the trajectories and fill the surfaces, a combination of SCF/PA and CCF/PA (Chen et al,,
2021) [86] is used toto manufacture a complex component. The application starts as a
fixed-end plate featuring a hole, as one may see in Figure 10a. Following the topology opti-
mization, the filling strategy was performed to prioritize continuous fiber paths (without
interruptions), as one can see via the blue paths in Figure 10b; in the areas where continuous
path generation was achieved, a SCF-PA composite filament was employed (as indicated
by the red contours in Figure 10b).

(a) (b) Constrained

Design Domain Q

Fixed H=50 mm

F Topology \}
model
d=6 mm 7

W=100 mm

Figure 10. Definitions for optimization (a); paths of CCF/SCF in the optimized part (b) [86]. Repro-
duced with permission: Elsevier.

A comparison of the levels of stiffness between pure PA, SCF-PA, and CCF-PA is
illustrated in Figure 11a, with the levels being almost two times higher for SCFE, and twelve
times higher for CCF. The peak load is five times higher for SCF, and sixteen times higher
for CCF, as shown in Figure 11b.

1500 1 w 5000
E1200 x 4000
£
Z — -
2 Z
@ 900 5 3000
o ®
£ S
2 600 1198% § 2000 1633%
2 . 535%
2 180% =
5 300 I 1000 T
0 = a 0 | v
PA SCF/PA CCFIPA PA SCFIPA CCFIPA
(a) (b)

Figure 11. Structural stiffness of PA, SCF-PA, and CCF-PA specimens (a); peak load (b) [86]. Repro-
duced with permission: Elsevier.

The presentation of the path optimization of thermoset composites (DIW) (Qian et al.,
2021) [87] is significant. It was built a porous SCF/Poly-carbosilane catalyst structure for
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the production of hydrogen via reforming methanol steam for fuel cells, as one can see in
Figure 12a. It is meshed so the channels can be more refined, as shown in Figure 12b.

(a)

units:mm  (b)

Reforming outlet

Catalyst support Reforming Reforming inlet
chamber plate

Reaction zone

Figure 12. Methanol reactor geometry (a); discretization (b) [87]. Reproduced with permission: Elsevier.

The scope of this optimization mainly concerns the reformation of the methanol steams
process, with the aim of slowing the flow of the methanol, as seen in Figure 13a. On the
other hand, the hydrogen concentration is the highest at the end of the channels, as one
can see in Figure 13b. This optimization leads to a better overall efficiency of the process,
as well as the construction of small reactors for applications such as hydrogen fuel cells to
be used in vehicles, which can be fueled using methanol, making storage easier and less
hazardous than in liquid hydrogen tanks.

Flow velocity distribution Hydrogen concentration
[mm/s| [mol/m’]
EE e
0 4 6 20

8 12 1
M|
|
il

i

(b)

Figure 13. Reactor simulation for flow velocity (a); hydrogen concentration (b) [87]. Reproduced
with permission: Elsevier.

3.2. Computational Fluid Dynamics of Additive Maufacturing Composites

Computational fluid dynamics represent the differential numerical modelling of the
equations of energy transfer in a fluid tridimensional medium (Navier-Stocks) (Date Anil
W 2005; Hu 2012) [88,89]. Xu et al. made a categorization of CFD domains in the context
of 3D-printed composites (Xu et al., 2023) [90]. The process starts with a multi-phase
flow (solid/liquid) into the nozzle, as shown in Figure 14a. In the extrusion process, the
fibers are flowed into the molten matrix, resulting the fiber orientation, whereas, in the
continuous fiber composites, this will result in fiber deformation, as seen in Figure 14b.
Following the phase transformation (liquid/solid), the dimensional deflection is simulated
until convergence is achieved.



J. Compos. Sci. 2024, 8, 146

9 of 33

/ e Extrusion process
/Gap \ *  Melt flow behavior
. olid\ *  Gap-filling

*  Phase transformation
(a) ' (b)

» I . !
I I Melt, Viscoelasticity

-
\ / Short fiber Continuous fiber
~ orientation deformation

Deposition process

+ Geometry prediction
(C) . Phase trarfs.formatlon |
*  Viscoelasticity

Single strand Multi-strand

Figure 14. Computational fluid dynamics in the AM of composites: multi-phase transformation (a);
extrusion process (b); deposition process (c) [90]. Reproduced with permission: Elsevier.

3.3. Melting Simulation of Additive Maufacturing Composites

A multi-phase transformation FVM model of PEEK AM (Wang et al., 2019) [91], which
proved important for applications that entailed high temperatures/high strength (aerospace
and defense applications) and biocompatibility. This model employed Ansys Fluent,
utilizing the Cross-WLF viscosity law [92]. The geometry of the multi-stepped printing
head demonstrates the gradient heating of the filament from the chamber temperature
(68 °C) to the extrusion temperature within the nozzle (380 °C), and the filament displays
convex-shape heating, beginning in the walls, as seen in Figure 15a. Before the extrusion,
the filament starts the phase transformation from the heated walls, continuing to the tip of
the nozzle, as seen Figure 15b. The multi-phase transformation temperature gradient is
shown in Figure 15¢, with a decreased viscosity of 14 Pa-s (liquid phase).

Temperature / °C Temperature / °C

380 [ .
3 ( N
s ( )
370 — R
367 — || —3
.3 [ ) J
- b
- (b)
383
350
- =
43 y
) Viscosty / Pas
¢ 20000
18183
2 ]
. \ ) 16366 l
L 14849
]
. | 127132 d
H i 10915 ( )
5 K 9099
Solid transform to 1
181 fluid zone (S-F zone) ' H 7282
153 ‘\ ’ 5465
124 4 648

C] ’ / Pas)

Figure 15. Temperature plots in the printing head for PEEK (a); temperature above melting in
the nozzle area (343 °C) (b); temperature at phase change (c); viscosity at phase change (d) [91].
Reproduced with permission: Elsevier.

3.4. In-Nozzle Flow for Additive Manufacturing Composites (Fiber Orientation)

The second phenomenon of interest in CFD concerns the flow dynamics. In this case, an
isothermal model of short-glass fibers in the molten ABS suspension (Yang et al., 2017) [93]
who utilized the SPH-DEM (smoothed particle hydrodynamics—discrete element modelling)
approach [94,95]. This model consists of solid short fiber (DEM) elements and fully fluid
ABS DEM elements, as shown Figure 16a, where the moving wall pushes the composite
through the nozzle at a certain flow rate. The transient model presented in Figure 16b
depicts the flow velocities at two separate moments: firstly, when the first particles arrive
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at the diameter reduction (nozzle), where the flow rate increases, and secondly, when the
particles passed through nozzles demonstrate free flow on the deposition bed, thus slowing
the flow rate; however, the rate in the nozzle increases due to the gravity of the particles to
be extruded.

(a) 3 , (b) 10055 F=01s
—

>~ Moving wall (SPH elements)

x10" m/s
2.00
1.80
1

1
1
1
8
6.

"""" Short glass fibres (DEM eleme:

3mm

“~ABS (SPH clements)

«--- Print head (SPH elements)

888888

4.00
2.00
0.00

v,

Figure 16. Model definition of GF-ABS AM (a); short GF/ABS flow simulation (b) [93]. Under
CC—BY Licensing 4.0.

Concerning continuous fibers, a SPH-DEM model (Yang et al., 2017) [93] with similar
approach to the case of short fibers, as seen in Figure 17a. The in-situ impregnation of
continuous CF-Nylon is simplified due to the rigidity of the center. The flow simulation,
visible in Figure 17b, presents a continuous carbon fiber flow with a high-speed flow
velocity under the fiber, which can be attributed to the diameter reduction, as well as the
pushing and higher viscosity of the solid fiber, which is continuously fed. The laying
of the continuous fiber shows a non-linear placement that may eventually influence the
material’s isotropy.

— : v t=0.05s t=0.1s

Moving wall (SPH elements) (b)

()
x10"' m/s

2.00
1.80
1.60

1.40
1.20
1.00

8.00

Continuous carbon fibre (DEM elements)
Nylon (SPH elements)

«--- Print head (SPH elements)

6.00

4.00
I 2.00
0.00

I £ Fiyed print bed (SPH elements)
2 i
- v

Figure 17. Model definition for the continuous fiber fabrication of Nylon-CF (a); flow map of the
continuous fiber fabrication of Nylon-CF (b) [93]. Under CC—BY Licensing 4.0.

In the continuous fiber, stresses can be withstood due to the pressure in the area
opposite to the deposition direction, as one may see in Figure 18; these stresses can have
values up to 450 MPa, which, in some cases, may lead to fiber breakage.

The flow of the thermoset resin and short carbon fibers by DIW (Kanarska et al., 2019) [96],
is inspired by the Low Mach Code with Particle Transport (LMC-PT) algorithm, based on
the Distributed Large Multiplier (DLM) technique found in the SAMRAI software v. 4.3.0.
The suspension of fibers into the resin was modeled after RVE. The suspension flow was
simulated in the transient domain with a constant increase in viscosity as the diameter
diminished, as seen in Figure 19a,b. The first section shows a relatively even fiber dispersion
over the angle, with a small peak around 20°. The tendency in the second area is similar,
with peaks between 0° and 20°; however, in the third part (close to the extrusion area),
most fibers are oriented around 10°, as shown in Figure 19c. This results in the control of
the directional behavior of the resulting composite.
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Figure 18. Tensile stress in the continuous fiber before deposition (a); after deposition (b) [93]. Under

CC—BY Licensing 4.0.
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Figure 19. Fiber flow into the nozzle at 0.25 s (a); 0.55 s (b); graphics of orientation (c) [96]. Reproduced

with permission: Elsevier.

The cylindrical nozzle geometry emphasizes the differences between short fibers of
different diameters, as shown in Figure 20. In the first case (Figure 20a), there are 0.15 mm
diameter carbon fibers. The flow is relatively constant in the central area, and decreases
near the walls due to the adhesion. The orientation is more dispersed, which is due to the
lower viscosity of the resulting composite material. As the fiber diameter increases, the

flowing speed decreases, and the fiber orientation is closer to 0° (Figure 20b,c).
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(a)

(b)

(c)

Figure 20. Fiber orientation and flow in the cylindrical nozzle with different fiber diameters: 0.15 mm (a);
0.3 mm (b); 0.5 mm (c) [96]. Reproduced with permission: Elsevier.

3.5. Extrusion Defects Simulation

A specific defect of composite AM, both in terms of thermoplastic and thermoset, is the
clogging of the nozzle, which occurs due to the higher viscosity caused by the solid fibers in
the nozzle. Due to this phenomenon, the fibers will adhere to the extruder’s walls and the
composite material will have less fiber volume content, thus resulting in less mechanical
strength. Another downside is the turbulent flow that will occur inside the nozzle, which
can lead to an unpredictable fiber orientation. This will affect the directional strength of the
composite structure. Lastly, the process performance is affected by the frequency of nozzle
changes resulting from abrasion and the increased failure rate due to any clogging that
occurs during printing [77,79].

The FVM model (Zhang et al., 2021) [97] of nozzle extrusion (SCF-PA) via the SPH-
DEM method (CF as DEM particles, SPH matrix) was performed using Ansys Fluent.
During this process, various reinforcement volume fractions (V¢) were considered, includ-
ing 13.34%, 20.01%, and 26.68%, as well as various raster widths (L), such as 0.12, 0.24,
and 0.35 mm. The Figure 21 presents the filaments into the nozzle in different areas (I,
II—beginning of diameter reduction, Ill—stabilization of extrusion diameter, [V—reduction
to the extrusion diameter, V—extrusion area). The IV area of Figure 21, which is the most
vulnerable area due to the diameter change. The initial results are coordination numbers
(CN), which are a measure of the packing structure of the composite and the contact points
between particles.

Figure 21. Definition of areas in the printing nozzle [97]. Under CC—BY Licensing 4.0.

In all cases of raster widths, there is a Gaussian distribution of median CN with higher
peaks (probability density function) for V¢ = 26.68%, as seen Figure 22a; this is due to more
solid particles being in contact. Alternatively, the variation of singular values for particles
has been studied, as one can see in Figure 22b—d. The small particles represent the matrix,
whereas the small cylinders represent the contact between the matrix and the solid particles;
as the volume reduces, the CN grows due to the space reduction.
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Figure 22. Probability density function (a); coordination number for SCF-PA for 0.12 mm raster
width (b); 0.24 mm width (c); 0.35 mm width (d) [97]. Under CC—BY Licensing 4.0.

The flow analysis shown in Figure 23a emphasizes the construction of the fiber flow
over time (bridging), where, initially, the front takes a convex shape (a laminar flow), and
then the fibers tend to spread to the walls due to the adhesion of the fiber matrix. Ultimately,
due to the feed rate, the process converges after 0.75% in a relatively constant tubular flow
of the fibers, which is useful for the prediction of the fiber orientation during the process.
The geometry of the nozzle influences the contact force of the composites at the wall of the
nozzle in the IV area, as one may see in Figure 23b. In the conical area, the original design
shows a high contact pressure, whereas, in the second design, the contact force is balanced.
The last design shows a central constant contact force.

(b)

e

Original PlanA Plan B

Figure 23. Fiber flow for L = 0.24 mm and V; = 26.68% (a); contact forces in the nozzle (b) [97]. Under
CC—BY Licensing 4.0.

3.6. Deposition Simulation (First Layer Simulation for Thermoplastic Composites)

The following phenomenon studied includes the assessment of the elemental depo-
sition trace and the fiber orientation relative to the direction of deposition, both in the
cases of thermoplastic and thermoset matrix AM composites. The deposition of the first
layer of the 3D-printed structure was studied. The numerical method can be defined as a
series of boundary conditions, as seen in Figure 24. In general, the nozzle is considered a
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slip-free heating source for simplification. The first layer in contact with the printing bed
(temperature regulated) is reduced to a constant height and length area.

T;: No-slip Wall

I';: Free Surface
2/
I—b 5

Figure 24. A 2D schematic representation of matrix flow of composite filaments [98]. Under CC—BY

I's: Flow exit

S T'y: Substrate

Licensing 4.0.

In the case of SCEF, the fluid flow in the first layer FVM model (Kermani et al., 2023) [99]
was developed in COMSOL Multiphysics, using the Advani-Tucker model [100], and
comparing Newtonian and Carreau viscosity models [101]. Reinforcement fibers are
considered directional vectors, and the fiber orientation model is user defined (Coefficient
PDE model). The short fibers in the nozzle are considered to be randomly oriented.

Therefore, it can be remarked in Figure 25A that the orientation tensor of the fibers
shifts abruptly in an area of interference between a 90° direction change and the deposed
layer. The orientation of SCF can be observed in Figure 25B. The core shows the gradients
concentrically, ranging from 40% to 0%, indicating the probability of the desired outcome to
be higher than at the center of gravity. The outer layers show an almost certain orientation
of 0°, On the transversal cross-section, as seen in Figure 25C, the gradual adhesion to
the printing bed can be seen, with a core of 0-20% around the deposition orientation,
whereas the outer surface that has been subjected to shrinking almost certainly displays
the predicted direction.

(A) (B) 1

©)

Figure 25. Fiber orientation of SCF on the X direction (A); view (B); and XZ view (C) [99]. Reproduced
with permission: Elsevier.

The raster cross-section displays a flat base attached to the printing bed and a bell-
shaped path trace, as seen in Figure 26. The strand profile tends to increase in height as
the distance from the nozzle is made smaller, due to the compression reaction. In time, it
could be remarked that, after 0.5 s, the strand height tends to display a constant profile.
The experimental setup is presented in Figure 26a. This is defined by G (the gap between
the nozzle and the printing bed) and D (the diameter of the nozzle). A reduced diameter
nozzle forms a more rectangular strand, where the material in the middle tends to migrate
to the corners of the strand due to the compression induced by the following strand, as
visible in the yellow contour presented in Figure 26b. The third strand shape corresponds
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to the speed (V) to feed rate (U) ratio being decreased to 0.5, as seen in the red path in
Figure 26b, resulting in a higher volume, an enlarged base, and an increased contact surface
with the adjacent raster and the printing bed.

(a) — VU=1.0, G/D=1.0

— VU=0.5, G/D=1.0
VU=1.0, G/D=0.5

N [mm]
|
> |

-1 -0.5 0 0.5 1

y [mm]

Figure 26. Geometric description (a); strand form (b) [99]. Reproduced with permission: Elsevier.

The difference between the first row of images in Figure 27 and the second is the
probability of short fiber orientation on the X-axis (as discussed in the previous section)
and in the Y-direction, resulting in a fiber orientation of 50% in the y-axis direction of the
core. This means that the material can be considered orthotropic with a probability of
60%. The lower G/D shows a superior fiber orientation stability, with a relatively smaller
“core”-oriented volume, as one can see in Figure 27C,D.

(A) ©) (E)

(B) (D) (F)

e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 27. Printing layer shape and fiber orientation (X-axis; (A,C,E)), Y-axis (B,D,F) [99]. Reproduced
with permission: Elsevier.

As discussed in terms of the single direction extrusion process, the more practical case
of in-plane deposition and direction change has been analyzed (Zhang et al., 2023) [102].
The numerical model is a non-linear transient for CCF-PA, developed in ABAQUS. The
normal strain, see Figure 28a, is the measure of fiber deformation, where the direction
changes in trajectories at 30° show an increased compression at the angle change and
shows tension at the deposition layer. The shear stress, see Figure 28b, shows the fiber’s
tendency to break, whereas the angled raster shows a significant risk of breakage. The
contact pressure (nozzle-filament), see Figure 28¢, has a similar profile due to the change of
direction, where red circle 1 area is compressed in the nozzle, and the red circle 2 area is
elongated, and the deposed raster tends to bond less to the previous material.



J. Compos. Sci. 2024, 8, 146 16 of 33

Straight

Angularly

(b) (d)

Figure 28. Straight and angular change direction in CCF: normal stress (a); shear stress (b); contact
pressure (c); bottom view (d) [102]. Reproduced with permission: Elsevier.

The effect of normal stress when the angle is changing is shown in Figure 29, where,
for the interval between 15-30°, the printing width and strain is constant in the changing
direction, whereas, for angles between 45-75°, the width increases due to the high stress,
and a bending of the inner fiber is represented by the ellipses dotted area in Figure 29.
In the extreme case of 90°, the width becomes unrealistic, corresponding to a break into
the fibers.

S11
+5.5e+02

90° -5.2e+02

15°

Figure 29. Angular variation effect on residual stress [102]. Reproduced with permission: Elsevier.

The variation of the curvature radii effects is shown in Figure 30. The shear stress
is reduced when R = 20 mm, whereas, for radii of 5-10 mm, the wrinkling phenomenon
occurs (dotted ellipse area), as the stress area increases in the turning area. In the case
where R = 2.5 mm, the shear appears in both external and internal areas, which signalizes
a potential fiber breakage, emphasized in the turning area as the dotted contour. The
variation of the raster width displays an increase in the shear strain with the augmentation
of the bundle, which then increases the possibility of fiber misalignment and breakage.

R=20mm R=10mm R=5mm R=2.5mm

Figure 30. Radius variation effects on residual stress [102]. Reproduced with permission: Elsevier.

The previous model was developed for planar paths and curvilinear printing paths
(K. Zhang et al., 2023) [103]. The model is a meso-scale RVE, where the volume of con-
tinuous filaments is visible in the cube (Figure 31) and the filaments oriented along the
extrusion direction. There were two nozzles in this analysis as follows: a geometry cylin-
drical M-shaped nozzle (planar deposition), and a rotational R-shaped nozzle (multi-axis
deposition). Firstly, the raster is compressed by the nozzle tip. The second phase includes
the nozzle moving in a single linear direction, preceding the curvilinear trajectory of the
nozzle (only planar for the M-shaped and Z-axis increments for the R-shape).
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Figure 31. FEA setup process of CFF [103]. Under CC—BY Licensing 4.0.

The first step is rectilinear deposition (highlighted on the dotted contour), wherein
transverse normal plastic strain occurs due to the compression of the nozzle, as shown in
Figure 32. This indicates an uneven but smaller amplitude (maximum 0.19) distribution for
the M-nozzle, as visible in Figure 32a, which is understandable due to the higher levels of
compression resulting from the higher bending transition, whereas, in the case of the R-
shaped nozzle, a wider angle (135°) assures a constant but higher residual strain (maximum
0.4), as one can see in Figure 32b. The bottom surfaces show the same tendency, with
discontinuity occurring for the M-shaped nozzle due to the non-uniform contact pressure.
In this way, a higher value means a higher warping tendency, but also a constant raster
with better fiber alignment.

Bottom view

Bottom view

=S RERY ive
I/ TH Tl Transition zone
V) 7 77/4
under large
bending

\.__—\

Uneven distribution with small values Even distribution with large values

(@) (b)
Figure 32. Transverse plastic strain: M-nozzle (a); R-nozzle (b) [103]. Under CC—BY Licensing 4.0.

In terms of the transverse shear strain (the measure of shearing fiber occurrences), it
can be observed in Figure 33a that the more curvature in the transition area in the case
of M-nozzle shows a higher concentration, with a 0.29 relative strain, and a punctual
compression area (—0.9), displaying variations along the way, which can then cause fiber
slitting and out-of-plane buckling. The R-nozzle displays a relatively gradual deposition
area, where the material suffers a relative compression of —0.6, as one can see in Figure 33b.

¥2.9e-01

+1.6e-01

Higher shear strain at K3 jep2
the transition zone s2.25 01 Less concentration

contact contact

(a) (b)

Figure 33. Transverse shear strain: M-nozzle (a); R-nozzle (b) [103]. Under CC—BY Licensing 4.0.
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The second step is printing on a circular path using a constant 2.5 mm curvature for
both geometries. The logarithmic strain was used as a measure to assess the filament torsion
during the printing process. The small values indicate no torsion filaments, a phenomenon
that increases before deposition in the M-nozzle across the entire filament, as one can see in
Figure 34a, whereas, in the R-nozzle, the strain only manifests on the outer surface, as one
can see in Figure 34b in the transversal section.

M-nozzle at 45° R-nozzle at 45°

LE, LE12
(Avg: 75%)

The torsional deformation
above the transition section

e-01 S S TN

5 p— o
———— —

M-nozzlS°

(a) (b)
Figure 34. Logarithmic strain: M-nozzle (a); R-nozzle (b) [103]. Under CC—BY Licensing 4.0.

2-01 R-nozzle at 135°

The curvilinear direction change (R = 10 mm between the trajectories) can be seen from
above in Figure 35. The plastic strain tends to be smaller but inconstant (compression from
the nozzle) for the planar M-shaped nozzle, with a gradual filament twisting of 45-60°;
the fibers have a tendency to irregularly distribute in the middle of the directional change,
making the structure with the M-shaped nozzle more vulnerable to breakage, as seen in
Figure 35a. The R-shaped nozzle path, see Figure 35b, results in a more strained structure,
which can be compensated via shrinkage, but this results in a regular distribution along the
path, which results in a better performance of the resulting composite.

No noticeable filament twisting
across the curved path

i Gradual twisting
i from 45-60° angle

Regular distribution, | ;
mutation point due to the! =
36.6e-01] sub-step simulation of ==
+5.4e-01\ the rotational nozzle .

¥ v 4

| Irregular distribution,
e v, Maximum value at
80-90° angle 4

Figure 35. Normal plastic strain on the circular path (R = 10 mm): M-nozzle (a); and R-nozzle
(b) [103]. Under CC—BY Licensing 4.0.

A tighter radial directional change (R = 2.5 mm) analysis was performed. The M-
nozzle shows a significant strain at the 60-75° area (was occurred earlier and at an increased
level when compared with the previous case), even if the fiber has a gradual tendency
to twist (see Figure 36a). On the other hand, the R-nozzle demonstrated steep twisting
around the 90° area (see Figure 36b), where the fiber has a sudden orientational change,
and sudden folding occurs at 135°; this means that the curvature is considered too tight for
this nozzle configuration.

The last step is performed on the frictional contact point between the filament and the
nozzle in the dotted contour area, as seen in Figure 37, in a non-planar deposition, where
the M-shaped nozzle displays a positive/negative split line at the middle when printing.
The structure becomes widely compressed following this, as visible in Figure 37a. However,
the R-shaped nozzle maintains a relatively constant split line throughout the process, which
reduces the twisting and optimizes the fiber orientation along the deposition direction, as
presented in Figure 37b.
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Figure 36. Normal strain on circular path (R = 2.5 mm) on: M-nozzle (a); R-nozzle (b) [103]. Under
CC—BY Licensing 4.0.
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Figure 37. Strains on non-planar deposition: M-shaped nozzle (a); R-shaped nozzle (b) [103]. Under
CC—BY Licensing 4.0.

3.7. Solidification of 3D-Printed Composites (Residual Stress and Dimensional Precision)

The solidification process is worth evaluating in terms of the temperature field dis-
tribution, the induced thermal deformation, or the residual stresses within the printed
part. Also, reconstituting the material deposition is an FEA case in itself, which presents
particularities for composite materials due to the resulting directional properties.

The case of short wood fibers and PLA is a thermo-mechanical numerical model of
the deposition (Moryanova et al., 2023) [104], which was completed in parallel with the
experimental model of the 20 x 20 x 20 mm cubic composite specimen. The first aspect
studied was the warping of the 3D-printed composite with different layer heights (0.15 mm
and 0.25 mm), as can be seen in Figure 38a. For a layer of 0.5 mm, the warping tendency is
higher on the middle-top layers towards the barrier of 0.5 mm, showing a gradual decrease
towards the building plate. The lower height (0.15 mm) displays an improved warping
tendency, with the middle layers being the most deformed around 0.35-0.4 mm. The
experimental results show coarser top edges with deposition defects for layers at higher
heights, as visible in Figure 38b.
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Figure 38. Residual displacements of the PLA-wood composite: simulation (a); experimental (b) [104].
Under CC—BY Licensing 4.0.

In the cooling process, deformation results in stresses due to the movement of the
particles, adhesion, and the phase change of the matrix. As one can see in Figure 39, the
lower the extrusion temperature, the lower the stress levels. The areas where the residual
stresses are highest are on the boundaries of the part, where lower heights result in a
thinner boundary stress of 30 MPa, whereas, for the increased layer heights, the boundary
stresses meet 45 MPa on the lower area (0.2 mm), as well as on all the 0.25 mm boundaries
of the cube.

Temperature of extrusion

200°C 210°C 220°C

SSAUIYY 294

[ 0.25
mm

5

Figure 39. Residual stress on PLA-wood specimens [104]. Under CC—BY Licensing 4.0.

Lastly, the temperature field distribution was studied and found to be uniformly
distributed throughout the printed cube (3 s after finishing the process) for all layer heights,
as one can see in Figure 40. The boundary layers cool at a higher rate, resulting in, as
remarked in the previous sections, more defects, and coarser structures.

The numerical model of deposition (Chnatios et al., 2023) [105] is a thermo-mechanical
coupled simulation for CCF-PEEK. The magnitude of warping caused by the variation
of process parameters was demonstrated. Due to the computational difficulty, a single-
layer deflection was calculated, and it was found that warping increased continuously
as the manufactured thickness grew; this was due to the reheating of the previously
manufactured areas. The high-temperature PEEK composites leave a thermal trace, as
one may notice in Figure 41. The higher the thickness, the more pronounced the thermal
footprint; Figure 41a shows a lower strain than that shown in Figure 41b. The printing
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bed temperature (150 °C) will cause additional thermal deflection following printing when
cooling to room temperature.

K

Figure 40. Temperature 3.5 s after completing the specimen [104]. Under CC—BY Licensing 4.0.
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Figure 41. Temperature field for CCF-PEEK for different thicknesses: 0.14 mm/layer (a); 0.28 mm/layer
(b) [105]. Reproduced with permission: Elsevier.

As the heat transfer exists between the previously deposed raster and the current
layer, the deflection grows with the number of layers (Z-height), as well as with the width
of the part (Y-axis), as one can see in Figure 42, where a change from 2.02 um (layer 3,
Figure 42a,b) to 3.8 um (layer 5, Figure 42¢,d) can be seen. The deflection can be observed
on the edges of the raster, where the cooling occurs last, causing the material to warp (free
surface on the edges). This is considered the most important factor in warping, as it is quite
unavoidable in most applications.

Result Magnnude

0 000e+00

Rosult Magm udo

Result magnitude
3 805e-03

0 003
0.002
0 001

O 003
0.002
0 001
0 000e+00 0 000e+00

Figure 42. Raster deflection for CCF-PEEK for 11th trajectory (a); 15th trajectory (b); 23rd trajectory (c);
25th trajectory (d) [105]. Reproduced with permission: Elsevier.

The printing bed temperature can limit the warping, reducing from 9.048 pm for a
standard temperature (150 °C, Figure 43b), to the insignificantly lower 0.904 um (155 °C,
Figure 43c), and again to 0.891 um (160 °C, Figure 43d). The deflection has a reversed
tendency for lower temperatures, which is even more pronounced at 0.917 um (145 °C,
Figure 43a). This is a result of a lower temperature variation between the raster and the

printing bed.
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Figure 43. Printing bed temperature effects on warping for CCF-PEEK: 145 °C (a); 150 °C (b); 155 °C (c);
160 °C (d) [105]. Reproduced with permission: Elsevier.

In addition, the printing temperature variation was studied, as seen in Figure 44.
The more significant warping was 1.52 pm (390 °C, Figure 44a), constantly decreasing to
1.425 pm (400 °C, Figure 44b) or to 1.323 um (410 °C, Figure 44c). The standard temperature
(420 °C, Figure 44d) shows the smallest deflection of 1.21 pm. This is understandable due
to the viscosity variation of PEEK when suspended with CF.

v v
000152 1.5210-03 000143 g 1.4250-03
(a) ' (b) Joo
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L 00004 00004
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Figure 44. Deposition temperature effect on warping CCF-PEEK for Tgeposition = 390 °C (a);
T4eposition = 400 °C (b); T4eposition = 410 °C (c); Tdeposition = 420 °C (d) [105]. Reproduced with
permission: Elsevier.

The printing speed influences the warping, as shown in Figure 45. The lowest speed
(v =1 mm/s, Figure 45a) shows the smallest deflection of 1.172 um. The increase ob-
served in the speed results in a 1.21 um deflection (Figure 45b,c) stabilized in the range of
v =3-5 mm/s. Exceeding the standard speed results (v = 3-5 mm/s, Figure 45c¢) following
a steep increase in deflection to 1.362 pm can be explained via the faster deposition, higher
heat transfer over time, and the optimal speed being a compromise between the precision
and manufacturing time.
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Figure 45. Printing speed effect on warping CCF-PEEK for v = 1 mm/s (a); v = 3 mm/s (b);
v=5mm/s (c); v =7mm/s (d) [105]. Reproduced with permission: Elsevier.

3.8. Solidification of 3D-Printed Thermoset Composites

In the case of thermoset composites, the solidification process (curing) is performed
via several sources of external energy or via the chemistry of the matrix. The thermal
polymerization of thermoset matrix composites (Struzziero et al., 2023) [106], is focused on
Epoxy-CF-based composites. The model was a 2D deposition layer, as seen in Figure 46a,
where a convection surface can be found at the boundary of the deposed layer. This was
developed in ABAQUS, utilizing a C++ general algorithm for the material properties based
on the logic shown in Figure 46b.

(a) \ Convection

Convection boundary boundary condition

condition 1\ |
| P /
/ R
/ &8
| /=&
8 ]

(b)

Prescribed temperature boundary condition L

Figure 46. Process simulation setup for thermoset composites (a); pseudo-code of the algorithm used
for the ABAQUS link (b) [106]. Under CC—BY Licensing 4.0.

The temperature map of the curing process is shown in Figure 47a, highlighting
the tendency of curing around 183 °C, spreading concentrically throughout the raster.
The model was developed in ABAQUS, using USDVLD to calculate the curing state
in differential time HEVAL subroutines for the heat generated via exothermic curing,
following the conditions displayed in Figure 47b. Based on the algorithm earlier described,
the state of curing is shown in Figure 47c, where the previously deposed layers display a
curing state of 89-92%. It can be observed that the material consumed most of its activation
energy, maintaining a constant curing rate during the process, and thus guaranteeing a
constant thickness.

A prospective material development encompasses the usage of frontal polymerization
thermoset resin for eliminating the need of molds and, especially, of post-processing treatments.
The model for the state of curing for frontal polymerization (Sharifi et al., 2023) [107], is focused
on continuous carbon fiber PDCPD resin (promising improved impact and corrosion
resistance) as used on RVE, as shown in Figure 48a, in 3D and as cross-section of red-
dotted contour. The stochastic material is defined via a routine in Python, as described in
Figure 48b. The RVE is defined as a bundle equation creation. By applying the Box-Muller
algorithm [108], the matrix is given random properties, respecting the standard deviation
from the mean actual values of the characteristics.
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Figure 47. Contour of temperature distribution for thermoset composites (a); curing status distribu-
tion for thermoset composites (b); USDFLD and HETVAL coupling subroutines coupling (c) [106].
Under CC—BY Licensing 4.0.
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Figure 48. Meso-scale RVE frontal polymerization thermoset composite element (a); script for
stochastic material setup (b) [107]. Reproduced with permission: Elsevier.

Three types of material configurations were created for this simulation. The deter-
ministic material is shown in Figure 49a with no voids. The second material configuration
is stochastic Figure 49b, where the spatial distribution of the properties is randomly gen-
erated in different color elements, which is more suited for liquid resin that is prone to
impurities. The third model is the first configuration, with randomly distributed 3% voids
(red elements) throughout the volume Figure 49c.

Figure 49. Material hypotheses in frontal polymerization with the following: deterministic proper-
ties (a); stochastic Properties (b); deterministic properties with 3% void (c) [107]. Reproduced with
permission: Elsevier.

The state of curing commences on a normal direction of the printed composite, as one
may see in Figure 50 in 3D, then in A-B cross-section. The cases consider various standard
deviations from the mean cured properties (SD), where the curing occurs around the fibers.
On the other hand, the fiber/matrix interface cures last (after 3 s), where the cure state
decreases with the SD augmentation, converging at 100% for each SP following 5 s. The
other case treated in Figure 50 is polymerization in the direction of printing, where the
curing is slower around the fibers and in between the fibers, the maximum curing latency
being for SD = 40% at 3 s.



J. Compos. Sci. 2024, 8, 146 25 of 33

10 09 08 07 06 05 04 03 02 01 0.0
Degree of cure

Baseline
(SD = 0%)
A B A B A B

Stochastic K
(SD = 20%)
A B A B A B8

Figure 50. Curing simulation of frontal polymerization composites: XY plane heat source (a) [107].
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Reproduced with permission: Elsevier.

3.9. Defect Simulations of Completed 3D-Printed Composites

The defects numerical model (Moryanova et al., 2023) [104], that are visible in the
Figure 38b are revealed in detail in Figure 51. The first remarked defects are the splattering
marks (cracks, holes, traces), caused by the difference in crystallization states during the
cooling of the layers, which is due to the high extrusion temperature and the wood fibers
in the resulting composite. Splatter traces of 0.5 mm magnitudes were observed both
numerically and experimentally, as seen in Figure 51a. For a lower layer height, a more
stable surface is visible in Figure 51b, which is due to a more uniform distribution of wood
reinforcements (solid fibers are lighter than the matrix and flow above), and the similar
size magnitudes of fibers and the PLA layer.

mm

(a) I

mm

(b)

Figure 51. Defects caused by the thermal splatter simulation and experiment for a layer height of
0.25 mm (a) and a layer height of 0.15 mm (b) [104]. Under CC—BY Licensing 4.0.

Along the traces, in increased layer heights (0.25 mm), both numerical simulations and
experimental observations demonstrated pultrusion into the outer surface due to twisting
of the material (see Figure 52a). The quality of the interlayer seams and the sinkholes can
be observed in Figure 52b, resulting from the time difference of the material deposition
time in the cooling process. Ultimately, at higher extrusion temperatures (220 °C), a failure
of the first layer was observed, which was due to the molten matrix and the considerable
deposed mass, as one can see in Figure 52c.

mm

Figure 52. Defect simulation for cubical PLA-wood specimens for layer height = 0.25 mm: pultru-
sion (a); sinkholes (b); failure of lower edges (c) [104]. Under CC—BY Licensing 4.0.
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3.10. Void Formation Simulation

As seen in the previous section, the cross section of the deposed layer is widely
influenced by the process parameters, meaning the internal structure depends on each path.
The process simulation of SCF-PEEK (Fu et al., 2023) [109], is done using ABAQUS with
user-defined material (UMAT) subroutines [110]. Micro-scale RVE with periodicity was
applied, as seen in Figure 53. Unitary deposed element is represented as a matrix cube, 5%
SCF (black elements), modelled as cylinders inside the RVE, whereas voids are introduced
in random volumes (blue particles). The orientation of the layers is defined as per the
picture below, resulting in the tensile specimen.

PEER Micro RVE Layer3: 45° print

R
Y | /
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b
R : >
v
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Figure 53. Multi-scale analysis of SCF-PEEK [109]. Reproduced with permission: Elsevier.

The crystallization is presented within the printed layers like intervals of 0-1 (w.),
PEEK being a semi-crystalline matrix. Firstly, the deposed element is completely uncrys-
tallized, as seen in Figure 54a. The crystallization process begins at the margins, where
the matrix starts to cool, as visible in Figure 54b. When changing direction, as is visible in
Figure 54c,d, the areas adjacent to the previous layer diminish their solidification state due
to the interfacial heat transfer. As the process continues, the layer returns to a complete
solid state as the distance grows from the currently deposed raster Figure 54e—g, and as
voids appear between the printing tracks. In the end, the transfer to the following layer
results in an insignificant change within the previous raster, as shown in Figure 54h. Once
the process is over, the crystallization process is completed to almost 100%, with the crystal-
lization between trajectories being over 85% due to the irregular heat flux from the adjacent
deposed raster. Overall, it was calculated that the porosity simulation showed a peak value
of 14.29% without any post-processing treatment.

The macro-scale model for CCF-PA (Zhilyaev et al., 2022) [111], developed in ANSYS
with user-defined routines, where the phase transition is a Nakamura algorithm [112],
and the mechanical properties are assigned based on experimental activities, as they are
temperature dependent. The primary drawback of the continuous fiber composites is the
level of porosity, which is exacerbated by the upright printed surfaces on the complex
geometry, resulting in the highest void volumes of 8-10% in the support areas and at
the overhanging hole areas, as visible in Figure 55a. The base area was subjected to
higher porosities at points of sharp directional changes, as one can see in Figure 55b. The
cumulative defects from the cases presented above result in a maximum of 24.1%, as visible
in Figure 55c.
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Figure 54. Solidification simulation for SCF-PEEK specimens: single element trajectory (a,b); sin-
gle layer changing direction trajectory (c—g); next layer deposition (h,i) [109]. Reproduced with
permission: Elsevier.

Figure 55. Porosity simulation on CCF-PA12 fixture: 90° area (a); base area (b); complete part (c) [111].
Under CC—BY Licensing 4.0.

3.11. Surface Roughness Simulation

The surface roughness is important, especially for the aspect of the component. In
addition, the contact area with other parts in the assembly is significant. Due to this,
the roughness before any post-processing treatment is of great concern, especially in the
case of thermoset matrix composites manufactured via AM, due to amorphous poly-
merization. The roughness simulation for continuous GF and bisphenol photosensitive
(Lorenz et al., 2022) [113]. The model was developed in TexGen software 3.13.1, with ex-
perimental material properties. The model was developed for two directions, with mean
profiles and extremum values, as shown in Figure 56. Plotted profiles for both experimental
and simulation results can be found below.
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Figure 56. Surface profile numerical model for thermoset composites [113]. Under CC—BY Licens-
ing 4.0.

3.12. Post-Processing Simulation

A post-processing treatment simulation (Grieder et al., 2022) [114], including hot
pressing decreased the porosity from 20.28% to only 1.4% in the case of 240 °C/10 bars. The
maximum void pressure was 1.6 MPa, as shown in Figure 57a, whereas the void content
exists at the bottom of the bar Figure 57b, opposite the hot-pressing treatment. The fiber
variation content was similar in profile to the porosity Figure 57c, ranging between 53-57%.
Because it is used as a heat-resistant thermoplastic matrix, the elastic transverse modulus
at heat deflection temperatures (175 °C) is studied and presented in Figure 57d, ranging
between 3.84-6.47 MPa.

Figure 57. Simulation results for void pressure (a); porosity (b); fiber fraction (c); elastic modulus at
the heat deflection temperature (2 MPa, 175 °C) (d) [114]. Under CC—BY Licensing 4.0.

4. Conclusions

To conclude, the AM processes are diverse in terms of the material range and the nature
of the reinforcement, as presented in Section 1. Due to their similarities with common
AM technologies such as FDM or SLA, these have been developing at an accelerated
pace over the last 5-10 years, and are showing strong potential to become widely used in
composite manufacturing.

As the processes are in the development phase and their cost is a significant factor,
especially for continuous fibers composites, addressing potential defects arising from the
technologies they derive from, as well as specific composite defects, the digital twinning
of the processes is highly desirable for industrial applications to remain competitive with
their conventional counterparts. FEM represents a technique used to model the physical
phenomena. In the case of AM composites, as presented in Section 2, there are several
aspects to be considered, which are relevant if the process parameters are to be digitally
optimized, involving many disciplines of finite elements.
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