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Abstract

Additive manufacturing via fused filament fabrication (FFF) enables the creation
of geometrically complex components. Yet, its use in structural and semi-struc-
tural applications remains limited by anisotropic mechanical response, defect sen-
sitivity, and fabrication-induced residual stresses that cause warpage and geomet-
ric inaccuracy. This dissertation investigates polylactic acid (PLA)- based
materials manufactured by FFF, including neat and partially recycled PLA, con-
tinuously reinforced PLA, and short-fiber-reinforced composites, to develop an
integrated experimental-computational methodology for evaluating mechanical
efficiency and predicting process-induced distortion. The research object com-
prises the mechanical, thermal, viscoelastic, microstructural, and thermo-mechan-
ical characteristics of these materials. The dissertation develops a unified ap-
proach linking reinforcement strategy, material structure, thermal history,
mechanical performance, and warpage behavior. The adopted methodology com-
bines quasi-static tensile and flexural testing, thermomechanical characterization,
scanning electron microscopy, and finite-element simulations.

Continuous aramid reinforcement developed in this study for FFF increases
the load-bearing capacity of the tension specimens by 67%. Still, reinforcement
efficiency was limited by toolpath continuity, interfacial defects, and the absence
of in-process fiber tensioning. Short-fiber-reinforced composites exhibit distinct
fiber-type-dependent behavior: carbon-filled PLA increases stiffness, while
wood-filled PLA enhances crystallinity, stiffness retention near the glass-transi-
tion temperature, toughness, and dimensional fidelity. Wood-fiber reinforcement
reduces edge warpage by 43% and carbon fiber by 14.3% under identical condi-
tions. A staged thermo-mechanical simulation framework is developed to model
printing, cooling, and detachment, transferring residual stress and distortion fields
into subsequent mechanical simulations. The ABAQUS model for neat PLA pre-
dicts warpage with an average error of 8.2-10.6%, whereas a Digimat workflow
captures the deformation in short-fiber-reinforced PLA with an error of 14.3—
17.9%. The latter predictions were obtained for the first time.

The dissertation consists of an introduction, three main chapters, general con-
clusions, and references. The First Chapter provides a literature review of FFF of
reinforced polymers, including material combination and modeling strategies. The
Second Chapter specifies the chosen materials, test program, and thermo-mechan-
ical modeling concept. The Third Chapter evaluates experimental and numerical
results, integrating mechanical, thermal, microstructural, and simulation-based
findings. The General Conclusions summarize the dissertation work, which is sup-
ported by four publications, including three articles in Web of Science-indexed
journals with impact factors, and four conference presentations.



Reziume

Polimery 3D spausdinimas sudaro galimybe pritaikyti gamyba sudétingos geo-
metrijos objektams. Vis délto jy konstrukcinj pritaikyma riboja spausdintos me-
dziagos anizotropinés mechaninés savybés, gamybos metu susidarantys mik-
rostrukttiros defektai ir liekamieji jtempiai, sukeliantys matmeny netikslumus bei
formos idkraipymus. Sioje disertacijoje tiriamos 3D spausdintos polilaktido
(PLA) medziagos: grynasis ir dalinai perdirbtas PLA, iStisine aramido gija ir trum-
pais plausais armuoti kompozitai. Tyrimo tikslas — sukurti kombinuota eksperi-
menting ir skaitmening metodika, leidziancig jvertinti armavimo efektyvuma ir
numatyti gamybos metu atsirandancias liekamasias deformacijas. Tyrimo objek-
tas apima spausdinty PLA kompozity termomechanines ir viskoelastines savybes
bei terminio virsmo parametrai. Tyrimy metodika apima tempimo ir lenkimo ban-
dymus, termomechaniniy savybiy tyrimus, skenuojanciaja elektroning mikrosko-
pija ir baigtiniy elementy modeliavima.

Sukurta i$tisine aramido armuoto polilaktido gija pritaikyta 3D spausdinimo
technologijai padidino tempiamyjy bandiniy laikomaja galia 67 %, tac¢iau arma-
vimo efektyvuma ribojo gijos isdéstymo netiesiSkumas, sukibimo defektai ir jtem-
pimo trikumas 3D spausdinimo metu. Trumpais plausais armuoti polimero kom-
pozitai pasizyméjo skirtingu plausy poveikiu: anglies plausai didino kompozito
standuma, o medienos plausai — kristalizavimo laipsnj, standuma ties stiklinimo
temperatiira, tgsumg ir matmeny pastovumg. Lyginant su grynuoju PLA, medie-
nos plausai sumazino bandinio krasty i$linkj 43 %, o anglies plausai — 14 %. Su-
kurtas kombinuotas baigtiniy elementy modelis, kuriame termomechaninio uzda-
vinio sprendimas pazingsniui atkuria 3D spausdinimo, auSinimo ir pacio objekto
atskyrimo nuo gamybos platformos etapus. Gauti liekamyjy jtempiy ir deforma-
cijy pasiskirstymo laukai eksportuojami j mechaninj modelj. ABAQUS modelia-
vimo aplinkoje grynojo PLA islinkis apskai¢iuotas su 8,2-10,6 % vidutine pak-
laida, o Digimat aplinkoje sudarytas modelis nustato trumpais plausais armuoty
kompozity deformacijas su 14,3-17,9 % paklaida. Toks modeliavimas trumpais
plausais armuotiems kompozitams atliktas pirma karta.

Disertacija sudaro jvadas, trys pagrindiniai skyriai, bendrosios i$vados ir li-
terattiros sgrasas. Pirmajame skyriuje pateikta 3D spausdinimo armuoto polimero
kompozity literatiros apzvalga, aptariant medziagy sandarg, armavimo ir mode-
liavimo buidus. Antrajame skyriuje aprasytos pasirinktos medziagos, bandymo
programa ir skaitinio modeliavimo principai. Tre¢iajame skyriuje pateikti ban-
dymy ir modeliavimo rezultatai. Bendrosiose iSvadose pateikti svarbiausi darbo
rezultatai. Disertacijos tyrimo pagrindu paskelbtos keturios mokslinés publikaci-
jos, 18 kuriy trys straipsniai — Web of Science Zurnaluose su citavimo rodikliais, ir
keturi praneSimai pristatyti mokslinése konferencijose.
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Notations

Symbols

A — the cross-sectional area (liet. skerspjiivio plotas);

Cer — the coefficient describes the fiber reinforcement efficiency (liet. plausy armavimo
efektyvumo koeficientas);

E — the modulus of elasticity (liet. tampumo modulis);

Es — the flexural modulus of elasticity (liet. lenkimo tampumo modulis);

Ky — the Stefan-Boltzmann constant (liet. Stefano ir Boltzmanno konstanta);

L — the support span length (liet. atstumas tarp atramy);

Nt — the internal force acting on the fiber (liet. pluostq veikianti vidiné jéga);

Np — the internal force acting on the matrix (liet. matricq veikianti vidiné jéga),

N — the divergence operator (liet. divergencijos operatorius);

P — the applied point load (liet. taskiné apkrova);

P — the ultimate load (liet. ribiné apkrova);

S(T) — the temperature-dependent compliance (the inverse of the stiffness matrix) (liet.
nuo temperatiros priklausantis pasiduodamumas, arba atvirkstiné standumo mat-
rica);

S(t) — the external surface of the body changing with time (liet. iSorinis kitno pavirsius
kintantis laike);

T — the temperature (liet. temperatiira);

Ty, — the print bed temperature (liet. gamybos (spausdinimo) pagrindo temperatiira);

Tec — the cold crystallization temperature (liet. Saltosios kristalizacijos temperatiira);
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Ts — the extrusion temperature (liet. ekstruzijos temperatira);

Ty — the glass transition temperature (liet. stikléjimo temperatiira);

Tm — the melting temperature (liet. lydymosi temperatiira);

Ts — the surrounding temperature (liet. aplinkos temperatira);

V: — the volumetric fiber fraction (liet. plauso tirio dalis);

Vier — the efficient reinforcement fraction (liet. efektyvioji armavimo dalis);

Xc — the degree of crystallinity (liet. kristaliskumo laipsnis);

b — the specimen width (liet. bandinio plotis);

¢ — the specific heat capacity (liet. specifiné siluminé talpa);

d — the specimen thickness (liet. bandinio storis);

e — the emissivity (liet. spinduliavimo koeficientas);

fy — the yield strength (liet. takumo stipris);

h — the heat transfer coefficient (liet. silumos perdavimo koeficientas);

k — the thermal conductivity (liet. Siluminis laidumas);

m — the slope of the load-deflection curve (liet. apkrovos ir jlinkio diagramos posvyris);

n — the vector normal to the surface (liet. pavirsiaus normalés vektorius);

g — the heat source (liet. silumos Saltinis);

gc — the convective heat flux (liet. silumos srautas deél konvekcijos);

gr — the radiative heat flux (liet. silumos srautas dél spinduliavimo);,

w — the mass fraction (liet. mases dalis);

AHcc — the cold crystallization enthalpy (liet. Saltosios kristalizacijos entalpija);

AHp — the measured melting enthalpy (liet. ismatuota lydymosi entalpija);

At — the time step (liet. laiko periodas);

Ao — the change in stress (liet. jtempiy pokytis);

A¢ — the change in strain (liet. deformacijy pokytis);

Oy — the surface of the print bed (liet. spausdinimo pagrindo pavirsius);

O — the surface of the extruded material (liet. spausdintos medziagos pavirsius);

o — the thermal expansion coefficient (liet. Siluminio plétimosi koeficientas);

a(T) — the temperature-dependent second-order tensor of the thermal expansion coeffi-
cient (liet. antrosios eilés Siluminio plétimosi koeficiento tenzorius kintantis laike);

& — the strain (liet. deformacija);

ge — the elastic strain (liet. tamprioji deformacija);

epl — the plastic strain (liet. plastiné deformacija);

& — the thermal strain (liet. deformacija nuo temperatiiros);

&y — the strain at the yield point (liet. takumo ribos deformacija);

A —the plastic flow factor (liet. plastinio tekéjimo koeficientas);

v —the Poisson’s ratio (liet. Puasono koeficientas);

p — the material density (liet. medziagos tankis);

odev — the deviatoric part of the stress tensor (liet. jtempiy tenzoriaus deviatoriné dalis);

ot — the flexural stress (liet. lenkimo jtempial);

o, — the ultimate strength (liet. stiprumo riba);

oy — the yield strength (liet. takumo stipris);

oum — the effective Von Mises stress (liet. efektyviis Von Mizeso jtempiai);
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‘;—f — the time rate of change of temperature (liet. temperatiiros kitimo sparta laiko

atzvilgiu);
T _ the transposition operator (liet. transponavimo Zenklas).

Abbreviations

ABS — acrylonitrile butadiene styrene (liet. akrilnitrilo butadieno stirenas);

AF —aramid fiber (liet. aramido plausas);

AM — additive manufacturing (liet. adityvioji gamyba);

AM-FRP — additive manufacturing of fiber-reinforced polymer (liet. plausy armuoty po-
limery adityvioji gamyba);

ASTM International — formerly the American Society for Testing and Materials (ASTM)
(liet. Amerikos medziagy ir bandymy draugija);

C3D20R — 20-node quadratic brick element (liet. 20 integravimo mazgy kubo formos
baigtinis elementas);

CAD - computer-aided design (liet. kompiuterinis projektavimas);

CF — carbon fiber (liet. anglies plausas);

CNT — carbon nanotubes (liet. anglies hanovamzdeliai);

CoV - coefficient of variation (liet. variacijos koeficientas);

DfAM - design for additive manufacturing (liet. projektavimas adityviai gamybai);

DIC — digital image correlation (liet. skaitmeniniy vaizdy koreliacija);

DMA — dynamic mechanical analysis (liet. dinaminé mechaniné analizé);

DSC - differential scanning calorimetry (liet. diferenciné skenuojanti kalorimetrija);

FDM — fused deposition modeling (liet. lydymosi nusodinimo modeliavimas arba 3D
spausdinimas);

FE — finite element (liet. baigtinis elementas);

FFF — fused filament fabrication (liet. /ydyto siitlo gamyba arba 3D spausdinimas);

FRP — fiber-reinforced polymer (liet. pluosty armuotas polimeras);

GF — glass fiber (liet. stiklo plausas);

HDT — heat deflection temperature (liet. Siluminio jlinkio temperatira);

ISO — International Organization for Standardization (liet. Tarptautiné standartizacijos
organizacija);

MCF — milled carbon fiber (liet. maltas anglies plausas);

MEX — material extrusion (liet. medziagos ekstruzija);

MWCNT — multi-walled carbon nanotubes (liet. daugiasieniai anglies nanovamzdeliai);

ONYX — Nylon 6 (Polyamide 6) (liet. poliamidas 6);

PA — polyamide (liet. poliamidas);

PBAT - polybutylene adipate-co-terephthalate (liet. polibutileno adipato terephtalatas);

PBS — polybutylene succinate (liet. polibutileno sukcinatas);

PC — polycarbonate (liet. polikarbonatas);

PCL — polycaprolactone (liet. polikaprolaktonas);

PEEK — polyether ether ketone (liet. polietereterketonas);

PEI — polyetherimide (liet. polieterimidas);



PEK — polyetherketone (liet. polieterketonas);

PETG - polyethylene terephthalate glycol (liet. polietileno tereftalato glikolis);

PGA — polyglycolic acid (liet. poliglikolio rigstis);

PHA — polyhydroxyalkanoate (liet. polihidroksialkanoatas);

PLA — polylactic acid (liet. polipieno riigstis);

PLA-CF — carbon fiber-reinforced PLA (liet. anglies plausy armuota polipieno riigstis);
PLA-WF — wood fiber-reinforced PLA (liet. medzio plausy armuota polipieno riigstis);
PLGA — poly (lactic-co-glycolic acid) (liet. polilaktido glikolido rigstis);

PP — polypropylene (liet. polipropilenas);

RVE — representative volume element (liet. reprezentatyvusis tarinis elementas);

SAC - Standardization Administration of China (liet. Kinijos Liaudés Respublikos
standartizacijos administracija);

SEM - scanning electron microscope (liet. skenuojantis elektroninis mikroskopas);
SLA — stereolithography (liet. stereolitografija);

SLS — selective laser sintering (liet. selektyvusis lazerinis sukepinimas);

SWCNT - single-walled carbon nanotubes (liet. vienasieniai anglies hanovamzdeliai);
TO - topology optimization (liet. topologijos optimizavimas);

TPU — thermoplastic polyurethane (liet. termoplastinis poliuretanas);

UV — ultraviolet (liet. ultravioletiné spinduliuoté).
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Introduction

Problem formulation

The rapid growth of fused filament fabrication (FFF) has increased interest in its
use for functional components. However, its broader adoption is limited by insuf-
ficient, anisotropic mechanical performance and an incomplete understanding of
how thermal histories generate residual stresses, warpage, and related mechanical
degradation. These challenges intensify when recycled feedstock is introduced to
meet sustainability goals. Although reinforcement strategies, short-fiber fila-
ments, and continuous-fiber routes can improve performance, they also increase
the complexity in fiber—-matrix interaction, interlayer integrity, and defect sensi-
tivity. A unified framework is therefore needed to link material selection (includ-
ing recycled plastics), reinforcement architecture, microstructure, thermo-physi-
cal behavior, mechanical response, and process-induced distortions to improve the
structural performance and geometric fidelity of FFF components.

Relevance of the dissertation

The dissertation is relevant to scientific and industrial communities because it ad-
dresses three converging developments: advances in FFF-based fiber-reinforced
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2 INTRODUCTION

polymers, the growing need for sustainable polymer-processing routes, and the
shift toward process-aware analysis that reduces trial-and-error experimentation.
The increasing availability of short-fiber filaments and progress in continuous-fi-
ber integration create opportunities for mechanically efficient components, while
intensifying the importance of fiber-matrix interaction, interlayer integrity, and
defect sensitivity. Evaluating unreinforced recycled polylactic acid (PLA) sup-
ports sustainability-oriented adoption where mechanical verification is required,
and continuous-fiber reinforcement further enhances PLA’s mechanical perfor-
mance. Thermo-mechanical process analysis strengthens this direction by clarify-
ing how residual stresses and warpage influence dimensional fidelity and struc-
tural reliability in FFF components.

Research object

The research focuses on the mechanical, thermal, viscoelastic, and microstructural
properties of FFF-manufactured PLA-based short- and continuous-fiber-rein-
forced composites, as well as fabrication-induced residual stresses and warpage.

Aim of the dissertation

The dissertation aims to develop an experimental-computational methodology to
assess the mechanical efficiency of reinforced PLA composites and predict
FFF-induced geometric distortion and residual-stress evolution.

Tasks of the dissertation

To achieve the research aim, the dissertation integrates literature analysis, physi-
cal experiments, material characterization, and finite-element simulations. Based
on these methodological components, the following tasks are formulated:

1. To evaluate the mechanical performance of PLA-based FFF components
by determining how reinforcement strategy (continuous and short fibers)
and material composition (including recycled PLA) affect load-bearing
capacity, stiffness, and failure behavior.

2. To establish the relationships among fabrication process, microstructure,
and thermo-physical response by analyzing crystallinity, viscoelastic be-
havior, thermal transitions, and microstructural features of neat and fi-
ber-reinforced PLA, and by identifying the dominant failure mechanisms
governing composite performance.
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3. To develop and validate a coupled thermo-mechanical modeling frame-
work capable of predicting residual stresses, geometric distortions, and
warpage mitigation by integrating temperature-dependent material behav-
ior and mean-field homogenization for short-fiber composites across the
printing, cooling, and detachment stages.

Research methodology

Theoretical analysis established the research context and supported the develop-
ment of a unified framework linking reinforcement strategy, microstructure, ther-
mal behavior, mechanical performance, dimensional stability, and process-aware
simulation in FFF. Experimental design and manufacturing parameters followed
established laboratory practice for FFF specimens and validated their mechanical
response. Mechanical characterization included quasi-static tensile tests, supple-
mented by digital image correlation (DIC) for continuously reinforced samples,
and quasi-static tensile and three-point bending tests for short-fiber composites.
Thermal transitions and temperature-dependent stiffness were quantified using
differential scanning calorimetry (DSC) and dynamic mechanical analysis
(DMA). Scanning electron microscopy (SEM) was used to evaluate the micro-
structural characteristics, reinforcement dispersion, interface quality, and defects.
A coupled thermo-mechanical finite-element workflow in ABAQUS was devel-
oped for neat PLA to simulate printing, cooling, and detachment and to predict
residual stresses and warpage. A Digimat-based workflow using RVE-based ho-
mogenization and Digimat-AM process simulation was used for short-fiber-rein-
forced composites to analyze warpage.

Scientific novelty of the dissertation

The aspects of scientific novelty in the experimental and numerical investigation
of PLA-based materials manufactured by FFF are as follows:

1. The SEM, DSC, and DMA techniques jointly clarify the key interaction
mechanisms in short-fiber-reinforced PLA composites, linking fiber type,
crystallinity, viscoelastic behavior, and microstructural integrity to the re-
sulting material performance. This multifunctional analysis demonstrates
that wood fibers at 30 wt% enhance crystallinity, toughness, and dimen-
sional fidelity without compromising overall performance. In contrast,
carbon fibers at 10 wt% affect stiffness and failure mechanisms through
interface-controlled microstructural defects.
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2.

The developed thermo-mechanical simulation framework transfers the
FFF-induced residual stress and geometric distortion fields from the fila-
ment depositing and cooling stages into the subsequent mechanical sim-
ulation. The DSC- and DMA-based characterization of thermal transi-
tions and stiffness changes in the PLA-based composites provides the
temperature-dependent input of the model, governing residual-stress ac-
cumulation and detachment-induced deformation.

A Digimat-based workflow is implemented for short-fiber-reinforced
PLA composites. An RVE-based material model for the PLA composites
was developed based on the microstructure investigation for the first time
to predict warpage during FFF-induced detachment.

Practical value of the research findings

The practical value of the research findings is as follows:

1.

The demonstrated continuous aramid reinforcement route provides a
practical reference for extending PLA-based printing toward higher load-
carrying concepts on conventional FFF platforms, while highlighting im-
plementation constraints that must be addressed to improve reinforcement
efficiency and reproducibility.

Experimental data are obtained for the tensile behavior of PLA specimens
under controlled FFF conditions, including a sustainability-oriented com-
parison between virgin PLA and recycled-content PLA to establish a ver-
ified baseline mechanical response for printed feedstocks.

The combined mechanical results and fracture-level SEM observations
for PLA, carbon fiber-reinforced PLA, and wood fiber-reinforced PLA
support material selection under application constraints by clarifying how
short-fiber addition changes the balance between stiffness, ultimate ca-
pacity, and damage tolerance, and by indicating the role of interface- and
defect-controlled failure in limiting load transfer efficiency.

The DSC and DMA characterization provides temperature-dependent
modeling guidance for FFF parts by identifying transition behavior and
stiffness-retention trends relevant to components exposed to elevated
temperatures near the glass-transition region. The temperature-dependent
material properties obtained from DSC and DMA testing must be used to
calibrate thermo-mechanical simulation models to ensure reliable predic-
tions of residual stresses and warpage in FFF components.

The coupled thermo-mechanical FFF-simulation framework developed in
ABAQUS provides a process-aware tool for anticipating distortion and
deformation driven by residual stress. The FFF-induced detachment stage
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governs the release of accumulated residual stresses and may lead to fail-
ure of the fabrication process; the proposed modeling framework identi-
fies cases in which detachment-induced warpage is likely to occur,
thereby enabling the identification of warpage-prone geometries and pa-
rameter sensitivities, reducing the number of experimental iterations re-
quired to achieve acceptable dimensional accuracy, and allowing design-
ers to assess distortion risk before printing.

An automated Python-based subroutine was created to convert slicer-gen-
erated G-code into a time-resolved event series for finite-element activa-
tion, accelerating model preparation and reducing implementation errors
in process-aware simulations.

The Digimat-based thermo-mechanical workflow extends process-level
warpage prediction to short-fiber PLA composites by combining homog-
enized-material modeling with FFF process simulation, enabling compar-
ative assessment of material-dependent distortion trends. Among the in-
vestigated materials, the PLA composite containing wood fibers exhibited
the greatest reduction in FFF-induced warpage, indicating that this rein-
forcement type can be selected when improved dimensional accuracy is
required. In addition, the combination of PLA with wood fibers offers a
potentially biodegradable and sustainable alternative for applications
where environmental impact is a design consideration.

Defended statements

The following statements, based on the results of the dissertation, serve as the
official hypothesis to be defended:

1.

The developed continuous aramid-reinforced PLA filament is compatible
with conventional single-extruder FFF printers. Yet, the reinforcement
cannot achieve its theoretical efficiency under these conditions because
the process neither tensions the fiber nor ensures geometric accuracy.
Short-fiber reinforcement reduces warpage and improves geometric fidel-
ity in FFF-printed PLA composites. Wood fibers further modify polymer
crystallinity and enhance toughness, enabling the development of dimen-
sionally precise and sustainable PLA-based composite materials.

The developed coupled thermo-mechanical modeling workflow predicts
FFF-induced geometric distortion in neat and short-fiber-reinforced PLA
composites. The automated transformation of the fabrication model into
a software-ready finite-element mesh enables process-aware structural
simulation of printed components.
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Approval of the research findings

Four publications were produced on the research topic, including three articles in
Web of Science-indexed journals with impact factors. The author has made four
presentations at scientific conferences:
— Presentation “Numerical Simulation of Polymer Extrusion-Based Addi-
tive Manufacturing Process” at the 14th International Conference on Nu-
merical Methods in Industrial Forming processes, NUMIFORM 2023,
Krakow, Poland, June 2023.
— Presentation “Numerical Simulation of FFF Process and Tensile Tests”
at the 35th DAAAM International symposium on intelligent manufactur-
ing and automation, Vienna, Austria, October 2024.
— Presentation “Thermo-Mechanical Simulation of Material Extrusion-
Based Additive Manufacturing Process” at the 2nd Olympiad in Engi-
neering Science international conference, Stavanger, Norway, June 2025.
— Presentation “Development and Mechanical Performance Analysis of Bi-
odegradable Polymers Sustainable for Additive Manufacturing” at a sem-
inar at Istanbul University, Istanbul, Turkey, August 2025.

Structure of the dissertation

The main body of the dissertation comprises three chapters and general conclu-
sions. The literature list contains 280 references. The total scope (excluding the
Summary in Lithuanian) comprises 135 pages, 35 figures, 14 tables, and 17 equa-
tions. The author’s publications include three journal articles with Web of Science
Impact Factors and one conference-proceedings manuscript.
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Additive Manufacturing of Fiber-
Reinforced Polymer Composites

This chapter presents a literature review of additive manufacturing for fiber-rein-
forced polymer (FRP) composites, with a focus on FFF technologies. Short-fiber
and continuous-fiber reinforcement approaches are reviewed in relation to con-
stituent compatibility, fiber-matrix adhesion, interlayer integrity, porosity for-
mation, and the resulting anisotropic mechanical response of printed components.
The chapter also considers developments in recycled and bio-based polymer feed-
stocks for additive manufacturing, highlighting PLA as a dominant material for
FFF research and applications. The influence of FFF thermal history on residual
stress formation, dimensional distortion, and temperature-dependent behavior is
discussed together with recent progress in numerical modeling of warpage and
residual stresses. The chapter concludes by identifying key knowledge gaps and
by formulating the dissertation’s objective and tasks. The research findings of this
chapter are presented in the publication (Farh et al., 2026).

1.1. Fiber-reinforced polymeric composites

Fiber-reinforced polymer (FRP) composites are attracting growing research inter-
est and evolving applications in automotive, construction, and medical fields due
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to their high strength-to-weight ratio and durability. Continuous fibers are typical
reinforcement components. The literature defines the FRP manufacturing process
in terms of fabrication technigues such as resin transfer molding (Abusrea et al.,
2023; Gauvin & Chibani, 2022), manual layup (Amar et al., 2025; A. Y. Chen
etal., 2021), automated tape laying (Yadav & Schledjewski, 2023), spray-up
(Hasyim et al., 2023), pultrusion (T. Liu et al., 2020; Pirchio et al., 2023), auto-
mated fiber placement, and filament winding (Carosella et al., 2024). However,
the molds’ limitations constrain product formability, making the fabrication of
complex geometries time-consuming and costly. These constraints slow the pro-
gress of FRP’s innovative applications.

The design flexibility, automated fabrication, and cost constraints led to the
development of additive manufacturing (AM) for producing FRP (AM-FRP) parts
(Palanikumar et al., 2020). Berman (2012) characterized the AM’s strengths and
weaknesses, as shown in Figure 1.1. AM technologies refer to the fabrication pro-
cesses by which digital 3D designs build a physical part layer by layer by depos-
iting material. These technologies extended the horizon of FRP composites engi-
neering for complex geometries, high-performance, and economically efficient
products (Gowtham et al., 2024; T. Li et al., 2024; Rimkus et al., 2022; Thakur
et al., 2024). Besides, the AM is flexible in controlling fiber orientation, changing
fiber volume fraction, and producing functionally graded structures.

Efficient customized
manufacturing

Easily share design and
outsource fabrication

Fast tailoring and
product customizing

Additive
manufacturing

High costs for large Limited product

manufacturing runs performance
Limited materials and Relatively low
surface finishes choice fabrication precision
(O Benefits
Weakness

Fig. 1.1. Strengths and weaknesses of additive manufacturing (Farh et al., 2026)
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Developing short-fiber-reinforced polymers that exhibit the reliability of the
AM process has been an ongoing area of research (Dul et al., 2016; Gray IV et al.,
1998; Nikzad et al., 2011; Van Der Kilift et al., 2015). However, recent studies
(Ding etal., 2023; Iftekar et al., 2023; Maqgsood & Rimasauskas, 2021; Safari
etal., 2022; Yan Zhang et al., 2021) highlight the need for FRP development us-
ing AM technologies’ continuous fibers and process modifications, thereby im-
proving the quality and mechanical performance of printed components. The fol-
lowing requirements would help to apply AM technologies to the production of
polymeric components reinforced with continuous filaments:

— Minimal material porosity. Minimizing porosity reduces heterogeneity in
mechanical performance and improves FRP durability.

— Compatibility of material constituents. The fiber selection criteria should
align with the printed parts’ purpose to achieve composite interaction be-
tween the polymeric matrix and the fiber reinforcement, while accounting
for the AM technique’s specific characteristics.

— The fibers and polymeric matrix adhesion. The bonding with the matrix
allows the fibers to transfer loads and protects the reinforcement from
mechanical and environmental effects. Interfacial adhesion also prevents
delamination failure, thereby achieving acceptable mechanical perfor-
mance in the FRP composite.

— Fiber alignment and homogeneity. The AM’s ability to control the align-
ment and distribution of the fibers strengthens the printed parts’ sections.
In addition, fiber homogeneity and aligned distribution ensure consistent
mechanical properties throughout the printed structure.

In addition to the above conditions, the AM technology modification should
include equipment technical improvement adopting continuous reinforcement
materials (fiber cutting or separate extrusion of polymer and filament) and soft-
ware development, e.g., uninterrupted path printing, 3D pathways layup, and
stitching the printing layers (Dickson et al., 2017; Goh et al., 2018; Iftekar et al.,
2023; Karimi et al., 2024). However, these issues are beyond the scope of this
work, which focuses on materials.

AM employs the material-layered deposition process to form a physical com-
ponent from digital 3D design data. This definition comes from the ASTM Com-
mittee on additive manufacturing technologies (Martinez-Garcia et al., 2021). De-
spite the common practice of using the term 3D printing as a synonym for AM,
the two terms refer to different processes. In other words, the “rapid printing” or
“prototyping” does not adequately describe AM technologies. The continuous ma-
terial-addition process better reflects the AM ideology, distinguishing it from con-
ventional manufacturing methods based on material removal. Figure 1.2 catego-
rizes three mainstream AM technologies, while this study focuses on fused
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filament fabrication (FFF), which is the most widely adopted in technical appli-
cations (Sostakaiteé et al., 2024).

( Additive Manufacturing )

| Material Extrusion | | Vat Photopolymerization | | Powder Bed Fusion |
Fused | Fused | Stereolithography | Selective Laser
Deposition | Filament Sintering
Modeling | Fabrication

Fig. 1.2. Mainstream processes of additive manufacturing (Farh et al., 2026)

Among various AM techniques, FFF is notable for its accessibility and ver-
satility for thermoplastic polymers (Abusrea et al., 2023). This technology is also
known as fused deposition modeling (FDM) and material extrusion (MEX), both
of which use filaments. Although “FDM” remains predominant in the scientific
literature, it is a trademarked term that does not fully capture the technical speci-
ficity of the fabrication process. FFF explicitly denotes the extrusion-based 3D
printing process using thermoplastic filaments, whereas FDM is sometimes used
generically and can be ambiguous. According to ISO/ASTM 52900 (1SO, 2021),
“material extrusion (MEX)” is the standardized process category, while FFF pro-
vides a precise designation for the process addressed in this study. Therefore, the
terminology “FFF” is retained throughout this dissertation. The relative motion of
the nozzle with respect to the platform produces curvilinear layer patterns and
complex geometries in a bottom-up manner (Bettini et al., 2017; Dickson et al.,
2017; Van Der Klift et al., 2015). Nowadays, it is used in most desktop 3D printers
because of its low-cost feedstock and simple operating conditions. The FFF pro-
cess can use various thermoplastics, similar to injection molding. Thus, it is also
applicable to industrial applications. Figure 1.3 sketches the FFF process.

Thermoplastics have low melting temperatures and are typical matrix mate-
rials for FFF (Sostakaité et al., 2024). For example, polylactic acid (PLA) operates
at 180-220 °C (L. Cao et al., 2023; Ogaili et al., 2024; Rimkus et al., 2022), ac-
rylonitrile butadiene styrene (ABS) employs 230 °C (Dul et al., 2016, 2018; Rah-
mati & Zolfaghari, 2024), the melting temperature of the polyamide (PA) varies
from 245 °C to 265 °C (Bettini et al., 2017; Dickson et al., 2020; Spoerk et al.,
2020), and polypropylene (PP) melts at 170-220 °C (Ainali et al., 2021). Still,
some high-performance polymers require high operating temperatures; e.g., pol-
yether ether ketone (PEEK) printing requires 350-420 °C (Doumeng et al., 2021;
Puet al., 2021), and polyetherimide (PEI) melts at 375420 °C (Kumar & Sathiya,
2021).
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Fig. 1.3. Schematic representation of the fused filament fabrication (FFF) process
(created by the author)

However, Sostakaité et al. (2024) and Karkun and Dharmalingam (2022)
suggested PLA and ABS for the construction of mechanically functional compo-
nents. At the same time, another study proposed PLA as an alternative to ABS
due to asthma risks and reduced carbon gas emissions during 3D printing (Mo-
hammadian & Nasirzadeh, 2021). This air-pollution effect explains PLA’s recog-
nition as an environmentally neutral polymeric material for FFF. Extensive re-
search (Bettini et al., 2017; L. Cao et al., 2023; Nanya Li et al., 2016; Magsood &
RimaSauskas, 2021; Matsuzaki etal., 2016; Ogaili etal., 2024; Rahmati &
Zolfaghari, 2024; Rimkus et al., 2022) has identified the PLA matrix’s biodegra-
dability and sufficient mechanical resistance, making it a viable alternative to con-
ventional polymers for developing reinforced composites. Furthermore, the PLA-
printed parts are suitable for recycling. For example, Sanchez et al. (2017) and P.
Zhao et al. (2018) explored the mechanical properties of recycled PLA produced
from FFF-processed filaments. However, multiple recycling cycles degraded the
mechanical properties of the 3D-printed material (Sanchez et al., 2017). A com-
parison of the mechanical properties of virgin and recycled (up to three cycles)
PLAs indicated that the third recycling cycle adversely affected material strength
and ultimate elongation (Lanzotti et al., 2019). The fifth recycling increased the
tensile deformation modulus and strength but decreased the ultimate elongation
by 10% (P. Zhao et al., 2018).

Fiber-reinforced PLA composites produced by FFF have attracted significant
attention as a route for enhancing the performance of printed parts. Short fibers,
ranging from nanometers to millimeters, are used in the FFF process to enhance
the mechanical performance of the reinforced composite (Siripongpreda et al.,
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2023). The literature reports applications of vapor-grown carbon fibers (Shofner
et al., 2003) and millichopped fibers of thermotropic liquid-crystalline polymers
(Gray IV etal., 1998), glass fibers (L. Cao et al., 2023; Rahmati & Zolfaghari,
2024), and carbon fibers (Goh et al., 2018; Kirubakaran et al., 2025; Magsood &
Rimasauskas, 2021; Ogaili et al., 2024). There has also been growing interest in
developing functionalized materials with enhanced electrical transparency (Roper
etal., 2014), conductivity (Saari etal., 2015), piezoelectricity (K. Kim etal.,
2014), and thermal properties (Stepashkin et al., 2018). Table 1.1(Farh etal.,
2026) summarizes the results of the materials characterization reported in the lit-
erature (Berman, 2012; Carosella et al., 2024; Dul et al., 2016, 2018; Goh et al.,
2018; Kumar & Sathiya, 2021; Nanya Li et al., 2016; G. Liu et al., 2021; Moham-
madian & Nasirzadeh, 2021; Nikzad et al., 2011; Pu et al., 2021; Sheikh & Behdi-

nan, 2023; Tian et al., 2017; Vaneker, 2017).

Table 1.1. Effect of fiber on the performance of FFF polymeric matrix composites
. Fiber (%)/ . . i

Fiber matrix composi- Imp_roveme_nts regarding plain poly References

scale tion meric matrix
MWCNT (0.2 47% and 33% increase in tensile
wt%)/PLA strength and Young’s modulus Berman (2012)
Graphene (4 8% and 33% increase in tensile Dul et al.
wit%)/ABS strength and Young’s modulus (2016)

CNT (6 15% and 18% increase in tensile Dul et al.
wt%)/ABS strength and Young’s modulus (2018)

Nano Graphene (5.6 Enhanced electrical conductivity and 22?1'(:('2;&“

wt%)/ABS/PLA elastic behavior

(2023)
CNT (0.5 28% and 14% increase in yield stress | Pu et al.
wit%)/PLA and Young’s modulus (2021)
CNT (5 30% increase in the ultimate re- Kumar &
wt%)/PEEK sistance Sathiya (2021)
SWCNTs (5 31% and 93% increase in tensile Shofner et al.
wit%)/ABS strength and modulus (2003)
Cu (40 vol%)/Fe 31% reduction in tensile strength for | Nikzad et al.
(10 vol%)/ABS Fe (45 pm 10 vol%) (2011)
Bast fiber (10—

Micro 30%)/PP & Hemp | 50% and 143% increase in tensile Milosevic
fiber (10— strength and Young’s modulus et al. (2017)
30%)/PP
GF (4-8 54% and 61% increase in ultimate X. Lietal.
wit%)/PLA strain and tensile strength (2018)
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End of Table 1.1

Fiber (%)/

Fiber matrix composi- Imp_roveme_nts regarding plain poly- References
scale . meric matrix
tion
GF (18 wt o i . . Carosella et al.
%)/ABS 51% increase in tensile strength (2024)
CF (40 on i . , Palanikumar
WIO6)/ABS 115% increase in tensile strength et al. (2020)
| CF (10 Wt%)/PA | 1029% and 251% increase in tensile | "onammadian
Milli 12 and flexural strength & Nasirzadeh
g (2021)
CF (13 o i . . G. Liuetal.
WI%6)/ABS 200% increase in tensile strength (2021)
Shear strength 14 MPa improved by | W. Zhang
CFIABS 20% etal. (2018)
AF (4.7 62% and 67% increase in yield Rimkus et al.
vol%)/PLA strength and ultimate resistance (2022)
CF (345 194% increase in the ultimate re- Van Der Klift
vol%)/PA sistance et al. (2015)
209% and 33% increase in flexural Goh et al.
GF (35 vol%)/PA | and tensile strength (2018)
CF (34 o i . Nanya Li et al.
Meter | vol%)//PLA 164% increase in flexural strength (2016)
E-GF (54.8 o i . Vaneker
WH9%6)/PP 800% increase in flexural modulus (2017)
Recycled CF (8.9 | 25% and 313% increase in flexural Tian et al.
vol%)/PLA and tensile strength (2017)

CF/PA
AF/PA
GF/PA

386% increase in impact resistance
777% increase in impact resistance
1233% increase in impact resistance

Caminero et al.
(2018)

Note: CNT = carbon nanotubes; MWCNT = multi-walled CNT; SWCNT = single-walled
CNT; CF = carbon fiber; GF = glass fiber; AF = aramid fiber.

Fiber-reinforced PLA composites produced via FFF have emerged as a prom-
ising approach for improving mechanical properties. Short fiber additives can sig-
nificantly boost the stiffness and often the strength of the polymer, effectively
creating lightweight composite materials with superior performance-to-weight ra-
tios (Panerai et al., 2023; Shanmugam, Das et al., 2021). Glass fiber additions can
likewise boost modulus by 50% (Bodaghi et al., 2023). In addition to mechanical
gains, these rigid synthetic fibers confer greater thermal stability and a higher heat
deflection temperature (HDT) on PLA composites, thanks to their low thermal
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expansion and high heat resistance. Carbon fibers, in particular, have an extremely
low coefficient of thermal expansion, which helps constrain the polymer’s shrink-
age during cooling and can reduce warping and dimensional distortion in printed
parts (Tammaro et al., 2024). On the other hand, natural fibers (e.g., wood, flax,
hemp, and cellulose) have also been explored as reinforcements for PLA to main-
tain biodegradability and sustainability. These bio-based fibers are attractive due
to their low environmental impact and density; however, their effect on PLA is
often mixed: they increase stiffness but can compromise strength due to poorer
interfacial bonding and fiber irregularities. Natural fibers thus offer greener com-
posites but usually underperform relative to carbon or glass fiber reinforcements
in mechanical metrics (Kennedy et al., 2025).

Table 1.1 shows that the addition of short fibers to PLA generally increases
the composite’s stiffness (Young’s modulus). It can either increase or slightly de-
crease the composite’s ultimate tensile strength, depending on fiber type, content,
and dispersion. Neat PLA printed under standard conditions typically exhibits a
tensile strength of approximately 50 MPa and a Young’s modulus of around
1 GPa, with an elongation at break of a few percent (M. Cao et al., 2022). When
reinforced with short carbon fibers (PLA-CF), the material often exhibits a trade-
off among strength, ductility, and stiffness. For instance, M. Cao et al. (2022)
found that adding a high loading (=30 vol%) of chopped carbon fiber to PLA in-
creased the modulus by ~21% (from 1.04 to 1.26 GPa) and slightly improved
elongation at break, but the tensile strength dropped by about 9% compared to
neat PLA (from 54.5 to 49.4 MPa). The reduction in strength despite the addition
of fibers was attributed to microstructural issues, including poor interfacial bond-
ing and fiber agglomeration within the filament, which created stress concentra-
tors. SEM fractography revealed that the PLA-CF fracture surface exhibited nu-
merous pulled-out fibers, voids, and randomly oriented fibers, indicating weak
fiber-matrix adhesion and non-uniform fiber distribution. These factors limit
stress transfer capacity, undercutting the potential strength gains from the CF.

At the same time, CF at optimum composition may improve mechanical
strength. For example, when fiber dispersion and adhesion are better controlled,
short carbon fiber reinforcement has been reported to significantly increase PLA
tensile strength (e.g., by 50-150% at moderate fiber loadings) (M. Cao etal.,
2022). In all cases, the stiffness benefit of carbon fibers is clear, even the poorly
bonded PLA-CF composite showed a higher Young’s modulus than neat PLA,
and the fibers’ contribution to load carrying becomes more consistent as their
alignment along print pathways approaches unidirectional. Recycled carbon fibers
have also been shown to be effective reinforcements in PLA. Tammaro et al.
(2024) demonstrated that PLA with 20 wt% recycled CF achieved a 54% higher
storage modulus (stiffness in DMA) than neat PLA. They observed that increasing
fiber content beyond a small threshold vyielded diminishing returns in
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strength/modulus due to fiber clustering and the reduced aspect ratio of recycled
fibers. Still, the overall trend with carbon fillers is improved rigidity and, if pro-
cessing is optimized, retention or enhancement of strength.

Natural fiber reinforcements in PLA commonly increase the modulus but de-
crease tensile strength and ductility relative to neat PLA. Siddiqui et al. (2024)
studied wood-fiber-filled PLA (20 wt% wood flour) printed at 100% infill and
found that, across all build orientations, the composite was weaker than pure PLA.
Neat PLA specimens showed a tensile strength up to ~50 MPa (in the best orien-
tation), whereas the wood-PLA composites reached only around 20-30 MPa, rep-
resenting a roughly 40-60% reduction in strength when wood fiber is added. On
the other hand, Young’s modulus of wood/PLA was higher than that of neat PLA.
For example, in one orientation, the composite’s tensile modulus was ~1.40 GPa
vs. =1.2 GPa for the neat polymer. The stiff wood particles thus increased the
material’s rigidity (and its flexural modulus as well), but at the expense of tensile
strength. Wood/PLA samples showed elongation at break dropping to essentially
zero (a few percent or less). In contrast, neat PLA can exhibit a 6% strain-to-break,
a typical outcome for particle- or fiber-filled brittle matrices. Similar trends are
reported with other natural fibers like rice husk, flax, or sisal: moderate fiber load-
ings (5-20%) tend to improve PLA’s stiffness and sometimes impact toughness,
but tensile strength often declines as fibers do not carry load effectively past initial
elastic deformation. Nonetheless, the consensus is that short natural fibers provide
sustainability benefits and stiffness gains but do not reinforce PLA as effectively
as carbon or glass fibers in terms of absolute mechanical performance.

The FFF fabrication process can involve micrometer-sized metal powders to
improve the mechanical performance of polymeric materials (Nikzad et al., 2011);
however, such fillers are more commonly used to modify the electrical properties
of polymeric composites (Cheng et al., 2024; Y. Li et al., 2023). The research lit-
erature also includes nanosized additives such as graphene (Banupriya etal.,
2025; Dul etal., 2016; Y. Wu etal., 2023), single-walled carbon nanotubes
(SWCNT) (Shofner et al., 2003), and multi-walled carbon nanotubes (MWCNT)
(Dul et al., 2018; Sharifi et al., 2024; Sheikh & Behdinan, 2024). However, pure
graphene is expensive and rarely used in polymeric composites (Bhawal et al.,
2016); similarly, SWCNTs are rarely used for the same reason (Hisham et al.,
2024). Most 3D-printed nanocomposites use MWCNTs (Hisham et al., 2024;
Nanya Li et al., 2016). Still, some types of carbon nanotubes may adversely affect
the mechanical performance of printed materials (Kavosi et al., 2020; Khare et al.,
2014), so such modifications require particular caution when mechanical re-
sistance is essential. For instance, adding 13 wt% of millimeter-sized carbon fi-
bers increased the polymeric composite’s tensile strength and elastic modulus by
250% and 400%, respectively (Love etal., 2014). Using 10 wt% SWCNTSs re-
sulted in only 39% and 61% increases in these parameters (Shofner et al., 2003).
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This mechanical enhancement results from an increase in fiber-matrix contact
area, which improves fiber anchorage resistance and, thus, the overall mechanical
performance of the FRP composite.

On the other hand, continuous fibers have superior tensile properties com-
pared to short fibers. Carbon, glass, and aramid filaments are the typical continu-
ous reinforcements. Table 1.2 (Farh et al., 2026) summarizes the results of con-
tinuous macro-fiber applications. These findings contributed to understanding the
structural development required to continuously reinforce polymeric materials.
Figure 1.4 highlights the importance of the compatibility condition, ensuring reli-
able interaction between the matrix and the fiber reinforcement. There has also
been a growing interest in developing functionalized materials with a wide range
of properties, such as thermal (Stepashkin et al., 2018), electrical conductivity
(Saari et al., 2015), piezoelectric (K. Kim et al., 2014), and electric transparency
(Roper et al., 2014).

Despite the rapid progress of AM technologies, most systems use a limited
range of commercial and proprietary resins, which restricts the development of
the products’ physical and chemical properties (Kalsoom et al., 2016). Thermo-
plastics are the typical matrix materials for FFF. PLA is one of the most investi-
gated thermoplastic materials; it operates at 180-230 °C, and the FFF process does
not require a heated bed (Plymill et al., 2016).

Table 1.2. Performance analysis of the FFF-fabricated polymeric composites with con-
tinuous reinforcement

Fiber/matrix . Strength
References type Benefits [MPa]
Van Der KIlift | CF (34.5

etal. (2015) |vol%)/PA

Elastic modulus: 35.7 GPa 475

The triple and sextuple increases in tensile

Bettini etal. | AF (8.6 modulus and strength regarding the unrein- | 206

0
(2017) vol%)/PLA forced reference
CF (11 Elastic modulus: 7.73 GPa
vol%%)/PA Flexural strength: 250 MPa 216

Flexural modulus: 13.0 GPa

Elastic modulus: 8.42 GPa
Flexural strength: 197 MPa 206

Dickson et al. | GF (10

0,
(2017) vol%)/PA Flexural modulus: 4.21 GPa
AF (10 et 126 Mp 164
vol%)/PA gth-

Flexural modulus: 6.65 GPa
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End of Table 1.2

References Fiber/matrix type | Benefits [S':Ar(;r;ﬁ;th
Elastic modulus: 13 GPa
CF (41 vol%)/PA |Flexural strength: 430 MPa 450
Goh et al. Flexural modulus: 38.1 GPa
(2018) Elastic modulus: 7.2 GPa
GF (35 vol%)/PA | Flexural strength: 149 MPa 600
Flexural modulus: 14.7 GPa
(szzl)nl)ga; Lietal CF (34 vol%)/PLA |Flexural strength: 156 MPa 91
2{'2?%%'1'6) \(/:;g/: )t/eP(L4'(A)\—50 Elastic modulus: 19.5 GPa 185
Tian et al. CF (1K bundle, 27 | Flexural strength: 335 MPa 3
(2016) wt%)/PLA Flexural modulus: 30 GPa
Vaneker (2017) | GF (54.8 wt%)/PP | Flexural modulus: 13.06 GPa -
Tian et al. Recycled CF (8.9 | Flexural strength: 263 MPa 260
(2017) vol%)/PLA Flexural modulus:13.3 GPa
) CF/PA Impact strength: 82.26 kJm? -
é%”;g;em etal. [GEpa Impact strength: 280.95 kJm?
AF/PA Impact strength: 184.76 kJm? —~
Melenka et al. Elast!c modulus (4 vol%): 1.78 GPa |31.1
(2016) AF/PA Elast!c modulus (8 vol%): §.92 GPa |58.8
Elastic modulus (10 vol%): 9.0 GPa |83.0
Elastic modulus: 161.4 GPa
'("2%01; al dcli)sgﬁot;‘;“;esm Flexural strength: 202 MPa 792.8
Flexural modulus: 143.9 GPa
v -
Doy |cF s wmyea [ A 300 it e e[

Note: CF = carbon fiber; GF = glass fiber; AF = aramid fiber; PA = polyamide; PP = pol-
ypropylene.

Babagowda et al. (2018b), Cruz Sanchez et al. (2017), Lanzotti et al. (2019),
and P. Zhao et al. (2018) investigated the mechanical properties of recycled PLA
produced in filament form. The viability of recycled PLA for AM and a proposed
methodology for polymer recycling in FFF have been introduced. The investiga-
tion demonstrated the potential to develop AM samples from recycled PLA; how-
ever, polymer degradation has been observed due to repeated recycling (Baba-
gowda et al., 2018a). A comparison of the mechanical properties of virgin PLA
and recycled PLA (up to three recycling cycles) demonstrated almost the same
strength of the once and twice recycled test specimens compared to the virgin
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PLA. On the other hand, the third recycling process affected the strength results
negatively (T. Yu et al., 2019). A reduction in the tensile strain rate of PLA was
observed after repeated recycling. It was found that after five cycles of PLA recy-
cling, the tensile modulus and tensile strength increased, whereas the elongation
at break decreased by 10% (Kalsoom et al., 2016). Hao et al. (2018) recommended
reducing layer height to improve the mechanical performance of FFF objects.

| Fibers
Matrix
Minimizing porosity | Ensure Secure
integrity alignment

Technological and software development
Filament cutting, continuous pathway,
stitching layers, etc.

Fig. 1.4. Performance-influencing factors of AM composites with continuous fibers
(Farh et al., 2026)

The studies (Paciorek-Sadowska et al., 2019; X. G. Zhao et al., 2018) de-
scribe specific requirements for adapting the properties of recycled PLA for 3D
printing. Tian et al. (2017) proposed a systematic investigation of innovative re-
search by recycling and remanufacturing process based on 3D-printed PLA car-
bon fiber composites. The Continuous carbon fiber-reinforced PLA matrix was
recycled from 3D-printed components, converted into PLA-impregnated carbon
fiber filament, and remanufactured as a feedstock material for the FFF 3D printing
process. The carbon fiber content was (8.9 vol%). The results showed an increase
in flexural strength (263 MPa) compared with the original 3D-printed samples;
however, the flexural modulus decreased from 15 GPa in the original samples to
13 GPa in the remanufactured composite. The improvement in flexural strength
was attributed to enhanced fiber-matrix interface.

However, Bettini et al. (2017) highlighted the broad range of PLA applica-
tions in FFF research. Among the alternative polymers available on the market,
PLA’s low thermal shrinkage and low-temperature printability supported its se-
lection for this study. In addition, a continuous aramid filament reinforces the PLA
matrix to prevent the polymeric composite’s brittle failure because of the aramid
toughness and high strain at the peak load compared to carbon and glass fibers.

Thermal properties and dimension fidelity: Fiber reinforcements also impact
the thermal behavior of FFF PLA composites. Differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA\) reveal changes in thermal tran-
sitions and stability due to fiber addition. Carbon and glass fibers, which have
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higher thermal stability, can increase the thermal degradation threshold and HDT
of PLA composites. They also often act as nucleating agents that alter PLA’s crys-
tallinity. In one study, the addition of short carbon fibers caused the PLA’s cold
crystallization temperature to decrease and its crystallinity to more than double
(from ~4% in neat PLA to ~9% in the composite) (M. Cao et al., 2022). The fibers
provided nucleation sites during cooling, promoting the formation of a-phase
crystals in PLA that were absent in the pure polymer. This increase in crystallinity
can enhance stiffness at moderate temperatures and slightly raise the glass transi-
tion temperature (some composites show a marginal increase in Tq of 1-2 °C with
fiber addition). In DMA, fiber-filled PLA exhibits a higher storage modulus across
the entire temperature range and often shows a smaller drop in modulus beyond
the Ty, indicating improved thermal-mechanical stability (Tammaro et al., 2024).
Natural fibers can similarly nucleate crystallinity in PLA (although their thermal
stability is lower than that of carbon fibers), sometimes resulting in a more pro-
nounced cold-crystallization exotherm in DSC for composites.

Following the principles of composite mechanics (Gribniak et al., 2017), re-
inforcement integrity ensures that the fibers transfer loads from the polymeric ma-
trix, thereby distributing and shielding the continuous filaments from harsh envi-
ronmental and mechanical loads. Thus, interfacial adhesion is critical for
preventing delamination and ensuring satisfactory mechanical performance of the
FRP composite. Proper alignment and uniformity of the fibers guarantee con-
sistent mechanical properties across the printed structure; controlling fiber distri-
bution enhances the reinforcement’s efficacy; and reducing material porosity di-
minishes mechanical property scatter and boosts the durability of FRP
composites. Despite the rapid advances in AM technologies (Fig. 1.4), the FRP
fabrication industry still relies on a limited range of commercial and proprietary
resins, which limits efforts to enhance the product’s physical and chemical prop-
erties (Kalsoom et al., 2016). Furthermore, the above composite mechanics’ con-
ditions are valid only when the composite integrity conditions are satisfied.

1.2. Composite integrity

Following the classification of Lumpe et al. (2019), reinforced polymers
belong to the multi-material category, in which inter-fractional integrity af-
fects mechanical performance (Dizon et al., 2018). Another study (Kabir et al.,
2020) identified the aspects schematically depicted in Figure 1.5 that affect
the mechanical performance of additively manufactured polymeric compo-
sites. The AM preparation stage describes the 3D printing design processes
that govern manufacturing success and efficiency. For example, the design of
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printing support determines the essential procedure for complex product to-
pologies (Ezair et al., 2015). Banjanin et al. (2018) further systematized the
literature on the key issues affecting the mechanical performance of FFF com-
ponents.

The manufacturing stage in Figure 1.5 determines the center factors that
affect the quality of the AM object (Kabir et al., 2020). Thus, the material
parameters mainly determine the mechanical performance of the 3D-printed
object. On the other hand, the so-called machine factors describe ME effi-
ciency. In addition, the matrix material is sensitive to changes in moisture con-
tent and electrical conductivity, requiring drying and the removal of electric
current from the print supply (Chortos, 2022; Kabir et al., 2020; Mora et al.,
2020). The process parameters are the most studied factors (Banjanin et al.,
2018; Kabir et al., 2020). Summarizing the results reported in the literature
(Chacén et al., 2017; Hamel et al., 2018; Hanon et al., 2021; Hetrick et al.,
2021; Huang et al., 2019; Lee & Wu, 2020; Ning et al., 2017; Qiao et al., 2008;
Reddy et al., 2023; Sood et al., 2010), Table 1.3 (Farh et al., 2026) systemizes
the essential effects on mechanical performance.

In addition to the geometric conditions (Table 1.3), the mechanical ani-
sotropy of AM components, arising from layer thickness and filament diame-
ter, contributes to the performance diversity discussed in more than half of the
works reviewed by Reddy et al. (2023). This trend is consistent with the results
in Table 1.3, indicating a controversial effect of layer thickness on the me-
chanical performance of AM parts, especially in the presence of fiber rein-
forcement. In addition, the raster pattern determines the current research object
in the literature, thereby optimizing the AM objects’ weight and stiffness
(strength), e.g., (Gribniak et al., 2022; Misitinaité et al., 2025; Sostakaité et al.,
2024).

Machine factors:
calibration; printing head; fiber supply;
number and geometry of nozzles

Environmental factors:
temperature; humidity;

File format
Method oxygen content Heat treatment
Preparation Manufacturing \‘ »Finishing
/ / Speration technique

Slicing: Materials:
2D; 3D; print support reinforcement; matrix

Process parameters:
raster angle, width, and thickness; speed;
temperature; infill pattern; production layout;
fiber orientation and content

Fig. 1.5. Factors affecting AM quality (Farh et al., 2026)
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Table 1.3. Effect of the FFF settings on the mechanical performance of the material

Para- Effects Results References
meter
Minimal effect on
. the tensile Chacén et al. (2017), Huang
Ermt- strength until a The strength_qecreases et al. (2019), Ning et al.
ing : ) when a specific speed
speed certain s_pee_d, limit is exceeded. (2017), and Reddy et al.
substantial impact (2023)
on costs.
Essential effect A +45° raster reduces | Bhandari et al. (2019), Cho-
on the tensile strength but increases | han et al. (2020), Hamel et al.
strength, tough- toughness and ductil- | (2018), Hanon et al. (2021),
ness, and ductility | ity (compared to a 90° | Hetrick et al. (2021), Lee &
of reinforced ma- | raster). Wu (2020), Ning et al.
terial with 100% (2017), Rayegani &
Raster | jnfill. Onwubolu (2014), and Sood
or bed etal. (2010)
angle -
Rastering does The modulus of elas-
not affect the ten- | ticity decreases by
sile strength of 30%, increasing the Huang et al. (2019), Neng Li
the neat polymer | cross-section from et al. (2019)
at 100% infill. 6x1.25 mm to 13x8
mm.
The maximum tensile
strength of 34.2 MPa
for PLA + CF was
achieved with 0° ori- Reddy et al. (2023)
entation, 100% infill,
and a 0.3 mm layer
Substantial effect thickness.
Raster | ©" tepsile, com- A s_o!id pattern is less
pattern pression, flexural, | efficient in terms of
and impact prop- | impact resistance (due | Hanon et al. (2021),
erties. to limited energy ab- Qiao et al. (2008)
sorption) and ultimate
elongation.
A significant correla-
tion appeared between
the nuprgber of shells Hamel et al. (2018)
and flexural stiffness.
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End of Table 1.3

Para- Effects Results References
meter
The maximum 36.9...37.9 MPa | Rayegani &
tensile strength of the ABS part | Onwubolu
at 0° orientation and 50°...60° (2014),
raster. Sood et al. (2010)
The maximum 2390 kJ/m? im- Chohan et al
pact strength of the ABS part at (2020) '
30° orientation and 60° raster.
Build . . Caminero et al.
direc- ;:w;nrir;glst Ztra:ctc))lre;n s:rrlrggle orientation ensures better me- (2018), Chacén
tion P : etal. (2017)
The -reductlon in thlc_kness improves packing density Ning et al. (2017)
and interlayer adhesion.
Layer A thick raster increases the bonding surface tempera- | Caminero et al.
thick- ture and improves the layer bond performance and (2018), Sood
ness impact resistance. etal. (2010)
Short carbon fibers | CF increases the porosity of W. Zhang et al.
reduce inter-layer | ABS, especially at a 45° raster. | (2018)
Anneal- | bonding perfor- Annealing tripled the interlayer | Bhandari et al.
ing mance. bonding strength. (2019)

The lightweight polymeric materials demonstrate sufficient mechanical re-
sistance for load-bearing applications (Neng Li etal., 2019; Sostakaité et al.,
2024). However, AM parts should replace conventionally fabricated components,
maintaining equivalent mechanical performance (Dizon et al., 2018; Shanmugam,
Rajendran, et al., 2021). Increasing performance requirements drive the advance-
ment of polymeric materials through polymer modifications or through reinforce-
ment of compositions. On the other hand, the thermo-mechanical properties of
polymer-based composites still need improvement (Nikzad et al., 2011). Another
study (Motaparti et al., 2017) demonstrated that the strength of an FFF component
is directly related to the intermolecular diffusion occurring across the boundary
between the fused filaments. The significance of bond quality between neighbor-
ing filaments depends on the printing parameters and the polymer’s melt viscosity
(Cicala et al., 2018). Reinforcement can address mechanical performance limita-
tions (Kumar & Sathiya, 2021).

Although various reinforcement options exist, continuous filaments outper-
form short fibers in terms of mechanical strength (Goh et al., 2019). The layered
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structure and anisotropy of a 3D-printed reinforced plate are similar to those of a
composite laminate (Ramesh et al., 2021). Thus, Tian et al. (2017) reported a ten-
sile strength of 260 MPa for the additively manufactured PLA composite with
continuous carbon fibers. The entire reinforcement filament system ensures me-
chanical properties comparable to those of pultruded materials (Goh et al., 2019).
Figure 1.6 illustrates the relationship between fiber volume content and the tensile
strength of polymeric composites. Remarkably, Figure 1.6 considers the short-
term performance of the composite. However, creep and aging mechanisms sub-
stantially reduce the long-term resistance of polymeric composites. For instance,
the 0.35 and 0.8 coefficients reduce the strength of GFRP and CFRP pultruded
bars for structural design purposes. Another study (Rossini et al., 2019) discussed
this issue in detail. The biodegradability of the materials further complicates the
estimation of the mechanical performance of AM-reinforced composites (He-
dayati et al., 2020).

Tensile strength, GPa

1.5 1

1.0 1

0.5 4 AM: continuous filamentx

AM: short fibers
0 Fiber volume, %
T T T T T T T

0 10 20 30 40 50 60 70
Fig. 1.6. Fiber effect on the tensile strength of polymeric materials (Farh et al., 2026)

Typical fibers, especially carbon fiber, have smooth surfaces devoid of active
groups that can interact with the polymer matrix. Modifying the interface may
enhance and solidify the contact between the fiber and polymer. Methods for in-
terfacial modification in non-AM FRP composites have been extensively devel-
oped and thoroughly examined (L. Liu et al., 2015). Research on fiber surface
modifications and the incorporation of coupling agents in AM composite materi-
als has primarily focused on FFF (Caminero, Chacon, Garcia-Moreno, & Reverte,
2018; Filgueira et al., 2017) and SLA and SLS (Jing et al., 2017; Kleijnen et al.,
2017; Yan et al., 2011) technologies. However, the fiber-matrix interface in FFF
technology for load-bearing composite materials has not been explicitly explored
(Bettini etal., 2017; Rimkus et al., 2022). In particular, additional research is
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needed to develop surface modifications for carbon fibers in FFF-based composite
materials to achieve optimal mechanical, optical, and electrical properties.

1.3. Continuous reinforcement technologies

The evolution of AM technologies for continuous fiber composites has progressed
over recent decades, leading to the development of various reinforcement meth-
odologies. Categorizing these approaches is challenging due to the field’s foun-
dational complexity. The prevailing basis for classification focuses on how the
thermosetting matrix and reinforcing fibers are supplied to the printing head and
on how material deposition occurs during fabrication.

In-situ impregnation is a continuous-fiber AM approach in which dry fibers
are impregnated directly within the heated printhead, immediately before deposi-
tion, by contacting the fiber bundle with a molten thermoplastic or low-viscosity
thermosetting resin during extrusion (Varma et al., 2022). The impregnated tow
is then extruded through the nozzle and consolidated on the build surface as a
composite bead, building the part layer by layer. For thermoset systems, rapid
solidification can be achieved using integrated ultraviolet (UV) curing or localized
heating near the nozzle, reducing dependence on long, high-temperature post-cur-
ing cycles. By avoiding pre-impregnated feedstock, the method increases flexibil-
ity in fiber-matrix selection, reduces material costs and storage constraints, and
enables independent control of fiber and matrix feed rates, allowing local adjust-
ment of reinforcement content. Because impregnation occurs immediately before
placement, wetting and consolidation can be promoted while the material remains
hot, thereby improving interfacial adhesion and interlaminar integrity when pro-
cess conditions are well controlled. The technique is also attractive for large-scale
parts and complex reinforcement layouts, since fiber placement can be tailored
along selected toolpaths. Key challenges include achieving sufficient infiltration
within the nozzle’s limited residence time, maintaining stable fiber tensile
strength to avoid waviness or buckling, and controlling bead compaction to limit
voids and ensure consistent consolidation.

The prepreg extrusion technology employs pre-impregnated fibers coated
with a thermoset or thermoplastic resin to distribute the matrix material uniformly
(Dickson et al., 2020). Typically, the process uses two print heads: the first ex-
trudes a thermoplastic material to form the external layers and the path that in-
cludes the reinforcing fiber; the second extrudes the pre-impregnated fiber com-
pound. This continuous fiber, coated with a thermoset, is deposited into the
designated path created by the first nozzle. The partially cured resin in the prepreg
minimizes the need for extensive post-processing, thereby accelerating production
cycles. Commonly employed matrix materials include PLA, PC, PETG, and PA,
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reinforcement fibers include glass, carbon, and aramid (Pokorny et al., 2023). In
practice, this strategy improves process stability because the fiber-matrix ratio and
wet-out quality are defined during filament manufacturing, thereby reducing var-
iability associated with on-head impregnation and facilitating consistent deposi-
tion. The approach also enables high fiber continuity along the programmed tool-
path, supporting efficient load transfer in the primary reinforcement direction.
However, the use of pre-impregnated feedstock imposes constraints on fiber rout-
ing and minimum bending radius, and the fixed reinforcement content limits the
ability to vary the fiber volume fraction locally within a single part.

The foundational principle of the prepreg coextrusion technique is continuous
composite fiber extrusion (Y. Yang et al., 2023), in which the fiber core, preimpreg-
nated with a thermoset matrix, is combined with a thermoplastic material that serves
as an adhesion layer between the composite layers. This approach incorporates two
nozzles: one extrudes composite fiber, and the other extrudes thermoplastic material.
The heated nozzle combines thermoplastic filament with pre-impregnated fibers to
co-extrude the material onto the print platform, forming the object; the second nozzle
deposits thermoplastic filament to create external layers. This technique enables pre-
cise control over the volumetric fiber content within the final component. Commonly
used matrix materials include PLA, TPU, PC, PETG, and PA, while reinforcement
fibers may be made of glass, carbon, or basalt.

The in-line impregnation technique combines conventional fibers with the
deposition of thermosetting material using AM methods. It leverages the design
flexibility of robotic deposition in AM while maintaining the mechanical ad-
vantages of typical fabrication processes. In this method, dry fibers are impreg-
nated with a thermosetting material, such as epoxy resin, through a resin bath be-
fore entering the heated printing head. The impregnated fibers are then deposited
onto the build platform through a nozzle (Rimasauskas et al., 2019). A key ad-
vantage of in-line impregnation is the use of raw fibers, which are less expensive
than pre-impregnated materials, enabling the production of parts with customized
composite properties. This technique uses vinyl esters, acrylics, and epoxy resins
as matrix materials, with reinforcement fibers such as continuous carbon, glass,
basalt, aramid, and natural fibers.

In-situ consolidation is primarily based on the automated fiber placement ap-
proach. This technique is enhanced by incorporating FFF, enabling a wide range
of material-building options. Pre-impregnated fiber strips, typically coated with
thermosetting resins such as epoxy, are deposited directly onto a build plate or
mold fabricated using FFF (Struzziero et al., 2021). During deposition, the fiber
strip passes through a nozzle and is pressed onto the matrix by a drum, which is
heated by an external source to facilitate on-the-spot curing. The method’s heat-
treatment compatibility allows the use of high-performance thermoplastics from
the PAEK family (PEK, PEEK, PEKK, etc.), low-temperature thermoplastics
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(e.g., PA and ABS), and even water-soluble thermoplastics for matrix construc-
tion. Each layer is fully bonded and solidified during deposition, ensuring superior
mechanical and dimensional properties for the final component while signifi-
cantly reducing curing time. This approach is particularly advantageous for man-
ufacturing high-performance parts with complex geometries and stringent toler-
ances, where precision and strength are crucial. Carbon and glass fibers are the
primary reinforcements, and the reinforcement and matrix materials are largely
consistent with those used in related technologies.

1.4. Mechanical performance of composites

Typical studies employ standard mechanical testing methods to characterize me-
chanical properties, such as strength, impact resistance, and hardness. Still, rein-
forcement integrity is essential in AM for structural applications, as it controls
material performance during fabrication, unlike in conventional production pro-
cesses (Dizon et al., 2018; Ghebretinsae et al., 2019; Lumpe et al., 2019). There-
fore, the characterization of multi-materials requires specific procedures. Numer-
ous studies have investigated the influence of FFF processing on mechanical
performance (Blanco et al., 2014; Cazon et al., 2014; Kesy & Kotlinski, 2010;
Ryu etal., 2019), thermo-mechanical properties (Akbari et al., 2018; Blanco
et al., 2014; Reichl & Inman, 2018), and manufacturing accuracy (Hong et al.,
2018; Khoshkhoo et al., 2018; Yap et al., 2017). The lack of standardized test
methods for the mechanical performance of AM parts (Chacon et al., 2017) leads
to diverse methodologies reported in the literature.

Table 1.4 (Farh et al., 2026) summarizes the experimental results published
in the literature. It shows that ABS and PLA are typical AM materials, consistent
with observations by Ramesh et al. (2021). This table includes the following
standardized test methods: ASTM D638-14 (ASTM International, 2014a) and
ASTM D638-10 (ASTM International, 2010a) for tensile properties of plastics;
ASTM D3039-17 (ASTM International, 2017) and ASTM D3039-14 (ASTM In-
ternational, 2014b) for tensile properties of polymeric composites; ASTM D790
(ASTM International, 2010b) for flexural properties; ASTM D6110 (ASTM In-
ternational, 2018) for Charpy impact resistance; ASTM D256 (ASTM Interna-
tional, 2006) for impact resistance; ASTM D3518-13 (ASTM International, 2013)
for in-plane shear response; ASTM D7264-07 (ASTM International, 2007) for
flexural properties of polymeric composites; ISO 527 (1SO, 2012) and 1SO R527
(1S0, 1966) for tensile properties; ISO 179 (ISO, 1982) for Charpy impact prop-
erties; 1SO R178 (ISO, 1975) for flexural properties; GB/T 1040 (SAC, 2006) for
tensile properties; and GB/T 9341 (SAC, 2008) for flexural properties.
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Table 1.4. Characterization of fused filament fabrication parts

References Material Test{sample, Standard Results
loading speed
PLA, infill Tension/dumbbell- ASTM 39.3...44.8
Rimkus 100% shaped D638-14 MPa
etal. (2022) | PLA + ara- . ASTM 47.3...54.1
mid Tension/tabbed plate D3039-17 MPa
Van Der .
Klift et al. PA + CE 'Zl'e,:]wz:?rr:]/irt]abbed plate, | Il\jgé..sm
(2015)
Caminero | PA+CF, | STAYIM | ASTM 19.5...285
etal. (2018) | GF, and AF 5) prsm. 2 pe110 kJ/m?2
ASTM
W. Zhang ABS + short | Shear/notched tabbed | D3518-13 10.6...43.0
etal. (2018) | CF plate ASTM MPa
D3039-14
Tension/dumbbell- ASTM 18.9...89.3
Chacon etal. | PLA, infill | shaped, 2 mm/min D638-10 MPa
(2017) 100% Bending/prism, 2 ASTM 3.14...4.52
mm/min D790-10 GPa
Tension/dumbbell- GBIT 12.0...33.6
ABS shaped, 5 mm/min 1040.2:2006 | MPa
Huang et al. HP181 Bending/prism, 20 GBIT 27.3...64.4
(2019) infill 100% mm/min _ 9341:2008 MPa
Impact/notched prism | ASTM 4.64...21.51
D256-06 kJ/m?
Reddy et al. PLA +CF, Tension/dumbbell- 13.9...34.2
(2023) infil shaped, 10 mm/min ASTM D638 MPa
60...100% '
Hanonetal. | PLA, infill Tension/dumbbell- ISO 527- 9.57...58.3
(2021) 10...90% shaped, 10 mm/min 2:2012 MPa
PLA + sh Tension/dumbbell- ASTM D638 | 28.7...34.1
Lee &WU | o irTfiSII ot | shaped MPa
(2020) 40, 60% Charpy im- ASTM 8.33...14.0
pact/notched prism D6110 mJ
Hetrick et al. 3:‘3”‘”;'?[3 E;‘Ci;ﬁgt::"ge dprism | AST™ 1.92...35.3
(2021) 100% D6110-18 J
Valean etal. | PLA, infill Tension/dumbbell- ISO 527- 38.8...51.5
(2020) 100% shaped, 2 mm/min 1:2012 MPa
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End of Table 1.4

Test/sample,

References Material . Standard Results
loading speed
Modulus of elasticity/ | 241...442
dumbbell-shaped GPa
Bending/178 mm
. prism, AMT SSA AM optimi-
Z%Tg)l etal. ;IO‘ A’S'g(;” 1000 (Structural - zation pro-
SO0 Stress Analyzer) edu- cess
cation device
Rayegani & | ABS P400 Tension/dumbbell- ISO 3.95...38.9
Onwubolu shaped R527:1966 MPa
(2014)
Tension/dumbbell- ISO 9.12...18.1
shaped, 1 mm/s R527:1966 MPa
Sood et al. Bending/prism, 2 ISO 18.8...39.2
(2010) ABS P400 mm/s R178:1975 MPa
Impact/notched prism, | 1ISO 343...482
3.8m/s 179:1982 kJ/m?
Tension/dumbbell- ASTM D638 | 17.2 MPa
Chohan ABSPgD | raped
et al. (2020) Bending/prism ASTM D790 | 16.1 MPa
Impact/notched prism | ASTM D256 | 2390 kJ/m?
Bhandari EE;GW?Phd Tension/dumbbell- ASTM 6.81...38.7
etal. (2019) shaped cut, 5 mm/min | D638-14 MPa
short CF
Tension/tabbed plate, | ASTM 538...585
Ghebretinsae Onvx + CF 1 mm/min D3039 MPa
et al. (2019) y Bending/prism, 1 ASTM 242...303
mm/min D7264-07 MPa
Ray et al. PLA +CN Bending/plate, 2 ASTM D790 | 86...134
(2003) mm/min MPa

Note: AF = aramid fiber; CF = carbon fiber; GF = glass fiber; ONY X = Nylon 6 + chopped

CF; CN = carbon nanoparticles.

Most tensile tests use dumbbell-shaped samples ASTM D638 for both rein-
forced and plain polymer samples, except for resin-matrix composites reinforced
with oriented filaments (modulus of elasticity exceeding 20 GPa), for which test-
ing follows ASTM D3039. In addition, since the existence of an elastic limit in
polymeric materials represents a rough approximation, the adequacy of the gen-
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erally accepted “elastic modulus,” “stiffness,” and “rigidity”” definitions is ques-
tionable. Moreover, the exact stress-strain characteristics of polymeric materials
depend strongly on factors such as the rate of stress application, temperature, and
load history. In addition, the AM printing pathways affect the polymer structure,
further compromising the adequacy of the above characteristics. The +45° raster
is typical in manufacturing layouts and is particularly effective at resisting shear
and torsion (Ramesh et al., 2021). At the same time, unidirectional samples ex-
hibited the highest mechanical performance (both resistance and stiffness) along
the fiber direction; however, such elements are prone to interlayer splitting failure
(Caminero et. al., 2018; Rimkus et al., 2022; Van Der Klift et al., 2015).

The growing need for new designs for additive manufacturing (DfAM) to
ensure an optimal engineering performance of AM parts is evident. In this context,
the optimization procedure proposed by Hamel et al. (2018) represents a remark-
able achievement: the Pareto set of processes determines the AM settings for
building functional parts, enabling engineers to optimize them for specific process
conditions without additional testing. Rayegani and Onwubolu (2014) examined
the relationships between building orientation, raster angle, and pathway overlap
(air gap) and the tensile strength of ABS polymer parts. Moreover, Chohan et al.
(2020) employed a neural network optimization algorithm to relate printing setup
and mechanical performance parameters of ABS parts; the laboratory tests
demonstrated prediction errors of less than 3%. However, the analysis of Table 1.4
reveals that only impact resistance is optimized, consistent with the literature re-
sults (Hanon et al., 2021; Rayegani & Onwubolu, 2014; Sood et al., 2010).

The appearance of continuous reinforcement complicates the prediction of
mechanical performance. Therefore, Ghebretinsae et al. (2024) and Rimkus et al.
(2022) employed finite element (FE) modeling to analyze the load-bearing capac-
ity of reinforced AM composites. The comparative analysis of the modeling and
experimental results revealed substantial room for improvement in FE predictions
when voids and layer imperfections are accounted for. On the other hand, FE sim-
ulations can serve as an idealized reference to improve the quality of AM pro-
cesses (Gribniak et al., 2021a; Misitnaité et al., 2025; Rimkus et al., 2022).

Since AM uses a layer-by-layer construction method, the bond quality be-
tween adjacent layers perpendicular to the loading direction affects the strength
of the fabricated components. The literature analyzes the interlayer characteristics
of AM in thermoplastics, including interlayer bonding resistance (Gan, 2009),
crosswise tensile strength, interlaminar shear strength (Gupta & Ogale, 2002), and
interlaminar fracture toughness (L. Liu et al., 2015). It was found that the tensile
properties in the plane are superior to those in the direction orthogonal to the man-
ufacturing path across different AM techniques, including FFF (Goh et al., 2019),
SLS (Lordi & Yao, 2000), and inkjet (X. Xu et al., 2002). In the poly-jet method,
the ultimate tensile strength measured in the direction transverse to the fabrication



30 1. ADDITIVE MANUFACTURING OF FIBER-REINFORCED POLYMER COMPOSITES

pathway was only 60% of the in-plane strength (X. Xu et al., 2002). Jing et al.
(2017) reported high fracture strains in the manufacturing direction of SLS spec-
imens, leading to interlayer brittle fracture in the perpendicular direction, which
requires particular care in load-bearing components. The fiber-matrix interfacial
shear stress, influencing stress transfer, determines the impact toughness, off-axis
strength, and functional performance of FRP composites (Liao et al., 2018). Most
studies assessed interfacial properties through SEM images (Turner & Gold,
2015).

Modifying the interface structure and arrangement may improve the mechan-
ical performance (W. Zhang et al., 2018). Still, optimizing this part of the internal
structure remains limited, as most existing research focuses on the macroscopic
mechanical properties of composite materials. Thus, a more detailed exploration
is needed to identify the mechanisms of interfacial resistance in composites across
three levels: macroscopic, mesoscopic, and microscale (Nakagawa et al., 2017).
Macroscopic methods can assess the interfacial adhesion between fibers and the
polymer matrix. Nevertheless, these experimental methods focus on qualitative
comparisons of interfacial bonding characteristics and cannot adequately measure
the interfacial strength. Therefore, the literature lacks a quantitative analysis of
the fiber-to-matrix interfacial characteristics of AM composites. Additionally, the
temperature gradients associated with FFF processes necessitate further research
into their effects on the composite interface (Melenka et al., 2016). The fiber-ma-
trix interaction models require an understanding of micro- and nanomechanical
interlocking, residual stresses arising from differences in the coefficients of ther-
mal expansion, nonbonding energy, and sliding-frictional stress (Araya-Calvo
et al., 2018; Gardner et al., 2016).

1.5. Influence of fused filament fabrication
parameters on the mechanical performance

Young et al. (2018) compared the interlayer properties of the FFF-fabricated pure
polymers with those of their counterparts produced using conventional tech-
niques. So, the interlayer fracture toughness of the compression-molded polymers
was four times higher (6.11 kJm2) than that of the FFF polymeric material
(1.57 kJm2). In FFF, reducing printing speed, bed temperature, and layer thick-
ness, and increasing nozzle temperature, enhances interlayer bonding (Chacon
etal., 2017; Hamel et al., 2018; Hanon et al., 2021; Huang et al., 2019; Reddy
etal., 2023). Interlayer adhesion decreases with increasing fiber content. The
higher thermal conductivity of the fiber compared to the polymeric matrix leads
to lower interlaminar shear strength in composite materials due to increased cool-
ing rates and reduced bond-forming time (Xie et al., 2002; N. Zhang et al., 2023).
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Layer thickness is crucial in determining strength and stiffness. Studies
(Hanon et al., 2021; Ning et al., 2017) have shown that a thin layer enhances in-
terlayer bonding, thereby improving tensile and flexural strength in PLA and HT-
PLA. This enhancement maximizes interlayer bonding while maintaining dimen-
sional accuracy. However, for certain composites, such as continuous carbon fi-
ber-reinforced thermoplastics, a layer thickness of 0.125 mm may vyield the best
results by balancing print quality and strength (Caminero et al., 2018; Chohan
et al., 2020). N. Zhang et al. (2023) observed a reduction in shear strength from
13 MPa to 10.5 MPa when the layer thickness and printing speed were increased
from 0.18 mm to 0.3 mm and from 60 mm/s to 100 mm/s, respectively.

The effect of printing speed on mechanical properties is particularly notable in
pure and carbon fiber-reinforced ABS materials. Lower speeds, such as 60 mm/s,
were optimal for achieving higher tensile and shear strengths in fiber-reinforced ABS,
as slower speeds allow better interlayer bonding (Huang et al., 2019; W. Zhang et al.,
2018). Increasing speed often introduces voids and weakens mechanical performance
due to inadequate interlayer fusion (Lee & Wu, 2020).

Orientation during printing significantly influences the tensile, flexural, and
impact resistance of the printed parts. Aligning layers with the loading direction
yielded the highest tensile strength, as fibers aligned parallel to the load direction
demonstrated greater load-bearing capacity than other configurations (Rayegani
& Onwubolu, 2014; Sood et al., 2010). Nikzad et al. (2011) reported a 42% in-
crease in tensile resistance in the orthogonal direction to the production pathway
in ABS reinforced with carbon fibers compared to pure ABS. Thus, the fibers
strengthen in-plane properties but reduce the interlayer adhesion. The raster angle
affects layer alignment and load distribution. A 45° raster angle generally opti-
mizes tensile and impact performance, particularly in fiber-reinforced composites,
by enabling efficient load transfer and interlayer interaction (Hamel et al., 2018;
Hetrick et al., 2021; Lee & Wu, 2020; Qiao et al., 2008; Vilean et al., 2020).

Nozzle temperature affects layer bonding and, in turn, tensile and flexural
strength. Higher temperatures improve material flow and bonding, but must be
optimized to prevent overheating and warping. For example, 230°C was optimal
for FRP composites, enhancing layer adhesion and mechanical performance with-
out compromising part geometry (Chohan et al., 2020; Ramesh et al., 2021). Sim-
ilarly, a 200°C—220°C range is used for other materials, such as carbon fiber-re-
inforced PLA, where strong interlayer bonding is essential to maximize tensile
properties (Hanon et al., 2021; Ning et al., 2017). Filgueira etal. (2017) also
found that increasing the nozzle temperature from 210 to 240 °C increased PLA
fracture toughness from 2167 J/m? to 3907 J/m?.

The infill percentage (the density of the interior mesh) is a crucial parameter
that affects mechanical properties, especially in composites. Higher infill densities
generally produce stronger and stiffer parts, since more material is present to bear
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load. Studies on PLA and PLA-CF have shown that increasing infill from low
levels (20-30%) up to intermediate levels (50—-70%) can markedly improve tensile
strength and modulus. For example, Gunasekaran et al. observed that raising infill
from 10% to 50% roughly doubled the tensile strength of PLA prints. In compo-
sites, sufficient infill is needed to form continuous load paths; sparse infill can
leave unsupported fiber ends and large voids that act as defects. However, beyond
a certain point, the benefits of higher infill diminish. Interestingly, extremely high
infill (near 100% solid) does not always yield the toughest parts: fully dense prints
may suffer from residual thermal stresses and lack energy-absorbing void space.
One study on short-glass-fiber PLA composites found that samples with 50% and
75% infill exhibited higher overall toughness (energy absorption) than those with
100% infill (Plamadiala et al., 2025). The presence of some porosity or cellular
structure allowed those parts to absorb more deformation energy before failure,
whereas the 100% infill samples, being very stiff and constrained, fractured more
abruptly. Infill patterns also play a role: different lattice geometries (grid, hexa-
gon, gyroid, etc.) at the same nominal infill percentage yield different effective
densities and stress distributions. Guessasma and Belhabib (2022) showed that,
for a given infill rate, the infill pattern influenced the achieved part density and
tensile performance; for example, a gyroid infill might produce a stronger part
than a rectilinear infill at equal infill content due to better load transfer. Thus, the
internal architecture of FFF parts introduces an “architectural randomness” or var-
iability in properties: the arrangement of filament beads and voids means the ma-
terial is not a continuous solid but a periodic structure. Short fibers within those
beads may further accentuate anisotropy, as they tend to align with the print ex-
trusion direction, resulting in higher strength along filament paths than across lay-
ers. If the infill lines are discontinuous or non-uniform, the fibers can be irregu-
larly oriented, reducing composite efficiency. Optimizing infill density and
pattern is therefore critical for fiber-reinforced prints to ensure sufficient load-
bearing continuous fiber networks while minimizing weight and avoiding large
stress concentrations from pores or misaligned fibers.

Although the multidirectional fibers are printed layer by layer, the through-
thickness fibers may introduce anisotropy. Quan et al. (2015) developed FFF-
based technology to fabricate multi-directionally reinforced composites, such as
3D-braided structures, but further development is needed to achieve efficient
through-thickness reinforcement and overcome the anisotropic properties of FRP
composites. The literature indicates that precise process control is critical to max-
imizing the FFF potential for producing high-performance composite structures;
careful optimization of fabrication parameters will further enhance the strength,
stiffness, and overall durability of polymeric composites.
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1.6. Design for additive manufacturing

FRP composites offer advantageous material properties, making them highly de-
sirable for various applications and attracting substantial interest from academia
and industry. Still, conventional methods do not ensure the efficient fabrication of
FRP composites (Kabir et al., 2020). For instance, variable-stiffness (VS) compo-
sites allow fibers to follow curvilinear paths within the building plane, thereby
modifying load paths, improving stress distribution, and enhancing structural per-
formance. However, fabricating VS composites using traditional methods, such
as hand layup, is challenging because accurately directing fiber orientation is dif-
ficult. AM addresses this challenge by providing an automated, precise method
for aligning fibers with computer-aided design (CAD) specifications, thereby en-
abling the production of complex FRP composites (Punera & Mukherjee, 2022):
the AM technologies open previously inaccessible design spaces for FRP compo-
sites by enabling multi-scale topology optimization.

This investigation focuses on the FFF, the most widely adopted AM process
for fabricating FRP composites using short and continuous fibers. One of the ear-
liest studies (Christian et al., 2001) on the feasibility of fabricating short-fiber-
reinforced composites using the FFF process demonstrated the integration of fi-
bers into the filament feedstock. The ME technique has also proven particularly
effective for fabricating continuous fiber-reinforced composites (Rimkus et al.,
2022; Van Der Klift et al., 2015).

The design for additive manufacturing (DfAM) is categorized into four
phases (Wiberg et al., 2021): component selection, design optimization, manufac-
turing preparation, and post-processing. The initial phase emphasizes component
selection and assembly design. The second phase focuses on design support, in-
volving CAD and optimization techniques. The third phase focuses on applying
rules, software, and simulation methods to support and validate manufacturing
success. In the final phase, the component undergoes adaptation and preparation
for post-processing, including detachment from the build plate, removal of sup-
port structures, heat treatment, and surface improvement.

One of the essential benefits of DFAM is its ability to facilitate topology op-
timization (TO), in which the geometry is modified by varying the spatial density
of mesh elements (Rezaie et al., 2013). This method is widely used in the concep-
tual design phase to minimize material use while maintaining structural integrity
and performance. For FRP composites, strategically placing material where it is
most needed improves strength-to-weight ratios (Y. Xu et al., 2024). In the DfAM
for FRP composites, most TO algorithms employ finite element analysis, thereby
discretizing the design domain.
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Design strategies for AM-FRP composites focus on integrating the TO and
fiber paths. Computation algorithms, such as the penalized solid orthotropic ma-
terial method, allow simultaneous optimization of material distribution and fiber
orientation (Y. Xu et al., 2024; Zhe Yang et al., 2022). This strategy maximizes
the mechanical performance of the manufactured part by aligning fiber paths with
the load-bearing directions, resulting in lightweight, efficient composites. The re-
sulting output is typically a vector map of short fibers that specifies their orienta-
tions and positions. Process planning supports the creation of toolpaths that repli-
cate this vector map, thereby fabricating continuous fibers that influence the
mechanical performance of the final composite components. Toolpath generation
is particularly significant when designers leverage AM to produce continuous fi-
ber-reinforced composites; this generation follows the TO stage (Jiang etal.,
2019; Y. Xu et al., 2024; Zhe Yang et al., 2022).

Yang et al. (2022) found that the TO of continuous FRP composites im-
proved stiffness by 30% compared to traditional methods. Additionally, the stiff-
ness-to-weight ratio improved by 26%, proving the substantial benefits of opti-
mized material distribution in lightweight applications such as aerospace.
Continuous fiber angle optimization ensures optimal fiber orientation for maxi-
mum stiffness and strength, while also achieving significant weight reduction in
AM components (Chohan et al., 2020; S. Li et al., 2020). The optimized fiber path
resulted in a 35% increase in tensile strength compared to non-optimized designs
(Jiang et al., 2019). These examples demonstrate the effectiveness of design opti-
mization for AM and identify areas for further investigation. However, the effec-
tiveness of FFF composites requires optimizing key process parameters, including
layer thickness, printing speed, nozzle temperature, bed temperature, and infill
density, as summarized in Table 1.5 (Farh et al., 2026). This table demonstrates
the potential for DFAM optimization and identifies the focus for further research.

Table 1.5. Optimizing fused filament fabrication for mechanical performance

Materi- | Tested Optimal parame-
References als . Improvement results
properties | ters
CF: from 24.7 kJ/m? to
Cami PA + BO: on-edge; 82.3 ki/m?;
eta;‘l"”em CF/GF/ | Impactre- | LT:0.10-0.125 | GF: from 86.3 kJ/m?to
(201-8) AF sistance mm; 281 kd/m?;
(long) RA: 0 AF: from 86.4 kJ/m? to
185 kJ/m?
. ) ) Tensile strength from
W.Zhang | \gg, | Tensile ) LT:0.18mm; 13.7 MPa t0 39.1 MPa;
etal. CF and shear PS: 60 mm/s; Shear strength from
(2018) strength | RA: 0 12.0 MPa to 16.5 MPa
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Continued Table 1.5
References | Materi- | Tested Optimal parame- Improvement results
als properties | ters
thnr?lfh :_I?l- %0;)5/3 0 25 Tensile strength from
Ningetal. | PLA + | STendth, R 19.2 MPa to 36.8 MPa;
modulus of | mm;
(2017) CF - ] . Toughness from
elasticity, | NT: 220 °C; 903 kJ/m? to 2040 ki/m?
toughness | PS: 25 mm/s
Tensile strength from
Chacén Tensile BO: on-edge; 20.2 MPato 89.1 MPa;
and flex- . . Flexural strength from
etal. PLA LT: 0.06 mm; .
(2017) ural PS: 20 mm/s 14.3 MPa to 65.0 MPa;
strength : Modulus of elasticity
from 2.7 GPa to 4.4 GPa
Tensile Tensile strength from
Huan and flex- | BO: horizontal; 12.0 MPa to 33.6 MPa;
etual g ABS ural ID: 100%; Flexural strength from
(201'9) strength, LT: 0.1 mm; 27.3 MPa to 64.4 MPa;
impact re- | PS: 40 mm/s Impact resistance from
sistance 4.6 kJ/m? to 21.5 kd/m?
. ID: 100%; .
(I;e;dy PLA + | Tensile LT 03 r;m' Tensile strength from
y F h g ' 13.9 MP 4.2 MP
(2023) C strengt PS: 80 mm/s 3.9 MPato 3 a
Hanon _ BO: horizontal, .
(2021) g RA: £45° : :
Tensile BO: 45° inclined; | Tensile strength from
Lee & Wu | PLA+ | strength, BT: 70 °C; 28.7 MPa to 34.1 MPa
(2020) CF impact re- | ID: 60%; Impact energy from
sistance NT: 220 °C 8.3mJto 14.0 mJ
Hetrick Onyx + | Impacten- | BO: horizontal;
et al. aramid | ergy ab- RA: +45°; :(r)ngi\c(;c gnergy from 2.0
(2021) (long) | sorption RP: concentric '
Vilean . BO: horizontal; .
(2020) g LT: 1.25 mm ' '
Rayegani BO: horizontal;
& ABS Tensile RA: +45°; Tensile strength from
Onwubolu strength RG: -0.0025 mm; | 4.0 MPato 38.9 MPa
(2014) RW: 0.2034 mm
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End of Table 1.5

Materi- | Tested Optimal parame-
References . Improvement results
als properties | ters
Tensile Tensile strength from
and flex- BO: horizontal: 9.1 MPato 18.1 MPa;
Sood et al. PLA ural LT 0127 mm: Flexural strength from
(2010) strength, RA i.60° ' 18.8 MPa to 39.2 MPa;
impact re- : Impact resistance from
sistance 343 kJ/m? to 482 kl/m?
Tensile Tensile strength
Chohan andl flex- BO: horizontal; |1:|72 MFIJai[ h
etal. Ags | U LT: 0.127 mm; exura’ streng
(2020) strength, RA: £60° 16.1 MPg;
impact re- : Impact resistance
sistance 2.39 MJ/m?
Tensile Tensile strength
' MPa;
Blok et al. EA +C shear, and FV: 27%; IgZ?efsxurala;trength
(2018) (long) th(::#;;: RA:0 485 MPa;
Shear strength 31.2 MPa

Note: AF = aramid fiber; CF = carbon fiber; GF = glass fiber. BO = building orientation;
BT = bed temperature; ID = infill density; LT = layer thickness; NT = nozzle tempera-
ture; PS = printing speed; RA =raster angle; RG =raster gap; RP =raster pattern;
RW = raster width; VF = volume of fibers.

Investigating AM accuracy and dimensional fidelity, Parker et al. (2022)
demonstrated significant modifications to a commercial 3D printer, Prusa I3
MKS3S, to improve the uniformity and smoothness of printed continuous carbon
fiber (CCF)/polyphenylene sulfide (PPS) composites. Key upgrades included re-
wiring the heater coil to a temperature controller, integrating high-temperature
type-K thermocouples to precisely regulate nozzle temperature, and installing a
dedicated 24 VV DC power supply for the temperature controller. Additionally, a
cooling fan was added, and the traditional metal extruder rollers were replaced
with aluminum feeder drives equipped with polyurethane (PU) rollers to reduce
filament damage. Polytetrafluoroethylene (PTFE) tubing was used to introduce
the fiber into the nozzle. These modifications led to notable improvements in the
accuracy and stability of FFF. The tensile strength of the 50 vol% CCF/PPS com-
posites produced using the upgraded system reached 1.9 GPa, a 37% increase over
the tensile strength (1410 MPa) of composites produced with an ordinary printer.

Egorov et al. (2021) introduced a novel FFF-tailored approach for processing
continuous textile flax fiber (CTFF) and Nylon 6 (PA6) composites. This method
fed CTFF and PAG6 filaments through two independent feeding channels; mixing
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and fiber impregnation were conducted in a localized, heated zone within the noz-
zle. The feeding mechanism incorporated a gear-like ratchet that increased friction
between the filaments, reduced slippage, and improved printing precision. A vital
advantage of this technique was the simultaneous impregnation and FFF process,
which reduced the residence time of the continuous flax fiber in the heated nozzle,
thereby reducing the risk of thermal degradation and deformation. This method
significantly enhanced the uniformity and fidelity of the printed composites while
improving their mechanical performance. For CTFF/PA6 composites with a con-
tinuous flax fiber volume fraction of 22 vol%, the tensile modulus and tensile
strength were 5.7 GPa and 82.0 MPa. These values represented increases of 11.8%
and 44% in tensile modulus and tensile strength, respectively, compared to com-
posites produced using traditional FFF methods. This enhancement demonstrates
the effectiveness of the customized printing technique in improving both the pro-
cess and the material performance.

H. Li et al. (2021) developed a 3D printer to fabricate CCF/PLA composites
under vacuum conditions. The findings demonstrated that the porosity of the vac-
uum-printed CF/PLA composites was significantly reduced to 4.1, thereby en-
hancing interlayer bonding. Furthermore, the specimens exhibited flexural
strengths of 268.0 MPa and flexural moduli of 25.7 GPa, representing increases
of 24.5% and 8.4%, respectively. Similarly, Zaldivar et al. (2017) explored the
design flexibility of 3D printing by introducing pre-printed cavities in the inter-
layer direction of ABS parts. These cavities were subsequently filled with milled
carbon fiber (MCF)/epoxy resin, and the compatibility between ABS and epoxy
resin was improved by plasma treatment. The flexural strength and modulus of
the 10 wt% MCF/ABS composites were 68.7 MPa and 3.1 GPa, respectively,
14.1% and 34.8% higher than those of composites without epoxy infiltration and
plasma treatment. The above technological improvements highlight FFF’s effec-
tiveness in producing higher-quality composite materials.

1.7. Biodegradable composites

Developing biodegradable polymeric composites with natural fibers for AM is
increasingly essential in addressing environmental, industrial, and technological
challenges (Elfaleh et al., 2023; Phiri et al., 2023). Figure 1.7 presents a multi-
component view of the issue. In particular, traditional AM materials, such as syn-
thetic polymers, often contribute to long-term environmental degradation. On the
contrary, biodegradable composites minimize the persistence of waste, aligning
with global efforts to reduce plastic pollution (M. Islam et al., 2024). In addition,
natural fibers (e.g., jute, flax, and hemp) and biodegradable polymers (e.g., PLA
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and PHA, and polyhydroxyalkanoates) decompose naturally, supporting the cir-
cular economy. Manufacturing and disposal processes for biodegradable materials
typically emit fewer greenhouse gases than those for petroleum-based alternatives
(Rosenboom et al., 2022). Natural fibers and biodegradable polymers are derived
from renewable resources, ensuring material availability without exhausting finite
resources; agricultural residues provide fiber sources, turning waste into value-
added materials (Hoang et al., 2024; Riseh et al., 2024).

AM is inherently efficient, producing parts with minimal waste. Combining
it with biodegradable materials further enhances eco-efficiency (M. Islam et al.,
2024). Moreover, natural fibers enhance the mechanical properties of polymeric
composites, making them suitable for lightweight, durable structures (Khalid
et al., 2021) and fostering innovation by pushing the boundaries of AM to create
novel, eco-friendly materials and designs (Gribniak, 2023). The following consid-
erations may balance performance and sustainability.

Material selection. PLA, PHA, polycaprolactone (PCL), and starch-based
polymers ensure biodegradability, processability, and compatibility for FFF, SLA,
and SLS (Hussain et al., 2024). The polymer’s melting or glass transition temper-
ature should be suitable for the AM process to avoid premature degradation during
printing. Flax, jute, hemp, coir, sisal, or bamboo fibers may ensure sufficient me-
chanical performance and acceptable processing (Khalid et al., 2021). Surface
treatments (e.g., alkali and silane coupling agents) enhance interfacial bonding
with the polymer matrix and reduce water absorption (Mohammed et al., 2022).

Sustainability
and
environmental
impact

Innovation and

) Resource
economic

A efficiency
potential
Biodegradable
composites
Regulatory and Compatibility
market demand with AM
Enhanced
properties and
applications

Fig. 1.7. Development challenges of the biodegradable composites for AM
(Farh et al., 2026)
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DfAM and sustainability metrics. New composites require optimizing
printing settings, post-fabrication treatments, and material characterization,
including long-term performance. The optimum fiber content (usually 10—
30 wt%) balances mechanical performance with processability (Radzi etal.,
2022). Excessive fiber content can clog AM nozzles and disrupt layer adhe-
sion. Combining (hybridizing) different natural fibers or mixing natural and
synthetic fibers can tailor the physical properties of biodegradable composites
(Khalid et al., 2021). Eco-friendly additives and nanoparticles (e.g., cellulose
nanocrystals and graphene oxide) can further increase the mechanical perfor-
mance (Mokhena et al., 2024). A life cycle assessment (LCA) can quantify
environmental benefits from raw material sourcing to end-of-life disposal (Ali
et al., 2023) and assess biodegradation rates under standard and harsh environ-
mental conditions to ensure the eco-friendliness of composite materials (Fo-
lino et al., 2023).

The durability vs. biodegradability condition describes the fundamen-
tal dilemma in developing biodegradable composites that anticipate load-bear-
ing performance. Combining natural fibers with moisture-resistant biopoly-
mers and coatings mitigates the hydrophilic essence of natural filaments
(Kamarudin etal., 2022). Controlling processing temperatures diminishes
premature fiber degradation (Ceretti et al., 2023). Optimizing AM parameters
and the composite formulation address warping and shrinkage issues (Memar-
zadeh et al., 2023).

1.7.1. Polymeric materials

Biodegradable polymers are derived from bio-based or eco-friendly sources,
offering a promising solution to the growing plastic waste crisis (Dananjaya
et al., 2024). These polymers naturally decompose in the environment, making
them environmentally sustainable alternatives to conventional petroleum-
based polymers (Larson et al., 2013). Prominent biodegradable polymers in-
clude PHA, PLA, polybutylene succinate (PBS), polycaprolactone (PCL), pol-
yglycolic acid (PGA), polybutylene adipate-co-terephthalate (PBAT), poly
(lactic-co-glycolic acid) (PLGA), starch-based polymers, and cellulose-based
polymers (Samir et al., 2022). These materials exhibit diverse and desirable
properties, including high mechanical strength, favorable thermal behavior,
and effective barrier performance (Tan et al., 2016). These polymers, often
sourced from renewable materials such as cornstarch or sugarcane, signifi-
cantly reduce dependence on fossil fuels (Post et al., 2021). By lowering car-
bon emissions and mitigating the environmental impacts of conventional pol-
ymeric materials, they reduce the ecological footprint through natural
degradation, thereby minimizing long-term waste accumulation (Lagman-
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Bautista, 2020). From a technological perspective, biodegradable polymers ex-
hibit properties aligned with AM, including ease of processing, versatility, and
the ability to achieve intricate designs with high precision (Faidallah et al.,
2022). Furthermore, biodegradable polymers are widely compatible with var-
ious 3D printers, making them accessible for diverse applications.

Biodegradation is the breakdown of polymers by microorganisms and en-
vironmental factors (Bher et al., 2022). Internal factors primarily relate to the
polymer’s inherent chemical characteristics, including molecular weight,
chemical structure, and the presence of additives or modifiers. These proper-
ties significantly affect the polymer’s degradability. In contrast, external fac-
tors include environmental conditions such as temperature and humidity, as
well as the presence of specific microorganisms or enzymes that metabolize
the polymer (La Fuente et al., 2023). The interplay among these factors deter-
mines the rate and extent of polymer biodegradation, playing a vital role in
reducing accumulated waste worldwide by facilitating the natural decomposi-
tion of materials and thereby supporting environmental sustainability. Ongo-
ing research and development are expected to enhance the mechanical perfor-
mance of these polymeric materials and expand their use as more sustainable
matrices for biodegradable composites.

1.7.2. Fiber reinforcement

Extensive research has been conducted on natural fiber-reinforced polymer
filaments, mainly through the FFF process. Zhao et al. (2016) developed PLA-
based filaments reinforced with bamboo fibers for use in the FFF process,
demonstrating improved mechanical properties, including tensile strength and
modulus of elasticity. However, the increased natural fiber content also made
the filaments more brittle. Kariz et al. (2016) produced FFF filaments by rein-
forcing PLA with wood powder, incorporating biodegradable additives and
binders. Mechanical property evaluations across various filament composi-
tions revealed that bending strength was primarily influenced by the percent-
ages of wood powder and binder, and that strength required optimization.
Girdis et al. (2017) fabricated an FFF filament by combining ABS with mac-
adamia nutshell powder. Comparative mechanical tests showed that nutshell
reinforcement outperforms wood powder reinforcement.

Pitt et al. (2017) designed FFF filaments by blending glass fiber, wood pow-
der, and a binder. Mechanical properties, including tensile and compressive
strength, were investigated and compared with those of molded components. The
3D-printed parts exhibited superior mechanical performance to their molded
counterparts. Hofstitter et al. (2016) developed PLA filaments reinforced with
carbon fibers. Mechanical testing, tomography, and SEM analysis were performed
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on the FFF components. The results indicated that tensile strength was reduced
due to voids aligned with the extrusion direction. However, the fibers’ longitudi-
nal and lateral orientation contributed to an interconnected structural alignment,
enhancing the mechanical performance of the printed material.

Le Duigou et al. (2016) investigated the effects of process parameters on the
mechanical properties of PLA-wood fiber composites, comparing results from
FFF and injection molding (IM). Experimental findings showed that print orien-
tation (0° or 90°) and printing width (reference, doubled, or tripled) were critical
parameters influencing mechanical resistance. Still, the FFF process yielded me-
chanical properties inferior to those of AM.

Depuydt et al. (2019) developed PLA filaments reinforced with bamboo
and flax fibers for FFF applications. The results revealed that long bamboo
fibers increased stiffness by more than twofold, whereas flax fibers did not. A
rotational speed of 350 rpm improved filament smoothness and fiber wetting.
On the other hand, Mazzanti et al. (2019) fabricated PLA filaments reinforced
with short hemp fibers. The results showed that the components’ tensile
strength increased by 20% compared with pure PLA. However, the elastic
modulus and impact energy decreased. In addition, poor interfacial bonding
between fiber and matrix was observed. Franco-Urquiza et al. (2021) investi-
gated the mechanical properties of PLA reinforced with jute fiber fabrics. The
findings revealed that the tensile strength and elastic modulus increased by
10% compared to pure PLA. Still, there is a lack of systematic studies that
optimize material composition and fabrication settings, underscoring the need
for further research.

1.7.3. Additives and fillers

The additives and fillers include impact modifiers, flame retardants, plasticizers,
and reinforcing agents, improving mechanical strength, flame resistance, thermal
stability, and biodegradability (Singh et al., 2020; Wissamitanan et al., 2020). Ta-
ble 1.6 (Farh et al., 2026) characterizes the biodegradable materials reported in
the literature. These results demonstrate enhanced mechanical properties and
promising features, ensuring a broader range of applications while maintaining
the inherent environmental benefits of biodegradability. Thus, by tailoring the
blend composition, manufacturers can balance biodegradability, mechanical
strength, and other functional properties. This versatility ensures the creation of
biodegradable materials tailored to meet specific industry requirements, including
packaging, agricultural applications, and medical and electronic devices.
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Table 1.6. Characterizing biodegradable materials

References | Materials Properties
Mechanical Thermal Morphology
Gkartzou PLA + Kra A 0.5 MPa decrease Gradual in- qur compa_tlbl.llty
L in tensile strength . with small lignin
etal. ft lignin with an increase in | oaoe N To domains, causing
0 )
(2017) (20 wt%) brittleness and T local defects
5 -
PLA + He A 3}/0 decrease in _
tensile strength and Coarse micro-
Stoof etal. | mp and ; : .
a 43% increase in - structure and in-
(2017) harakeke modulus of elastic- creased porosit
(30 wt%) ity p y
PCL +Mi- | A 5206 increase in | 2 13 “Ciin- Homogeneous dis-
Tran et al. Cro-cocoa . crease in T¢ N .
modulus of elastic- tribution of micro-
(2017) shell (50 it and a reduc- filler
wt%%) y tion of Ty
C.-S.Wu PHA + Pal A 43% reduction in Homogeneous fi-
etal. m fiber (20 tensile strength B ber distribution
(2017) Wt%) g
PLA + Pop | A 1.5 kd/m? de- Uneven PLA
Q. Zhang lar wood crease in impact structure with nu-
etal. powder anda7 Nmin- - merous cracks and
(2018) (0...10 crease in torsion re- filler agglomera-
wit%) sistance tion
Umerah PLA + Co- A 50% increase in Addltlonal_ Particle agglomer-
et al. conut shell tensile strenath decomposi- ation
(2020) (1 wt%) g tion phase
PLA + Fis .
Scaffaro hbone A 23% increase in H.O Mogeneous d!s-
et al. . - tribution and solid
(2022) powder flexural stiffness structure
(20 wt%)
Qinetal PLA+Ca | A50 MPaincrease Filler clusterin
(2022) | C0s (20 in compression - and local defec%s
wit%6) strength
PLA + Ce- A 5.7°Cand | Heterogeneous
Fico et al. ramic ﬁoi.?nir:eiﬂergluc- 13.8 °C re- filler distribution
(2022) waste (10 modulus duction in T4 | and surface dis-
wit%6) and T continuities

Note: PCL = poly(e-caprolactone); PHA = polyhydroxyalkanoate; PLA = polylactic acid;
T = crystallization temperature; Tq = decomposition temperature; Ty = glass transition
temperature; T, = melting temperature.
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Hybrid materials add a new dimension to the biodegradable polymers. AM
techniques enable the integration of biodegradable polymers with non-polymeric
components such as metals or ceramics (C.-H. Kim et al., 2023). These hybrid
materials combine the beneficial properties of biodegradable polymers, such as
environmental sustainability, with the unique features of metals and ceramics, in-
cluding electrical conductivity or thermal resistance (Kunwar et al., 2021), which
offer potential for applications such as lightweight yet durable structural compo-
nents, sustainable medical implants, and environmentally friendly electronic de-
vices (Bastola et al., 2018). The promise of a sustainable future using advanced
3D-printed biodegradable materials is growing as research in this field advances.

1.8. Numerical modeling of fused filament fabrication

Despite widespread use, FFF faces notable limitations in structural applications
due to mechanical issues, including residual stresses, geometric inaccuracies, and
poor interlayer adhesion. These problems primarily arise from the complex ther-
mal cycles during fabrication, during which the polymer transitions from a semi-
molten to a solid state, resulting in internal stresses and distortions (Senkefik et al.,
2024). Addressing these effects requires simulation frameworks that can model
the sequential deposition and thermal evolution of the material, as demonstrated
in recent finite element studies (Syrlybayev et al., 2021).

The mechanical performance of FFF components is susceptible to thermal
gradients and cooling rates, which are influenced by process parameters such as
nozzle temperature, printing speed, and layer thickness (S. Islam & Bagheri, 2025;
F. Liu etal., 2025; Mosleh et al., 2024; Ulkir et al., 2024). Finite element (FE)
simulations are a powerful tool for predicting stress distribution and deformation
patterns. However, experimental optimization remains resource-intensive, under-
scoring the need for robust models to simulate the FFF process with high fidelity
(Behseresht et al., 2024; Z. Hu & Mahadevan, 2017). A key advancement in this
domain is the implementation of element activation strategies within the FE mod-
eling framework, enabling the progressive construction of the FFF part in a virtual
environment (Fianko et al., 2025). This approach captures the sequential nature of
material deposition and the evolving thermal and mechanical states of the struc-
ture (Brenken et al., 2018). Early studies demonstrated the effectiveness of this
method for analyzing residual stress formation in acrylonitrile butadiene styrene
(ABS) components (Y. Zhang & Chou, 2006, 2008). Cattenone et al. (2019) em-
phasized the importance of accurate constitutive modeling for predicting distor-
tions.

Building on these foundations, recent research has explored more advanced
activation schemes to enhance the fidelity of numerical simulations in AM. For
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instance, studies (Khanafer et al., 2022; Syrlybayev et al., 2021) applied the ele-
ment birth-and-death method proposed by (Y. Zhang & Chou, 2006) to estimate
the warpage potential of FFF samples and to investigate the relationship between
the FFF process settings and their impact on the fabrication quality of polymeric
components. Studies (Brenken etal., 2019; Courter etal., 2017) incorporated
time-dependent filament paths and thermal histories into their simulations,
thereby enabling a realistic representation of the sequential deposition of material.
These studies highlight the growing importance of G-code-driven simulations,
where the toolpath data directly informs the activation sequence of finite elements.
Typically, G-code determines a routine that transforms a numerical (computer-
aided design, CAD) model into a physical object via FFF.

Further advances have been made by integrating finite element activation with
process-aware control strategies. A recent study (Mats et al., 2023) proposed a meth-
odology that uses FE-based stress analysis to inform slicing and deposition strategies,
dynamically adjusting infill density and pathway orientation based on local stress dis-
tributions. This approach not only enhances structural performance but also improves
material efficiency and FFF productivity. The finite element activation technique has
evolved from fundamental geometric triggers (e.g., the element centroid within a dep-
osition path) to more sophisticated criteria that involve thermal thresholds or mechan-
ical state variables. This progression enables better modeling of phenomena such as
layer bonding, cooling-induced shrinkage, and interlayer stress accumulation, all of
which are crucial for ensuring the quality of the fabricated part.

Table 1.7 (Farh & Gribniak, 2025) provides a comparative overview of recent
FE modeling studies (Al Rashid & Kog, 2023; Brenken et al., 2019; G. Chen et al.,
2023; Hachimi et al., 2024; Syrlybayev et al., 2021; Zhuoran Yang et al., 2025;
B. Yu et al., 2025) addressing thermomechanical behavior and warpage in extru-
sion-based additive manufacturing. The table summarizes the simulation software
used, the scope of each study, whether progressive element activation (i.e., se-
quential simulation of material deposition noted as “Activation”) was imple-
mented, whether the detachment of the printed part from the build platform (indi-
cated as “Detachment”) was explicitly modeled, and provides the type of outputs
and experimental validation reported. Notably, while progressive activation is
common, most studies simulate only the printing and cooling phases, assuming
perfect adhesion to the build platform throughout. Explicit detachment modeling
is critical for realistic prediction of warpage and residual-stress release, but re-
mains rare for polymeric materials and their composites. Although recent ad-
vances in finite element modeling have improved the simulation of extrusion-
based additive manufacturing, most prior studies have focused on the printing and
cooling phases and have not explicitly considered the detachment stage (Ta-
ble 1.7). This omission limits the ability to realistically predict warpage and the
release of residual stress in polymeric materials and their composites.



1. ADDITIVE MANUFACTURING OF FIBER-REINFORCED POLYMER COMPOSITES

45

Table 1.7. Comparative literature analysis related to the thermomechanical simulation of

FFF
References Software | Scope* Actlva- Detach- Outputs and Validation
tion ment
Syrlybayev Warpage prediction; vali-
et al. (2021) ANSYS | TM es No dated experimentally
Brenken et al Deformation, residual
" |ABAQUS | TM Yes Partially |stress; limited large-scale
(2019) o0
validation
Warpage/distortion simu-
G. Chen etal. ANSYS |TM Yes No lation; validated experi-
(2023)
mentally
Al Rashid & i No (per- | Warpage/deflection (infill
Kog (2023) Digimat | TM ves fect bond) | effects); test validation
L Tensile behavior across
Hachimi etal. ABAQUS | M No (test No raster angles; no warpage
(2024) stage) ol g
validation
Zhuoran Yan Yes Warpage prediction; nu-
9 |ANSYS |[TM  |[(birth-  |No page prediction,
et al. (2025) merical validation
death)
B.Yu et al Yes Warpage/mechanical
' ' ANSYS |TM (birth- No properties; validated ex-
(2025) !
death) perimentally

* TM = thermomechanical; M = mechanical testing; TME = thermomechanical extended
(printing—cooling—detachment).

1.9. Conclusions of the First Chapter and formulation
of the dissertation tasks

The literature confirms the feasibility of FRP development by FFF but also reveals
unresolved couplings among material selection, reinforcement architecture, and
process-induced fields that continue to limit dimensional fidelity and structural
reliability. The following gaps motivate this dissertation:
1. The recycling problem is typically studied via repeated reprocessing of

the same PLA. In contrast, industrial practice uses partial substitution of

virgin  PLA with recycled polymer, leaving the true effect on
printed-specimen performance insufficiently established.

2. Continuous reinforcement on ordinary single-extruder printers lacks
in-process fiber tensioning and exhibits geometry-control constraints, so
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the mechanical efficiency relative to theoretical potential remains uncer-
tain and methodology-dependent.

3. For short-fiber composites, the field still lacks an integrated, FFF-specific
understanding of how fiber material, geometry, and content affect crys-
tallinity, viscoelastic stability, interfacial integrity, and resulting dimen-
sional fidelity (warpage) under consistent printing conditions.

4. Process modeling studies often omit explicit detachment and do not trans-
fer process-induced residual stresses and geometric distortion fields into
subsequent tensile analyses; this limits scientific interpretation of how
thermal history and constraint release shape the as-printed mechanical
response.

Building on the literature review, the dissertation aims to develop an experi-
mental-computational methodology to assess the mechanical efficiency of rein-
forced PLA composites and to predict FFF-induced geometric distortion and re-
sidual-stress evolution. To achieve this aim, the dissertation integrates literature
analysis, physical experiments, material characterization, and finite-element sim-
ulations to develop a unified approach to investigate how material composition,
reinforcement architecture, and process-induced fields influence the structural re-
sponse of PLA-based FFF components. In this context, the following fundamental
issues should be solved:

1. To evaluate the mechanical performance of PLA-based FFF components
by assessing how reinforcement type (continuous and short fibers) and
material composition, including virgin PLA, PLA with 40% recycled
content, and fiber-reinforced variants, affect load-bearing capacity, stift-
ness, and failure behavior under standardized testing conditions.

2. To establish the relationships among fabrication process, microstructure,
and thermo-physical response by examining crystallinity, viscoelastic be-
havior, thermal stability, and microstructural features of neat and fiber-re-
inforced PLA using DSC, DMA, and SEM, and by identifying the domi-
nant failure mechanisms through tensile and flexural testing combined
with microstructural evidence of fiber dispersion, interface quality, void
formation, and fracture morphology.

3. To develop and experimentally validate a coupled thermo-mechanical
modeling framework capable of predicting residual stresses, geometric
distortions, and warpage mitigation by integrating toolpath-driven ele-
ment activation, temperature-dependent material behavior, and
mean-field homogenization for short-fiber composites across the print-
ing, cooling, and detachment stages of the FFF process.



Materials, Methods, and Research
Methodology

This chapter examines two interrelated aspects of FFF of PLA-based components:
improving mechanical performance, particularly tensile load-bearing capacity,
and enhancing fabrication quality, including dimensional accuracy, process sta-
bility, and defect sensitivity. The short-term mechanical performance of poly-
meric materials can be classified into static and dynamic. This research focuses
on the load-bearing capacity and the viscoelastic behavior of PLA-based FFF ma-
terials. The experimental program combines static mechanical testing with dy-
namic thermomechanical characterization. The static performance was evaluated
using uniaxial tensile and three-point bending tests, typical of FFF polymers.
Continuous-fiber reinforcement is investigated as a primary strategy to in-
crease strength, using tensile testing and numerical analysis to compare reinforced
and unreinforced PLA (including recycled PLA), evaluate practical gains, and
identify process-related limitations. In parallel, short-fiber-filled PLA materials,
such as carbon and wood-fiber filaments, are studied for their ability to improve
ductility, toughness, energy absorption, thermal stability, and manufacturing qual-
ity, while also reducing warpage and enhancing dimensional fidelity. The chapter
integrates these investigations into a framework that balances structural perfor-
mance and printability, supports sustainable composite development, and intro-
duces thermo-mechanical process simulation to predict warpage, residual stresses,
and deviations between ideal and as-printed mechanical behavior. The research
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findings of this chapter are presented in the scientific publications (Rimkus et al.,
2022; Farh et al., 2024; Farh & Gribniak, 2025).

2.1. Structure of the research program

This chapter is structured around two central aspects of the FFF process of PLA-
based components: enhancement of mechanical performance, specifically tensile
load-bearing capacity, and fabrication quality, including dimensional fidelity, pro-
cess stability, and defect sensitivity. These aspects are treated as interdependent
rather than independent design objectives, since reinforcement strategies that im-
prove strength may simultaneously introduce manufacturing constraints. At the
same time, materials that enhance printability may alter mechanical response.

To address the first aspect, continuous-fiber reinforcement is employed as a
direct strategy to increase tensile strength and load-bearing efficiency. The work
first establishes a consistent tensile-testing basis for comparing reinforced and un-
reinforced specimens of identical geometry, then quantifies the baseline tensile
response of unreinforced PLA, including recycled-content PLA, to provide a sus-
tainability-oriented reference. The reinforced specimens are subsequently tested
in tension to determine the practical gain in load-bearing capacity and to identify
the dominant limitations governing reinforcement utilization, including filament-
level imperfections introduced during reinforcement and printing, as well as in-
terface-controlled failure mechanisms that limit gains in stiffness and strength. In
parallel, numerical interpretation is used to assess the efficiency of reinforcement
relative to idealized expectations, highlighting the roles of process-induced vari-
ability and geometric effects in reducing the fraction of theoretical reinforcement
potential that can be achieved. This approach is intended to quantify the achieva-
ble improvement in structural performance and to identify process-dependent lim-
itations, such as printing quality, filament stability, and toolpath continuity, that
govern the utilization of reinforcement.

The second aspect focuses on improving fabrication quality using short-fi-
ber-filled PLA filaments, such as carbon fiber (PLA-CF) and wood fiber (PLA-
WEF). Unlike continuous reinforcement, short fibers remain compatible with
standard slicing strategies and complex geometries, offering greater reliability in
practical manufacturing and achieving the desired printing quality. Their role in
this study is to enhance deformation capacity, ductility, energy absorption, and
crack resistance of printed components, and to investigate how fiber type and dis-
persion influence manufacturing outcomes, including dimensional fidelity, inter-
layer bonding, and defect formation. Besides improving ductility, toughness, and
thermal resistance, short fibers enhance manufacturing quality by reducing shrink-
age-induced deformation and process variability. In particular, this study assumes
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that short fibers can mitigate warpage during cooling by constraining thermal con-
traction and modifying the thermo-mechanical response of the printed structure.
This chapter is organized into three complementary investigative tracks. The
first examines continuous-fiber reinforcement as a strategy for maximizing tensile
strength and structural efficiency. The second evaluates short-fiber-filled PLA
systems, such as carbon and wood-filled filaments, to evaluate their role in im-
proving toughness, ductility, thermal stability, and manufacturing reliability, as
well as their influence on dimensional accuracy and warpage behavior. Together,
these tracks establish a framework for balancing mechanical performance and fab-
rication quality in FFF-printed PLA composites, while also supporting the devel-
opment of sustainable, high-performance material solutions for functional addi-
tive manufacturing applications. Finally, these experimental outcomes motivate
the adoption of a systematic process-simulation approach: thermo-mechanical
modeling is implemented to predict FFF-induced warpage in neat PLA. It is ex-
tended to FRP composite filaments via homogenized composite modeling. At the
same time, the resulting residual stress fields and geometric distortion are used to
explain deviations between the idealized and as-printed mechanical responses.

2.2. Materials and preparation of test specimens

The First Chapter highlighted a broad range of PLA applications in FFF research.
Regarding alternative polymers available on the market, the low thermal shrink-
age, biodegradability, low-temperature printability, and recyclability supported
the selection of PLA for this study. The choice of continuous aramid filament
reinforces the PLA matrix to prevent the polymeric composite’s brittle failure be-
cause of the aramid toughness and high strain at the peak load compared to the
carbon and glass fibers. The selection of short-fiber composite PLA filaments was
motivated by their ability to enhance both the mechanical response and manufac-
turing reliability of FFF components while remaining compatible with conven-
tional printing processes. CF-PLA was selected for its ability to enhance stiffness,
thermal stability, and dimensional accuracy by reducing thermal deformation dur-
ing cooling. In contrast, wood-fiber-filled PLA was selected as a bio-based alter-
native that can improve ductility and toughness while supporting the development
of sustainable composite materials. Additionally, the presence of short fibers can
reduce shrinkage-induced warpage and improve the dimensional fidelity of
printed components, making these materials suitable for investigating the relation-
ship among material composition, printability, and fabrication quality in FFF pro-
Cesses.
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Fig. 2.1. Schematic representation of the continuous filament manufacturing process

2.2.1. Production of continuously reinforced polymer filament

The reinforcement phase (Fig. 2.1) used high-performance Twaron 1610 Dtex
para-aramid yarn (0.38 mm diameter, 1K yarn; Teijin Aramid, The Netherlands)
to produce the reinforced PLA filaments. The producer provided the following
characteristics of the aramid fiber: a 1.44-1.45 g/cm?® density; the 2.7-3.6 GPa
tensile strength; the 60—145 GPa modulus of elasticity. Initially, the fiber bundle
was coaxially distributed within the PLA matrix using a modified single-screw
extrusion line (Nanjing Tengda Machinery, China). The fabrication process was
controlled by Pixsys ATR142 PID controllers, which maintained a temperature
gradient profile that peaked at 260 °C in the impregnation zone to facilitate poly-
mer melt flow and fiber wetting. Then, it stabilized the subsequent extrusion zones
at 180-195 °C. In the post-extrusion phase, the composite filament was passed
through an HMI-monitored water bath maintained at approximately 40 °C to rap-
idly solidify the polymer matrix. The cooled filament was drawn by a haul-off
unit operating at 8.0 RPM to achieve a calibrated outer diameter of 1.75 mm. The
final continuous aramid-reinforced PLA filament, with a fiber volumetric fraction
(Vi) of 22%, was spooled and prepared for additive manufacturing as a feedstock
for conventional FFF desktop printers.

2.2.2. Filament characteristics

The study adopted seven different filament types: continuously reinforced PLA
with the 22 vol% volumetric fiber content, 40% recycled-content PLA, and neat
PLA (Inorega Ltd., Lithuania), PLA (Prusa, Czech Republic), in addition to three
commercially available filaments supplied by Porima3D (Turkiye): Porima PLA
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(RAL9003), Porima PLA reinforced with carbon fibers (PLA-CF), and Porima
PLA reinforced with wood fibers (PLA-WF).

The PLA filament, produced by Prusa, had a nominal diameter of 1.75 +
0.02 mm, as specified by the manufacturer. According to the manufacturer’s
technical datasheet, the allowable fabrication parameters include a nozzle tem-
perature of 210 + 10 °C, a heated bed temperature of 40—-60 °C, and a print
speed of up to 200 mm/s. A cooling fan speed of 100% is advised to ensure
optimal print quality. PLA filament exhibits a tensile strength of 51 MPa, an
elastic modulus of 2.3 GPa, and a density of 1.24 g/cm?. All filaments had a
nominal diameter of 1.75 mm and were supplied on 1 kg spools. According to
the manufacturer’s specifications, Porima3D, the neat PLA filament exhibits a
tensile strength of 56 MPa, an elastic modulus of 2.8 GPa, and a density of
1.24 g/cm?, while the PLA-CF filament possesses a tensile strength of 65 MPa,
an elastic modulus of 4.0 GPa, and a density of 1.27 g/cm?. The PLA-WF fil-
ament has a tensile strength of 35 MPa, an elastic modulus of 1.8 GPa, and a
density of 1.20 g/cm?. The PLA-WF filament contains approximately 30 wt%
wood filler, whereas the PLA-CF filament contains 10 wt% short carbon fi-
bers. The tensile, elastic, and density values reported above were provided by
the manufacturer using molded specimens.

The printing parameters and experimental conditions were selected to en-
sure reproducible manufacturing using standard FFF equipment and to main-
tain comparability between reinforced and unreinforced materials. The param-
eters were chosen based on manufacturer recommendations for PLA-based
filaments and prior studies on FFF processing to ensure stable extrusion,
proper interlayer bonding, and minimal process-induced defects. Table 2.1
summarizes the experimental design for test specimens across the adopted ma-
terials.

Table 2.1. Fabrication specifications for the tested materials

Tempera-
turep In- Ras-
G Print £ Build fill ter Noz- | Sam
Filament eometry | gheeq X= | BUNG ) gen- | an- | zle | ples
standard tru- | plat- | G
: y | gle
sion | form
(mm/s) | (°C) | (°C) | (%) | () | (mm) | (-)
L 2 3 4 |5 |6 |7 |8
CAFR-PLA Vi= | ASTM
22 vol.% (In.LT) | D3039 10 210 | 60 | 100 | +45 |08 |5
40% recycled- ASTM
PLA (In.LT) D638-14 28 210 | 60 100 | +45 | 0.4 6
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End of Table 2.1

1 2 3 4 |5 |6 |7 |8 o
ASTM

PLA(NLT) | Dot | o8 210 |60 | 100 | +45 |04 |11
D3039

PLA (P.C2) éﬁgg“_”l , |2 210 |60 | 100 | +45 |04 |6
ASTM " ]

PLA (P0.TR) Rgﬁ\'ﬂ“* 30 215 | 60 |60, |+45 |04 |8,
D790 100 6

PLA-CF SSQTEI;YIM 20, o

10 Wit + | 30 215 |60 |60, |+45 |04 |6,
ASTM

(Po.TR) il 100 6

PLA-WF De3e.14 20 o

30 W% + | 30 215 |60 |60, | +45 |04 |6,
ASTM

(Po.TR) i 100 6

Note: CAFR-PLA is continuous aramid-fiber reinforced PLA, (In.LT), (Pr.CZ), and (Po.TR) repre-
sent (Inorega Ltd., Lithuania), (Prusa, Czech Republic), and (Porima3D, Turkiye).

2.3. Experimental testing procedures

The experimental program of continuously reinforced thermoplastics consists of
two stages. The first stage investigates the mechanical properties of alternative
PLA materials and verifies the feasibility of partially replacing the source material
with recycled plastic. At the second stage, the mechanical performance of FFF
components produced from the partially recycled PLA reinforced with continuous
aramid fiber is analyzed. The test campaign included 28 tensile test specimens: 18
were tested in the first stage without reinforcement, and the remaining 10 rein-
forced polymeric samples were tested in the second stage. All specimens were
produced on a Prusa i3 MKS printer using PrusaSlicer 2.3.3.

The existing FFF hardware and slicing limits necessitate straight, uninter-
rupted deposition paths to maintain fiber integrity for the adopted pre-impregnated
continuously reinforced filament. By matching the testing protocol to these longi-
tudinal printing paths, the characterization captures the composite’s effective me-
chanical potential while eliminating variables associated with fiber curvature and
discontinuities. Therefore, uniaxial tensile testing is scientifically justified by the



2. MATERIALS, METHODS, AND RESEARCH METHODOLOGY 53

alignment of the loading state with the material’s principal reinforcement axis and
by practical constraints associated with the adopted reinforcement approach,
thereby ensuring a direct measurement of reinforcement efficiency.

| Monitored
surface

Digital camera
CANON 77D

Fig. 2.2. Tensile test setup

The tensile tests were performed using a 100 kN electromechanical testing
apparatus (H100KS, Tinius Olsen, Norway) at a loading rate of 2 mm/min. A
100 kN load cell measured the load. Figure 2.2 shows the testing setup. A
digital image correlation (DIC) system monitored the relative displacements
of the specimen surface (Fig. 2.2). The GOM Correlate software determined
the strain distribution maps. The spray paint ensured a high-contrast, random
pattern to facilitate the software’s tracking of the movement tensors of the
pixels recognized in the surface’s digital images. This technique enables mon-
itoring the relative displacements of arbitrarily selected pixels after physical
tests (Gribniak et al., 2021a, 2021c). A digital single-lens reflex camera,
Canon EOS 77D SLR, with an 18-135 mm Canon EF-S lens placed on a tripod
at 0.4 m from the monitored surface, captured the digital images, using the
following settings: exposure time = 1/100 s, aperture = /4.0, sensitivity to
light = ISO 100, focal length = 24 mm. The 6000x4000 px images were cap-
tured at 0.25 kN increments. A remote-control device allowed the camera to
avoid unexpected movements.
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Fig. 2.3. Experimental program workflow

For short-fiber reinforced thermoplastics, the experimental program
(Fig. 2.3) comprised: fabrication of additively manufactured specimens using
FFF; mechanical characterization under uniaxial tensile and three-point bending;
thermo-physical and viscoelastic characterization by differential scanning calo-
rimetry (DSC) and dynamic mechanical analysis (DMA); and microstructural in-
vestigation of fracture surfaces using scanning electron microscopy (SEM). All
test specimens were fabricated using a BIQU B1 FFF 3D printer with a 0.4 mm
nozzle, and the slicing was performed with PrusaSlicer v2.6.1.

2.3.1. Tensile test of recycled polymer

The first testing stage uses tensile specimens from three different PLA materials.
Peinado et al. (2015) and Anderson (2017) reported that reusing a PLA that has
been recycled multiple times (up to 20) through the FFF process minimally affects
the mechanical performance of the printed material. They also did not find a sig-
nificant alteration of the mechanical properties. These results led the author to
hypothesize that there is no adverse effect of using recycled polymers in FFF.
Therefore, the locally produced partly recycled PLA (Inorega Ltd., Lithuania) is
the object of investigation to verify the above hypothesis. This material contains
40% recycled PLA purchased from the local recycling company. Therefore, no
details about the recycling rate are available. The 100% primary PLA from the
same producer serves as the reference; the comparative analysis also includes a
reputable European PLA manufacturer (Prusa, Czech Republic). Filament mate-
rials with a nominal diameter of 1.75 mm were used for FFF.
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The unreinforced tensile specimens correspond to Type | according to ASTM
D638-14 (ASTM International, 2014a). The printing layout of the dumbbell-
shaped test samples (Fig. 2.4a) includes two solid “shells” at the perimeter; the
inner part of the specimen was printed in 11 layers with 100% infill, oriented at
45° to the loading direction. The infill angle was altered for every layer. The 3D
printing was carried out using a 0.4 mm nozzle at 210 °C and 28 mm/s, with a bed
temperature of 60 °C. Six specimens of each material were manufactured using
the parameters described above.

The 18 unreinforced samples were tested to compare the mechanical perfor-
mance of the printed materials. Figure 3.2 shows the stress-strain diagrams and
the characteristic failure mechanisms (the actual cross-section dimensions deter-
mined the stresses in the polymer).

57
. 165
Odd layer | M 181 |
W % l 250 )|
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Fig. 2.4. Sample dimensions (in mm) and printing layout: (a) unreinforced specimen;
(b) reinforced plate

2.3.2. Tensile tests of continuously reinforced polymer

The FFF process uses a conventional Prusa i3 MK3 printer with a 0.8 mm nozzle.
The specimens were manufactured at 210 °C and a speed of 10 mm/s; the bed
temperature was 60°C. The reinforced samples for the tensile tests (Fig. 2.4b)
consist of a 250 x 18 x 3 mm square plate, in accordance with ASTM D3039
(ASTM International, 2017). Continuous reinforcement prevents the printing pro-
cess from being terminated. Therefore, the 3D extruder motion and printing flow
were tailored to avoid interrupting or damaging the pathway. The printing code
was customized to specify a constant volumetric flow rate of 26 mm?/s for the
fibrous PLA composite. Figure 2.4b shows the extruder’s travel path. Five PLA
specimens reinforced with aramid fiber were manufactured using the parameters
above. For comparison purposes, five additional samples of the same geometry
(i.e., the 250 x 18 x 3 mm square plate) were produced without reinforcement.
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2.3.3. Reinforcement efficiency evaluation

Gribniak et al. (2021a, 2021b) developed a methodology for estimating the rein-
forcement efficiency. It employs a simplified finite element model based on the
smeared reinforcement concept. The model’s ability to predict the composite’s
actual mechanical resistance (stiffness and load-bearing capacity) under the as-
sumption of experimental elastic moduli for the composite constituents (PLA ma-
trix and bare fiber) quantifies the reinforcement efficiency. Following this con-
cept, the tensile (Fig. 2.2) expressed in terms of external load P induces two
internal forces acting on the aramid fiber N and PLA matrix Np:

P =N +N,. 2.1)

The following equation explains the above load components by the average
strains ¢, assuming equality of the considered deformations:

EmAmSm = EfAfo + EpApé'p

e } = Bt = By + Epay, 2.2)

where E and A are the elastic modulus and area; the indices m, f, and p correspond
to the composite, aramid fiber, and PLA matrix parameters. The following formu-
las express the areas in Eq. 2.2 in the volumetric fiber fraction Vi terms:
Ar = A Vi Ap=An-(1-Vp). (2.3)
The above expression allows simplifying Eq. 2.2 as follows:

Em =Ef Ve +E,-(1-Vp). (2.4)

The elastic modulus Es: determined through the reinforcement specimen ten-
sile tests (Fig. 3.1) describes the efficient reinforcement fraction, Vier, as follows:

Etest — Ep
Veer =——7. 2.5
The following coefficient describes fiber reinforcement efficiency:
%
Cop = 2L x 100%. (2.6)

Ve
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2.3.4. Tensile and flexural testing of short-fiber reinforced
composites

Mechanical testing was conducted to evaluate the tensile and flexural properties
of the FFF specimens. Standardized test methods defined by ASTM International
were adopted to ensure repeatability and comparability of the measured mechan-
ical properties. Tensile specimens were fabricated in accordance with ASTM
D638 Type | geometry. The dumbbell-shaped samples were printed with two solid
outer shells at the perimeter. At the same time, the internal region consisted of 11
layers printed with a £45° raster orientation relative to the loading direction. The
infill angle was alternated between successive layers to enhance structural isot-
ropy. Three infill densities (20%, 60%, and 100%) were investigated to assess the
influence of internal structure on tensile performance, with six specimens fabri-
cated for each material and infill density. All specimens were printed using a
0.4 mm nozzle at 215 °C, a bed temperature of 60 °C, and a constant print speed
of 30 mm/s.

Uniaxial tensile tests were performed using an electromechanical universal
testing machine manufactured by Jinan Testing Equipment IE Corporation,
equipped with a 100 kN load cell suitable for polymer-based specimens. Testing
was conducted under displacement control in accordance with ASTM D638, with
a constant crosshead speed of 5 mm/min. All experiments were carried out under
laboratory conditions at 23 °C. Force-displacement data and engineering stress-
strain curves were recorded. The ultimate tensile strength o,, was calculated as
follows:

Oy =—. (2.7)

where B, is the ultimate tensile load (N), and A is the cross-sectional area (mm?).
The elastic modulus E was determined from the slope of the linear elastic
region of the stress-strain curve as follows:

_Aa

E=—.
Ae

(2.8)

In FFF samples, the initial portion of the force-displacement or stress-strain
curve is typically nonlinear (Rimkus et al., 2022). This behavior arises from sev-
eral microstructural (fabrication-induced) and testing-related factors. However,
after the initial adjustment stage, the response enters a quasi-linear elastic region
in which stress and strain are approximately linearly related. Therefore, this study
determines the elastic modulus using Eq. (2.8) as the slope of the linear fit within
the quasi-linear elastic segment of the stress-strain diagram, excluding the initial
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nonlinear portion associated with seating and microstructural accommodation in
the FFF material. This approach is consistent with standard mechanical character-
ization practices for polymeric materials, e.g., ISO 527 (ISO, 2019).

Flexural specimens were printed as rectangular beams in accordance with
ASTM D790 (ASTM International, 2010b), with five specimens per material, and
100% infill density. The infill raster orientation was set to +45° and alternated
between layers, consistent with the strategy used for tensile specimens. Printing
parameters, including nozzle diameter, temperatures, and print speed, were iden-
tical to those used for tensile sample fabrication. Three-point bending tests were
conducted following ASTM D790 using a TX-700 Texture Analyzer. The speci-
mens were tested with a support span length of 51.2 mm and a constant crosshead
speed of 1.30 mm/min. Force-displacement data were recorded until specimen
failure. The flexural stress and flexural modulus of elasticity were calculated using
the following equations:

3PL
Of = oz (2.9)
O'f Lzm
E=—2 = , 2.10
F " &~ 4bd3 (2.10)

where oy is the flexural stress (MPa), P is the applied load at a given point on the
load-deflection curve (N), L is the support span length (mm), b is the specimen
width (mm), d is the specimen thickness (mm); L is the support span length
(mm), m is the slope of the load-deflection curve, & is the flexural strain.

2.4. Thermal characterization by differential scanning
calorimetry

The thermal behavior of the investigated filament materials was characterized via
differential scanning calorimetry (DSC) using a Linseis DSC-PT10 (Linseis
Messgerate GmbH, Germany), including the glass transition temperature (Tg),
cold crystallization temperature (Tcc), melting temperature (Tm), and the associated
enthalpy changes. DSC measurements were carried out using a laboratory differ-
ential scanning calorimeter. Specimens with a mass of approximately 7 £ 1 mg
were sealed in hermetically crimped aluminum pans and analyzed under a nitro-
gen purge atmosphere at a flow rate of 50 mL/min to minimize oxidative degra-
dation during heating.

The analysis was performed using a heat-cool-heat temperature program. The
first heating scan was conducted to eliminate the samples’ prior thermal history,
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followed by a controlled cooling scan and a second heating scan to evaluate the
materials’ inherent thermal transitions. All heating and cooling scans were per-
formed at a constant rate of 10 °C/min from 25 °C to 200 °C.

Thermal transition temperatures (Tg, Tec, and Tm) and the enthalpy values for
cold crystallization (AHc) and melting (AHm) were determined from the DSC
thermograms using the instrument’s analysis software. The degree of crystallinity
(Xc) was calculated from the second heating scan using the following equation
(Kong & Hay, 2002):

X.(%) = Aty — AHec 100 (2.11)
¢ AHY, .w ' '

where AHn is the measured melting enthalpy, AHc is the cold crystallization en-
thalpy, and AHn° is the melting enthalpy of a fully crystalline polymer, and w is
the mass fraction of the polymer matrix.

2.5. Viscoelastic characterization by dynamic
mechanical analysis

Dynamic mechanical analysis (DMA) was performed to characterize the viscoe-
lastic response and temperature-dependent stiffness of the printed materials. DMA
testing was carried out using a laboratory dynamic mechanical analyzer (TA In-
struments Q800). Measurements were conducted in three-point bending using rec-
tangular specimens machined from printed bars (typical dimensions ~ 35 x 10 x
3 mm). A periodic deformation was applied at 1 Hz with a small oscillation am-
plitude (10 pm) to maintain linear viscoelastic conditions. The temperature was

increased at a constant rate of 3 °C/min from 25 to 120 °C. The storage modulus

(E", loss modulus (E"), and damping factor (tan &) were recorded; the DMA-
derived transition temperature was defined as the tan 6 peak.

2.6. Scanning electron microscopy analysis
of short-fiber reinforced polymer

The SEM analysis was employed to examine the microstructural features of the
investigated materials and to assess fiber dispersion, interfacial characteristics,
and fracture morphology. SEM observations were performed using a field-emis-
sion scanning electron microscope (FEI Quanta 450 FEG, Thermo Fisher Scien-
tific, USA). Due to the dielectric nature of the PLA matrix and the organic wood
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fillers, the specimens were first coated using a VTC-P100 Plasma Vacuum Coater
(OptoSense, Turkey). A conductive nanometric layer was deposited under high
vacuum (14 Pa) to minimize surface charging, ensure stable electron emission,
and improve imaging quality at higher magnifications. Cross-sections of the as-
received filaments (PLA, PLA-CF, and PLA-WF) were analyzed to quantify the
internal morphology and to confirm the presence and distribution of short rein-
forcing fibers within the polymer matrix.

SEM was also used to examine the fracture surfaces of additively manufac-
tured specimens subjected to mechanical testing to identify dominant failure
mechanisms and damage features generated during loading. Imaging was carried
out at an accelerating voltage suitable for polymer-based composites, using sec-
ondary-electron mode to resolve surface topography and fiber-matrix interactions.

2.7. Warpage

During fabrication of test specimens, warpage was observed, manifested as out-
of-plane bending and edge lifting of the printed parts during cooling. This behav-
ior is characteristic of semi-crystalline thermoplastics such as PLA, where non-
uniform heat dissipation through the build thickness generates thermal gradients
and differential shrinkage between the upper layers and the region constrained by
the heated bed. The accumulated residual stresses can exceed the adhesion forces
at the bed-part interface or the interlayer constraint, leading to geometric distor-
tion and, in severe cases, partial detachment. In this study, warpage was quantified
by measuring the maximum out-of-plane edge deflection of the printed specimens
after cooling and removal from the build platform. The printed samples were
placed on a flat reference surface, and the vertical displacement of the lifted edges
relative to this surface was measured. The measurements were performed using a
Vernier caliper with an accuracy of 0.02 mm. The warpage magnitude was deter-
mined as the maximum edge lift (out-of-plane displacement) observed along the
specimen’s edges.

Compared to neat PLA, the short-fiber composites exhibited reduced edge
warpage: the addition of 10 wt% CF contributed to a reduction in edge warpage
of 14.3%, whereas 30 wt% WF reduced edge warpage by 43% (Fig. 2.5). These
reductions are consistent with increased geometric fidelity during cooling, re-
flected by flatter specimens and lower out-of-plane deflection after printing,
which is important to consider where tighter control over dimensions is desired.
The reduction in warpage is attributed to the presence of rigid short fibers, which
increase the effective stiffness of the extruded paths, constrain matrix shrinkage,
and reduce thermal contraction by lowering the volume fraction of the shrinking
polymer phase. In addition, fiber-induced microstructural constraints and the
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higher crystalline fraction observed in the wood-fiber composite help stabilize the
geometry during cooling by limiting long-range chain relaxation. Short-fiber re-
inforcement provides a practical advantage in FFF by mitigating distortion driven
by residual stress and improving the dimensional fidelity of tensile specimens.

The observed reduction in edge warpage in short-fiber-reinforced composites
indicates that fibers can enhance dimensional fidelity, making them useful for ap-
plications that require geometric precision. Further progress is expected from im-
proving fiber-matrix compatibility and reducing defect sensitivity (e.g., fiber sur-
face treatment/coupling agents, improved melt impregnation during filament
extrusion, and printing strategies that enhance consolidation and alignment with
load paths). Future research should emphasize predictive numerical modeling to
estimate temperature fields, residual stress development, and part distortion dur-
ing printing and cooling, thereby enabling geometry compensation and process
optimization. Such predictive model-based approaches can reduce reliance on ex-
tensive trial-and-error, thereby minimizing time and material waste associated
with unsuccessful print attempts. In practice, warpage is not only a dimensional-
accuracy issue: it can also trigger printing errors, edge lifting, and local loss of
interlayer contact. Therefore, predicting part distortion in advance is essential for
selecting process settings and materials that maintain geometric fidelity through-
out cooling and part detachment. The next section presents a coupled thermo-me-
chanical finite element approach for predicting warpage in FFF plastics, based on
the simulated thermal history and the resulting evolution of residual stresses.
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Fig. 2.5. Edge warpage measurements where (a) typical schematic of printed test speci-
men (dimensions in mm); (b) neat PLA; (c) PLA-CF; and (d) PLA-WF edge warpage

2.8. Thermo-mechanical approach of the fused
filament fabrication process

This study presents a numerical simulation of the FFF process, which was per-
formed using two complementary finite-element environments: ABAQUS and
Hexagon Digimat. The 3D staged thermo-mechanical framework is described and
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was implemented in ABAQUS AM modeler for neat PLA, enabling explicit res-
olution of the sequential manufacturing stages (printing, cooling, and detachment)
and their influence on residual-stress development and warpage.

For the short-fiber composite filaments (PLA-CF and PLA-WF), Digimat
was adopted because it provides a practical workflow for modeling fiber-rein-
forced polymer materials and direct coupling with Digimat-AM for process-level
distortion prediction. For composite material modeling, the most suitable choice
is Digimat-MF, as it is specifically designed for the mean-field homogenization
of representative volume element (RVE) models for short-fiber composites and
efficiently delivers the effective, generally anisotropic thermo-mechanical prop-
erties required by process simulations. In this approach, an RVE representation of
the microstructure (fiber content, morphology, and orientation state) is defined,
and the homogenization procedure computes the equivalent macroscopic consti-
tutive response. Accordingly, Digimat-MF provides the most direct and compu-
tationally efficient route for generating a composite material card suitable for sub-
sequent warpage simulation in Digimat-AM.

This research builds upon the above findings, namely, that FFF-fabricated
PLA specimens can develop edge warpage and out-of-plane distortion during
cooling, which affects dimensional fidelity and may influence the mechanical re-
sponse, in addition to the findings of a prior program (Sostakaité et al., 2024) that
investigated additive drone manufacturing using a desktop 3D printer and com-
mercially available polymeric materials. The comparative analysis presented by
Sostakaité et al. (2024) outlines key material properties, including tensile strength,
modulus of elasticity, and thermal characteristics. These insights, together with
PLA’s compatibility with desktop FFF printers, justify its selection for this study,
given its non-toxicity, ease of processing, and affordability. Additionally, recent
studies have reinforced the appropriateness of PLA-based materials for drones,
highlighting their favorable strength-to-weight ratio, ease of printing, and suita-
bility for complex geometries (Kantaros et al., 2025; Plamadiala et al., 2025).

2.8.1. Specimen design and fabrication parameters

The experimental phase employed tensile specimens conforming to the ASTM
D638-14 (ASTM International, 2014a) geometry. The test specimens were pro-
duced using a Prusa i3 MK3 printer and sliced with PrusaSlicer 2.3.3 (Prusa Re-
search, Prague, Czech Republic), which offers the resolution and control required
for research-grade FFF.

Figure 2.6 shows the research workflow. The slicing parameters were se-
lected to ensure complete material deposition and minimize interlayer defects,
based on studies by Senkefik et al. (2024) and Mosleh et al. (2024). The test phase
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was designed in direct response to the fabrication challenges identified in the pre-
ceding research, particularly inadequate adhesion and warpage during FFF. Build-
ing on these findings, the present work applies a detailed staged thermo-mechan-
ical simulation framework to systematically investigate the thermal and
mechanical evolution of printed parts under constrained geometries and weight-
sensitive applications. The previous tests (Rimkus et al., 2022; Farh et al., 2024;
Sostakaité et al., 2024) defined the specific printing settings to ensure the sample’s
warpage during physical testing. To induce warpage, the specimens were printed
on a replacement spring steel sheet coated with smooth, double-sided PEI (poly-
ethylenimine), and no additional adhesion measures were used. The physical ex-
periment was conducted in an open-chamber environment to simulate the printing
conditions. After fabrication and cooling under laboratory conditions (at 20 °C)
until the printing bed temperature reached 25 °C, the test samples were removed
by bending (flexing) the spring steel sheet to mechanically detach the specimen,
after which the specimen edge debonded due to the cooling-induced release.
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Fig. 2.6. Numerical simulation workflow

Thus, in the first fabrication trial, the dumbbell-shaped test sample layout
included two solid shells along the perimeter of the print; the inner part of the
specimen was printed in 11 layers, yielding a total thickness of 3.2 mm. The first
layer height was 0.2 mm, with subsequent layers at 0.3 mm each, and a 100%
infill with a £45° orientation, alternating the infill angle between layers. Printing
was conducted using a 0.4 mm nozzle at 210 °C and a speed of 30 mm/s; the
printing bed temperature was maintained at 60 °C. Warpage was observed at the
microscale in the 3D printed part. To observe macroscale warpage, the second
fabrication stage used the same parameters as the first but with a reduced thickness
of 0.4 mm, printed in two layers of 0.2 mm each. This modified geometry was
selected to facilitate observation of warpage during physical testing.
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2.8.2. Fabrication code conversion and element activation

A central innovation of this study is the automated conversion of G-code into a
time-resolved event series compatible with FE simulations in ABAQUS (Simula,
Dassault Systems, Version 2020, Providence, RI, USA). G-code, which encodes
the printer’s toolpath and associated process parameters, is parsed using a custom
Python script. This script extracts the time-dependent filament centerlines and
deposition sequences from the G-code file generated by slicing software. It con-
verts them into an event series that defines the activation intervals of finite ele-
ments within the simulation domain. The resulting event series specifies the noz-
zle’s position in the X, y, and z axes over time, as well as the extrusion status, as
shown in Table 2.2. The x, y, and z columns specify the spatial coordinates of the
extruded filament centerline at time t. The final column indicates the deposition
status, where 1 denotes active extrusion, and O represents non-depositing move-
ments. Since the deposition path in the G-code is not always continuous, the noz-
zle may perform non-depositing movements during travel. The filament cross-
section was approximated as a rectangle, with dimensions matching the major and
minor axes of the elliptical profile shown in Figure 2.7.

Table 2.2. A fragment of an event series input example

t[s] X [mm] y [mm] z [mm] Activation
0 -8.75 0.20 49.74 0
0.0003 -8.75 0.20 49.74 1
0.0096 -8.75 0.20 89.25 1
0.0138 8.75 0.20 89.25 1
0.0231 8.75 0.20 49.74 1
0.0234 8.45 0.20 48.68 1

The element activation strategy uses a progressive element birth approach, in
which elements are activated when their centroids intersect the defined deposition
path. This method, first introduced by Zhang and Chou (2006), has been widely
adopted in simulations for its ability to replicate the sequential nature of FFF. In
this study, the filament’s elliptical cross-section was approximated as a rectangle,
and a binary state variable was assigned to each element, indicating activation (1)
or inactivity (0) at a specific time. The generated G-code includes the necessary
instructions for FFF, such as printing speed, extrusion temperature, and print path.
As previously described, the custom Python script transforms this G-code into an
event series for FE analysis. Figure 2.7 illustrates the element activation process,
which is based on the time-dependent filament coordinates provided by the event
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series described in Table 2.2. As shown in Figure 2.7, the filament’s elliptical
cross-section is approximated as a rectangle. Thus, an element is activated and
included in the analysis if its center lies within these rectangular boundaries.

Simplified cross-section

Typical extruded filament section

Filament centerline

Center of finite element

Active finite element

Inactive finite element

Fig. 2.7. Element activation approach

This approach is consistent with the methodology used by Syrlybayev et al.
(2021), who applied a similar element activation scheme to simulate warpage in
FFF parts. Their work demonstrated that accurate modeling of the deposition se-
guence significantly improves the prediction of thermal gradients and mechanical
distortions. The present study extends this concept by integrating the event series
directly into the FE simulation framework, enabling a seamless transition from
slicing to simulation.

Automating G-code conversion significantly improves simulation efficiency,
enhancing reproducibility and scalability of simulation workflows. This capability
is particularly valuable for parametric studies and optimization tasks, where mul-
tiple simulations must be conducted under varying process conditions.

2.8.3. Thermal simulation

In the FFF process, the filament is extruded at a temperature Tt and deposited onto
a heated build platform maintained at T,. The classical heat conduction equation
governs the transient thermal behavior of the printed part (Hussein et al., 2013):

oT
peo = V. (kVT) +q, (2.12)
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where p is the material density, ¢ is the specific heat capacity, % is the time rate

of change of temperature, T is the temperature, V is the divergence operator, k is
the thermal conductivity, and q is the internal heat source.
The initial temperature distribution follows Schoinochoritis et al. (2017):

T(x,0) =T, x € 0, (2.13a)

T(x,0)=T, x € 0y, (2.13b)

where the vector x = (X, y, z) determines the position; Qx is the boundary of the
extruded and deposited material; €, is the surface of the print bed; Trand T, are
the extrusion and print bed temperatures. The Neumann boundary conditions, ac-
counting for convective and radiative heat exchange, are expressed as follows
(Schoinochoritis et al., 2017):

aT
kf% +q:.+q-=0, x€eS) (2.14a)

where S(t) is the external surface of the body (changing during the element acti-
vation); n is the vector normal to the surface of the body; q. and g represent the
convective and radiative heat fluxes, which are defined as follows:

gc = R(T —Ty); (2.14b)

q- = K,(T* —TH)e, (2.14¢)

where h is the heat transfer coefficient, Ky, represents the Stefan-Boltzmann con-
stant, Ts is the surrounding temperature, and e is the emissivity.

Table 2.3 summarizes the temperature-dependent physical properties of PLA
used in the thermal simulation, as reported by Espinach et al. (2018), Farah et al.
(2016), and Song et al. (2017). In this table, T is the material temperature; E is the
deformation modulus; v is Poisson’s ratio; oy is the yield strength; « is the thermal
expansion coefficient; k is the thermal conductivity; ¢ is the specific heat capacity;
p is the density. The transient thermal simulation used 3D eight-node linear heat-
transfer brick elements (DC3D8) in ABAQUS (Simula, Dassault Systems, Ver-
sion 2020, Providence, RI, USA). Figure 2.8 illustrates the thermal problem con-
sidered in this work. This formulation requires specifying the temperature-de-
pendent thermal properties of the PLA filament, as well as the filament and
printing bed temperatures (Tr and T), the emissivity (surface radiation) factor (e),
the heat transfer coefficients of the filament and build platform (hs and hy), and the
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surrounding and room temperatures (Ts and Ta). The simulation comprised three
distinct phases: printing, cooling, and detachment. During printing, newly acti-
vated elements were initialized at an extrusion temperature of 210 °C, while the
build platform was maintained at 60 °C. These boundary conditions were applied
exclusively during the printing phase and removed during cooling and detachment
to replicate the physical release of the printed part.

Table 2.3. Physical properties of PLA material

[TOC] [EMPa] ]V - ‘[’K/Ipa] ax10-5 [1/°C] [k [W/(m-°K)] | ¢ [J/(kg-°K)] fkg/mﬂ
25 |1860 [0.36[25.0 7.9 0.11 1590 1250
30 [1800 [0.36[250 7.9 0.11 1590 1250
40 1727 Jo0.36[250 |79 0.11 1590 1250
50 |1603 [0.36[189 [7.9 0.11 1590 1250
60 |1000 [0.36][153 [7.9 0.11 1750 1250
70 [300 [o036[11.7 7.9 0.11 2300 1250
80 |50 0.368.2 7.9 0.11 1590 1250
90 |10 0.36[7.0 7.9 0.11 1590 1250
100 |1* 0.36]7.0 7.9 0.11 1950 1250
150 |1* 0.36]7.0 7.9 0.11 1950 1250
200 |1* 0.36]7.0 14.4 0 1950 1250
210 |1* 0.36]7.0 14.4 0 1950 1250
220 |1* 0.36]7.0 14.4 0 1950 1250

* Assumed non-zero value to ensure the solution converges.

Heat transfer was modeled using the temperature-dependent thermal proper-
ties of PLA reported by Khanafer et al. (2022) and Syrlybayev et al. (2021). The
film coefficients were set at 72 W/m?-°C during printing and 67 W/m?-°C during
cooling, while the emissivity values were 0.92 and 0.0, respectively. These values
were selected based on experimental data and validated modeling practices in the
literature. For example, Khanafer et al. (2022) used similar thermal parameters to
simulate heat flow in FFF processes, emphasizing the importance of accurate
boundary conditions in predicting thermal gradients.

The thermal model also considered conduction between the filament and the
build platform, as well as between adjacent filament layers. Convection to the
surrounding environment was included to simulate natural cooling (Fig. 2.8). The
detachment stage was assumed to involve no heat exchange, representing the
part’s removal from the printer and exposure to ambient conditions. This staged
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thermal modeling approach is consistent with the methodology proposed by Cat-
tenone et al. (2019), enabling comprehensive simulation of residual stress evolu-
tion and post-printing deformation. The present study builds on this by explicitly
modeling the detachment phase, which is critical for understanding warpage be-
havior in the part’s unsupported regions.

The simulations were performed by varying the number of FE in the model
from 9000 to 548720 and were executed on a workstation equipped with 16 GB
of RAM and an AMD Ryzen 9 5900HX processor running at 3.30 GHz. Addi-
tional FE simulations were performed to evaluate the sensitivity of warpage to
variations in extrusion temperature. Increasing the temperature from 200 °C to
220 °C, as recommended by the manufacturer’s datasheet. Within the manufac-
turer’s allowable range, the selected temperatures reflect a practical scenario en-
countered in desktop FFF.

Extruder head

/Eilament

Heating flux from the extruder Convection from the

filament to surroundings

Conduction between @ @Convection from the build
filament and build platform @ platform to the surroundings

.+~ Conduction between

filament overlays Deposited

Build platform

1 Tt
é) Heating from the build platform
Fig. 2.8. Heat transfer scenarios during the fused filament fabrication process

2.8.4. Mechanical simulation

In ABAQUS, engineering quantities are represented in Voigt notation rather than
in tensor form, with the internal tensor-to-matrix transformation (\Voigt mapping)
performed automatically by the software. Thus, it internally transforms the as-
sumed physical properties (Table 2.3) into second- and fourth-order tensor map-
pings, thereby building the stiffness matrix S(T). Cattenone et al. (2019) incorpo-
rated the computed time-dependent temperature distribution as externally
prescribed, solution-independent conditions into a thermo-elastic-plastic constitu-
tive model to evaluate the total strain, which is expressed as follows:

E=¢E+ &y T &, (2.15a)

where ¢ is the total strain, and &., &, and & are the elastic, plastic, and thermal
strain components, with individual components defined as follows:
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g, =S(T) - o, (2.15b)
Epl = A0gey, (2.15¢)
& = a(T)VT, (2.15d)

where ¢ is the stress in Voigt notation; S(T) defines temperature-dependent com-
pliance (the inverse of stiffness matrix); odev iS the deviatoric part of the stress
tensor; a(T) determines the temperature-dependent second-order coefficient of
thermal expansion tensor; A is the plastic flow factor, determined according to the

following criterion (Lubliner, 2008):
=0, oym < a,(T);
o i @16

) vm = y ]

where oy is the yield stress and oun is the effective Von Mises stress that can be
described as follows:

Oym = \/Z(Udev)Tadev/3 ’ (2.17)

where the operator ()" indicates transposing the deviatoric part of the tensor.

Eq. (2.16) describes two cases: (1) the elastic behavior of the material when
the equivalent stress is below the yield stress; this means no plastic deformation
occurs, and therefore, the plastic flow multiplier (1) is zero, keeping the stress
state within the yield surface boundary; and (2) the material undergoes plastic
deformation when the equivalent stress reaches or exceeds the yield stress. In this
case, the stress state is on the yield surface. Eq. (2.16) is valid for describing neat
PLA, as the material can be reasonably approximated as an isotropic thermo-elas-
tic-plastic continuum. Under these assumptions, the Von Mises yield criterion
provides an appropriate description of the initiation of plastic deformation in the
polymer during the deposition, cooling, and detachment stages of the FFF process
simulation. The short-fiber-reinforced composites are modeled using a more ad-
vanced multiscale homogenization framework that accounts for the composite mi-
crostructure through RVE-based material modeling.

The mechanical simulation employed 20-node quadratic brick elements
(C3D20R) and used the temperature distribution from the thermal model as a so-
lution-independent boundary condition. During printing and cooling, the bottom
surface of the specimen was constrained in all translational degrees of freedom to
simulate adhesion to the build platform. Figure 2.9 shows the boundary con-
straints. These constraints were removed during the detachment phase to simulate
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the release of residual stresses and the onset of warpage. The mechanical simula-
tion predicted residual stress accumulation and geometric deformation, with max-
imum displacement localized at the specimen edges due to non-uniform cooling.
This behavior aligns with the findings of Zhang and Chou (2008), who noted sim-
ilar deformation patterns in ABS components. The current study confirms that
PLA exhibits similar behavior, with stress accumulation during cooling and re-
laxation upon detachment.

A convergence study was conducted to determine the optimal mesh density
and time step. The convergence study revealed that a mesh resolution of one ele-
ment per filament cross-section yields adequate accuracy, with minimal variation
in predicted warpage. This finding aligns with the recommendations of Barocio
etal. (2019), who emphasized the importance of mesh refinement in capturing
localized thermal and mechanical gradients. Espinach et al. (2018) reported that
PLA exhibits significant shrinkage during cooling, which must be adequately ac-
counted for in the model to ensure reliable prediction of warpage. The current
study incorporates temperature-dependent material properties to enhance the sim-
ulation’s fidelity.

Fig. 2.9. Detachment boundary conditions

2.9. Conclusions of the Second Chapter

This chapter outlines the methodological framework used to investigate
PLA-based components manufactured by FFF, integrating mechanical testing,
thermal and viscoelastic characterization, microstructural analysis, and ther-
mo-mechanical FE simulations. The obtained conclusions are as follows:
1. A two-track research structure was established to investigate continu-
ous-fiber reinforcement and short-fiber-filled PLA composites under
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controlled FFF conditions. This organization ensures methodological
consistency by fabricating all materials with identical printing parameters
and standardized specimen geometries.

Continuous-fiber reinforcement was implemented through a coaxially
impregnated aramid-PLA filament manufactured on a modified extrusion
line and processed on an ordinary desktop FFF printer. This approach
enables uninterrupted deposition of the reinforcement pathway. It is ex-
pected to clarify the practical applicability and processing constraints of
continuous reinforcement under conventional printing conditions by sep-
arating filament-manufacturing conditions from the subsequent print-
ing-stage imperfections.

A reference mechanical-testing baseline was established using standard-
ized ASTM D638 and D3039 geometries. This systematic approach pro-
vides a consistent methodological foundation for comparative analysis by
ensuring that short-fiber-reinforced filaments and PLA with a deliberate
40% substitution of virgin polymer by recycled material are examined
within the same standardized testing framework.

Short-fiber PLA composites containing carbon or wood fibers were se-
lected as commercially representative reinforcement systems, and their
mechanical, thermal, viscoelastic, and microstructural characteristics
were investigated using tensile and flexural testing, DSC, DMA, and
SEM. This integrated methodology is expected to reveal structure-prop-
erty interactions because all characterization techniques were conducted
within a unified fabrication-and-testing framework.

Dimensional fidelity was introduced as a methodological parameter
through controlled observation of warpage during cooling, linking fabri-
cation quality to thermal contraction and constrained shrinkage in FFF.
Combining this metric with the short-fiber investigation provides a co-
herent basis for subsequent process modeling because geometric devia-
tion is treated as an inherent thermo-mechanical outcome rather than an
isolated print defect.

The coupled thermo-mechanical simulations were formulated to enable
the prediction of FFF-induced warpage and to evaluate the evolution of
residual stresses that accompany the thermal cycle. This finite-element
modeling framework was adopted to reproduce the printing, cooling, and
detachment phases for neat and composite PLA materials. To support this
framework, an automated G-code parsing procedure was developed to
convert the slicer-generated toolpath into a time-resolved event series for
finite-element activation. This solution accelerates model preparation and
reduces manual implementation errors by transferring the deposition se-
guence directly from the fabrication model to the numerical domain.






Characterization and Simulation of
Mechanical Performance and
Process-Induced Deformation

This chapter presents experimental and numerical results to clarify how material
selection, reinforcement strategy, and process conditions affect the mechanical
performance and fabrication quality of FFF-printed PLA components. It integrates
tensile and flexural testing, thermal and viscoelastic characterization, microstruc-
tural observations, and thermo-mechanical simulations (the Second Chapter) to
explain the relationships among reinforcement architecture, process-induced var-
iability, and structural response. Particular attention is given to comparing unre-
inforced, recycled, and fiber-reinforced PLA systems and evaluating the effec-
tiveness of continuous and short fibers in improving load-bearing capacity,
ductility, dimensional fidelity, and resistance to warpage and development of the
residual stresses. The analysis highlights the balance between mechanical en-
hancement and manufacturability, validates predictive modeling for explaining
deviations between ideal and as-printed behavior, and outlines implications for
designing sustainable, high-performance PLA composites for functional additive
manufacturing. Accordingly, this chapter clarifies the effect of fiber on the
trade-offs among strength, stiffness, ductility, and dimensional fidelity in
FFF-printed PLA components, considering fiber type, fiber volume fraction, and

73
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infill density. Neat PLA, PLA-CF, and PLA-WF are evaluated under uniaxial ten-
sile and three-point bending at multiple infill densities to distinguish densification
effects from material effects. SEM, DSC, and DMA are used to identify fail-
ure-controlling microstructural features, crystallization behavior, and tempera-
ture-dependent stiffness, while thermo-mechanical modeling predicts FFF-in-
duced warpage and residual stress. The research findings are reported in related
scientific publications (Rimkus et al., 2022; Farh et al., 2024; Farh & Gribniak,
2025).

3.1. Analysis of continuously reinforced components

3.1.1. Tensile test results

Figures 3.1 and 3.2 show the tension test results for continuously reinforced (Sec-
tion 2.3.2) and unreinforced specimens with a partial replacement of virgin PLA
by recycled plastic (Section 2.3.1). Table 3.1 summarizes the test results. The re-
sults of Figure 3.1 indicate a substantial improvement in load-bearing capacity
due to fiber reinforcement; the ultimate load increased by 67% in the reinforced
samples.

60
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Fig. 3.1. Reinforced samples: (a) stress-strain diagrams;
(b) characteristic failure
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Fig. 3.2. Unreinforced samples: (a) stress-strain diagrams; (b) characteristic failure

Table 3.1 presents the mechanical performance of the tested samples, ex-
pressed as tensile strength. This table also includes the average strength value of
identical specimens and the coefficient of variation (CV%). Table 3.1 and Fig-
ure 3.2a also show that the mechanical characteristics of partially recycled PLA
remain competitive with the primary PLA material by Inorega and the alternative
PLA by Prusa. At the same time, the recycled polymer almost doubles production
efficiency, making FFF technology economically viable. Furthermore, the 40%
replacement of PLA with recycled plastic appears to reduce the scatter in test re-
sults. This outcome identifies the object of further research and, therefore, moti-
vates the development of a reinforced composite using partially recycled PLA.

Table 3.1. Summary of the tensile test results

Group Type Strength (MPa) Average (MPa) | CV (%)
40.8
42.6
41.3
Reference 121 400
Unrein- | Prusa 446
forced 40.5
425
; 44.2
Reference 30 421 5.00
Inorega
425
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End of Table 3.1
Group Type Strength (MPa) Average (MPa) | CV (%)
43.9
39.3
39.8
43.8
43.2
Recycled |44.2
Inor)éga 2o 439 1.26
43.7
44.8
33.3
Reference [og g
lﬂg:‘g:ég 38.4 31.4 14.4
. Inorega 21.5
Rein- 290
forced 473
] 52.3
Reinforced 5 5 50.8 5.10
Inorega
49.5
54.1

3.3%

0.015 4.5%

0.014 iy
0.012
0.011
0.009
0.008
0.006
0.005
0.003
0.002

0

Fig. 3.3. Strains mapped with DIC: (a) reinforced plate; (b) unreinforced sample
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Figure 3.3a shows an example of DIC analysis. These results align with the
Prusa manufacturer’s specified characteristics of such specimens: the modulus of
elasticity Ep, = 2.2 GPa; the yield strength f, = 50.8 MPa; the elongation at the
yielding point & = 2.9%.

3.1.2. Evaluating fabrication quality

Gribniak et al. (2021a, 2021b) related the reinforcement efficiency of continuous
filaments in an FRP composite to the bonding performance of the reinforcing ma-
terial in a polymer matrix. Post-processing, such as cutting test samples, can di-
minish the validity of the mechanical analysis. Furthermore, the relatively small
diameter of the aramid yarn in this study complicates the analysis of the fiber-
bond defects in the tensile samples. This study includes reinforced specimens
made of transparent PLA from the same producer as the polymeric material used
in the mechanical tests (Fig. 3.4a). This solution allows investigation of fiber-
matrix bonding using an optical microscope without cutting the samples.

The 250 x 18 x 3 mm square-plate specimen was printed in transparent PLA
to assess bond quality and fiber alignment. The interfacial connection was ob-
served using a 100x digital microscope DG-3X (Scalar, Japan). Figure 3.4b shows
the fiber-matrix bonding fragment, which exhibits visible defects in the bond due
to air voids around the fiber. Notably, Figure 3.4b illustrates the duplicated man-
ufacturing process, in which the aramid yarn was first reinforced into the extruded
PLA filament, and the 3D printer then produced the reinforced product. Thus, this
methodology accumulates the defects of both manufacturing stages. Therefore,
such FFF technology raises the quality requirements for raw materials. This re-
quirement differs from that of the technology considered for the FFF process, in
which the reinforcement yarn is consolidated with the polymer during 3D printing.

On the other hand, current manufacturing equipment enables control of the
quality of the reinforced PLA extrusion process. At the same time, the standard-
ized dimensions of the reinforced filament enable printing of reinforced compo-
nents with slightly customized 3D printers, making the manufacturing process
more flexible. Remarkably, the customization process should also account for
printing parameters, such as nozzle diameter, printing speed, and temperature.
Figure 3.5 illustrates the printing results for the specimens using non-optimal
printing parameters (chosen solely to ensure a stable printing process). Switching
from a 0.4 mm nozzle to a 0.8 mm nozzle produced a more uniform distribution
of the reinforcement yarn in the printed structure. However, the customized pa-
rameters did not allow precise geometry to form in both samples.

When the default settings are altered, the resulting cross-sectional shapes are
irregular (Figs. 3.5a and 3.5b). The irregularities become apparent in the reference
sample (Fig. 3.5c). This result indicates there is sufficient room to improve the
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FFF parameters. The partial debonding of the aramid yarn (Fig. 3.1b) could reduce
the stiffness of the reinforced polymer. Q. Hu et al. (2018) reported that yarn im-
pregnation before PLA filament extrusion could improve bond quality. Addition-
ally, yarn alignment in the printed specimen significantly affects the mechanical
performance of the resulting product (Goh et al., 2019). Therefore, the filament
must be stretched without weaving or misalignment. The ability of FFF printing
equipment to stretch the filament could solve this problem (Abtew et al., 2020).

Fig. 3.4. Reinforced samples from transparent PLA: (a) raw material (reinforced PLA
filament); (b) printed reinforced sample at different magnifications

Nominal cross-section = 54.0 mm‘ Nominal cross-section = 54.0 mm?

iy
(@)

Actual cross—seHion = 38.6 mm?

Fig. 3.5. Printing defects: (a) reinforced specimen; (b) unreinforced sample manufac-
tured through a 0.8 mm nozzle; (c) unreinforced reference produced through
a 0.4 mm nozzle

Actual cross-section = 36.4 mm? ‘(C)

3.1.3. Reinforcement efficiency and mechanical performance

This study employs the approach of Gribniak et al. (2021a, 2021b) to quantify the
efficiency of the developed reinforced composite using the nonlinear finite ele-
ment (FE) software Atena, as described in Section 2.3.3. The 3D solid FE model
represents the polymer matrix, and fracture mechanics principles describe PLA
failure. A 1D material model coincides with the FFF direction and determines the
reinforcement; an elastic-brittle constitutive law defines fiber failure.

At the first stage, the constitutive PLA law was tailored using the “Reference
Inorega” samples (Fig. 3.1a). Figure 3.6a shows the FE model using isoparametric
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eight-node hexahedral finite elements with an average size of 0.7 mm and eight
Gauss integration points. The FE model approximates the actual cross-section di-
mensions (Fig. 3.5b). The modeled steel plates protect the specimen supports, as
in the physical tests. Isoparametric eight-node brick finite elements with eight in-
tegration points are used to discretize the steel plates, assuming perfect contact
with the polymer. The Newton-Raphson iteration procedure controls the solution
of the deformation problem.

Figure 3.6b shows the model verification results, identifying the follow-
ing parameters: a 2.2 GPa modulus of elasticity; a 100 MPa tensile strength;
and a 58 N/m fracture energy. Remarkably, the calibrated strength exceeds
twice the maximum stress estimated in Figure 3.7a. The possible explanation
for the increase in strength relates to the printing pathway, which corresponds
to the tensile stresses. Differences in the solidification structure could also al-
ter the estimated strength. The results, shown in Figure 3.7a, assume a mono-
lithic structure for the printed PLA. However, Figures 3.4 and 3.5 show voids
and defects that reduce the cross-sectional area. In light of these findings, par-
ticular care should be taken when applying the nominal characteristics of the
polymeric material in the numerical analysis of manufactured structures, given
the FFF effect on the material’s structure, which is far from monolithic (Abou-
zaid et al., 2021).
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Fig. 3.6. Unreinforced sample: (a) FE model; (b) model verification result

At the second stage, the volumetric fiber content was the simulation variable
(all other model parameters were kept constant); the simulated geometry approx-
imated the cross-section. Figure 3.7 shows the simulated stress distribution in the
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reinforced specimen and compares the numerical prediction and test results. The
tensile displacement, applied in small increments (0.3 mm), determined the
model’s load-bearing capacity. The first model assumes a volume fraction Vi =
22%, corresponding to the nominal reinforcement content; the overestimation of
the axial stiffness, EA, and the strength, fy, is apparent. Reducing the fiber content
to 3.0% and 1.5% remedies the strength values and stiffness predictions, respec-
tively. Thus, Eq. 3.6 defines a 6.8% reinforcement efficiency with respect to axial
stiffness, increasing to 13.6% with respect to load-bearing capacity.

The simulation results with the reference fiber content (Vi = 22%, Fig. 3.7)
define the space for improving FFF technology to develop reinforced composites.
At the same time, the experimental results reveal beneficial ductility in the devel-
oped composite; the deformation at the test specimens’ maximum resistance ex-
ceeds 1.35 times the predicted value. This outcome determines the object for fur-
ther analysis. Additionally, a comparative study of DIC-traced relative
displacement maps (Fig. 3.3) reveals a uniform strain distribution in the reinforced

specimens until the onset of polymer fracture, supporting the continuous rein-
forcement concept.
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Fig. 3.7. Reinforced sample: (a) predicted stress distribution; (b) efficiency estimation
results where Exp. and FEM denote the experimental and finite element models,
respectively

3.1.4. Sustainability and polymer recycling perspectives

Despite the complexity of recycling (Colorado et al., 2020), existing technologies
enable efficient reuse of PLA materials. Paciorek-Sadowska et al. (2019) and
X. G. Zhao et al. (2018) formulated the principles for adapting recycled PLA for
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FFF. The low-temperature printability, along with a solid scientific foundation in
the literature, stimulates investigations into PLA waste recycling and makes it a
valuable resource for further AM development. Anderson (2017) and Peinado
et al. (2015) demonstrated the efficient applicability of reused PLA (recycled up
to 20 times) without noticeable loss of mechanical performance in the FFF com-
ponents. The present study’s outcomes also support the hypothesis that there is no
adverse effect from the application of recycled polymers. Two observations can
be made based on Table 3.1 and Figure 3.2:

— The 40% replacement with recycled material considered in this study
does not harm the PLA strength and modulus of elasticity. At the same
time, this modification nearly halved the cost of PLA, making FFF eco-
nomically viable. Future research should optimize the replacement con-
tent.

— The considered modification reduced the strength scatter (CV in Ta-
ble 3.1). This result indicates a beneficial effect of recycled plastic on the
mechanical performance of FFF parts, warranting further research.

3.1.5. Limitations of the proposed approach

Using pre-impregnated continuous fiber-reinforced PLA filaments in a stand-
ard single-extruder FFF system has inherent limitations that become more pro-
nounced when transitioning from simple, flat test specimens to complex 3D
structures. While tensile specimens printed using this method exhibit enhanced
mechanical performance due to the superior tensile strength of continuous fi-
bers, the technique faces significant scalability challenges, particularly for ap-
plications such as drone components or structurally demanding geometries. A
fundamental limitation lies in the lack of control over fiber orientation and
placement in three-dimensional space. Current open-source slicing software
generates two-dimensional, layer-by-layer toolpaths that are inadequate to
handle uninterrupted, curvilinear reinforcement trajectories within volumetric
objects. This constraint leads to inefficiencies in fiber alignment and compro-
mised structural continuity, especially in non-planar or overhanging sections.
Moreover, the inability to dynamically adjust fiber paths limits the ability to
customize reinforcement layouts to meet load-bearing demands across differ-
ent regions of the part. Fiber buckling, misalignment, and delamination are
likely to occur when the filament is forced to conform to complex surfaces
without appropriate in-situ control mechanisms, such as robotic fiber place-
ment or multi-axis toolpath adaptation.

In addition, using a single extruder inherently limits the ability to modu-
late fiber volume fraction or selectively alternate between reinforced and non-
reinforced regions during printing. Experimental evidence has also shown that,
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even in flat specimens, reinforcement efficiency is significantly reduced, with
stiffness contributions reaching only approximately 31.8% of the theoretical
potential, largely due to poor fiber-matrix bonding and geometric irregularities
introduced during filament production and deposition. These drawbacks are
compounded in complex geometries, where achieving dimensional precision,
material homogeneity, and continuity of reinforcement is more difficult.

As a result, the method proves inadequate for manufacturing high-perfor-
mance, large-scale, or intricately shaped components that require tailored me-
chanical behavior and reliability. Given these limitations, short-fiber-reinforced
filaments offer a more practical alternative. This approach, while offering slightly
lower mechanical performance, enables an isotropic distribution of reinforcement,
compatibility with existing software and hardware, and the reliable fabrication of
complex geometries without the need for sophisticated fiber-management sys-
tems. The trade-off favors printability and structural consistency over maximum
tensile strength, particularly in applications where geometric complexity and re-
producibility are prioritized.

3.2. Characterization of a short-fiber-reinforced
polymer

The results are discussed as follows: mechanical performance is first evaluated
through tensile and flexural testing (Section 2.3.4), in which the effects of infill
density across filament types (PLA, PLA-CF, PLA-WF) on stiffness, strength,
ductility, and energy absorption are quantified. Table 3.2 summarizes the test re-
sults, and Figures 3.8 and 3.9 show the representative load-displacement re-
sponses.

The mechanical trends are then interpreted using thermal (Section 2.4)
and thermomechanical (Section 2.5) characterization, relating changes in crys-
tallization behavior (e.g., cold crystallization and crystallinity level) and the
temperature-dependent retention of stiffness in the glass-transition region to
the mechanical performance of PLA composites. The discussion is linked to
microstructural observation from SEM (Section 2.6), emphasizing interfacial
gaps, voids, and fracture features to explain the observed strength trade-offs
and damage-tolerance mechanisms in the composites. Finally, process-in-
duced dimensional effects are addressed through warpage observations, which
relate residual stress and part distortion during cooling to the stabilizing role
of short-fiber reinforcement and highlight implications for print fidelity and
dimensional accuracy.
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Fig. 3.8. Load-displacement curve for the tensile samples with 100% infill density
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Fig. 3.9. Average force-displacement curve for the flexural samples with 100% infill

3.2.1. Comparative analysis of tensile and flexural properties

Table 3.2 summarizes the tensile properties of the printed specimens as a function
of infill density and filament type. Across all materials, increasing infill density
from 20% to 100% consistently improved load-bearing performance, reflecting a
larger effective cross-sectional area, reduced internal void content, and a more
continuous stress-transfer path through the gauge section. For neat PLA, Young’s
modulus increased from 1.45 + 0.11 GPa (20% infill) to 2.08 + 0.15 GPa (100%
infill), while tensile strength increased from 25.0 + 0.65 MPa to 39.9 + 2.10 MPa.
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A similar monotonic trend was observed for toughness, which increased from 256
kJ/m? at 20% to 813 kJ/m? at 100%, consistent with progressively improved inter-
layer bonding and reduced premature crack initiation associated with porosity.
Elongation at break also increased modestly for PLA, from 2.95 + 0.48% to 3.87
+ 0.45%, suggesting that densification improved strain accommodation by delay-
ing void-driven localization.

Table 3.2. Summary of tensile mechanical properties

Infill s . Elonga- -
Fila. den- Young’s Tensile tion Toughness Specific
. modulus strength strength
ment sity at break
(%) (GPa) (MPa) (%) (kd/m?3) (MPa/g)
1.45+ 295+
20 011 25.0 +0.65 0.48 256 3.50
1.98 + 331+
PLA 60 0.05 32.1+£0.45 0.47 547 3.90
2.08 + 387+
100 0.15 39.9+2.10 0.45 813 4.23
1.23 + 3.63+
20 0.02 18.3+£0.29 012 293 2.85
PLA- 1.36 £ 4.18 +
CE 60 003 21.2+0.41 033 763 2.88
1.92 + 445+
100 0.02 27.2+0.20 0.05 985 3.22
20 105£0.02 | (52 3.24+0.27 | 339 2.39
PLA- 19.32+
WE 60 1.24+0.03 051 3.81+0.21 | 808 2.48
1.38+ 5.60 +
100 0.03 24.1+0.60 0.70 1268 2.67

Table 3.2 shows that, for the reinforced filaments, the same infill-driven im-
provements were observed, but with lower absolute stiffness and strength than
those of neat PLA at equivalent infill densities. PLA-CF increased in modulus
from 1.23 = 0.02 GPa to 1.92 £+ 0.02 GPa and in strength from 18.3 + 0.29 MPa
to 27.2 £ 0.20 MPa as infill increased from 20% to 100%. PLA-WF exhibited a
smaller modulus gain (from 1.05 + 0.02 to 1.38 £+ 0.03 GPa) and lower strength
overall (from 16.35 + 0.35 to 24.1 + 0.60 MPa), consistent with the presence of
out/bridging, which becomes more effective as internal porosity is minimized.
Damage must propagate through a denser volume of short fibers and associated
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microstructural discontinuities, which can reduce effective interlayer cohesion
and introduce stress concentrators. Despite the reduced strength, both composites
showed markedly enhanced energy absorption at 100% infill; toughness reached
985 kJ/m? for PLA-CF and 1268 kJ/m?* for PLA-WF, exceeding that of neat PLA
(813 kJ/m?). This behavior is consistent with composite-specific dissipation
mechanisms such as crack distortion, interfacial debonding, and fiber pull-out.

At 100% infill, the material ranking highlights a clear trade-off between
strength/stiffness and ductility/energy absorption. Neat PLA delivered the highest
tensile strength (39.9 MPa, Fig. 3.8) and modulus (2.08 GPa). At the same time,
PLA-WF exhibited the highest elongation at break (5.60 + 0.70%) and the highest
toughness (1268 kJ/m?), indicating superior resistance to unstable crack growth
under tension. PLA-CF occupied an intermediate position, with moderate stiffness
recovery at full infill (1.92 GPa) and elevated toughness (985 kJ/m?) relative to
neat PLA. Table 3.2 shows that increasing infill density is the primary driver of
improved tensile performance across all filament types. At the same time, the in-
troduction of short fibers shifts the mechanical response toward greater damage
tolerance (higher toughness and, for PLA-WF, higher strain-to-failure) at the ex-
pense of reduced tensile strength relative to neat PLA.

Specific strength, expressed as the strength-to-mass ratio, was used as a nor-
malized efficiency index to compare tensile performance across materials and in-
fill densities, while accounting for differences in specimen mass. For neat PLA,
the index increased from 3.50 MPa/g at 20% infill to 4.24 MPa/g at 100% infill,
indicating that densification improves load-path continuity more than it increases
mass. A similar but lower trend was observed for the short-fiber composites: PLA-
CF increased from 2.86 to 3.22 MPa/g, and PLA-WF from 2.39 to 2.67 MPa/g
when increasing infill from 20% to 100%, confirming that the composites remain
less mass-efficient in tensile than neat PLA under the same printing strategy due
to defect-controlled failure (fiber pull-out, interfacial gaps, and voids). The differ-
ence between the mass increase and the strength-to-mass increase is expected be-
cause the metric is ratio-based. The mechanical benefit of higher infill is not
purely proportional to added material: increasing infill simultaneously reduces
void content, increases interlayer contact area, and strengthens the continuity of
load-bearing pathways, which can raise the measured tensile strength faster than
the specimen mass. For example, for PLA-WF, mass increased by ~31% (from
6.85t0 9.011 g) as infill increased from 20% to 100%. In contrast, tensile strength
increased by ~47% (from 16.35 to 24.1 MPa), yielding a smaller but positive net
gain of =12% in strength-to-mass (from 2.39 to 2.67 MPa/g); this indicates that
densification improves structural efficiency through better consolidation and re-
duced stress concentrations, although the absolute efficiency remains limited by
reinforcement dispersion and fiber-matrix bonding quality.
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Figure 3.9 presents the representative force-displacement responses obtained
from three-point bending, while Table 3.3 summarizes the extracted flexural pa-
rameters. Neat PLA exhibited the highest load-bearing capacity, reachinga 77.8 N
peak load and a corresponding flexural strength o of 45.94 MPa, indicating the
most effective stress transfer through the printed structure under bending. PLA-
CF showed an intermediate peak load (65.3 N) and flexural strength (38.56 MPa),
but the highest flexural modulus Ef (771.6 MPa), compared with PLA
(732.1 MPa), consistent with a stiffer elastic response in the initial loading stage
(i.e., a steeper slope in the linear region). In contrast, PLA-WF exhibited the low-
est peak load (53.2 N), flexural strength (31.42 MPa), and modulus (578.1 MPa),
indicating reduced flexural stiffness and earlier damage initiation under bending.

The combined trends, in Figure 3.9 and Table 3.3, suggest that reinforcement
effects depend strongly on the balance between elastic stiffening and defect-con-
trolled failure. The higher E; of PLA-CF indicates that carbon fibers contribute to
stiffness; however, the reduced P,and oy relative to neat PLA, failure is governed
by stress concentrations and interfacial debonding, which limit ultimate strength
despite a stiffer response. PLA-WF shows the largest reductions in both modulus
and strength, consistent with weaker fiber-matrix interactions and more signifi-
cant microstructural discontinuities, which promote earlier crack formation.

Table 3.3. Average flexural properties

Material Py (N) o (MPa) E¢ (MPa)
PLA 77.8 45.94 732.1

PLA-CF 65.3 38.56 771.6

PLA-WF 53.2 31.42 578.1

3.2.2. Thermal transitions and crystallinity

The DSC results (Fig. 3.10 and Table 3.4) indicate that adding CF and WF affects
PLA crystallization behavior more than the glass transition. In both heating cy-
cles, the glass transition temperature remained close to 60 °C, with Tq = 60.8 °C
(PLA), Tg=61.9 °C (PLA-CF), and Tg = 61.0 °C (PLA-WF) during the first and
second heating, Ty ranged from 59.1 to 60.0 °C, suggesting that the fillers have a
limited effect on segmental mobility in the amorphous PLA phase. In contrast,
clear differences were observed in cold crystallization. During the first heating,
the cold-crystallization peak shifted to lower temperatures with reinforcement,
particularly for WF, where T decreased from 116.8 °C (PLA) to 114.9 °C (PLA-
CF) and 111.7 °C (PLA-WF), consistent with enhanced heterogeneous nucleation
and an earlier onset of ordering upon heating. The associated enthalpy of cold
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crystallization, AHc, was 18.1 J/g (PLA), 16.6 J/g (PLA-CF), and 19.5 J/g (PLA-
WF). In contrast, the melting enthalpy, AHn, was 19.4 J/g (PLA), 19.1 J/g (PLA-
CF), and 20.4 J/g (PLA-WF), indicating a larger crystalline contribution for PLA-
WEF. Melting occurred over a narrow range typical of PLA. Still, PLA-WF con-
sistently showed the highest melting temperature, at 153.4 °C in the first heating
and 152.5 °C in the second, suggesting slightly more stable, better-developed
crystals. After thermal history removal, PLA-CF exhibited a higher T of
121.0 °C together with reduced AHcc (13.3 J/g) and AHn (17.4 J/g) compared with
neat PLA (15.8 J/g and 19.1 J/g), implying that CF may provide nucleation sites
but can also restrict chain diffusion and limit crystal growth. These effects are
reflected in crystallinity: X. increased modestly with CF but strongly with WF,
rising from 20.7% (PLA) to 24.0% (PLA-CF) and 31.1% (PLA-WF) in the first
heating, and remaining 20.4% (PLA), 21.8% (PLA-CF), and 31.2% (PLA-WF) in
the second heating. PLA-WF shows consistently higher crystalline fraction and
slightly higher Tm. In contrast, PLA-CF shows only small crystallinity changes
after thermal standardization, indicating that any mechanical differences in PLA-
CF are likely governed more by reinforcement efficiency than by crystallinity in-
dependently.

T
1 mWI I mW I

Heat flow (mW/mg, exo. up)
Heat flow (mW/mg, exo. up)

T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200

Temperature (°C) Temperature (°C)

(@) (b)
Fig. 3.10. DSC results: (a) first heating cycle, (b) second heating cycle

Table 3.4. DSC thermal properties

1st heating Cooling | 2nd heating
Samples |Tg |ch AHcc | Tm AHm|Xc |Tq Tg | Tee AHce | Tm AHm | Xc
°C Jg |°C Jg |% |°C °C Jg |°C Jg | %

PLA 60.8(116.8|18.1 |{151.9|19.4|20.7 |51.2 59.1]119.5|15.8 |150.4(19.1 |20.4
PLA-CF |61.9(114.9|16.6 |151.8|19.1 |24.0 |50.6 599121 |13.3 [{150.9(17.4|21.8
PLA-WF|61.0|111.7|19.5 |153.4|20.4 |31.1|49 60.0|119.8|18.9 |152.5(20.5|31.2
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3.2.3. Viscoelastic behavior and storage modulus

Figure 3.11 shows the DMA thermograms, and Table 3.5 summarizes the analysis
results. The DMA storage modulus results (Table 3.5) indicate two distinct ther-
momechanical regimes: a glassy regime at 30 °C, where the PLA matrix is stiff,
and a softened (rubbery) regime at 80 °C, where increased chain mobility results
in a pronounced reduction in stiffness.

Figure 3.1 and Table 3.5 show that the storage modulus (E') decreases by
approximately two to three orders of magnitude between 30 °C and 80 °C for all

materials.
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Fig. 3.11. End of figure on the next page
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Fig. 3.11. DMA thermograms: (a) storage modulus; (b) loss modulus;
and (c) damping factor

At 30 °C, neat PLA exhibits the highest stiffness (E' = 761 MPa), followed
by PLA-CF (688 MPa) and PLA-WF (490 MPa), suggesting that the glassy re-
sponse is governed primarily by the matrix and the printed microstructure; any
inherent reinforcement benefit is likely moderated by factors such as void content,
interfacial load transfer efficiency, and fiber orientation under bending. At 80 °C,
the ranking reverses, with PLA-WF retaining the highest modulus (E' =
2.71 MPa), followed by PLA-CF (1.78 MPa) and PLA (1.60 MPa).

Table 3.5. DMA results: storage modulus comparison

Storage Modulus Storage Modulus
Filament @30 °C @80 °C
(MPa) (MPa)
PLA 761 1.6
PLA-CF 688 1.78
PLA-WF 490 2.71

In terms of modulus retention from 30 °C to 80 °C, PLA retains ~0.21%,
PLA-CF =0.26%, and PLA-WF =0.55% of the initial stiffness, corresponding to
stiffness reductions of =476%, ~387x, and ~181X, respectively. The superior high-
temperature stiffness of PLA-WF is consistent with its higher crystalline fraction,
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as increased crystallinity and the presence of rigid filler domains impose addi-
tional constraints on molecular mobility, thereby improving stiffness retention and
thermo-mechanical stability near and above the glass-transition region (Fig. 3.11).

3.2.4. Microstructure analysis

The SEM images of neat PLA (Fig. 3.12a) provide complementary insight into
both the internal filament morphology and the fracture behavior of the printed
material. Examination of the filament cross-sections at 100x and 500x magnifi-
cation reveals a relatively dense, uniform internal structure, with a continuous
polymer matrix and limited evidence of large voids or inclusions. The cross-sec-
tions appear largely homogeneous, indicating stable filament extrusion and con-
sistent material flow during filament production. Occasionally, microvoids and
small pores are observed, typical of thermoplastic filaments, and may act as local
stress concentrators, but they do not dominate the overall morphology.

The fracture-surface SEM images of neat PLA, observed at comparable mag-
nifications, show a smooth, continuous morphology consistent with matrix-con-
trolled failure. At lower magnification 100x, the fracture surface exhibits limited
topographical variation and a largely planar appearance, suggesting relatively uni-
form stress distribution during loading and a dominant crack path through the pol-
ymer matrix and printed raster interfaces. At higher magnification 500x
(Fig. 3.13a), localized matrix tearing and shallow deformation features are evi-
dent, indicating a brittle-to-semi-ductile fracture response with limited plastic de-
formation before failure. The absence of fiber pull-out, interfacial gaps, or cracks
confirms that fracture in neat PLA proceeds primarily through matrix cracking
and interlayer separation rather than through complex energy-dissipating mecha-
nisms. This combination of a homogeneous filament cross-section and a relatively
smooth fracture surface is consistent with the mechanical behavior of neat PLA,
which exhibits higher tensile and flexural strength than the composite systems but
lower toughness, as crack propagation occurs and brittle failure.

Observation of PLA-CF filament cross-sections at 100x and 500x magnifi-
cation (Fig. 3.12b) reveals short carbon fibers embedded in the PLA matrix, with
a generally non-uniform spatial distribution and occasional fiber agglomeration.
Localized voids and interfacial gaps are visible around fibers, indicating incom-
plete wetting and limited interfacial bonding between the carbon fibers and the
polymer matrix during fabrication. These microstructural features introduce local
stiffness heterogeneities and potential stress concentrators within the filament.

SEM images of the fracture surfaces of printed samples (Figs. 3.13b and
3.14a) show a rough, heterogeneous morphology consistent with the internal
structure. At 100x magnification, the fracture surface is non-planar, reflecting
non-uniform stress transfer and irregular cracking. At higher magnifications
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(500x), frequent fiber pull-out and interfacial debonding are observed, with ex-
posed fiber ends and voids remaining after fiber extraction. Localized matrix de-
formation and crack deflection around fibers indicate that the presence of carbon
fibers promotes energy dissipation during fracture; however, the limited extent of
fiber breakage suggests that failure is governed primarily by matrix cracking and
interfacial separation rather than by fiber fracture.

mm | ETD 2 [

Fig. 3.12. SEM images of the filaments’ cross-section: (a) PLA; (b) PLA-CF;
(c) PLA-WF. Note: 100x magnification (left) and 500x magnification (right)
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The combined cross-sectional and fracture-surface observations explain the
mechanical behavior of PLA-CF: increased stiffness relative to the wood-filled
system, but ultimate tensile and flexural strengths remain lower than those of neat
PLA due to premature interfacial failure and reduced efficiency of load transfer
from the matrix to the short fibers.

y i

.... v | 17 pa | 82

Fig. 3.13. SEM images of fracture surfaces of printed samples: (a) PLA; (b) PLA-CF;
(c) PLA-WEF. Note: 100x magnification (left) and 500x magnification (right)
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For PLA-WF, the SEM images (Fig. 3.12c) of filament cross-sections and
fracture surfaces collectively illustrate the strong influence of short wood fibers
on microstructural heterogeneity and damage evolution. Examination of the fila-
ment cross-sections at 100x and 500x magnifications reveals a non-uniform in-
ternal morphology characterized by irregularly distributed short wood fibers
within the PLA matrix. Figure 3.12c also shows numerous microvoids, fiber ag-
glomerates, and interfacial gaps surrounding the fibers, indicating incomplete im-
pregnation of the wood fibers by the polymer melt and limited interfacial compat-
ibility. These features cause local changes in stiffness and serve as natural stress
concentrators within the filament prepared for FFF.

SEM images of the fracture surfaces of the fabricated samples reveal a het-
erogeneous internal structure. At a lower magnification of 100x (Fig. 3.13c), the
fracture surface appears rough and highly irregular, with multiple crack-initiation
sites and pronounced surface undulations, indicating a non-uniform stress distri-
bution during tensile loading. At higher magnification 500x (Figs. 3.13c
and 3.14b), extensive fiber pull-out and interfacial debonding are observed, ac-
companied by elongated cavities left behind after fiber extraction. The surround-
ing matrix exhibits localized plastic deformation and microvoid coalescence, sug-
gesting that deformation proceeds through progressive damage mechanisms rather
than abrupt brittle fracture.

PLA-CF |
500x

Carbon fibers

Fiber pull-out i

Process-induced porosity

B Y, curr HFW det pressure ”'no’[: O Wi 9/25/202¢ — 100 ym —
4| 2.00kV | 17 pA | 829 ym | ETD | 9.21e-6 mbar | 500 x | 49.8 mm | 4: 3 PM Nano-Optoelectronics Lab.

Fig. 3.14. End of figure on the next page



94 3. CHARACTERIZATION AND SIMULATION OF MECHANICAL PERFORMANCE...

Wood fibers Fiber pull-out

HV curr HFW det pressure mag [J [ WD 9/25/2025 | — 100 pm —
| 2.00kV | 17 pA | 829 pm | ETD | 1.05e-5 mbar | 500 x | 51.0 mm | 4:40:54 PM Nano-Optoelectronics Lab.

Fig. 3.14. Enlarged SEM images of fracture surfaces of printed samples
at 500x magnification: (a) PLA-CF; (b) PLA-WF

Crack distortion and multiple fiber-matrix separation indicate enhanced en-
ergy dissipation during fracture. These combined features may explain the me-
chanical behavior of PLA-WF, which exhibits reduced tensile and flexural
strength relative to neat PLA and PLA-CF, but increased strain-to-failure and
toughness due to the dominance of progressive damage mechanisms associated
with weak fiber-matrix interfaces and heterogeneous microstructure. Figure 3.14a
indicates the pull-out of fibers that may limit the toughness of PLA-CF composite
(Table 3.2). Figure 3.14b does not show apparent fiber pull-out signs, suggesting
fiber fracture as a possible failure mechanism in the PLA-WF composite.

To control the strength of short-fiber FFF composites, the most effective
strategies target feedstock conditions, suppress void/neck growth during deposi-
tion, and promote interlayer healing. At the pre-processing stage, controlling fila-
ment storage humidity and drying is critical because moisture promotes defect
formation, such as voids, and property degradation in FFF PLA parts (Lendvai
et al., 2024). During printing, the most direct way to reduce printing-pathway-
induced internal voids is to calibrate the material flow (extrusion multiplier ex-
pressed as a flow rate) to eliminate partial neck-growth voids and increase the
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effective load-bearing area. Additionally, increasing the extrusion multiplier pro-
duced void-free parts and improved in-plane tensile strength by 10% and in-the-
build-direction tensile strength by up to 50%, strongly reducing anisotropy (Ghor-
bani et al., 2022). Typically, parameter optimization (nozzle temperature, speed,
layer thickness, raster strategy) helps but is fundamentally constrained by insuffi-
cient interface temperature/time for reptation and relaxation. Therefore, in-pro-
cess localized heating is a high-leverage option: orbiting pre-deposition laser heat-
ing increased interlayer temperature and delivered a 100% increase in tensile
strength from 17.4 to 34.9 MPa, accompanied by a large increase in strain, in a
carbon fiber-reinforced filament (Han et al., 2024). A related in-process laser-
heating approach can push FFF parts toward near-isotropic behavior by enabling
greater interface relaxation. Applying this approach increased the mechanical
strength in the build direction of 3D-printed PEEK from 18.8 MPa to 83.5 MPa
(Han et al., 2025). Finally, annealing can relieve residual stresses but often yields
only limited direct gains in interlayer strength unless residual-stress effects dom-
inate. In contrast, methods that directly improve intimate contact during deposi-
tion, such as mechanical rolling, tend to be more effective for strengthening the
printed architecture because they physically close gaps between adjacent path-
ways and promote better fusion. For instance, roller-assisted consolidation has
been reported to reduce void content to about 0.7% by improving contact between
adjacent layers (Ghorbani et al., 2022).

3.3. Validation of the thermo-mechanical model

3.3.1. Modeling neat polymer

The following simulations focus on detachment (Fig. 2.5), which affects the de-
formation and warpage of FFF components under certain fabrication conditions.
By explicitly modeling the loss of adhesive contact between the printed part and
the build platform, the proposed framework enables a realistic assessment of de-
formation mechanisms that may arise during and after detachment. This capability
is particularly relevant for evaluating the dimensional accuracy and structural in-
tegrity of components produced under challenging adhesion scenarios.

Experimental validation was performed using a 0.4-mm-thick specimen. Val-
idation of the FE model involved measuring vertical displacements at 11 prede-
fined locations along the FFF specimen as described in Section 2.7. Figure 3.15a
identifies the measurement points for warpage assessment. Figure 3.15b presents
the numerical simulation results, and Figure 3.15¢c compares the experimental and
simulated deformation profiles. The results presented correspond to a model com-
prising 27512 finite elements.
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Fig. 3.15. The warpage analysis: (a) experimental measurement points (red circles); (b)
FE simulation results; and (c) the comparative analysis of the deformation profiles

Figure 3.16 illustrates the influence of mesh density on the computational
efficiency of the warpage simulation. The simulations were performed by varying
the number of FE in the model from 9000 to 548720 and the temperature from
200 °C to 220 °C, as described in Section 2.8.4. Within the manufacturer’s allow-
able range, the selected temperatures reflect a practical scenario encountered in
desktop FFF. These simulations yielded a 6.7% increase in maximum displace-
ment, underscoring the notable influence of thermal input on deformation behav-
ior. This finding corroborates the conclusions of Liu et al. (2025), who empha-
sized the critical role of thermal history in determining the final geometry of
printed components.
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Fig. 3.16. FE mesh optimization: (a) the FE number effect on the simulation duration;
(b) the effect of extrusion temperature and assumed time step on the calculation cost
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3.3.2. Warpage and residual stress analysis

Residual stresses and warpage remain among the most critical process-induced
limitations in FFF, particularly for slender geometries, where thermal gradients,
substrate constraints, and non-uniform shrinkage readily generate out-of-plane
distortion. Beyond compromising dimensional accuracy and tolerance control,
such distortions reflect the presence of locked-in residual stresses that may subse-
quently relax during handling, detachment, or service, thereby influencing me-
chanical performance and the reproducibility of failure. The ABAQUS model’s
ability to replicate experimentally observed warpage patterns confirms its utility
for design validation and process optimization of neat PLA parts. The Digimat
workflow extends this capability to short-fiber-reinforced composites.

This study develops a staged thermo-mechanical simulation framework that
explicitly models the sequential stages of the FFF process: printing, cooling, and
detachment. The explicit simulation of the detachment phase distinguishes this
framework from previous approaches (Table 1.7), which typically focus solely on
the printing and cooling stages. By incorporating the detachment stage, the model
enables more realistic predictions of warpage and residual-stress release, as con-
firmed by experimental validation. Using this framework, the developed thermo-
mechanical model (Fig. 2.6) enables efficient prediction of warpage behavior in
PLA specimens fabricated via the FFF process. The simulation results indicate
that residual stresses were negligible during the printing phase but increased sig-
nificantly during cooling due to thermal contraction and substrate constraints.
Upon detachment, the release of these constraints caused a sudden relaxation of
residual stresses, leading to observable warping, predominantly at the specimen
edges. This observation underscores the importance of explicitly modeling de-
tachment within the simulation framework, as it is critical for capturing the dom-
inant deformation mechanisms and failure risks arising from the loss of adhesive
contact between the printed part and the build platform.

The experimentally measured maximum vertical displacement was 6.82 mm,
which aligns closely with the simulation results. The average deviation between
the numerical and experimental results was approximately 10.6%, indicating that
the model has adequate predictive capability. This level of agreement aligns with
findings from Cattenone et al. (2019) and Armillotta et al. (2018), who reported a
12% dimensional deviation in similar simulations involving ABS materials. Syrl-
ybayev et al. (2021) and Barocio et al. (2020) reported comparable simulation er-
rors ranging from 8% to 15%, depending on geometric complexity and applied
thermal boundary conditions. In this context, the 10.6% deviation observed in the
present study falls within the typical range reported for thermo-mechanical simu-
lations of FFF processes, confirming the model’s capability to capture the domi-
nant deformation mechanisms. The agreement between simulated and experi-
mental warpage profiles demonstrates the adequacy of the staged simulation
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approach, particularly the inclusion of a detachment phase to capture the dominant
deformation mechanisms in FFF-fabricated components.

This study extends the understanding of warpage behavior in PLA materials
by highlighting the critical roles of thermal contraction and constraint release.
This insight is particularly relevant for optimizing the FFF process to minimize
warpage and improve part quality. The findings also underscore the importance
of thermal modeling in predicting residual stresses and deformation patterns. Au-
tomatically generating event series from G-code enhances the versatility of simu-
lations. It reduces manual intervention, avoiding the errors characteristic of man-
ual model updates and thereby speeding up the simulation process.

3.3.3. Convergence and sensitivity studies

A convergence study balances the mesh resolution and time-stepping parameters.
The results indicated that using one element per filament cross-section yielded
sufficient accuracy, with predicted warpage varying by less than 2.1% across
mesh densities. Similarly, time steps of 0.01 s during printing and 0.1 s during
cooling and detachment were found to strike a balance between computational
efficiency and predictive fidelity. These findings align with recommendations by
Syrlybayev et al. (2021), Barocio et al. (2020), and Brenken et al. (2019), who
emphasized the importance of mesh refinement and time-step control in capturing
localized thermal and mechanical gradients. The extrusion temperature also sig-
nificantly influenced warpage. Increasing the extrusion temperature from 200 °C
to 220 °C increased the maximum displacement by 6.7%, highlighting the warp-
age’s sensitivity to extrusion temperature. This observation supports the conclu-
sions of Liu et al. (2025), who highlighted the role of thermal history in determin-
ing final part geometry.

The sensitivity analysis (Fig. 3.16) shows that computational time, for both
thermal and mechanical analyses, increases linearly with the number of finite el-
ements. While refining the mesh improves the accuracy of the stress-gradient
model, especially when the mesh resolution closely matches filament dimensions,
it substantially increases computational cost. Therefore, to obtain sufficiently ac-
curate results, it is recommended to use one element per filament’s cross-section
and a 0.02 s time step (At) for efficient computation, which corresponds to 2220 s
CPU time and activation temperature of 192 °C, as shown in Figure 3.15b.

At the same time, developing an appropriate meshing strategy is complex and
must be customized to the specific needs of the analysis. While a refined mesh
improves the accuracy of stress gradient predictions, it also significantly increases
computational costs. This contradiction is apparent in mechanical analyses, where
stress concentrations raise the system’s sensitivity to mesh refinement. Thus, the
increase in accuracy (Fig. 3.16b) does not appear to converge as the number of
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elements grows, which may result from local stress singularities or the continued
rise in stress with mesh refinement, ensuring that the stress state remains within
or on the yield surface, depending on the magnitude of the equivalent stress. Uni-
formly refining the mesh without targeted focus on critical stress regions is also
inefficient and raises computational time. In some cases, nonlinear material be-
havior can also influence this trend (L. Chen & Zhou, 2025; van Huyssteen et al.,
2025). Therefore, for smaller models with significant local stress effects and man-
ageable computational costs, a finer mesh is advisable to capture localized me-
chanical responses. Conversely, for larger models where local variations are less
significant relative to the overall geometry, a coarser mesh is generally more suit-
able for reducing computational demands while maintaining acceptable accuracy.
Future research should examine the effects of other process parameters, such as
print speed and layer height, on warpage and residual stresses. Furthermore, in-
vestigating parameter interactions could yield a more comprehensive understand-
ing of the FFF process and its influence on part quality.

3.3.4. Warpage predictions of short-fiber-reinforced polymers

Within the Digimat-AM workflow, an ASTM D638 Type | geometry was gener-
ated as an STL file and sliced in Ultimaker Cura to produce the G-code. Slicing
was performed at 100% infill using a +45° raster pattern, with the infill angle
alternated between layers, a print speed of 30 mm/s, and an extrusion temperature
of 215 °C. The thickness of the first layer was set to 0.2 mm and subsequent layers
to 0.3 mm, resulting in a specimen thickness of approximately 3.2 mm. The ho-
mogenized composite material model (from Digimat-MF) and the manufacturing
inputs (CAD and G-code/toolpath data) were then imported into Digimat-AM to
simulate deposition, cooling, and distortion at reduced computational cost.
Digimat-AM differs from ABAQUS meshing in that it typically uses a voxel-
based discretization, where the part domain is represented on a structured grid
mapped to brick-like FE. This voxel approach simplifies automated toolpath map-
ping and enables robust process simulations for complex deposition paths. How-
ever, local gradient capture is primarily controlled by voxel size rather than by
targeted mesh refinement. In contrast, ABAQUS uses geometry-conforming
meshes (structured, tetrahedral, or hexahedral) with selective refinement in re-
gions of high gradients, which is advantageous for detailed residual-stress fields
and localized deformation analysis. Model validation of the Digimat-AM warpage
simulation was performed by direct comparison with the experimentally measured
edge warpage for the three printed materials. The test measurements show a re-
duction in edge warpage with short-fiber reinforcement, decreasing from 0.49 mm
for neat PLA to 0.42 mm for PLA-CF and 0.28 mm for PLA-WF, confirming
improved dimensional fidelity during cooling. Digimat-AM simulated both the
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trend and the location of maximum distortion, predicting a monotonic reduction
in the maximum warpage, with the highest deformation concentrated at the spec-
imen edge, where constraint release and thermal contraction effects are most pro-
nounced. Quantitatively, the numerical predictions systematically underestimate
the measured warpage for PLA, PLA-CF, and PLA-WF, corresponding to relative
deviations of approximately 8.2%, 14.3%, and 17.9%, respectively (Fig. 3.17).

0.49 mm X

Max: 0.36

PLA-CF PLA-CF

PLA-WF PLA-WF
Fig. 3.17. Digimat-AM warpage predictions for short-fiber-reinforced PLA

Despite differences in the magnitudes of measured and simulated defor-
mations (Fig. 3.17), the close agreement in ranking and deformation patterns in-
dicates that the Digimat-AM workflow captures the dominant thermo-mechanical
drivers of edge warpage and provides a practical predictive tool for comparing
material-dependent distortion and guiding process-level decisions where dimen-
sional accuracy is critical.

3.3.5. Residual stress effect on mechanical performance

The proposed thermo-mechanical model predicted the residual stresses for the test
specimen (Fig. 3.18). The temperature history is introduced as a solution-inde-
pendent boundary condition into the mechanical model to estimate the residual
stresses and part deformations generated within the 3D-printed specimen by ther-
mal cycling, cooling, and process constraints. Higher residual stresses were ob-
served along the specimen edges than at other locations.
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Fig. 3.18. Simulation results: (a) residual stresses of test specimen at the end of extru-
sion; (b) at the end of cooling, where S is the stress (MPa)
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Fig. 3.19. Simulation results: (a) tensile test model; (b) load-displacement diagrams.
Note: FE Model 1 and FE Model 2 correspond to the first and second simulation stages

A subsequent tensile test simulation was conducted after the thermo-mechan-
ical analysis. The first tensile test simulation was performed, excluding manufac-
turing defects in the FFF process. The second tensile test model includes residual
stresses and geometry distortion. The latter model indicates the impact of residual
stresses on the mechanical performance of the 3D-printed components, and the
results were validated through physical testing, achieving acceptable accuracy
(Fig. 3.19). The average force-displacement results reported by Rimkus et al.
(2022) were used to validate the FE model. The physical test demonstrated tensile
load-bearing capacity of 1.7 kN at a displacement of 2.8 mm. The first tensile test
model yielded higher predictions than the physical test; however, the second
model showed a reduction in tensile load-bearing capacity due to the incorpora-
tion of residual stresses and geometric deformation of the test specimen.
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3.3.6. Comparison with previous studies, limitations of the
model, and further research

The proposed model builds upon and advances earlier work by Zhang and Chou
(2006), who introduced the element birth-and-death method for simulating resid-
ual stresses in ABS components. Unlike those studies, the proposed staged mod-
eling strategy, which sequentially simulates printing, cooling, and detachment,
enables a more comprehensive assessment of residual-stress evolution and warp-
age than approaches limited to printing or cooling alone. This innovation directly
incorporates slicing parameters and toolpath data into the FE model and simulates
the post-printing stage, thereby enhancing the fidelity of numerical predictions. In
terms of geometric complexity, previous studies, such as those by Syrlybayev
et al. (2021) and Armillotta et al. (2018), primarily addressed simplified geome-
tries with manually defined activation sequences. The current workflow (Fig. 2.6)
demonstrates the feasibility of automating the simulation of complex deposition
paths. This advancement is particularly relevant for engineering applications re-
quiring high geometric accuracy and structural integrity.

Regarding prediction accuracy, the current models achieve an average warp-
age deviation of 10.6% and 8.2% of the neat PLA for ABAQUS and Digimat
models, respectively, which is comparable to the 12% deviation reported by Ar-
millotta et al. (2018) and the 9.5% error observed in multi-material simulations by
Syrlybayev et al. (2021). Recent studies, such as those by Yu et al. (2025), also
demonstrate strong agreement between simulation and experiment, particularly
when considering infill line directions and their impact on mechanical properties.
These comparisons confirm that the model performs within the expected accuracy
range for thermo-mechanical FFF simulations.

For short-fiber composites, Digimat-AM warpage predictions systematically
underestimated PLA-CF and PLA-WF by approximately 14.3% and 17.9%, re-
spectively. The larger deviations in the composites also suggest that the sensitivity
analysis should be extended to the Digimat workflow, as warpage predictions are
highly sensitive to assumptions in composite material modeling, including tem-
perature-dependent material properties, fiber orientation, porosity, and thermal
boundary conditions.

The thermal modeling strategy is crucial for capturing the transient heat-
transfer mechanisms that lead to residual stress and warpage. By differentiating
among conduction, convection, and radiation effects at each stage of the FFF pro-
cess, including the critical detachment phase, the model accounts for the evolving
thermal boundary conditions governing residual stress formation and warpage.
This level of detail is often simplified or omitted in the literature (Cattenone et al.,
2019; Khanafer et al., 2022), improving the accuracy of predicted temperature
fields and, consequently, the mechanical response of the printed part. The explicit
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simulation of the detachment stage in the staged approach enables analysis of un-
supported regions, where warpage is most pronounced, and failure risk is highest.

Despite these strengths, the model has several limitations. The proposed
modeling concept assumes the deposited layer thickness is known and constant,
as this parameter directly determines the height of the corresponding finite ele-
ments in the simulation. While this assumption is reasonable for relatively thin or
simple geometries, it may become inadequate as the height and complexity of FFF
structures increase. Therefore, further experimental investigations are essential to
validate the accuracy of this simplification, particularly for tall or intricate printed
components.

Additionally, the current model does not account for viscoelastic or time-
dependent material behavior, which can be particularly significant for polymers
near their glass transition temperature (Slavkovi¢ et al., 2024). Additionally, the
current implementation assumes isotropic material properties and does not ac-
count for variability in interlayer bonding or environmental factors, such as hu-
midity. Future research should aim to address these limitations by incorporating
more advanced material models, including temperature-dependent viscoelasticity
and anisotropy, to improve simulation fidelity and deepen understanding of de-
formation mechanisms. The integration of machine learning (ML) techniques also
presents a promising direction. ML models trained on simulation and experi-
mental datasets could facilitate rapid prediction of warpage and residual stress for
new geometries and process parameters, significantly reducing computational
costs. Furthermore, coupling ML with topology optimization could enable the de-
sign of structurally optimized, distortion-resistant components.

3.4. Conclusions of the Third Chapter

1. Continuous-fiber reinforcement and sustainable manufacturing. Continu-
ous-fiber reinforcement developed and investigated in this study within the FFF
framework reveals fundamental methodological and technological limitations
governing its achievable performance under conventional printing conditions. The
proposed reinforcement route follows a duplicated manufacturing sequence, in
which aramid yarn is first integrated into the PLA filament during extrusion and
subsequently processed during 3D printing. This two-stage workflow leads to the
accumulation of defects arising from both filament production and printing, in
contrast to reinforcement concepts that rely on in-situ polymer consolidation dur-
ing material deposition. As a result, limitations related to constituent compatibil-
ity, composite solidification, fiber alignment, and the lack of in-process fiber ten-
sioning constrain the effective use of continuous reinforcement in typical
single-extruder FFF systems. At the same time, the standardized geometry of the
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developed reinforced filament enables FFF on minimally customized desktop
printers, demonstrating that continuous reinforcement can be made accessible on
widely available FFF equipment, albeit with clearly defined efficiency limits.

The mechanical response of the investigated specimens establishes print-
ing-pathway configuration as a governing parameter for load-bearing capacity:
when the printing layout is aligned with the principal tensile stress direction, the
measured load-bearing capacity of PLA specimens increases by approximately a
factor of two relative to nominal manufacturer-reported material parameters, in-
dicating that pathway-controlled stress transfer can substantially amplify struc-
tural performance without changing material composition. This finding identifies
printing-pathway design as a first-order design variable for FFF components. It
provides a rational basis for strength enhancement through geometry-aware man-
ufacturing strategies rather than material over-engineering. Finite-element analy-
sis calibrated against experimental results quantifies the efficiency of the devel-
oped continuous reinforcement, yielding effective values of 6.8% in stiffness and
13.6% in load-bearing capacity, which remain substantially below theoretical ex-
pectations. In parallel, physical testing shows that the reinforced specimens ex-
hibit increased deformation capacity, with the experimentally observed defor-
mation at maximum resistance exceeding numerical predictions by a factor of
1.35, demonstrating that the developed system promotes ductility and energy ab-
sorption that are not captured by idealized reinforcement models and must be con-
sidered in performance-based design.

From a sustainability and resource-efficiency perspective, this dissertational
work confirms that partial substitution of neat PLA with recycled material is com-
patible with both unreinforced and reinforced FFF processing and does not com-
promise mechanical performance. Incorporation of 40% recycled PLA maintained
tensile resistance while reducing material costs by nearly 50%, directly improving
the economic feasibility of reinforced FFF. In addition, the recycled-content ma-
terial exhibited improved repeatability of results, with the coefficient of variation
in tensile strength decreasing from 5.0% to 1.2%, indicating enhanced process
stability. These results establish recycled-content PLA not merely as an environ-
mentally acceptable alternative, but as a technically advantageous feedstock for
reinforced FFF, providing a quantitative foundation for integrating sustainability
and mechanical reliability in additive manufacturing design.

2. Short-fiber reinforcement mechanisms and thermo-mechanical properties.
Short-fiber reinforcement investigated in this study modifies the mechanical re-
sponse of FFF-printed PLA components by shifting performance from maximum
strength toward enhanced damage tolerance and dimensional fidelity. Under iden-
tical FFF conditions, both carbon-fiber-reinforced (PLA-CF) and wood-fiber-re-
inforced (PLA-WF) filaments exhibit lower tensile and flexural strengths than
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neat PLA, confirming that short-fiber addition does not translate into net strength-
ening in the printed state. At 100% infill, neat PLA achieves the highest tensile
strength (39.9 MPa) and flexural strength (45.9 MPa), whereas PLA-CF and
PLA-WF reach reduced tensile strengths of 27.2 MPa and 24.1 MPa, and flexural
strengths of 38.6 MPa and 31.4 MPa. These results demonstrate that the efficiency
of short-fiber reinforcement in FFF is primarily constrained by interfacial integrity
and defect sensitivity rather than by the intrinsic stiffness of the fibers themselves.

Despite reduced ultimate strength, short-fiber-reinforced systems exhibit a
pronounced increase in ductility and energy-absorption capacity, particularly for
wood-fiber-filled PLA. At full infill, tensile toughness increases from 813 kJ/m?
for neat PLA to 985 kJ/m? for PLA-CF and 1268 kJ/m* for PLA-WF, while
PLA-WF also attains the highest strain-to-failure (5.6%). This transition from a
relatively abrupt matrix-dominated fracture toward progressive damage develop-
ment is supported by microstructural evidence, reflecting the activation of crack
deflection, micro-void formation, and fiber pull-out mechanisms. Consequently,
short-fiber reinforcement enables improved damage tolerance and deformation
capacity, making these materials suitable for applications where controlled failure
and energy dissipation are prioritized over peak load-bearing capacity.

Thermal and viscoelastic characterization establishes a direct link between
fiber type, crystallization behavior, and thermo-mechanical stability. Differential
scanning calorimetry shows that the glass-transition temperature remains close to
60 °C for all materials. At the same time, PLA-WF exhibits consistently higher
crystallinity (31%) and a slightly elevated melting temperature compared with
neat PLA and PLA-CF (20-22% crystallinity). Dynamic mechanical analysis fur-
ther reveals that PLA-WF retains the highest storage modulus at 80 °C (2.7 MPa),
compared with 1.78 MPa for PLA-CF and 1.60 MPa for neat PLA, indicating
superior resistance to thermal softening near and above the glass-transition region.
These thermo-mechanical advantages translate directly into improved dimen-
sional fidelity during cooling, as evidenced by reductions in edge warpage of
14.3% for 10 wt% carbon fiber and 43% for 30 wt% wood fiber relative to neat
PLA. Together, these findings establish short-fiber reinforcement (particularly
wood-fiber-filled PLA) as an effective strategy for enhancing dimensional fidelity
and damage tolerance in FFF components, providing clear guidance for material
selection when geometric accuracy and thermo-mechanical robustness govern de-
sign requirements.

3. Computational process simulation and predictive modeling. The staged
thermo-mechanical simulation framework developed and validated in this study
enables process-aware prediction of deformation mechanisms in FFF-printed pol-
ymeric components. The proposed modeling strategy explicitly incorporates the
sequential stages of printing, cooling, and detachment from the build platform,
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allowing residual-stress accumulation and release to be traced throughout the en-
tire fabrication process. An automated procedure for converting slicer-generated
G-code into a time-resolved event series enables progressive element activation
in FE simulations, directly linking the fabrication toolpath with the numerical
model. This approach eliminates manual intervention in model preparation and
establishes a reproducible simulation workflow directly linked to realistic manu-
facturing conditions.

Coupling transient thermal analysis with mechanical simulation provides a
quantitative prediction of residual stresses and warpage driven by thermal con-
traction and constraint release. For neat PLA, the ABAQUS-based framework
predicts warpage with an average deviation of 10.6% relative to experimental
measurements, which lies within the accuracy range reported for thermo-mechan-
ical FFF simulations. Extension of the framework to short-fiber-reinforced com-
posites through Digimat-based homogenized material modeling captures the ex-
perimentally observed material-dependent ranking of warpage. It reproduces the
edge-dominated distortion mode characteristic of FFF components. Validation
against measured edge warpage shows systematic underestimation for PLA,
PLA-CF, and PLA-WF, with relative deviations of approximately 8.2%, 14.3%,
and 17.9%, confirming that the model reliably captures trends and deformation
mechanisms while highlighting the sensitivity of composite predictions to micro-
structural assumptions.

Integrating the thermo-mechanical solution into subsequent mechanical sim-
ulations demonstrates the direct influence of manufacturing-induced residual
stresses and geometric distortion on structural performance. When residual
stresses and as-printed geometry are introduced into tensile simulations, the pre-
dicted load-bearing capacity decreases relative to idealized models that neglect
manufacturing effects, and the resulting response shows acceptable agreement
with physical tensile testing. This manufacturing-informed assessment establishes
that predicting mechanical performance in FFF components requires explicit con-
sideration of process-induced fields rather than relying solely on nominal material
properties. Sensitivity analyses further confirm the dominant influence of extru-
sion temperature, mesh resolution, and time-step selection on prediction accuracy,
leading to a practical meshing guideline recommending approximately one finite
element per filament cross-section for efficient and reliable simulations. The de-
veloped modeling framework provides a quantitative tool to reduce trial-and-error
in FFF by enabling the pre-selection of materials, process parameters, and dimen-
sional-tolerance strategies through predictive FE simulations.



General Conclusions

The dissertation explores the relationship between the FFF process, composition,
and material properties in PLA-based fiber-reinforced composites. The results in-
dicate that the advantages of fiber reinforcement depend on specific conditions:
continuous aramid reinforcement boosts tensile resistance but is constrained by
routing and consolidation, whereas short fibers enhance damage tolerance, stiff-
ness retention, and dimensional stability, with ultimate strength influenced by in-
terfacial integrity and internal discontinuities. The proposed modeling workflow
provides a tool for predicting geometric distortion and residual stresses, aiding
material selection and FFF process optimization when precise geometric accuracy
is essential. In practice, the achieved strength-to-weight improvements and the
manufacturability on standard equipment indicate immediate relevance for light-
weight functional parts such as drone components, small-vehicle/robotic ele-
ments, and secondary transportation structures where mass reduction is a govern-
ing requirement. The investigation concludes with the following general findings:
1. Continuous reinforcement layup faces severe limitations related to con-
stituent compatibility, composite solidification, fiber alignment, and
stretching. The FFF process demonstrates the consequence of duplicate
production: aramid yarn reinforcement occurs during filament extrusion,
followed by part fabrication during printing; defects from both stages ac-
cumulate. The novelty lies in demonstrating a pre-impregnated aramid—
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PLA filament that is printable on an ordinary single-extruder FFF system
and in quantifying reinforcement efficiency against a theoretical FE ref-
erence, approximately 6.8% in stiftness and 13.6% in load-bearing ca-
pacity, while identifying process causes (absence of in-process fiber ten-
sioning, routing-driven geometric inaccuracy, and interface defects).
The integrated SEM, DSC, DMA, and mechanical characterization re-
veals fiber-type-specific linkages between the material characteristics
and content under identical FFF conditions: wood fiber (30 wt%) in-
creases crystallinity and toughness and reduces edge warpage by 43%,
whereas carbon fiber (10 wt%) reduces warpage by 14.3% and raises
stiffness with strength governed by interface-controlled defects, thus ex-
tending prior literature beyond single-metric comparisons. In practice,
these findings provide selection guidance: wood fibers, where dimen-
sional fidelity and damage tolerance dominate, and carbon fibers, where
stiffness gains are prioritized, and tolerances remain manageable.
Scientifically, the developed staged finite-element framework, driven by
the custom-made G-code-based element activation and including print-
ing, cooling, and explicit detachment, advances prior FFF models by au-
tomatically transferring fabrication process-induced residual-stress and
distortion fields into subsequent mechanical simulation. The warpage
predictions show good agreement with the experiments, with an average
deviation of 10.6%. A Digimat workflow extends modeling to short-fi-
ber-reinforced composites by using RVE-based homogenization, captur-
ing for the first time material-dependent distortion ranking, and account-
ing for an edge-dominated warpage mode. In practice, this modeling
approach reduces trial-and-error by enabling the pre-selection of materi-
als and dimensional-tolerance parameters.
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Jvadas

Problemos formulavimas

Spartéjanti 3D spausdinimo (angl. fused filament fabrication, FFF) plétra didina susido-
méjima Sios technologijos taikymu. Vis délto jos taikyma konstrukcinéms funkcijoms ri-
boja ryski spausdinty medziagy anizotropija ir gamybos metu susidarantys mikrostruktii-
ros defektai bei liekamieji jtempiai, lemiantys geometriniy matmeny netikslumus ir
formos iskraipymus. Sie apribojimai dar labiau idryskéja, kai j gamybos cikla siekiama
jtraukti tvarumo principus, jskaitant dalinai perdirbty polimery naudojima, todél biitina
jvertinti, kaip medZiagos sudétis ir spausdinimo reZimai lemia strukturg bei gaminiy me-
chaninj atsparuma. Vystant armavimo metodus, taikytinus 3D spausdinimui, t. y. trumpy
plausy uzpilda ir iStisines armuojancias gijas, atsiveria galimybés gerinti mechanines sa-
vybes, taciau kartu rySkéja plausy pasiskirstymo netolygumo, saveikos su polimero mat-
rica ir struktiriniy defekty susidarymo rizikos. Todél bitina sukurti vieninga metodinj
pagrinda, kuris susiety medziagos parinkimg (jskaitant perdirbty plastiky taikyma), pasi-
rinkta armavimo biida, mikrostruktiiros formavimosi ypatumus, viskoelastines, termome-
chanines ir mechanines savybes bei gamybos metu atsirandanéiy liekamyjy deformacijy
ir jtempiy modeliavima. Toks kompleksinis poziiiris sudaro prielaidas patikimai vertinti
3D spausdinty kompozity konstrukcinj panaudojimg ir geometrinj tiksluma.
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Darbo aktualumas

Disertacija yra aktuali tiek mokslinei, tiek pramonininky bendruomenei, nes joje nagriné-
jama trijy Siuolaikiniy tendencijy sankirta: 3D spausdinimo biidu gaminamy pluostu ar-
muoty polimeriniy kompozity plétra, tvariy polimery perdirbimo ir panaudojimo spren-
dimy poreikis ir didéjanti procesy analizés svarba siekiant mazinti bandymy ir klaidy
apimtj. Didéjantis trumpy plausy armuoty polimero siily priecinamumas ir paZanga integ-
ruojant istisinj armuojantj pluosta sudaro sglygas gaminti mechaniskai atsparesnius 3D
spausdintus elementus. Taip pat i$ryskina didesnj poreikj vertinti plau$o ir matricos sg-
veika, spausdinimo sluoksniy sukibimo kokybe ir jautruma struktiiriniams defektams.
Eksperimentinis nearmuoto perdirbto polilaktido (PLA) vertinimas prisideda prie tvarumo
siekiy jgyvendinimo gamyboje, nes leidzia pagristi tokios medziagos taikyma, kai biitina
patikrinti jos mechaninj patikimuma. I§tisiniy pluosty armavimas leidzia iSplésti PLA pag-
rindu gaminamy komponenty mechaniniy savybiy spektra, Zenkliai pranokstantj jprastiniy
polimery galimybes. Galiausiai, termomechaniniy procesy analizé dar labiau sustiprina
tyrimy potencialg, nes padeda atskleisti, kaip lickamosios deformacijos ir jtempiai, atsi-
randantys gamybos metu, veikia 3D spausdinty detaliy matmeny tikslumg ir struktiirinj
patikimuma.

Tyrimo objektas

3D spausdinty PLA pagrindu sudaryty trumpy plausy ir iStisinio pluosto armuoty kompo-
zity mechaninés ir temperatiirai jautrias viskoelastinés savybés, taip pat gamybos metu
susidarantys liekamosios deformacijos ir jtempiai.

Darbo tikslas

Sukurti eksperimenting ir skaitinio modeliavimo metodika, leidzianc¢ig jvertinti PLA pag-
rindo armuoty kompozity mechaninj atsparuma ir nustatyti 3D spausdinimo metu atsiran-
dancias deformacijas bei lieckamyjy jtempiy poky¢ius.

Darbo uzdaviniai

Siekiant jgyvendinti tyrimo tiksla, disertacijoje sujungta literatiiros analizé, eksperimenti-
niai tyrimai, medziagy charakterizavimas ir baigtiniy elementy modeliavimas. Remiantis
Siomis tyrimy kryptimis, suformuluoti Sie uzdaviniai:
Nustatyti armavimo tipo (iStisinio ir trumpy plausy) bei medziagos sudéties, js-
kaitant perdirbto PLA dalj, jtaka 3D spausdinty PLA elementy mechaninéms sa-
vybeéms, jvertinant jy stiprj, standuma ir irimo elgsena.

2. Istirti gamybos proceso, medziagos struktiiros ir PLA bei jo kompozity savybiy
sasajas, analizuojant kristalizavimo lygj, viskoelastines savybes, termomechani-
nes reakcijas ir mikrostruktiiros ypatumus (plauSy pasiskirstyma, sasajos ko-
kybe, defekty susidaryma) bei identifikuoti pagrindinius kompozity irimo ir plei-
$¢jimo mechanizmus.

3. Sukurti ir eksperimentiskai patikrinti kombinuotg termomechaninj skaitinj (baig-
tiniy elementy) modelj, nustatantj 3D spausdinimo, auSinimo ir atskyrimo nuo
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pagrindo metu susidarancias lieckamasias deformacijas, jtempius ir bandiniy i$-
linkj, taip pat DIGIMAT aplinkoje jvertinti trumpais plausais armuoty kompo-
zity i8linkio tendencijas bei modeliavimo ir eksperimentiniy bandymy atitikima.

Tyrimo metodai

Tyrimo objektui nagrinéti taikyta teoriné analizé ir sintezé, kuriy metu nustatytas tyrimo
kontekstas ir suformuotas vieningas tyrimy pagrindas, siejantis armavimo biidg, 3D spaus-
dinimo Siluminio rezimo jtaka, spausdintos medziagos mikrostruktiira, mechanines savy-
bes, geometrinés formos pokycius ir 3D spausdinimo proceso skaitinj modeliavima. Eks-
perimentinio tyrimo planavimas ir gamybos parametry parinkimas buvo grindziami
laboratorine 3D spausdinimo praktika ir polimeriniy kompozity mechaniniy bandymy
standartais. Kvazistatiniai tempimo bandymai atlikti siekiant nustatyti mechaninj atspaus-
dinty bandiniy atsaka, o iStisinés gijos armavimo atveju deformacijoms registruoti taikytas
skaitmeninés vaizdy koreliacijos (DIC) metodas. Trumpy plausy armuotiems kompozi-
tams jvertinti taikyti kvazistatiniai tempimo ir trijy taSky lenkimo bandymai, nustatant jy
stiprj, plastiSkuma ir tagsumg. Diferencialiné skenuojancioji kalorimetrija (DSC) ir dina-
miné mechaniné analizé (DMA) naudotos terminio virsmo charakteristikoms ir tempera-
tiirai jautraus kompozity standumo pokyc¢iams nustatyti. Skenuojancioji elektroniné mik-
roskopija (SEM) taikyta gijy skerspjiiviui ir irimo pavir§iams tirti, identifikuojant plausy
pasiskirstyma, sgsajos kokybe ir susidariusius defektus. Kombinuotas termomechaninis
baigtiniy elementy modelis buvo taikytas grynajam PLA: modeliuoti spausdinimo, ausi-
nimo ir atskyrimo nuo pagrindo etapai, prognozuoti lickamieji jtempiai, bandiniy islinkis
ir liekamyjy deformacijy bei jtempiy eksportavimas j mechaninio tempimo bandymo mo-
delj. DIGIMAT aplinkoje sudarytas skaitinis modelis taikytas trumpy plau$y armuotiems
kompozitams, siekiant jvertinti i§linkio tendencijas ir palyginti modeliavimo bei eksperi-
mentiniy bandymy rezultatus.

Darbo mokslinis naujumas

Eksperimentiniai ir skaitinio modeliavimo 3D spausdinty elementy tyrimai leidzia i$skirti
Siuos disertacijos mokslo naujumo aspektus:

1. Kombinuotas SEM, DSC ir DMA taikymas leidzia pateikti vientisg trumpy
plausy armuoty PLA kompozity struktiiros ir savybiy sgsajy interpretacija. Sis
kombinuotas tyrimas atskleidé skirtingg plauso tipo jtaka kristalizavimuisi, vis-
koelastinéms savybéms ir mikrostrukttrinei sandarai: 30 % medienos plausy uz-
pildas padidina kristalizavimo lygj, tasuma ir matmeny pastovuma, o 10 % ang-
lies plausy jtaka pasireiskia per standumo pokycius ir plausy ir PLA matricos
sukibimo defekty sukeltus irimo mechanizmus.

2. Sukurtas kombinuotas termomechaninis modeliavimo pagrindas, leidziantis eks-
portuoti 3D spausdinimo metu atsirandanciy liekamyjy jtempiy ir formos poky-
¢iy laukus | mechaninj baigtiniy elementy modelj. DSC ir DMA tyrimy metu
nustatytos terminio virsmo temperattiros ir standumo poky¢iai sudaré tempera-
tirai priklausomus medziagy modelius. Tai leido apibrézti lieckamyjy jtempiy
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prieaugj ir nustatyti bandiniy atskyrimo nuo pagrindo metu gamybos metu susi-
daranéiy deformacijy poky¢ius.

DIGIMAT aplinkoje sukurtas trumpy plausy armuoty PLA kompozity homoge-
nizavimo modelis yra pirmasis tokio tipo skaitinis modelis, skirtas 3D spausdi-
nimo metu atsirandan¢ioms deformacijoms nustatyti. Sis modelis leidZia jver-
tinti deformacijy dydj ir jy priklausomybe¢ nuo kompozito sudéties bei plauso
tipo, esant 3D spausdinimo proceso sukeltoms termomechaninéms apkrovoms.

Darbo rezultaty praktiné reikSmé

Sio darbo rezultatai turi prakting verte tick 3D spausdinimo technologijy tobulinimui, tiek
taikomajam kompozity projektavimui:

1.

Pademonstruotas iStisinés aramido gijos armavimo pritaikomumas gali biiti lai-
komas praktine nuoroda, skirta iSplésti PLA pagrindu gaminamy elementy me-
chaninj atsparuma naudojant jprastas vieno ekstruderio 3D spausdinimo siste-
mas. Taip pat nustatyti technologiniai apribojimai — gijos jtempimo stoka,
trajektorijy testinumo poreikis ir sukibimo defektai, atsiradusieji spausdinimo
metu, pademonstravo veiksnius, ribojancius istisinio armavimo efektyvuma ir
pakartojamuma.

Gauti eksperimentiniai duomenys apie spausdinty PLA elementy tempiamo sa-
vybes, pagamintas kontroliuojant 3D spausdinimo rezimus, jskaitant palyginima
tarp gryno ir perdirbto polilaktido. Sie rezultatai sudaro pagrindg spausdinimo
zaliavy praktiniam taikymui ir mechaniniy savybiy vertinimui tvarumo kon-
tekste.

Derinant mechaniniy bandymy ir SEM mikrostruktiiros tyrimy rezultatus papras-
tam PLA ir trumpais plausais armuotiems kompozitams nustatytas rySys tarp
trumpy plausy poveikio standumui, stipriui ir tgsumui, taip pat parodyta, kaip
plausy sukibimo defektai ir jy pasiskirstymas riboja $iy kompozity mechaninj
atsparuma.

DSC ir DMA tyrimai pateikia duomeny apie temperatiirai jautrias medziagy sa-
vybes, svarbias skaitiniam modeliavimui 3D spausdinimo procesy metu, identi-
fikuojant kristalizacijos bei standumo pokyc¢ius ir jy jtakg komponentams, vei-
kiamiems temperatiiry, artimy medziagos stiklé¢jimo sri¢iai. Gauti eksperi-
mentiniai duomenys biitini termomechaniniams modeliams kalibruoti, siekiant
patikimai prognozuoti gamybos (medziagos lydimo, ekstruzijos ir ausinimo pro-
cesy) liekamasias deformacijas ir jtempius.

Sukurtas kombinuotas 3D spausdinimo termomechaninis modelis, jgyvendintas
ABAQUS aplinkoje, leidzia jvertinti deformacijas ir lickamuosius jtempius at-
sizvelgiant | gamybos etapy sekg — medziagos ekstruzijg, ausinimg ir atskyrima
nuo formavimo pagrindo. Nustatyta, kad biitent atskyrimo etapas lemia sukaupty
jtempiy islaisvinima ir gali nutraukti gamyba. Sis modelis leidZia identifikuoti
i§linkiui jautrias formas ir nustatyti saugius proceso parametrus, taip sumazinant
eksperimentiniy bandymy poreikj.
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6.

7.

PYTHON aplinkoje sukurtas automatizuotas jrankis, skirtas 3D spausdinimo ko-
dui (G-kodas) transformuoti j laike i§déstyta jvykiy seka, skirta baigtiniams ele-
mentams aktyvuoti skaitiniame modelyje. Sis algoritmas sumazina modeliavimo
paruosimo laikg ir eliminuoja zmogiskasias klaidas.

DIGIMAT aplinkoje sudarytas termomechaninis trumpais plausais armuoty PLA
kompozity modelis leidzia jvertinti medziagy savybémis nulemtas ir 3D spaus-
dinimo aktyvuotos geometrinés formos praradimo tendencijas ir palyginti defor-
macijy skirtumus priklausomai nuo uzpildo tipo. Nustatyta, kad medienos plau-
Sais armuotas PLA kompozitas pasiZymi maziausiu formos praradimu, 0 jo
taikymas gali sumazinti formos nuokrypius, taip uztikrinant gamybos precizis-
kuma. Be to, medienos plausy ir PLA derinys gali biti laikomas potencialiai
bioskaidomu ir aplinkai palankiu kompozitu.

Ginamieji teiginiai

Sie disertacijos rezultatais pagrjsti teiginiai sudaro ginamaja darbo hipoteze:

1.

Sukurta iStisai armuota PLA gija, kurioje jterpta istisiné aramido gija, yra sude-
rinama su jprastomis vieno ekstruderio 3D spausdinimo sistemomis. Taciau ar-
mavimas negali pasiekti teorinio efektyvumo, nes spausdinimo procesas neuz-
tikrina armavimo gijos jtempimo ir geometrinio gaminio tikslumo.

Trumpy plausy armavimas mazina lickamajj islinkj ir geometrijos netikslumus
3D spausdintuose PLA kompozituose. Medienos plausai skatina polimero kris-
talizavimo procesg ir didina tagsuma, o anglies plausai didina standuma. Abu
plausy tipai leidzia uztikrinti spausdinty objekty matmeny pastovuma, taciau tik
medienos plausas pasizymi tvarumu.

Sukurtas kombinuotas termomechaninis 3D spausdinimo modeliavimo sprendi-
nys leidZia nustatyti lickamasias deformacijas ir jtempius grynajame ir trumpais
plausais armuotame PLA. Automatinis 3D spausdinimo proceso algoritmo trans-
formavimas | ABAQUS baigtiniy elementy tinkla sudaro galimybe jvertinti
spausdinimo metu susidarancius jtempiy biivius elementuose.

Darbo rezultaty aprobavimas

Tyrimo tematika parengtos keturios mokslinés publikacijos, i§ kuriy trys paskelbtos Web
of Science duomeny bazéje referuojamuose mokslo Zzurnaluose, turin¢iuose citavimo ro-

diklius.

Disertacijoje pristatyty tyrimy rezultatai paskelbti septyniose mokslinése konferencijose:

NUMIFORM 2023: 14th International Conference on Numerical Methods in In-
dustrial Forming Processes pranesimas Numerical Simulation of Polymer Ext-
rusion-Based Additive Manufacturing Process, 2023 m., Krokuvoje, Lenkijoje.
35th DAAAM International Symposium on Intelligent Manufacturing and Auto-
mation prane$imas Numerical Simulation of FFF Process and Tensile Tests,
2024 m., Vienoje, Austrijoje.
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e OES 2025: 2nd Olympiad in Engineering Science International Conference pra-
ne$imas Thermo-Mechanical Simulation of Material Extrusion-Based Additive
Manufacturing Process, 2025 m., Stavangeryje, Norvegijoje.

e PraneSimas Development and Mechanical Performance Analysis of Biodegra-
dable Polymers Sustainable for Additive Manufacturing Stambulo universiteto
seminare, 2025 m., Stambule, Turkijoje.

Disertacijos struktira

Pagrinding disertacijos dalj sudaro trys skyriai ir bendrosios iSvados. Literatiiros sarasa
sudaro 280 saltiniai. Disertacijos apimtis (be santraukos lietuviy kalba) yra 135 puslapiali,
joje pateikiamos 35 iliustracijos, 14 lenteliy ir 17 sunumeruoty lyg¢iy. Autoriaus publika-
cijy sarasa sudaro trys straipsniai Web of Science domeny bazéje referuojamuose Zurna-
luose ir viena publikacija tarptautinés konferencijos leidinyje.

Padékos

Autorius nuosirdziai dékoja darbo vadovui prof. dr. Viktorui Gribniak uz nejkainojama
pagalba, pastangas ir intelekting parama viso studijy laikotarpio metu. Taip pat reiskiama
padéka doc. dr. Arvydui Rimkui uz konstruktyvias jzvalgas ir pagalba organizuojant eks-
perimentinius tyrimus.

Autorius dékingas doc. dr. Jelenai Skamat, prof. dr. Dariui Bacinskui, prof. dr.
Alfonsui Danitinui, prof. dr. Artiirui Juknai, doc. dr. Nikolajui Visniakov ir prof. dr. Di-
mitrios Pavlou uz jy indélj gerinant Sios disertacijos kokybe.

Autorius taip pat nuosirdziai dékoja savo Seimos nariams ir draugams. Jy nuolatiné
emociné parama suteiké motyvacijos ir stiprybés viso studijy proceso metu.

1. Pluostu armuoty polimeriniy kompozity adityvioji gamyba

Siame skyriuje pateikiama pluotu armuoty polimeriniy kompozity adityviosios gamybos
literatiiros apzvalga, skiriant démesj 3D spausdinimui (angl. fused filament fabrication,
FFF). Analizuojamos pagrindinés tyrimy kryptys, susijusios su polilaktido (PLA) pag-
rindu gaminamomis medziagomis, iskaitant gryna ir perdirbta PLA, taip pat trumpais
plausais ir iStisinémis gijomis armuotus kompozitus. Apzvelgiami biidai, kaip galima j-
vesti iStising aramido armuojancia gija j spausdinama medziaga ir uztikrinti plausy arba
gijy suderinamuma su polimero matrica. Be to, aptariama polimero kristalizavimo pro-
cesai, poringumo susidarymo ir sukibimo defekty, atsirandan¢iy spausdinimo metu, po-
veikis spausdinty kompozity mechaninéms savybéms ir jy anizotropijai.

Taip pat aptariamas 3D spausdinimo Siluminio reZimo poveikis liekamosioms defor-
macijoms ir jtempiams, kurie sukelia geometrinés formos pokycius. Pabréziama, kad dau-
guma esamy skaitiniy modeliy vertina medziagos formavimo ir auSinimo etapus, taciau jy
galimybés apraSyti galutinj gaminio atskyrima nuo gamybos pagrindo, kuris yra lemiamas
liekamyjy deformacijy veiksnys, yra ribotos. Sis neatitikimas riboja galimybe tiksliai nus-
tatyti spausdinimo metu sukeltus geometrijos netikslumus.
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Skyrius pabrézia poreikj sistemingai tirti sasajas tarp medziagos sudéties, trumpy
plausy arba iStisinés gijos armavimo, spausdinimo parametry, spausdinty daliy mik-
rostruktiiros ir mechaniniy savybiy. Nustatyti pagrindiniai nei$spresti klausimai, kurie
tapo Sios disertacijos tikslo ir uzdaviniy pagrindu.

2. Medziagos, metodai ir tyrimo metodika

Siame skyriuje pateikiama kombinuota eksperimentiniy ir skaitinio modeliavimo meto-
dika, skirta PLA pagrindu gaminamy medziagy savybéms jvertinti, jskaitant gryna, per-
dirbtg (40 % PLA pakeitimas perdirbtu plastiku) ir pluostu armuotus kompozitus. Sis sky-
rius sieja medziagos formavimo procesg ir mechaninj atsparuma, sujungdamas fizikiniy
medziagy savybiy nustatymg su skaitiniu termomechaniniu 3D spausdinimo proceso mo-
deliavimu. Nagrinéjama priklausomybé tarp kompozito mechaniniy savybiy ir 3D spaus-
dinimo kokybés. Tyrimas suskirstytas j dvi dalis. Pirmojoje dalyje nagrinéjamas istisinés
gijos armavimas, sickiant padidinti spausdintos medziagos atsparumg tempimui. Kieky-
biskai jvertinamas skirtumas tarp teorinio aramido gijos armavimo potencialo (laikomo-
sios galios) ir eksperimentiskai pasiekty savybiy bei nustatomas armavimo efektyvumas.
Antrojoje skyriaus dalyje vertinami trumpais anglies (PLA-CF) ir medienos (PLA-WF)
plausais armuoti kompozitai, analizuojant jy geb¢jima gerinti tagsuma ir sumazinti geomet-
rinés formos pokycius.

Pirmojoje skyriaus dalyje apraSoma eksperimentiné medziagy tyrimy programa.
S2.1 lenteléje pateiktas bandiniy ir jy gamybos parametry apibendrintas planas visoms
tirtoms medziagoms.

S2.1 lentelé. Tirty medZiagy gamybos parametrai

Spaus- | Temperatira | Uzpil- | Spausdi- . ..
Medsiaga Geometrijos |dinimo [Ekstruz[Platfor-| dymo | nimo Eslf(sglsjieur(')o EEZ?:EE
1ag standartas | greitis | ijos | mos | tankis | kryptys
(mm/s)] (°C) | (°C) | (%) ) (mm) ()
CAFR-PLA ASTM
2 tir. % (InLT)|  D3039 10 | 210 | 60 | 100 | 45 0.8 5
40% perdibtas- ASTM

PLA (LD Oeaens | 28 | 210 | 60 | 100 | 45 0,4 6
PLA(nLT) | A2V D981 28 | 210 | 60 | 200 | 45 0,4 11
PLA (P.C2) DAG‘T;’;_'\{' | 28 |20 | 60 | 100 | 45 0,4 6
20 6
ASTM ' '
PLA(POTR) |pesaeas proo| 30 | 215 | 60 | 60, | 45 0,4 6,
100 6
PLA-CF 20, 6,
10mases% | ATIMDSE 1 30 | 215 | 60 | 60, | 43 0,4 6,
(Po.TR) ' 100 6
PLA-WF 20, 6,
30 masés % AsleD?ggs- 30 | 215 | 60 | 60, | =+45 0,4 6,
(Po.TR) ' 100 6

Pastaba: cAFR-PLA — istisine aramido gija armuotas PLA,; (In.LT), (Pr.CZ) ir (Po.TR) nurodo
gamintojus ,,Inorega Ltd.” (Lietuva), ,,Prusa“ (Cekija) ir ,,Porima3D* (Turkija).
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IStisinés gijos armuoty PLA bandiniy atsparumas vertinamas atliekant tempimo ban-
dymus pagal ASTM standartus (ASTM International, 2017); trumpy anglies ir medienos
plausy armuotiems kompozitams atlickami tempimo ir trijy tasky lenkimo bandymai, lei-
dZiantys nustatyti atsparuma tempimui, lenkimo stiprj, plastiskumg ir tgsuma. Sie mecha-
niniai bandymai atliekami kartu su mikrostruktiros (SEM) ir terminiais tyrimais: DSC
naudotas kristalizavimo lygiui nustatyti, 0 DMA — temperatiirai jautrioms viskoelastinéms
savybéms jvertinti.

Antrojoje skyriaus dalyje apraSomas kombinuotas termomechaninis skaitinis mode-
lis, sudarytas ABAQUS aplinkoje grynam PLA. Sis modelis skirtas lickamosioms defor-
macijoms ir geometrijos poky¢iams nustatyti. Siekiant atkurti medziagos formavimo (3D
spausdinimo) seka, sukurtas automatizuotas spausdinimo kodo (G-kodo) transformavimo
algoritmas, kuris konvertuoja spausdinimo trajektorijas j laike iSdéstyty jvykiy seka, skirta
baigtiniams elementams aktyvuoti skaitiniame modelyje. Modeliavimas apima tris esmi-
nius 3D spausdinimo etapus: medziagos klojima, auSinimg ir gaminio atskyrimg nuo pag-
rindo.

Termomechaninis modeliavimas buvo i$pléstas jtraukiant trumpy plausy armuotus
PLA kompozitus. DIGIMAT-AM darbo aplinkoje ASTM D638 | tipo bandinio geometrija
buvo sugeneruota kaip STL failas ir parengta ULTIMAKER CURA programoje G-kodui
(3D spausdinimo trajektorijy) sukurti. Spausdinimo modelis sudarytas naudojant 100 %
uzpildg ir £45° rastring uZpildo struktiira, keiciant jos kryptj tarp sluoksniy; nustatytas
30 mm/s spausdinimo greitis ir 215 °C ekstruzijos temperatiira. Pirmasis sluoksnis for-
muotas 0,2 mm, o tolesni — 0,3 mm storiu, i§gaunant mazdaug 3,2 mm storio bandinj.
Atskiry plausy geometrija nebuvo modelivojama — tam taikytas homogeninis DIGI-
MAT-MF trumpy plausy armuoto polimero modelis. Spausdinimo duomenys (geometrija
ir trajektorijos) importuoti j DIGIMAT-AM aplinka, siekiant adekvaciai perteikti gijos
iSdéstyma, ausinimg ir deformacija, kartu mazinant skaic¢iavimo sanaudas.

DIGIMAT-AM aplinkos baigtiniy elementy tinklas skiriasi nuo ABAQUS tuo, kad
yra pagrjstas vokseliniu (angl. voxel-based) diskretizavimu, kuriame modeliuojamas ob-
jektas vaizduojamas struktiirizuotu tinklu. Kaip ir ABAQUS, tinklui sudaryti naudojami
kubo formos baigtiniai elementai. Toks diskretizavimo biidas supaprastina automatinj
spausdinimo trajektorijos susiejima su modeliu ir padidina sudétingy formavimo trajek-
torijy modeliavimo patikimuma. Vis délto lokaliy gradienty nustatyma riboja daugiausia
vokselio dydis, o ne tinklelio sutankinimas. Tuo tarpu ABAQUS naudojami tetraedriniai
arba heksaedriniai baigtiniy elementy tinklai reikalauja lokalaus sutankinimo dideliy gra-
dienty zonose, kas padidina modeliavimo tiksluma, taciau lemia gerokai didesnes skaicia-
vimo sanaudas.

3. Mechaniniy savybiy ir gamybos proceso sukelty
deformacijy charakterizavimas bei modeliavimas

Siame skyriuje pateikiami eksperimentiniy ir skaitinio modeliavimo rezultatai, skirti nus-
tatyti medziagos pasirinkimo, armavimo biido ir 3D spausdinimo rezimy poveikj spaus-
dinty PLA elementy mechaniniam atsparumui ir geometrinés formos pokyc¢iams. Rezulta-
tai apjungia tempimo ir lenkimo bandymus, termines ir viskoelastines savybiy nustatymo
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rezultatus, mikrostruktiiros tyrimus bei termomechaninj modeliavima, pristatyta antra-
jame disertacijos skyriuje.

Istisinés gijos armavimas. Naudojant vieno ekstruderio 3D spausdintuva ir i§ anksto
impregnuotg aramido gija, pavyko beveik dvigubai, palyginant su nearmuotais bandiniais,
padidinti armuoto PLA elementy atsparuma tempimui. Taciau armavimo efektyvuma ri-
boja keli gamybos veiksniai: aramido gijos sukibimo su PLA matrica defektai atspausdin-
tame bandinyje, gijos iSdéstymo trajektorijos netolygumas, spausdinty elementy geomet-
riniai netikslumai ir sukibimo tarp spausdinimo sluoksniy defektai. Taip pat nepavyko
uztikrinti bandinio numatytos geometrinés formos. Siy apribojimy pasekmés atsispindéjo
baigtiniy elementy modelio tempimo modeliavimo rezultatuose: teoriné laikomoji galia

buvo gerokai didesné nei eksperimentiskai uzfiksuotos reik§més (S3.1 pav.).

1 Itempiai 9 7
1 MPa

573
50,1
28
356
284
212
140

67
05

Apkrova, kN

Experimentas
Modeliavimas
-V, =15%

==V, =3.0%
——— 1 =22%
Faktinis skerspjuvis = 38.6 mm?

Nominalus skerspjivis = 54.0 mm?

Poslinkis, mm

25 3 35 4 45 (b)Faktinis skerspiuvis=364mm?  (c)

S3.1 pav. Tempimo bandymo ir geometrines formos stebéjimo rezultatai: (a) apskai¢iuotas jtem-

piy pasiskirstymas ir armavimo efektyvumo vertinimas; (b) spausdinimo metu susidarg skerspjii-
vio defektai; (c) iStisinés gijos armuoto bandinio vaizdai esant skirtingiems didinimo masteliams

Sio neatitikimo prieZastys siejamos su ribotomis iitisinés gijos armavimo formavimo
galimybémis: poreikiu i$laikyti nenutriikstamas spausdinimo trajektorijas, sudétingu gijos
i8déstymu sudétingos formos objektuose, gijos jtempimo stoka spausdinant elementus bei
gijos sukibimo defektais. Dél to realus mechaninis atsakas stipriai priklauso nuo gamybos
nustatymy ir spausdinimo mastelio yra ribotas.

Trumpy plauSy armuoti kompozitai. Detalése su 100 % spausdinimo uzpildymu
trumpais plausais armuoty PLA kompozity mechaninés savybés nepasiekia gryno PLA
stiprio ir standumo, i§ vienos pusés, ir pranoksta PLA plastiSkuma bei tasuma — i$ kitos.
Grynas PLA pasizyméjo didZiausiu tempiamuoju stipriu (39,9 MPa) ir tamprumo moduliu
(2,08 GPa), o PLA-WF pasieké didziausias pailgéjimo deformacijas (5,60 + 0,70 %) ir
didziausig irimo energijg (1268 kJ/m?). S3.1 lentel¢je pateikiama tempiamyjy bandymy
rezultaty suvestiné.

S3.1 lentelé. Tempimo bandymo rezultaty suvestiné

» Tamprumo modulis | Tempiamasis stipris Ribiné deformacija | Tasumas
Medziaga
(GPa) (MPa) (%) (kJ/m?)
PLA 2,08 +0,15 39,9 +£2,10 3,87 £0,45 813
PLA-CF 1,92 0,02 27.2+0,20 4,45+ 0,05 985
PLA 1,38 +0,03 24,1 + 0,60 5,60 + 0,70 1268
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DSC rezultatai parodé, kad anglies ir medienos plausy taikymas labiau kei¢ia PLA
kristaliskumo laipsnj (Xc) nei stikléjimo temperatiirg (Tg). Trumpi plausai veikia kaip kris-
talizavimo zidiniai ir riboja polimero grandinés difuzija, slopindami kristaly augima. S3.2
lenteléje pateiktos DSC savybés.

S3.2 lentelé. DSC terminés savybés

Pirmas kaitinimas AuSinimas Antras kaitinimas
Mediiaga Tg ch AHcc Tm AHm Xc Tg Tg ch AHcc Tm AHm Xc
°C Jg | °C | Jg | % °C °C Jg | °C | Jg | %

PLA |60,8(116,8| 18,1 (151,9|19,4(20,7| 51,2 |(59,1|119,5|15,8|150,4|19,1|20,4
PLA-CF |61,9|114,9| 16,6 {151,8| 19,1 (24,0 50,6 |[59,9|121,0| 13,3 |150,9|17,4|21,8
PLA-WF |61,0{111,7| 19,5 |153,4| 20,4 |31,1| 49,0 |60,0/119,8|18,9 |152,5(20,5|31,2

DMA analizé parodé standumo mazéjima visose medziagose, tatiau PLA-WF islaiké
didesnj termomechaninj stabilumg ties 80 °C (2,71 MPa), palyginti su grynu PLA
(1,6 MPa). Tokie standumo rezultatai siejami su didesniu kristalizavimo laipsniu ir stan-
dziomis uZzpildo sritimis, ribojan¢iomis molekulinj judruma, kai temperattira pasieké me-
dziagos stikléjimo riba.

SEM tyrimai parodé, kad grynas PLA turi tankig ir tolygia viding struktiira su lygiu
irimo pavirSiumi, bidingu matricos dominuojamam, trapiai-plastiSkam irimui ir maza e-
nergijos absorbcijai. Priesingai, PLA-CF ir PLA-WF kompozituose plausai pasiskirste ne-
tolygiai, formuojant sankaupy idinius, sukibimo defektus ir mikroporas. Sie defektai su-
kuria standumo netolygumus ir jtempiy koncentracijos vietas, kurie mazina kompozito
atsparumg mechaninéms apkrovoms.

Termomechaninis modeliavimas. Sukurtas kombinuotas baigtiniy elementy mode-
lis, kuriame termomechaninio uzdavinio sprendimas pazingsniy atkuria 3D spausdinimo,
ausinimo ir spausdinto objekto atskyrimo nuo gamybos platformos etapus. Véliau, gauti
liekamyjy itempiy ir deformacijy pasiskirstymo laukai eksportuojami j mechaninj modelj.
Eksperimentiskai iSmatuotas didziausias spausdinto elemento krasty vertikalus poslinkis
sieké 6,82 mm (S3.2 pav.), o tai gerai sutapo su skaitinio modeliavimo rezultatais.
ABAQUS modeliavimo aplinkoje grynojo PLA elemento islinkis apskaiciuotas su 8,2—
10,6 % vidutine paklaida.

DIGIMAT-AM aplinkoje atliktas bandinio i§linkio modeliavimo patikrinimas, lygi-
nant skaitinius rezultatus su eksperimentiskai iSmatuotais trijy skirtingy spausdinty me-
dziagy krastiniy briauny poslinkiais. Bandymy duomenys parod¢, kad trumpy plausy ar-
mavimas sumazino briauny poslinkj nuo 0,49 mm gryno PLA atveju iki 0,42 mm PLA-CF
ir 0,28 mm PLA-WF kompozituose, patvirtindamas teigiama plausy poveikj geometriniy
matmeny pastovumui. DIGIMAT-AM modeliavimo rezultatai adekvaciai nusako tiek
poslinkio maz¢jimo tendencija, tiek jo reikSme: kiekybiskai vertinant, skaitinis modelis
sistemingai nuvertino iSmatuotg iSlinkj, o santykiniai nuokrypiai PLA, PLA-CF ir
PLA-WF atvejais sieké atitinkamai 8,2 %, 14,3 % ir 17,9 % (S3.3 pav.). Sj neatitikima
lemia supaprastintos modeliavimo prielaidos, ypa¢ susijusios su medziagos modeliavimo
biidu.
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S3.2 pav. Geometrijos pokyc¢iy analizé: (a) eksperimentiniai matavimo taskai (raudoni apskriti-
mai); (b) baigtiniy elementy modeliavimo rezultatai; (c) formos poky¢iy profiliy palyginimas
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S3.3 pav. Trumpy plausy armuoto PLA islinkio eksperimentiniy matavimy ir modeliavimo re-
zultatai DIGIMAT-AM aplinkoje: (a) grynas PLA; (b) PLA CF; (c) PLA WF

lempiai, MPa tempiai, MPa

60,29 52,14

5543 47,80

50,58 4345

45,73 39,11

40,88 34,76

36,03 30,42

31,18 26,07

2633 21,73

21,48 17,38
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S3.4 pav. Spausdinto bandinio liekamyjy jtempiy pasiskirstymo modeliavimo rezultatai: (a) jtem-
piai ekstruzijos pabaigoje; (b) jtempiai ausinimo pabaigoje
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Sukurtas termomechaninis modelis taip pat panaudotas spausdinto bandinio lieka-
miesiems jtempimams nustatyti. Siam tikslui temperatiiros pokyéiy duomenys perkelti i
mechaninj modelj kaip pradiné salyga, siekiant jvertinti lickamuosius jtempius ir defor-
macijas, atsirandancias dél temperatiiros kitimo, ausinimo ir formavimo proceso poveikiy.
Pastebéta, kad, palyginti su kitomis vietomis, didziausios lickamosios jtempiy vertés tel-
kiasi iSilgai bandinio briauny (S3.4 pav.).

Atlikus termomechaning analiz¢ buvo sudarytas tempimo bandymo modelis. Pirmoji
tempimo simuliacija atlikta nejvertinus 3D spausdinimo proceso metu susidaranciy lieka-
muyjy jtempiy; $i situacija pavaizduota S3.5 pav. kaip 1 BE modelis. 2 BE modelis papil-
domai jvertino liekamuosius jtempius ir su gamyba susijusius geometrinius netikslumus.
Pastarasis modelis parodé, kad liekamieji jtempiai mazina 3D spausdinty komponenty me-
chanines savybes, 0 modeliavimo rezultatai patvirtinti fiziniais bandymais (Rimkus et al.,
2022). Eksperimentiniu biidu nustatyta 1,7 kN tempimo apkrova esant 2,8 mm poslinkiui;
1 BE modelis prognozavo didesne¢ laikomaja galia, o 2 BE modelis tiksliau prognozavo
laikomosios galios sumazéjimg dél lickamyjy jtempiy ir bandinio geometrijos poky¢iy.

Apkrovimo kryptis

25

Apkrova, kN

Suvarzyti visi laisves
laipsniai, i$skyrus
apkrovimo kryptj 15

ra

1 ------- 1 BE modelis
—2 BE modelis
- Lo — Eksp. vid.
Itvirtinta (suvarzyti 0,5
visi laisvés laipsniai)
,
0 05 1 15 2 25 3

@ (b)

S3.5 pav. Tempimo bandymo modeliavimo rezultatai: (a) baigtiniy elementy modelis;
(b) apkrovos ir poslinkio diagramos

Bendrosios iSvados

Disertacijoje nagriné¢jama sasaja tarp pluostu armuoty PLA kompozity 3D spausdinimo
proceso parametru, kompozity sudéties ir mechaniniy savybiy. Rezultatai rodo, kad arma-
vimo efektyvumas priklauso nuo armavimo salygy: istisiné aramido gija padidina kompo-
zito atsparumg tempimui, taciau jos efektyvuma riboja armavimo gijos iSdéstymo ir jtem-
pimo apribojimai spausdinimo metu, o trumpi plausai pagerina medziagos tgsumg ir
standuma bei mazina geometrines formos nuokrypius. Mechaninis stipris priklauso nuo
armavimo sukibimo defekty ir vidiniy defekty atsiradimo spausdinimo metu. Sukurtas
kombinuotas modeliavimo metodas leidzia vertinti geometrinius pokycius ir lieckamasias
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deformacijas bei jtempius, todél padeda parinkti medziagas ir spausdinimo parametrus,
uztikrinan¢ius gaminio geometrinj tikslumg. Gauti rezultatai yra aktualiis lengvyjy konst-
rukciniy elementy projektavimui, pvz., drony komponentams, roboty ir mazy transporto
priemoniy dalims, kur mazas svoris ir mechaninis atsparumas yra esminiai projektavimo
kriterijai. Pagrindinés darbo iSvados:

1.

Istisinés gijos armavimas turi ribotumy dél suderinamumo, sutankinimo, gijos
i8déstymo ir jtempimo stokos spausdinimo metu. Armuojancios aramido gijos
jvedimas j 3D spausdinimui PLA tinkama vyksta dviem etapais: istisinés ara-
mido gijos jterpimu j PLA gija ir bandinio formavimu spausdinant, todél abiejy
etapy defektai sumuojasi. PraktiSkai naudingas rezultatas pasiektas parodant,
kad iStisai armuota gija gali biiti spausdinama jprasto vieno ekstruderio 3D
spausdinimo jranga, bei armavimo efektyvumas néra aukstas. Vertinant pagal
teorinio modelio rezultatus, pasiekta tik 6,8 % standumo ir 13,6 % laikomosios
galios reikSmés.

Mechaniniai bandymai ir SEM, DSC bei DMA analizés rezultatai parodé trumpo
plauso tipo poveikio skirtumus: medienos plausai (30 % tirio kiekis) padidina
kristalizavimo lygj, tasuma ir 43 % sumazina lickamasias deformacijas, o anglies
plausai (10 % turio kiekis) padidina spausdinto gaminio standuma ir 14 % su-
mazina lickamasias deformacijas. Praktiskai Sie rezultatai leidzia rekomenduoti
medienos plausus tais atvejais, kai svarbus gaminiy matmeny tikslumas, 0 ang-
lies plausus — kai prioritetas yra didesnis medziagos standumas.

Sukurtas kombinuotas termomechaninis 3D spausdinimo modelis leidZia auto-
matiskai transformuoti spausdinimo kodg (G-kodg) i baigtiniy elementy aktyva-
vimo instrukcijg ir eksportuoti liekamyjy deformacijy bei jtempiy laukus j me-
chaninio modeliavimo etapa. Apskai¢iuotos lickamosios deformacijos atitinka
eksperimentinius rezultatus, esant 10,6 % vidutinei paklaidai. DIGIMAT aplin-
koje iSpléstas modeliavimo metodas trumpais plausais armuotiems kompozitams
leido nustatyti jy lickamasias deformacijas. Toks modelis sukurtas pirmg karta.
Praktikoje Sis metodas sumazins bandymy ir klaidy kiekj, leis parinkti medziagas
ir spausdinimo nustatymus, atsizvelgiant j priimtinus geometriniy matmeny
nuokrypius.
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