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The development of 3D printing technology has made it feasible to manufacture fibre
reinforced composites with complex internal geometries and customized mechanical
properties. However, the layby-layer manufacturing method of fused filament fabrication
(FFF) produces various microstructural defects, such as pores and fibre misalignment, which
significantly affect the mechanical properties and reliability of the printed composites. This
paper aims ta@haracterie these defects andsuali® the internal tsucture of continuous
carbon fibre (CFRP) and glass fibre (GFRP) reinforced nylon composites with high spatial
resolution using computed tomography (CT), and then analyse their impact on the failure
mechanism under compressive lodtlis studytakesinto account the defects before the
experiment and the failure mode after the experiment, and porosity and deagthgle
basedwvavinessare utilised agndicators to quantitatively describe the degree of composite
defects.The results show that the CFRP sé&mpith more ideal fibre alignment dispersion
(5.6°vs 6.54) exhibits earlier shear failure due to its relatively higher porosity (4.49% vs
3.64%). These findings indicate that composite failure is governed by the interaction of
multiple defects. In addadn, fibre fracture and local buckling frequently appear near the
notch, emphasiing the role of stress concentration in failure initiation. Therefore, the
optimisation of compressive strength shazddsidethe coupling effects of multiple factors

and focus on strengthening regioparticularly near geometric discontinuities such as
notches.
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SYMBOLS AND ABBREVIATIONS

Roman characters

Gm shear modulus Pa
h thickness mm
L width mm
Greek characters

a thermalexpansion coefficient -

9 warpage deformation mm
Uc stress Pa
g yield stress Pa
Uo initial fibre misalignment angle rad
Dimensionless quantities

n number

Vi fibre volume fraction

Abbreviations

AM Additive Manufacturing

CFRP ContinuousCarbonFibre ReinforcedPolymer
DIC Digital ImageCorrelation

DVC Digital VolumeCorrelation

FDM FusedDepositionModelling



FFF FusedFilamentFabrication
GFPR Glass kbre ReinforcedPolymer

XCT Computed Tomographiechnology
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1 Introduction

The introduction part of the thesasll start from the general framework and introduce the
background o8D printed compositelhenit includes objectivesresearch methog®search

problem, research questioasdscopes

1.1 Background and motivation

Additive manufacturing (AM) technologgspeciallyFusedFilamentFabrication (FFFhas

been widely used in higherformance engineering fields such as aerospace, automotive, and
biomedicine. Compositehave excellent strengtio-weight ratio, design flexibility and
material property adjustabilityith the integration of fibre reinforcementaaking them an
important research direction in 3D printing technoldijgo & Kashani & Imbalzano &
Nguyen 2018 Wang& Ding & Yu & Dong 2024).However, the inherent layday-layer
characteristics of FFF will lead to various types of inevitable defects, such as voids, fibre
misalignment and intdayer delamination, which will significantly affect the mechanical
properties and reliability of pried partsAnd it is worth mentioning that for 3D printed
composites, printing parameters will affect the mechanical and physical properties of the
material to a certain exte(ing & Zou & Zhuang & Wang & Fen§ Liu, 2023 p.2), such

as volume fractionlayer thickness, fibre direction, printing speed, etc. (S&dami &
Abedini.,, 2022).Moreover these internal defects are usually not visible from the surface,
making it difficult to assess the quality using conventional inspection methbdsefore,

X-ray Computed Tomography technology (XCT) can provide better support due to-its non
destructive and wide material applicability advantages. XCTpcasenthe crosssection

of the compositenternal structurén detail to achieve theharacterisatioof internal defects

and failure modes of the samglevhich is crucial to understanding the failure mechanism
and evaluating the structural integrifyiehdikhani& Breite & Swolfs& Soete& Wevers

& Lomov & Gorbatikh 2027 p. 11;Liu & Hu & Li & Xiao & Xu, 202Q p. 510.



1.2 Objectives

The aim of this thesis is to characterise microscopic defects-priB2d composites at high
resolution and to analyse their influence on the mechanical properties of the mdeedals

on XCTimages The $ecific objectivesare as follows.
1 Carry outin-situcompression tests on 3D printed composites
1 Characterise the microstructure of 3D printed composites
1 Characterise their failure modes under uniaxial compression

1 Assess thaotcheffect on the kink band formation of the composites

1.3 Research problem and research questions

The manufacturing parameters of 3D printed composites significantly affect the spatial
distribution of fibres and the formation of defects. These processes exhibit inherent
stochasticity, which leads to different characteristics of the microstructure fitited part.
Although there have been progresses in additive manufacturing technologies, the impact of
such defects on the mechanical properties of composites remains difficult to quantify
(Kokkinis & Schaffner& Studart 2015 pp. 67; Melchels& Feijen & Grijpma, 2010)
Furthermore, due to the stochastic nature of defect formation, multiple experiments are
required to ensure the reliability and reproducibility of the conclusions drawn and to develop
comprehensive and statistically validated predictive models.

1.4 Research methods

The research method in this thesis will use apptiethod triangulationt consists of three
aspectsliterature searchaboratory testend CT-basedquantification The mind map can

refer toFigurel.
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Laboratory tests

Three independent Three comparisons
data sources during verification

Figurel. Applied method triangulation

This thesiswill have three independent data sources, and then-consgare the three data
to ensure the reliability of theesults. Furthermore, the autharthis thesis Yuxuan Guo,
declares that Abssisted tools were used for language and text polishing. The author has

carefully reviewed and validated the content and takes full responsibility for its reliability.

1.5 Scope

This paper will start with 3D priet fibre réenforced nylon compositesith a particular
focus ontwo types offibre reinforcemenincluding continuouscarbon fibre and glass fibre
usingfused filament fabrication (FFF) technolodiherefore, the materials of this stuake
limited to continuous carbon fibre reinforced polynf€FRP and glass fibre reinforced
polymer (GFRP) Secondly XCT is used to obtain higresolution internal structures of
composites, and image segmentation @sdalisation techniques are used to identify and
quantify defects such as pores and fibre misalignnidmtdly, XCT is used te@haracterie

the failure mode of samples after compression testing. Then, the work is limited to
investigating the effect of angleased fibre corrugation quantification results on the kink
band failure mode. Finally, the effecEnotches on the initiation and development of kink

bands are discussed.
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1.6 Research gap

This study discusses two materials, CFRP and GFRP. Although there are studies on the
characterisatioof internal defects by XCT, there is a lack of quantitative analysis based on
porosity data and accurate fibre distribution and dispersion data. In addition, there is no
comprehensive data on 3MBBualisation and reconstruction of composite structures based on
high-resolution CT dataso there is still a gap in the research on building finite element
models to predict failure mod€gan & Demirci& Gleadal| 2023 p. ).
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2 Literature review

In order to obtain a more comprehensive knowledge atbefgictcharacterisatiorof 3D
printed compositesthe literature review will discuss different contents in related fields
including 3D printing technologydefectanalysis real structure modelling and simulatjon
short carbon fibre reinforced PETG composit&ased on theabove contest a

comprehensive review of previous and existing articles is conducted in this section.

2.1 Research progress 8D printing technology

It is well known that 3D printing technology has wide applicability in the use of materials
such as metals, polymers, composites and ceraBiicgrinting technology can achieve the
printing of complex geometric structures, customized design and save materials, which

makes more factories choose this manufacturing method.

The earliest additive manufacturing can be traced back to stereolithodi#yhy1986).

With the development of materials science and other technologies, more AM technologies
have also made significant progress in recent y@aes mechanical properties of common
materials will also decrease significantly when the density decrédsssstudy(Melchels

& Feijen& Grijpma 2010)reviews the application of SLA in the biomedical field and
proves that with the development of additive technology, more materials and applications
have become feasible in the medical field, such as implantable devices made of resins and
hydroxyapatite cmposites, modified natural polymers, efhangand other researchers
(Zheng& Lee & Weisgrabe& Shusteff& DeOtte& Duoss& Kuntz & Biener& Ge &
Jackson& Kucheyev& Fang& Spadaccini2014) have verified through the research of
projection microsteredhography technology that themicroarchitected materialthey
produced can achievdtrastiff propertiesAfter that, an articl§Kokkinis & Schaffner&

Studart 2015 pp. 6-7) pioneered an advanced technology to achieve particle orientation
control with the influence of magnetic fields, making AM technology capable of
manufacturing exquisite microstructural featurAs. article (SkylarScott & Mueller &
Visser& Lewis, 2019)studies the multimaterial multinozzle 3D printing technology, which

enables 3D printing to achieve hiflequency switching of more than eight different
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materials. This technology greatly increases the possibility of designing and manufacturing
complex patternsThe study(Zha & Chen& Duané& Chen& He & Wang 2021 p. 2
developed a new 3D printing technology manufacturing method based on projection micro
stereolithography, which can quickly change the structure of hydrogels within selronds.
summary, these studies are the development of AM manufacturing in the direction of
functional printing, proving that technology has been continuously developing in the field

of additive manufacturing.

In addition,AM includes a variety of technologies, such as fused filament fabrication (FFF),
selective laser sintering (SLS), electron beam melting (EBM), selective laser melting (SLM)
and powder bed fusion (PBBmMong these different technologies, FFF technology is by far
the most widely used in the AM field, accounting for 69% of its f{@ahgh& Singh&
Prakash& Ramakrishna202Q p. 293. The most common commercial compounds that are
also suitable for FFF technology includglon, polylactic acid PLA) and polyethylene
terephthalate glycol (PETGEFF is also known as fused deposition modelling (FDM)
(Nymané& Lehto& Kukko & Kestila& Kallio, 2024 p2). The specific working principle

can be found irfrigure2. The filament material is transported to the nozzle by the driving
wheel, then heated to a seliguid state and extruded onto the printing bed. During the
cooling process, the different layers are fused together by virtue of the thermoplastic

characteriscs of the polymer material.

Filament B Filament A
2\ )

74 {"%’J/Driw wheel

.___/I-I\lruciun nozzle

Part

Printbed gttt s s

oz o . *—DMaterial spool
Fabrication platform

v

Figure2. Fuseddeposition modellingNgo et al., 2018p. 173.
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From the perspective of FDM technology, since its printing principle is completed layer by
layer, this technology will cause defetiiat affectthe mechanical properties and geometric
integrity of the composite. A study (So&JIOhdar& Mahapatra201Q p. 293 also proved
thatweakinterlayerbondingis the main reason for low mechanical strength. In addition to
the weltknown view that printing parameters can affect product performance, there is
currently a lack of quantitative data on interlayer strengthknesses caused by printing
parameters and manufacturing. In summary, in the field of FDM printing technology, more

guantitative experimental data are essential for 3D printing composites.

2.2 Defect analysis

In order to explore the correlation patterns between defects and material properties. Defect
research isessentigl including defect types, factors affecting material properties and
improvement method$&o,thesechapterill be considered next based on previous research

to support the research questions ofttiesis.

In the FFRechnology in 3D printing, material defects may be caused by various factors such
as printing parameters, material properties or environar@hinclude various typeBefect
classification is composed of macro defects and micro defects, and the specific types can be
divided into differengroups Shortcarbon fibre reinforcedompositeslefect types can refer

to Table 1

Tablel. Various printing defects in FFF technology

Micro-scale defects Macro-scaledefects
Porosity andvoids Fibreagglomeration
Non-uniform fibre alignment Interlayerdelamination
Fibre-matrix debonding Warping
Crystallinity variations
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2.2.1 Micro-scale defects

Many studies have involvedifferent types of defects, and the detailed literature review is

as follows.

Porosity and voids asicro-scale defectaresignificantfactorsthataffecting the mechanical
properties of 3D printed compositesterial(Khan& Ali & Riaz& Butt & Abu & Dong&

Umer, 2024 p.5). The generation of defects is affected by different printing parameters and

relatedby the following factors

)l

Increasing the printing speed can lead to an increase in pqilasitg Yang& Xi,
& Liao & Bo, 2022 p. 1085.

As the printing temperature increases, there is usually a trend towards a decrease in
porosity (Li & Liu & Ge & Chen& Zheng& Fang 2021 pp. 14471449. The
example can refer tBigure3.

As the thickness of the printed layer decreases, the porosity tends to decrease, thereby
enhancing the physical properties of the matékia& Liu & Ge& Chen& Zheng,

& Fang 2021 Alkabbanie& Aktas & Demircan& Yalcin, 2024 p. 1066. The
example can refer tBigure4.

Printing carbon fibre reinforced composites in vacuaduces porosity compared to

printing in atmospheric environmefitVat andak and G¢mr ¢k, 2C

Reinforcement filling typexnd printing direction(Savandaial& Maurer& Gall &
Haider& Steinbichler& Sapkota2021)

Random fibers

Random fibers

Printing speed: 40mm/s Printing speed: 50mm/s Printing speed:60mm/s

Figure3. SEM imageunder different printing speetith 0.2 mm layer thicknesf.ian &

Yang& Zhu& Gongé& Zhang& Wangé& Li & Yu, 2023 p. 1449.
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W Random fibers

4"

Random fibers

200 pm 200 pm

Layer thickness: 0.1mm Layer thickness: 0.2mm Layer thickness: 0.3mm

Figure4. SEM imageunder different layer thickness with @@s printing speedLian et
al., 2023 p. 1447.

Based on the above two examples, it can be clearly found that as the printing speed increases
and the printing thickness increases, the pore size also increases, which supports the

conclusions of previous literature.

When the composite filler is changed, the porosity and pore shape are also affeeted.
detailedview can refer td-igure 5. It contains a mesoscopic view of the different pore
patterns in the case of shéilires SF), continuoudibres (CF) and hybridsAs a common

defect, it significantly affects the mechanical properties of materials.

(a) All SF | (b) SF+CF L) AlCE

Figure5. Mesoscopic view and pore shape of different carbon fibre reinforced composites
(a) SFlay-up; (b) SF+CF layup; and (c) CF layip (Kong & Sun& Luo & Brykin, V &
Qian 2024 p. 6.
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This study also investigated the effect of filler type on porosity. The porosity of the SF
sample was about 12%, and most of the pores were through holes formed along the printing
direction. The porosity of the CF sample was about 8%, and most of the pores wete discr
bubblegKong et al., 2024)

PCF refers to precise cut carbon fibre, also known as continuous fibre, and MIf refers to
milled carbon fibre, which is short fibre. AccordingRigure6, the porosity formed by long
fibres in the same printing direction is much greater than that of short fibres. The red part is
the larger voids shown fRigure?, which also confirms the quantitative datdrigure6 that

long fibres have the largest porosity.

1000 25 28

- [
-.- S
I

8

Void fraction (Vol. %)

Number of voids J’(mmJ
§
Total void volume (mm %)

PCF-0° MLF-0° MLF- +45° PCF-0° MLF-0° MLF- %45° PCF-0° MLF-0° MLF- +45°

Figure6. Porenumber, volume and fraction histogrg8avandaiah et al., 2024. §.

(a) PCF- 0° (b) MLF- 0° (C) MLF- +45°

Volume
[mm?]
0.12
0.10
0.08
0.06
0.04
0.02

0.00

Figure7. 3D view showing pore¢Savandaiah et al., 2020. §.
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Based on the above two examples, it is fothat the type of reinforcement filling has a
significant effect on the porosiggnd the printing direction of short carbdibreswill also

cause the porosity to change

It is essential to consider the fibre orientation when understandinfibteealignmentof

short carbon fibre composites in 3D printing. When adding short carbon fibre reinforcements
to composites for 3D printing, different fibre orientations will occur due to different printing
parameters. For example, higher nozzle temperatures will ieciibas fluidity of the
filament material and move it to the sides on the print plate. At the same time, slower printing
speeds will result in wider extrudates, anddibrientation will change unpredictably during

the diffusion proces#\n example can be referred Eigures.

Top surface Sectioned near the top surface
— e e " (Wse-0.6 near top)
Weer-0.6 near mid p=3.61 07=15.75

T,=220°C —— W04 p=158 0?=8.56
n
\—j Sectioned near the middle surface
(Wset-0.6 near mid)
Wier-0.7 p=0.85 0?=19.69

— W08 p=0.92 0?=23.72 (c) / Nozzle \(Moving‘\n‘(d\’rection - through page)

BT

— We0.5 p=0.1 02=10.94
= 1
| V=1000 mm.mm — Wierr0.6 p=-0.35 0?=12.5

0.05 a
Wee-0.6 neartop p=-1.6 0?=13.25

e
s
5

7 Fibre flow in
polymer melt

l Increasing W, greatly
affected PFOD

e
°
&

'[“P'FOD did not vary greatly

Frequency

0.02
Z (vertical)

0.01 |!Y (through page) /fl*l*v\ ‘/4&&“ )
X
Narrower filament: Wider filament:
0.00 b — = 5o 3 % - = rm ﬂbres-are ||ke.|y constrained fibres likely flow sideways
Planar Fibre Orientation Angle ¢ (degree) and highly oriented and are less oriented

Figure8. Normaldistribution diagram of fibre curve at different printing widths and

schematic diagram of sample cross sedfiam & Demirci & Ganesa& Gleadall 2022

p. 9.

This study concluded that print width is the main factor affecting fibre distribufibne
orientation tends to be along the flow direction of the printed mat&l@atower extrudates
correspond to more convergent distribution, and vice @&faa et al., 2022)The normal
distribution curve in the figure above also proves tharaower printing width will lead to

a more concentrated fibre orientation along the printing direction.
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In addition, it is well known that fibre orientation also has a significant effect on the
mechanical properties of the material. The first is the anisotropy caused by fibre orientation.
When the loading direction is parallel to the printing direction téimsile strength will be
enhanced(Fisher& Al mei da & F al,2@28 pp&l-2)Khcmmingct@ the
investigation in the article, the experimental data shiowiSigure 9 that when the fibre
content is 3%, the bending strength is close to 100N/mm when the orientation is 07 and
when the fibre content is 3%, the bending strength is approximately 35N/mm when the
orientation is 30? The conclusion is that when the fibre oa¢ioh deviates from the load
direction, the bending strength will have a significant downviiaad (Rutzer& Lauff &
Niedermeier& Fischer& Raith & Grosse& Weiss& Peter& Volkmer, 2021 p. 12, so
nortuniform fibre alignment will lead to a significant reduction in mechanical properties.
Considering the factors that affect fibre orientation, reducing the printing width can reduce
the anisotropy of short fibres in the matrix material, which isfeectivesolution to achieve

a more uniform distribution dfbres

120 -@ -3Vol.-%
Lo (i\ -@& -1Vol.-%
€ 100 <

~
E S ﬁk -------- not reinforced
E 80 >
% iy %}
c
@ 60 P N
— -~
% \{; Mg } ’ " N
= 40 “® >
2 L.
&, .............................................................. \ £ .= \.)_. ..................
20 \§
0
0 10 20 30 40 50

Fiber alignment angle [°]

Figure9. Relationship between fibre orientation deviation anglefxdral strength
(Rutzen et al., 202Pp. 12.

Poor interaction between short carbon fibres and polymer matrix. This defect can lead to

debonding failure mode, which will affect the mechanical properties of the comdsate.
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fibore matrix bonding concept can be referred Rigure 10. A study proposed that
polyetherimide was grafted onto the surface of short carbon fibres to solve the bonding

problem between carbon fibres and polymer materials. The results showed that tensile

strength and flexural strength were increased by about 4d%G&a respectively debonding
(Wang& Zhang& Cao& Pan& Wu, 2022 pp.9-10), which indirectly reflects the influence

of fibre-matrix bonding on the mechanical properties of composite materials.

Figurel0. Schematic diagram of fibre and matrix bonding and debor(#ifamng et al.,
2022 p. 10.

The image clearlpresents differentmicrostructue of interfacial debonding and bonding
in fibre-reinforced composites.

2.2.2 Macro-scaledefects

Micro defects and macro defects are related. When micro defects continue to accumulate,
they will lead to macro defects. For example, when the pgradually increase, the
interlayer bonding will be weak, thus forming interlayer delamination. In addition, macro
defects also include fibre agglomeration and warping. The literature related to defect
research and optimization solutions will be expandetigichapter.

This article (Dizon& Espera& Chen & Advincula 2018 p. 54.) investigates the
characterisationf polymer material defecfsrcing on theinterlayerdelaminationby using
technologies such as FFF and SLA. In FFF technology, it is found that factors such as low

nozzle temperature, too fast printing speed or improper cooling rate can lead to insufficient
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adhesion between polymer layers, resulting in interlayer delamination d&feetsesearch

(Tian et al., 2016pointed out that the nozzle temperature in the range cR20@ can

ensure the bonding strength between the layarether study (PascualGonzdez & San

Marti & Lizarralde& Fernadez& Let & Lopes& Fernd&adezBl&quez, 2021)proposed

an optimized posheat treatment method. The strainess curve was obtained by three
point bending test on continuous carbon fibeenforcedcomposites. The conclusion is
shown inFigurell. It is summarized that before the temperature reaches 210 degrees Celsius,
the trend shows that the increase of gt treatment temperature is accompanied by the
increase of interlaminar shear strendgjtis clearly observed that the porosity of the untreated

3D printed composite material is 7.7%, and the porosity is reduced to 1.1% after treatment
at 1707 proving that this posheat treatment is a very effective way to solve the interlayer

delaminatiordefect.
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Figurell. strainstress curvenderdifferent postheat treatment temperaturéBascual
Gonzdez et al., 2021p. 6.

Fibre agglomeration is also a major challenge in the composite material printing process.

This defect refers to the fact that the fibres are not evenly dispersed, but form agglomerates
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in certain areas. This phenomenon affects ltbenogeneity of the material and the
mechanical properties of the composite matefiais article observed that when the carbon
fibre volume fraction reached 46%, further increasing the carbon fibre content would lead
to problems such as fibre agglomeration and nozzle clogiyagafleh and AEOqla, 2022)

In addition, fibre agglomeration is also affected by printing parameters according to previous
studies As the nozzle temperature increases, the impregnaébaviour of the composite
matrix can be changed, thereby reducing the possibility of fibre agglomeration defects
(Wang& Wang& Wang& Fu & Zhou, 2024)

Warping is one of thenacro defects in 3D printing, which is caused by uneven material
shrinkage and the generation of internal strAgsarticle derived a formula for calculating
warpage deformation, which includes many factors that affect the warpage change, as
illustrated in the following equatiorfSun& Shan& Zhan& Wangé& Liu & Li & Wu, 2021,

p. 11:

@ = (3U0UL)&T) [/ (4nh) (1)

Where h is the sum of the thickness of each layer; L is the width of the mirgethp lise ; U
the ther mal expansion coefficient of the |
(Sun et al., 2021p. 19. According to the warping deformation formula (1), it can be seen

that the warping defect is affected by the thermal expansion coefficient, temperature change
and printed sample size. In order to solve this defect in FDM production, an article (Yu et
al., 2020) invented an innovative technology &arbon fibre reinforced ABS composite
materials by adding auxiliary heating plate components to achieve an ani&alieffect

on the printed materiaFinally, it was proved that it can achieve the remarkable effect of

completely suppressing warpage.

2.3 Researcimethods fordefectcharacterisation

In order tocharacterie defects in FFF 3D printed short carbitime reinforced composites,
many research methods have beéhsed to identify poresfibre distribution andfibre-

matrix bonding stateyhich are key factors affecting material propertiessearch methods
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include Xray Computed Tomograph¢XCT), Scanning ElectrorMicroscopy SEM),
Optical Microscopy (ON\ Digital volume Correlation (DVC)Digital Image Correlation
(DIC) etc. Ferreira & Amatte & Dutra & Birger, 2017, pp. 98; Zhang & Chen & Yang,
2021 Holmes& Sommaca& Dasé& Stachursk& Compston2023 pp. 67). The following
section will elaborate on this topic from two categaries

2.3.1 Imagingbasedechniques

Imagebasedechnology helps identify and analyse internal defects in 3D printed composite
materials, which plays a significant role in improving material propefiesamon image
based research methods can be fourithisle2 to provide a comprehensive and systematic
understanding of the names and applications of different technoldbgieshapter focuss

on the realizable applications of XCT, such as microstructure analysis, defect

characterization, etc.

Table2. Imagebased defeatharacterisationesearch methesd

Technique Applications Reference
%p,;c/lgal Microscopy Detect surfac@ores and cracks defects (Zhanget al.,2021)
X-ray Computed Enables nordestructivevisualisation of internal  (Dubey& Singh&
Tomography (XCT) defects in 3D Behera 2024)
Scanning Electron (Ferreira& Amatte &
Microscopy (SEM) Microstructure, failure mechanisms Dutra & Birger, 2017,

pp. 97-98)
Infrared (IR) Detecting thermal anomalies arehttime (AbouelNour and Gupta,
Thermography monitoring 2023)

Among these technologies, it is worth mentioning that XCT is widely used in composite
material research due to its ndastructivevisualisation advantagdn order to investigate

the defectharacterisationf 3D printed compositeXCT technologyis considered to obtain
high-precision crossectional images of composite materials (Gage&/ang& Withers

2018 p. 306. Besides of thisXCT technology is alsatilisedin different research fields.
More relevant literature reviewsom different pespectvesare as follows
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i Microstructureanalysis

For microstructural analysis, this technology can identify and separate fibres, matrix
and pores contained in composite materials with micron accuratyarticle
mentionsthat X-ray CT resolution can reaahicrometres or approximately 200
nanometreqV&ahelyi & Kdya & Kukovecz & Vajtai, 202Q p. 1), and the
distribution of fibres andgorosity can be clearly observed, demonstrates that
microstructurevisualisation is feasible which plays an important role in studying
damage evolutiorAnother articllWang& Zhang& Cao& Pan& Wu, 2021 pp.

4-5) uses CT twisualise the internal structure of composite materials and reconstruct
the 3D structureReferencea-igure 12 provides a more intuitive 3D structure when

studying the morphological characteristics of composite materials.

Figurel2. 3D Structure(a) CT image; (b) short carbdibre; (c) void defects in matrix;
(d) matrix(Wang et al., 2021p. 4.

1 Damage andiailure mechanism®bservdion

XCT can provide ossite observation results and obtain higBolution three
dimensional images, which is very helpful for studying microstructures under
different loadqdHu & Wang& Xu & Xiao & Zhang 2014) Since XCT technology

is nondestructive, it is possible to repeatedly scan samples under different loads. The
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example irFigurel2is using this feature to study the damage evolution of composite
materials and summarize the relationship between strain evolution in the microscopic
and macroscopic stiffneseduction (Liu& Hu & Li & Xiao & Xu, 2020) These

prove that XCT plays a very important role in the observation of damage evolution

and failure mechanism.

(a) 9.3MPa (b)27.8MPa (c)46.3MPa (d)55.6MPa

Figurel13. 3D reconstruction images under different loads using CT technology
(2)9.3MPa; (b)27.8MPa; (c)48MPa; (d)55.6MP4Liu et al., 2020p. 510.

91 Defectanalysis

XCT can detect the internal microstructure of Bbinted composite materials
including pores, delamination, fibre breakage and deformation of carbon fibres,
which are not visible from the surface struct{#bang et al., 202XKawasegi, 2019

pp. 266262).

9 Fibreorientation

This paper (Sencu et al., 2016) uses XCT to track the final erosion point, generate a
finite element model with highesolution fibre centreline, and simulate the damage
and fracture behaviour of multiirectional composite materials. The success of this
study proves that XCT technology is of great significance in helping to build-three
dimensional models and locate fibre orientation, reflecting the expansion of the

application field of this technology.
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In summary, XCT is a crucial tool for the study of the internal structure of 3D printed
composite material@rouhet & Touchard & Chocinsirnault & Mellier, 2023, pl). It
provides highkprecision views without damaging the experimental samples, and plays a key
role in the fields of microstructure research, damage evolution, defect analydibrand
tracking. It is also an effective tool to help improve the performance of advanced materials.

2.3.2 Deformation andtrain analysistechniques

With the development of composite materials, it is difficult for traditional optical
characterisatiotechniques to accurately capture fitbee, matrix and defect propagation in
composite materials. Therefore, moesearchefave begun totiise digital image and
volume correlation technologyDIC and DVC) The difference between the two

technologies can be seenTiable3.

Table3. Common Techniques for Studying Displacement and Strain in Composite

Materials
Technique Measuring range Application
Digital imagecorrelation
(DIC) Surface deformation Surface strain measurement, crack anal

Digital volumecorrelatin Internal deformation Internal strain measurement, micrefeict
(DVC) analysis

DIC is a noncontact technology for surface strain measurement and crack analysis. The
measurement range includes tdimensional and thregimensional depending on the
number of cameras and the method ugd@. technology can be traced back to the 1980s
(Sutton et al., 1983), and it has been developed for nearly 40 {@&rsan be roughly

divided into two categories: local and global algorithmisich can be seen in tRégurel14.
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Local subset-based DIC Global FE-based DIC

Reference
Reference

Buiyojew 19sqns [ENPIAIPU|
Buiyolew yssw aje|dwon

Deformed
Deformed

Figurel4. Local and global algorithm@$lolmes& Sommaca& Das& Stachurski&
Compston2023 p. 4.

The change of the referengmshcan be used to calculate the displacement and strain of the
composite material usinBIC algorithm. It is worth noting that the position of the sample
and the camera must not change during the two measurements, otherwise it will cause errors

or nonexistent deformations that affect the reliability of the experiment.

a) 4 4 4 (b) (c)
! ! i Microscale Mesoscale Macroscale
Al Voids and inclusions
o | T [ Lo 2 . . i 1
i Fibre misalignment |
] | ] l 1
¥ v b i
@ ) 0 :

r I 1
Fibre fracture |  Topography and buckling |
I 1

Matrix cracking ——  Delamination

Nt

Fibre-matrix debonding

Figurel15. Application of DIC technology in composite materigks) tension(b)
compression(c) shear(d) bending(e) torsion (f) forming; Defects that can be detected
by DIC (Holmes et al., 2023p. 67).

Referring toFigure 15, it can be seen that DIC is widely used in the field of composite
materials, proving its strong relevance in industry and resel@rcdummary, DIC has the
advantage of wide application. Secondly, for local algorithms, fast calculation can be
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achieved. While not maintaining the deformation continuum, there may be large strain
gradients in different subegions. Therefore, local algorithms are suitable for models with
small deformations. On the contrary, global DIC ensures the continuity detbemation

field while increasing the calculation cost. Therefore, it is suitable for areas with large

deformations.

It is worth mentioning that DVC technology is also a thdeeensional extension of DIC
technology(Holmes et al., 2023Xu, 2018). The difference is that DVC can identify the
direction and magnitude of internal strain, which is crucial for the defectcterisationf
short carbon fibre reinforced composite materials with complex internal stru®ueggus
studies (Matzenmille& Lubliner& Taylor, 1995)have focused on understanding the stress
and strain of materials in an elastic st#éth the improvement of compational power
recently the application of DVC technology that relies on a lot of comportal costs n

various fields has become feasibl@e basic process of DVC can be referreBigure 16.

| ™
I . ISearching region

13

Reference subvolumg
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S "= == mm omm e - )-

# Fluorescent markers

1—# & Taviot it N
= 4 X k Tar gel subvolume
7

Volume image before deformation Volume image after deformation

Figurel6. DVC basicprocesgXu, 2018 p.84).

The DVC process can bwiefly divided into three stages including 3D data acquisition,
integer pixel displacement calculation and 3D strain field estimation. First, CT is used to
collect data twice to obtain the thrdemensional displacement vector caused by the load,
which are calld the reference state and the deformation state. Next, the displacement of the
subvolume is predicted and calculated, and the last step is to calculate the strain field, which

can bevisualised for analysisRecently high-resolution CT combined with DVC technology
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has expanded the research field of composite materials and enabled them to be adopted in
many types of applicationgcluding short carbon fibre composites, crack initiation and
fractureof brittle materialgXu, 2018) and analysis of complex internal structures of woven

materials(Holmes et al., 2023)

Given the nordestructive nature of DVC, it is particularly suitable for studying composite
materials. In recent years, DVC has been used to predict microstructural damage
mechanisms, and it has been concluded that fragmented fibres play an important role in
micropore nucleatioHanhan& Agyei & Xiao & Sangid 202Q p. 1), which has deepened

the understanding of the mechanics of complex microstructures and demonstrated that DVC
is an effective tool to help idepth research on the mechanics of damagetiom. This

article is the first to combine Synchrotron Radiation CT and DVC for carbon fibre composite
imaging, achieving very high resolution and finding that the strain recovery distance tends
to increase with the increase of applied force. Based on this iple@on, a more accurate

microscopic model can be established to predict tensile fdBateberl et al., 2020)

An article (Lee& Jo & Ji, 202Q p. 9 compared the results of DVC analysis and finite
element analysis and found that the ovdratid showed the same results. The displacement
of the sample increased with the load direction along-dpdas; and the overall profile shape

was different due to error§he results can be referencedigurel7.
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+5.200e-02
+5.100e-02
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+4.7008-02
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(a) (b

Figurel7. Displacement fieldvith different methods(a) DVC analysis; (blrinite element
analysis(Lee et al., 2020p. 9.
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The experimentvas affected by two uncertain factorféhre orientation and DVC sample
centre Because the sample positisras manually fixed in the experiment, it is almost
impossible to be in the same position as the finite element roedigg so the experimental
results will be differentThis article studid the internal deformatiobehaviourand finds

that the average correlation performance of the results produced by DVC is above 0.7, which

guantitatively proves the importance of DVC technology in the field of composite materials.

DVC technology can investigate a variety of defects including cracks, interlaminar cracks
and splits (Mehdikhani et al., 2021). The research resalisefer toFigure 18. Yellow
indicates transverse cracks, delamination is shown in light blue, and green represents
splitting. As the load increases, more microscopic defects can be observed, but the split crack
becomes invisible in step 7. Due to the severe deformation, the correlation tracking in the
DVC process cannot be completed.

Figure18. Visualisation of the finite elemerttased DVC strain fiel@Mehdikhani et al.,
2021, p.11).
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This study showd that DVC can provide quantitative crack opendigplacemen{COD)
data to support prediction models, so DVC can be usedeffi@ent tool to predict defects

and failures in the internal structure of materials.

In addition, there are other studies using DVC technolelgyi (Madi& Tozzi& Zhang&

Tong& Cossey& Au & Hollis & Hild, 2013)used local DVC and global DVC methods in

his research and compared them with the finite element simulation résidtfaund that

DVC technology is suitable for porous materials and can accurately measure volume strain.
Thomas TaillandierThomas& Roux & Morgeneyer& Hild, 2014) proposed that the
application of regularization procedures can effectively reduce the uncertainty of DVC
measurements. Adding additional constraints to the boundary nodes can reduce the
resolution from 0.3% to 0.01%, effectivedphancing the accurack study (Morgeneye&

Helfen& Mubarak& Hild, 2013) showdthat global DVC can be used to investigate notch
stress concentration in aluminium alloys, accurately showing the displacement field

associated with crack initiation. The experimental results promote material optimization.

Based on the above research, it can be found that DVC is widely used in a variety of
applications including internal deformation of materials, crack initiation and propagation,
and damage evolution. It also involves porous structures, laminated matenaks
materials, fibrereinforced composite materials, etc., and plays a key role in providing high
precision defecttharacterisationFurthermore, with the improvement of congtidnal
power, DVC can process more complex data and provide technical stgpesgearch on
high-performance and complex internal structure materials, bringing internal mechanics

research into another stage.

2.4 Failure modes in composite materials

It is well known that 3D printed composites will produce different failure modes when
subjected to different experiments based on reinforcement type, fibre orientation and load
conditions.In order to have a deeper understanding of failure modes, a literature review
related tofailure modes will be discussed in this chapter. When the failure modes of
unidirectional continuous fibre reinforced composites are summarized and classified as

shown inTable4.



32

Table4. Failure modes ircarbon fibre reinforced composites

Failure mode

Loading condition

Influencing factors

Fibrefracture

Axial tension (0}

Fibre strength, defects, load

direction

Kink band

Axial compression (0

Initial fibre bending

Matrix cracking

Transversestretching (909, shear

Matrix toughness, stress

concentration

FibreMatrix Debonding

Shear, stretch, compression

Interface bonding strength

Delamination

Bending, shearing, impact

Interlaminarshearload

interfacebondingstrength

It is worth mentioning that multiple factors contribute to the failure of composite materials,

including loading conditions, material factors, manufacturing processes and environmental

factors.Table4 classifies different failure modes based on loading conditions

When the fibre is stretched along the fibre direction, it will cause fibre breakage,
accompanied by the highest tensile strength and testgfleess.As the load direction and
thefibre orientation angle increase to 457 the tensile strength and tensile stiffness will tend

to decrease.
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Figure19. Comparisorbetween different fie volume(Mishra and T, 2023)

When it comes to factors affecting the failure mode of composite materials, it is well known

that fibre volume fraction is one of the most important facfifsan et al, 2024 p. 10).

According toFigure19, the highvolume fraction represents 50% carbon fibre content and
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50% nylon matrix material, and the low volume fraction represents 74% nylon matrix and
26% carbon fibre composite material. It is found that the material with high volume fibre
fraction exhibits higher tensile strength and tensile stiffness. It can bideddhat when

the fibre content increases, the mechanical properties of the material will be enhanced at the
same timgMishra and T, 2023)n addition, another study showed similar results that when
the fibre volume fraction increases, the mechanioapgrties increase. The experimental

test increased the volume fraction from 57% to the actual value of 60T®6%ile tests at

two angles (0 and 90 degrees) were carried out to ensure the reliability of the results. The
elastic modulus increased by 14.83% and 11.57% respectore8D printed composite
materials(Jribi & Azizi & Mello, 2024) However, the fibre volume content cannot be
increased indefinitely. When the fibre content is too high, the mechanical properties of the
material will also decreas®esearchiested samples with different fibre volume fractions
from zero to 78 percent and found that when the fibre content is too high, the porosity
between fibres will increase, making it difficult to densify the composite material. The
experiment found that fd8iC matrix composite materials with dimectioral fibre, when

the fibre content is below 64%, the mechanical properties show a linear increase trend with
the increase of fibre content. When the content is above 64%, the mechanical properties
decrease with the increase of fibre contensummary, too high fibre content also indicates
that the interlayer bonding strength is redu¢geliable mechanical properties experimental
data corresponding to fibre content is of great significance for studying the mechanical
behaviour of composite materials and haghhreference value in various fiel@Shimoda

and Hinoki, 2021)

Kink band is a common failure mode fitbre-reinforced composites in compression tests
and deserves to be considered as an important research difértiobands usually appear

in continuous carbofibre reinforced composites in a single direction under compressive
load testing. The formation of kink banckn beaffected byfibre misalignment and internal
defects in the compositeaterial Nelms& Potluri & Withers 2024, pp. 9-10).
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Figure20. Schematic diagram of different kink bangas) single kink band geometry; (b)
substiuent bands; (c) stacked bar{fielms et al., 202 p. 20).

The single kink band is the most typical failure mode. It produtmsahfibre buckling area

under axial compression. Its characteristic is that the fibre orientation on both sides of the
kink band still maintains the original orientatiofhe second type is the subsidiary bands
which are also the extension of the Single Kink Band. When a single Kink Band cannot
release energy, it will lead to the formation of multiple secondary kink bands around it with
dispersed distribution characteristiés shown inFigure20 (b). Another study(Gonzalez

Chi & FloresJohnson& Carrillo-Baeza& Young 2010) found that stress concentration
occurs around the kink band, causing the interfacial shear stress to be greater than the applied

loadwhich can be found iRkigure21.
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Figure2l. Distribution of shear stress as a function of distaroeind kinkband
(GonzalezChi et al., 2010pp.18201827).
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The experimental condition is to continuously apply a pressure of 2.18 MPa. From the above
figure, it can be found that local concentrated stress is generated around the kink band, and
it is positively correlated with the increase of deformation. The maxirshear stress can
reach 368.06 MPa. The view shown in the study is that-inigimsity local shear stress
appears in the transition area between fibre debonding and bonding, which is caused by
interfacefriction (GonzalezChi et al., 201Q)Therefore, itis illustrated that the kinkand

has a significant impact on the mechanical properties of the makénklbands appear in
different fibore materials such as flakibres and carbonfibres They are also called
compression crease areas. The autholiou discussed the relationship between kink bands
andfibre breakage and found thi#tire breakagenitials from the kink bandGuillou & King

& Perrin& Proudhor& Weitkamp& Shah& Beigbede& Ouagne& Bourmaud 2024 pp.

6-9). Ueda et al(Ueda& Mimura & Jeong 2016)used XCT technology to reveal the
formation of kink bands. First, under compression |didge buckling occurs in the internal
structure of the material. Twdimensionalfibre buckling will form the kink band we are
discussing. This failure mode will gradually expand from the local to the entiresgotisn.

The composite matrix will also be affectedfliyre buckling and produce the same distortion

as the kink bandJoglekar and Pankow (Joglekar and Pankow, 2@i&g to implement
modelling of woven cmposites through the digital element approach. The study showed
that their model can provide data to predict the formation of kink bands. The repetitive unit
cell method provides a simplified idea for kink band simulation, making more accurate

simulation tasible.

In addition, the kink band can be regarded as a composite process of fibre buckling and shear
deformation. Local micro buckling will trigger tHermationof the kink band, which is the

starting point of this failure mod€&urther discussion is that the shear band is affected by the
plastic properties of the matrix. An artic(dlizolek & Pollock & McMeeking 2021)
discusses shear bands and kink bands. Shear bands will continue to expand along the stress
direction. However, as a local shear band, the kimdbs affected by the stress direction

and the anisotropy of the composite material. It will reach equilibrium at a certain angle

during the displacement process and will not continue to change.

Therefore, reaching critical shear stress is the condition for the initiation of fibre micro
buckling. The relevant influencing parameters were also proposed by Rak#&5, who
proposed the following model:



36

Micro buckling theory proposed by Roggtosen, 1965, pp. 875):

ljc:Gm/(l-Vf) (2)

Where theO stand for the shear modulus of matrix material, ands the fibre

volumetric fraction.

The repor{Fleck and Budiansky, 1991) proposes a shear buckling model basedrarthe
buckling theory proposed by Rosen, which additionally considers the effect of matrix
plasticity on the kink bandn addition, Kyriakides also mentioned this formula in the
literature reviewKyriakides& Arseculeratn& Perry& Liechti, 1995 p. 2:

Clc: y/L”jO (3)

Wherell. is critical shear stres@®g). « stands for Initial Fibe Misalignment Angle@adiar).

{ is yield stress itongitudinalshear The Initial Fibre Misalignment Angle and the critical

shear stress are negatively correlated, proving that the initial defects of the material have an
important influence on the compressive propertiesother terms, it is also called fibre
waviness Filtered Canny Misalignment Analysis is proposed as a new method to
quantitatively analyse fibre waviness. Using Canny edge detection and filtering algorithms,
it can simultaneously identify twdimensional and thregimensional fibres, greatly

improving he accuracy of quamditive analysigQi et al., 2023)

In summary Kink Band is a form of local shear deformation commonly foundébire-
reinforced composites and layered materials, and usually occurs alofigréhdirection

when the material undergoes@mpressionest. Its formation mechanism involves factors
such as microscopic initial defecf#b(e misalignment and matrix yield, which cause the

fibre to rotate and become locally unstable within a certain angle range, thereby forming an
obvious shear band structure. A large number of theoretical models and experimental studies
have shown that kink band is not only one of the maimé$af material compression failure,

but it can also be used to understand the strength and stability of composite materials from

an experimental and simulation perspective. Understanding the critical force required for
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micro bucklingthrough experiments and further predicting it through simulation has an

important impact on the microscopic research of composite materials.
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3 Methodology

The experimental process includes composite sample printirgy ¥omputed tomography
for presample and postample and compression experiments. This chapter will elaborate
on the experimental equipment, printing parameters, experimental parametéies asel af

related software.

3.1 Composite3D printing

The samples are divided intmntinuous carbon fibre reinforced nylon composite and
continuougylassfibre reinforced nylon composite. Both types of samples were printed using
the same 3Eprinter, aMark 2 from Markforged an FFFbased printerin addition, the two
geometric types are ddgpne and cylindrical, which aheerein coded ddD and XC samples
respectively Digital slicing is achieved by thdedicatedsoftware Eiger The specific
geometric diagram can be foundkigure 22 and Figure 23. In addition, the Vnotch of

samples UD and XC werarried out after printing of the samplaswaterjet cutting.

ROL o 4 o1

(a) ) (b) (©

Figure22. Schematidllustrationof 16-layer 3D printed compositéa) Composite sample
dimensions [mmyvith region ofinterest (b) Sample matrix layerc) Schematic
illustrationof sample fibre layer
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The UD sample is a continuous carbfilore reinforced nylon composite. It is worth
mentioning that the sample has a total of 16 layers, of which'the B1" layersarefibre
reinforced, and the remaining layers are matrices formed by nylon priftiadayer height

of each layewasset to 0.125mmThe volume of white nylon is 1.46 , the volume of
carbonfibre is 0.1&m?, andthefibre volume fraction is approximately 11.6%. In this study,
only theRegion ofinteresiRol) was taken for compression experiments, so the cditiren
printing orientations [0, 180], and the nylon printing orientatie®[45, 135].Besidesthe
nylon matrix was printed with alternating filament directions of 45°and 135°in adjacent
layers.

~

Notch position

(a) (b) (c) (d)

Figure23. Schematic illustration aft00-layer 3D printed compositéa) Sample
dimensionj(b) Sample fibre layer(c) Sample matrix layerd] Top view of the cylinder
showing the location of the-xotch

Sample XC is a 3D printed glass fibre reinforced nylon composite by FFF. It is worth
mentioning that the cylindrical geometry consists of 100 layers, and the layer height of each
layer is set to 0.1 mm. Only tt&¥" to 9" layersare glass fibre reinforced, and the fibre
directions are set to [0, 45, 90, 135]. The orafiigenent represents the fibres shown in
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Figure23(b), and the remaining layers are nylon matrices. The nylon matrix was printed
with alternating filament orientations of 45°%and 135° It is worth mentioning that in tHé 92

to 99" layers, nylon was printed with different printing paths @egire23 (c)). The fibre
reinforced object content is very small, with a volume fraction of approximatel900.65

3.2 In-situ compression tests

First of all, 4 the beamline ID19 of the European Synchrotron Radiafi@tilities,
Grenoble, Francein-situ synchrotron Xray radiography was carried ouThen, the
experimentutilised a custom tensicnompression rig developed at INSAwon for high
speedn-situ CT analysifMaire & Le Bourlot & Adrien & Mortensen & Moks@016 p.3.

Speci mens were compressed at 1 em/ s, whil
per seconé&mployinga Photron FASTCAM SAZThe imaging system utgéd a pink %

ray beam averaging 18 keV in energy, del |
exposur e dunNelns2Rap.sf 50 ¢€s.

Although the camera recorded over 25 frames, only the final 25 were retained due to buffer
limitations in the onboard memdaiya rolling capture strategy where older images are
continuouslyoverwritten in real time. Recording was manually stopped immediately after

failure, so frame torrespondto the onset of failureather tharhe initial loading condition.

3.3 Damage characterisation

After sample preparatioandin-situ testing the acquired images were properly segmented
and the damage and failure were characterised using two pieces edamgss and freely
available software3D Slicer and~1JIl. The two softwarevere used twisualisethe defects

of composite samplethesegmentation ahe constituents (fibrepores and matrjxand b
reconstruct the thredimensional internal structure of the composite material. Finally, the
complex internal structure of the composite material was analysed at high resolution through
the data output by XCT.

In this study, orthogonal views were generated uBidgto observe fibre distribution in the

xz plane. Among approximately 350 slices of CT data covering the fibre region, 300 slices
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with higher image quality were selected for further analysis. Due to the large amount
computational resources required for fibre orientation quantification, a sampling strategy of
calculating the orientation every 25 slices wasised based on a total of 300 slices.

Considering that the sample consists of unidirectional fibres with minimal fibre orientation
variations, this method provides an effective approach to capture the overall fibre

distribution while maintaining a representative level of accuracy.
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4 Resuls

Variousresultsarepresented in thishapter includingorosity, various defect types, failure
modes, etc. In addition, the pasimple kink band defect will be discussed in more detail.
Therefore, this chapter will provide more comprehensive insights into composite material
defects from a qualitative and quistive research perspective, which will serve as a

reference for the next stage of simulation.

4.1 Defect characterisation

Defect characterisations a crucial part of composite material research. The following
contentpresentsthe samples of carbofibre reinforced nylon(CFRP) and glassfibre
reinforced nylonGFRP)before compression test.

4.1.1 Defectcharacterisationelated tovoids

After segmentation by 3D slicer software, the internal structure of the composite material is
classified. The voids are displayed in yellow; fhies are displayed in red, and the blue
part represents the matriwhich is hidden) The 3Dvisualisation of the entire volume of

voids andfibresof the two samples UD2 and UD3 is depicteigure24.

First of all, from the investigation of the thrdemensional results, it can be found that XCT

is a powerful tool for defect characterization. Compared with SEM technology, XCT can
achieve nordestructive internal structure identification and use CT tatabtain three
dimensional data, which are not possible with other technologies. In addition, it has the
advantage of simple sample preparation, which makes it applicalnesttu tess. The
characterization ancesultsof the pore defects describedn this chapterto obtain a in

depthunderstanding.
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Figure24. The 3D visuakation of the entire volumir two samples: (ayD2; (b) UD3

Figure24illustrates the 3D reconstructed microstructure of two CFRPs, manufactured using
the same printing parameters and the same material. However, differences in internal defects
andfibre distribution can be observedellow represents pores. It is obvious that UD3 has

a large number of inclined elongated voids on both sides fibtleeconcentration area. This

area is the matrix part of the composite material, andibwve reinforcement is added.
Therefore, the pores are generated by the nylon material during the 3D printing process. The
reason for the large difference in porosity between the two samples may be related to the
nylon pretreatment and fluctuations in the printing precesst of all, nylon is a highly
absorbent material. If the drying effect is too poor, it will cause water to evaporate during
the printing process and form pores. In addition, the nozzle temperature may have an error
with the actual temperature setting, which may affect the nylon melting and bonding effect.
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Ellipsoidal voids caused by fibres

Elongated voids

Figure25. 3D visualisation of sample UD2, while the matrix material is hidden. The detalil
view shows the enlarged voids, including elongated voids and ellipsoidal voids, which are

defects caused by the matrix material and fibres respectively.

Intra-bead void refers to voids within a single extrusion path, which are caused by factors
such as uneven extrusion, material bubbles and uneven melt flow, and are shown as
ellipsoidal voids irFigure25. It can befound that this defect usually occurs in a single basic
pathor between different layers when the filler chandgeésnsidering the influencing factors
mentioned above, it can be found that this type of void is mostly irregular, similar to the
results shown in the study of Kong (Kong et al., 20249. When the filler changes, the

void pattern will also change significantly.the UD2 sample, a large number of ellipsoidal

voids appeared between the nylon layer and the carbon fibre layer.

In addition, there is another typalled nterbead void which refers to th&oids formed

between two adjacent printing paths, so the geometric shapesty/ elongated.
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Figure26. Different views of UD2 sampl@ thexz plane(from left to right are8D
rendering front viewmatrix crosssectionview and fibre crossection view.

Referring to the first and second figures-gjure26, there are elongated voidan be found

with an angle of 45 degreaad 135 degreds the xaxis. According to the printing direction,

the printing direction of the nylon matrix [#5, 135]. Therefore, this elongated void should

be the void formed between two adjacent printing paths in the same layer, which is consistent
with the lawof previous studieshat it is elongated and distributed along the printing
direction. Therefore, the vasghown in the crossectional view in the middle ¢figure26

areinter-bead void.

After completing thecharacterisationf pore defects in the UD samples, similar structural
anomalies were also identified in the cylindrical samples (XC3 and XC4). A 3D volume
rendering of the pore segmentation for these samples is presehigdrg?7, providing an

intuitive overview of the void distribution.

In addition to the results presented in the figures, both qualitative and quantitative analyses
revealed interesting defect patterns, especially in the reinforcemadrik bonding area and

in the outer region of the cylinder. These findings suggesthbaairinting path and printing
geometry may have a significant impact on the porosity and distribution, which will be

discussed in the following sections.
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XC3 Xc4

Figure27. 3D volume rendering of the pore segmentafiom sample XC3 and XC4

In Figure 27, spherical pores are observed in the outer region of the cylinder of the xc3
sample. This type of pore is consistent with the law of nylon material generated during FDM
printing. The spherical pores are formed due to the rapid cooling of nylon, whi@sGaus

to be trappedThe study(Tao et al., 2021fpund that the porosity of nylebased 3D printed

parts varies significantly with extrusion temperature. The difference in porosity can be
observed when the nozzle temperature difference is 5 degrees Celsius, indicating that
temperature and cooling behawioplay a key role in the formation of pores in nylon

materials.

Referring to the printing method of the XC sample, the cylinder is divided into 100.layers
Amongthem,layers 6 9 arereinforced with glass fibre, and layers 92 to 95 are printed with
nylon materials using distinct printing paths, referred to as unique printing layers. Region 1
and region 2 shown iRigure28 are located at the junction of the unique printing layer and
the matrix material, with a large number of large pores. This phenomenon shows that the
design of the printing path will affect the pore formation mechanism. When the path is
switched, the mated melt deposition is discontinuous, which will disturb the local
extrusion flow field. Additionally, insufficient overlap between adjacent beads can result in
inter-bead voids, while excessive overlap may lead to matgaakingand internal stress.
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Therefore, this mechanism can well explain the pore defects observed in sample XC. It can
be summarized that the generation of pores is affected by the printing path. A more
reasonable design in terms of the path will reduce the porosity and enhancetbeioz

properties of the composite material.

region 1

region 2

Figure28. XCT crosssectional image showing the void distribution in the xy plane.

Intra-bead voids were also observed in the XC 3 sasipbevn inFigure29, because they

are randomly distributed and inconsistent with the printing direction. It is worth mentioning
that in FFF printing, an interesting phenomenon of nylon material is that the porosity of the
internal structure decreases after cooling. Howekierstudy found that the inttzead voids

are very limited by the printing parameters. When the external nylon cools, it will limit the
shrinkage of the internal materidlherefore, this type of defect can be considered an
inherent limitation of the FFF process when processing thermoplasiesial (Sommacal

et al.,, 2021Tao et al., 2021)
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Figure29. Intra-bead voidn XC3 sample

After determining the type and location of the pores through qualitative observation, it is
necessary to conduct a quantitative analysis of the porosity to further evaluate the integrity

of the internal structure of tleample. Th@orositesfrom sample UDarequantified and the
results are shown in

Tableb.
Table5. Porosity quantification results
Porosity (%) Fibrevolume fraction (%) Matrix volume fraction (%)
ub2 3.64% 8.67% 87.70%
uD3 4.49% 9.03% 86.47%

Although the material and printing parameters are the stimeelative errors in measured
porosityareapproximately20.9% for UD samplesConsidering the typical processuced
fluctuations in molten filament manufacturing, including local temperature changes,

extrusion instability and other factors, this difference exists, but the two samples are
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uncertain, and more attempts are an effective way to ensure a more reliable conclusion.
Although the error of the results is theoretically acceptable, there are only two samples in

each group, which still has the problem of insufficient statistical representativeness.

4.1.2 Fibre misalignment

While voids are the primary type of defect in 3D printed composites, other structural
imperfections also exist and can significantly affect mechanical properties. This section

focuses on other defects that occur during the production of composites.

Figure30. XCT imagein xz plane showingepresentativéibre misalignmentefectsn the
crosssection view with high spatial resolutiothe enlarged view illustrates the

misalignment angle relative to the printing direction.

In Figure 30, it is obvious that the fibres are misaligned and do not match the expected
direction. In the enlarged image on the right, it can be observed that the fibre distribution
(red solid line) does not match the expected melt deposition path (yellow dotded hirse

defect can lead to the generation of various states such as stiffness reduction and stress

concentration. When a compressive load is applied, the ability of the fibre to transfer the
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load will also be affected. When a large number of fibre misalignments appear in the internal
structure of the composite material, at the macro level, the material's compressive strength
will be lower than the expected value and more prone to faBiuelies (Nair et al., 2017

p. 2 have shown that when there is a 5%ibre misalignment, the compressive strength of the
laminate drops by 30% or more. When the misalignment angle continues to increase to 157
the compressive strength continues to decreass.nfisalignment phenomenon may be
affected by the printer path control and local material flow, so the nozzle temperature and

printing speed may cause this defect.

In addition fibre misalignment describes the deviation of the angle between the actual fibre
orientation and the expected path. If the angle deviation is too large, it is described as fibre
misalignment, which belongs to qualitative analysis. The analysis of fibore misaingn

angle will be discussed in more depth in the kink band chapteen the prevalencef
observedfibre misalignment A guantitative analysis of fibre waviness becomes very
essentiahnd can be utied to describe the materigeometric deviationThefibre waviness

analysis based on segmenties will be introduced in the next section.

4.1.3 Fibre waviness

First of all, fibre waviness can beharacteried by two parameters. One is based on angle,
which describes the angle at which the fidewiates from the ideal direction. The other is
based on length, which is the ratio of the actual length of the fibre to the distance between
the two ends of the fibre. It is usually used for periodic changes or macroscopic deformation
characteristics ot fibre. Therefore, the ratio is usually greater than 1. When it is equal to
1, it means that the fibre is straight. The larger the ratio, the more obvious the fibre bending.
This section quantitatively analyses the fibre waviness based on length of sttempo

materials.

In addition, in order to ensure experimental reliability and reduce the influence of local
deviation, four random slices were selected to calculatéilireewaviness, reflecting the
overallfibre alignmentthrough more samplek addition, in order to ensure the reliability

of the experiment and reduce the influence of local deviation, four randomesksegected

to calculate thefibre waviness. More sampleare used to reflect the overalibre
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arrangement. Referring tBigure 31, the fibre waviness is 1.36, 1.52, 1.23, and 1.41

respectively the conclusions are summarizedliable6 with the average waviness ratio
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Figure31 Fibresegmentation performed on four randomly selected cross seftbans
plane (ad).
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Figure32. Histogram offibre waviness ratidlength-based) fotUD2 samplan plane(a).

The lengthbased fibrevavinesds defined as the ratio between the actual curved length of

the fibre trajectory and the straigie distance between its start and end points.

It can be clearly seen that sofii#e wavinesgatiois less than 1, and some ratios are greater
than 6. This is due to the uncertainty of segmentation. When it is less than 1, the segmentation
algorithm may fail to extract the complédtiere, resulting in a path length less than the actual

length. Another reasors that thefibres are not on the same plane, resultingfibre
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discontinuity. When the waviness is greater than six, it should be considered an error. Both
of these situations should not be considered when calculating the afibrageaviness.
Adding constraindased on the data Figure32 will give the fibre waviness of plane a to

be 1.3601

Table6. Waviness ratiglengthbasedfrom sampke UD2, theaverage wavinesand

standard deviation are also given to reflect the overall spatial consistency.

Plane Waviness ratio
a 1.3601
b 1.5243
c 1.2300
d 1.4068
Average 1.38
standard deviation 0.11

Referring toTable 6, the standard deviation is 0.11, which proves that the consistency is
relatively strong overallThese observations confirm that fibre misalignment is an inherent
defect in FFF production and is an uncertainty that must be considered when evaluating

mechanical properties and optimizing printing parameters.

4.2 Failure modes under uniaxiebmpression

Despite the two samples being consistent in materials, printing parameters, and experimental
conditions, they still exhibit distinct failure modeBhis 3D volume renderingresents
internal failure behaviour of two samplesHigure33. The matrix igendered transparent to

bettervisualise thefibre architecture and void distribution.

Compared with the two rendered volume models, the one on the right clearly shows more
severe shear failure, with a large number of cavities in the centre of the entird@ he®p
visualization vividly shows the internal structure of the sample after faillupeoves that
XCT technology is also feasible in failure mode analysis applications and provides a

reference model for further simulation
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Figure33. Failure behaviour comparison of UD2 and UD3 samples under uniaxial

compression (red: fibres; yellow: voids; transparent: matrix).

The two 3D renderings illustrate the different failure modes of the two samples. The UD2
sample on the left side of the figure suffers from shear deformation. The shear band is
initially formed in the middle area dlie sample, which is exactly where s@mple notch

is. Then it propagates along the shear stress direction. It can be observed that the fibre
orientation is deflected and accompanied by the phenomenon of pore coalescence, which
weakens the intdoead bonding to a certain extent. The oblicaitufe path suggests the
existence of a typical shear band formation mechanism, and it starts to expand from the
sample notch, indicating that the failure of the UD2 sample may be induced by fibre
misalignment and local stress concentration. The filacture, delaminatioand kink band

can also be observed igure34. From the CT scan, it is found that the internal structure

of the sample is obviously damaged, and the external contour is still intact, indicating that
the damage is localized and progressive under unidirectional compression.
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Fibre fracture

Delamination

Figure34. XCT crosssectional image illustrating typical failuneodesn UD2 sample

aftercompressionest.

Fibre breakage is observed on the left sideFajure 34, which is manifested by the
interruption of the continuouBbre path, indicating that the structure has been locally
damaged and that stress concentration exists here. In addition, an obvious kink band appears
in the middle area, which occurs near the notch of the sample, indicating thabogklimg

is formed after compression. Finally, delamination is found on the right side of the image,
which is manifested by delamination and cracking at the interface betwegbréhayer

and the nylon matrix layer, resulting propagationalong the weak interface. Intbead

voids or weak bonding often exist in this area.

Obvious shear failuris observed in the UD3 sample Figure35. Thereis diagonal shear
stress in the middle area thfe sample, which led ftiibre fracture and greatly reduced the
load-bearing capacity of the samplgae fibre that forms the Kink band has a shear stress
that is too large and exceeds the critical stress dftifes resulting in thdibre fracture and
the kink band cannot be observeit this moment the Compression strengtbf the

composite material dropped sharply. Continuing to apply load will cause the matrix to
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experience yielding, plastic deformation and fracture, which will eventually lead to the

destruction of the entire composite material.

Figure35. XCT crosssectional image illustratinghearinduced fibre fracturen UD3

sampleaftercompressiortest.

Figure36. Postcompressionestcrosssectionalviews of XC3 and XC4&omposites










































