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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 layer-by-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 to characterise these defects and visualise the internal structure 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 load. This study takes into account the defects before the 

experiment and the failure mode after the experiment, and porosity and length and angle-

based waviness are utilised as indicators to quantitatively describe the degree of composite 

defects. The results show that the CFRP sample with 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 addition, fibre fracture and local buckling frequently appear near the 

notch, emphasising the role of stress concentration in failure initiation. Therefore, the 

optimisation of compressive strength should consider the coupling effects of multiple factors 

and focus on strengthening regions particularly 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 thermal expansion coefficient  ̄

ə warpage deformation  mm 

ůc stress   Pa 

Űy yield stress   Pa 

ū0 initial fibre misalignment angle rad 

 

Dimensionless quantities 

n number 

vf fibre volume fraction 

 

Abbreviations 

AM Additive Manufacturing  

CFRP Continuous Carbon Fibre Reinforced Polymer 

DIC Digital Image Correlation 

DVC Digital Volume Correlation 

FDM Fused Deposition Modelling 



FFF Fused Filament Fabrication  

GFPR Glass Fibre Reinforced Polymer 

XCT Computed Tomography Technology 
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1  Introduction 

The introduction part of the thesis will start from the general framework and introduce the 

background of 3D printed composite. Then it includes objectives, research methods, research 

problem, research questions and scopes. 

1.1  Background and motivation 

Additive manufacturing (AM) technology, especially Fused Filament Fabrication (FFF) has 

been widely used in high-performance engineering fields such as aerospace, automotive, and 

biomedicine. Composites have excellent strength-to-weight ratio, design flexibility and 

material property adjustability with the integration of fibre reinforcements, making them an 

important research direction in 3D printing technology (Ngo & Kashani & Imbalzano & 

Nguyen, 2018; Wang & Ding & Yu & Dong, 2024). However, the inherent layer-by-layer 

characteristics of FFF will lead to various types of inevitable defects, such as voids, fibre 

misalignment and inter-layer delamination, which will significantly affect the mechanical 

properties and reliability of printed parts. And it is worth mentioning that for 3D printed 

composites, printing parameters will affect the mechanical and physical properties of the 

material to a certain extent (Ding & Zou & Zhuang & Wang & Feng & Liu, 2023, p. 2), such 

as volume fraction, layer thickness, fibre direction, printing speed, etc. (Safari & Kami & 

Abedini., 2022). Moreover, these internal defects are usually not visible from the surface, 

making it difficult to assess the quality using conventional inspection methods. Therefore, 

X-ray Computed Tomography technology (XCT) can provide better support due to its non-

destructive and wide material applicability advantages. XCT can present the cross-section 

of the composite internal structure in detail to achieve the characterisation of internal defects 

and failure modes of the samples, which is crucial to understanding the failure mechanism 

and evaluating the structural integrity (Mehdikhani & Breite & Swolfs & Soete & Wevers 

& Lomov & Gorbatikh, 2021, p. 11; Liu & Hu & Li  & Xiao & Xu, 2020, p. 510). 
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1.2  Objectives 

The aim of this thesis is to characterise microscopic defects in 3D-printed composites at high 

resolution and to analyse their influence on the mechanical properties of the materials based 

on XCT images. The specific objectives are as follows. 

¶ Carry out in-situ compression tests on 3D printed composites  

¶ Characterise the microstructure of 3D printed composites 

¶ Characterise their failure modes under uniaxial compression  

¶ Assess the notch effect 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 of the printed 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. 6-7; 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 applied method triangulation. It consists of three 

aspects, literature search, laboratory tests and CT-based quantification. The mind map can 

refer to Figure 1.  
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Figure 1. Applied method triangulation. 

 

This thesis will have three independent data sources, and then cross-compare the three data 

to ensure the reliability of the results. Furthermore, the author of this thesis, Yuxuan Guo, 

declares that AI-assisted 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 printed fibre reinforced nylon composites, with a particular 

focus on two types of fibre reinforcement including continuous carbon fibre and glass fibre 

using fused filament fabrication (FFF) technology. Therefore, the materials of this study are 

limited to continuous carbon fibre reinforced polymer (CFRP) and glass fibre reinforced 

polymer (GFRP). Secondly, XCT is used to obtain high-resolution internal structures of 

composites, and image segmentation and visualisation techniques are used to identify and 

quantify defects such as pores and fibre misalignment. Thirdly, XCT is used to characterise 

the failure mode of samples after compression testing. Then, the work is limited to 

investigating the effect of angle-based fibre corrugation quantification results on the kink 

band failure mode. Finally, the effects of notches 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 

characterisation of 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 3D visualisation and reconstruction of composite structures based on 

high-resolution CT data, so there is still a gap in the research on building finite element 

models to predict failure modes (Yan & Demirci & Gleadall, 2023, p. 1). 
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2  Literature review 

In order to obtain a more comprehensive knowledge about defect characterisation of 3D 

printed composites, the literature review will discuss different contents in related fields 

including 3D printing technology, defect analysis, real structure modelling and simulation, 

short carbon fibre reinforced PETG composites. Based on the above contents, a 

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

2.1  Research progress of 3D printing technology 

It is well known that 3D printing technology has wide applicability in the use of materials 

such as metals, polymers, composites and ceramics. 3D printing 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 stereolithography (Hull, 1986). 

With the development of materials science and other technologies, more AM technologies 

have also made significant progress in recent years. The mechanical properties of common 

materials will also decrease significantly when the density decreases. This study (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 composites, modified natural polymers, etc. Zhang and other researchers 

(Zheng & Lee & Weisgraber & Shusteff &  DeOtte & Duoss & Kuntz & Biener & Ge & 

Jackson & Kucheyev & Fang & Spadaccini, 2014) have verified through the research of 

projection microstereolithography technology that the microarchitected materials they 

produced can achieve ultrastiff properties. After that, an article (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 features. An article (Skylar-Scott & Mueller & 

Visser & Lewis, 2019) studies the multimaterial multinozzle 3D printing technology, which 

enables 3D printing to achieve high-frequency switching of more than eight different 
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materials. This technology greatly increases the possibility of designing and manufacturing 

complex patterns. The study (Zha & Chen & Duan & 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 seconds. In 

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 (PBF). Among these different technologies, FFF technology is by far 

the most widely used in the AM field, accounting for 69% of its field (Singh & Singh & 

Prakash & Ramakrishna, 2020, p. 291). The most common commercial compounds that are 

also suitable for FFF technology include nylon, polylactic acid (PLA) and polyethylene 

terephthalate glycol (PETG). FFF is also known as fused deposition modelling (FDM) 

(Nyman & Lehto & Kukko & Kestilä & Kallio, 2024, p.2). The specific working principle 

can be found in Figure 2. The filament material is transported to the nozzle by the driving 

wheel, then heated to a semi-liquid state and extruded onto the printing bed. During the 

cooling process, the different layers are fused together by virtue of the thermoplastic 

characteristics of the polymer material.  

 

 

Figure 2. Fused deposition modelling (Ngo et al., 2018, p. 173). 
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From the perspective of FDM technology, since its printing principle is completed layer by 

layer, this technology will cause defects that affect the mechanical properties and geometric 

integrity of the composite. A study (Sood & Ohdar & Mahapatra, 2010, p. 292) also proved 

that weak interlayer bonding is the main reason for low mechanical strength. In addition to 

the well-known view that printing parameters can affect product performance, there is 

currently a lack of quantitative data on interlayer strength weaknesses caused by printing 

parameters and manufacturing. In summary, in the field of FDM printing technology, more 

quantitative 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 is essential, including defect types, factors affecting material properties and 

improvement methods. So, these chapters will be considered next based on previous research 

to support the research questions of the thesis. 

In the FFF technology in 3D printing, material defects may be caused by various factors such 

as printing parameters, material properties or environment and include various types. Defect 

classification is composed of macro defects and micro defects, and the specific types can be 

divided into different groups. Short carbon fibre reinforced composites defect types can refer 

to Table 1. 

 

Table 1. Various printing defects in FFF technology 

Micro-scale defects Macro-scale defects 

Porosity and voids Fibre agglomeration 

Non-uniform fibre alignment Interlayer delamination 

Fibre-matrix debonding Warping 

Crystallinity variations  
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2.2.1  Micro-scale defects 

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

as follows. 

Porosity and voids as micro-scale defects are significant factors that affecting the mechanical 

properties of 3D printed composites material (Khan & Ali  & Riaz & Butt & Abu & Dong & 

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

related by the following factors. 

¶ Increasing the printing speed can lead to an increase in porosity (Luo & 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. 1447-1449). The 

example can refer to Figure 3. 

¶ As the thickness of the printed layer decreases, the porosity tends to decrease, thereby 

enhancing the physical properties of the material (Li & Liu & Ge & Chen & Zheng, 

& Fang, 2021; Alkabbanie & Aktas & Demircan & Yalcin, 2024, p. 1066). The 

example can refer to Figure 4. 

¶ Printing carbon fibre reinforced composites in vacuum reduces porosity compared to 

printing in atmospheric environment (Vatandaĸ and G¿mr¿k, 2024). 

¶ Reinforcement filling type and printing direction (Savandaiah & Maurer & Gall & 

Haider & Steinbichler & Sapkota, 2021). 

 

 

Figure 3. SEM image under different printing speed with 0.2 mm layer thickness (Lian & 

Yang & Zhu & Gong & Zhang & Wang & Li  & Yu, 2023, p. 1449). 
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Figure 4. SEM image under different layer thickness with 40mm/s printing speed (Lian 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 affected. The 

detailed view can refer to Figure 5. It contains a mesoscopic view of the different pore 

patterns in the case of short fibres (SF), continuous fibres (CF) and hybrids. As a common 

defect, it significantly affects the mechanical properties of materials. 

 

 

Figure 5. Mesoscopic view and pore shape of different carbon fibre reinforced composites: 

(a) SF lay-up; (b) SF+CF lay-up; and (c) CF lay-up (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 were discrete 

bubbles (Kong et al., 2024). 

PCF refers to precise cut carbon fibre, also known as continuous fibre, and Mlf refers to 

milled carbon fibre, which is short fibre. According to Figure 6, 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 in Figure 7, which also confirms the quantitative data in Figure 6 that 

long fibres have the largest porosity.  

 

 

Figure 6. Pore number, volume and fraction histogram (Savandaiah et al., 2021, p. 8). 

 

 

Figure 7. 3D view showing pores (Savandaiah et al., 2021, p. 8). 
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Based on the above two examples, it is found that the type of reinforcement filling has a 

significant effect on the porosity and the printing direction of short carbon fibres will also 

cause the porosity to change 

It is essential to consider the fibre orientation when understanding the fibre alignment of 

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 increase the 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, and fibre orientation will change unpredictably during 

the diffusion process. An example can be referred to Figure 8.  

 

 

Figure 8. Normal distribution diagram of fibre curve at different printing widths and 

schematic diagram of sample cross section (Yan & Demirci & Ganesan & Gleadall, 2022, 

p. 5). 

 

This study concluded that print width is the main factor affecting fibre distribution. Fibre 

orientation tends to be along the flow direction of the printed material. Narrower extrudates 

correspond to more convergent distribution, and vice versa (Yan et al., 2022). The normal 

distribution curve in the figure above also proves that a narrower 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, the tensile strength will be 

enhanced (Fisher & Almeida & Falzon & Kazancē, 2023, pp. 1-2). According to the 

investigation in the article, the experimental data shows in Figure 9 that when the fibre 

content is 3%, the bending strength is close to 100N/mm when the orientation is 0°, 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 orientation deviates from the load 

direction, the bending strength will have a significant downward trend (Rutzen & Lauff & 

Niedermeier & Fischer & Raith & Grosse & Weiss & Peter & Volkmer, 2021, p. 12), so 

non-uniform 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 is an effective solution to achieve 

a more uniform distribution of fibres. 

 

 

Figure 9. Relationship between fibre orientation deviation angle and flexural strength 

(Rutzen et al., 2021, p. 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 composite. The 
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fibre matrix bonding concept can be referred to Figure 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 41% and 36% 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. 

 

 

Figure 10. Schematic diagram of fibre and matrix bonding and debonding (Wang et al., 

2022, p. 10). 

 

The image clearly presents a different microstructure of interfacial debonding and bonding 

in fibre-reinforced composites. 

2.2.2  Macro-scale defects 

Micro defects and macro defects are related. When micro defects continue to accumulate, 

they will lead to macro defects. For example, when the pores gradually 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 expanded in this chapter. 

This article (Dizon & Espera & Chen & Advincula, 2018, p. 54.) investigates the 

characterisation of polymer material defects forcing on the interlayer delamination by 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 



21 

 

adhesion between polymer layers, resulting in interlayer delamination defects. The research 

(Tian et al., 2016) pointed out that the nozzle temperature in the range of 200-230 °C can 

ensure the bonding strength between the layers. Another study (Pascual-González & San 

Martín  & Lizarralde & Fernández & León & Lopes & Fernández-Blázquez, 2021) proposed 

an optimized post-heat treatment method. The strain-stress curve was obtained by three-

point bending test on continuous carbon fibre reinforced composites. The conclusion is 

shown in Figure 11. It is summarized that before the temperature reaches 210 degrees Celsius, 

the trend shows that the increase of post-heat treatment temperature is accompanied by the 

increase of interlaminar shear strength. It is 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 170°, proving that this post-heat treatment is a very effective way to solve the interlayer 

delamination defect. 

 

 

Figure 11. strain-stress curve under different post-heat treatment temperatures. (Pascual-

González et al., 2021, p. 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 the homogeneity of the material and the 

mechanical properties of the composite material. This 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 clogging (Nawafleh and AL-Oqla, 2022). 

In addition, fibre agglomeration is also affected by printing parameters according to previous 

studies. As the nozzle temperature increases, the impregnation behaviour 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 the macro defects in 3D printing, which is caused by uneven material 

shrinkage and the generation of internal stress. An article derived a formula for calculating 

warpage deformation, which includes many factors that affect the warpage change, as 

illustrated in the following equations (Sun & Shan & Zhan & Wang & Liu & Li  & Wu, 2021, 

p. 11): 

 

  ə = (3ŬLĮæT) / (4nh)   (1) 

 

Where h is the sum of the thickness of each layer; L is the width of the printed sample; Ŭ is 

the thermal expansion coefficient of the material; ȹT is the change in printing temperature 

(Sun et al., 2021, p. 12). 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 for carbon fibre reinforced ABS composite 

materials by adding auxiliary heating plate components to achieve an annealing-like effect 

on the printed material. Finally, it was proved that it can achieve the remarkable effect of 

completely suppressing warpage. 

2.3  Research methods for defect characterisation 

In order to characterise defects in FFF 3D printed short carbon fibre reinforced composites, 

many research methods have been utili sed to identify pores, fibre distribution and fibre-

matrix bonding state, which are key factors affecting material properties. Research methods 



23 

 

include X-ray Computed Tomography (XCT), Scanning Electron Microscopy (SEM), 

Optical Microscopy (OM), Digital volume Correlation (DVC), Digital Image Correlation 

(DIC) etc. (Ferreira & Amatte & Dutra & Bürger, 2017, pp. 97-98; Zhang & Chen & Yang, 

2021; Holmes & Sommacal & Das & Stachurski & Compston, 2023, pp. 6-7). The following 

section will elaborate on this topic from two categories.  

2.3.1  Imaging-based techniques 

Image-based technology helps identify and analyse internal defects in 3D printed composite 

materials, which plays a significant role in improving material properties. Common image-

based research methods can be found in Table 2 to provide a comprehensive and systematic 

understanding of the names and applications of different technologies. This chapter focus es 

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

characterization, etc. 

 

Table 2. Image-based defect characterisation research methods 

Technique Applications Reference 

Optical Microscopy 

(OM) 
Detect surface pores and cracks defects  (Zhang et al., 2021) 

X-ray Computed 

Tomography (XCT) 

Enables non-destructive visualisation of internal 

defects in 3D 

(Dubey & Singh & 

Behera, 2024) 

Scanning Electron 

Microscopy (SEM) 

 

Microstructure, failure mechanisms 

(Ferreira & Amatte & 

Dutra & Bürger, 2017, 

pp. 97-98) 

Infrared (IR) 

Thermography 

Detecting thermal anomalies and real-time 

monitoring 

(AbouelNour and Gupta, 

2023) 

 

Among these technologies, it is worth mentioning that XCT is widely used in composite 

material research due to its non-destructive visualisation advantage. In order to investigate 

the defect characterisation of 3D printed composites, XCT technology is considered to obtain 

high-precision cross-sectional images of composite materials (Garcea & Wang & Withers, 

2018, p. 306). Besides of this, XCT technology is also utili sed in different research fields. 

More relevant literature reviews from different perspectives are as follows. 
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¶ Microstructure analysis 

For microstructural analysis, this technology can identify and separate fibres, matrix 

and pores contained in composite materials with micron accuracy. An article 

mentions that X-ray CT resolution can reach micrometres or approximately 200 

nanometres (Vásárhelyi & Kónya & Kukovecz & Vajtai, 2020, p. 1), and the 

distribution of fibres and porosity can be clearly observed, it demonstrates that 

microstructure visualisation is feasible which plays an important role in studying 

damage evolution. Another article (Wang & Zhang & Cao & Pan & Wu, 2021, pp. 

4-5) uses CT to visualise the internal structure of composite materials and reconstruct 

the 3D structure. Reference Figure 12 provides a more intuitive 3D structure when 

studying the morphological characteristics of composite materials. 

 

 

Figure 12. 3D Structure: (a) CT image; (b) short carbon fibre; (c) void defects in matrix; 

(d) matrix (Wang et al., 2021, p. 4). 

 

¶ Damage and failure mechanisms observation 

XCT can provide on-site observation results and obtain high-resolution three-

dimensional images, which is very helpful for studying microstructures under 

different loads (Hu & Wang & Xu & Xiao & Zhang, 2014). Since XCT technology 

is non-destructive, it is possible to repeatedly scan samples under different loads. The 
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example in Figure 12 is using this feature to study the damage evolution of composite 

materials and summarize the relationship between strain evolution in the microscopic 

and macroscopic stiffness reduction (Liu & Hu & Li  & Xiao & Xu, 2020). These 

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

and failure mechanism. 

 

 

Figure 13. 3D reconstruction images under different loads using CT technology: 

(a)9.3MPa; (b)27.8MPa; (c)46.3MPa; (d)55.6MPa (Liu et al., 2020, p. 510). 

 

¶ Defect analysis 

XCT can detect the internal microstructure of 3D printed composite materials 

including pores, delamination, fibre breakage and deformation of carbon fibres, 

which are not visible from the surface structure (Zhang et al., 2021; Kawasegi, 2019, 

pp. 260-262). 

¶ Fibre orientation 

This paper (Sencu et al., 2016) uses XCT to track the final erosion point, generate a 

finite element model with high-resolution fibre centreline, and simulate the damage 

and fracture behaviour of multi-directional 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 materials (Drouhet & Touchard & Chocinski-Arnault & Mellier, 2023, p. 1). It 

provides high-precision views without damaging the experimental samples, and plays a key 

role in the fields of microstructure research, damage evolution, defect analysis and fibre 

tracking. It is also an effective tool to help improve the performance of advanced materials. 

2.3.2  Deformation and strain analysis techniques 

With the development of composite materials, it is difficult for traditional optical 

characterisation techniques to accurately capture the fibre, matrix and defect propagation in 

composite materials. Therefore, more researches have begun to utili se digital image and 

volume correlation technology (DIC and DVC). The difference between the two 

technologies can be seen in Table 3. 

 

Table 3. Common Techniques for Studying Displacement and Strain in Composite 

Materials. 

Technique Measuring range Application 

Digital image correlation 

(DIC) 

 

Surface deformation Surface strain measurement, crack analysis 

Digital volume correlation 

(DVC) 
Internal deformation 

Internal strain measurement, micro defect 

analysis 

 

DIC is a non-contact technology for surface strain measurement and crack analysis. The 

measurement range includes two-dimensional and three-dimensional depending on the 

number of cameras and the method used. DIC technology can be traced back to the 1980s 

(Sutton et al., 1983), and it has been developed for nearly 40 years. DIC can be roughly 

divided into two categories: local and global algorithms, which can be seen in the Figure 14. 
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Figure 14. Local and global algorithms (Holmes & Sommacal & Das & Stachurski & 

Compston, 2023, p. 4). 

 

The change of the reference mesh can be used to calculate the displacement and strain of the 

composite material using DIC 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 non-existent deformations that affect the reliability of the experiment. 

 

 

Figure 15. Application of DIC technology in composite materials: (a) tension; (b) 

compression; (c) shear; (d) bending; (e) torsion; (f) forming; Defects that can be detected 

by DIC (Holmes et al., 2023, pp. 6-7). 

 

Referring to Figure 15, it can be seen that DIC is widely used in the field of composite 

materials, proving its strong relevance in industry and research. In summary, 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 sub-regions. Therefore, local algorithms are suitable for models with 

small deformations. On the contrary, global DIC ensures the continuity of the deformation 

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 three-dimensional extension of DIC 

technology (Holmes et al., 2023; Xu, 2018). The difference is that DVC can identify the 

direction and magnitude of internal strain, which is crucial for the defect characterisation of 

short carbon fibre reinforced composite materials with complex internal structures. Previous 

studies (Matzenmiller & Lubliner & Taylor, 1995) have focused on understanding the stress 

and strain of materials in an elastic state. With the improvement of computational power 

recently, the application of DVC technology that relies on a lot of computational costs in 

various fields has become feasible. The basic process of DVC can be referred to Figure 16. 

 

 

Figure 16. DVC basic process (Xu, 2018, p. 84). 

 

The DVC process can be briefly 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 three-dimensional displacement vector caused by the load, 

which are called the reference state and the deformation state. Next, the displacement of the 

sub-volume is predicted and calculated, and the last step is to calculate the strain field, which 

can be visualised for analysis. Recently, 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 applications, including short carbon fibre composites, crack initiation and 

fracture of brittle materials (Xu, 2018), and analysis of complex internal structures of woven 

materials (Holmes et al., 2023). 

Given the non-destructive 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 nucleation (Hanhan & Agyei & Xiao & Sangid, 2020, p. 1), which has deepened 

the understanding of the mechanics of complex microstructures and demonstrated that DVC 

is an effective tool to help in-depth research on the mechanics of damage initiation. 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 phenomenon, a more accurate 

microscopic model can be established to predict tensile failure (Schöberl et al., 2020). 

An article (Lee & Jo &  Ji, 2020, p. 9) compared the results of DVC analysis and finite 

element analysis and found that the overall trend showed the same results. The displacement 

of the sample increased with the load direction along the y-axis, and the overall profile shape 

was different due to errors. The results can be referenced in Figure 17. 

 

 

Figure 17. Displacement field with different methods: (a) DVC analysis; (b) Finite element 

analysis (Lee et al., 2020, p. 9). 
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The experiment was affected by two uncertain factors, fibre orientation and DVC sample 

centre. Because the sample position was manually fixed in the experiment, it is almost 

impossible to be in the same position as the finite element model centre, so the experimental 

results will be different. This article studied the internal deformation behaviour and finds 

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

quantitatively 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 results can refer to Figure 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. 

 

 

 

Figure 18. Visualisation of the finite element-based DVC strain field (Mehdikhani et al., 

2021, p. 11). 
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This study showed that DVC can provide quantitative crack opening displacement (COD) 

data to support prediction models, so DVC can be used as an efficient tool to predict defects 

and failures in the internal structure of materials.  

In addition, there are other studies using DVC technology. Madi (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 results. It is found that 

DVC technology is suitable for porous materials and can accurately measure volume strain. 

Thomas (Taillandier-Thomas & 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%, effectively enhancing the accuracy. A study (Morgeneyer &  

Helfen & Mubarak & Hild, 2013) showed that 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 materials, woven 

materials, fibre-reinforced composite materials, etc., and plays a key role in providing high-

precision defect characterisation. Furthermore, with the improvement of computational 

power, DVC can process more complex data and provide technical support for research 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 to failure modes will be discussed in this chapter. When the failure modes of 

unidirectional continuous fibre reinforced composites are summarized and classified as 

shown in Table 4. 
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Table 4. Failure modes in carbon fibre reinforced composites 

Failure mode Loading condition Influencing factors 

Fibre fracture Axial tension (0°) 
Fibre strength, defects, load 

direction 

Kink band Axial compression (0°) Initial fibre bending 

Matrix cracking Transverse stretching (90°), shear 
Matrix toughness, stress 

concentration 

Fibre/Matrix Debonding Shear, stretch, compression Interface bonding strength 

Delamination Bending, shearing, impact 
Interlaminar shear loadЇ

interface bonding strength 

 

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

including loading conditions, material factors, manufacturing processes and environmental 

factors. Table 4 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 tensile stiffness. As the load direction and 

the fibre orientation angle increase to 45°, the tensile strength and tensile stiffness will tend 

to decrease. 

 

  

Figure 19. Comparison between different fibre 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 factors (Khan et al., 2024, p. 10.). 

According to Figure 19, the high-volume 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 be concluded that when 

the fibre content increases, the mechanical properties of the material will be enhanced at the 

same time (Mishra and T, 2023). In addition, another study showed similar results that when 

the fibre volume fraction increases, the mechanical properties increase. The experimental 

test increased the volume fraction from 57% to the actual value of 60.96%. Tensile 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% respectively for 3D 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 decrease. Research tested 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 for SiC matrix composite materials with unidirectional 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 content. In summary, too high fibre content also indicates 

that the interlayer bonding strength is reduced. Reliable mechanical properties experimental 

data corresponding to fibre content is of great significance for studying the mechanical 

behaviour of composite materials and has high reference value in various fields (Shimoda 

and Hinoki, 2021). 

Kink band is a common failure mode of fibre-reinforced composites in compression tests 

and deserves to be considered as an important research direction. Kink bands usually appear 

in continuous carbon fibre reinforced composites in a single direction under compressive 

load testing. The formation of kink bands can be affected by fibre misalignment and internal 

defects in the composite material (Nelms & Potluri & Withers, 2024, pp. 9-10).  
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Figure 20. Schematic diagram of different kink bands: (a) single kink band geometry; (b) 

substituent bands; (c) stacked bands (Nelms et al., 2024, p. 20). 

 

The single kink band is the most typical failure mode. It produces a local fibre buckling area 

under axial compression. Its characteristic is that the fibre orientation on both sides of the 

kink band still maintains the original orientation. The 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 characteristics. As shown in Figure 20 (b). Another study (Gonzalez-

Chi & Flores-Johnson & Carrillo-Baeza & Young, 2010) found that stress concentration 

occurs around the kink band, causing the interfacial shear stress to be greater than the applied 

load which can be found in Figure 21. 

 

 

Figure 21. Distribution of shear stress as a function of distance around kink band 

(Gonzalez-Chi et al., 2010, pp.1820-1821). 
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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 maximum shear stress can 

reach 368.06 MPa. The view shown in the study is that high-intensity local shear stress 

appears in the transition area between fibre debonding and bonding, which is caused by 

interface friction (Gonzalez-Chi et al., 2010). Therefore, it is illustrated that the kink band 

has a significant impact on the mechanical properties of the material. Kink bands appear in 

different fibre materials such as flax fibres and carbon fibres. They are also called 

compression crease areas. The author Guillou discussed the relationship between kink bands 

and fibre breakage and found that fibre breakage initials from the kink band (Guillou & King 

& Perrin & Proudhon & Weitkamp & Shah & Beigbeder & 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 load, fibre buckling occurs in the internal 

structure of the material. Two-dimensional fibre buckling will form the kink band we are 

discussing. This failure mode will gradually expand from the local to the entire cross-section. 

The composite matrix will also be affected by fibre buckling and produce the same distortion 

as the kink band. Joglekar and Pankow (Joglekar and Pankow, 2017) tried to implement 

modelling of woven composites 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 feasible. 

In addition, the kink band can be regarded as a composite process of fibre buckling and shear 

deformation. Local micro buckling will trigger the formation of the kink band, which is the 

starting point of this failure mode. Further discussion is that the shear band is affected by the 

plastic properties of the matrix. An article (Nizolek & 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 kink band is 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 Rosen in 1965, who 

proposed the following model: 
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Micro buckling theory proposed by Rosen (Rosen, 1965, pp. 37ï75):  

 

  ůc = Gm / (1 - vf)   (2) 

 

Where the Ὃ  stands for the shear modulus of matrix material, and ὺ is the fibre 

volumetric fraction. 

The report (Fleck and Budiansky, 1991) proposes a shear buckling model based on the micro 

buckling theory proposed by Rosen, which additionally considers the effect of matrix 

plasticity on the kink band. In addition, Kyriakides also mentioned this formula in the 

literature review (Kyriakides & Arseculeratne & Perry & Liechti, 1995, p. 2): 

 

  ůc = Űy / ◖0    (3) 

 

Where ůc is critical shear stress (Pa). ◖0 stands for Initial Fibre Misalignment Angle (radian). 
Űy is yield stress in longitudinal shear. 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 properties. In other 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 two-dimensional and three-dimensional fibres, greatly 

improving the accuracy of quantitative analysis (Qi et al., 2023). 

In summary, Kink Band is a form of local shear deformation commonly found in fibre-

reinforced composites and layered materials, and usually occurs along the fibre direction 

when the material undergoes a compression test. Its formation mechanism involves factors 

such as microscopic initial defects (fibre 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 main forms of 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 buckling through 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 printing, X-ray computed tomography 

for pre-sample and post-sample and compression experiments. This chapter will elaborate 

on the experimental equipment, printing parameters, experimental parameters and the use of 

related software. 

3.1  Composite 3D printing  

The samples are divided into continuous carbon fibre reinforced nylon composite and 

continuous glass fibre reinforced nylon composite. Both types of samples were printed using 

the same 3D-printer, a Mark 2 from Markforged, an FFF-based printer. In addition, the two 

geometric types are dog-bone and cylindrical, which are herein coded as UD and XC samples, 

respectively. Digital slicing is achieved by the dedicated software Eiger. The specific 

geometric diagram can be found in Figure 22 and Figure 23. In addition, the V-notch of 

samples UD and XC were carried out after printing of the samples by waterjet cutting. 

 

 

Figure 22. Schematic illustration of 16-layer 3D printed composite: (a) Composite sample 

dimensions [mm] with region of interest; (b) Sample matrix layer; (c) Schematic 

illustration of sample fibre layer. 
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The UD sample is a continuous carbon fibre reinforced nylon composite. It is worth 

mentioning that the sample has a total of 16 layers, of which the 6th to 11th layers are fibre 

reinforced, and the remaining layers are matrices formed by nylon printing. The layer height 

of each layer was set to 0.125mm. The volume of white nylon is 1.45ÃÍ, the volume of 

carbon fibre is 0.19cm3, and the fibre volume fraction is approximately 11.6%. In this study, 

only the Region of Interest (RoI) was taken for compression experiments, so the carbon fibre 

printing orientation is [0, 180], and the nylon printing orientation is [45, 135]. Besides, the 

nylon matrix was printed with alternating filament directions of 45° and 135° in adjacent 

layers. 

 

 

Figure 23. Schematic illustration of 100-layer 3D printed composite: (a) Sample 

dimension; (b) Sample fibre layer; (c) Sample matrix layer; (d) Top view of the cylinder 

showing the location of the V-notch. 

 

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 the 6th to 9th layers are glass fibre reinforced, and the fibre 

directions are set to [0, 45, 90, 135]. The orange filament represents the fibres shown in 
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Figure 23(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 the 92nd 

to 95th layers, nylon was printed with different printing paths (see Figure 23 (c)). The fibre-

reinforced object content is very small, with a volume fraction of approximately 0.65%. 

3.2  In-situ compression tests 

First of all, at the beamline ID19 of the European Synchrotron Radiation Facilities, 

Grenoble, France, in-situ synchrotron X-ray radiography was carried out. Then, the 

experiment utilised a custom tension-compression rig developed at INSA-Lyon for high-

speed in-situ CT analysis (Maire & Le Bourlot & Adrien & Mortensen & Mokso, 2016, p.3). 

Specimens were compressed at 1 ɛm/s, while radiographs were captured at 20,000 frames 

per second employing a Photron FASTCAM SAZ. The imaging system utilised a pink X-

ray beam averaging 18 keV in energy, delivering a voxel resolution of 1.1 ɛm and an 

exposure duration of 50 ɛs. (Nelms 2024, p. 56).  

Although the camera recorded over 25 frames, only the final 25 were retained due to buffer 

limitations in the onboard memoryða rolling capture strategy where older images are 

continuously overwritten in real time. Recording was manually stopped immediately after 

failure, so frame 1 corresponds to the onset of failure, rather than the initial loading condition. 

3.3  Damage characterisation 

After sample preparation and in-situ testing, the acquired images were properly segmented 

and the damage and failure were characterised using two pieces of open-access and freely 

available software: 3D Slicer and FIJI. The two software were used to visualise the defects 

of composite samples, the segmentation of the constituents (fibres, pores and matrix), and to 

reconstruct the three-dimensional 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 using FIJI to 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 was utilised 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  Results 

Various results are presented in this chapter including porosity, various defect types, failure 

modes, etc. In addition, the post-sample 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 quantitative research perspective, which will serve as a 

reference for the next stage of simulation. 

4.1  Defect characterisation 

Defect characterisation is a crucial part of composite material research. The following 

content presents the samples of carbon fibre reinforced nylon (CFRP) and glass fibre 

reinforced nylon (GFRP) before compression test. 

4.1.1  Defect characterisation related to voids 

After segmentation by 3D slicer software, the internal structure of the composite material is 

classified. The voids are displayed in yellow; the fibres are displayed in red, and the blue 

part represents the matrix (which is hidden). The 3D visualisation of the entire volume of 

voids and fibres of the two samples UD2 and UD3 is depicted in Figure 24. 

First of all, from the investigation of the three-dimensional results, it can be found that XCT 

is a powerful tool for defect characterization. Compared with SEM technology, XCT can 

achieve non-destructive internal structure identification and use CT data to obtain three-

dimensional data, which are not possible with other technologies. In addition, it has the 

advantage of simple sample preparation, which makes it applicable to in-situ tests. The 

characterization and results of the pore defects is described in this chapter to obtain an in 

depth understanding. 
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Figure 24. The 3D visualisation of the entire volume for two samples: (a) UD2; (b) UD3. 

 

Figure 24 illustrates the 3D reconstructed microstructure of two CFRPs, manufactured using 

the same printing parameters and the same material. However, differences in internal defects 

and fibre distribution can be observed. Yellow represents pores. It is obvious that UD3 has 

a large number of inclined elongated voids on both sides of the fibre concentration area. This 

area is the matrix part of the composite material, and no fibre 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 process. First 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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Figure 25. 3D visualisation of sample UD2, while the matrix material is hidden. The detail 

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 in Figure 25. It can be found that this defect usually occurs in a single basic 

path or between different layers when the filler changes. Considering 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., 2024, p. 6). When the filler changes, the 

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

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

In addition, there is another type called inter-bead void, which refers to the voids formed 

between two adjacent printing paths, so the geometric shape is mostly elongated.  
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Figure 26. Different views of UD2 sample in the xz plane (from left to right are 3D 

rendering front view, matrix cross-section view and fibre cross-section view). 

 

Referring to the first and second figures of Figure 26, there are elongated voids can be found 

with an angle of 45 degrees and 135 degrees to the x-axis. According to the printing direction, 

the printing direction of the nylon matrix is [45, 135]. Therefore, this elongated void should 

be the void formed between two adjacent printing paths in the same layer, which is consistent 

with the law of previous studies that it is elongated and distributed along the printing 

direction. Therefore, the voids shown in the cross-sectional view in the middle of Figure 26 

are inter-bead voids. 

After completing the characterisation of 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 presented in Figure 27, 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 reinforcement-matrix bonding area and 

in the outer region of the cylinder. These findings suggest that the printing 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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Figure 27. 3D volume rendering of the pore segmentation from 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, which causes air 

to be trapped. The study (Tao et al., 2021) found that the porosity of nylon-based 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 behaviour play 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. 

Among them, layers 6ï9 are reinforced 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 in Figure 28 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 material 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 material stacking and 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 enhance the mechanical 

properties of the composite material. 

 

 

Figure 28. XCT cross-sectional image showing the void distribution in the xy plane. 

 

Intra-bead voids were also observed in the XC 3 sample shown in Figure 29, 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. However, the study found that the intra-bead voids 

are very limited by the printing parameters. When the external nylon cools, it will limit the 

shrinkage of the internal material. Therefore, this type of defect can be considered an 

inherent limitation of the FFF process when processing thermoplastics material. (Sommacal 

et al., 2021; Tao et al., 2021). 
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Figure 29. Intra-bead void in 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 the sample. The porosities from sample UD are quantified and the 

results are shown in  

 

Table 5. 

 

Table 5. Porosity quantification results 

 Porosity (%) Fibre volume fraction (%) Matrix volume fraction (%) 

UD2 3.64% 8.67% 87.70% 

UD3 4.49% 9.03% 86.47% 

 

Although the material and printing parameters are the same, the relative errors in measured 

porosity are approximately 20.9% for UD samples. Considering the typical process-induced 

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. 

 

Figure 30. XCT image in xz plane showing representative fibre misalignment defects in the 

cross-section view with high spatial resolution, the 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 dotted line). This 

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 failure. Studies (Nair et al., 2017, 

p. 2) have shown that when there is a 5° fibre misalignment, the compressive strength of the 

laminate drops by 30% or more. When the misalignment angle continues to increase to 15°, 

the compressive strength continues to decrease. This misalignment 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 fibre misalignment 

angle will be discussed in more depth in the kink band chapter. Given the prevalence of 

observed fibre misalignment. A quantitative analysis of fibre waviness becomes very 

essential and can be utilised to describe the material geometric deviation. The fibre waviness 

analysis based on segmented fibres will be introduced in the next section. 

4.1.3  Fibre waviness  

First of all, fibre waviness can be characterised by two parameters. One is based on angle, 

which describes the angle at which the fibre deviates 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 of the 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 composite 

materials. 

In addition, in order to ensure experimental reliability and reduce the influence of local 

deviation, four random slices were selected to calculate the fibre waviness, reflecting the 

overall fibre alignment through more samples. In addition, in order to ensure the reliability 

of the experiment and reduce the influence of local deviation, four random slices are selected 

to calculate the fibre waviness. More samples are used to reflect the overall fibre 
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arrangement. Referring to Figure 31, the fibre waviness is 1.36, 1.52, 1.23, and 1.41 

respectively, the conclusions are summarized in Table 6 with the average waviness ratio. 

 

Figure 31. Fibre segmentation performed on four randomly selected cross sections from 

plane (a-d). 

 

Figure 32. Histogram of fibre waviness ratio (length-based) for UD2 sample in plane (a). 

 

The length-based fibre waviness is defined as the ratio between the actual curved length of 

the fibre trajectory and the straight-line distance between its start and end points.  

It can be clearly seen that some fibre waviness ratio is 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 complete fibre, resulting in a path length less than the actual 

length. Another reason is that the fibres are not on the same plane, resulting in fibre 



52 

 

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 average fibre waviness. 

Adding constrains based on the data in Figure 32 will give the fibre waviness of plane a to 

be 1.3601. 

 

Table 6. Waviness ratio (length-based) from sample UD2, the average waviness and 

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 

standard deviation 

1.38 

0.11 

 

Referring to Table 6, the standard deviation is 0.11, which proves that the consistency is 

relatively strong overall. These 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 uniaxial compression  

Despite the two samples being consistent in materials, printing parameters, and experimental 

conditions, they still exhibit distinct failure modes. This 3D volume rendering presents 

internal failure behaviour of two samples in Figure 33. The matrix is rendered transparent to 

better visualise the fibre 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 entire body. The 3D 

visualization vividly shows the internal structure of the sample after failure. It proves that 

XCT technology is also feasible in failure mode analysis applications and provides a 

reference model for further simulation 
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Figure 33. 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 of the sample, which is exactly where the sample 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 inter-bead bonding to a certain extent. The oblique failure 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 fibre fracture, delamination and kink band 

can also be observed in Figure 34. 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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Figure 34. XCT cross-sectional image illustrating typical failure modes in UD2 sample 

after compression test. 

 

Fibre breakage is observed on the left side of Figure 34, which is manifested by the 

interruption of the continuous fibre 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 that micro-buckling 

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 between the fibre layer 

and the nylon matrix layer, resulting in propagation along the weak interface. Inter-bead 

voids or weak bonding often exist in this area. 

Obvious shear failure is observed in the UD3 sample in Figure 35. There is diagonal shear 

stress in the middle area of the sample, which led to fibre fracture and greatly reduced the 

load-bearing capacity of the sample. The fibre that forms the Kink band has a shear stress 

that is too large and exceeds the critical stress of the fibre, resulting in the fibre fracture and 

the kink band cannot be observed. At this moment, the Compression strength of 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.  

 

 

Figure 35. XCT cross-sectional image illustrating shear-induced fibre fracture in UD3 

sample after compression test. 

 

 

Figure 36. Post-compression test cross-sectional views of XC3 and XC4 composites. 




























