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Abstract 
 

Fiber-reinforced polymer (FRP) composites present a significant opportunity to 

meet the demand for durable and lightweight structural components across various 

industries. Compositeôs failure is typically caused by the longitudinal tensile failure in 

unidirectional (UD) fibrous composites. Often models overpredict the strength of 

composite material systems, preventing practical adaptation of this type of models in 

industry. The thesis objective is to decrease overpredictions of failure strength in UD 

composite materials loaded in the fiber direction. The focus lies on fundamental modelling 

approaches by targeting the finite-element (FE) analysis of the stress redistributions after 

a fiber break as well as experimental characterization of the polymer matrix.  

First, we experimentally measure the effect of curing on stress-strain behavior of 

epoxy resin. To do this, we use Single-Walled Carbon Nanotubes (SWCNTs) as a sensor 

to monitor the curing state of epoxy resin. The obtained data is used as input for our FE 

models. Second, the analysis of the stress state of a bundle surrounding a broken fiber 

accounting for modelling approaches are followed by generating 3D representative volume 

elements (RVEs) with random packings. 

Modelling of fiber breaks during longitudinal tensile failure of UD composites is a 

fast-developing topic. In the state-of-the-art models, the key mechanism of the fiber breaks 

development is the redistribution of load as the result of tensile failure of individual fibers, 

which combine (a) probability of a fiber break under a given load; (b) calculation of stress 

redistribution around a broken fiber; (c) modelling progressive breakage of fibers under 

the redistributed stresses. The present dissertation mainly focuses on step (b), with 

calculations performed by FE modelling of the fiber bundle with a broken fiber. The 

redistribution of stresses is described by ineffective length (IL) of a broken fiber and stress 

concentration functions (SCF) of neighbor fibers.  

A 3D FE analysis is used to predict SCF and IL around a single fiber break in a 

bundle, taking into account modelling assumptions (I) Fiber Diameter Distribution (FDD), 

(II) MisAligned Fiber (MAF), and (III) Debond propagation between the broken fiber and 

matrix, incorporating modelling assumptions (I) and (II). 
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It observes that post-curing leads to a significant enhancement in the resin's strength 

compared to the typical 3-hour duration at 130 °C that is commonly employed in the 

industry. 

For fiber diameter distribution, the results obtained illustrate that the άὥὼὛὅὊ 

is significantly greater than άὥὼὛὅὊ. This indicates that the primary factor affecting 

the development of fiber breaks is the maximum stress (άὥὼὛὅὊ) within fiberôs cross-

section. Therefore, it is essential to prioritize this criterion over the baseline models found 

in literature, which typically rely on άὥὼὛὅὊ as the maximum stress in neighboring 

intact fibers. Furthermore, the άὥὼὛὅὊ in the FDD bundles is significantly higher than 

that in the FCD bundles at distances very close to the break plane. This suggests that the 

effect of fiber diameter distribution is more localized, resulting in stronger SCF in the 

NNFs. Additionally, the findings indicate that bigger fiber diameters correspond to higher 

SCF values, and thus, an accumulation of bigger fiber diameters contributes to an increase 

in SCF within NNFs. 

For fiber misalignment, the statistical analysis demonstrates that MAF has a 

significant influence on SCF for different VFs in comparison with PAF bundles over the 

trend lines. A comparison of the peak maxSCF graphs (maxSCF in the nearest neighbor 

fibers) between MAF and PAF bundles shows a more pronounced enhancement, indicating 

that the effect of fiber misalignment is greater at higher VFs and in the closest fibers to the 

broken one. This suggests that the impact of fiber misalignment is more localized, resulting 

in stronger SCF in the non-notched fibers (NNFs). 

Based on debonding results, the misaligned bundles demonstrate a statistically 

significant decrease in SCF and higher IL predictions compared to the aligned bundles at 

different VF. The SCF decay is more gradual in MFCD and MFDD bundles compare to 

AFCD and AFDD bundles, resulting in elevated SCF levels in neighboring fibers that are 

further away. This alters the local SCF distribution surrounding fiber breaks. Moreover, as 

the diameter of the broken fiber increases, both debonding length and ineffective length 

grow at different VFs, which subsequently reduces the SCF in NNFs. 
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As a result of the conducted doctoral research, fundamental modelling approaches 

and experimental characterization of the epoxy matrix were developed to help the future 

development of fiber break models by providing the improved necessary data on currently 

neglected effects in fiber break models. The presented outcomes are important 

improvements and a significant step forward towards the virtual prediction of the 

longitudinal tensile strength of unidirectional composites. 
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Chapter 1 

Introduction and Background 

 

This chapter presents the motivation behind the research undertaken during PhD 

presenting the background and overview of the research. The chapter concludes with a 

brief discussion of the main content of each following chapter, presented as the structure 

of the thesis. 
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1.1 Motivation 

Amongst all the fundamental mechanical properties of unidirectional (UD) fiber-

reinforced polymer (FRP) composites, understanding the development of failure under 

longitudinal load is crucial for the reliable prediction of the final failure of a laminate, as 

tensile failure of a UD bundle/ply is the mode leading to failure of the entire structure. This 

failure can be estimated analytically, but with overestimation of the load-carrying capacity.  

The failure process starts with failing the weakest fiber, leading to a redistribution 

of stress. This is characterized by two parameters, ineffective length (IL) and stress 

concentration factor (SCF). The key mechanism of the fiber breaks development is the 

redistribution of load as the result of tensile failure of individual fibers. 

Detailed failure description includes combination of (a) Weibull-controlled fiber 

failure; (b) matrix debonding; (c) matrix cracks; (d) progressive stress redistribution; (e) 

fiber breakage; (f) thermal residual stress, etc. These factors are accounted for in the current 

fiber break models (FBMs), but with certain simplifying assumptions that can affect SCF 

and IL predictions:  

¶ Assuming idealized fiber shapes without considering fiber diameter distribution. 

¶ Ignoring the influence of fiber waviness or misalignment on fiber breakage. 

¶ Neglecting the stress-strain behavior of the matrix at different curing conditions. 

¶ Overlooking the effect of interfacial shear strength on fiber breakage under varying 

curing conditions. 

¶ Ignoring the effect of fiber-matrix debonding on fiber breakage. 

The present state-of-the art models still lead to overpredictions of ultimate strain 

[1ï3], as they use simplified assumptions and neglect their significant influence on stress 

redistribution. The real bundle differs from UD simplification in the following aspects: 

fiber misalignment, variation of fiber diameter, fiber-matrix debonding, and inelastic 

deformation of the matrix which is controlled by the curing process. The matrix is non-
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linear; this is accounted for in state-of-the-art FBMs, but identification of the matrix 

properties presents a challenge.  

The thesis explores the improvement of the accuracy of SCF and IL predictions by 

providing more realistic stress redistributions. This is investigated with a bundle including 

MisAligned Fiber (MAF), Fiber Diameter Distribution (FDD), fiber-matrix debonding 

accounting for MAF and FDD, as well as identification of the stress-strain behavior of 

epoxy matrix at different curing conditions. When the calculated SCFs are incorporated in 

a bundle strength model, the failure strain of unidirectional composites can be more 

realistically predicted. This can help in bridging the discrepancy between numerical and 

experimental data to predict the longitudinal tensile failure of composites in better 

alignment with the observable microscale material behavior. 

1.2 State of the art 

The modelling efforts in fiber breaks during longitudinal tensile failure of UD 

composites started in the 1960ôs, 1970ôs, and 1980ôs [4ï8], and became a fast-developing 

topic in recent years [9ï20]. All models are essentially based on the same two principles; 

(I) the fiber strength scatter follows a Weibull distribution, and (II) when a fiber breaks, it 

locally loses its longitudinal load transfer capability, which leads to stress concentrations 

on the surrounding fibers. The readers are referred to in-depth and comprehensive 

publications [1ï3,20ï22] and dissertations [23,24] in this area.  

The development of the fiber breaks is investigated in impregnated fiber bundle 

models (IFBM), which combine (a) probability of a fiber break under a given load; (b) 

calculation of stress redistribution around a broken fiber; (c) modelling progressive 

breakage of fibers under the redistributed stresses. The present thesis focuses on step (b), 

with calculations performed by finite- element (FE) modelling of the fiber bundle with a 

broken fiber. 
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1.2.1 Stress redistribution around fiber break  

The key mechanism of the fiber breaks development is the redistribution of load as 

the result of tensile failure of individual fibers. As the applied strain increases, the weakest 

fiber fails first, leading to a redistribution of stress. This is characterized by two parameters, 

ineffective length and stress concentration factor, and will be described. 

Ineffective length 

When a fiber fails, it can no longer carry the load in the proximity of the failure 

point and redistributes stress to the adjacent fibers. Contrary to fiber-bundle models with 

no matrix, where a broken fiber is removed from further analysis, in IFBM the fiber can 

still carry load even after its failure but at distances (along the fiber) from the point of 

failure which are larger than the so-called ineffective length (IL). According to Rosen [4], 

the ineffective length is defined as twice the fiber length over which 90% of stress recovery 

occurs (see Figure 1.1a, the IL of a broken fiber was obtained from the stress field in 3D 

FE models). 

Stress concentration factor 

Near the failure point, the redistributed stress leads to increase in load of the 

adjacent fibers, and the relative stress enhancement in comparison with the nominal stress 

is referred to as the stress concentration factor (see Figure 1.1b, the SCF of an intact 

neighboring fiber was obtained from the stress field in 3D FE models). 

 

Figure 1.1. Stress redistribution: a) IL along the broken fiber, inset: axial stress on the surface of the broken 

fiber; b)  SCF  along the nearest intact neighbor; inset: stress distribution on the cross-section of the intact 

fiber and along its surface. Glass fiber, applied strain 0.1%, VF50%. 
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The stress redistribution (SCF and IL) is crucial in the failure development of 

composites. There are two possible approaches for calculation of stress redistribution, 

shear-lag and finite-element (FE) models, which will be described. 

1.2.2 Shear-lag versus FE models 

The shear lag model (SLM), first developed by Cox in 1952 [25], is an analytical 

approach. It views a composite as comprising long, but not continuous, fibers within a 

matrix and assumes that the load is transferred from the matrix to the fibers by the 

generation of shear stresses at the fiber matrix interface. Hedgepeth [26] predicted a SCF 

of 33% for a 1D packing of parallel fibers. The 2D stress transfer model provided the elastic 

fields with higher accuracy. Hedgepeth and Van Dyke [27] calculated a SCF of 14.6% and 

10.4% for square and hexagonal 2D packings, respectively. However, these basic shear lag 

models that are based on several assumptions ignore interesting physical behavior as 

follows: 

¶ Bonding is assumed to be perfect along fiber and matrix. 

¶ Fiber and matrix are assumed to behave in a linear elastic manner. 

¶ The fibers do not deform in shear. 

¶ Matrix cracking is not predicted. 

¶ They assumed a regular packing. 

Subsequently, a number of authors released improved SLMs that addressed some 

of these concerns [28ï33]. The SCF was found to be lower than Hedgepeth's initial 

predictions [26,27]. 

Xia et al. [34] indicated that the SLM provides a good approximation of fiber 

breakage behavior in certain cases; (I) high fiber volume fraction, (II) large fiber/matrix 

stiffness ratio, and (III) matrix yielding before fiber breakage. However, they also showed 

two drawbacks of SLMs. SLMs neglect the dimensions as well as the shear deformations 

of the fibers. In another study, Wagner and Eitan [35] found that their SLM was only 
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accurate for large fiber spacings. Therefore, SLMs cannot capture all the complexities of 

real-world composites. 

An alternative approach to calculate the stress redistribution is to use 3D FE 

models. FE analysis can provide more detailed insights into the mechanics of fiber 

breakage through customization to simulate specific loading conditions, fiber orientations, 

and material properties, allowing for a more accurate representation of real-world 

scenarios. However, 3D FE models are computationally intensive, which limits the number 

of fibers that can be included in the model. Therefore, this method on its own is insufficient 

to predict the full statistical nature of composite failure. Moreover, building accurate FE 

models for fiber breakage requires a good understanding of composite materials, finite 

element analysis techniques, and material properties, which can be complex and time-

consuming. 

FE models provide data on the stress redistribution after a fiber break that can be 

used as input for strength models [12ï18,36]. Nedele et al. [37] predicted an SCF of 5.8% 

for a hexagonal packing of carbon fibers, which is much lower than 10.4% predicted by 

Hedgepeth et al. [27]. Xia et al. [38] proved that the fiber shear deformation, which is 

neglected in SLMs, increases the SCFs on the nearest neighbor fibers. Van den Heuvel et 

al. [39] experimentally validated the accuracy of the FE approach for calculating SCFs. 

This validation was performed using micro-Raman spectroscopy in a micro-composite 

with five fibers. In general, the results agree well with FE predictions, and small 

discrepancies were found only for small fiber spacings. Swolfs et al. [9] predicted an SCF 

to be above 16%, 14% and 12% for perfectly bonded random fiber packings modelled 

using 3D finite element analysis in 30%, 50% and 70% VF cases, respectively. This is a 

clear overprediction compared to [40]. AhmadvashAghbash et al. [40], for a similar 

carbon-epoxy system and applied strain but for debonded model, reported the maximum 

SCF of 5.3%, 2.9%, 1.7% in 30%, 50% and 70% VF cases, respectively. 
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1.2.3 Fiber packing type  

The fiber packing refers to the arrangement and orientation of the fibers within the 

material. The way the fibers are packed together has a significant impact on how stress is 

distributed within the material, especially around areas where fibers break. Figure 1.2 

depicts common fiber packing types (random and regular).  

The use of random rather than regular fiber packings is essential, as the issue of 

local stress concentrations is much more severe in random fiber packings due to the 

possibility of simulating very small inter fiber distances, while maintaining a realistic fiber 

volume fraction. Jones et al. [41] reported that the stress concentration increases with 

reduced interfibre spacing in a multi-fiber fragmentation test. 

In 2013 Swolfs et al. [9] presented a 3D FE analysis of the stress redistribution after 

a single fiber break in various fiber packing types. They found that random fiber packings 

have significantly different stress concentrations in UD bundle with a broken fiber in 

comparison with regular fiber packings. The SCF of the regular packings represented a 

higher SCF at the same normalized distance from the broken fiber. Relative differences in 

SCF of up to 45% were found. Nonetheless, the highest SCFs were found to be up to 70% 

higher in random fiber packings as these packings have fibers closer to the broken fiber. 

Later, many authors used random fiber packing in their models [15ï19]. 

In 2022 Zhu et al. [42] developed a new FE model with high computation efficiency 

to calculate stress redistribution after a fiber break in UD FRP with uneven fiber 

distribution. A 2D beam element is used to model the fiber, while a 3D solid element is 

employed for the matrix. They observed that the local fiber volume fraction has a 

significant influence on the SCF. A modified analytical SCF model is suggested that 

accounts for local fiber volume fraction variation. It has been demonstrated that for FRP 

with uneven fiber distribution, the improved analytical SCF model can yield SCF values 

with significantly higher accuracy. 
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Figure 1.2. Comparison of fiber packing types, a) random packing, b) hexagonal packing, and c) square 

packing. 

1.2.4 Matrix and interface properties 

The matrix and fiber-matrix interfacial characteristics determine the value of the 

SCF and the IL over which they are meaningful. Shear stress transfer in the matrix is 

responsible for the stress recovery in the damaged fiber. In fact, when a fiber breaks, the 

surrounding matrix experiences shear loads that aid in the fiber's stress recovery. As a 

result, the load is still carried by the broken fiber, but at a distance farther away from the 

point of failure and an increased stress in the nearby fibers. 

Interfacial debonding and Matrix crack 

A crucial hypothesis relates to the stress singularity surrounding a fiber break. For 

elastic, well-bonded materials, stress concentrations in the matrix surrounding a fiber break 

are infinite. Although many models assume perfect bonding and an undamaged matrix 

[36,38], it is unclear that the matrix and interface can handle this. Usually, interfacial 

debonding, matrix plasticity, and matrix cracking in the fiber break plane cause the stress 

singularity to stop at the moment of a fiber break. 
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Fiber-matrix debonding usually happens for weak interfacial bonds. Debonding 

causes an increase in the ineffective length [30,43], but decreases the SCFs on the intact 

fibers [39,43ï45]. Fiber-matrix debonding have been extensively investigated [46ï48]. 

AhmadvashAghbash et al. [40,49] developed an approach using finite element 

modelling that considers primary contributors to the longitudinal debonding. They found 

that the value of the SCFs strongly depends on the local fiber volume fraction, the radial 

distance between the intact fibers and the broken fiber, and the debond length. 

Incorporating interfacial debonding considerably reduces the SCF overpredictions by the 

well-bonded models [9] (see section 1.2.2).  

Matrix cracks are mainly as a phenomenon occurring prior to fiber failure. In 

polymer matrix composites, both phenomena (debonding and matrix crack) are interlinked. 

Several authors have observed matrix cracking around fiber breaks during single fiber 

fragmentation tests [50ï54]. 

Swolfs et al. [12] represented the influence of matrix cracks on the maximum SCFs 

in the neighboring intact fibers around the broken fiber. When compared to baseline models 

without matrix cracks, the SCF doubles with the addition of matrix cracks. 

Effect of matrix plasticity and thermal residual stresses on SCFs 

The phenomenon of matrix yielding is commonly observed in thermoplastic 

polymer matrix composites, and it can also happen in thermosets. Matrix yielding has been 

demonstrated to decrease the SCFs on neighboring intact fibers [30,39], but increase the 

ineffective length [43,44]. Both Nedele and Wisnom [43] and Van den Heuvel et al. [44] 

illustrated that the influence on the SCFs in the intact fibers was small. Matrix yielding 

have been extensively investigated [27,47,55ï59]. 

Although macroscale strain tests demonstrate some plasticity, the epoxy resins are 

typically modeled as elastic or visco-elastic materials. This presumption, which is based 

on observations of bulk specimens, is not indicative of how the epoxy matrix behaves in 

high-performance fiber-reinforced composites with reduced interfibre volumes. 
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Hobbiebrunken et al. [60] reported a high degree of plasticity in small-scale epoxy 

specimens. Plasticity affects the typical stress profiles in both intact and broken fibers 

directly because it distributes the load over a larger volume. In contrast to elastic 

deformation, the maximum SCFs of the neighboring intact fibers decrease in presence of 

plasticity.  

The mismatch in thermal expansion between the matrix and the fiber causes thermal 

residual stresses. The most severe mismatch typically occurs between carbon fibers and 

polymers because of the longitudinal contraction that carbon fibers experience when 

heated. Before a fiber break happens, the arising stresses may already be causing shear 

between the fiber and matrix (fiber experiences compressive strain according to van den 

Heuvel et al. [39]). The mismatch in the radial coefficients of thermal expansion persuades 

residual stresses (normal forces), therefore enabling interfacial friction on the debonded 

surfaces. The simple analytical approaches fail to consider the stress state complexity in 

the vicinity of a fiber break or more complex loading through thermal residual stresses. 

These inadequacies were remedied by FEMs [37,43,61]. 

The effect of matrix yielding and thermal residual stresses are demonstrated in the 

SCF values reported in [40]. 

Matrix curing 

Optimizing the curing process can significantly enhance the ultimate properties of 

a specific epoxy system [62]. Notably, curing at lower temperatures may lead to a lower 

degree of cure, as some reactive groups in the epoxy resins or hardeners may not fully react 

[63,64]. Post-curingðtypically conducted at a higher temperature than the initial curingð

is often essential for achieving optimal cross-linking of the thermoset [65,66]. This 

approach results in a resin with improved mechanical properties and minimal shrinkage, 

contributing to superior stability. The influence of polymer curing and post-curing on the 

mechanical properties of fibrous polymer composites has been investigated in [67]. 
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Identifying the stress-strain behavior of epoxy resin under various curing conditions 

is crucial, as both curing and post-curing processes can change the strength of the polymer. 

This affects the interfacial shear strength between the fiber and the matrix, since the curing 

process plays a significant role in determining the quality of adhesion at the interface, 

which can lead to fiber breaks. 

Traditional methods, such as Differential Scanning Calorimetry (DSC), are 

effective for measuring the degree of cure in polymers during industrial curing. However, 

they lack sensitivity when it comes to post-curing, where distinguishing between high and 

very high degrees of cure is crucial. In contrast, the CNT sensor discussed in chapter 2 

demonstrates a high sensitivity to changes in polymers during the post-curing phase, 

enabling precise differentiation of the duration of the post-curing process. 

In this thesis, we propose a method for monitoring the curing process using the 

electrical response of an epoxy resin filled with single walled carbon nanotubes 

(SWCNTs). During the curing process, the formation of a cross-linked network in the 

epoxy resin changes its electrical properties. As the epoxy cures, the dispersion and 

interaction of SWCNTs within the matrix change, leading to alterations in conductivity. 

This sensitivity can be used to determine when the resin has been fully cured, as the 

electrical properties like temperature coefficient of resistance (TCR) will stabilize once 

curing is complete. 

1.2.5 Local SCF inside fibers 

The baseline models [1ï3] use the average SCF (άὥὼὛὅὊ) taken over the cross 

section as the maximum stress in the neighbor intact fiber. An alternative approach is to 

use the maximum stress (άὥὼὛὅὊ ) in a cross-section as a criterion for the fiber break 

[23,68,69], especially because the strong stress localization is supported by experimental 

evidence [68]. The axial stress gradient in the radial direction is very strong and the stress 

decays very quickly in the radial direction from the broken fiber. This is expected to be 

even more important in our study of fibers with different diameters presented in chapter 4. 
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Figure 1.3 presents the stress distribution over the fiber cross-section in the nearest 

intact fibers of a broken fiber for a perfectly bonded FDD glass fiber epoxy bundle with 

VF50% and standard deviation ů=2 at applied strain 2%. The faraway stress (at z=L) in the 

neighboring fibers is about 1.379 GPa. The obtained results illustrate that the highest stress 

observed on the surface of these fibers can vary from about 9% to 43% higher than the 

nominal applied stress, which is reached further away from the surface. This emphasizes 

the significance of calculating stress concentrations based on the maximum over the fiber 

cross-section rather than based on the averaged over this cross-section. Values of 

άὥὼὛὅὊ  are very high at close distances to the broken fiber, but a fast decay of stress 

concentration is observed by increasing d/R. 

An important observation from Figure 1.3 is that the relative distance (d/R) to fibers 

with diameters of 15.5 µm and 11.75 µm is comparable, indicating that the only 

distinguishing factor is the diameter of the fibers. For the fiber with diameter 15.5 µm, the 

ὛὅὊ and ὛὅὊ  are 9.40 and 16.96, respectively. For the fiber with diameter 11.75 µm, 

the ὛὅὊ and ὛὅὊ  are 6.83 and 12.66, respectively. This suggests that a bigger fiber 

diameter results in a higher SCF on that fiber, and vice versa. This finding is discussed in 

details in chapter 4. 

 

Figure 1.3. Local stresses in four nearest intact fibers close to a broken fiber. The calculation was 

×ÌÙÍÖÙÔÌËɯÍÖÙɯÈɯ%##ɯÎÓÈÚÚɯÍÐÉÌÙɯÌ×ÖßàɯÉÜÕËÓÌɯÞÐÛÏɯ5%ƙƔǔɯÈÕËɯÚÛÈÕËÈÙËɯËÌÝÐÈÛÐÖÕɯϦǻƖɯÈÛɯÈ××ÓÐÌËɯÚÛÙÈÐÕɯ

0.1%. D denotes fiber diameter and d/R shows the relative distance from broken fiber.  
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1.3 Research objective 

The conducted PhD thesis improves the accuracy of SCF and IL predictions by 

providing more realistic stress redistributions. This can aid in reconciling the differences 

between numerical and experimental data to more accurately predict the longitudinal 

tensile failure of composites in accordance with the observable microscale material 

behavior. 

In order to tackle key challenges in ñfiber break modelsò and decrease the gap 

between experimental data and numerical simulations, the main concept is to investigate 

as follows: 

(I) Identification of stress-strain behavior of the epoxy resin at different curing 

conditions. This is important as it can potentially change: (i) the strength 

(both tensile and shear) of the polymer matrix, consequently (ii) the 

interfacial shear strength between fiber and matrix as the curing process 

significantly influences the quality of adhesion at the interface and hence 

the formation of fiber breaks. The obtained data would be used as input for 

our numerical simulations. 

(II)  Simulating a single fiber break within a UD impregnated bundle 

surrounded by neighboring intact fibers based on a set of key modelling 

assumptions.  These are related to position of fibers (spatial distribution), 

fiber cross-sectional geometry (diameter distribution), orientation of fibers 

(alignment distribution) and debond propagation between fiber/matrix 

including all three mentioned features of fibers. 

1.4 Novelty 

To the best of the authors' knowledge, this study represents the first instance of 

utilizing numerical modeling to investigate the effect of (I) fiber diameter distribution 

(FDD) and (II) misaligned fibers (MAF) on stress redistribution within a unidirectional 
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(UD) fiber bundle. While previous research by AhmadvashAghbash et al. [40] has 

examined the influence of longitudinal debonding on stress redistribution surrounding fiber 

breaks, this study is the first to investigate the effect of longitudinal debonding considering 

FDD and MAF on stress redistribution within a UD fiber bundle. Additionally, this 

research explored and demonstrated a method for curing state of polymer matrix with 

industrially available CNTs masterbatch. This approach enables other researchers to 

determine the optimal curing conditions for their particular polymer systems. 

1.5 Structure of the thesis 

The present PhD thesis comprises 6 chapters contributing to the research of the 

fiber break modeling. The details of each chapter are presented below as: 

Chapter 1: Introduction and Background 

This chapter begins with the motivation of the research topic, presents state-of-the-

art of the fiber break modeling, research objectives, novelty, and ends with the details of 

the structure of the thesis. 

Chapter 2: Characterization & Optimizing Mechanical Properties of Epoxy Resin 

This chapter explores the influence of post-curing on the stress-strain behavior of 

epoxy resin. It commences with an experimental examination of the curing status of epoxy 

resin using single-walled carbon nanotubes (SWCNTs). Subsequently, based on the 

findings from the curing experiments, a mechanical testing (tensile and shear tests) is 

conducted to investigate how various post-curing conditions affect the stress-strain 

properties of the epoxy resin used in FE simulations. 

Chapter 3: Fiber Misalignment 

This chapter seeks to examine how MisAligned Fiber (MAF) affects stress 

redistributions when compared to Perfect Aligned Fibers (PAF). This will be investigated 

using finite-element (FE) analysis to assess the stress distribution in a bundle surrounding 

a broken fiber. Three-dimensional Representative Volume Elements (RVEs) will be 
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created with a randomly distributed misalignment of fibers, based on data gathered from 

existing literature. 

Chapter 4: Fiber Diameter Distribution 

This chapter deals with the influence of variability of fiber diameters in a UD 

impregnated fiber bundle. The chapter divided into two sections; (I) perfectly bonded and 

(II) debonded fiber/matrix interface, and based on average and maximal stress in the fiber 

cross-section the stress redistribution around fiber break is investigated. The FE modelling 

is performed for glass- and carbon-reinforced epoxy UD bundles. The effect of the FDD 

width is studied with experimentally measured fiber diameter distributions (FDD), 

followed by a parametric study of the influence of the FDD coefficient of variation. 

Chapter 5: Fiber/matrix Debonding 

The goal of this chapter is to investigate the stress redistribution around a broken 

fiber due to longitudinal debonding between the broken fiber and matrix. A 3D FE 

modelling is developed that considers all primary contributors to the longitudinal 

debonding accounting for presented fiber features (FDD and MAF) as well as stress-strain 

behavior of epoxy resin affected by post-curing. Two definitions of stress concentration 

factor (SCF) are examined, based on average and maximum stress over the fiber cross-

section for four scenarios; (i) debonding in aligned fibers with constant diameter (AFCD) 

bundle, (ii) debonding in aligned fibers with diameter distribution (AFDD) bundle, (iii) 

debonding in misaligned fibers with constant diameter (MFCD) bundle, and (iv) debonding 

in misaligned fibers with diameter distribution (MFDD) bundle. 

Chapter 6: Conclusion and Outlook 

This chapter provides a comprehensive overview of the findings and conclusions 

drawn from the research conducted as part of the PhD program. 
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Chapter 2 

Characterization & Optimizing 

Mechanical Properties of Epoxy Resin 

 

This chapter presents experimental investigations into how post-curing conditions 

(temperature and duration) affect the mechanical properties (strength, stiffness, and 

Poisson ration) of epoxy resin. The chapter is divided into two main sections: the first 

section focuses on the cure state of the epoxy matrix measured using single-walled carbon 

nanotubes (SWCNTs) as a sensor, while the second section involves conducting tensile and 

shear tests on the mechanical properties of the epoxy matrix. In the first section, we aim to 

illustrate that the industry practice that expecting a high degree of cure after 3 hours at 

130 °C does not provide the maximal strength the material can possess. The saturation of 

changes in the electrical response of the epoxy is checked by the duration of the post-curing 

process. The incorporation of CNTs makes the polymer sensitive to changes in the 

molecular structure as it cures. This sensitivity can be used to determine when the resin 

has been fully cured, as the electrical properties will stabilize once curing is complete. 

While traditional means, like DSC, to measure the degree of cure of a polymer work well 

at industrial curing, they possess low sensitivity at post-curing, where high and very high 

degrees of cure need to be differentiated. On the contrary, CNT sensor, as it is 

demonstrated in this chapter, possesses high sensitivity to changes in polymer at the post-

curing regime, allowing to differentiate how long the post-curing continues. In the second 

section, we apply the optimized post-curing conditions to fully cure the epoxy samples for 

the mechanical tests. 
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2.1 Temperature coefficient of resistance of epoxy matrix 

The temperature coefficient of resistance (TCR) determines the electrical 

performance of materials in electronics. For a carbon nanotube (CNT) nanocomposite, 

change of resistivity with temperature depends on changes in CNT intrinsic conductivity, 

tunnelling thresholds and distances, matrixô coefficient of thermal expansion, and other 

factors. In our study, we add one more influencing factorïthe degree of cure. Complexities 

of the curing process cause difficulties to predict, or even measure, the curing state of the 

polymer matrix while uncertainty in the degree of cure influences TCR measurements 

leading to biased values. Here we study the influence of the cure state on the TCR of a 

single-walled CNT/epoxy polymer nanocomposite. For the given degree of cure, TCR 

measurements are conducted in the temperature range 25ï100 °C, followed by the next 24 

h of post-curing and a new cycle of measurements, 8 cycles in total. We find that contrary 

to industry practice to expect a high degree of cure after 3 h at 130 °C, the curing process 

is far from reaching the steady state of the material and continues at least for the next 72 h 

at 120 °C, as we observe by changes in the material electrical resistivity. If TCR 

measurements are conducted in this period, we find them significantly influenced by the 

post-curing process continuing in parallel, leading in particular to non-monotonic 

temperature dependence and the appearance of negative values. The unbiased TCR values 

we observe only when the material reaches the steady state are no longer influenced by the 

heat input. The dependence becomes steady, monotonically increasing from near zero 

value at room temperature to 0.001 1/°C at 100 °C. 

2.1.1 introduction  

Complimentary to good mechanical performance, epoxy resins suffer from poor 

electrical conductivities [71,72]. Carbon nanotubes (CNTs) enhance polymer properties as 

a nanofiller and have been promising candidates to increase the electrical conductivities of 

epoxy-based nanocomposites with high precision and piezoresistive sensitivity [73ï77]. 

Especially in the field of high-precision sensors [78ï80], the influence of environment 
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temperature [81,82] cannot be ignored for multiple polymer functionalities. Considering 

electrical properties, this phenomenon is commonly related to the temperature coefficient 

of resistance (TCR). 

TCR determines the performance of electrical materials in electronics. TCR 

accurate values are required for the design of electronic components, especially in high-

precision devices. TCR is defined as 

ὝὅὙ ,                                                                                                                                                    (2.1) 

Where R is the electrical resistance (or resistivity) of the material and dR is its 

change with the change in temperature dT. 

TCR of a CNT/polymer nanocomposite depends extremely on the morphology of 

CNT networks and properties of CNTs and polymer [83]. The CNT intrinsic conductance 

and tunnelling (or contact) conductance between CNTs are the two basic types of 

conductance determining the electrical response of a CNT/ polymer nanocomposite [84ï

89]. Both are complementary one to another [79] when the leading mechanism of resistance 

is determined by many factors, first of all, chirality. Besides, the electrical behavior of CNT 

networks is significantly influenced by CNT shapes, CNT wall count, functional surface 

groups, bundling, agglomeration, and CNT deformation at contactsïphenomena that are 

difficult to be described quantitatively. For example, experimental observations show that 

the interactions of tube-tube or tube-matrix could lead to structural distortions of CNTs 

[79ï91]. It could substantially affect the local electrical structure and act as a strong scatter 

to reduce the intrinsic conductance. CNT shapes, described by curvature and torsion of 

their centerlines, also significantly influence the nanocomposite resistance [88]. Often 

studies assume a ballistic limit of infinite CNT intrinsic conductance, but detailed analysis 

[79] demonstrates that more experimental evidence is required, especially since 

experiments are often biased by CNT bundling (van der Waals attraction causing single-

walled CNTs to form bundles) and CNT agglomeration (entanglement). Moreover, the 

investigations of humidity effects [92ï95] show that the resistivity of CNT networks 

exponentially depends on the development of water absorption. All mentioned factors 
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influence the TCR of a studied material leading to complex analyses in support of 

experimental observations. 

As electrical materials, CNT nanocomposites find wide applications nowadays with 

several studies addressing the TCRs of these materials. Approaches to effectively tailor the 

TCR of CNT/polymer nanocomposites, including zero and/or enhanced TCR, have been 

developed. Skákalová et al. [96] measured and compared the electronic transport properties 

of individual multi-walled carbon nanotubes (MWCNTs) and individual single-walled 

carbon nanotubes (SWCNTs), as well as their networks of varying thickness, not infused 

with polymer. They found mostly negative TCRs at low temperatures below room 

temperature but argued about the presence of a peak in conductance-temperature 

dependence at high temperatures. Negative TCRs were as well reported for non-infused 

aligned CNT forests by Lee et al. [97]. Gong et al. [83,98] investigated the influence of 

temperature on the MWCNT/epoxy nanocomposite TCRs as critical for high-accuracy 

sensors. Observing complex temperature behavior, the authors argued it resulted from the 

competition of the tunnelling and thermal expansion of the polymer matrix. Varying the 

loading of CNTs, the authors tailored the nanocomposite to the near-zero TCR in a wide 

temperature range. 

For MWCNT/vinyl ester nanocomposites, studied at different fractions of 

nanofiller, Lasater and Thostenson [99] observed complex TCR dependences on 

temperature: two maxima with positive values, two minima with negative values for higher 

CNT fractions 0.5ï1.0 wt.% and monotonic near-linear trend with positive slope and 

negative values for 0.1 wt.%. Negative TCR was observed by Karimov et al. [100] for 

MWCNT/glue nanocomposites. Similar results were observed by Nankali et al. [101] for 

MWCNT/PDMS silicone elastomer with non-linear TCR dependence. Negative TCRs with 

a complex dependence on temperature, having a maximum, were found by Xiao et al. [102] 

for a variety of filler fractions in MWCNT/epoxy nanocomposites. 

Another complex TCR behavior was reported by Gao et al. [103], where 

SWCNT/polyimide composite film was evaluated at a temperature range from room (25 

°C) to annealing temperature up to 400 °C. As for fresh composite films, the initial TCR 
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behavior showed a negative trend. With increasing the annealing temperature, the TCR of 

films gradually changed from negative to positive, passing zero value. 

Clearly, experimental results are controversial and demonstrate the play of several 

factors complicating the comparative analysis. As discussed above, many factors influence 

changes in the electrical resistivity of a CNT nanocomposite with temperature. Intrinsic 

conductivity of CNTs depends on temperature, thermal expansion of material causes 

changes in tunnelling distances while tunnelling thresholds depend on temperature as well. 

In addition to all these factors, we investigate the influence of another oneïthe degree of 

cure of the polymer matrix. 

Industrial practice tells us that several hours at elevated temperatures (3 h at 130 °C 

for the materials studied by us) provide a relatively high degree of cure. Readers are 

referencing earlier patents [104ï106] and a publication [107] by our colleagues at Skoltech 

that discuss the curing degree of thermosetting polymers. Does this degree of cure allow 

us to conduct TCR measurements? This is a well-posed question because, by conducting 

these measurements at elevated temperatures, we activate the post-curing process with the 

changes in electrical resistivity. These changes may shift the measured values of resistivity 

leading to biased TCRs. We argue that controversy in the literature on TCR values may be 

attributed to this effect. 

Indirect proof of this statement comes from the results of TCRs measured for 

thermo-plastics, where the post-curing does not take place. Mohiuddin and Hoa [108] 

observed a steady, near-linear increase of conductivity with temperature leading to 

monotonic TCR dependence with negative values for MWCNT/PEEK. Cen-Puc et al. [109] 

for MWCNT/PSF reported near linear resistance changes with temperature when slope 

(and thereby the sign of TCR) depended on the filler fractionïpositive for <10 wt.% and 

negative for 50 wt.%. No extrema were observed. 

The present work aims to offer a better understanding of the influence of possible 

post-curing on the TCR values of the single-walled CNT/epoxy nanocomposite. For this 

purpose, curing durations longer than recommended by industrial practice are investigated. 
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The manuscript addresses (1) the duration of the post-curing process marked by the 

saturation of changes in the electrical response of the material; (2) changes in TCR with 

the different post-curing stages; (3) the TCR of the fully post-cured material. 

2.1.2 Materials and Methods 

a Materials 

The single-walled CNT masterbatch used in the experiment was TUBALLÊ 

MATRIX 301 (OCSiAl), specifically designed to provide superior electrical conductivity 

to epoxy, polyester, and polyurethane resins. To fabricate CNT/epoxy samples, the epoxy 

resin system Biresin CR131, designed for high-performance fiber-reinforced polymer 

composite applications, was used as the matrix. 

b Samplesô Fabrication 

CNT masterbatch was mixed with Biresin CR131 resin by shear mixing for desired 

0.6 wt.% of CNTs at room temperature of 25 ǓC and relative humidity of 30%. Three 

different stirring cycles were utilized with varying speeds as presented in Table 2.1. The 

low vacuum of 0.1 mbar was applied for 15 min between each stirring cycle to reduce air 

entrapment. 

Table 2.1. Steps of the synthesis process for CNT nanocomposite samples. 

Mixed 

Materials 

Cycle 1  Cycle 2  Cycle 3  

Low speed + 

heating (45 ᴈ) 

(20 min) 

15 min 

Vacuum 

High speed + 

heating (45 ᴈ) 

(60 min) 

15 min 

Vacuum 

Low speed  

Without heating 

(20 min) 

15 min 

Vacuum 

To ascertain the quality of nanofiller mixing, the scanning electron microscopy 

characterization of a sample fracture surface has been conducted (Figure 2.1). Apart from 

minor agglomeration and bundling present, the nanofiller demonstrates near-perfect 

distribution and dispersion, both isotropic and homogeneous. 
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To measure the electrical resistance of a sample, two copper tape electrodes were 

placed at the opposite sides of a cubic silicon mold 25 mm × 25 mm × 25 mm. Five samples 

for the constant temperature measurements and five samples for the varying temperature 

cycles were molded and subsequently cured at an industrial temperature regime of 130 °C 

for 3 h (recommendation from resin manufacturer to achieve a high degree of cure). 

 

Figure 2.1. Scanning electron microscopy of a sample fracture surface. 

c Electrical Resistance Measurements at Post-Curing 

DC electrical measurements were performed on CNT/epoxy samples using 

Keithley DMM6500 as shown in Figure 2.2. Before post-curing heating, the initial 

resistances of the samples were recorded. 

Procedure A: Five samples were post-cured at 120 °C in BINDER ED115 for 72 h 

uninterruptedly; electrical resistance measurements were conducted once a day with the 

samples maintained inside the oven. Every day, the duration of measurements was 1 h 

during which the change in readings was observed. Analysis of results is given in Section 

2.1.3.1. 

Procedure B: Five other samples were exposed to a temperature regime of 100 °C 

for 8 days, but with the heating interrupted for the TCR measurements in the range 25ï100 



39 

  

°C. For this purpose, every cycle the samples were cooled down slowly to room 

temperature. Next, the electrical resistance of the samples was measured at temperatures 

25 (room), 40, 60, 80, and 100 °C, consecutively, kept at the given temperature for 1 h at 

each step to equilibrate the temperature within the samples. After the end of the 

measurements, the samples were further post-cured at 100 °C for the remaining part of the 

day, and the next day the cycle repeated itself. This procedure was followed within 8 cycles. 

Analysis of results is given in Section 2.1.3.2. 

 

Figure 2.2. Schematic diagram of DC electrical measurements. Copper tape electrodes at the opposite faces 

of the sample to which conducting wires were soldered. The other end of conducting wires was connected 

to DMM 6500 for DC electrical measurement. 

2.1.3 Results and Discussion 

In this section, we present the obtained results of the DC electrical resistance 

measurements conducted during the samplesô post-curing. 

a Electrical Resistivity Change during Uninterrupted Post-Curing 

The current discussion is for measurements conducted with Procedure A from 

Section 2.1.2.3. For the five samples, uninterruptedly post-cured at 120 °C for 72 h, the 

measured electrical resistivities are presented in Figure 2.3. Each connected set of markers 

represents the resistivity change of a sample during an hour. The decreasing trend is clearly 

observed, indicating the continuation of the curing process. We argue that the way the 

samples were manufactured (industrial curing at 130 °C for 3 h) does not allow them to 

reach a high enough degree of cure since post-curing clearly changes material properties. 
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In Section 2.1.4, we compare the behavior of post-cured samples in the presented work 

with reported investigations in the literature [83,99]. We see that only after 72 h at 120 °C, 

the curves reach a steady state indicating that the final state of curing has been achieved. 

All dependencies in Figure 2.3 possess identical trends but differ due to the scatter 

in the conductance values, remaining unchanged even after 72 h of post-curing. We 

attribute this scatter to variations in mixing, porosity, and variability of interface properties 

between nanocomposite mixture and copper electrode which can serve as an initiator of 

gas bubble nucleation as well as a modifier of CNT content due to the difference in CNT-

polymer and CNT-copper surface energies. Nevertheless, the post-curing time 

dependencies present a clear trend, independent of the scatter present. 

Table 2.2 represents the relative difference in electrical resistance of the samples. 

The table compares the initial resistance of the samples before heating with the resistances 

at the end of the thermal program. Due to Table 2.2, the average relative difference of the 

samples was obtained at 53% which implies a significant change.  

 

Figure 2.3. Change in electrical resistivity of single -walled CNT/epoxy samples during the post -curing at T = 

120 °C for 72 h. 
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Table 2.2. Relative difference in electrical resistance of epoxy-CNT single-walled  with the influence of 

constant temperature. 

Sample Resistance before Heating [Ý] Resistance at the End of Program [Ý] Relative Difference 

1 11.79 7.34 61% 

2 13.18 9.21 43% 

3 12.73 7.97 60% 

4 13.63 9.33 46% 

5 12.57 8.11 55% 

b Changes in Electrical Resistivity with Temperature at Different Post-Curing States 

The current discussion is for measurements conducted with Procedure B from 

Section 2.1.3.2. The dependence of the electrical resistance on temperature for the 

CNT/epoxy nanocomposite was investigated within 8 thermal cycles, each providing 24-h 

post-curing at 100 °C, interrupted for measurements. Experimental results are presented in 

Figure 2.4. Clearly, three trends can be observed: (1) the resistance decreases with post-

curing until the material reaches the fully cured steady state (cycles 7 and 8); in cycles 1 

and 2 the increase in resistance with temperature is not monotonic, exhibiting a peak, 

leading to the appearance of negative TCRs at higher temperatures; (3) in the fully cured 

state (cycles 7 and 8) the increase in resistance with temperature is monotonic, 

demonstrating only positive TCRs. 

Utilizing these data to calculate TCRs, we depict results in Figure 2.5. Again, for 

the first cycles, when the degree of cure of the material is far from being fully cured, we 

observe the complex, sometimes monotonic, sometimes non-monotonic behavior. 

However, in the fully cured state, the behavior becomes stable, with the TCR monotonically 

increasing from a near zero value at room temperature to the values of the order of 0.001 

at elevated temperatures. 

Table 2.3. Relative difference in TCRs with the influence of curing cycles.  

Sample TCR at Cycle 1, 90 °C [1/°C] TCR at Cycle 8, 90 °C [1/°C] Relative Difference 

1 ī0.00028 0.0012 ī535% 

2 ī0.00092 0.00076 ī183% 

3 ī0.00072 0.0011 ī257% 

4 ī0.00063 0.0011 ī278% 

5 ī0.00021 0.0013 ī717% 
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Figure 2.4. Change in electrical resistivity with the temperature at different post -curing cycles. 
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Figure 2.5. Change in TCR with the temperature at different post -curing cycles. 
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Table 2.3 shows the relative difference in TCRs of the samples (the absolute value 

of the relative difference is not taken to demonstrate the crossing of zero). The table 

compares the TCRs at the end of cycles 1 and 8 for each sample. The results indicate the 

average relative difference of the samples is ī394% which demonstrates that values at low 

degrees of cure are nearly unrelated to values at the fully cured state. 

2.1.4 Comparative Analysis 

To explore the influence of post-curing on resistivity and TCR of CNT 

nanocomposites, a comparison between the present study and experimental works in the 

literature was accomplished. Table 2.4 shows materials, temperatures, and CNT contents 

in compared studies (for comparison, we selected studies with a thermoset resin and full 

data for both resistivity and TCR temperature dependencies). 

Table 2.4. Experimental material, temperature, and CNT content of the nanocomposites used in the 

literature and present study.  

Source 
Nanocomposite 

Temperature [°C] CNT Fraction 
CNT Resin 

Present study SWCNT epoxy 25ï100 0.6 wt.% 

Gong et al. [83] MWCNT epoxy ī40ï110 0.5 wt.% 

Lasater et al. [99] MWCNT vinyl ester 25ï170 0.5 wt.% 

First, we compare temperature dependencies for resistivities. Both studies, [83] and 

[99], were conducted with MWCNTs. MWCNTs provide much higher resistivities than 

SWCNTs, by several orders of magnitudes higher [74], and, thereby, cannot be compared 

directly. To overcome this problem, we have normalized resistivities by their value at 25 

°C to observe not absolute values but trends. In Figure 2.6a, we present these dependencies 

for sample 1 in our study and Figure 2.6b we put results from [83,99] on top of them. While 

Gong et al. [83] present a much wider scale of changes, beyond the limits of our plot, both 

with negative and positive slopes, Lasater and Thostenson data [99] follow our results 

closelyïnote the resemblance between Lasater and Thostenson data curves for 0.5wt.%, 

0.75wt.%, 1.0wt.% and cycle 1 curve (blue) from our results, corresponding to industrially 
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cured materials (no post-curing). All these curves have a maximum of around 80 °C, which 

we attribute to active post-curing following the measurements and shifting the results. 

In Figure 2.7, we compare TCR temperature dependencies. For our samples, TCRs 

exhibited maximums near 70 °C for initial cycles of post-curing, but were becoming 

steadily increasing monotonic dependencies at the end of post-curing. TCRs from [83] 

exhibited not only maxima but also minima near 50ï80 °C, demonstrating much bigger 

absolute TCR values (Figure 2.7a). TCRs from [102] (Figure 2.7b) had values close to our 

study reaching zero values near 90 °C, similar to the cycle 1 dependence of the present 

study. 

We argue that the complex and non-monotonic behavior of TCRs presented in the 

literature depends on the curing state of the material. Figure 5 demonstrates that in the fully 

cured state (cycles 7 and 8), as discussed in Section 2.1.3, the material shows stable, 

monotonically increasing dependence of TCR on temperature.  

 

 
(a) 
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(b) 

Figure 2.6. Relative resistivity temperature dependencies normalized by their values at 25 °C for (a) 

sample 1 in the current study (circles) with (b) dependencies from the literature added ( [83]ɬsquares, 
[99]ïtriangles). 

 

 
(a) 
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(b) 

Figure 2.7. TCR comparison between sample 1 of the present study (circles) and literature data ([83]ɬ

squares, [99]ɬtriangles), (a) full scale and (b) close-up. 

2.1.5 Conclusions 

The temperature coefficient of resistance (TCR) of a single-walled CNT/epoxy 

nanocomposite was studied considering the influence of post-curing. It was found that 

industrially cured material demonstrates post-curing resulting in complex, non-monotonic 

TCR behavior. The reason is that during TCR measurements the samples are required to be 

equilibrated at the measurement temperature (1 h in the present study) which activates 

further post-curing and shifts the results. On the contrary, in the fully cured state, the 

material demonstrates stable, monotonically increasing dependence of TCR on 

temperature. We argue that the controversy of data on TCRs in the literature may be caused 

by the measurements taken not from fully cured material when measurements are 

influenced by the simultaneously initiated post-curing process. 

Traditional means to measure the degree of cure of polymer composites, like DSC, 

are generally implemented to estimate the industrial degree of cure but possess low 

sensitivity when high degrees of cure at post-curing are considered. On the contrary, 

sensors on the base of SWCNTs demonstrate high sensitivity to the degree of cure at post-

curing. In relation to the presented study, they demonstrated that significant post-curing 

processes take place even after being cured for several days at elevated temperatures which 
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prompted the next step of this research - to investigate the influence of lengthy post-curing 

on resin properties.  

2.2 Optimizing mechanical properties of epoxy matrix through post-curing 

Post-curing is aimed at improving strength, elevating glass transition, and reducing 

residual stress and outgassing in thermosets. This effect was attributed to the longer cross-

linking process of the polymer chains during the resin curing process, which strengthened 

the polymer network. This research investigates the influence of the post-curing 

temperatures and durations on the mechanical properties (strength, stiffness, and Poisson 

ration) of the epoxy resin applying two different programs: Program A as comparison of 

effects of varied duration of high temperature curing and Program B as high-temperature 

curing followed by varied duration of low-temperature post-curing. With Program A, it is 

observed that extending the post-curing time to 2-3 days at 120 °C, as opposed to the 

standard 3-hour duration at 130 °C commonly used in industry, resulted in enhanced 

ultimate tensile stress and ultimate tensile strain of the material as well as leading to 

increased stiffness. However, a 1-day post-cure duration at 130 °C (equal to the glass 

transition temperature-Ὕ of the tested epoxy resin in this research) slightly decreased the 

strength of the epoxy resin due to a thermal degradation or oxidative crosslinking with the 

following change in material properties. With Program B, it is observed that extending the 

post-curing time to an additional day at 100 °C significantly improved the strength of the 

resin compared to standard industrial practices. The findings indicate that implementing 

our proposed post-curing programs, specifically subjecting the epoxy resin CR131 to 3 

hours at 130 °C followed by a day at 100 °C in Program B, demonstrates superior 

mechanical properties. 

2.2.1 Introduction  

Epoxy resins have been the most widely used thermosetting polymers since its early 

appearance in the 1930s. Epoxy resins represent a wide range of inherent properties, 
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resulting from their highly reactive epoxy groups located in the terminal chains [110,111]. 

These thermosets' exceptional qualities make them appropriate for high-performance 

applications, such as those in the automobile and aircraft sectors. Nevertheless, because of 

the high cross-linking density that forms during curing, thermosetting polymer materials 

are often recognized for their inherent brittleness [112,113]. Therefore, the final properties 

of a structural epoxy system are not only highly influenced by the type and chemical 

structure of the monomers and the curing agent, which is the cross-linking precursor, but 

also by the curing conditions and external factors, such as the curing temperature, pressure, 

and so forth [114,115]. 

Selecting the appropriate cross-linking agent is a key strategy in the development 

of epoxy-type thermosetting polymers. Various options, such as amine hardeners, 

anhydride hardeners, and acid hardeners, have been explored and tested for this purpose 

[116ï119]. Amine hardeners are the most used agent as they can provide cross-linking at 

relatively low temperatures [120,121]. It is important to carefully select the stoichiometric 

ratio between the hardener and the epoxy resin. Any deviation from this ratio could result 

in an excess or deficiency of amine or epoxide groups, directly altering the characteristics 

of the epoxy system [122]. The glass transition temperature (Ὕ) of the resulting epoxy 

resins is especially affected by this phenomenon [123,124]. Numerous studies in this area 

have discovered that the stoichiometric point is when the ideal characteristics are reached 

[122,125]. 

Enhancing the ultimate properties of a specific epoxy system can also be obtained 

by optimizing the curing process [62]. Specifically, employing lower temperatures during 

curing can lead to a thermosetting resin with a reduced Ὕ, as some reactive groups from 

either the epoxy resins or hardeners may not fully react [63]. Subsequently, post-curing is 

often necessary to maximize the final Ὕ value [64]. Post-curing typically involves a higher 

temperature than that used during initial curing to achieve optimal cross-linking of the 

thermoset [65,66]. This procedure results in a resin with enhanced mechanical properties 

and, when combined with minimal shrinkage, provides superior stability. 
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Glass transition temperature (Ὕ) represents the temperature at which amorphous 

solids change from a glassy to a rubbery state. It reflects molecular mobility and depends 

on its degree of cure. In fact, the Ὕ is a temperature range over which the mobility of the 

polymer chains increases significantly, causing the bulk material to transit from a glassy to 

a rubbery state. The temperature range over which this transition occurs varies greatly 

depending on the type of resin. Factors that influence Ὕ include the composition of the 

resin molecule, crosslink density, polarity and molecular weight of the resin molecule, 

curing agent or catalyst, curing time, and curing temperature. 

The relationship between temperature, time, and the transformation of a polymer 

during a curing process is typically depicted using an isothermal time-temperature-

transformation (TTT) cure diagram [126,127]. The TTT diagram illustrates how the 

material transitions from a liquid or semi-liquid state to a solid state as it undergoes curing 

at a specific temperature over a defined period of time. The key characteristics of this 

diagram can be determined by measuring the event times that occur during isothermal 

curing at various temperatures, Ὕ . These events are the phase separation, gelation, 

vitrification, full cure, and devitrification. Achieving full cure status is most easily done by 

reacting above Ὕ , and more slowly by curing below Ὕ  to the full-cure state. 

As the temperature at which curing occurs increases, Ὕ of the network also 

increases steadily until it reaches Ὕ . This is attributed to an increase in density (or 

decrease in free volume) and a predominance of short-range structural motions, which 

causes enhancement of the mechanical properties of the resin [116,128,129]. Once the 

temperature surpasses Ὕ , the network will persist in a rubbery state following gelation, 

potentially leading to thermal degradation or oxidative crosslinking, resulting in 

degradation of the mechanical properties [127,130ï132]. 

Post-curing is exposure of a cured resin system to temperatures equal to or above 

the curing temperature for an extended duration. This process is anticipated to enhance 

strength, increase the glass transition temperature, reduce residual stress, and decrease the 

tendency of outgassing [133]. 
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Gupta et al. [64] illustrated that post-curing dramatically increases crosslink density 

in excess epoxy resins. Post-curing also reduces density [64,123]. Kong [123] found a 

decrease of 0.06 g/cm3 in a TGDDM/DDS-based formulation. This was attributed to 

evaporation of low-molecular-weight contaminants including water. Gupta et al. [64] 

found density decreased on the order of 0.01 g/cm3 over the entire formulation range. 

In this investigation, we explore how the mechanical properties (strength, stiffness, 

and Poisson ratio) of the epoxy resin are influenced by varying post-curing durations while 

exposed to different temperatures. Two post-curing programs were implemented: Program 

A involved heating for different durations at 120 °C as compared to a day at 130 °C, while 

Program B included heating at specific intervals at 130 °C followed by time at 100 °C. 

Each post-curing regime within both programs was investigated with five samples, referred 

to as a batch. The presented post-curing method is in accordance with our findings for the 

fully cure state of epoxy resin using a single-walled carbon nanotube/epoxy polymer 

nanocomposite [134]. That involved post-curing for 3 days at 120  and/or one week at 

100 . 

2.2.2 Materials and Methods 

a Materials 

The specimens were fabricated using a two-part thermoset system made of Biresin 

CR131 epoxy resin and a CH132-5 hardener, designed for high performance fiber-

reinforced polymer composite applications, with thermal properties (Ὕ) up to 130°C. Both 

epoxy resin and hardener are low-viscosity liquids. 

b Samplesô Fabrication 

The epoxy resin and hardener were added under the stoichiometric ratio 100:28 

(wt/wt) following the manufacturer recommendations. The resulting matrix was mixed well 

up to ten minutes (stirring at low speed 300 rpm). The low vacuum of 0.1 mbar was applied 

for 10 min to reduce air entrapment. Five different batches of specimens were then prepared 
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using the silicon mold as shown in Figure 2.8. All samples were cured for 24 h at room 

temperature (23 ) and subsequently post-cured for different post-curing temperatures 

and durations according to the Program A and B listed in Table 2.5. 

Table 2.5. Post-curing temperatures and durations for Program A and B.  

Program Post-curing duration Post-curing temperature 

A 

12 h 120 °C 

1 day 120 °C 

2 days 120 °C 

3 days 120 °C 

1 day 130 °C 

B 

3 h 130 °C 

3 h, 5 h 130 °C, 100 °C 

3 h, 1 day 130 °C, 100 °C 

3 h, 3 days 130 °C, 100 °C 

3 h, 7 days 130 °C, 100 °C 

 

 

Figure 2.8.  The silicon mold and test specimens. Five samples for each post-curing regime within both 

programs, referred to as a batch. 
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c Mechanical test 

The sample dimensions for tensile and shear tests follow international standard ISO 

527-2 type 1A and ASTM D5379/D5379M-12, respectively (see Figure 2.9). The tests 

were performed according to standards on rectangular pieces in a mechanical universal 

testing machine INSTRON 5969 with a 50 kN load cell. The cross-head speed was set at 1 

άάȢάὭὲ and 2 άάȢάὭὲ for tensile and shear tests, respectively. The test piece's 

strain is measured using extensometer (Figure 2.10a). Figure 2.10 shows the equipment 

setup for tensile and shear tests. 

 

 
Figure 2.9. Dimensions of the specimens: a) tensile test standard ISO 527-2 type 1A, b) shear test standard 

ASTM D5379/D5379M-12. 
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Figure 2.10. Equipment setup in the mechanical universal testing machine INSTRON 5969: a) tensile test, 

b) shear test. 

2.2.3 Results and Discussion 

In this section, we present the obtained results of the mechanical tensile test 

according to Programs A and B of post-cured samples. Subsequently, we will perform a 

mechanical shear test based on the optimal program choice between A and B. The 

mechanical properties (strength, Youngôs modulus, and Poisson ratio) were measured for 

each post-cured duration. Five specimens (a batch) were used for each case for statistical 

averaging of results. 

a Program A: Tensile test 

Figure 2.11a shows the stress vs. strain curves for the specimens with maximal 

ultimate stress in each batch that were heated based on Program A as a function of the cure 

temperature. The data obtained illustrate an increase in resin strength with increasing post-

cure duration at temperature below Ὕ (120 °C). As the cure temperature increases, 

equaling to Ὕ (130 °C), the resin strength decreases significantly. This is attributed to 

thermal degradation or oxidative crosslinking that occurs once the temperature becomes 
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equal to or surpasses Ὕ, resulting in the degradation of the mechanical properties. Figure 

2.11b depicts the average stress at break of five samples in each batch for Program A. As 

it is seen, post-curing at 120 °C for 2 and 3 days clearly increases the strength of the epoxy 

resin on average (by about 16.4%). However, a significant reduction is seen due to the 

material degradation after 1 day at 130 °C (by about 33.6% compared to the maximum 

average stress observed on day 2 at 120 °C). Figure 2.11c displays the average elongation 

at break of five samples in each batch for Program A. Post-curing at 120 °C for 2 and 3 

days evidently increases the elongation of the epoxy resin on average (by about 10%). 

However, a substantial reduction is observed due to material degradation after 1 day at 130 

°C (approximately 55% compared to the maximum average stress observed on day 3 at 120 

°C). 

Figure 2.12 represents the average Youngôs modulus (E) and Poisson ratio (’) of 

five samples in each batch for Program A. From Figure 5a, it is seen that Youngôs modulus 

on day 2 at 120 °C shows an improvement about 13.3% compared to 12 h post-curing at 

120 °C. An interesting point was observed for the temperature equal to Ὕ (130 °C), at 

which it demonstrates about 33.6% increase of Youngôs modulus in comparison with 12 h 

post-curing at 120 °C. This can be attributed to two factors: the first is a significant rise in 

crosslink density during post-curing, and the second is a drop in weight density caused by 

the evaporation of low-molecular-weight impurities such as water. As a result, extended 

curing times lead to material deterioration and increased brittleness with Young's modulus 

rise, while the resin's strength falls. Figure 5b illustrates that there is no pronounced 

difference in the Poisson ratio for different post-curing temperatures as well as durations. 



56 

  

 
          (a) 

 
            (b) 

 

              (c) 

Figure 2.11. Tensile testing of epoxy resin CR131 samples for Program A; a) stress-strain curves with 

maximal ultimate stress in each batch, b) average stress of five samples in each batch at break, and c). 

average elongation of five samples in each batch at break. 
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            (a)                 (b) 

Figure 2.12. 3ÌÕÚÐÓÌɯÛÌÚÛÐÕÎɯÖÍɯÌ×ÖßàɯÙÌÚÐÕɯ"1ƕƗƕɯÚÈÔ×ÓÌÚɯÍÖÙɯ/ÙÖÎÙÈÔɯ ȰɯÈȺɯÈÝÌÙÈÎÌɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯÖÍɯ

ÍÐÝÌɯÚÈÔ×ÓÌÚɯÐÕɯÌÈÊÏɯÉÈÛÊÏȮɯÉȺɯÈÝÌÙÈÎÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖɯÖÍɯÍÐÝÌɯÚÈÔ×ÓÌÚɯÐÕɯÌÈÊÏɯÉÈÛÊÏȭ 

b Program B: Tensile test 

Figure 2.13a shows the stress vs. strain curves for the specimens with maximal 

ultimate stress in each batch that were heated based on program B as a function of the cure 

temperature. The results show an increase in resin strength with increasing post-cure 

duration to 1 day at 100 °C after curing at 130 °C for 3h. However, as the post-cure duration 

is increased above 1 day, a clear degradation in the mechanical properties was observed 

(for 3 h at 130 °C + 3 days at 100 °C and 3 h at 130 °C + 7 days at 100 °C). When keeping 

an epoxy resin at an elevated temperature for too long, the strength is reduced because of 

the thermal degradation of the epoxy. Thermal degradation consists of the rupturing of 

chains, which can split off volatiles (weight loss) and/or generate reactive sites in the 

material that will cross-link again. After longer times, the weight loss becomes more 

pronounced [84], and the repeated cross-linking results in char formation, a high carbon 

content residue. The higher the curing temperature is, the faster this degradation process 

follows the full cure of the epoxy. Figure 2.13b shows the average stress at break of five 

samples in each batch for Program B. As it is seen, post-curing for 3 h at 130 °C + 1 day 

at 100 °C dramatically increases the strength of the epoxy resin on average (about 60%) 

compared to only 3 h at 130 °C (industrial practice). However, a significant reduction was 

observed due to the material degradation for 3 h at 130 °C + 7 days at 100 °C as a result of 

keeping for too long at elevated temperature. Figure 2.13c displays the average elongation 
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at break of five samples in each batch for Program B. It is evident that post-curing for 3 

hours at 130 °C + 1 day at 100 °C notably increases the elongation of the epoxy resin on 

average (by about 164%) compared to only 3 hours at 130 °C (the industrial practice). 

However, a significant reduction is observed due to material degradation for 3 hours at 130 

°C + 7 days at 100 °C, as a result of prolonged exposure to elevated temperature. 

Figure 2.14 depicts average Youngôs modulus (E) and Poisson's ration (’) of five 

samples in each batch for Program B. It is seen that with longer post-curing durations both 

Youngôs modulus and Poisson ration illustrate an important increase of up to 10% and 8% 

compared to the industrial practice (3 h at 130 °C), respectively. As the material cures over 

an extended period, it undergoes degradation which leads to increased brittleness. 

Consequently, resin's strength diminishes while Young's modulus and Poisson's ratio rise. 

Figure 2.15 compares the obtained stress vs. strain curves for maximal ultimate 

stress in a batch for two regimes, 2 days at 120 °C in Program A and 3 h at 130 °C + a day 

at 100 °C in Program B, which demonstrated the best strengths in these programs. The 

results present that Program B exhibits approximately 17% higher ultimate elongation 

compared to Program A. Additionally, there is a minor 1.8% increase in stress at break for 

Program B in comparison to Program A for these regimes. The findings suggest that post-

curing epoxy resin CR131 for 3 h at 130 °C + one day at 100 °C as in high temperature 

curing followed by lengthy post-curing at low temperatures, demonstrates better 

mechanical properties based on our proposed post-curing programs. 
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           (a) 

 
               (b) 

 
             (c) 

Figure 2.13. Tensile testing of epoxy resin CR131 samples for program B; a) stress-strain curves for 

maximal ultimate stress in each batch, b) average stress of five samples in each batch at break, and c) 

average elongation of five samples in each batch at break. 
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Figure 2.14. 3ÌÕÚÐÓÌɯÛÌÚÛÐÕÎɯÖÍɯÌ×ÖßàɯÙÌÚÐÕɯ"1ƕƗƕɯÚÈÔ×ÓÌÚɯÍÖÙɯ/ÙÖÎÙÈÔɯ!ȰɯÈȺɯÈÝÌÙÈÎÌɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯÖÍɯ

ÍÐÝÌɯÚÈÔ×ÓÌÚɯÐÕɯÌÈÊÏɯÉÈÛÊÏȮɯÉȺɯÈÝÌÙÈÎÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖɯÖÍɯÍÐÝÌɯÚÈÔ×ÓÌÚɯÐÕɯÌÈÊÏɯÉÈÛÊÏȭ 

 

 
Figure 2.15. Tensile testing of epoxy resin CR131 samples: Program A vs Program B comparison based on 

the best observed post-curing regime in each program.  

c Program B: Shear test 

Based on our observations in sections 2.2.3.1 and 2.2.3.2, as well as Figure 2.15, a 

mechanical shear test was conducted using program B, which yielded better results in the 

tensile test. 

Figure 2.16a depicts the shear stress vs. shear strain curves for the specimens with 

maximal ultimate shear stress in each batch that were heated based on Program B as a 

function of the cure temperature. The results show an increase in resin shear strength with 



61 

  

increasing post-cure duration. However, as the post-cure duration is further increased, a 

clear degradation in the mechanical properties was observed. Again, this is due to keeping 

an epoxy resin at an elevated temperature for too long that leads to the material degradation. 

Figure 2.16b shows the average shear stress at break of five samples in each batch. The 

average results illustrate an increase of about 14 % in resin shear strength with increasing 

post-cure duration to 1 day at 100 °C after curing at 130 °C for 3h. Figure 2.16c illustrates 

the average shear strain at break of five samples in each batch. The average results indicate 

an increase of about 16% in resin shear strain with the extension of post-cure duration to 1 

day at 100 °C after curing at 130 °C for 3 hours. 

Figure 2.17 depicts average shear modulus (G) of five samples in each batch based 

on Program B. It is seen that with longer post-curing durations, the maximum relative 

difference (3 h at 130 °C + 5 h at 100 °C) shows an increase of about 6% compared to the 

industrial practice (3 h at 130 °C). As the material cures over an extended period, it 

undergoes degradation which leads to increased brittleness, results in decreasing resin's 

strength while shear modulus rise. 

Table 2.6. Tensile strength, shear strength and elastic modulus for specimens tested at different post -curing 

conditions (average ± standard deviation). 

Program 
Post-curing 

duration 

Post-curing 

temperature 

Tensile strength 

[MPa] 

Shear strength 

[MPa] 

Elongation 

[%] 

stiffness E 

[GPa] 

Shear 

modulus G 

[GPa] 

Poisson 

ratio ’ 

A 

12 h 120 °C 51.94 ± 7.26 - 2.51 ± 0.66 2.71 ± 0.23 - 0.49 ± 0.03 

1 day 120 °C 54.17 ± 9.2 - 2.4 ± 0.46 2.97 ± 0.25 - 0.46 ± 0.04 

2 days 120 °C 60.45 ± 7.27 - 2.7 ± 0.58 3.07 ± 0.09 - 0.49 ± 0.02 

3 days 120 °C 60.18 ± 4.28 - 2.76 ± 0.41 2.91 ± 0.1 - 0.52 ± 0.03 

1 day 130 °C 45.23 ± 11.07 - 1.78 ± 0.70 3.62 ± 0.18 - 0.48 ± 0.04 

B 

3 h 130 °C 40.30 ± 6.19 38.85 ± 5.6 1.62 ± 0.33 2.85 ± 0.25 0.76 ± 0.02 0.37 ± 0.02 

3 h, 5 h 
130 °C, 

100 °C 
60.92 ± 2.61 41.7 ± 10.1 2.66 ± 0.14 3.13 ± 0.09 0.81 ± 0.03 0.4 ± 0.02 

3 h, 1 day 
130 °C, 

100 °C 
64.66 ± 4.5 44.2 ± 3.66 3.26 ± 0.56 2.82 ± 0.1 0.78 ± 0.01 0.4 ± 0.02 

3 h, 3 days 
130 °C, 

100 °C 
62.55 ± 2.54 40.7 ± 6.46 2.92 ± 0.27 3.08 ± 0.11 0.75 ± 0.02 0.38 ± 0.01 

3 h, 7 days 
130 °C, 

100 °C 
53.63 ± 4.14 26.82 ± 9.05 2.27 ± 0.24 2.91 ± 0.01 0.79 ± 0.03 0.4 ± 0.02 
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            (a) 

 

              (b) 

 
              (c) 

Figure 2.16. Shear testing of epoxy resin CR131 samples for program B; a) shear stress-shear strain curves 

for maximal ultimate shear stress in each batch, b) average shear stress of five samples in each batch at 

break, and c) average shear strain of five samples in each batch at break. 

 



63 

  

 
Figure 2.17. Shear testing of epoxy resin CR131 samples for program B; average shear modulus of five 

samples in each batch. 

Table 2.6 summarizes the values of the mechanical properties of epoxy resin CR131 

for both post-curing programs A and B, obtained from average values of five samples in 

each batch. 

2.2.4 Matrix characterization and numerical adaptation 

To accurately account for the matrix behavior in the proposed FE models for the 

numerical simulations presented in chapter 5, section 5.4.1, the stress-strain behavior of 

the epoxy system, CR131, was characterized. As a first order approximation, the stress-

strain response of the epoxy matrix in the FE models can be defined by a few critical data 

points rather than the implementation of the full tabulated data (selecting two points 

depicted in Figure 2.18). Table 2.7 summarizes the measured matrix properties. 

Table 2.7. Stress-strain behavior of epoxy matrix with linear hardening.  

Initial stiffness (Ὁ) 3.1 GPa 

Hardening stiffness (Ὁ) 0.82 GPa 

Poisson ratio (’) 0.4 

Yield stress („) 47 MPa 
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Figure 2.18. Stressɬstrain curve of matrix used  in our finite element modeling . 

2.2.5 Conclusion 

In this study, we investigated the influence of varying post-curing temperatures and 

durations on the mechanical properties of epoxy resin CR131. There are two post-curing 

programs that were applied: Program A involved heating for different durations at 120 °C 

as compared to a day at 130 °C, while Program B included curing for widely practiced 3h 

at high temperature 130 °C followed by varied time of post-curing at 100 °C. Each regime 

in both programs was tested for five samples. 

Our results demonstrated that, in comparison to the standard industrial practice of 

a 3-hour curing at elevated 130 °C (high degree of curing), Program A demonstrated that 

extending the post-curing duration to 2-3 days at 120 °C resulted in enhanced ultimate 

tensile strength of the resin. Conversely, a 1-day post-cure at 130 °C (equivalent to the 

glass transition temperature of epoxy resin CR131) significantly reduced the strength of 

the epoxy resin. At temperatures above or equal to Ὕ, for a long-term duration, a thermal 

degradation or oxidative crosslinking can occur with a change of the properties. 

Additionally, when utilizing Program B, it was observed that extending the post-curing by 

an additional day at 100 °C resulted in a significant increase in the strength of the resin 

compared to standard industrial practices. 
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Chapter 3 

Fiber Diameter Distribution 

 

This chapter studies the influence of variability of fiber diameters in a 

unidirectional (UD) impregnated fiber on a stress redistribution in the bundle after a single 

fiber break. The cases of fully bonded and debonded fiber interface near the fiber break 

are considered. The finite-element (FE) modelling is performed for glass- and carbon-

reinforced epoxy UD bundles with experimentally measured fiber diameter distributions 

(FDD), followed by a parametric study of the influence of the FDD coefficient of variation 

on the stress concentration factor (SCF, defined for the overstress value) and ineffective 

length (IL). Two variants of the SCF definition are considered: based on average and 

maximum stress in the fiber cross-section. The influence of the FDD width is studied with 

the standard deviation s of the fiber diameters taking values 0 (fibers with constant 

diameter, FCD), s/2, s, and 2s, where s is the experimentally measured standard 

deviation of the distribution. The results show that increasing broken fiber (BF) diameter 

causes growing the IL, which results in decreasing SCF in the nearest neighbor fibers 

(NNFs). Non-debonded case illustrates a significant difference of about ± (~13-30%) in 

the peak of the average SCF graphs, along with a substantial increase of about 43-75% in 

the peak of the maximum SCF graphs. The difference in the SCF value may lead to the 

emergence of new fiber breaks or break cascades. The crucial observations demonstrate 

that maximum SCFs are the primary factor affecting the development of fiber breaks. 

Therefore, we should prioritize this criterion over the baseline models ï participants in the 

benchmarks [1ï3] that rely on average SCFs. By increasing fiber volume fraction, the 

difference between FDD and FCD bundles becomes more pronounced. This implies that 

the influence of fiber diameter distribution is more localized, resulting in stronger SCF 

difference in the nearest neighbor fibers (NNFs). The inclusion of interfacial debonding 
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significantly increase the ineffective length, but decreases the SCF compared to models 

with well-bonded interfaces. Debonded case represents a significant SCF decrease within 

FDD bundles compared to fiber constant diameter (FCD) bundles across the trend lines. 

The results also imply that a bigger fiber diameter possesses a higher SCF, and 

consequently, an accumulation of bigger fiber diameters leads to increasing SCF in NNFs. 

3.1 Introduction  

The study of fiber breaks during the longitudinal tensile failure of UD composites 

is a rapidly evolving area, with multiple benchmark studies addressing this topic [1ï3]. In 

the state-of-the-art models, the primary mechanism driving the development of fiber breaks 

is the redistribution of load resulting from the tensile failure of individual fibers. The 

redistribution of stresses is described by stress concentration functions (SCF) and 

ineffective length (IL) of a broken fiber. The failure in impregnated fiber bundles is 

characterized by spatially distributed weakly correlated fiber breaks [22]. 

The fiber break model uses the stress redistribution around a single fiber break for 

a random packing of unidirectional fibers with a given fiber volume fraction. The 

corresponding finite element (FE) simulations on a representative volume element (RVE) 

of the bundle are run beforehand; their output are the stress distribution profiles in the 

broken fiber and in the intact fibers surrounding it, depending on the distance of the fiber 

to the broken fiber. These stress redistributions are expressed using trend surface equations. 

By the nature of this modelling a number of assumptions is used: (1) the FE 

geometry (or several random realizations of the geometry) represents in statistical sense 

the random placement of the fibers in the bundle; (2) the size of the model and the used 

boundary conditions lead to stress redistribution, which can be used to model a part of 

much larger bundle; (3) the trend surface equations for SCF are used in a deterministic 

way, neglecting deviation from the trends because of particular details of the fiber random 

placement. 
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The present work deals with this FE modelling, in the paradigm, established in the 

research of the past decade, by efforts of different research groups, cited above [1ï3]. The 

modelling, described here, is based on the assumptions, listed above, and uses particular 

choices for the models creation, which are established in [1ï3]. These choices include most 

importantly size of the RVE; boundary conditions for the RVE; stress transfer conditions 

near the fiber break. The reader is referred to [20] for detailed discussion of these subjects. 

The step beyond the state-of-the-art is in considering a bundle of fibers with different 

diameters. 

The stress redistribution (SCF and IL) around broken fibers, used in fiber break 

models, was calculated in the literature taking into account non-linear matrix behavior 

[14,17,18,135], dynamic stress concentrations due to the sudden brittle nature of fiber 

failure [18,136], random fiber packing [9,12,16ï18,136] and fiber misorientation [137]. 

The fiber diameter distribution (FDD) and its effects on the SCF and IL have not been 

investigated so far, to the best of our knowledge. Different fiber diameters for different 

fiber types in hybrid composites were implemented in [18,19,136,138,139], but without 

introducing the diameter variability inside a fiber type. 

There are various instruments and methods available to determine diameters of 

fibers. Mesquita and et al. [140] used an automated single fiber tensile testing to create 

large data sets [141] of single carbon and glass fiber properties. The fiber diameter was 

measured with the laser diffraction system. These datasets are used in the present study as 

a starting point for FDD characterization. 

The spatial position of fibers in a composite is influenced by the conditions of the 

composite production: applied pressure, matrix flow, geometrical constraints of the mound, 

etc., but even in the ideal manufacturing conditions the fibers are placed irregularly, with 

fiber clustering and formation of resin rich zones. Several statistical descriptors are 

available to quantify this irregularity [142ï144], i.e. position of fibers (spatial distribution), 

fiber cross-sectional geometry (diameter distribution), and orientation of fibers (alignment 

distribution). The most relevant useful parameter is the fiber diameter [145]. Circularity of 

fibers is assumed, with the only random variable being the fiber diameter. Based on 
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validation [143] of the adapted algorithm of Melro ï Catalanotti [146,147] for fibers of 

constant diameter (FCD) and fibers following a diameter distribution (FDD), we apply this 

algorithm for creation of random fiber configurations and to analyze the differences 

between the FCD and FDD cases for carbon and glass bundles, with the distributions 

acquired from [140]. Fiber orientation effects are acknowledged as an influential parameter 

[148] and are studied by the present authors for the FCD case [137], but are not included 

in the present work. 

Zangenberg et al. [143] performed a full statistical analysis for fiber geometry 

descriptors based on (i) number of neighbors, (ii) nearest neighbor distance, (iii) contact 

points per fiber, and (iv) local fiber volume fraction. By conducting a parametric variation 

of the fiber radii distribution (mean, standard deviation, and skewness), they observed that 

there is a negligible difference between the descriptors for various fiber radii distributions, 

when a full range of inter-fiber distances is considered. However, the microscopic stress 

distribution is highly sensitive to the inter-fiber distances when fibers are close one to 

another [149]. The SCF may "feel" the differences in the closest fiber positions, which are 

smoothed away when the edge bins of the distribution are evaluated. Therefore, in spite of 

the findings in [143], one may expect that it is still possible that SCF will exhibit a 

difference when the variable fiber diameters are considered. 

Starting from the baseline models ï participants in the benchmarks [1ï3], more 

physical phenomena affecting stress redistribution in the fiber bundle, were included in the 

models in the recent years. A major development is the role of fiber-matrix debonding as 

an influence on the magnitude of the SCFs and ILs on a neighboring intact fiber 

[40,49,150]. AhmadvashAghbash et al. [40,49] developed finite element models for fiber-

matrix longitudinal debonding associated with fiber breakage, which account for all 

contributors to the longitudinal debonding (interfacial strength, fracture toughness, thermal 

residual stresses, friction, and matrix plasticity) in regular and randomly packed fiber 

configurations. The results revealed that the presence of fiber/matrix debonding decreases 

the stress concentration factor (SCF) dramatically on the neighboring intact fibers in a FCD 

bundle. Zhuang et al. [150] used an axisymmetric FE model to investigate the failure 
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progressing from a central fiber break surrounded by intact fibers with two scenarios: I) a 

matrix crack initiates from the broken fiber end and grows normal to the fiber axis, and II) 

a matrix crack kinks out of a short fiber/matrix debond crack and grows out towards the 

neighboring fibers. The SCF and probability of failure in nearest neighboring fibers (NNFs) 

are the highest when the matrix crack front reaches the fibers, with the extent of debonded 

length of the broken fiber influencing both the SCF and the axial length over which SCF 

occurs. Hence, incorporating interfacial debonding considerably reduces the SCF in 

comparison with the well-bonded models. 

The debonding near the fiber break depends on interfacial properties, mainly for 

Mode II fracture, which vary for different composite systems and have large scatter 

depending on the characterization method [70,151ï153]. Apart from this, the debonding 

progression is sensitive to the local fiber configuration [154,155]. The present study aims 

at revealing the effect of presence of debonding on the SCF sensitivity to FDD. Therefore, 

we assume static debonding with deboned size evaluated based on the data from 

AhmadvashAghbash et al. [40]. 

The baseline models [1ï3] utilize the average SCF across the cross-section as the 

maximum stress in the neighbor intact fiber. An alternative method involves using the 

maximum stress in a cross-section as a criterion for the fiber break [23,68,69], particularly 

due to the strong stress localization is supported by experimental evidence [68]. The axial 

stress gradient in the radial direction is very strong and the stress decays very quickly in 

the radial direction from the broken fiber. This is expected to be even more important in 

our study of fibers with different diameters. Therefore, in the present study, we aim to 

calculate the SCF values in both format (average and maximum over NNF's cross-section) 

and compare them. 

The aim of the present chapter is to investigate the influence of FDD, as compared 

to FCD, on the stress redistributions (SCF and IL), based on finite element (FE) analysis 

of the stress state of a bundle around a broken fiber. The investigation starts with the case 

of experimentally observed FDDs for carbon and glass fibers and is followed by parametric 

analysis of the SCF and IL change for different FDD widths. The comparison of FCD vs 
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FDD bundles, for SCF and IL of carbon and glass fibers, are conducted for: (I) elastic and 

inelastic regime of deformation, (II) average SCF and SCF based on maximum stress, and 

(III) full bounded and debonded interface between fiber and matrix. 

3.2 Fiber diameter distribution: Experimental data and numerical generation 

3.2.1 FDD data for E-glass and carbon T700s fibers 

Figure 3.1 shows a histogram of fiber diameters for E-glass and carbon T700s fibers 

[140,141], Table 3.1 lists parameters of the diameter distributions, used in the present work. 

To select an appropriate probability distribution type, let us assume that the 

diameter values follow the experimental distribution with the measured standard deviation 

s reported in [140] and shown in Table 3.1. An observed variation in the fiber diameter of 

E-glass and carbon T700s fibers is presented in Figure 3.1 along with fits for common 

probability distributions (normal, log-normal, gamma, and skew-normal). 

Figure 3.1 depicts a small difference between the fits of various probability 

distributions. For glass fibers, a minor positive skewness is observed by the skew-normal 

distribution, others detect the peak around the mean. For carbon fibers, three probabilities 

(skew-normal, log-normal, and gamma) are indistinguishable and show a left-skew as 

compared to the normal distribution. Besides, they detect the peak that is a little higher. As 

the comparison of the fitted distributions with the experimental histograms demonstrates, 

the data do not give grounds to clear preference of one distribution over another. Therefore, 

in the calculations of the present paper the normal distribution is employed. 

Table 3.1. Parameters of E-glass and carbon T700s fibers used to generate FDD diagrams [140]. 

Definition  E-glass fiber T700s fiber 

Ὀ  (µm) 15 6.76 

Ὀ (µm) 11 6 

Ὀ  (µm) 19 7.8 

CV 10.3% 4.6% 
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Figure 3.1. Fiber diameter distributions, following [1 40,141], and fits to common probability distributions 

(for carbon fiber the skew-normal, log -normal, and gamma distributions are indistinguishable).  

3.2.2 Random fiber placement 

A modification of the Melro ï Catalanotti algorithm [146,147] is applied for the 

generation of a fiber spatial distribution, with the fibers of varying diameters embedded 

into the RVE on subsequent steps of the algorithm in accordance with the assumed fiber 

diameter distribution. 

In the state-of-the-art models, the RVE must be big enough to ensure that the 

ineffective length will be well captured: the RVE should be sufficiently long in the fiber 

longitudinal direction. Several studies utilized RVEs with the lengths between 7.5×D and 

20×D [9,17,19], with D being the fiber diameter. In our study, the size of the RVE was 

chosen as 12×D and 20×D, with D being the mean fiber diameter (Table 3.1), for 

transversal and longitudinal directions, respectively [9]. The same RVE dimensions were 

used in [9,19]; these authors have demonstrated that this choice ensures representativity of 

SCF calculations for the considered range of fiber volume fractions. 

The placement of the fibers was done on a square region, and then a cylindrical 

bundle was cut from it. Therefore, the VF in the bundle may be different from the target 

VF in the square RVE. The fiber volume in the cylindrical RVE should be calculated 

accounting for the actual volume of the fibers which are ñcutò by the RVE boundary. The 
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actual VF in our models was calculated based on the ñfiber volume/RVE volumeò ratio in 

Abaqus 2019. Table 3.2 shows the actual VFs in the cylindrical RVE with glass and carbon 

bundles for FCD and FDD models. This table represents minimum and maximum values 

of FCD and FDD models along with average and standard deviation. 

FCD and FDD IFBMs, with carbon fibers and glass fibers, were built, where RVEs 

included three nominal fiber VFs, namely 30%, 50%, and 65% (see Figure 3.2). Five 

realizations for FCD bundles of every type and 10 realizations of FDD bundles of every 

type were built for statistical analysis. The reason for higher number of realizations of FDD 

bundles is the wide range of fiber diameter distributions which makes scattering of data 

higher and will be discussed in the results. 

a b c 

 

Figure 3.2. Examples of fiber placements generated by the presented algorithm for E-glass fibers: a) VFσπϷ, 

b) VFυπϷ, and c) VFφυϷ. 

Table 3.2. Actual fiber volume fractions in the cylindrical bundle cut from square one; data were extracted 

ÉÈÚÌËɯÖÕɯɁÍÐÉÌÙɯÝÖÓÜÔÌɤ15$ɯÝÖÓÜÔÌɂɯÙÈÛÐÖɯÐÕɯ ÉÈØÜÚȭ 

FCD models FDD models 

Fiber 
Nominal 

VF 
Min VF % Max VF % Avg Std Min VF % Max VF % Avg Std 

Glass 

30% 28.7 31.5 30.0 1.05 28.8 33.5 31.1 1.50 

50% 48.7  53.3  50.5 1.74 48.8 51.4 50.3 0.78 

65%  63.2  65.7 64.6 0.94 63.1 65.4 64.4 0.85 

Carbon 

30%  29.4  30.8 29.9 0.66 30.0 33.4 31.6 1.20 

50%  48.2 51.1  49.9 1.09 48.0 51.1 49.7 0.96 

65%  63.6  66.1 64.9 1.02 63.6 66.8 64.7 1.08 
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3.3 Materials, finite-element models, and plan of numerical experiments 

Table 3.3 shows the material properties of carbon T700s and E-glass fibers [9] as 

well as of epoxy matrix [156]. The fibers are modelled as perfectly elastic, the epoxy matrix 

is elasto-plastic with linear hardening. 

The RVE used to calculate the stress redistribution around a single fiber break for 

a random packing of parallel fibers is illustrated in Figure 3.3a,b. Figure 3.3c shows the 

boundary conditions. Figure 3.3d depicts, as an example, the longitudinal stress 

concentration in intact glass fibers surrounding a fiber break with refined mesh in the fibers. 

The broken fiber (BF) and its nearest neighbor fibers (NNF) are indicated. The 

corresponding FE simulation follows the model of Swolfs et al. [9].  

Under uniaxial tension, the entire black plane of each IFBM is displaced vertically 

with a displacement of 0.001L and 0.02 L (L is the RVE length). The lateral surface of 

the RVE is set as traction-free. Z-symmetry boundary condition is applied to RVE at the 

plane of the fiber break, except fiberôs cross-sectional area and its perimeter (gray color) 

to simulate the break. As shown in [12], this results in a realistic SCF profile as compared 

to the Raman spectroscopy data [157].  For more details about the FCD and FDD FE 

models see Table 3.4. 

For carbon and glass fibers, two variants of fiber/matrix bonding are considered: 

(1) perfect bonding and (2) debonding of the broken fiber from the matrix on certain length 

near the break. The debonding length of carbon/epoxy interface, according to the 

calculations of AhmadvashAghbash et al. [40] is assigned differently for different VFs: 

22 Ὀ, 28 Ὀ, and 30 Ὀ for VF30%, VF50%, and VF65%, respectively, where D is 

carbon fiber diameter (7 µm). Following Zhuang et al [154] and in the absence of positive 

data for debonding of glass fibers caused by a fiber break in a bundle, the debonding length 

for the case of glass fiber is assigned in the same way (equal debond size as carbon fiber).  

This static debonding is applied to the broken fiber as a boundary condition that 

frees the debonded portion of the fiber near the break. We use the ñcrack seamò method in 

ABAQUS to predefine the path along which a crack is expected to propagate in a region. 
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The crack seam is defined for the portion of the broken fiber that is considered as static 

debinding with equal debond size as the carbon fiber presented in AhmadvashAghbash et 

al. [40].  

Table 3.3. Material properties of E -glass fiber, carbon T700s fiber, and epoxy matrix. 

E-glass fiber (Isotropic) [9] 

E 70 GPa 

’ 0.22 

Carbon T700s fiber (Transversely isotropic) [9] 

Ὁ  (GPa) Ὁ  (GPa) Ὁ  (GPa) ’  ’  ’  Ὃ  (GPa) Ὃ  (GPa) Ὃ  (GPa) 

230 15 15 0.25 0.25 0.25 13.7 13.7 6 

Epoxy Matrix (Elasto-plastic with linear hardening [156]) 

Initial stiffness (E0) 2.95 GPa 

Hardening stiffness (E1) 0.82 GPa 

Poissonôs ratio (’) 0.4 

Yield stress („) 66 MPa 
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Figure 3.3. Representative volume element and FE models: a) mesh density along the fiber axis, b) mesh 

density on the fracture plane, c) boundary conditions and model dimensions, and d) failing fiber and its 

neighbors along with the longitudinal stress field at the p lane of the fiber break. Glass bundle, applied strain 

0.1%, VF = 50%. 

 

Table 3.4. Parameters of the finite element simulations of FCD and FDD models. 

Parameters FCD bundles FDD bundles 

Carbon fiber diameter (D) 7 ‘ά  Ὀ  = 6.76 ʈÍ 

Glass fiber diameter (D) 15 ‘ά  Ὀ  = 15 ʈÍ 

L (not-debonded) 20 D 20 Ὀ  (not-debonded) 

L (debonded) 570 D 570 Ὀ  (debonded) 

 ɲ 12 D 12  Ὀ  

ὔ  45 fibers for ὠ σπϷ 

75 fibers for ὠ υπϷ 

110 fibers for ὠ φυϷ 

60 fibers for ὠ σπϷ 

100 fibers for ὠ υπϷ 

140 fibers for ὠ φυϷ 

 

ὔ  450,000 < ὔ  < 800,000 450,000 < ὔ  < 800,000 

Type of elements 85% - 90% first-order hexahedral 

elements 

10% - 15% first-order wedge 

elements 

85% - 90% first-order hexahedral elements 

10% - 15% first-order wedge elements 
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The IL of a broken fiber and SCF values of the intact neighboring fibers were 

obtained from the stress field in 3D FE models. According to Rosen [4], the ineffective 

length is defined as twice the fiber length over which 90% of strain recovery occurs (see 

Figure 3.4a). In the case of debonding, IL is defined by the same criterion starting from the 

end of the debonding. 

For average SCF, the definition by Swolfs [9] was used: the SCF is calculated as 

the relative increase in average fiber stress „ȟ  at ᾀᶻ divided by the average fiber stress 

„ȟ  far away from the failure plane: 

ὛὅὊ ᾀ ᾀᶻ
„ȟ ᾀ ᾀᶻ „ȟ ᾀ ὒ

„ȟ ᾀ ὒ
ρππ                                                                                ρȢρ 

where ᾀᶻ is the distance along fibers from the break plane and „ȟ  defined as the 

longitudinal fiber stress of the elements in that plane averaged over fiber's cross-section. 

Multiplier 100 provides that all results for SCFs will be presented in per cent. Figure 3.4b 

illustrates how so-defined SCF varies as a function of distance along the length of the intact 

fiber, which is the nearest neighbor of the broken fiber. The maximum of the average SCF 

along the fiber (άὥὼὛὅὊ) is reached very close to the break plane [9] and then the stress 

quickly decays by moving away from the plane of failure. 

Beside the average SCF, described above, we also consider the maximum SCF, 

based on maximum stress at fiberôs cross-section, where „ȟ  in Eq(1) is replaced by 

„ȟ , which is the maximum value of the axial stress in the fiber cross-section. The 

maximum (άὥὼὛὅὊ) is again sought along the fiber. An example of location of this 

peak and the stress distribution on the fiber cross-section are shown in Figure 3.4b, inset. 

When the polymer matrix undergoes deformation beyond its elastic limit due to the 

applied load, this can lead to the formation of plastic zones within the matrix. In the present 

study for one FDD random realization of each carbon and glass bundles in VF50% at 

applied strain 2%, the Von Mises stress in the matrix around the fiber break is 89 MPa and 

76 MPa, respectively, compared to 66 MPa of its Yield stress. It indicates that the matrix 

has exceeded its yield stress and entered the plastic deformation regime. In this case, the 
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matrix has undergone plastic deformation, which means that matrix plasticity has 

developed within the RVE. 

 
Figure 3.4. Stress redistribution: a) IL along the broken fiber, inset: axial stress on the surface of the broken 

fiber; b) άὥὼὛὅὊ and άὥὼὛὅὊ along the nearest intact neighbor; inset: stress distribution on the cross-

section of the intact fiber and along its surface. Glass fiber , applied strain 0.1%, VF50%; perfectly bonded. 

To investigate the influence of the FDD and, in particular, of the distribution 

standard deviation s on the stress redistribution around a single fiber break, several cases 

are compared: 1) FCD: s = 0; 2) FDD with standard deviation of s /2, s, and 2s, where s 

is the experimentally measured standard deviation. The statistical comparison of the SCFs 

presented in section 3.7 follows a one tail t-Test with an unequal variance analysis. 

The differences in SCFs for different types of FDD and FCD are quite subtle. To 

well reveal them and judge the statistical confidence of the differences, the following 

approach was used. Let SCFr(d/R) be a regression of the reference SCF curve (baseline 

FCD with s = 0) where d/R is relative distance to the broken fiber, R is fiber radius, and 

SCFk(dk/R) with k = 1éK is a set of K calculated SCF values for fibers in a model of 

another type (FDD with s /2, s, or 2s). Then statistical analysis is applied to differences 

Dk= SCFk(dk/R) - SCFr(dk/R), analyzing a hypothesis Dk Í 0. 

3.4 Mesh verification  

In accordance with a mesh sensitivity analysis, a denser mesh is assigned to the 

broken fiber, the matrix around it, and the portion of the neighboring fibers that face the 
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broken fiber (smallest element size of 61 nm×200 nm×360 nm). Considering the 

computational efficiency, the mesh is gradually coarsened out radially and axially away 

from the broken fiber and its plane (see Figure 3.3). 

In the present work, the applied mesh on NNFs and BF is ñHexò while in the rest 

of the RVE it is ñHex-dominatedò. The error between quad (quadrilateral) and linear hex 

(hexahedral) elements in Abaqus can vary depending on the specific modeling scenario 

and the characteristics of the elements being used. In general, quad elements are typically 

more accurate than linear hex elements for modeling thin structures or components with 

complex geometries, as they can better capture curved boundaries and reduce numerical 

diffusion effects. When comparing quad and linear hex elements, quad elements often 

provide more accurate results for bending-dominated problems, such as plates and shells, 

due to their ability to model curved boundaries more effectively. On the other hand, linear 

hex elements may be more suitable for solid structures with simpler geometries or when 

linear stress/strain fields are expected. In our study, the geometry (RVE) is a simple solid 

structure, therefore, linear hex elements are suitable for accurately measuring stress 

redistribution. Figure 3.5a illustrate the mesh sensitivity for quad and linear elements for a 

glass fiber bundle with VF50% at applied strain 0.1%. As it is seen, there is no difference 

between the IL of these two element types, which gives the confidence to use hex linear 

elements in order to decrease computational time significantly. 

To verify whether this mesh is refined enough, a denser mesh is assigned to the 

broken fiber, the matrix around it, and the portion of the neighboring fibers that face the 

broken fiber. The recommended mesh size is 25 planes in longitudinal direction and 2100 

elements over cross-section of BF and NNFs [9]. Initially, we use a larger mesh size and 

gradually refine it to assess if the recommended mesh size is sufficient to accurately 

measure stress redistribution. Figure 3.5b illustrates the influence of mesh variation in the 

NNFs and BF surfaces and longitudinal direction on άὥὼὛὅὊ for a glass fiber bundle 

with VF50% at applied strain 2%. As it is seen, for several steps of mesh refinement, the 

SCF profiles are nearly indistinguishable. Therefore, the mesh size recommended in [9] 

(yellow in Figure 3.5b) was used for all models. Moreover, Figure 3.5c shows a comparison 
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between the presented study and Swolfs [12] for a carbon fiber bundle with VF50% at 

applied strain 2% with results closely corresponding one to another. These illustrations 

give confidence in the selected mesh size as a baseline in further analysis on the fiber 

diameter distribution influence. 

 
Figure 3.5. Mesh verification for random realization s at VF50%: (a) quad vs linear hex elements (glass fiber 

bundle, applied strain 0.1%), (b) refined mesh (glass fiber bundle, applied strain 2%), (c) present model vs 

Swolfs [12] (carbon fiber bundle, applied strain 2%).  

3.5 Fiber/matrix perfectly bonded interface 

3.5.1 FCD models for carbon and glass bundles: Average normal stress over the cross 

section 
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Five random realizations were generated for each bundle type (carbon and glass). 

The FCD models use the material properties and FE parameters presented in Table 3.3 and 

Table 3.4. 

Figure 3.6 illustrates the differences in stress concentrations calculated with the 

applied average strain of 0.1%, i.e. in the elastic regime of deformation, and at 2%, which 

reveals in full effects of non-linearity of the matrix behavior. It shows the distribution of 

maximum average SCF άὥὼὛὅὊ over the fibers of one of random realisations. Only the 

small number of fibers, the closest neighbors of the broken fiber (see an example in Figure 

3.3b), have values of maximum SCF more than 1%, but these fibers are the most 

susceptible to break under the overstress caused by the stress redistribution. The difference 

in the loading level is felt primarily by these fibers. The maximum SCF (the rightmost bins 

in Figure 3.6) is decreased for 2% loading in comparison with 0.1%. The detailed analysis 

in [12] shows that the transition to the inelastic regime strongly affects the fiber breaks 

development. In the rest of the calculations, the applied average strain level of 2% is used, 

as it was done in the fiber break benchmarks [1ï3]. 

Figure 3.7a and Figure 3.8a show the ineffective length for carbon and glass FCD 

bundles, respectively, at different VFs. Increase in fiber volume fraction causes a reduction 

in the IL because of increased shear stresses in the matrix as a result of smaller distances 

between fibers in higher VFs. 

Figure 3.7b and Figure 3.8b present the stress concentration trends for one random 

realization of carbon and glass FCD bundles at different VFs in the intact fibers around the 

fiber break. The άὥὼὛὅὊ is shown as a function of the relative distance (d/R) from the 

broken fiber. SCF decreases fast with increase of d/R, which is known as ñshielding effectò 

[9] where the first layer of the nearest neighbors shows a much higher SCF than the second 

layer of nearby fibers. This is because the closest fibers shield the second nearest neighbors 

from the stress concentration. As a result, the SCF of the second-closest neighbors is 

substantially lower. Besides, SCF is larger for lower VFs. This is again due to the shielding 



82 

  

effect. A high fiber volume fraction has more fibers nearby, which results in a stronger 

shielding effect. 

The results of FCD calculations correspond well to the ones presented in [6,17,20], 

which gives confidence for their use as a baseline in further analysis on the fiber diameter 

distribution influence. 

 

Figure 3.6. Maximum average SCF (άὥὼὛὅὊ) distribution in all intact fibers around fiber break in one of 

the random realizations of the FE model for carbon and glass bundles at VF50%, FCD, no debonding. 

 

 
Figure 3.7. Stress redistribution for FCD carbon T700s bundles at different VFs, five random fiber placement 

realizations for each VF: (a) IL, error bars show the standard deviation, (b) maximum average SCF 

(άὥὼὛὅὊ) in function of the normalized radial di stance to the broken fiber, each data point represents the 

maximum SCF in one intact fiber in one of the realizations of the FE model. No debonding.  
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Figure 3.8. Stress redistribution for FCD E-glass bundles at different VFs, five random fiber placement 

realizations for each VF: (a) IL, error bars show the standard deviation, (b) maximum average SCF 

(άὥὼὛὅὊ) in function of the normalised radial distanc e to the broken fiber, each data point represents the 

maximum SCF in one intact fiber in one of the realizations of the FE model. No debonding.  

 

3.5.2 FCD vs FDD for carbon and glass bundles: Average normal stress over the cross 

section 

To evaluate the effect of diameter variation on the stress redistribution around a 

single fiber break, a parametric study with three levels of the standard deviation ( „/2, „, 

and 2„) was conducted, where „ is the standard deviation of the experimental data reported 

in [140]. The parametric study was done based on an assumed normal probability 

distribution, as discussed in section 3.2. Using the parameters of the normal distribution, 

five random realizations of the carbon and glass bundles for each standard deviation 

according to the material properties and FE parameters presented in Table 3.3 and Table 

3.4 were generated. 

Figure 3.9 compares stress concentrations, Eq (1), for FCD and FDD carbon 

bundles at different VFs in the neighbor intact fibers around a single fiber break. The 

maximum average SCF (άὥὼὛὅὊ) is shown as a function of the relative distance (d/R) 

from the broken fiber. 
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Figure 3.9a,c,e depict SCF trends for FDD („/2, „, and 2„) models in comparison 

with FCD („ = 0) models. FDD carbon bundles show a considerable decrease in the peak 

of the άὥὼὛὅὊ(„) graph (άὥὼὛὅὊ in NNFs) at VF65% about ï(20%-30%). The 

άὥὼὛὅὊ in NNFs of FDD models with 2„ illustrates an increase of 13% and 18% at 

VF30% and VF50%, respectively. Higher fiber volume fraction (VF65%) results in 

stronger differences in the peak of the maxSCF due to the presence of fibers at smaller 

distances from the broken fiber. Moreover, the peak SCF progressively decreases with 

higher volume fraction. 

Figure 3.9b,d,f provide the άὥὼὛὅὊ difference between the FDD model and the 

corresponding regression in the FCD case (RFCD). Due to the nature of variation of fiber 

diameter in FDD bundles, the value of the normal stress in the nearby fibers varies 

significantly, resulting in higher scattering of SCF data points for the FDD bundles in 

comparison with the FCD models. This is more essential at places close to the fiber break. 

The data points show a positive difference with RFCD at VF30% and VF50% and a 

negative difference with RFCD at VF65%. 

Figure 3.10 compares stress concentration for the FCD and FDD glass bundles at 

different VFs. Figure 3.10a,c,e show SCF trend for the FDD in comparison to FCD models. 

It can be observed that the FDD glass bundles bring significant differences in the peak of 

the άὥὼὛὅὊ(„) graph at VF65% about ï12% to 22% for „/2 to 2„, respectively. The 

άὥὼὛὅὊ in NNFs of FDD models with 2„ illustrates a decrease of ï9% and ï7% at 

VF30% and VF50%, respectively. The representation of both increasing and decreasing 

values is also due to the nature of variability of fiber diameters in FDD bundles, leading to 

higher scattering of SCF data points for the FDD bundles compared to the FCD models. 

From Figure 3.10b,d,f which represent ὊὈὈ -RFCD, it is seen that there is a 

negative difference between FDD and FCD cases, more pronounced at VF65%. 

The difference in the effects of the standard deviation of fiber diameter on stress 

concentrations around fiber breaks in carbon fiber and glass fiber bundles can indeed be 

interpreted more physically by considering the distinct mechanical and physical properties 
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of each fiber type: (i) Material Properties: Carbon fibers are generally stiffer and have 

higher tensile strength than glass fibers. This higher stiffness can result in greater stress 

concentrations at the points of breakage. When a carbon fiber breaks, the surrounding 

matrix experiences a sharper increase in stress because the high stiffness of the fiber creates 

a larger contrast in stiffness between the fiber and the matrix. In contrast, glass fibers, 

which have lower stiffness, may distribute stress more evenly when they fail, leading to 

less pronounced stress concentrations. (ii) Fiber Diameter Variability: The standard 

deviation of fiber diameter can affect how stress is distributed in the bundle. In carbon fiber 

bundles, a small standard deviation might mean that the fibers behave more uniformly, 

maintaining consistent load transfer. However, with a larger standard deviation for glass 

fiber, discrepancies in diameter can lead to more pronounced differences in SCFs around 

fiber breaks (see Figure 1.3 and Figure 3.22).  
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Figure 3.9. Stress concentrations based on normal average stress for the FDD carbon T700s bundles 

compared with the FCD bundles for different VFs at applied strain 2%, five random fiber placement 

realizations for each VF: (a, c, e) SCF regressions in function of the normalized radial distance to the broken 

fiber and (b, d, f) maximum average SCF (άὥὼὛὅὊ) difference with regression in the FCD case 

(ὊὈὈ -RFCD), each data point represents the difference ὊὈὈ -RFCD in one intact fiber in one of 

the realizations of the FE model. No debonding. 
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Figure 3.10. Stress concentrations based on normal average stress for the FDD E-glass bundles compared 

with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for 

each VF: (a, c, e) SCF regressions in function of the normalized radial distance to the broken fiber and (b, d, 

f) maximum average SCF (άὥὼὛὅὊ) difference with regression in the FCD case (ὊὈὈ -RFCD), each 

data point represents the difference ὊὈὈ -RFCD in one intact fiber in one of the realizations of the FE 

model. N o debonding. 
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Figure 3.11. Stress concentration  (άὥὼὛὅὊ)  comparison for carbon T700s and E-glass bundles at strain 

2% vs strain 0.1%, five random fiber placement realizations for each VF: (a, c, e) compared maximum 

average SCF for carbon bundles, and (b, d, f) compared maximum average SCF for glass bundles. 

 

 

 
Figure 3.12. Ineffective length for the FDD bundles compared with the FCD bundles at different VFs: a, b) 

carbon T700s and E-glass bundles at applied strain 2%, respectively, c, d) carbon T700s and E-glass bundles 

at applied strain 0.1%, respectively. Five random fiber placement realizations for each VF, error bars show 

the standard deviation.  
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Figure 3.11 compares the άὥὼὛὅὊ for each bundle type (carbon and glass) at 

strain 2% vs strain 0.1%. It is seen that 2%-strain άὥὼὛὅὊ is about twice less than that 

at strain 0.1%. SCF trends tend to zero at farther distances from the broken fiber (d/R = 2) 

at strain 0.1%; slower decay of stress concentration can be seen at strain 2%. As already 

mentioned above, this illustrates the difference between elasto-plastic regime at strain 2% 

vs elastic regime at strain 0.1%. 

Increasing the ineffective length, as a result of applied strain 2% (see Figure 3.12), 

can decrease the stress concentration factor because it allows for a more gradual transfer 

of stress from the fibers to the matrix. In other words, as the IL increases, there is a larger 

area over which the stress can be distributed, reducing the concentration of stress at any 

one point. This helps to prevent localized failure, further reducing stress concentrations. 

Figure 3.12 illustrates the ineffective length for carbon and glass FDD bundles in 

comparison with FCD bundles at different VFs. From Figure 3.12a,b, it can be observed 

that at strain 2% carbon fibers possess longer ineffective lengths, which are about twice 

the values for the glass bundles, similar to observation derived by FE models for strain 

0.1% (Figure 3.12c,d). Given that the applied strain is the same, a larger longitudinal fiber 

stiffness causes higher stress far from the break plane. The stress recovery will be spread 

out over a larger distance because more stress needs to be transferred onto the broken fiber 

[9]. The ineffective lengths do not show an important difference for different VFs at strain 

2% (no trend), whereas there is a significant change from VF30% to VF65% at strain 0.1% 

(decreasing trend from VF30% to VF65%). Due to the yielding of the matrix near the 

broken fiber at 2% strain, the ability of the matrix to transmit shear stress is weakened 

when compared to strain 0.1%, which leads to an increase in the stress recovery length of 

the broken fiber. The derived ILs show more pronounced differences (about 10%) between 

the FDD and FCD models for glass fiber bundles. This can also be explained by the wide 

range of fiber diameters for glass fibers, which vary from 11 to 19 µm, as opposed to 

carbon, which has a diameter range from 6.0 to 7.8 µm. Due to the nature of variation of 

fiber diameters in FDD bundles, the appearing shear stress in the matrix in between the 



90 

  

fibers varies significantly, leading to different stress recovery for the broken fiber of the 

FDD bundles in comparison with the FCD models. 

3.5.3 FCD vs FDD for carbon bundle: Maximum normal stress in the cross section 

In this section, the SCF is calculated according to the peak stress in the cross 

section. The SCF at a particular z-coordinate along an intact fiber (z*) with a total length 

of L, is the relative increase of the cross-sectional peak stress, „ȟ  , at z = z* with respect 

to the far-field stress (at z = L) ( ὛὅὊ ᾀ ᾀᶻ ȟ
ᶻ

ȟ

ȟ
ρππ). Then 

maximum is found along the fiber as άὥὼὛὅὊ. Five random realisations of the carbon 

and glass bundles for each VF based on the material properties and FE parameters 

presented in Table 3.3 and Table 3.4 were generated. For the FDD bundles, the standard 

deviation 2ů is chosen as it illustrated the maximum difference with FCD bundles in section 

3.5.2. 

Figure 3.13a,c,e depict SCF trends for the FCD vs FDD with 2ů models at different 

VFs. FDD bundles show a significant increase in SCF at ὨȾὙ  πȢυ, more pronounced in 

the peak of the άὥὼὛὅὊ graphs (άὥὼὛὅὊ in NNFs) at different VFs of about 43-

75%. However, it is seen that, there is a fast άὥὼὛὅὊ decay for FDD compared to FCD 

bundles. This is assign to the high level of SCF at very small relative differences. 

Figure 3.13b,d,f indicate the άὥὼὛὅὊ difference between the FDD with 2ů 

model and the corresponding regression in the FCD case (RFCD). The data points represent 

a strong positive difference with RFCD in very small relative distances (d/R) at different 

VFs. This highlights the crucial role of stress concentration factors in proximity to the fiber 

break. 
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Figure 3.13. Stress concentrations based on normal peak stress for the FDD carbon T700s bundles compared 

with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for 

each VF: (a, c, e) SCF regressions in function of the normalized radial distance to the broken fiber and (b, d, 

f) maximum average SCF (άὥὼὛὅὊ) difference with regression in the FCD case (ὊὈὈ -RFCD), each 

data point represents the difference ὊὈὈ -RFCD in one intact fiber in one of the realizations of the FE 

model. No debonding.  
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3.6 Fiber/matrix debonded interface 

Five random realizations of the carbon and glass bundles for each VF based on the 

material properties and FE parameters presented in Table 3.3 and Table 3.4 were created, 

with the debonded length chosen as stated in section 3.3. For the FDD bundles, the standard 

deviation 2ů is chosen as related to the maximum difference with FCD bundles in section 

3.5.2. 

3.6.1 FCD vs FDD for carbon and glass bundles: Average normal stress over the cross 

section 

Figure 3.14a,c,e show the maximum average SCFs (άὥὼὛὅὊ) for debonded 

FDD with 2ů and FCD carbon bundles as a function of the radial distance from the broken 

fiber for different VFs. It is seen that the FDD bundles possess lower SCF than FCD 

bundles spanning the entirety of d/R at different VFs. Figure 14b,d,f provide the 

άὥὼὛὅὊ difference between the FDD model and the corresponding regression in the 

FCD case (RFCD). The data points show a negative difference with RFCD at different 

VFs. By increasing VF, the difference becomes stronger more pronounced in the peak of 

the maxSCF (NNFs) due to the presence of fibers at smaller distances from the broken 

fiber. Statistical analysis of significance of differences is performed in section 3.7. 

Figure 3.15a,c,e plot άὥὼὛὅὊ  for debonded FDD with 2ů and FCD glass 

bundles as a function of the radial distance from the broken fiber for different VFs. It is 

seen that the FDD bundles possess significantly lower SCF than FCD bundles spanning 

the entirety of d/R only at VF30%. Nonetheless, it may originate from selecting the same 

static debond length as for carbon fiber. Besides, the more pronounced difference at 

VF50% and VF65% is achieved as there are two important differences between glass and 

carbon fibers: (I) glass fibers have a significantly wider diameter width compared to carbon 

fibers, and (II) the transverse stiffness contrast between glass fibers and matrix is much 
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stronger than in the case of carbon fibers. From Figure 3.15b,d,f that depict ὊὈὈ -

RFCD, it is observed that there is a negative difference between FDD and FCD cases. 

 

 

 

 
Figure 3.14. Stress concentrations based on normal average stress for the FDD carbon T700s bundles 

compared with the FCD bundles for different VFs at applied strain  2%, five random fiber placement 

realizations for each VF: (a, c, e) SCF regressions in function of the normalized radial distance to the broken 

fiber and (b, d, f) maximum average SCF (άὥὼὛὅὊ) difference with regression in the FCD case 

(ὊὈὈ -RFCD), each data point represents the difference ὊὈὈ -RFCD in one intact fiber in one of 

the realizations of the FE model. 

 



94 

  

 

 

 
Figure 3.15. Stress concentrations based on normal average stress for the FDD E-glass bundles compared 

with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for 

each VF: (a, c, e) SCF regressions in function of the normalized radial distance to the broken fiber and (b, d, 

f) maximum average SCF (άὥὼὛὅὊ) difference with regression in the FCD case (ὊὈὈ -RFCD), each 

data point represents the difference ὊὈὈ -RFCD in one intact fiber in one of the realizations of the FE 

model. 

Figure 3.16 represents the predicted IL for debonded FCD and FDD bundles 

(carbon and glass) of the broken fiber at different VFs. IL is measured from the fiber break 

plane; the static debond lengths are also shown on the bars as horizontal lines. As it is seen, 



95 

  

the IL is growing by increasing VF. In fibrous polymer composites, increasing the fiber 

volume fraction can indeed lead to an increase in the debond length based on debond 

propagation. As the fiber volume fraction increases, there are more interfaces between 

fibers and matrix material within the composite structure. These interfaces act as potential 

sites for debonding to initiate and propagate. With a higher fiber volume fraction, there is 

an increased probability of stress concentrations at these interfaces due to applied loads. 

This can lead to greater debonding and longer debond lengths as compared to composites 

with lower fiber volume fractions. Moreover, similar to observation derived by FE models 

in section 3.5.2 (Figure 3.12), carbon fibers possess longer ineffective lengths, which are 

about twice the values for the glass bundles. 

 
Figure 3.16. Ineffective length for the FDD Carbon T700s and E-glass bundles compared with the FCD 

bundles at different VFs, five random fiber placement realizations for each VF, error bars show the standard 

deviation, horizontal lines correspond to the debond length.  

3.6.2 FCD vs FDD for carbon bundle: Maximum normal stress in the cross section 

In this section, devoted to the maximum SCF based on the peak stress in the cross 

section (άὥὼὛὅὊ), the influence of fiber/matrix debonding on the SCF in NNFs around 

a single fiber break is investigated. 

Figure 3.17 shows SCF trends for the FCD vs FDD with 2ů models at different 

VFs. Similar to what was observed in section 3.6.1, the FDD bundles show a lower SCF 

compared to FCD bundles spanning the entirety of d/R at different VFs. Figure 3.17b,d,f 
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illustrate the άὥὼὛὅὊ difference between the FDD with 2ů model and the 

corresponding regression in the FCD case (RFCD). The data points represent a negative 

difference with RFCD at different VFs. By increasing VF, the difference becomes stronger 

more pronounced in the peak of the maxSCF (NNFs) due to the presence of fibers at smaller 

distances from the broken fiber. 

Figure 3.17 demonstrates, contrary to fully bonded bundles presented in section 

3.5.2 (see Figure 3.13), two important differences: (I) by enhancement of VF, the peak of 

the άὥὼὛὅὊ graphs decreases extensively, (II) slower άὥὼὛὅὊ decay in the radial 

direction. 
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Figure 3.17. Stress concentrations based on normal peak stress for the FDD carbon T700s bundles compared 

with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for 

each VF: (a, c, e) SCF regressions in function of the normalized radial distance to the broken fiber and (b, d, 

f) maximum average SCF (άὥὼὛὅὊ) difference with regression in the FCD case (ὊὈὈ -RFCD), each 

data point represents the difference ὊὈὈ -RFCD in one intact fiber in one of the realizations of the FE 

model. 

 

3.6.3 Debonded vs Not-debonded fiber/matrix interface for carbon and glass bundles: 

Average normal stress over the cross section 

In this section, based on the average stress in the cross section (άὥὼὛὅὊ), the 

stress redistribution around a single fiber break for debonded bundles is compared with 

perfectly bonded bundles. 

Figure 3.18 plots the predicted maximum SCFs (άὥὼὛὅὊ) for debonded vs no-

debonded (perfectly bonded) FCD and FDD bundles (carbon and glass) as a function of 

the radial distance from the broken fiber for different VFs. By enhancement of the VF, the 

number of nearby fibers increases and therefore the load that is exerted by the broken fiber 

has to be shed onto a higher fiber population, resulting lower SCFs on them. 

As can be seen, the άὥὼὛὅὊ for debonded bundles is significantly lower than 

perfectly bonded bundles. For a similar carbon-epoxy system at the same applied strain 

2%, Swolfs et al [20] in a perfectly bonded randomly packed model reported the calculated 

maximum SCF 16%, 14% and 12% in the nearest neighbor intact fibers at VF30%, VF50%, 

and VF65% respectively. This is obviously an overprediction in comparison with the  


