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Abstract

Fiberreinforced polymel(FRP) composites present a significant opportunity to
meet the demand for durable and lightweight structural componentssavarious
industriesComposi tebés failure is typically causec
unidiredional (UD) fibrous compositesOften models overpredict the strength of
composite material systems, preventing practical adaptation of gresafy models in
industry. The thesisobjective is to decrease overpredictions of failure strengtdDn
composite materialloaded in théiber direction The focus lies ofundamentamodelling
approaches btargeting thdinite-element (FE) analysisf the stress redistributionafter
a fiber brealas well asxperimentatharacterization of the polymer matrix.

First, we experimentally measure the effect of curingtoessstrainbehavior of
epoxy resin. To do this, we use Sinjllalled Carbon Nanabes (SWCNTSs) aa sensor
to monitor the curingtate of epoxy resimthe obtained data is used as input for our FE
models. Second, thanalysis of the stress state of a bundle surrounding a bfidezn
accounting for modelling approaches are followed&yeratin@®D representative volume
elements RVES) with random packing

Modelling offiber breaks during longitudinal tensile failure of UD composites is a
fastdevebping topic.In the stateof-the-art models, the key mechanismtbéfiber breaks
devebpment is the redistribution of load as the result of tefesilere of individualfibers,
which comline (a) probability of diber break under a given load; (b) calculatidrstress
redistribution arouna brokenfiber; (c) modelling progresser breakag of fibers under
the redistributed stresses. The presedmdsertationmainly focuses on step (b), with
calculations performed biFE modelling of thefiber bundle with a brokeriber. The
redistribution of stresses is describednsffective length (IL) of droken fiberandstress
concentration functios (SCF)of neighbor fibers

A 3D FE analysis is usetb predict SCF and ILaround a singléiber break in a
bundle taking into accountnodelling assumption$) FiberDiameterDistribution (FDD),

(I MisAligned Fiber(MAF), and (lll) Debondpropagation betweethe brokenfiber and

matrix, incorporatingmnodelling assumptions (1) and (lI)
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It observes that posturing leadso a significant enhancement in the resin's strength
compared to the typical-Bour duration at 130 °C that is commonly employed in the

industry.

For fiber diameter distributionhé results obtained illustrate that thed w "Y0 "O
is significantlygreater thart & @ "YO ."@his indicates that the primary factor affecting
the development of fiber breaks is the maximum stiess @ YO )O wi t hi n -f i ber 6s
section. Therefore, it is essential to prioritize this criterion over thaibasnodels found
in literature, which typically rely ot ¢ @ "Y0 "& the maximum stress in neighboring
intact fibers. Furthermore, thie ® @ "Y6 " the FDD bundles is significantly higher than
that in the FCD bundles at distances vdoge to the break plane. This suggests that the
effect of fiber diameter distributions more localized, resulting in stronger SCF in the
NNFs. Additionally, the findings indicate that bigger fiber diameters correspond to higher
SCF values, and thus, arcamulation 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 Ines. A comparison of the peakaxSCFgraphs maxSCHn 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 nemotched fibers (NNFs).

Based on debonding results, the misaligned bundles demonstrate a statistically
significant decrease in SCF andjinér 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 awayThis alters the lod&5CF distribution surrounding fiber breakéoreover,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.



As a result of the conducted doctoral resedtaidamentamodelling approaches
andexperimentatharacterization of the epoxy matmere developed tbelp the future
development ofiber break models by providing theprovednecessary data on currently
neglected effectsin 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 andBackground

This chaptempresentghe 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 lamiaate,
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 thedaagling capacity.

The failure process starts with failing the weakest filgading to a redistribution
of stress.This is characterized by two parameters, ineffective leiildth and stress
concentration facto(SCF) The key mechanism of the fiber breaks development is the

redistribution of load as the result of tensile failuréndividual fibers.

Detailed failure description includeombination of (a) Weibultontrolled fiber
failure; (b) matrix debonding; (c) matrix cracks; (d) pesgive stress redistribution;) (e
fiber breakage;f] thermal residual stress, efthese facta are accounted for in the current
fiber break modelsHBMSs), but with certan simplifying assumptions that can affect SCF

and IL predictions:

Assuming idealized fiber shapes without considering fiber diameter distribution.

1

1 Ignoring the influence of fibavaviness or misalignment on fiber breakage.

1 Neglecting the stressirain behavior of the matrix at different curing conditions.

1 Overlookingthe effect of interfacial shear strength on fiber breakagkervarying
curing conditions.

1 Ignoring the effect ofiber-matrix debonding on fiber breakage.

The present statef-the artmodels still leado ovempredictions of ultimate strain
[17 3], as they use simplified assumptions and neglect their significant influence on stress
redistribution.The real bundldiffers from UD simplification in theollowing aspects:
fiber misalignment variation of fiber diameterfiber-matrix debonding and inelastic

deformation of the matrixvhich is controled by the curing procesShe matrix is non

18



linear; this is accountefbr in stateof-the-art FBMs, but identification of the matrix

properties presents a challenge.

The thesis explores the improvementte accuracy of SCF and IL predictions by
providing more realistic stress redistributiomgis is investigated with laundle including
MisAligned Fiber (MAF), Fiber DiameterDistribution (FDD), fiber-matrix debonding
accounting for MAF and FDD, as well &gentification of thestressstrain behavior of
epoxymatrix at different curing condition&Vhen the calculated SCEse incorporated in
a bundle strength model, the failure strain of unidirectional composites can be more
realistically predictedThis can helgn bridging the discrepancy between numerical and
experimental data to predict the longitudinal tensile failaofecomposites 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 i n 48, and heBabn@ fasdeveldphhgy 06 s, an
topic in recent year9[ 20]. All models are essentially based on the same two principles;

() the fiber strength scatter follows a Weibull distribution, and (ll) when a fiber breaks, it
locally loses its longitudinal load transfer capigni which leads to stress concentrations
on the surrounding fibers. The readers are referred -ttepth and comprehensive
publications Li 3,201 22] and dissertation2[3,24 in this area.

The development of the fiber breaks is investigated in impregjrgter 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 ptiesgisfocuses on step (b),
with calculations performed by finkelement (FE) modelling of the fiber bundle with a
broken fiber.
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1.2.1Stress ralistribution around fiber break

Thekey mechanism of the fiber breaks development is the redistributioadfk
the result of tensd failure of individual fibers. A the applied strain increases, the weakest
fiber fails first, leading to a redistribution of stress. This is characterizeddyyarameters,
ineffective length andtress concentration fact@rd 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 tebfibefe models with
no matrix, where a broken fiber is removed from further analysi&BM 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-salled ineffective length (IL)According to Rosen [4],
the ineffective length is defined as twice the fileeigth over which 90% of stresgecovery
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 fbers, and the relative stress enhancement in comparison with the nominal stress
is referred to as the stress concentrafiactor (see Figure 1.1b, the SCF of an intact
neighboring fiber was obtained from the stress field in 3D FE models).

100

80

10 :
Side of the intact fibre
51 near the broken fibre

20 30 40

Stress recovery in broken fibre (%)
Stress concentration factor (%)

0 10 20 30 40 -5 4

Normalized distance from the break plane (z/R) Normalized distance from the break plane (zR)

(a) (b)

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

shearlag and finiteelement (FE) modelsyhich will be described.

1.22 Shearlag versus FE models

The shear lag model (SLM), first developed by Cox in 19%2 & an analytal
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. Hedge@lepinddcted 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 D& ¢alculated &8CF of 14.6% and
10.4% for square and hexagonal 2D packings, respectively. ovtbese basic shear lag
models that @ based on several assumptiogsore interesting physical behavior as

follows:

Bonding is assumed to be perfect along féoed matrix.
Fiber and matriareassumed to mve in a linear elastic manner.
Thefibers d not deform in shear.

Matrix cracking is not predicted

= =4 A4 A -2

They assumed a regular packing.

Subsequentlya number ofwuthors releaseidhprovedSLMs that addressed some
of these concern28i 33]. The SCF was found to be lower than Hedgepeth's initial
predictions [5,27].

Xia et al. [31] indicated that the SLM provides a good approximation of fiber
breakage behavior in certain cases; (I) high fiber volume fraction, (I) large fiber/matrix
stiffness ratio, and (Ill) matrix yielding before fiber breakage. Howetey also showed
two drawbacks of SLMs. SLMs neglect the dimensions as well as the shear deformations
of the fibers. In another study, Wagner and Eita] fBund that their SLM was only

21



accurate for large fiber spacings. Therefore, SLMs cannot cagdtihe complexities of

realworld composites.

An alternative approach to calculate the stress redistribution is to use 3D FE
models. FE analysis can provide more detailed insights into the mechani@ibeof
breakage through customizatitmsimulate spefic loading conditions, fiber orientations,
and material properties, allowing for a more accurate repasen of reaworld
scenariosHowever, 3D FE models are computationally intensive, which limits the number
of fibers that can be included in the deb. 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 teclques, 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 model&i[18,36]. 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.2[7]. Xia et al. Bg] 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 migdRaman spectroscopy in a miecomposite
with five fibers. In general, the results agree well with FE predictions, and small
disaepancies were found only for small fiber spacir®solfs et al. [9] predictedn SCF
to be above 16%, 14% and 12% for perfectly bondediom fiberpackings modelled
using 3D finite element analysis 30%, 50% and 70% VF cases, respectively. This is a
clear overprediction compared to [40QhmadvashAghbasiet al. [40], for a similar
carbonepoxy systenandappled strainbut 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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1.2.3Fiber packing type

The fiberpacking refers to the arrangent and orientation of the fitewithin the
material. The way the fibes are packed together has a significant impact on how stress is
distributed within the material, espally around areas where filsdoreak.Figure 1.2

depicts common fiber packing types (random and regular).

The use of random rather than regular fiber packisgssential, as the issue of
local stress concentrations is much more severe in random fiber packings due to the
possibility d 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 imaulti-fiber fragmentation test.

In 2013 Swolfs et a[9] presented a 3D Fanalysis oflie stress redistribatn after
a single fiber brealn variousfiber packing types. They found thaindom fiber packings
have significantly different stress concentrationdJib bundle with a broken fiber in
comparisorwith regular fiber packings. The SCF of thegularpackingsrepresentec
higherSCF at the same normalizdistance from the broken fibdRelative differences in
SCF of up to 45% were foundNonethelessthe highest SCFs were found to be up to 70%
higher in random fibepackings as thegeackings have fibers closer to theken fiber.

Later, many authorssedrandom fiber packing in their moddssi 19].

In 2022 Zhu et al. [42eveloped new FEmodel with high computatioefficiency
to calculate stress redistribution after a fiber breakUd FRP with uneven fiber
distribution. A 2D beam element igsedto model the fiber, while a 3D solid element is
employed for the matrixThey observedthat the localfiber volume fractio has a
significant influence on the SCRA modified analytical SCF model is suggested that
accounts for localiber volume fractiorvariation It has been demonstrated that for FRP
with uneven fiber distribution, the improved analytical SCF model cad 3€lF values

with significantly higher accuracy.
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(2) (b) (©)

Figure 1.2. Comparison of fiber packing types, a) random packing, b) hexagonal packing, and c¢) square
packing.

1.2.4Matrix and interface properties

The matrix and fibematrix interfacial characteristiagetermine 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 fib&act, when a fiber breaks, the
surrounding matrix experiences shear loads thatrattie 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 failureandan increased stress in the nearby fibers

Interfacial debonding and Matrix crack

A crucial hypothesigelates to the stress singularity surrounding a fiber bieak
elastic, wellbonded materials, stress concentrations in the matrix surrounding a fiber break
are infinite. Although many models assuperfectbonding and an undamaged matrix
[36,38], it is unclear that the matrix and erface can handle thi®Jsually, 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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Fibermatrix debonding usually happe for weak interfaciabonds Debonding
causes an increase in the ineffective length [30,43], but decreases the SCFs on the intact
fibers [39,4345]. Fiber-matrix debonding have been extensivelyestigated [4648].

AhmadvashAghbasiet al. [40,49] develoed an approach using finite element
modelling that considers primary contributors to the longitudinal debondivey found
that thevalueof 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-bondedmodelg[9] (see section 1.2.2).

Matrix cracks are mainly as ghenomenon occurring prior to fiber failurin
polymer matrix compositebpth phenomen@ebonding and matrix crac&jeinterlinked
Several authors have observed matrix cracking arourd Bleaks during single fiber

fragmentation testS0i 54].

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,ite SCF doubles with the addition of matrix cracks.

Effect of matrix plasticity andhermal residual stressesn SCFs

The phenomenon of matrix yielding is commonly observed in thermoplastic
polymer matrix composites, and it can also happen in thermatisx yielding has been
demonstratedo decreasehe SCFs omeighboringintact fibers B0,39], but increase the
ineffective length 43,44. Both Nedele and Wisnom $and Van den Heuvel et al.4§
illustratedthat the influence on the SCFs in theasttfibers was small. Matrix yielding

have been extensively investigated j47,5559].

Although macroscale strain tests demonstrate some plasticity, the epoxy resins are
typically modeled as elastic or visetastic materials. This presumption, which aséd
on observations of bulk specimens, is not indicative of how the epoxy matrix behaves in

high-performance fibereinforced composites with reduced interfibre volumes.
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Hobbiebrunken et al. (B repored a high degree of plasticity in smaitale epoxy
specimensPlasticity 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
deformationthe maximum SCFef the neighboring intact fibers decrease in presence of

plasticity.

The mismatch in thermal expansion between the matrix and the fiber causes thermal
residualstressesThe most severe mismatch typically occurs between carbon fibers and
polymers becausef 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 matri{kber experiencesompressive strain according to van den
Heuvel et al[39]). The mismatch in the radial coefficients of thermal expansersuads
residual stresses (normal forces), therefore enabling interfacial friction on the debonded
surfaces. The simple analytical approaches fail to consider the stress state ¢pnmplexi
the vicinity of a fiber break or more complex loading through thermal residual stresses.

These inadequacies were remediedrBWs[37,4361].

The effectof matrix yielding and thermal residustressesire demonstrated in the
SCF values reportad [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 cureas some reactive groups in the epoxy resins dehars may not fully react
[63,64)]. Postcuringd typically conducted at a higher temperature than the initial odiring
is often essentiafor achieving optimal crosknking of the thermoset E|66]. This
approach results in a resin with improved mechampogperties and minimal shrinkage,
contributing to superior stability'heinfluence of polymer curingnd postcuring on the

mechanical properties of fibrous polymer composites hasibeestigated irj67).
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Identifying the stresstrain behavior of epoxgsin under various curing conditions
is crucial, as both curing and pastring processes cahangdhestrength of the polymer.
This affects the interfacial shear strength between the fiber and the matrix, since the curing
process plays a significantleoin 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 pasiring, where distinguishing between high and
very high degrees of cure is crucial. In contrast, the CNT sensor discussed in 2hapter
demonstrates a high sensitivity to changes in polymers during theyosy phase,

enabling precise differentiation of the duration of the joosing 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
(SWCNTSs).During the curing process, the formation of a cilodsed network in the
epoxy resin changes its electrical properties. As the epoxy cures, the dispersion and
interaction ofSWCNTswithin the matrix change, leading to alterations in conductivity.
This sesitivity can be used to determine when the resin beenfully cured, as the
electrical properties like temperature coefficient of resistam@R( will stabilize once

curing is complete.

1.25 Local SCF inside fibers

The baseline modelsi[3] use theaverage SCFX w @ "YO J@aken over the cross
section as the maximum stress in the neighbor intact fiber. An alternative approach is to
use the maximum stress (O W0 "O) in a crosssection as a derion for the fiber break
[23,6869], egecially because the strong stress localization is supported by experimental
evidence §8]. 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 exptcieel

even more important in our study of fibers with different diameters presented in chapter 4.
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Figure 1.3presents the stress distribution over the fiber esestion in the nearest
intact fibers of a broken fiber for a perfectly bonded FDD glass &pexy bundle with
VF50% and standard deviation (G4=2 at applied
neighboring fibers is about 1.379 GPa. The obtained results illustrate that the highest stress
observed on the surface of these fibers can vam fibout 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
crosssection rather than based on the agedaover this crossection. Values of
a QYo "O are very high at close distances to the broken fiber, fagtalecay of stress

concentration is observed by increasiiig.

An important observation frofigure 1.3s that the relative distance/R) to fibers
with diameters of 15.5 pm and 11.75 pm is comparable, indicating that the only
distinguishing factor is the diameter of the fibers. For the fiber with diameter 15.5 pm, the
"YO "Oand*Y0 "O are 9.40 and 16.96, respectivafprthe fiber with diameter 11.75 um,
the"Y6 "Oand"Y0 "O are 6.83 and 12.66, respectivelhis 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
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Figure 1.3. Local stresses in four nearest intact fibers close to a broken fiber. The calculation was
x1 Ul OUOT Ewi OUWEw%# # wl OEUUwWI PET Uwl xORAWEUOEOT wpb
0.1%. D denotes fiber diameter and d/R shows the reldive distance from broken fiber.
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1.3 Research objective

The conductedPhD thesismproves the accuracy of SCF and IL predictions by

providing more realistic stress redistributiofsis canaid in reconciling the differences

between numerical and experimental detanore accurately predict the longitudinal

tensile failure of composites in accordance with the observable microscale material

behavior

In order totackle key challenges ifi iber break model® and decrease the mga

between experimental data and numerical simulatibvesmain concept is tmvestigate

as follows:

(N

(I

1.4 Novelty

Identification ofstressstrainbehavior of the epoxy resatdifferent curing
conditions This is importat as it can potentially change: {ije strengh

(both tensile andshea) of the polymer matrix, consequently(ii) the
interfacial shear strength between fiber and mats»he curing process
significantly influences the quality of adhesion at the intertawd hence

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

Simulating a single fiber break within a UD impregnated bundle
surrounded by neighboring intact fibers based on a set of key modelling
assumpbns. These are related to position of fibers (spatial distribution),
fiber crosssectional geometry (diameter distribution), orientation of fibers
(alignment distribution) and debond propagation between fiber/matrix

including all three mentioned featurefsfibers

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

utilizing numerical modeling tanvestigatethe effect of (I) fiber diameter distribution

(FDD) and (II) misaligned fibers (MAF) on stress redisttiba within a unidirectional
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(UD) fiber bundle. While previous research by AhmadvashAghbash etl@l.hhs
examined the influence of longitudinal debonding on stress redistribution surrounding fiber
breaks, this study is the first to investigate the ¢fié&ongitudinal debonding considering
FDD and MAF on stress redistribution within a UD fiber bundielditionally, this
research explored and demonstrated a method for curing state of polymer matrix with
industrially available CNTs masterbatch. This @agh enables other researchers to

determine the optimal curing conditions for their particular polymer systems

1.5 Structure of the thesis

The presenPhD thesis comprise® chapters contributing to the research of the

fiber break modelingThe details oéach chapter are presedtbelow as:
Chapter 1: Introduction andBackground

This chapter begins with the motivation of the research topic, presentsfstiate
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 chapteexplores theinfluenceof postcuring on thestressstrainbehavior of
epoxy resin. It commences with an experimental examination of the statugof epoxy
resin using singlewalled carbon nanotubes (SWCNTs). Subsequently, dbase the
findings from the curingexperiments, a mechanical testing (tensile anglshests) is
conducted to investigate how variop®stcuring conditiors affect thestressstrain
properties of the epoxy resin useda simulations.

Chapter 3: Fiber Misalignment

This chapterseeks to examine how MisAligned Fiber (MAREJffects stress
redistributionsvhen compared to Perfect Aligned Fibers (PAF). This will be investigated
using finiteelement (FE) analysis to assess the stress distribution in a bundle surrounding

a broken fiber. Threedimensional Representative Volume Elements (RVES) el
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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 witthe influence of variability of fiber diameters in a UD
impregnated fiber bundl The chapter divided into two sections; (I) perfectly bonded and
(1) debonded fiber/matrix interface, and based on average and maximal stress in the fiber
crosssection the stress redistribution around fiber break is investigated. The FE modelling
is peformed for glassand carbofreinforced epoxy UD bundleShe 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 chaptes to investigatethe stress redistribution around a broken
fiber due to longitudinal debondingetween the broken fiber and matrix 3D FE
modelling is developed that considers all primary contributorsthe longitudinal
debondingaccounting for presented fiber features (FDD and MAF) as wslrassstrain
behavior of epoxy resin affected by pasting Two definitions of stress concentration
factor (SCF) are examined, based on average and maximesa strer the fiber cross
section forfour scenarios(i) debadingin aligned fibers with constant diameterH@D)
bundle, (ii) debondingn aligned fibers with diameter distribution E®D) bundle, (iii)
debondingn misaligned fibers with constadiameter (MFCD)undle, and (iv) debonding

in misaligned fibers with diameter distribution (MFDBJ)ndle.
Chapter 6: Conclusion and Outlook

This chapter provides a comprehensive overview of the findings and conclusions

drawn from the research conductegasd of the PhD program.
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Chapter 2

Characterization & Optimizing
Mechanical Properties of Epoxy Resin

This chapter presents experimental investigations into howgooistg conditions
(temperature and duration) affect the mechanical properties (strerggifiness, 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 usingvsithggiecarbon
nanotubes (SWCNTSs) as a sensor, while the second sectbtresgonducting 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 sgggnthe material can posse3$e saturation of
changes in the electrical response of the epoxy is checked by the duration of-theipgst
process. The incorporation of CNTs makes the polymer sensitive to changes in the
molecular structure as it cure3his 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 posting, 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 regine, allowing to differentiate how long the pastring continues. In the second
section, we apply the optimized posting conditions to fully cure the epoxy samples for
the mechanical tests.
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2.1 Temperature coefficient of resistancef 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,
tunnelig t hreshol ds and distances, matri xo coef
factors. In our study, we add one more influencing fatherdegree of cure. Complexities
of the curing process cause difficulties to predict, or even measure, the cuengf shet
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
singlewalled CNT/epoxy polymer nanocomposite. For the given degree of TOR,
measurements are conducted in the temperature ranfje@%, followed by the next 24
h of postcuring 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 &Cl3@e 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 thgmifisantly influenced by the
postcuring process continuing in parallel, leading in particular to-monotonic
temperature dependence and the appearance of negative values. The unbiased TCR values
we observe only when the material reaches the steadyastaho longer influenced by the
heat input. The dependence becomes steady, monotonically increasing from near zero
value at room temperature to 0.001C1at 100°C.

2.1.1introduction

Complimentary to good mechanical performance, epoxy resins sufferfoor
electrical conductivitieg71,72]. Carbon nanotubes (CNTs) enhance polymer properties as
a nanofiller and have been promising candidates to increase the electrical conductivities of
epoxybased nanocomposites with high precision and piezoresisnsgtigity [73i 77].

Especially in the field ohigh-precisionsensorq78i 80], the influence of environment
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temperaturg81,82] cannot be ignored for multiple polymer functionalities. Considering
electrical properties, this phenomenon is commonly relatédet temperature coefficient

of resistanceTCR.

TCR determinesthe performance of electrical materials in electronid€R
accurate values are required for the design of electronic components, especially in high

precision devicesICRis defined as

0 — (2.1)

WhereR is the electrical resistance (or resistivity) of the material d@Rds its
change witlthe change in temperatudé@.

TCRof a CNT/polymer nanocomposite depends extremely on the morphology of
CNT networks and properties of CNTs and polym&}.[8he CNT ntrinsic conductance
and tunnelling (or contact) conductance between CNTs are the two basic types of
conductance determining the electrical response of a CNT/ polymer nanocompésite [8
89]. Both are complementary one to anoti&j] f[vhen the leading mechiam 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 deformatioooatactsphenomena that are
difficult to be described quantitatively. For example, experimental observations show that
the interactions of tubaibe or tubematrix could lead to structural distortions of CNTs
[79i 91]. It could substantially affect the lacelectrical 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 resist@gceOften
studies assume a ballistimit 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 burlds) and CNT agglomeration (entanglement). Moreover, the
investigations of humidity effects 2095] show that the resistivity of CNT networks
exponentially depends on the development of water absorption. All mentioned factors
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influence theTCR of a studiedmaterial leading to complex analyses in support of

experimental observations.

As electrical materials, CNT nanocomposites find wide applications nowadays with
several studies addressing T@Rsof these materials. Approaches to effectively tailor the
TCRof CNT/polymer nanocomposites, including zero and/or enhah€#l have been
developed. Skéakalova et alg]9neasured and compared the electronic transport properties
of individual multrwalled carbon nanotubes (MWCNTS) and individual sirwgédled
carba nanotubes (SWCNTSs), as well as their networks of varying thickness, not infused
with polymer. They found mostly negativECRs at low temperatures below room
temperature but argued about the presence of a peak in conduetapesature
dependence at high temperatures. Negative TCRs were as well reported-iiviused
aligned CNT forests by Lee et a@7. Gong et al. [8,99] investigated the influence of
temperature on the MWCNT/epoxy nanocompos3i@Rsas critical for highaccuracy
sensors. Observing complex temperature behavior, the authors argued it resulted from the
competition of the tunnelling and thermal expansion efgblymer matrix. Varying the
loading of CNTSs, the authors tailored the nanocomposite to thezagaf CRin a wide

temperature range.

For MWCNT/vinyl ester nanocomposites, studied at different fractions of
nanofiller, Lasater and Thostenso®9] observed complex TCR dependences on
temperature: two maxima with positive values, two minima with negative values for higher
CNT fractions 0.51.0 wt.% and monotonic nelinear trend with positive slope and
negative values for 0.1 wt.%. NegatiV€ R was observedy Karimov et al. 100] for
MWCNT/glue nanocomposites. Similar results were observed by Nankali #0H|f¢r
MWCNT/PDMS silicone elastomer with ndmearTCRdependence. Negatie&CRswith
a complex dependence on temperature, having a maximum, wateldp Xiao et al. [12)

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

Another complexTCR behavior was reported by Gao et al. JLOwhere
SWCNT/polyimide composite film was evaluated at a temperature range from room (25
°C) to annealig temperature up to 400 °C. As for fresh composite films, the ifiG&
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behavior showed a negative trend. With increasing the annealing temperatli€Ribie

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

Clearly, experimentalesults 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 anothéthengegree of

cure ofthe 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 Reaers are
referencing earlier patents(i 106] and a publication107] by our colleagues at Skoltech
that discuss the curing degree of thermosetting polyrderss this degree of cure allow
us to conducTCRmeasurements? This is a wplised question because, by conducting
these measurements at elevated temperaturestmetethe posturing process with the
changes in electrical resistivity. These changes may shift the measured values of resistivity
leading to biase@CRs We argue that controversy in the literaturéeT@Rvalues may be
attributed to this effect.

Indirect proof of this statement comes from the resultsS§fGRsmeasured for
themo-plastics, where the pestring does not take place. Mohiuddin and Ho@g[1
observed a steady, ndarear increase of conductivity with temperature leading to
monotonicT CRdependence with negative values for MWCNT/PEEK. Garc et al. [09]
for MWCNT/PSF reported near linear resistance changes with temperature when slope
(and thereby the sign @iCR depended on the filler fractiopositive for <10 wt.% and

negative for 50 wt.%0No extrema were observed.

The present work aims to offer a better understanding of the influence of possible
postcuring on theTCRvalues of the singlvalled CNT/epoxy nanocomposite. For this
purpose, curing durations longer than recommended by irlystictice are investigated.
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The manuscript addresses (1) the duration of the-quustg process marked by the
saturation of changes in the electrical response of the material; (2) chaigeR with

the different posturing stages; (3) thECRof thefully postcured material.

2.1.2Materials and Methods
a Materials

The singewal | ed CNT masterbatch wused in
MATRIX 301 (OCSiAl), specifically designed to provide superior electrical conductivity
to epoxy, polyester, amablyurethane resins. To fabricate CNT/epoxy samples, the epoxy
resin system Biresin CR131, designed for kpgiformance fibereinforced polymer

composite applications, was used as the matrix.

bSampl esd Fabrication

CNT masterbatch was mixed with Bire§iR131 resin by shear mixing for desired
0.6 wt. % of CNTs at room temperature of
different stirring cycles were utilized with varying speeds as presented in Table 2.1. The
low vacuum of 0.1 mbar was applied for 1rbhetween each stirring cycle to reduce air

entrapment.

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

Cycle 1 Cycle 2 Cycle 3
Mixed Low speed + . High speed + . Low speed .
Materials heating (4% ) Vla?crlﬂljrr]r heating (43 ) \}:C[Jnl:?r Without heating VlaSCLnLIJTn
(20 min) (60 min) (20 min)

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 demonstratesperdact

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 aicisilicon mold 25 mm x 25 mm x 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 fronesin manufacturer to achieve a high degree of cure).

5. PW 2/22/2022 |curr | HV mag O WD HFW det mode| }———4pum——
13.5nm 5:1922PM S50pA 15.00kV 20000x 59 mm 20.7um TLD SE Helios G4 PFIB Skoltech

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

c Electrical Resistance Measurements at Posturing

DC electrical measurements were performed on CNT/epoxy samples using
Keithley DMM6500 as shown in Figurg.2. Before postcuring heating, the initial
resistances of the samples were recorded.

Procedure A: Five samples were posted at 12 °Cin BINDER ED115 for 72h
uninterruptedly; electrical resistance measurements were conducted once a day with the
samples maintained inside the oven. Every day, the duration of measurement$ was 1
during which the change in readings was observed. Analf/sesults is given in Section
2.1.3.1

Procedure B: Five other samples were exposed to a temperature o&diooe’C
for 8 days, but with the heating interrupted for l@@Rmeasurements ithherange 25100
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°C. For this purpose, every cycle the samplesrev cooleddown slowly to room
temperature. Next, the electrical resistance of the samples was measured at temperatures
25 (room), 40, 60, 8@nd100°C, consecutively, kept at the given temperature foal

each stepto equilibrate the temperature withthe samples. After the end of the
measurementshe samples were further pasired at 100C 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 S&mn 2.1.3.2

Oven — p

L Sample

DMM6500
L | |

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 thee@€trical resistance

measurements conducted durthgs a mp | e-audng.p o s t

a Electrical Resistivity Change during Uninterrupted PostCuring

The currentdiscussion is for measurements conducted with Procedurem
Section 21.23. For the five samples, uninterruptedly posted at 120C for 72h, the
measured electrical resistivities are presented in Fy8ré&ach connected set of markers
represerdtheresistivity change of a sample during an hour. The decreasing trend is clearly
observed, indicating the continuation tbke curing process. We argue that the way the
samples were manufactured (industrial cu@d30 °C for 3h) does not allowthemto

reacha high enough degree of cure since pasting clearly changes material properties.
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In Section2.14, we compare the behavior of pasired samples in the presented work
with reported mvestigations in the literature3®9]. We see that only aft&2h at 120°C,
the curves reach a steady state indicating that the final state of curing has been achieved.

All dependencies Figure2.3 possess identictdendsbut differ due to the scatter
in the conductance values, remaining unchanged even &ftharof postcuring. 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 wellasodifier of CNT content due to the difference in CNT
polymer and CNicopper surface energies. Nevertheless, the -qostg time

dependencies presemtlear trend, independent thfe scatter present.

Table2.2 representthe relative difference in electrical resistanaiethe samples.
The table compares the initial resistance of the samples before heating with the resistances
at the end ofhethermal program. Due to Tahk?, the average relative difference of the

samples was obtained 53% which implies a significarthange.
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Table 2.2. Relative difference in electrical resistance of epoxy-CNT single-walled with the influence of
constant temperature.

Sample Resi stance bel Resi stance at t he 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 PostCuring States

The currentdiscussion 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 nancomposite was investigated within 8 thermal cycles, each providihg 24
postcuring at 100C, interrupted for measurements. Experimental results are presented in
Figure2.4. 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 negafieRsat higher temperatures; (3) in thdly cured
state (cycles 7 and 8) the increase in resistance with temperature is monotonic,

demonstrating only positivECRs

Utilizing these data to calcula®CRs we depict results in Figu25. 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 -mmmotonic behavior.
However, in the fully cured state, the behavior becomes stable, wikERonotonically
increasing from a near zero value at room temperature to the values of the @@érof
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 1T0.00028 0.0012 T535%
2 1T0.00092 0.00076 T183%
3 1T0.00072 0.0011 T257%
4 1T0.00063 0.0011 T278%
5 10.00021 0.0013 T717%
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Table 2.3 shows the relative difference in TCRs of the samples (the abhsblige
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 ofhatvaluesatdowmpl| es i

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

2.1.4Comparative Analysis

To explore the influence of posuring on resistivity andTCR of CNT
nanocomposites, a comparison between the present study and ex{znmoeks in the
literature was accomplished. Taldd shows materials, temperatures, and CNT contents
in compared studies (for comparison, we selected studiesasthérmoset resin and full
data for both resistivity anlCRtemperature dependencies).

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

Nanocomposite

Source CNT Resin Temperature [°C] CNT Fraction
Present study SWCNT epoxy 251100 0.6 wt.%
Gong et al[83] MWCNT epoxy 140i 110 0.5 wt.%
Lasater et al[99] MWCNT vinyl ester 251170 0.5 wt.%

First, we compare temperature dependencies for resistivities. Both sf88jesd
[99], were conducted with MWCNTs. MWCNTSs provide much higher resistivities than
SWCNTSs, by several orders of magnitudes higiiéf, 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. larE@6a, we present thesependencies
for sample 1 in our study and kig 26b we put results frof83,99]on top of them. While
Gong et al[83] presenamuch wider scale of changes, beyond the limits of our plot, both
with negative and positive slopes, Lasater and Thostengar{9¥4 follow our results
closelyi note the resemblandeetween 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 pesuring). All these curves kia a maximunof around 80 C, which

we attribute to active posuring following the measurements and shifting the results.

In Figure 27, we compard@ CRtemperature dependencies. For our sampiefs
exhibited maximums near 70 for initial cycles ofpostcuring, but were becoming
steadily increasing monotonic dependencies at the end otpasy TCRsfrom [83]
exhibited not only maxima but also minima neai 8D °C, demonstrating much bigger
absoluteTCRvalues Figure 27a). TCRsfrom [102 (Figure2.7b) had values close to our
study reaching zero values near 90 °C, similar to the cycle 1 dependeheepoesent
study.

We argue that the complex and amonotonic behavior of CRspresented in the
literature depends dhecuring state of the materidigure5 demonstrates that the fully
cured state (cycles 7 and 8), as discussed in Se2tid®, the material shows stable,

monotonically increasing dependencel@Ron temperature.
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2.1.5Conclusions

The temperature coefficient of resistand€CR of a singlewalled CNT/epoxy
nanocomposite was studiednsidering the influence of pestiring. It was found that
industrially cured material demonstrates pasting resulting in complex, nemonotonic
TCRbehavior. The reason is that durihGRmeasurements the samples are required to be
equilibrated at theneasurement temperature (1 h in the present stubich activates
further postcuring and shifts the results. On the contrary, in the fully cured state, the
material demonstrates stable, monotonically increasing dependenc&CRf on
temperature. We argtieatthecontroversy of data ohRCRsin the literature may be caused
by the measurements taken rfodom fully cured material when measurements are

influenced by the simultaneoushyjtiated postcuring 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 pastng are considered. On the contrary,
sensos 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 significaccupogt

processes take place even after being cured for several days at elevateduesspenath
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prompted the next step of this researthinvestigate the influence of lengthy pasiring

on resin properties.

2.2 Optimizing mechanical properties of epoxy matrixhrough post-curing

Postcuring is aimed at improving strength, elevatingsgltransition, and reducing
residual stress and outgassing in thermo3#is. 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 investitgs the influence of the pestiring
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 temptna curing and Program B as hitgmperature
curing followed by varied duration of letemperature posturing. With Program A, it is
observed that extending the paosting time to 23 days at 120 °C, as opposed to the
standard dhour duration at 130 °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, addy postcure duration at 130 °C (equal to the glass
transition temperaturéy 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
postcuring 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 posturing 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.

2.2.1Introduction

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

appearance in the 19308poxy resins represent a wide range of inherent properties,
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resulting from their highly reactive epoxy groups located in the terminal cHAD411].

These thermosets' exceptional qualities make them appropriate fopdrighmance
applicationssuch a those in the automobile and aircraft sectors. Nevertheless, because of
the high crosdinking density that forms during curing, thermosetting polymer materials
are often recognized for their inherent brittlend42[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 thelorkisg precursor, but

also by the curing conditions and external factors, such as the curing temg¢nasssure,

and so forth114,115].

Selecting the appropriate crelgsking agent is a key strategy in the development
of epoxytype thermosetting polymers. Various options, such as amine hardeners,
anhydride hardeners, and acid hardeners, have bearexkind tested for this purpose
[1161 119]. Amine hardeners are the most used agent as they can providdrdiogsat
relatively low temperature420,121]. It is important to carefully select the stoichiometric
ratio between the hardener and the epasyn. Any deviation from this ratio could result
in an excess or deficiency of amine or epoxide groups, directly altering the characteristics
of the epoxy systemlP2]. The glass transition temperatui®&)( of the resulting epoxy
resins is especially fifcted by this phenomenoti?3,124]. 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 proces§3]. Specifically, employing lower temperatures during
curing can lead to a thermosetting resin with a redli¢eds some reactive groups from
either the epoxy resins or hardeners may not fully r&3t fubsequently, Etcuring is
often necessary to maximize the fifndivalue [64]. Postcuring typically involves a higher
temperature than that used during initial curing to achieve optimal-lonkssy of the
thermoset §5,66]. This procedure results in a resin withhanced mechanical properties

and, when combined with minimal shrinkage, provides superior stability.
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Glass transition temperaturév] represents the temperature at which amorphous
solids change from a glassy to a rubbery state. It reflects molecutdglitynand depends
on its degree of cure. In fact, thé 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 twthics transition occurs varies greatly
depending on the type of resin. Factors that influéivcaclude the composition of the
resin molecule, crosslink density, polarity and molecular weight of the resin molecule,

curing agent or catalyst, curing tifrend curing temperature.

The relationship between temperature, time, and the transformation of a polymer
during a curing process is typically depicted using an isothermattémperature
transformation (TTT) cure diagranid6,127]. The TTT diagram illusates how the
material transitions from a liquid or setiquid 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 tinaeticur during isothermal
curing at various temperatureé®, . These events are the phase separation, gelation,
vitrification, full cure, and devitrification. Achieving full cure status is most easily done by

reacting aboveéY , and more slowly Y curing below’Y to the fullcure state.

As the temperature at which curing occurs increasésyf the network also
increases steadily until it reach@é . This is attributed to an increase in density (or
decrease in free volume) and a predomieaof shorrange structural motions, which
causes enhancement of the mechanical properties of the re6jhi2B129]. Once the
temperature surpasses , the network will persist in a rubbery state following gelation,
potentially leading to thermal degglation or oxidative crosslinking, resulting in

degradation of the mechanical propertiez7[130i 132].

Postcuring is exposure of a cured resin system to temperatures equal to or above
the curing temperature for an extended duration. This process é¢gpatetil to enhance
strength, increase the glass transition temperature, reduce residual stress, and decrease the

tendency of outgassing33].
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Gupta et al.§4] illustrated that posturing dramatically increases crosslodnsity
in excess epoxy resinPostcuring also reduces densit§4,123]. Kong [123] found a
decrease of 0.06 g/cm3 in a TGDDM/Dib&sed formulation. This was attributed to
evaporation of lowmolecularweight contaminants including water. Gupta et &#] [

found density decreased on tireler of 0.01 g/cm3 ovehe entire formulation range.

In this investigation, we explore how the mechanical properties (strength, stiffness,
and Poisson ratio) of the epoxy resin are influenced by varyingcpasyg durations while
exposed to differenetmperatures. Two paestring 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 posturing regime within both programs was investigated with five samples, referred
to as a batch. The presented pmging method is in accordance with our findings for the
fully cure state of epoxy resin using a singlalled carbon nanotube/epoxy polymer
nanoomposite [13]. That involved post ur i ng f or 3 days at 120
100

2.2.2 Materials and Methods

a Materials

The specimens were fabricated using a-pad thermoset system made of Biresin
CR131 epoxy resin and a CHZX32hardener, desiga for high performance fiber

reinforced polymer composite applications, with thermal propefit#gsp to 130°C. Both

epoxy resin and hardener are lgiscosity liquids.

bSampl esd Fabricati on

The epoxy resin and hardener were added under the stoathiomatio 100:28
(wt/wi) 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 batohepecimens were then prepared
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using the silicon mold as shown in Figure 28.samples were cured for 24 h at room
temperature (23 )-curadnfar diffenerii posetaringetentpératurep o s t
and durations according to the Program A and 8disn Table 2.5.

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

Program Postcuring duration Postcuring temperature
12 h 120 °C
1 day 120 °C
A 2 days 120 °C
3 days 120 °C
1 day 130 °C
3h 130 °C
3h,5h 130 °C, 10C0C

B 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 postcuring regime within both
programs, referred to as a batch.
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¢ Mechanical test

The sample dimensions for tensile and shear tests follow international standard ISO
527-2 type 1A and ASTM D5379/D53792, respectively (see Figure 2.9). The tests
were performed according to standards on rectangular pieces in a mechanical universal
testhg machine INSTRON 5969 with a 50 kN load cell. The chessd speed was set at 1
a a& Q¢ and 24 a& Q¢ for tensile and shear tests, respectivélye test piece's

strainis measured usingxeensomete(Figure 2.10a)Figure 2.10 shows thequipment

setup for tensile and shear tests.

l3 Overall length ([3) 170
12 Length of narrow parallel-sided portion (1;) 80+2
l Radius () 24+ 1
1 Distance between broad parallel-sided portions ([;) | 109.3 £3.2
! Width at ends (b,) 20+0.2
$ R Width at narrow portion (b;) 10£0.2
T Preferred thickness (h) 4+0.2
L Gauge length (ly) 75+0.5
. L Initial distance between grips (L) 115+1
L2 90° (typ) h
NTNA 5 (typ) -] |«
\/ A Width at ends (d,) 19 mm
; A . Notched depth (d,) 3.8 mm
i w = Thickness (h) 5 mm
[ d Overall length (L) 76 mm
c 2 Notched radius (r) 1.3 mm
Width at narrow portion (1) 11.4 mm
r (typ)
L

Figure 2.9. Dimensions of the specimens: a) tensile test standard ISO 522 type 1A, b) shear test standard

ASTM D5379/D5379M-12.
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(a) (b)

Figure 2.10. Equipment setup in the mechanical universal testing machine INSTRON 5969: a) tensile test,
b) shear test.

2.2.3Results and Discussion

In this section, we present the obtained results of the mechanical tensile test
according to Programs A and B of pasired samples. Subsequently, we will perform a
mechantal shear test based on the optimal program choice between A and B. The
mechani cal properties (strength, Youngods
each postured duration. Five specimens (a batch) were used for each case for statistical

averagng 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 mocpessi

cure duration at temperature below (120 °C). As the cure temperature increases,
equaling to"Y (130 °C), the resin strength decreases significantly. This is attributed to

thermal degradation or oxidative crosslinking that occurs once thgetatare becomes
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equal to or surpasséy, 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, posturing at 120 °C for 2 and 3 days algancreases 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 120F@)re2.11c displays the average elongation

at break of five samples in each batch for Program A.-&ostg 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 issebved 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 represent s E)taldd?oissoneaticg gfe Yo un g
five samples in each batchfer ogr am A. From Fi gure 5a, it 1is
on day 2 at 120 °C shows an improvement about 13.3% compared to 12chinpogtat
120 °C. An interesting point was observed for the temperature eqdl(1B80 °C), at
which it demonstratedbao ut 33 . 6% i ncrease of Youngds mod
postcuring at 120 °CThis can be attributed to two factors: the first is a significant rise in
crosslink density during poesuring, and the second is a drop in weight density caused by
the evaporation of lowmolecularweight 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 nouymaed

difference in the Poisson ratio for different poating temperatures as well as durations.
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Program A: maximum strength in each batch

o= 4

50 - ]2 h-120 °C

60 A =

_—

s | day-120 °C

Stress [MPa]

2 days-120 °C

3 days-120 °C

@] day-130 °C

0 0.01 0.02 0.03 0.04

Strain

(a)
Program A: average stress of five samples in each batch
70

54.17 6045 60.18
60 51.94 |
i 45.23

50 A

40 -

20 A

Stress at break [MPa]

10 A

12 h-120°C 1 day-120°C 2 days-120 °C 3 days-120 °C 1 day-130 °C

(b)

Program A: average elongation of five samples in each batch

2.51 2.76
3.00 4 24 2.7

Elongation at break [%]

12h-120°C 1day-120°C 2 days-120 °C 3 days-120 °C 1 day-130 °C

(€)
Figure 2.11. Tensile testing of epoxy resin CR131 samples for Program A; a) stressstrain 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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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 increashugirpost
duration to 1 day at 100 °C after curing at 130 °C for 3h. However, as theyresturation
is increased above 1 day, a cldegradation in the mechanical properties was observed
(for 3 h at 130 °C + 3 days at 100 °C and 3 h at 130 °C + 7 dag® &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. Theraedjradation consists of the rupturing of
chains, which can split off volatiles (weight loss) and/onegate reactive sites in the
material that will cros$ink again. After longer times, the weight loss becomes more
pronounced [8], and the repeated crebsking results in char formation, a high carbon
content residue. The higher the curing temperasyrthe faster this degradation process
follows the full cure of the epoxyigure 2.13b shows the average stress at break of five
samples in each batch for Program B. As it is seen;quustg for 3 h at 130 °C + 1 day
at 100 °C dramatically increases steength 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 matergigradation foB h at 130 °C + 7 days at 100 °C as a result of

keeping for too lon@t elevated temperatuféigure2.13 displays the average elongation
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at break of five samples in each batch for Program B. It is evident thatypoxj for 3

hours at 130 °C + 1 day at 100 °C notably increases the elongation of the epoxy resin on
avergge (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 prolonggzbsure to elevated temperature.

Figure 2.14 depicts B andPosgpres rafiafaify®d s modul
samples in each batch for ProgramitBs seen that with longer pestiring durations both
Youngo6s modul us illwstrat anfnoporsrd incnease af tipi tal0% and 8%
compared to the industrial practiéH at 130 °C)respectively. As the material cures over
an extended period, it undergoes degradation which leads to increased brittleness.

Consequently, resin's stigth 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 days2dt °C in Program A and 3 h at 130 °C + a day
at 100 °C in PrograrB, which demonstrated the best strengths in these progfdmas
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 conparison 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 posturing at low temperatures, demonstrates better

mechanical propeds based on our proposed posting programs.
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Figure 2.13 Tensile testing of epoxy resin CR131 samples for program B; a) stresstrain 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 2.15 Tensile testing of epoxy resin CR131 samples: Program A vs Program B comparison based on
the best observed postcuring 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 wesnductedising program Bwhich yielded better results in the

tensile test.

Figure 2.16a depicts the shear stress vs. shear strain curves $petimens 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
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increasing posture duration. However, as the posre durabn is further increased, a
cleardegradation 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 stae¢break of five samples in each batch. The

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

postcure duration to 1 day at 100 °C after curing at 130 °C foF§jure2.16c illustrates

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

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

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

Figure 2.17 depicts average shear mod(B)sof five samples in each batch based

on Program BIlt is seen that with longer pestiring durations, the maximum relative

difference 8 h at 130 °C + 5 h at 100 y8hows 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 whileshear modulus rise

Table 2.6. Tensile strength, shear strength and elastic modulus for specimens testedat different post -curing
conditions (average + standard deviation).

Proaram Postcuring Postcuring Tensile strength Shear strength  Elongation stiffnessk moSdhu?SéG Poisson

9 duration  temperature [MPa] [MPa] [%0] [GPa] [GPa] ratio’

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

A 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+£0.41 291+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

3h 130 °C 40.30+ 6.19 38.85+5.6 1.62+ 0.33 2.85+0.25 0.76+x0.02 0.37+0.02

3h,5h 11%% o% 60.92+ 2.61 41.7£10.1 2.66+0.14 3.13+0.09 0.81+0.03 0.4%+0.02

B 3 h, 1 day 11%% o% 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 11%% o% 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 11%% OCC::’ 53.63+ 4.14 26.82+9.05 2.27+0.24 291+0.01 0.79+0.03 0.4+0.02
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Figure 2.16 Shear testing of epoxy resin CR131 samples for program B; a) shear stresshear 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 @ch batch at break.
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Figure 2.17. Shear testing of epoxy resin CR131 samples for program B; average shear modulus of five
samples in each batch.

Table 26 summarizes the values of the mechanical properties of epoxy resin CR131
for both postcuringprograms A and B, obtained from average vahfefive 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 simulationpresented in chapter 5, section 5,4tk stresstrain behavior of
the epoxy system, CR131, was characterized. As a first order approximatistretse
strainresponsef the epoxy matrix in the FE models can be defined by a few critical data
points ather than the implementation of the full tabulated data (selecting two points

depicted inFigure 218). Table 27 summarizes the measured matrix properties.

Table 2.7. Stressstrain behavior of epoxy matrix with linear hardening.

Initial stiffness(O) 3.1 GPa
Hardeningstiffness(O) 0.82 GPa
Poisson ratio’() 0.4

Yield stresq, ) 47 MPa
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Figure 2.18. Stresd strain curve of matrix used in our finite element modeling .

2.2.5Conclusion

In this study, we investigated the influence of varyingtcuring temperatures and
durations on the mechanical properties of epoxy resin CR131. There are tvooinouogt
programs that were applied: Program A involved heating for different durations at 120 °C
as compared to a day at 130 °C, while Program Bidiec! curing for widely practiced 3h
at high temperature 130 °C followed by varied time of yoosing 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 3hour curing at elevated 130 °C (high degree of curing), Program A demonstrated that
extending the posturing duration to B days at 120 °C resulted in enhanced ultimate
tensile strength of the resin. Conversely,-day postcure at 130 °C (equivalemo the
glass transition temperature of epoxy resin CR131) significantly reduced the strength of
the epoxy resin. At temperatures above or equal' téor a longterm duration, a thermal
degradation or oxidative crosslinking can occur with a changehef properties.
Additionally, when utilizing Program B, it was observed that extending thecpoisig 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

FiberDiameterDistribution

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 findkelement (FE) modelling is performed for glaasd carbon
reinforced epoxy UD bundles with experimentally measured fiber diameter distributions
(FDD), followed by a parametric study of the influence of the FDD coefficient iaftiosr
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 cressction. The influence of the FDD widghstudied with
the standard deviatiors of the fiber diameters taking values 0 (fibers with constant
diameter, FCD),s/2, s, and %, where s is the experimentally measured standard
deviation of the distributionThe results show that increasibgokenfiber (BF) diameter
causes growing the IL, which results in decreasing SCF in the nearest neighbor fibers
(NNFs). Nordebonded case illustrates a significant difference of about +30%8) in
the peak of the average SCF graphs, along with a substantialdse of about 435% in
the peak of the maximum SCF graphke difference in the SCF value may lead to the
emergence of nefiber breaks or break cascadékhe crucial observations demonstrate
that maximum SCFs are the primary factor affecting the dpwaknt of fiber breaks.
Therefore, we should prioritize this criterion over the baseline madmsticipants in the
benchmarks [13] that rely on average SCF8y increasing fiber volume fraction, the
difference between FDD and FCD bundles becomes mror@pnced. This implies that
the influence of fiber diameter distribution is more localized, resulting in stronger SCF

difference in the nearest neighbor fibers (NNHA%)e inclusion of interfacial debonding
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significantly increase the ineffective lengtlut llecreases the SCF compared to models
with welkbonded interfaces. Debonded case represents a signifi€caitiecrease within

FDD bundles compared to fiber constant diameter (FCD) bundles across the trend lines.
The results also imply that a bigger fibéiameter 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, itih multiple benchmark studies addressing this tofi&]. In
the stateof-the-art modelsthe primary mechanism driving the development of fiber breaks
is the redistribution of load resulting from the témdailure of individual fibers The
redistributon of stresses is described by stress concentration funct®@g) and
ineffective length(IL) of a broken fiber. The failure in impregnated fiber bundles is
characterized by spatially distributed weakly correlated fiber br@&aks [

The fiber break modeuses 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 rubeforehand; 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 diehesindom

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 &8pvEHa
modelling, described here, is based on the assumptistes] Above, and uses particular
choices for the models creation, which are established 8}.[These choices include most
importantly size of the RVE; boundary conditions for the RVE; stress transfer conditions
near the fiber break. The reader is reddno R0] for detailed discussion of these subjects.
The step beyond the statéthe-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, wasalculated in the literature taking into account 4iaear matrix behavior
[14,17,18,18], dynamic stress concentrations due to the sudden brittle nature of fiber
failure [18,13%], random fiber packing9,12,16 18,13] and fiber misorientation137].

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 implementedli®, 19,1%,138,139], but withaut

introducing the diameter variability inside a fiber type.

There are various instruments and methods available to determine diameters of
fibers. Mesquita and et all40] used an automated single fiber tensile testing to create
large data setslffl] 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 inflleshby 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 ridones. Several statistical descriptors are
available to quantify this irregularity [2A144], i.e. position of fibers (spatial distribution),
fiber crosssectional geometry (diameter distribution), and orientation of fibers (alignment
distribution). The rost relevant useful parameter is the fiber diametes][Lircularity of
fibers is assumed, with the only random variable being the fiber diameter. Based on
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validation [14] of the adapted algorithm of Meliio Catalanotti [14,147] for fibers of
constantiiameter (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
acquiral from [140]. Fiber orientation effects are acknowledged as an influential parameter
[148] and are studied by the present authors for the FCD cagg fut are not included

in the present work.

Zangenberg et al. [B} performed a full statistical analgsifor 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, standardiidéion, and skewness), they observed that
there is a negligible difference between the descriptors for various fiber radii distributions,
when a full range of intefiber distances is considered. However, the microscopic stress
distribution is highly sensve to the inteffiber distances when fibers are close one to
another [#9]. 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 [M3], 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 modélsparticipants in the benchmarksi B}, more
physical phenomena affecting stresgistribution in the fiber bundle, were included in the
models in the recent years. A major development is the role ofrfibgix debonding as
an influence on the magnitude of the SCFs and ILs on a neighboring intact fiber
[40,49,5B0]. AhmadvashAghbasét 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, ¢tion, 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

bundke. Zhuang et al. B0] used an axisymmetric FE model to investigate the failure

69



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 fibeaasi$l)

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 fibehstheiextent 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 welbonded models.

The debonding neah¢ fiber break depends on interfacial properties, mainly for
Mode Il fracture, which vary for different composite systems and have large scatter
depending on the characterization metho@ 151i 153]. Apart from this, the debonding
progression is sensitite the local fiber configuratiof154,155]. 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
AhmadvashAghbaseétal. [40].

The baseline modelsi[3] utilize the average SC&cross the crossectionas the
maximum stress in the neighbor intact fiber. An alternatnethod involves usinghe
maximum stress in a cresgction as a criterion for the fiber break EE869], particularly
due tothe strong stress localization is supported by experimental evidé8jcalie 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 esfed 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 formeatdrage and maximum over NNF's crgsstion)

and compare them.

The aim of the present chiapis 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 experimentall 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: (1) elastic and
inelagic regime of deformation, (ll) average SCF and SCF based on maximum stress, and

(1) 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 Eglass andcarbon T700s fibers

Figure 31 shows a histogram of fiber diameters feglgss and carbon T700s fibers

[140,141], Table 31 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 distributrath the measured standard deviation
s reported in [#0] and shown in Table 3.An observed variation in the fiber diametér
E-glass and carbon T700s fibers is presenteBignre 3.1along with fits for common

probability distributions (normal, legormal, gamma, and skemormal).

Figure 3.1depicts a small difference between the fits of various probability
distributions. er glass fibers, a minor positive skewness is observed by therskeval
distribution, others detect the peak around the mean. For carbon fibers, three probabilities
(skewnormal, lognormal, and gamma) are indistinguishable and show @Keft as
compaed 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 oteerfiterefore,

in the calculations of the present paper the normal distribution is employed.

Table 3.1. Parameters of Eglass and carbon T700s fibers used to generate FDD diagrams [0].

Definition E-glass fiber T700s fiber
(6] (um) 15 6.76

O (um) 11 6

O (um) 19 7.8
Ccv 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).

3.2.2Random fiber placement

A modification of the Melra’ Catalanotti algorithm1[46,147] 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 accoedaith the assumed fiber

diameter distribution.

In the stateof-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 studiatilized RVEs with the lengths between 7.5xD and
20xD [9,17,19, with D being the fiber diameter. In our study, the size of the RVE was
chosen as 12xD and 20xD, with D being the mean fiber diameter (Bablefor
transversal and longitudinal directigmespectively 9]. The samdrRVE dimensions were
used in[9,19]; these authorsavedemonstrated 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

accanting for the actual volume of the fi
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actual VF in our models was calcul ated based
Abaqus2019 Table3.2 shows the actual VFs in the cylindrical RVE with glass anolocar
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 filbeVFs, namely 30%, 50%and 65% (see Figure 3.2Five
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 wideange of fiber diameter distributions which makes scattering of data

higher and will be discussed tine results

Figure 3.2. Examples of fiber placements generated by the presented algorithm for E-glass fibers: a) VFo 1t p
b) VFu it pand ¢) VFRp v b

Table 3.2. Actual fiber volume fractions in the cylindrical bundle cut from square one; data were extracted
EEUI EwOOw? 1 PEYOQYODYQUEDIPOWPOW EE@UUS

FCD models FDD models

Fiber NO\TI;”a' MinVF % MaxVF%  Avg Std MnVF% MaxVF% Avg Std

30% 28.7 315 300  1.05 28.8 33.5 311 150

Glass  50% 48.7 53.3 505  1.74 48.8 51.4  50.3 0.78

65% 63.2 65.7 64.6  0.94 63.1 654 644 0.85

30% 29.4 30.8 29.9  0.66 30.0 334 316 1.20

Carbon  50% 48.2 51.1 49.9  1.09 48.0 51.1  49.7 0.96
65% 63.6 66.1 649  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

Table3.3 shows thematerial properties of carbon T700s andl&ss fibers 9] as
well as of epoxy matrixi[56]. The fibers are modelled as perfectly elastic, the epoxy matrix

is elasteplastic with linear hardening.

The RVE used to calculate the stress redistribution arawswdgle fiber break for
a random packing of parallfibers is illustrated in Figurd.3a,b. Figure3.3c shavs the
boundary conditions. Figure.3d depicts, as an example, the longitudinal stress
concentration in intact glass fibers surrounding a fibeakwith refined mesh in the fibers.
The broken fiber(BF) and its nearest neighbdibers (NNF) are indicated. The

corresponding FE simulation follows the model of Swolfs et%l. [

Under uniaxial tension, the entinkack 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 tractienee. Z-symmetry boundary condition is applied to RVE at the
plane of the fiber break, exceptdilyr 6 s -sectiomalsasea 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 dat&7q[L For more details about the FCD and FDD FE

models see Tablg4.

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
calaulations of AhmadvashAghbash et &l(] is assigned differently for different VFs:
22 0, 28 O, and 30 O for VF30%, VF50%, and VF65%, respectively, wh&ras
carbon fiber diametei7(um). Following Zhuang et al [#$and in the absence of positive
datafor 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 ioonidhiat
frees the debonded portion of the fiber nearthe bMWak. us e t he ficrack seam
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 tlwnisidered 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]
70 GPa
’ 0.22

Carbon T700s fiber (Transversely isotropic) [9]

O (GPa) O (GPa) © (GPa) ' ’ "0 (GPa) O (GPa) 'O (GPa)

230 15 15 0.25 0.25 0.25 13.7 13.7 6
Epoxy Matrix (Elasteplastic with linear hardening [8)
Initial stiffness Eo) 2.95GPa
Hardening stiffness (& 0.82 GPa
Poissonds ratio 0.4
66 MPa

Yield stress( )

@ Nearest neighbour fibres (NNFs)
@ Broken fibre (BF)
@ Fibres

@ Matrix
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Break plane

Traction free
Z-symmetry
. Displacement (¢ = 2%, £ = 0.1%)

(d)

S, Mises
(Avg: 75%)

+2.392e+08
+2.193e+08
+1.993e+08
+1.794e+08
+1.595e+08
+1.395e+08
+1.196e+08
+9.967e+07
+7.973e+07
+5.980e+07
+3.987e+07
+1,993e+07
+0.000e+00

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 diameteiD) 7" 4 0 =6.76t |

Glass fibediameter D) 15 & 0 =15¢1

L (notdebonded) 20 D 20 O (not-debonded)

L (debonded) 570 D 570 O (debonded)

n 12 D 12 O

0 45 fibers form o b 60 fibersforo o b
75 fibersford v TP 100 fibersfordo v P
110 fibers foro @ u P 140 fibersfordo @ u P

0 450,000 <0 < 800,000 450,000 U < 800,000

Type of elements

85%- 90% firstorder hexahedral
elements

10%- 15% firstorder wedge
elements

85%- 90% firstorder hexahedral elements
10%- 15% firstorder 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 Rafethg ineffective
length is defined as twice the fiber length over which @@%train recovery occar(see
Figure3.4a). 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 Swol® yvas used: the SCF is calculated as
the relative increase in average fiber stregs atd” divided by the average fibstress

» h far away from the failure plane:

I o G o .n a0
Y6 Oa o h = — = pTT pP

whered’ is the distance along ficefrom the break plane apd;  defined as the
longitudinal fber stress of the elements that plane averaged over filsecrosssection.
Multiplier 100 provides that all results for SCFs will be presented in perfeguate 3.4
illustrates how salefined SCF varies as a function of distance along the length of the intact
fiber, which is the nearest neighbor of the brofiear. The maximum of the average SCF
along the fiberd @ @ Y06 Y@ reachedery close to the break plang fhd then the stress

quickly decays by moving away from the plane of failure.

Beside the average SCF, described above, we also cottsderaximum SCF,
based on maxi mum -sectiore where gt inEq(l) is replaced by o s s
-~ i, Which is the maximum value of the axial stress infther crosssection. The
maximum € @ @ "YO )ds again sought along thiber. An example of location of this

peak and the stress distribution on the fiber esassion are shown in Rige 3.4h 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 nhative present
study forone FDD random realization @&achcarbon and glass bundles in VF5G#%
applied strain 2%theVon Misesstressn the matrix around the fiber break88 MPaand
76 MPa, respectivelygompared to 66 MPa of its Yield streisindicates that the matrix
has exceeded its yield stress and entered the plastic deformatioe.régithis case, the
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matrix has undergone plastic deformation, which means that matrix plasticity has
developed within the RVE.

120 - 300 maxSCF, ..

e SCF_avg

250 = e e SCF max
200

150

Stress recovery in broken fibre (%)
Stress concentration factor (%)

? T T .
20 A < _b 50
Loadless region (IL/2)
0 4 — ; ; ) 0
0 10 20 30 40 5 10 15 20
Normalized distance from the break plane (2/R) -0 Normalized distance from the break plane (z/R)
(a) (b)

Figure 3.4. Stress redistribution: a) IL along the broken fiber, inset: axial stress on the surface of the broken
fiber; b) & O W YO ‘@d & ® w YO "@ong the nearest intact neighbor; inset: stress distribution on the cross-
section of the intact fiber and along its surface. Glassfiber, applied strain 0.1%, VF50%; perfectly bonded.

To investigate the influencef the FDD and, in particular, of the distribution
standard deviatiog on the stress redistribution around a single fiber break, several cases
are compared: 1) FC3: = 0; 2) FDD with standard deviatiasf s /2, s, and &, wheres
is the experimentally measured standard deviation. The statistical comparison of the SCFs

presented in section 3.7 follow®ae tail tTest withan 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. L8BCR(d/R) be a regression of the reference SCF curve (baseline
FCD with s = 0) whered/Ris relative distance to the broken fibBis fiber radus, and
SCh(dW/R) with k = I @& Ket oK calculated SCF values for fibers in a model of
another type (FDD witls /2, s, or 2s). Then statistical analysis is applied to differences
D= SCR(dW/R) - SCR(dW/R), analyzing a hypothesi&i . 0

3.4 Mesh \erification

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 61 nmx200 nnx360 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).

I n the present wor k, the applied mesh on
of the R&Homt nasedo. The error between quad
(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 accuate 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
providemore accurate results for bendidgminated 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 geometribsror w
linear stress/strain fields are expected. In our study, the geometry (RVE) is a simple solid
structure, thereforelinear hex elements are suitable for accurately measuring stress
redistribution. Figure 3&illustrate the mesh sensitivity for quad dindar 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 timefisigntly.

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 longitudiraiatirand 2100
elements over crossection 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 mtiuef mesh variation in the
NNFs and BF surfaces and longitudinal directiortioe w "Y0 "@r a glass fibebundle
with VF50% at applied strain 2%. As it is seen, for several steps of mesh refinement, the
SCF profiles are nearly indistinguishabléderefore, the mesh size recommended in [9]

(yellow in Figure 3.5b) was used for all models. Moreover, Figure 3.5¢ 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 clogetorresponding one to anoth&hese illustrations

give confidence in the selected mesh size as a baseline in further analysis on the fiber

diameter distribution influence.

IL comparison: quad vs linear elements

o 120 4
s
= 100
£
o
5 801 Quad
£ —_
5 60 - — = -Linear xR
3 40 / S
§ 1%}
g 20 -
&
0 T T T !
0 10 20 30 40
Normalized distance from break plane (z/R)
(a)
20 -
® Present study
15 4 ® Swolfs [12]

Max SCF (%)
=)

maxSCF _avg

“..“'. ........
< ..p"u‘n‘-‘."— """"""
®

maxSCF_max

Mesh on BF and NNFs = 1000,
longitudinal planes =9

Mesh on BF and NNFs = 1500,
longitudinal planes = 13
Mesh on BF and NNFs = 1800,
longitudinal planes = 18
Mesh on BF and NNFs = 2100,

longitudinal planes = 25
Mesh on BF and NNFs = 2500,

longitudinal planes = 34

20 30 40

Normalized distance from the break plane (z/R)

(b)

SCF =-2.813 In(d/R) + 5.9591

SCF =-3.30 In(d/R) + 5.76

iy

0 0.5

1
2

Normalized distance to the broken fibre (d/R)

(c)

Figure 3.5. Mesh verification for random realization sat 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%).

3.5Fiber/matrix perfectly bonded interface

3.5.1 FCD models for carbon and glass bundles: Average normal stress over the cross

section

80



Five random reatiations were generated for each bundle type (carbon and glass).
The FCD models use the material properties and FE parameters presented 3B8Taiie
Table34.

Figure 3.6 illustrates the differences in stress concentrations calculated with the
applied aerage strain of 0.1%, i.e. in the elastic regime of deformation, and awB#h
reveals in full effects of nehnearity of the matrix behavior. It shows the distribution of
maximum average SGF & ® "YO @er the fibes of one of random realisans 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 stresbreidistrThe difference
in the loading level is felt primarily by these fibeffie maximun SCF (the rightmost bins
in Figure 3.9 is decreased for 2% loading in comparison with 0.Ibe detailed analysis
in [12] shows that the transition to the inelastgime strongly affects the fiber breaks
developmentln the rest of the calculations, the applied average strain level of 2% is used,

as it was done in the fiber break benchmark8].1

Figure 3.7a and Figure 3.8a show the ineffective length for carlwbglass FCD
bundles, respectively, at different VHscrease 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.§vesent 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. Thé & @ "YO ®shown as a function of the relative distard/&)from the
broken fber. SCF decreases fast with increas#/8f whi ch i s known as fsh
[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 secasd meighbors
from the stress concentration. As a result, the SCF of the setus®bt neighbors is

substantially lower. Besides, SCF is larger for lower VFs. This is again due to the shielding
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effect. A high fiber volume fraction has more fibers nearfyich 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.

Carbon

71 Applied strain 2%
u 10 I Applied strain 0.1%
S
= 8
(]
2
£ 6
-
5]
—
2 4
£
=]
2 2

10 20
Max SCF (%)

30

Glass

77 Applied strain 2%
[ Applied strain 0.1%

Number of intact fibres

0.0

5.0
Max SCF (%)

2.5 7.5 10.0 125

Figure 3.6. Maximum average SCF @ & @ "Y 6 J@istribution 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.
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e VF30% SCF =-3.489 In(d/R) +9.7308

® VF50% SCF =-2.813 In(d/R) + 5.9591
» VF65% SCF=-2.583 In(d/R) +4.2756
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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
(& & @ "Y6 J@ 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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Glass Glass

27 1 25 -
_I_ * ¢ VF30% SCF =-4.363 In(d/R) + 8.225
2 231 ‘I‘ 20 1% © VF50% SCF =—2.432 In(d/R) + 5.7187
B .
= 23 A & . &9 VF65% SCF=-1.327 In(d/R) + 3.8485
= <15 42 *.
= B " .
2 21 A 9] . e,
o N by . g %0 e @ .
2 K10 420 e e, .
3 19 4 = el e e, .
g | b B b T R e % o Ttreeeel, .-
g 5 i TT@ccceene...... IR BD ‘6" e
=17 A M Wy T
15 T T 1 0 T T T 1
30% 50% 65% 0 0.5 1 1.5 2
Fibre volume fraction Normalized distance to the broken fibre (d/R)
(a) (b)

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
(& & ® Y6 @ 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 theffect of diameter variation on the stress redistribution around a
single fiber break, a parametric study with three levels of the standard deviatiy (
and 2 ) was conducted, wheyeis the standard deviation of the experimental data reported
in [140]. The parametric study was done based on an assumed normal probability
distribution, as discussed #ection3.2 Using the parameters of the normal distribution,
five random realization®f the carbon and glass bundles for each standard deviation
according to the material properties and FE parameters presented ir8Baduhel Table

3.4 were generated.

Figure 3.9 compares stress concentrations, Eq (1), for FCD and FDD carbon
bundles at dferent VFs in the neighbor intact fibers around a single fiber breaé.

maximum average SCH (0 w YO J@ shown as a function of the relative distardd&)

from the broken fiber.
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Figure 3.9a,c,e depict SCF trends for FQI2(, , and 2 ) models in comparison
with FCD (, = 0) modelsFDD carbon bundles shoavconsiderable decrease in the peak
of thed w @ "YO (O graph € @ w"YO 1@ NNFs) at VF65% abolit(20%-30%). The
a O " YO i@ NNFs of FDD modelsvith 2, illustrates an increase 8% and 18% at

VF30% and VF50%, respectivelfHigher fiber volume fraction (VF65%) results in
stronger differences in the peak of tmaxSCFdue to the presence of fibers at smaller
distances from the broken fibévloreover,the peak SCF progressively decreases with

higher volume fraction.

Figure 3.9b,d,f provide thee ® @ "YO difference between the FDD model and the
corresponding regression in the FCD case (RFODg to the nature of variation of fiber
diameter in FDDbundles, 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 datapoints show a positive difference with RFCD at VF30% and VF50% and a
negative difference with RFCD at VF65%.

Figure 3.10compares stress concentration for the FCD and FDD glass bundles at
different VFs. Figure 3.10a,c,e show SCF trend for the FDD in casopeto FCD models.
It can be observed that the FDD glass bundles igmgficant differences in the peak of
thed @ @ YO (O graph at VF65% aboilitl2% to 22%or , /2 to 2, , respectivelyThe
a O " YO '@ NNFs of FDD modelsvith 2, illustratesa decrease df9% andi 7% at
VF30% and VF50%, respectivelyhe 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 poifits the FDD bundles compared to the FCD models.
From Figure 3.10b,d,f which represei@O O -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 standl 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) MaterialrBperties: 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 experiencessharper 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 ponounced stress concentratioris) Fiber Diameter Variability: The standard
deviation of fiber diameter can affect how stress is distributed iouthele In carbon fiber
bundles a small standard deviation might mean that the fibers behaveumiboemly,
maintaining consistent load transfer. However, with a larger standard devatigiass

fiber, discrepancies in diameter can leadntore pronounced differences $CFsaround

fiber breakqsee Figure 1.3 and Figure 3.22)
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Figure 3.9. Stress concentrations based on normalkverage 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, €) SCF regressions in function of thexormalized radial distance to the broken
fiber and (b, d, f) maximum average SCF @ & @ "Y0 Jdifference with regression in the FCD case

(‘ooo -RFCD), each data point represents the difference’ OO0 O -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 normakverage stress for the FDD Eglass bundles compared
with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for
each VF: (a, c, €) SCF regressions in function of the normalized radial distance to the broken fiber andb, d,
f) maximum average SCF @ & @ "Y0 Jdifference with regression in the FCD case (00O -RFCD), each
data point represents the difference "O0 0 -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 @ & @ "Y6 JGomparison for carbon T700s and Eglass bundles at strain
2% vs strain 0.1%, five random fiber placement realizations for each VF: (a, c, €) compared maximum
average SCF forcarbon bundles, and (b, d, f) compared maximum average SCF for glass bundles.
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Figure 3.12. Ineffective length for the FDD bundles compared with the FCD bundles at different VFs: a, b)
carbon T700s and Eglass bundles at applied strain 2%, respectively, ¢, d) carbon T700s and Hjlass 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 3.11compares thé& w @ YO T0r each bundle type (carbon and glass) at
strain 2% vs strain 0.1%. It is seen that-8#&aind & ® "YO ®about twice lesthan that

at strain 0.1%. SCF trends tend to zero at farther distances from the fibekéd/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 betveégso-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 fronthe 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 aatiosist

Figure 3.12 illustrates the ineffective length for carbon and glass FDD bundles in
comparison with FCD bundles at different VFs. From Figure 3.1%achn 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 strathessame, 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 needsdadierred onto the broken fiber
[9]. The ineffective lengths doohshow 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% strajrthe 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 derivdtds show more pronounced differences (about 10%) between
the FDD and FO models for glass fiber bundleBhis can also be explained by the wide
range of fiber diameters for glass fibers, which vary from 11 to 19 um, as opposed to
carbon, which has a diameter range from 6.0 to 7.8wme. to the nature of variation of

fiber diameters in FDD bundles, the appearing shear stress in the matrix in between the
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fibers varies significantly, leading to differestress recoverfor the broken fiber of the

FDD bundles in comparison with the FCD models.

3.5.3 FCD vs FDD for carbonbundle: 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 particulaca@ordinate along an intact fiber*j with a total length

of L, is the relative increase of thesssectional peak stress,; , atz = z*with respect

z

to the farfield stress (az = L) ("Y6 'O a & i i p mmThen

h

maximum is found along the fiber as® @ "Yo "@ive random realisations of the carbon

and glass bundles for each VF based on the material properties and FE parameters
presented in Tabld.3 and Table3.4 were generated. For the FDD bundles, the standard
deviation2 s chosen as it illustrated the xirum difference with FCD bundles s®ction

3.5.2.

Figure 3.13a,c,e depict SCF trends for
VFs. FDD bundles show significant increase in SCF@'Y 1@, more pronounced in
the peak of thé & @ YO "@raphs @ @ w YO "@ NNFs) at different VFef about43-
75% However, it is seen that, there is a fagb @ "YO "@ecay for FDD compared to FCD

bundles. This is assign to the high level of SCF at very small relative differences.

Figure 3.18,d,findicatethead ww"Yo @i f f er ence bet ween t
model and the corresponding regression in the FCD case (R ata pointeepresent
a strong positive difference with RFCD in very small relative distandé#9 at different
VFs. This highlights the crucial role ofrsss concentration factarsproximity to the fiber
break.

90

t

h e



Fully bonded, max: carbon VF30%, strain 2%

Fully bonded, max: carbon VF30%, strain 2%

90 1 60 -
— A [ ]
80 FCD S . ? FCD
70 1 ——FDD. 2o g ®FDD, 26
S 60 G 40 -
w50 A o oo
@] 2
240 A £
5 1 E 20 1@
s 30 2
20 g 10 A
-
10 A gg 0 L ] o9 ° [ ]
= -—;,_W._#AT{.
0 T T T —] A ° .\) o 1 5
-10 4 0.5 1 1.5 2 -10 A
Normalized distance to the broken fibre (d/R) Normalized distance to the broken fibre (d/R)
(@ (b)
. 0, 1 0, .
Fully bonded, max: carbon VF50%, strain 2% Fully bonded, max: carbon VF50%, strain 2%
80 1
—FCD a 180 OFCD
70 A E 160
60 4 —FDD, 2o 5 140 1 ®IDD, 20
i |
¢ 50 - § 120 !
el en 100 A
B 40 A 2
2 = 80 -
5 307 260 1
=20 1 2 40 -
10 - .
2
0 T T ] a 0 W
10 ¢ 0.5 1 s 20 0.5 1 L5 2
Normalized distance to the broken fibre (d/R) Normalized distance to the broken fibre (d/R)
(© (d)
Fully bonded, max: carbon VF65%, strain 2% Fully bonded, max: carbon VF65%, strain 2%
50 1 100 .
45 —FCD A ®FCD
40 - FDD. 26 = 80 ® FDD, 26
35 4 £
£ 30 A s
& 25 A oy
v 5p 4
w 2 =
S 151 5
9
10 A §
. =
0 - r - A

0 0.5 1

1.5

2

Normalized distance to the broken fibre (d/R)

(e)

Normalized distance to the broken fibre (d/R)

(®

Figure 3.13. Stress concentrations based on normal peak stress for the FDxarbon T700sbundles compared
with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for
each VF: (a, c, €) SCF regressions in function of the normalized radial distance to the broken fiber and (b, d,

f) maximum average SCF (& & o "Y 6 Jdifference with regression in the FCD case (OO0
data point represents the difference "'O0 0

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 3&béand Table8.4 were created,
with the debonded length chosen as statadction3.3. For the FDD bundles, the standard
deviation 20 is chosen as relatedsectont he
35.2

3.6.1 FCD vs FDD for carbon and glass bundles: Average normal stress over the cross

section

Figure 3.14,c,e show the maximumverage SCFsi(w w YO J@or debonded
FDD with 20 and FCD c ar b o nldiftance@dmehe braken a
fiber for different VFs. It is seen that the FDD bundles possess lower SCF than FCD
bundles spanning the entirety of dd@ different VFs.Figure 14,d,f provide the
a W YO ‘dfference 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 differea becomestronger more pronounced in the peak of
the maxSCK(NNFs) due to the presence of fibers at smaller distances from the broken

fiber. Statistical analysis of significance of differences is performedction 3.7

Figure 3.15a,c.e ploh ™0 f or debonded FDD with
bundles as a function of the radiistance from the broken fibéor different VFs.It is
seen that the FDD bundles possess significantly lower SCF than FCD bsipaitesng
the entirety ofd/Ronly at VF3®%6. 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 dete are two important differences between glass and
carbon fibers: () glass filbe have a significantly wider diameter width compared to carbon

fibers, and (Il) the transverse stiffness contrast between glass fibers and matrix is much
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stronger than in the case of carbon fibérem Figure 3.15b,d,f that depi€@O O -

RFCD, it is observed that there is a negative difference between FDD and FCD cases.
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Figure 3.14. Stress concentrations based on normalverage 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, €) SCF regressions in function of the normalized radial distance to the broken
fiber and (b, d, f) maximum average SCF & & @ "Y0 J@ifference with regression in the FCD case
(‘ooo -RFCD), each data point represents the difference’ OO0 O -RFCD in one intact fiber in one of
the realizations of the FE model.
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Figure 3.15. Stress concentrations based on normalverage stress for the FDD Eglass 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 andb, d,

f) maximum average SCF (@ & o "Y 6 Jdifference with regression in the FCD case (OO0
data point represents the difference "'O0 0

-RFCD), each
-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 linesegsjt is s
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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 intebfteeen
fibersand 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 theséairegs due to applied loads.

This can lead to greater debonding and longer debond lengths as compared to composites
with lower fiber volume fractions. Moreovesimilar to observation derived by FE models

in section 3.2 (Figure 3.12, carbon fibers posss longer ineffective lengths, which are
about twice the values for tiggass bundles.

Debonded, avg: carbon, strain 2% Debonded, avg: glass, strain 2%
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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 carbonbundle: Maximum normal stress in the cross section

In this section, devoted to the maximum SCF based on the peakistites£ross

section @ & w "YO the influence of fiber/matrix debonding on the SCF in NNFs aroun

a single fiber break is investigated.

Figure 3.17s hows SCF trends for the FCD vs FDD
VFs. Similar to what was observed $ection3.6.1, theFDD bundles shova lower SCF

compared to FCD bundlepanning the entirety af/R at different VFsFigure 3.17b,d,f

95



illustrate the & O W YO "Al i

fference

bet ween t he

FDD

corresponding regression in the FCD case (REFTbH¢ data pointsepresent negative
difference with RFCD at different VEBY increasing/F, the difference becomegronger

more pronounced in the peak of thaxSCRNNFs) due to the presence of fibers at smaller

distances from the broken fiber.

Figure 3.17 demonstrates, contrary to fully bonded bundles presensedtion
3.5.2 (see Figur 3.13), two important differences: (I) by enhancement of VF, the peak of

thed w @ "YO "@raphs decreases extensively, (1) slo@eid @ YO "@ecay in the radial

direction.

Debonded, max: carbon VF30%, strain 2%

B ——FCD
107 ——FDD. 26
g8
g6
7
><
5 4 4
=
2
0 T T T \
0 0.5 1 1.5 2
Normalized distance to the broken fibre (d/R)
(a)
Debonded, max: carbon VF50%, strain 2%
10 1
9 4 —FCD
8 A e FDD. 26
57
=0
‘{ﬁ 5
5 4
= 39
2 -
1 -
0 T T T

0 0.5 1 1.5

[5%]

Normalized distance to the broken fibre (d/R)

(c)

96

Difference with regression FCD

Difference with regression FCD

0.5 1

-0.5 4

Debonded, max: carbon VF30%, strain 2%

®FCD
L] ® DD, 2o

Normalized distance to the broken fibre (d/R)

(b)

Debonded, max: carbon VF50%, strain 2%
®FCD

® DD, 20

Normalized distance to the broken fibre (d/R)

(d)



Figure 3.17. Stress concentrations based on normalpeak stress for the FDD carbon T700sbundles compared
with the FCD bundles for different VFs at applied strain 2%, five random fiber placement realizations for
each VF: (a, c, €) SCF regressions in function of the normalized radial distance to the broken fiberand (b, d,

f) maximum average SCF @ & @ "Y0 Jdifference with regression in the FCD case (00O -RFCD), each
data point represents the difference "O0 0 -RFCD in one intact fiber in one of the realizations of the FE
model.

3.6.3 Debonded vs Netlebonded fiber/matrix interface for carbon and glass bundles:

Average normal stress over the cross section

In this section, based on the average stiredise cross sectiorti(® @ "YO JGhe
stress redistribution arodra single fiber break for debonded bundles is compared with

perfectly bonded bundles.

Figure 3.18 plots the predicted maximum SGFs)w "YO J@r debonded vs ro
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 SChsion t

As can be seen, thie ®w @ "YO T0r debonded bundles is significantly lower than

perfectly bonded bundles. For a similar cadegoxy system at the same applied strain
2%, Swolfs et al [20] in a perfectly bonded randomly packed model repbeedltulated
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
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