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Abstract

This thesis focuses on tensile-tensile fatigue of quasi-unidirectional (quasi-UD) non-crimp fabric
(NCF) reinforced glass-fibre/epoxy laminates. These laminates have good fatigue performance
since fibre bundles exhibit a very small amount of crimp. They are commonly used in fatigue
critical structures, e.g. in spar caps of wind turbine rotor blades.

The thesis is divided into three parts. The first part is devoted to the development of an applicable
test specimen configuration for tensile-tensile fatigue testing of the laminates. This is necessary
because standard rectangular specimens tend to fail at the tab area, resulting in unrealistic fatigue
life predictions. The thesis further focuses on the internal structure characterisation, fatigue
damage evolution and fatigue performance of laminates reinforced with NCFs based on different
stitch patterns and stitch tensions. The third part concentrates on dry and wet compaction of quasi-
UD NCF preforms, with the aim of finding out how the NCF structure and preform thickness
possibly affect the final thickness and fibre volume fraction (FVF) of the laminate.

The first part revealed that the developed dog-bone specimen configuration decreased tab failures
and yielded significantly higher fatigue lives for UD laminates when compared to the fatigue lives
measured with rectangular and slightly different dog-bone specimens. Fatigue tests and
mesostructural analyses performed in the second part indicated that damage evolution and the
measured fatigue life were significantly dependent on the stitch pattern, while they were not
dependent on the stitch tension. The main reasons for the differences were apparently the waviness
of axial fibres that were dependent on the stitch pattern but not on the stitch tension. The study
also revealed that the mutual location of stitch patterns in neighbouring fabrics affects the fatigue
life of the laminates. Finally, the thesis showed that the dry and wet compaction of quasi-UD
preform is dependent on the stitch pattern but not on the stitch tension. In addition, the fabric shift
perpendicular to the axial fibre bundles had a small effect on the thickness of the preform.

The results of the first part suggest that the developed specimen configuration is applicable for
fatigue tests and provides more reliable fatigue lives for quasi-UD laminates when compared to the
reference specimens. However, even with this configuration, part of the specimens failed outside
the gauge section, meaning that there is a need for further development of the specimen. The
results of the second part revealed that stitch patterns that keep fibre bundles well-aligned provide
the best fatigue lives for the laminates. The results also revealed that the mutual location of
neighbouring fabrics might affect the fatigue life of the laminates. Thus, the locations should be
the same, e.g. when the objective is to compare the fatigue lives of laminates with different stitch
patterns and tensions. The results in the third part indicated that FVFs of thin test laminates for
fatigue tests correspond well to the FVFs of thicker laminates used in the compaction tests.
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Tiivistelma

Viitoskirjatutkimus keskittyy ndennéisesti yhdensuuntaisista suorakuitulujitteista valmistettujen
lasikuitu-epoksilaminaattien vetovésytystestaukseen. Tallaisilla laminaateilla on hyvit
vasymisominaisuudet, koska kuitukimppujen mutkaisuus on hyvin pienta. Niitd kiytetdan
esimerkiksi tuulimyllyjen lapojen kuormaa kantavissa salkorakenteissa.

Viitoskirja jakautuu kolmeen osaan. Ensimmaéisessi osassa keskitytddn vetovasytystestaukseen
soveltuvan, mitta-alueeltaan kavennetun koesauvakonfiguraation kehittamiseen, silla
standardoidut suorakaiteen muotoiset koesauvat hajoavat usein paatyvahvikkeista tuottaen
eparealistisia visymiselinikid. Toisessa osassa keskitytdan suorakuitulyjitteilla lujitettujen
laminaattien sisdisen rakenteen tutkimiseen sekd laminaattien visymisvaurioitumisen ja
vasymiskestdvyyden tutkimiseen. Kolmannessa osassa tutkitaan suorakuitulujitteista
muodostettujen lujiteaihioiden kuiva- ja marképakkautuvuutta.

Viitoskirjan ensimmainen osa osoitti, ettd kehitetty koesauva vihentda yhdensuuntaisen
laminaatin paityvahvikevaurioita ja sietdd merkittavasti enemmaén kuormitussykleja kuin
standardin mukainen suorakaiteen muotoinen koesauva ja kehitetystd koesauvasta hieman
poikkeava kavennettu koesauva. Toisen osan koetulosten mukaan suorakuitulujitteen
tikkausparametreista tikin muoto vaikuttaa, mutta tikin kireys ei vaikuta laminaatissa
vasytysvaurioiden kehittymiseen ja mitattuun elinikdan. Merkittavin syy eroavaisuuksiin on
oletettavasti kuitujen mutkittelu, joka riippuu tikin muodosta, mutta ei sen kireydesti. Koetulokset
osoittivat myos, etta tikkauksen sijainti vierekkéisen lujitteen tikkaukseen nihden vaikuttaa
laminaatin elinikdan. Kolmannen osan tulokset osoittivat, etta tikin muoto vaikuttaa, mutta tikin
kireys ei vaikuta lujiteaihion paksuuteen pakkautuvuuskokeissa. Tulokset osoittivat myos, etta
pitkittdisten kuitukimppujen keskindinen asema vaikuttaa hieman lujiteaihion paksuuteen.

Viitoskirjan ensimmaisen osan tulokset osoittavat, ettd kehitetty kavennettu
koesauvakonfiguraatio on soveltuva visytystestaukseen, silla se tuottaa realistisempia elinikid
verrattuna referenssikoesauvoihin. Osa koesauvoista kuitenkin rikkoontui mitta-alueen
ulkopuolelta, joten koesauvan jatkokehitys on yha tarpeen. Toisen osion tulokset paljastivat, etta
laminaattien paras viasymiskestavyys saavutetaan tikkimuodolla, joka pitaa kuitukimput
mahdollisimman suorassa. Tulokset my0s osoittivat, ettd kuitukimppujen keskindinen sijainti
saattaa vaikuttaa laminaatin elinikaén. Siksi lujitteiden keskinéisen sijainnin tulisi olla sama, kun
vertaillaan eri tikkausparametreilla valmistettujen suorakuitulujitteisten laminaattien elinikia.
Kolmannen osan tulokset osoittivat, ettd ohuiden visytyskoelaminaattien kuitupitoisuudet
vastaavat hyvin pakkautuvuuskokeissa tutkittujen paksumpien laminaattien kuitupitoisuuksia.
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Original features

The following features are believed to be original in this thesis:

1)

2)

3)

4)

The performed tensile-tensile fatigue tests showed that the developed dog-
bone specimen configuration decreased tab failures and yielded signifi-
cantly higher fatigue lives for unidirectional (UD) glass-fibre reinforced
laminates when compared to the fatigue lives measured with rectangular
and slightly different dog-bone specimens. The main reasons for the dif-
ference in the performances of two dog-bone specimen types were differ-
ent shear stresses at curved edges of the specimens, different end tab ma-
terials and adhesives, and different manufacturing procedures of the spec-
imens. (Publication 1)

The tensile-tensile fatigue tests performed for quasi-UD laminates using
the developed dog-bone specimen revealed that damage evolution was sig-
nificantly dependent on the stitch pattern used in the non-crimped fabric.
The damage evolution and consequently the fatigue life were not depend-
ent on the stitch tension. Internal structure characterisation of the lami-
nates based on micrographs showed that in-plane and out-of-plane wavi-
ness of axial fibres were clearly affected by the stitch pattern but not by the
stitch tension. The fibre waviness was lowest in the best-performing lami-
nate with the double-tricot stitch pattern. (Publication 2)

The tensile-tensile fatigue tests performed using the developed dog-bone
specimen showed that the mutual location of fabrics perpendicular to the
axial fibre bundles affected insignificantly the damage development rate
and fatigue life of quasi-UD laminates formed from two layers. The lami-
nate with axial fibre bundles on top of each other showed a similar damage
development rate and fatigue life when compared to the laminate with the
fibre bundles overlapping. The mutual location of the fabrics parallel to
the axial bundles had a significant effect on the damage development rate
and fatigue performance. The laminate with a reversed stitch phase be-
tween the fabrics showed a considerably lower damage development rate
and a significantly increased fatigue life when compared to the laminate
with an identical stitch phase. Based on the micrographs, in-plane and
out-of-plane waviness of axial fibres in the laminates were affected by the
fabric shift. (Publication 3)

The performed compaction experiments revealed that the dry and wet
compaction behaviour of a relatively thick quasi-UD preform was substan-
tially affected by the stitch pattern but not by the stitch tension used in the
non-crimped fabrics. The preform with a tricot stitch pattern compacted
more effectively than the preforms with tricot-straight double and double
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tricot stitch patterns. In addition, the fabric shift perpendicular to the axial
fibre bundles (that is, whether the axial fibre bundles were overlapping or
on top of each other) had a small but detectable effect on the thickness of
the preform during dry and wet compaction experiments. Fibre volume
fractions measured in wet compaction tests for laminates with different
stitch patterns and tensions were close to the fibre volume fractions of the
corresponding two-layer laminates used in the fatigue testing. (Publica-
tion 4)






1. Introduction

1.1 Quasi-unidirectional non-crimp fabrics

Quasi-unidirectional (quasi-UD) non-crimp fabrics (NCFs), a certain class of
NCEF textile reinforcements, have been developed to replace high-priced UD pre-
pregs since they significantly reduce the cost associated with labour-intensive
manufacturing and process time. Quasi-UD NCFs usually consist of two layers
of unidirectional fibre bundles, as shown in Figure 1: the main layer is in the 0°
direction, and there is a stabilizing layer formed from a small quantity of fibre
bundles oriented at 9o° (Vallons et al., 2013). The layers are joined together
usually with a thin polyester stitch thread. Different stitch patterns and stitch
tensions as well as stitch lengths and widths are used. Fibre bundles in stitched
fabrics generally exhibit a very small amount of crimp, in which case the static
properties (Bibo et al., 1997) and specifically the fatigue life of NCF reinforced
laminates are better when compared to woven fabric reinforced laminates.

Quasi-unidirectional
Non-Crimp Fabric

0° Fibre bundle

Figure 1. Quasi-UD Non-Crimp Fabric used in spar caps of wind turbine rotor blades.

Due to the good fatigue performance (fatigue life and S-N curve slope) and an
inexpensive manufacturing process, the quasi-UD NCFs are widely used as a
reinforcement in many structural applications that experience cyclic loading
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Introduction

during the service. For instance, they are the most commonly used reinforce-
ments in the main load-carrying laminates, i.e., in spar caps (see Figure 1) of
wind turbine rotor blades (Vallons et al., 2013; Zangenberg et al., 2014a). The
blades undergo more than 108 load cycles during the typical 20-25 year service
life of a wind turbine (Bregndsted et al., 2005; C. Kensche, 1996; C. W. Kensche,
2006; Vallons et al., 2013).

Although the fatigue life of quasi-UD NCF laminates is better when compared
to woven fabric reinforced laminates, their fatigue performance is lower when
compared to filament wound (Samborsky et al., 2012) and prepreg-based UD
laminates. This is mainly due to the heterogeneity, i.e., due to internal structure
variations in the mesoscale structure of the laminate, as shown in Figure 1
(cross-section). The internal structure variations partly result from artefacts
caused by the stitching. In particular, stitching affects the waviness and cross-
sectional shape of the fibre bundles in cross-ply and quadriaxial NCF reinforced
laminates (Mattsson et al., 2007). Secondly, internal structure variations also
depend on the mutual location of adjacent fabrics with respect to each other,
i.e., whether the axial fibre bundles in neighbouring fabrics lie on top of each
other or are overlapping. In addition, compressibility of a single NCF and a stack
of NCFs during the laminate manufacturing process affects the thickness of the
preform and thus the fibre volume fraction of the laminate. The fibre volume
fraction also affects fatigue performance of the laminate (Carvelli and Lomov,
2015). Understanding the internal structure variation, e.g., the deformation and
waviness of axial load-carrying fibre bundles on a mesoscale, may reveal how it
affects fatigue damage evolution and performance of NCF reinforced laminates
in load-carrying structures on a macroscale.

Experimental coupon level fatigue testing is problematic for quasi-UD lami-
nates since standardised test specimens tend to fail prematurely at the end tabs
(Mandell et al., 1992; Mandell et al., 1993; Nijssen, 2006; Zangenberg, 2013).
Premature failure means that fatigue lives of the laminates are underestimated.
Additionally, differences in fatigue damage evolution and performance of lami-
nates with different internal structures (e.g., resulting from various UD fabric
architectures) may not be found. To utilise the full potential of the laminates in
cyclic-loaded structures and to be able to compare fatigue lives between differ-
ent quasi-UD laminates, a test specimen configuration that fails in the gauge
section and yields the true fatigue life for the laminate should be used in fatigue
tests.

1.2 Scope and objectives

NCF reinforced composite structures are subjected to different types of fatigue
loads during their service life. The loads are application specific and may include
e.g. tensile, bending and torsion loads. This thesis focuses on tensile-tensile fa-
tigue damage evolution and fatigue performance of quasi-UD GFRP laminates,
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since tensile-tensile loading is the dominant fatigue loading type in many struc-
tures made of such laminates, e.g. in the spar caps of wind turbine rotor blades
(Zangenberg, 2013).

The first aim of the thesis is to develop a test specimen configuration applica-
ble for tensile-tensile fatigue testing of quasi-UD GFRP laminates. The speci-
men should fail in the gauge section, since commonly used standard rectangular
test specimens tend to fail at the tabbed area. The thesis also aims to validate
experimentally the performance of the developed specimen in fatigue testing of
high-performance UD GFRP laminates made of powder-bound (non-stitched)
NCFs.

The second aim is to find out how the stitch pattern and tension as well as
fabric positioning (shifting) affect the tensile fatigue damage evolution and per-
formance of quasi-UD NCF reinforced laminates. The stitch pattern and tension
can be controlled and customised for a fabric and optimised to gain good fatigue
performance. A non-controllable fabric shifting inevitably occurs during the lay-
up phase of the laminate manufacture when the fabrics are stacked into a pre-
form prior to impregnation. The fabric shifting affects the internal structure of
the laminate and may result in a high scatter of fatigue test results.

The last part of the thesis concentrates on studying how the fibre volume frac-
tions of thin test laminates correspond to the fibre volume fractions of relatively
thick laminates needed in many applications such as the wind turbine rotor
blades. Dry and wet compaction tests are performed to measure compressibility
of thick preforms.

Specifically, this study answers the following questions:

e What is an applicable configuration for a test specimen intended for
tensile-tensile fatigue testing of quasi-UD GFRP laminates?

e How do the stitch pattern and stitch tension of a quasi-UD NCF, and
the fabric shift with respect to neighbouring fabrics, affect the internal
structure variation of a quasi-UD NCF reinforced laminate, and specif-
ically the axial load-carrying fibre waviness?

e How do the stitch pattern and stitch tension, and the fabric shift with
respect to neighbouring fabrics, affect damage development and fa-
tigue performance in tensile-tensile fatigue loading of quasi-UD NCF
reinforced laminates?

e How do the stitch pattern and stitch tension, and the fabric shift with
respect to neighbouring fabrics, affect the thickness of a thick preform
during compaction and thus the final fibre volume fraction of a quasi-
UD NCF reinforced laminate?

13



Introduction

1.3 Dissertation structure

This thesis consists of four scientific research articles and a concluding sum-
mary. The first article (Publication 1) presents a dog-bone shaped test specimen
configuration developed for tensile-tensile fatigue testing of quasi-UD GFRP
laminates. It also provides a comparison of the fatigue lives measured for a high-
performance UD GFRP laminate with a standardised rectangular test specimen
and with two different dog-bone specimens. The developed dog-bone shaped
specimen is utilised in the second article (Publication 2), which presents dam-
age evolutions and measured fatigue lives for quasi-UD NCF reinforced lami-
nates with different stitch patterns and stitch tensions. Fatigue damage evolu-
tions and measured fatigue lives of quasi-UD NCF reinforced laminates with
different fabric shifting cases are analysed in the third article (Publication 3). In
addition, Publications 2 and 3 describe the measured internal structures of the
prepared quasi-UD laminates and evaluate how the internal structure affects
fatigue lives and damage evolution. Finally, the fourth article (Publication 4)
presents the results of compaction tests performed for relatively thick quasi-UD
preforms to study how well fibre volume fractions of thin laminates used in fa-
tigue tests correspond to the fibre volume fractions of thick laminates.

The research work and its results are summarised in the following chapters.
Chapter 2 presents the theoretical background of the work. Chapter 3 describes
the materials used in experiments and essential research methods. The results
are presented and discussed in Chapter 4. Finally, Chapter 5 concludes the main
findings and gives recommendations for future research work.
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2. Theoretical background

2.1 Fatigue testing of UD and quasi-UD laminates

Fatigue tests of composite laminates are commonly performed for test speci-
mens using a testing machine in a load-controlled mode by applying a sinusoi-
dal waveform. The testing machine counts the number of cycles (fatigue life)
that the specimen sustains before failure. The peak stress is simply calculated
by dividing the maximum load applied to the specimen by the initial cross-sec-
tion area of the gauge section. In this thesis, measured fatigue life denotes the
number of cycles that the specimen withstands until complete failure. If the
specimen prematurely fails outside the gauge section, i.e. at end tabs due to
stress concentration, the fatigue life of the laminate to be tested is underesti-
mated. Thus, the true fatigue life of the laminate is higher than the measured
fatigue life of the specimen. The true fatigue life of the laminate indicates the
life (cycles) that the specimen would withstand if the specimen would be opti-
mised and would have broken in the gauge section as desired.

Standardised fatigue test methods for UD GFRP laminates propose a rectan-
gular test specimen with end tabs, e.g. based on ISO standards (ISO 527-5,
2009), when tensile-tensile fatigue tests are performed in the main fibre direc-
tion. In the rectangular specimen, the highest stresses naturally occur at the re-
gion of the end tab junctions due to the shape of the specimen and test machine
clamping. Thus, damages typically initiate at the end tab junctions during cyclic
loading, and the specimens tend to fail at this region (Mandell et al., 1992; Man-
dell et al., 1993; Nijssen, 2006; Zangenberg, 2013). This type of failure might be
avoided by using proper tabs and adhesive and by controlling the grip pressure.
Nevertheless, failure initiation at the tab junctions indicates that cyclic stresses
in the end tab area are more detrimental than the stresses in the specimen’s
gauge section. Consequently, the fatigue life of the studied laminate is underes-
timated. Moreover, due to the end tab failure, it is not possible to monitor dam-
age accumulation in the gauge section to the number of cycles that would result
in the laminate fatigue failure.

Rectangular specimens with straight end tabs are especially problematic in

tensile fatigue tests of quasi-UD laminates made of stitched fabrics. First, De
Baere et al. (2009) concluded that the highest stresses occur very locally in the
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laminate end tab junctions based on their finite element (FE) simulations. Sec-
ond, the internal structure of the laminates varies over a single stitch length in
a quasi-UD NCF. Thus, there is a risk that internal structures of two different
quasi-UD laminates are identical or very close to each other just at the stress-
critical point at end tab junctions (at the point of highest stresses). Conse-
quently, stresses at the critical points of the laminates may be close to each
other, resulting in the specimens failing at the tabbed area and yielding compa-
rable fatigue lives. Therefore, the effect of different fabric architectures, e.g. the
effect of the stitch pattern and tension of quasi-UD NCFs on fatigue perfor-
mance, may not be properly analysed when using rectangular specimens.

Waisted test specimens (dog-bone specimens) are often used in tensile fatigue
testing of GFRP laminates. Dog-bone geometry is used to promote failure in the
gauge section by decreasing the stress concentration at the tabbed area, i.e., by
reducing the risk of failure in the tabs and gripping areas. However, this speci-
men shape may also be problematic, since UD and quasi-UD laminates have a
tendency to split in the longitudinal direction from the edges of the curved area
due to their low shear strength. Mandell and Samborsky (1997) have used dog-
bone specimens in tensile fatigue tests of various GFRP laminates. They ob-
served that the final failure mode was dependent on the relative amount of 0°
fibres in the laminates. A large amount of fatigue test data for various UD GFRP
laminates is available in the OptiDat database gathered by the wind turbine in-
dustry under the European OPTIMAT project (Nijssen, 2014). In this project, a
dog-bone shaped specimen was occasionally used to prevent end tab failure —
yet without a true success. Qian (2013) used a dog-bone geometry with tapered
end tabs in fatigue tests of quasi-UD laminates, but unfortunately the specimens
mostly failed at the end tabs. Aono et al. (2008) used a high curvature, double-
notched specimen (notched in both thickness and width direction) to investigate
fatigue damage development in quasi-UD NCF reinforced laminates. However,
they did not report how the specimens failed. Zangenberg (2013) compared a
long dog-bone specimen and the rectangular specimen (ISO 527-4) in tensile
fatigue tests of quasi-UD NCF reinforced laminates by subjecting the specimens
to only one stress level. Both the dog-bone and rectangular specimens failed
outside the gauge section, but the dog-bone specimen yielded a slightly higher
fatigue life.

2.2 Factors affecting fatigue performance of stitched NCF rein-
forced laminates

2.2.1 Fibre compaction and fibre volume fraction

Large composite parts reinforced with NCFs, such as wind turbine blades and
boat hulls (Brouwer et al., 2003), are typically manufactured using a cost-effi-
cient vacuum infusion (VI) process. The VI process is a liquid composite mould-
ing process, and it normally contains four different stages: lay-up, pre-filling,
filling, and post-filling (Govignon et al., 2008; Govignon et al., 2010; Govignon
et al., 2013; Yang et al., 2012).
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The lay-up stage involves the stacking of dry reinforcements, a peel ply, and a
distribution medium on a solid mould. The stage also involves placing an inlet
and vacuum tube at the mould and finally building a vacuum bag on the pre-
form. The next stage is the pre-filling stage, which starts as the inlet tube is
clamped and vacuum pressure is applied to the bag. During the pre-filling stage,
the preform thickness changes depending on the reinforcements, applied vac-
uum, and time. The filling stage begins when the inlet tube is opened to saturate
the preform with resin. Hammami and Williams et al. (2001; 1998) have found
that the thickness of the preform reduces at a flow front depending on the lubri-
cation effect of the resin and on fibre nesting. Finally, after the flow front reaches
the vacuum tube, the inlet tube is typically clamped to start the post-filling stage.
During the post-filling stage, excess resin flows from the mould cavity into the
vacuum tube and the resin pressure begins to even out inside the vacuum bag.
As a result, the thickness of the preform decreases. Several studies have been
performed for various reinforcements to determine thickness changes along the
preform during the pre-filling, filling, and post-filling stages of the vacuum in-
fusion process (Govignon et al., 2013; Tackitt and Walsh, 2005; Yang et al.,
2012; Yenilmez and Sozer, 2009; Yuexin et al., 2008).

The final thickness of the laminate partly depends on the compaction behav-
iour of the preform, which describes the ability of the reinforcement to be com-
pacted perpendicular to the laminate plane. Hammami and Kelly et al. (2001;
2006) have found that the compaction behaviour depends on the structure of
the reinforcement and on the lubrication, i.e., whether the fabric is dry or wet.
Toll (1995; 1998) has proposed models to describe the behaviour of reinforce-
ments under compressive loading. The final thickness of the laminate naturally
affects the fibre volume fraction (Luo and Verpoest, 1999), which in turn affects
the fatigue performance of the prepared laminate (Carvelli and Lomov, 2015).
Dharan (1975a) has reported that an increase in the fibre volume fraction of
“pure” UD GFRP laminates results in a steeper S-N curve slope. Mandell and
Samborsky (1997) made a similar conclusion for quasi-UD NCF reinforced
GFRP laminates.

2.,2,2 Stitching

The fibre bundle stitching causes heterogeneity on a mesoscale in NCF rein-
forced laminates, which lowers fatigue performance of the laminates when com-
pared to corresponding filament wound laminates (Samborsky et al., 2012) and
laminates made of prepregs. For example, the stitching results in resin channels
and openings in the NCFs since the stitching needles push aside fibre bundles
(Vallons et al., 2013). The channels and openings are beneficial for the permea-
bility of the fabrics (Vallons, 2009). Lundstrom (2000) has reported that even
small variations in biaxial NCFs affect the permeability. Nordlund and
Lundstréom (2005; 2006) developed a CFD model and found out that the width
of the openings obviously affects the permeability of biaxial NCFs. Lekakou et
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al. (2006) found out that the stitch pattern also affects the permeability of a bi-
axial NCF. However, the channels and opening are also associated with the for-
mation and propagation of damages during loading of the laminate (Truong et
al., 2005).

Since the stitching needles push fibre bundles aside, they also cause minor
fibre bundle waviness (Vallons et al., 2013). Mattsson et al. (2007) have re-
ported that the stitching particularly affects the waviness and cross-sectional
shape of fibre bundles in cross-ply and quadriaxial NCF reinforced laminates.
Miller (1996) showed that the tow spacing and stitch density affect the waviness
of bundles in biaxial and triaxial NCF reinforced laminates. Drapier and Wis-
nom (1999) found, via FE modelling, a clear relationship between the fibre wav-
iness and compressive strength of biaxial NCF reinforced laminates. Tessitore
and Riccio (2006) developed a novel FE model and concluded that fibre wavi-
ness decreased the tensile modulus of bi-axial NCF reinforced laminates. Vari-
ous stitch patterns and tensions might also result in different levels of axial fibre
bundle waviness for quasi-UD NCFs. For instance, a single stitch pattern that
periodically zigzags around a bundle may result in higher in-plane waviness of
the bundles when compared to the doubled stitching, which presumably keeps
the fibre bundles better aligned.

The stitching also affects the formability and stability of the NCFs. Fabrics
with a good drapeability and stability are relatively easy to handle and thus user-
friendly (Vallons, 2009). Lekakou and Lomov (2006; 2011) have reported that
the stitch pattern and tension particularly affect the formability and drapeability
of the NCFs. For example, a loose stitch tension enables the fibres to move easily
within stitch loops (S. Lomov, 2011), which means that the fibre bundles may
spread more evenly in the laminate manufacturing process. In contrast, a loose
stitch thread might enable the axial fibres to undulate or misalign easily when
handling the fabrics prior to the laminate manufacturing. As a conclusion, the
fibre waviness and the level of the permeability and formability can be adjusted
by customising the stitching parameters. Verpoest and Lomov (2005) have re-
ported on the textile modelling software WiseTex, developed in KU Leuven, in
which the internal structure and deformability of textile fabrics (such as NCFs)
can be analysed.

Many researchers have studied the effect of the presence of structural and
non-structural stitching thread on the fatigue performance of NCF reinforced
laminates. The term non-structural in this context refers to stitching that only
joins the layer together, whereas structural stitching also reinforces the lami-
nate in the thickness direction. The influence of a non-structural stitching
thread on the tensile-tensile fatigue performance of quasi-UD GFRP laminates
has been investigated by Mandell and Samborsky (1997), who found that re-
moving the stitching from the quasi-UD NCFs prior to impregnation improved
the fatigue life and lowered the slope of the fitted S-N curve. A similar tendency
has been reported elsewhere (Aymerich et al., 2001; Aymerich et al., 2003;
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Mouritz, 2004) for laminates, in which reinforcements were tied together with
structural stitching. Mouritz (2004) found that structural stitching considerably
lowered the fatigue performance of woven glass-fibre reinforced laminates. Ay-
merich et al. (2001; 2003) concluded that the fatigue performance of fibre-dom-
inated [+45/0/90]s prepreg-based carbon-fibre reinforced laminates is reduced
by structural edge-stitching, whereas the fatigue performance of matrix-domi-
nated [+30/90]s laminates are considerably improved by structural edge-stitch-
ing. Carvelli et al. (2010) concluded that a structural stitch in a multi-ply carbon
NCF composite with a stacking sequence of [45/-45/0/90/45/-45]s increases
the fatigue life in the sewing direction of the structural stitch (o direction) and
reduces the fatigue life in the direction orthogonal to the sewing direction.

Based on the current literature, the presence of non-structural and structural
stitching affects laminate fatigue performance considerably. Therefore, it can be
expected that internal structure variations, depending on the stitching parame-
ters, also affect the fatigue performance of NCF reinforced laminates. Only a few
studies about the effect can be found in the current literature. Samborsky et al.
(2012) compared the fatigue performance of four multi-directional NCF rein-
forced GFRP laminates being different only regarding the stitch type, but they
did not observe any significant difference in the measured fatigue lives. Asp et
al. (Asp et al., 2004) studied the effect of stitch pattern on the tensile-tensile
fatigue performance of four different quasi-UD NCF reinforced carbon-fibre-
reinforced laminates. They found only small differences between the fatigue
lives and suggested that a high stitching density might lead to shorter fatigue
life. Vallons et al. (2014) investigated the tensile fatigue performance of quasi-
UD GFRP laminates having two slightly different tricot-straight double stitch
patterns. They found only a very small difference between the laminate fatigue
lives.

The stitch pattern and tension can have a significant effect on the internal
structure and consequently on the fatigue damage evolution and performance
of NCF reinforced GFRP laminates. Therefore, it is crucial to study how the
stitch pattern and tension particularly affect the axial load-carrying fibre wavi-
ness, since wavy fibres tend to straighten in tensile loading, resulting in fibre-
matrix debonding and matrix damage (Piggott, 2002). Edgren et al. (2004)
studied the formation of damage in a bi-axial NCF reinforced carbon-fibre lam-
inate during quasi-static tensile tests. They found that transverse cracks oc-
curred first, but they also observed longitudinal cracks. They further analysed
the laminate behaviour with an FE model to find out the level of stress concen-
trations caused by the longitudinal fibre waviness. Although the effect of stitch
pattern on the fatigue performance of quasi-UD laminates has also been inves-
tigated (Asp et al., 2004; Vallons et al., 2014), there is still a lack of detailed
information about the effects of stitch pattern and tension on the internal struc-
ture, fatigue damage evolution and performance of quasi-UD laminates in the
current literature. Finding an optimal stitch configuration regarding fatigue ne-
cessitates characterisation of the stitching-related artefacts in the laminate.
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2.2.3 Fabric shifting with respect to neighbouring fabrics

A fabric shift in relation to neighbouring fabrics inevitably occurs during a true-
life lay-up stage of the VI process. Fabric shifting perpendicular to the axial fibre
bundles may occur, in which case the axial bundles in fabric layers may lie on
top of each other or they can be overlapping (in other words, nesting), as sche-
matically illustrated in Figure 2. When the bundles lie on top of each other,
resin-rich areas (resin channels) form throughout the laminate thickness. When
the bundles overlap, they are partly pressed between each other in the neigh-
bouring fabric layers, and the resin-rich areas are smaller. The internal struc-
tures of the laminates are thus different. Fang et al. (2014; 2015) have shown
that the mutual locations of upper and lower fabrics of 0°/90° NCFs and the
mutual locations of adjacent axial bundles in UD fabrics also greatly affect the
out-of-plane permeability of the preforms.

a) | b)

Figure 2. Schematic cross-sectional view of a UD preform when axial fibre bundles are located:
a) on top of each other, and b) overlapping.

Fabric shifting parallel to the axial fibre bundles can also occur during stack-
ing of the fabrics. When a stitched fabric moves parallel to the axial fibre bundles
in relation to the neighbouring fabric, the stitch phase varies between the fab-
rics. The stitch phase is in extreme cases identical or reversed between the fab-
rics, as illustrated in Figure 3a and 3b. The internal structure of a laminate is
naturally dependent on the stitch-phase difference due to the stitching induced
fibre (and fibre bundle) waviness of NCFs. Lomov et al. (2003) have studied
how the stitch-phase difference affects layer thickness in UD NCF reinforced
laminates. Their Monte Carlo simulation revealed that when the stitching trav-
els in the same phase in adjacent layers, the thickness per layer is slightly higher
than in the case when the stitching does not coincide in adjacent layers.

a)

0° Fibre roving

~ Stitch thread

90° fibre roving

Stitch length

b)

Reversed stitch T ]
—T >
phase o

Stitch length

Figure 3. Two quasi-UD non-crimp fabrics having a) an identical stitch phase and b) a reversed
stitch phase between the fabrics.
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Control of the fabric shift is normally impossible in the manufacture of com-
posite parts. However, it is important to know over which range fabric shifting
influences fatigue performance so that stitch parameter based variations can be
reliably measured. To be noted is that there are also other reasons for the fatigue
life scatter of laminates, e.g., variations in fibre and fabric properties, variations
in laminate manufacturing methods which often cause a large number of defects
(Vassilopoulos and Keller, 2011), and variations in test conditions (Nijssen,
2006). These variations should be minimised when stitch parameter and fabric
shift based effects on fatigue life are being measured.
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3. Materials and methods

This section provides a brief description of materials and research methods used
in the thesis. The individual publications (Publications 1—4) of the thesis pro-
vide detailed descriptions of the applied materials and methods.

3.1 Materials

In Publication 1, the studied reinforcements were a newly developed UD pow-
der-bound fabric and a quasi-UD stitched NCF. The UD powder-bound fabric
consisted of 1152 g/m2 continuous glass fibres in the 0° direction, 25 g/m2 ther-
moplastic powder binder and 4 g/m? of synthetic monofilaments. Its total areal
weight was 1181 g/mz2. The quasi-UD NCF consisted of 1152 g/m?2 continuous
glass fibres in the 0° direction, 36 g/m?2 of glass in the 90° direction and 12 g/m=
of polyester stitch thread with the tricot stitch pattern and normal stitch tension.

In Publications 2-4, the studied quasi-UD stitched NCFs consisted of contin-
uous glass rovings (bundles) in the 0° direction and continuous stabilizing glass
yarns (bundles) in the 90° direction. The NCFs differed in terms of stitch pattern
and stitch tension, and in some tests in terms of the glass fibre manufacturer
(considered later as fibre type). The studied stitches were tricot, double tricot,
and tricot-straight double patterns, as illustrated with red lines in Figure 4. The
fabrics stitched with the double tricot stitch pattern were manufactured both
with a low and high stitch tension. The stitch width and length were equal in all
fabrics. The total areal weight of the fabrics was close to 1000 g/mz2, including
946 g/m2 of glass in the 0° direction, 40 g/m2 of glass in the 90° direction and
15-30 g/m2 of polyester stitch thread. Variation in material properties was min-
imised by manufacturing the test reinforcements specifically for the study from
the same batches of glass roving. For the same reason, all test laminates were
manufactured from the same batches of the epoxy resin (EPIKOTE RIMR135)
and hardener (RIMH137).
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Tricot stitch pattern Double tricot stitch pattern Tricot-straight double stitch pattern
90° Fiber roving 0° Fiber rpfing 90° Fiber roving 0° Fiber rod ﬂlv 90° Fiber roving
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(a) (b) (c)

Figure 4. Schematic view of used quasi-unidirectional stitched non-crimp fabrics with a) a tricot,
b) a double tricot, and c) a tricot-straight double stitch pattern.

3.2 Laminate preparation

All test laminates were prepared with the vacuum infusion (VI) method. In Pub-
lication 1, UD and quasi-UD laminates with a stacking sequence of [0°]. were
prepared between two heated glass plates. In Publications 2 and 3, quasi-UD
laminates were prepared using the method called resin infusion under flexible
tooling (RIFT II) (Summerscales and Searle, 2005), i.e., by using a flat mould
and a plastic vacuum bag. The fabrics were stacked with an orientation of [0°]..
The lay-up was slightly unsymmetrical, that is, the stabilizing 90° yarns were on
the bottom side, since the fabrics are normally stacked in this way in the manu-
facture of composite parts.

In Publication 3, four different fabric shift cases were studied, as illustrated in
Figure 5a-d. With Case 1 (Figure 5a), the fabrics were placed so that the axial
fibre bundles were precisely located on top of each other and the stitch phase
was adjusted to make it identical between the fabrics. With Case 2 (Figure 5b),
the fabrics were placed so that the axial fibre bundles were overlapping and the
stitch phase was adjusted to make it identical between the fabrics. With Case 3
(Figure 5c¢), the fabrics were placed so that the axial fibre bundles were located
on top of each other and the upper fabric was shifted one stitch length parallel
to the axial fibre direction. With Case 4 (Figure 5d), the fabrics were placed so
that the axial fibre bundles were overlapping and the upper fabric was shifted
one stitch length parallel to the axial fibre direction.

a) . . b) ; .
0° Fibre roving 0° Fibre roving

7 90° Fibre rov
Stitch Ieng ' fore roving Sli]lch lcng .

90° Fibre roving

Figure 5. Schematic illustration of four different lay-up cases.

24



3.3 Geometry and preparation of fatigue test specimens

In Publication 1, a well-known and commonly used rectangular specimen ac-
cording to the ISO 527-5 standard (ISO 527-5, 2009) was used as a reference
specimen in fatigue tests. As a relatively high stress concentration exists at the
end tab area due to the shape of the rectangular specimen and the specimen
clamping, test specimen development was focused on waisted (dog-bone
shaped) specimens to decrease the stress concentration at the tabbed area and
to keep shear stresses low at the edges of the specimen.

Two slightly different dog-bone shaped specimens with low levels of curva-
tures, A and B (Figure 6), were selected for the test program in Publication 1.
Specimen A (Figure 6b) is based on a previous investigation (Zangenberg,
2013), in which the dog-bone specimen has been found to yield higher fatigue
lives for a quasi-UD GFRP laminate than the rectangular specimen. The geom-
etry of the specimen B (Figure 6¢) was developed from the geometry of the spec-
imen A with an aim to find a specimen with lower stress concentrations at the
tab area in tension loading. The geometry is a result of several FE analyses and
fatigue tests conducted by the author with different specimen curvatures, spac-
ings of the end tabs and taper angles of the end tabs. Specimen B differed in
geometry from the specimen A in terms of lower curvature, longer tab tapering
and shorter spacing of the end tabs.
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Figure 6. Dimensions of a) ISO 527-5:2009, b) dog-bone A (Zangenberg, 2013) and c¢) dog-
bone B test specimens.
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In addition to geometry differences, different end tab laminates, tab bonding
adhesives and manufacturing processes were used in the manufacture of the
dog-bone A and B specimens. The differences are summarised in Table 1.

Table 1.End tab laminates, used adhesives for end tab bonding and manufacturing processes
used in the manufacture of dog-bone A and B specimens.

Dog-bone A Dog-bone B
End tab Ten plain weave fabrics (230 Nine uniform twill weave layers
laminate g/m?) and high glass-transition (290 g/m?) and Araldite/Aradur
temperature epoxy resin. 5052 epoxy resin system.

Adhesive Epoxy adhesive (3M, DP460) Epoxy adhesive (3M, DP190)

Tab laminate sections blasted End tab and test laminate surfaces
with glass particles and ma- grit-blasted with aluminium oxide
chined to the required tapering  and cleaned with methyl ethyl ke-
angle. The end tab sections tone. A thin nylon scrim cloth

cleaned with ethanol prior to layer used in the bond line to con-

Specimen bonding. The prepared end tab  trol the adhesive layer thickness.
manufacture Sections bonded, fixed and pres- The specimens cured in room tem-
surised with clamps to the test ~ perature for 24 hours under 0.8 bar
laminate and cured for 16-24 vacuum pressure in a vacuum bag
hours at 40 °C. and later post-cured at 45 °C for 2
days. Finally, tab taper ground and
laminate-end tab junctions manu-
ally smoothed with sandpaper.

3.4 Finite element analysis

Finite element (FE) analysis is a method applied to various engineering studies
to find approximate solutions for boundary value problems. In Publication 1,
Abaqus™/Standard v6.14-1 software was used to evaluate stress states in three
different specimens and to explain reasons for the identified failure modes and
measured fatigue performances of the specimens. Specimens made of a quasi-
UD GFRP laminate were modelled for the analyses since such laminates were
studied in almost all subsequent fatigue tests of the thesis. The thickness of the
test laminate was set to 1.5 mm, representing a laminate manufactured from
two quasi-UD NCFs with a stacking sequence of [0°].. A woven-fabric epoxy
laminate with the thickness of 2 mm and with layer orientations of +45° was
used as the tab material. To keep the model simple, the effect of the gripping
pressure and adhesive layers between the tabs and laminate were ignored. Only
half of a specimen was modelled to reduce the calculation time. The interaction
between the test laminate and the end tabs was modelled by using a tie con-
straint with surface-to-surface discretization. The specimen models were
meshed with a mesh size of approximately 1 mm, using C3D20R quadratic brick
elements with reduced integration. Finer mesh (0.5 mm element size) was
used at an area close to the tab edges for the rectangular specimens where higher
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stress concentrations were expected due to the specimen geometry (sharp edge
of the end tabs). The element behaves very well and is an excellent general pur-
pose element. A longitudinal stress (Oapplica) of 600 MPa was applied to the gauge
section. The absolute value of this stress is, however, not important since the
simulation was linear-elastic and the width of the gauge section was the same in
all specimens. The stress concentration factor SCF = max {01/ Gapplied} Was com-
puted along the specimen length and compared between the different specimen
geometries. A limitation of the applied linear-elastic analysis is that it does not
consider the damage initiation and evolution during loading.

3.5 Internal structure characterisation

The internal structure of the quasi-UD laminates was characterised using cross-
sectional microscope imaging. In Publications 2 and 3, heights and widths of
the axial fibre bundles (dimensions a and b in Figure 7a), distances between the
laminate mould surface and the upper fibre bundle bottom (dimension c in Fig-
ure 7a), and widths of the resin channels (dimension d in Figure 7a) were meas-
ured, based on microscope images acquired in five equidistant cross-sections
within consecutive stitch loops (Figure 7a).
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Figure 7. a) lllustration of a test laminate and its cross-section and b) an in-plane image of the
test laminate surface.

In Publications 2 and 3, the in-plane and out-of-plane waviness of axial fibres
were seen to be important geometry parameters affecting fatigue performance
of quasi-UD laminates. Out-of-plane fibre misalignment angles of axial fibres
were estimated from measured distances between the laminate mould surface
and the upper fibre bundle bottom (dimension c in Figure 6a). The highest mis-
alignment angles were determined by taking the highest measured distance dif-
ference in between two adjacent cross-sections and by assuming a constant fibre
angle in between the cross-sections. The in-plane waviness of axial fibre bundles
was determined based on the photographs of the laminate surface (see Figure
7b). The peak-to-peak amplitude and distance between the stitch loops were
measured from the upper fabrics since the axial fibre bundles and stitch loops
of this layer were clearly visible in the photographs. The in-plane waviness of
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the bundles was presumed to be of sine form. Thus, the calculated maximum
slope of the tangent, i.e. the maximum in-plane misalignment of the fibre bun-
dle, is:
. 2m-A
Y (Omax = nT 1)

where A is the amplitude and A is the wavelength.

The mutual location of the axial fibre bundles in the laminates (lay-up cases
in Figure 5) was determined visually from the cross-sectional microscope im-
ages. The mutual location of the stitching in the laminates was determined vis-
ually from the photographs of the laminate surface (see Figure 7b).

3.6 Tensile-tensile fatigue tests

Fatigue testing is a test method to determine the material capability of with-
standing a cyclic load (stress) applied to the material. Basic fatigue testing in-
volves the preparation of test specimens and the tests where the specimens are
subjected to a cyclic loading and loaded until failure. In Publications 1-3, a hy-
draulic testing machine with a 100 kN load cell was used for tensile-tensile fa-
tigue testing with a stress ratio R=0.1 (ratio of the applied minimum and maxi-
mum stress within a cycle). The tests were performed in a load-controlled mode
and by applying a sinusoidal waveform. Each fatigue test was continued until
the complete failure of the specimen (separation into two parts).

Fatigue data was presented in a conventional linear-logarithmic graph (ap-
plied peak stress versus cycles to failure), which is generally referred to as the
material’s S-N curve. The relationship between the applied maximum stress
(peak stress) and the number of cycles to failure was used with the power-law
model (Basquin 1910) to analyse the fatigue data:

N=c¢C-sm (2

In Eq. (2), Sis the maximum applied stress, Cis the intercept parameter, NVis
the measured fatigue life and m is the slope of the S-N curve. The least-squares
regression method was used to obtain the values of the parameters Cand m ac-
cording to the ASTM E 739 standard, using the number of cycles as a dependent
variable and the stress as an independent variable (ASTM E739-91, 2004). The
coefficient of determination R2 was defined for each data set to indicate how
well the S-N data fits the curve.

In Publication 1, stiffness degradation was measured for the UD powder-
bound fabric reinforced laminate in the gauge section of some dog-bone A and
B specimens to see whether or not the stiffness decreases during a fatigue test.
The longitudinal strain was measured continuously during the fatigue test in the
specimens’ gauge section using two back-to-back mounted extensometers with
a gauge length of 50 mm. Also, the distance between the upper and lower grips
was measured and recorded during the tests. The stiffness in the gauge section
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was calculated for each fatigue cycle as the slope of the full hysteresis loop, i.e.,
the stiffness was defined as the ratio of the laminate fatigue stress and strain
range. The overall stiffness between the grips was calculated as the ratio of the
applied load and displacement range from the displacement-load hysteresis
loop.

3.7 Damage monitoring using photography

The damage initiation and progression in the specimen’s gauge section were
monitored visually and recorded during the fatigue tests by photography. Digi-
tal images were taken for pristine specimens, after the quasi-static tests, and
also during the fatigue tests after 1000, 5000 and 10 000 cycles and later usually
after intervals of 10 000 cycles. Especially for the GFRP laminates used in this
thesis, the gauge sections of the specimens were extraordinarily transparent due
to the very smooth surfaces of the test laminates and the very transparent nature
of the matrix and glass fibres. Individual glass fibres were not visible, but the
stitch threads in stitched NCF reinforced laminates and synthetic monofila-
ments in UD non-stitched laminates remained visible. Therefore, matrix cracks
or fibre-matrix debonds and voids were easily detectable with an auxiliary light.
The type of crack, i.e. whether it was a matrix crack or fibre/matrix debond,
could not be identified from the images. Therefore, the term crack is later used
to refer to matrix cracks, fibre/matrix debonds, and their possible combina-
tions.

3.8 Compaction experiments

The compressibility of a relatively thick preform was determined by measuring
the thickness of the preform during the VI process. In Publication 4, the com-
paction during the pre-filling (dry compaction), filling and post-filling stage
(wet compaction) was measured using the in-house developed experimental set-
up shown in Figure 8. The set-up consisted of an integrally heated mould, an in-
house-developed movable supporting framework with displacement sensors, a
data acquisition system, a vacuum pump, and a vacuum sensor.

In dry compaction tests, step compaction was performed, i.e. vacuum pressure
was increased stepwise with an interval of 0.1 bar from the initial o bar to 0.9
bar, with a dwell time of one minute between each step. In wet compaction tests,
resin was infused to the preform using 0.9 bar vacuum pressure. Thickness evo-
lution was recorded continuously during the compaction tests. The measured
thickness comprises the thickness of the preform and the vacuum bag in the dry
compaction tests, and the thickness of the preform, peel ply, distribution me-
dium and vacuum bag in the wet compaction tests.
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i
Supporting

@l framework

Figure 8. Experimental set-up used in compaction tests.

The fibre volume fraction of an impregnated preform (after wet test) was esti-
mated with the following equation (Curtis, 1988):

Ayn

where A, is the areal weight of one fabric layer, n is the number of layers, pris
the density of the fibre, and h is the thickness of the preform under compaction.
The thickness of the preform used in FVF calculations is the measured thickness
minus the thickness of the peel ply, distribution medium, and vacuum bag. Total
thickness of the peel ply, distribution medium, and vacuum bag after removing
them from a post-cured specimen was measured to be 0.907 + 0.012 mm (aver-
age + standard deviation). A possible thickness change of the peel ply, distribu-
tion medium, and vacuum bag during the compaction was not considered.

3.9 Statistical analyses

Statistical analysis is a research methodology to study the collection, analysis,
interpretation, presentation, and organization of data. In Publications 1-3, a
specified regression with fatigue life data analysis was performed with the aid
of the MINITAB program to statistically compare the significance of the differ-
ence in fatigue lives between the test laminates (Minitab 17, 2014). In addition,
a two-sample student’s t-test was used in Publication 2 for characterising the
difference in average values of internal structure parameters between the quasi-
UD laminates with high and low stitch tension. In both analyses, the probability
that there is no difference in the studied parameters between two laminates is
indicated by the p-value. A 95% confidence level (significance level a = 0.05)
was used to define the difference between the laminates, that is, if p is smaller
than 0.05, there is a significant difference in the studied parameters.
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4. Results and Discussion

4.1 Development of a test specimen for tensile fatigue tests (P1)

The main objective of the first research phase (Publication 1) was to develop a
test specimen configuration that would fail in the gauge section in tensile-tensile
fatigue tests of quasi-UD GFRP laminates. Another objective was to measure
fatigue performance of a UD GFRP laminate reinforced with a newly developed
powder-bound fabric and to compare it against the performance of a quasi-UD
GFRP laminate reinforced with a conventional stitched fabric.

4.1.1 Influence of specimen geometry on stress distributions

The stress distributions of the rectangular specimen (Figure 9 a-c) indicated
that laminate stresses are highest in a small local region at the end of the tabs.
A calculated SCF of 1.32 was found at the end of the tabs (Figure 9a and Figure
12). The SCF is very high and agrees with the value given by De Baere et al.
(2009), who calculated the SCF of 1.28 under the tabs of a rectangular specimen
made of a carbon-fibre reinforced laminate.
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Figure 9. a) Longitudinal, b) transverse and c) shear stress distributions in the rectangular spec-
imen (ISO-527-5). Upper end tab is ignored in the figures, and the lower end tab is dis-
played in white.
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Figure 10. a) Longitudinal, b) transverse and c) shear stress distributions in the dog-bone A
specimen (1ISO-527-5). Upper end tab is ignored in the figures, and the lower end tab is dis-
played in white.
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Figure 11. a) Longitudinal, b) transverse and c) shear stress distributions in the dog-bone B
specimen (1ISO-527-5). Upper end tab is ignored in the figures, and the lower end tab is dis-
played in white.
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Figure 12. Stress concentration factor along the rectangular and dog-bone specimens from the
end of the specimens.

The SCF of 1.02 was calculated for the dog-bone A and B specimens at the
point (node value) where the curvature begins outside the tabbed area (Figure
10a, Figure 11a and Figure 12). The SCF of the dog-bone specimens is thus
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clearly lower compared to the SCF of the rectangular specimen. The mesh (ele-
ment size ~1 mm) was fine enough with the dog-bone specimens since the
stresses practically did not change with a finer mesh due to the smooth geome-
try of the specimens.

The highest shear stress of 28.8 MPa located at the edge of the end tab in the
rectangular specimen. The highest shear stress of 24.9 MPa located at the edges
next to the tab-laminate intersection in the dog-bone A specimen. In the dog-
bone B specimen, the highest shear stress of 21.6 MPa located at the edges of
the test laminate under the end tabs. The highest shear stress of the specimen A
is 15% higher than the highest shear stress value of the specimen B. Samborsky
et al. (2012) reported that the shear strength of a quasi-UD GFRP laminate is
roughly 55 MPa. The highest shear stresses of both dog-bone specimens were
below the shear strength of the laminate. However, the highest shear stress of
the specimen A is closer to the shear strength of the laminate, indicating faster
edge splitting during the fatigue tests.

Based on the FE analyses, the SCFs were substantially lower for the dog-bone
specimens when compared to the rectangular specimen. In addition, small
changes in the dog-bone geometry had a clear effect on the maximum shear
stress value at the edges of the specimen and on the area with high shear stress.
Apparently, the lower curvature of the dog-bone B specimen was the main rea-
son for the decreased maximum shear stress and for the decreased area of high
shear stress. A low shear stress reduces edge splitting and further reduces the
risk of delamination between the tabs and the laminate. Even though the mesh
was fine enough for the dog-bone specimens, that is, the stress values did not
change in practice with a finer mesh, the selection of an element type and inte-
gration points in the elements may affect the absolute stress values. However,
similar element types were used for each specimen so that possible error from
absolute stress values (true values) would be close to the same with each speci-
men. The performed elastic analyses naturally give only an initial understanding
of the stress distribution and a hypothesis of the failure zone. The evolution of
the damage with different damage modes creates a redistribution of the stress
and possibly a different failure zone. It should also be noted that stress compo-
nents were compared separately between the specimens. A suitable stress crite-
rion might reveal even better differences between the specimens.

4.1.2 Fatigue damage evolution in UD laminates

Tensile-tensile fatigue tests of UD laminates were performed by monitoring
damage evolution during the tests to see whether the damages initiate and prop-
agate in the gauge section and to find out in which location the specimens finally
break. Each rectangular specimen finally failed at the end tabs (Figure 13a). No
significant damage, i.e. matrix cracks, axial cracking or fibre breakage, was de-
tected in the gauge section. Thus, it is obvious that the specimens failed at the
tabs due to the high stress concentration (see Section 4.1.1).
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During the fatigue tests of dog-bone A specimens, very small matrix cracks
initiated in the gauge section of the specimen and longitudinal splitting initiated
at curved free edges of the specimen and propagated along the axial fibres to-
wards the test machine grips, resulting in delamination or detachment between
the laminate and the end tab. It was difficult to judge whether the damage oc-
curred in the adhesive layer or in the laminate-adhesive interface, since several
fibres from the UD laminate were stuck on the adhesive in detached tabs. Fi-
nally, the specimens failed at the end tabs, as shown in Figure 13b.

Some dog-bone B specimens failed similarly to the dog-bone A specimens, but
several specimens seemed to fail in the gauge section (Figure 13c¢), albeit some
of them also experienced edge splitting and delamination at the tabbed area. In
the specimens that failed in the gauge section, matrix cracks were observed
throughout the gauge section with severe damages such as some axial cracks
and several fibre breakages which usually initiated at the points where single
synthetic monofilaments were located.

Based on the analysis and test results, it can be concluded that lower shear
stresses in the dog-bone B specimen at least delayed the edge splitting (highest
shear stress of the specimen A is 15% higher than the highest shear stress value
of the specimen B). The other differences (end tab material, adhesive and man-
ufacturing procedure) of the dog-bone A and B specimens may further have de-
layed delamination and/or end tab detachment in the dog-bone B specimen so
that the damages had more time to develop in the gauge section. If the same end
tabs, adhesive and manufacturing procedure had been used for both dog-bone
specimens, a proper proof of the different behaviour would have been provided.

In the current literature, the progressive damage development in fatigue tests
of UD GFRP laminates has been observed to initiate by matrix cracking, which
is followed by axial fibre failures and fibre-matrix interface failures (or just axial
cracks) (Curtis, 1991; Dharan, 1975a; Dharan, 1975b; Gamstedt et al., 1999).
Here, the severe damage initiation points in the gauge section apparently con-
tained small defects, e.g., local fibre undulation or misalignment, or local man-
ufacturing defects such as small voids. Consequently, these points were the
weakest in terms of fatigue and led to damage initiation and progressive damage
accumulation. The damages (axial splitting and delamination) propagated in
the axial direction towards the end tabs, which caused the final failure of the
specimen either in the gauge section or at the end tab area. The specimens that
failed in the end tabs had usually delaminated between the tabs and the lami-
nate before the damages initiated from the gauge section reached the end tab
area.
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Figure 13. Typical examples of failed a) rectangular, b) dog-bone A and c¢) dog-bone B test spec-
imens at the end of the tensile fatigue test; UD powder-bound fabric reinforced laminate.

4.1.3 Fatigue damage evolution in quasi-UD laminates

Tensile-tensile fatigue tests were further performed for quasi-UD laminates re-
inforced with a stitched fabric. Rectangular and dog-bone B specimens were
used in these tests.

In the rectangular specimens, transverse cracks in the backing fibre bundles
and a few small axial cracks in the axial fibre bundles developed in the gauge
section. However, all rectangular specimens finally failed close to the end tab
area, as shown in Figure 14a. The reason for the failure was obviously a high
stress concentration in that area. The observed damages in the gauge section are
in line with the results provided by the current literature, since many research-
ers have reported that transverse cracks initiate in the backing bundles in quasi-
UD GFRP reinforced NCF laminates during tensile fatigue loading (Jespersen
et al., 2015; Jespersen et al., 2016; Zangenberg et al., 2014b).

The dog-bone B specimens experienced damages such as transverse matrix
cracks, axial cracks and fibre breakages in the gauge section (see Figure 15). The
specimens seemed to fail frequently in the gauge section, as shown in Figure
14b. Thus, the damages had enough time (cycles) to initiate and propagate in
the gauge section of the dog-bone B specimens before the damages in the tabbed
area would have broken the specimens. Clearly, stress concentrations outside
the gauge section of the dog-bone B specimen are not so detrimental in fatigue
testing of quasi-UD laminates. The internal structure of the laminate, e.g. trans-
verse bundles and fibre waviness, may cause even higher stress concentrations
in the gauge section of the laminates. As a result, damages initiate in the gauge
section and lead to the progressive damage evolution.
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Figure 14. Typical examples of failed a) rectangular and b) dog-bone B specimens after the ten-
sile fatigue test; quasi-UD stitched fabric reinforced laminate.
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Figure 15. Typical damage initiation and development in the quasi-UD stitched fabric reinforced
laminate during the tensile fatigue test of the dog-bone B specimen.

4.1.4 Stiffness degradation in UD laminates

Composite materials normally undergo stiffness degradation in fatigue loading
resulting from progressive damage accumulation (Harris, 2003; Vassilopoulos
and Keller, 2011). Stiffness degradation was measured for the UD powder-
bound fabric reinforced laminate in the gauge section of some dog-bone A and
B specimens.

Normalised stiffness degradation curves (dashed curves) in Figure 16a reveal
that stiffness degradation did not occur in the gauge section of the dog-bone A
specimens. The solid curves indicate that stiffness degraded between the upper
and lower grips, meaning that damages (or slippage) occurred outside the gauge
section, i.e. in the tabbed area. The fall of some dashed curves in Figure 16b
indicates that some dog-bone B specimens experienced stiffness degradation in
the gauge section, while the overall stiffness (solid curves) remained almost con-
stant until the final failure. The stiffness loss in the gauge section supports the
observed damage evolution in the gauge section during the fatigue test.
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Figure 16. Normalised stiffness degradation curves of a) dog-bone A and b) dog-bone B speci-
mens during the fatigue tests. Dashed lines denote the average normalised stiffness degra-
dation in the gauge section, and solid lines imply normalised stiffness degradation of the
entire specimen measured between the lower and upper grips.

4.1.5 Tensile-tensile fatigue performance of the laminates

To compare measured fatigue lives of the UD powder-bound fabric reinforced
laminate between the different test specimen configurations, the fatigue test re-
sults were plotted in a conventional stress-lifetime graph. S-N curves calculated
with Equation 2 and the corresponding 95% confidence bands in Figure 17 in-
dicate that the specimen geometry had a significant influence on the measured
fatigue lives. The fatigue lives measured with the dog-bone B specimen were
over nine-fold when compared to the fatigue lives measured with the rectangu-
lar test specimen, and over three-fold when compared to the fatigue lives meas-
ured with the dog-bone A test specimen. The results mean that the fatigue lives
measured with the dog-bone B specimen are much closer to the true fatigue lives
of the laminate. Lower shear stresses in the dog-bone B specimen at least de-
layed edge splitting. Presumably, the combination of different end tab materi-
als, adhesives and manufacturing procedures of the dog-bone B specimens also
delayed damages in the tabbed area, resulting in higher fatigue lives for the dog-
bone B specimens. It seems that small differences between the specimens sig-
nificantly affect the fatigue performance. However, the failure of some dog-bone
B specimens at the tab area indicates that there is still a need to further develop
the specimen.
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Figure 17. S-N curves with corresponding 95% confidence bands for the UD powder-bound fabric
reinforced laminate, measured with the rectangular and dog-bone test specimens.

S-N fatigue results of the quasi-UD stitched fabric reinforced laminate, meas-
ured with the rectangular and dog-bone B specimens (Figure 18), also show that
fatigue lives measured with the specimens are significantly different, i.e., that
the dog-bone B specimen yields significantly higher fatigue lives when com-
pared to the fatigue lives measured with the rectangular specimen. For instance,
the stress level corresponding to a fatigue life of 104 cycles was 604 MPa for the
rectangular specimen and 656 MPa for the dog-bone B specimen.

The results suggest that the dog-bone B specimen is applicable for fatigue test-
ing and provides more reliable fatigue lives for UD and quasi-UD laminates
when compared to the reference specimens. In addition, the dog-bone specimen
enables the monitoring of damage accumulation in the gauge section to the
number of cycles that result in the laminate fatigue failure.
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Figure 18. S-N curves for the quasi-UD stitched fabric reinforced laminate measured with the
rectangular and dog-bone B test specimens.

The fatigue test data and the corresponding S-N curves measured using the
dog-bone B specimen for the UD powder-bound and quasi-UD stitched fabric
reinforced laminates reveal a slightly lower slope of the S-N curve and over ten-
fold fatigue life for the UD powder-bound fabric reinforced laminate (see Figure
19). Mandell and Samborsky (1997) have observed a similar tendency, as they
report that removing the stitching from quasi-UD NCFs before infusion im-
proved fatigue life and lowered the slope of the fitted S-N curve. Samborsky et
al. (2012) studied the influence of the presence of backing bundles in quasi-UD

38



NCFs. They observed that fatigue lives improved significantly for polyester lam-
inates, but only slightly for epoxy laminates without backing bundles. The small
difference measured for epoxy-based laminates may result from the rectangular
specimen that they used in their tests. The main reason for the better fatigue
performance measured in this study for the UD powder-bound fabric reinforced
laminate is most probably the improved fibre straightness resulting from the
absence of backing bundles and stitching. For instance, Mattson et al. (2007)
have reported that the stitching and backing bundles in NCFs cause fibre undu-
lation, which lowers fatigue performance. The other reasonmay be a stress con-
centration effect resulting from the transverse cracks in the backing bundles of
the quasi-UD laminates. Zangeberg et al. (2014b) have suggested that an initial
failure of the backing bundles (cracks) of quasi-UD GFRP laminates forms a
stress concentration and a fretting/rubbing mechanism that gives rise to broken
fibres in the axial bundles.

Based on the results, the UD laminate yielded considerably higher fatigue lives
and a slightly lower S-N curve slope, meaning that the UD laminate makes it
possible to manufacture lighter structures.
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Figure 19. Comparison of the fatigue data for UD powder-bound fabric and quasi-UD stitched
fabric -reinforced laminates.

4.2 The effect of stitch pattern and stitch tension on internal
structure and fatigue properties of quasi-UD NCF laminates
(P2)

The research continued with a study on how the controllable stitching parame-
ters, i.e. the stitch pattern and stitch tension, contribute to the fibre volume frac-
tion, axial fibre waviness, fatigue damage evolution and fatigue performance of
quasi-UD laminates (Publication 2).

4.2.1 Measured fibre volume fractions

The fibre volume fraction (FVF) was determined using the resin burn-off tech-
nique to see possible differences in FVFs between the test laminates with differ-
ent stitch patterns and tensions. The FVF was measured only with two samples
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for each series. Therefore, the average values were only calculated since stand-
ard deviations are meaningless to present. The results showed that the tricot
stitch pattern resulted in a clearly higher FVF than the other stitch patterns,
which provided almost equal FVFs (Table 2). This is explained by the less con-
straining tricot stitching that resulted in wider and more compressible (lower)
bundles and thus a thinner laminate. The FVFs of the laminates with high and
low tension double tricot stitch patterns were almost the same. Because the FVF
affects the fatigue performance in general, the FVF difference must be noted
when fatigue test results between these types of laminates are compared.

Table 2.Measured average fibre volume fractions of quasi-UD laminates with different stitch
patterns and tensions.

Stitch pattern Stitch tension f::crg(:’gl[%/fge
Tricot High 57-5
Tricot-straight double High 54-4
Double tricot High 54.1
Double tricot Low 53.5

4.2.2 Internal structure and axial fibre waviness

The cross-sectional micrographs indicated that the average width and height of
the axial load carrying fibre bundles and the average resin channel width be-
tween the adjacent axial bundles considerably differed in the laminates with dif-
ferent stitch patterns (see Figure 20 (Ia,IIa,I11a)). The results also revealed that
the effect of stitch tension on the above parameters was minor in between the
stitch loops but statistically significant at the stitch loop cross-sections (see Fig-
ure 20 (Ib,IIb,IIIb)). Therefore, it is clear that the higher stitch tension com-
presses more the fibre bundles at the points of the stitch loops since the average
width of the bundles (Figure 20 (Ib)) was lowest and the resin channel widest
(Figure 20 (IIIb)) at the points of the stitch loops along the stitch length. The
results also revealed that the average height of the bundles was lowest between
the double tricot stitch loops at the point where the stitch threads cross each
other (Figure 20 (IIb)).
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Figure 20. Average (1) width and (Il) height of the axial fibre bundles and (lll) resin channel width
within the stitch length in test laminates. Subfigures (a) represent laminates with high tension
tricot, tricot-straight double and double tricot stitch patterns, and subfigures (b) laminates with
low and high tension double tricot stitch patterns.

The cross-sectionals also revealed that the mutual location of axial fibre bun-
dles and stitching in upper and lower fabrics varied in the test laminates. Axial
fibre bundles in upper and lower fabrics were closely overlapping in the lami-
nates with tricot and tricot-straight double stitches, whereas they located
(closely) on top of each other in the laminates with double tricot stitches. The
images taken perpendicular to the laminate plane (see Figure 22) showed that
the stitching thread travelled in a reversed phase in upper and lower fabrics in
the laminates with tricot, tricot-straight double and high-tension double tricot
stitches. The stitches were in the same phase, that is, in the same location in the
longitudinal direction, in the laminate with the low-tension double tricot stitch.
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The results (Table 3) indicate that the stitch pattern affects both the in-plane
waviness and out-of-plane misalignment angles of axial fibres. The tricot stitch
pattern is sensitive to producing in-plane axial fibre bundle undulation, as the
stitching thread zigzags around the bundle, moving the bundle laterally. The
double tricot and tricot-straight double patterns periodically compress single
bundles at the stitch loops, providing better fibre bundle straightness than the
tricot stitch pattern. However, even with these stitch types, individual fibres un-
dulate in between the stitch loops, as shown in Figure 20 (Ia,Ib).

A relatively high out-of-plane misalignment angle was measured for the tricot-
straight double stitch pattern. Out-of-plane waviness of axial fibres is attributed
to transversal fibre bundles and stitching, but the taken cross-sectionals (Figure
21) indicate that it is also attributed to the mutual location of adjacent fabrics.
In case the axial fibre bundles do not lie on top of each other, they may partly be
pressed between the bundles of the neighbouring fabric if the stitch thread (pat-
tern) is not able to keep the fibres properly together. The results also suggest
that stitch tension of the double tricot stitched reinforcement does not notably
affect the in-plane waviness and out-of-plane fibre misalignment angle.

Table 3. Maximum out-of-plane misalignment angles of axial fibres and in-plane waviness of
axial fibre bundles in the quasi-UD laminates with different stitch patterns and ten-
sions (average * standard deviation).

Stitch pattern Stitch ~ Out-of-plane  In-plane misa-
tension misalignment lignment angle
angle [°] [’]
Tricot High 4.5° 5.38° + 0.78°
Tricot-straight double High 6.8° 1.06° £ 0.62°
Double tricot High 4.2° 0.67° £ 0.47°
Double tricot Low 4.3° 0.56° + 0.60°

e

Figure 21. Cross-sections of the laminate with the tricot-straight double stitch pattern at the point
of a stitch loop (left) and between stitch loops (right).

4.2.3 Fatigue damage evolution

The images taken during fatigue tests indicate that damage evolution depends
on the stitch pattern but not on the stitch tension (Figure 22). Transverse cracks
initiated in all laminates at the areas of the backing bundles already during the
first load cycle. Earlier, Zangenberg et al. and Jespersen et al. (2015; 2016;
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2014b) have also observed that transverse backing bundles act as damage initi-
ators in quasi-UD NCF laminates during tensile fatigue testing.

a) Tricot with high stitch tension (max stress of 600 MPa)

Pristine 1cycle 10000 cycles 70000 cycles

Tricot-straight double with high stitch tension (max stress of 600 MPa)

10 000 cycles 50000 cycles
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I
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Figure 22. Damage evolution during fatigue tests of laminates with different stitch patterns and
stitch tensions; the laminates subjected to maximum stress close to 600 MPa.

During a fatigue test, the quantity and length of axial cracks and their devel-
opment rate varied in the laminates with different stitch patterns (Figure 22).
The axial cracks initiated at the intersection areas of transverse bundles and
propagated in between them in laminates with the tricot and tricot-straight dou-
ble stitch patterns. In the laminates with the double tricot stitch pattern, axial
cracks and local delaminations primarily concentrated at the intersection areas
of transverse and axial bundles (see magnifications of damage types in Figure
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23). The differences in damage evolution obviously result from differences in
the waviness of axial fibres since wavy fibres tend to straighten in tensile loading
resulting in fibre-matrix debonding and matrix damage (Piggott, 2002). Finally,
specimens with the tricot stitch pattern failed in the gauge section but part of
the specimens with the tricot-straight double and double tricot stitch patterns
failed at the end tabs.

Tricot with high Tricot-straight double
stitch tension with high stitch tension
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(intersection areas)

Figure 23. Typical damage types in the laminates with different stitch patterns and stitch tensions.

In the experimental work performed recently (Korkiakoski et al., 2016) for a
quasi-UD NCF reinforced laminate with the tricot stitch pattern and stacking
sequence of [0°], all fatigue test specimens also failed in the gauge section as
for the laminate with the tricot stitch pattern and a stacking sequence of [0°].
above. The authors suggested that some of the axial cracks and local delamina-
tions occurred only in a certain fabric in the thickness direction of the laminate.
However, they were not able to determine the exact location of the damage ini-
tiation in the thickness direction. The authors also reported that the fabrics were
stacked rather randomly with respect to each other, that is, the mutual location
of each fabric with respect to the neighbouring fabric varied so that axial and
transverse fibre bundles and stitch loops located rather randomly with respect
to each other.
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The observed differences in the mutual location of axial bundles and stitching
among the test laminates in this study and in the current literature (Korkiakoski
et al., 2016) encourage studying systematically the effect of exact positioning of
adjacent fabrics on the fatigue performance and damage development.

4.2.4 Fatigue performance

Fatigue test results (Figure 24) indicate a very small scatter (R2 > 0.94) for all
test series, meaning that the power regression commonly used to form an S-N
curve accurately fitted the fatigue data. The specimens that failed at the tabbed
area were also included when determining S-N curves since before final failure
these specimens experienced high extent of axial cracks and/or local delamina-
tions and several axial fibre breakages in the gauge section. In these specimens,
the damages in the tabbed area were more detrimental and resulted in the spec-
imens failing in the tabbed area. The measured fatigue lives of these specimens
were also close to the fatigue lives of the specimens that failed in the gauge sec-
tion. Furthermore, the coefficient of determination values, R2, were very close
to the value of 1.
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Figure 24. Fatigue test data and derived S-N curves for test laminates with different high tension
stitch patterns. Filled markers represent specimens that failed in the gauge section and un-
filled markers indicate specimens that failed at the tabbed area.

The fatigue test results show that the stitch pattern significantly affects the
fatigue life and clearly affects the slope parameter of the S-N curve. The highest
fatigue lives were measured for the laminates with double tricot stitched rein-
forcements, and the lowest for the laminate with tricot-straight double stitched
reinforcement. When the specimens were subjected to 600 MPa maximum
stress, the laminate with the double-tricot stitch pattern yielded close to three-
fold and over four-fold fatigue lives when compared to the fatigue lives meas-
ured for the laminates with the tricot and tricot-straight double-stitch patterns,
respectively. Vallons et al. (2014) have reported only small differences in fatigue
lives between two quasi-UD GFRP laminates, which could result from the fact
that the stitch patterns they used were close to each other and that they used
rectangular specimens.
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The fatigue tests conducted by Dharan (1975a) and Mandel and Samborsky
(1997) for quasi-UD and “pure” UD GFRP laminates with different FVFs suggest
that the slope of the S-N curve (m value) will steepen with an increasing FVF,
indicating faster material degradation in cyclic loading. In addition, a high FVF
results in high static strength of the laminate, implying that the S-N curve of the
laminate will also shift towards higher stresses (Vallons et al., 2013). Thus, the
measured S-N curves of the laminates with tricot and tricot-straight double
stitch patterns might be close to each other if their FVF values were the same.

The fatigue performance difference between the laminates with different
stitch patterns is assumed to depend mostly on the fibre waviness. Structural
analyses and measured fatigue lives of the test laminates support this assump-
tion. The in-plane waviness was lowest in the best performing laminate with the
double tricot stitch pattern and highest in the laminate with the tricot stitch pat-
tern. Additionally, the out-of-plane waviness of fibres in the weakest laminate
with the tricot-straight double stitch pattern was clearly higher than in other
laminates.

Fatigue performances of the laminates with high and low tension double tricot
stitch patterns were also studied by comparing S-N curves calculated from the
test data (Figure 25). The results indicate that the applied stitch tension has an
insignificant effect on the fatigue life of the specimens. The in-plane and out-of-
plane waviness of the axial fibres, as well as the fatigue damage evolution, were
similar in both laminates with good accuracy, which explains the similarity of
the fatigue test results.

Finally, it is noted that a higher number of specimens in each test series would
have increased confidence with the test results (S-N curves), but a more exten-
sive test program was not possible in the time frame of the study
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Figure 25. Fatigue test data and derived S-N curves for test laminates with high and low tension
double tricot stitch patterns. Filled markers represent specimens that failed in the gauge sec-
tion and unfilled markers indicate specimens that failed at the tabbed area.
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4.3 The effect of fabric shifting on internal structure and fatigue
properties of quasi-UD NCF laminates (P3)

Publication 2 of this thesis work and another recent study (Korkiakoski et al.,
2016) indicated that the internal structure of a quasi-UD stitched fabric rein-
forced laminate clearly depends on the mutual location of adjacent fabrics.
Therefore, research for the thesis was continued by studying in detail how the
(practically) non-controllable stacking parameters, i.e., fabric shifting perpen-
dicular and parallel to the axial fibre bundles, contribute to the fibre volume
fraction, internal structure variation and axial fibre waviness. Fatigue tests were
included in the study to find out how fabric shifting affects damage development
and fatigue performance of quasi-UD laminates. Fabrics with a high-tension tri-
cot stitch pattern were used as a reinforcement in all test laminates. The studied
fabric shifting (lay-up) cases are listed in Table 4.

Table 4.Lay-up cases used in this study.

Lay-up  Mutual location of Mutual location of
axial bundles stitching

Case 1 On top of each other Identical stitch phase

Case2  Overlapping Identical stitch phase

Case 3 On top of each other Reversed stitch phase

Case4  Overlapping Reversed stitch phase

4.3.1 Measured fibre volume fractions

The fibre volume fraction (FVF) was determined using the resin burn-off tech-
nique for all test laminates. The results showed that the FVF was almost equal
in the laminates (Table 5). Based on the results, it is clear that at least the fibre
volume fraction does not affect the prospective difference in the fatigue perfor-
mance between the laminates.

Table 5.Measured average fibre volume fraction of quasi-UD laminates with different
fabric shifting cases.

Stitch Stitch Lay-up Fibre volume

pattern  tension fraction [%]
Tricot High Case 1 58.0
Tricot High Case 2 577
Tricot ~ High Case 3 58.0
Tricot High Case 4 58.5
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4.3.2 Internal structure and axial fibre waviness

The results based on cross-sectional images showed that the average bundle
width and height and the resin channel width varied along the stitch length in
each laminate, as shown in Figure 26. The average bundle width (Figure 26a)
was highest in between the stitch loops, and the average height (Figure 26b) and
resin channel width (Figure 26¢) were clearly highest at the stitch loops (cross
sections 1 and 5) in each laminate. The results also suggest that the average
width and height of the bundles and the average resin channel width are slightly
affected by the fabric shift.
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Figure 26. Average (a) width and (b) height of axial fibre bundles and (c) resin channel width in
the laminates with different fabric shifting cases.

The in-plane waviness and out-of-plane misalignment angles of the axial fi-
bres were determined for each test laminate, as described in Section 3.5. The
results (see Table 6) suggest that fabric shifting slightly affects the in-plane wav-
iness and out-of-plane misalignment angles. The out-of-plane misalignment an-
gle was higher when the axial fibre bundles overlapped (Case 1 vs. Case 2, and
Case 3 vs. Case 4). The lowest out-of-plane misalignment angle was in the lam-
inate with the lay-up case 3, where the axial fibre bundles were on top of each
other and the stitch phase was reversed between the fabrics. The highest out-of-
plane misalignment angle was in the laminate with the lay-up case 4, where the
fibre bundles were overlapping and the stitch phase was reversed between the
fabrics. The relatively high out-of-plane misalignment with the lay-up case 4
might result from the fact that some of the bundles were pressed between adja-
cent bundles as observed for the laminate with the tricot-straight double stitch
pattern in Section 4.2.2 (where the axial fibre bundles were also overlapping).
The in-plane waviness of fibre bundles was slightly lower in the lay-up cases 3
and 4 (reversed stitch phase) compared to cases 1 and 2 (identical stitch phase)
(see Table 6).
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Table 6. Out-of-plane and in-plane misalignment angles in the quasi-UD laminates with differ-
ent fabric positioning (average + standard deviation).

Lay-up case Out-of-plane misa- In-plane misalign-
lignment angle [°] ment angle [°]

Case 1 4.3° 5.0° £ 0.4°
Case 2 4.6° 5.4° £ 0.8°
Case 3 3.9° 4.6°+1.1°
Case 4 6.6° 4.5°+£0.3°

4.3.3 Fatigue damage evolution

Fatigue tests of this study phase were performed using only the developed dog-
bone B specimen. The digital images taken during the fatigue tests suggest that
fabric shifting affected damage evolution (Figure 27a-d). Transverse cracks ini-
tiated in all test specimens at the areas of backing fibre bundles already during
the first load cycle. In the laminates with lay-up cases 1 and 2, where the stitch
phase was identical between the fabrics, some axial cracks also developed dur-
ing the first cycle. Later, new axial cracks developed and several fibres failed at
the laminate surfaces in all laminates.

The size and location of axial cracks and local delaminations and their devel-
opment rate were different in the test laminates. In the laminates with the lay-
up cases 1 and 2, axial cracks initiated and propagated at the intersection areas
of transverse and axial fibre bundles and in between the transverse bundles
(Figure 27a and b). In the laminates with the lay-up cases 3 and 4, where the
stitch phase was reversed between the fabrics, axial cracks or local delamina-
tions primarily concentrated at the intersection areas (Figure 27¢,d). Moreover,
in the laminate with the lay-up case 4, axial cracks developed at a section where
the stitch length in the upper fabric was locally slightly longer — obviously be-
cause of a stoppage of the warp-knitting machine during the NCF manufactur-
ing process (Figure 27d).The region of the longer stitch phase in the entire width
of the laminate (Case 4) was clearly the weakest in terms of fatigue, probably
due to higher local fibre waviness.

The difference in the damage evolution between cases 1 and 3 partly results
from the different degree of waviness of axial fibres. In addition, the axial fibre
bundles in upper and lower fabrics with the lay-up cases 1 and 3 undulated in
different phases. The bundles undulated in the same phase with Case 1 and in
the opposite phase with Case 3. These differences apparently resulted in lower
internal stress concentrations in the laminate, with the lay-up case 3 resulting
in a slower damage evolution. In the laminates with the lay-up cases 1 and 2, the
fabric shift perpendicular to the axial fibre bundles did not substantially affect
the in-plane and out-of-plane fibre waviness and damage evolution. The lami-
nates also had almost identical fatigue performances (see Section 4.3.4).
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Figure 27. Damage progression during the fatigue tests in the laminates with different fabric shift-
ing cases when subjected to a maximum stress of approximately 600 MPa.

4.3.4 Fatigue performance

Fatigue performance was studied by calculating S-N curves from the test data
for all lay-up cases. The results (Figure 28) indicate a very small scatter
(R2 >0.93) for each laminate, meaning that the power regression accurately fit-
ted the fatigue data. The results show that fabric shift significantly affected the
fatigue life. The fatigue lives of laminates with the lay-up cases 1 and 2 were
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almost identical, as were the measured fibre waviness values and damages in
their fatigue tests. The laminate with the lay-up case 3 had a slower damage
accumulation rate and significantly higher fatigue performance when compared
to other laminates. The fatigue life of the laminate with the lay-up case 4 was
clearly lowest due to premature failure of the specimens in the area of the stitch
length change of the fabric in the gauge section. It should, however, be noted
that all conclusions related to the fatigue performance of the laminate with the
lay-up case 4 are very preliminary due to the fault of the fabric (due to the local
stitch length change in the upper fabric).
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Figure 28. Fatigue test results and fitted S-N curves for test laminates with four different mutual
locations of tricot-stitched fabrics.

The fatigue test results in Section 4.2.4 showed that the laminate with the tricot
stitch pattern had a slope value of —8.51, which is close to the slope values cal-
culated for the laminates with lay-up cases 1 and 2 (-8.62 and —9.70). The sim-
ilarity in the slope values presumably results from the similar degree of waviness
of axial fibres (See Table 3 and Table 6).

4.4 Compaction tests (P4)

Compaction tests of thick NCF preforms with the stacking sequence of [0].o
were performed as part of the research (Publication 4). The aim was to measure
how the stitch pattern and stitch tension as well as fabric shifting affect the
thickness of the preform and fibre volume fraction of the laminate. The research
also aimed to find out how well the fibre volume fractions measured for thin test
laminates correspond with the fibre volume fractions of thicker laminates typi-
cally used in many composite structures.

4.4.1 Effect of stitch pattern on fibre compaction and fibre volume frac-
tion

The effect of the stitch pattern on the dry compaction behaviour (how the pre-
form thickness changes under vacuum pressure) was measured for preforms
formed from fabrics with a high-tension tricot-straight double stitch pattern
(2120), a low-tension double tricot stitch pattern (2121), and a high-tension tri-
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cot stitch pattern (2123). The step compaction curves for the preforms pre-
sented in Figure 29 show a substantial effect of the stitch pattern on the final
thickness of the preform at 0.9 bar vacuum pressure. The results also indicate
that the preform formed from fabrics with the tricot stitch pattern (2123) is
clearly thinner than the other preforms. One reason for the difference is appar-
ently the higher amount of stitch thread in fabrics with double stitch patterns
(2120 and 2121). The stitch pattern also affects the cross-sectional shape (thick-
ness) of axial fibre bundles, and consequently the thickness of the preform. Val-
lons et al. (2014) studied compressibility of one layer of unimpregnated fabric
between two circular stamps. They reported small thickness differences be-
tween two quasi-UD fabrics with almost the same stitch pattern.
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Figure 29. Step compaction curves with standard deviations for the preforms consisting of fab-
rics with a tricot stitch pattern (2123), a double tricot stitch pattern (2121) and a tricot-
straight double stitch pattern (2120).

The effect of the stitch pattern and fibre type on the wet compaction behaviour
was studied during the filling and post-filling stages of the preforms. The fibres
of the fabrics (e.g. 2117 vs. 2121) were supplied by two different fibre manufac-
turers. Thus, it is expected that the fibres have a different type of sizing (coat-
ing). Measured thickness evolutions of the preforms are substantially different,
as shown in Figure 30. The final thickness of the preform formed from the fabric
with the tricot stitch pattern was clearly the lowest and the calculated final fibre
volume fraction correspondingly the highest (Table 7). The preforms with the
double tricot stitch had the highest final thicknesses. Different thickness values
partly result from the amount of the stitch thread in the fabrics but also from
different cross-sectional shapes of the axial fibre bundles. The calculated fibre
volume fractions correspond quite well with the values measured for the test
laminates formed from two fabrics (see Section 4.2.1). Vallons et al. (2014) re-
ported small thickness differences between two quasi-UD laminates with almost
the same stitch pattern. They explained that the difference results from the
cross-sectional shape of the bundles. The difference might also result from the
difference in the amount of stitch thread.
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Figure 30. Thickness evolution of preforms with different stitch patterns during the filling and
post-filling stages (wet compaction).

Table 7. Calculated fibre volume fractions for the laminates formed from fabrics with different
stitch patterns.

. Fibre . Final thickness Final fibre vol-
Fabric Stitch pattern .
type (mm) ume fraction [%]
2117 2 Double tricot 7.944 56.45
2121 1 Double tricot 7.922 56.63
2120 2 Tricot-straight double 7.769 57.89
2123 1 Tricot 7.516 60.11

4.4.2 Effect of stitch tension and mutual location of axial fibre bundles
on fibre compaction and fibre volume fraction

The effect of the stitch tension and the mutual location of axial fibre bundles
(fibre bundles on top of each other or overlapping) on the dry compaction was
studied during the pre-filling stage. The test materials were NCFs manufactured
from two fibre types with low- and high-tension double stitch patterns.

Figure 31(a,b) presents measured step compaction curves for preforms man-
ufactured from the Fibre Type 2 with low (2117) and high (2118) stitch tensions.
Similarly, Figure 31(c,d) presents step compaction curves for the preforms man-
ufactured from the Fibre Type 1 with low (2121) and high (2122) stitch tensions.
The results suggest that the effect of the stitch tension on the final thickness of
the preform is small. The final thickness of the preform was also close to the
same with both fibre types.

The effect of the mutual location of axial fibre bundles in relation to each other
(that is, fabric shift perpendicular to the axial fibre direction) can be studied by
comparing the curves shown in each graph in Figure 31. It can be concluded that
the overlapping lay-up compacts slightly more than the lay-up with fibre bun-

53



Results and Discussion

dles on top of each other. It should be noted that the lay-ups were slightly un-
symmetrical, that is, the stabilizing 90° yarns were between the axial bundles in
the preform. The unsymmetrical lay-up may have an effect on the compaction
behaviour especially with the overlapping lay-up since the 90° yarns may de-
crease the nesting. It can be assumed that the overlapping lay-up would have
been compacted even more if the adjacent two fabrics in the preform had been
stacked so that the axial bundles had located side-by-side in the middle of the
laminate.
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Figure 31. Step compaction curves for the preforms with a double tricot stitch pattern: (a) Fibre
Type 2 and low stitch tension (2117), (b) Fibre Type 2 and high stitch tension (2118), (c) Fi-
bre Type 1 and low stitch tension (2121), and (d) Fibre Type 1 and high stitch tension
(2122).

The effect of the stitch tension on the wet compaction behaviour of the pre-
forms during the filling and post-filling stages is shown in Figure 32a,b and in
Figure 32c,d. The final thickness of the impregnated specimens with applied
stitch tensions is seen to be nearly the same, i.e., the stitch tension did not have
a considerable effect on the thickness and fibre volume fraction of the laminate
(Table 8).

The effect of the mutual location of axial fibre bundles on the wet compaction
can be studied by comparing the curves shown in each graph in Figure 32. The
results indicate that the overlapping lay-up compacts slightly more than the lay-
up with the fibre bundles on top of each other due to the better nesting ability
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of bundles in the overlapping lay-up. The differences in laminate thickness val-
ues and in fibre volume fractions are anyhow relatively small (Table 8). The mu-
tual location of the bundles does not only affect the thickness and FVF of the
laminate. Fang et al. (2015) reported that the out-of-plane permeability of UD
fabrics was two-fold larger with fibre bundles on top of each other (minimum
nesting) than with fibre bundles overlapping (maximum nesting).

The FVFs reported in Publication 3 for thin fatigue test laminates with differ-
ent lay-up cases were also close to each other (see Section 4.3.1). The values are
mostly consistent with the values measured in compaction tests. An exception
is the Case 2 test laminate (fibre bundles overlapping), for which a slightly lower
FVF was measured when compared to the corresponding laminate with fibre
bundles on top of each other. This inconsistency may result from that the FVF
values in Publication 3 were determined only from two samples.
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Figure 32. Effect of the mutual location of axial fibre bundles and stitch tension on preform
thickness during the filling and post-filling stages: (a) low stitch tension and Fibre Type 2
(2117), (b) high stitch tension and Fibre Type 2 (2118), (c) low stitch tension and Fibre
Type 1 (2121), and (d) high stitch tension and Fibre Type 1 (2122).
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Table 8. Final thickness values and calculated fibre volume fractions for laminates with axial
fibre bundles on top of each other or overlapping.

) Final thick- Final fibre
Fabric Lay-up ness (mm) volume frac-
tion [%]

T . .

2117 op ‘ 7.964 56.29
Overlapping  7.960 56.51

2118 Top ‘ 7.982 56.15
Overlapping 7.880 57.00
Top 8.000 56.01

2121 .
Overlapping 7.915 56.68
T . .

2199 op . 7.877 57.00
Overlapping 7.834 57.34
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5. Conclusions

5.1 Theoretical implications

The performed fatigue tests showed that the measured fatigue lives of the GFRP
UD laminate were significantly dependent on the specimen geometry. The fa-
tigue lives measured with the developed dog-bone B specimen were over nine-
fold when compared to the fatigue lives measured with the rectangular test spec-
imen and over three-fold when compared to the fatigue lives measured with the
dog-bone A test specimen. All rectangular and dog-bone A specimens failed at
the end tab area. However, several dog-bone B specimens experienced severe
damages in the gauge section and often seemed to fail in the gauge section. Thus,
the measured fatigue lives are at least much closer to the true fatigue lives of the
laminate when compared to the values measured with other specimen types.
Lower shear stresses in the dog-bone B specimen at least delayed the edge split-
ting. Different end tab material constituents, adhesives for the end tab bonding,
and manufacturing procedures are other reasons that may have delayed dam-
ages in the tabbed area and resulted in higher fatigue lives when compared to
fatigue lives measured with the dog-bone A specimen.

The thesis revealed that the in-plane and out-of-plane waviness of axial fibres
considerably differ in quasi-UD laminates with different stitch patterns but not
with the applied stitch tensions. Damage evolution in the laminates and conse-
quently the measured fatigue lives (S-N curves) were significantly dependent on
the stitch pattern, while they were not dependent on the stitch tension. For ex-
ample, fabrics with the double-tricot stitch pattern yielded close to three-fold
and over four-fold fatigue lives in the fatigue tests when compared to the fabrics
with the tricot and tricot-straight double-stitch, respectively, when the speci-
mens were subjected to 600 MPa maximum stress. Artefacts in the fabrics due
to stitching, such as in-plane and out-of-plane waviness of axial fibres, were the
most sensitive parameters affecting fatigue damage evolution. However, the
mutual location of axial fibre bundles and stitch phase also varied between the
laminates (fabric shifting).

Based on the test results, the mutual perpendicular location of tricot-stitched
fabrics, that is, the shift of a fabric layer perpendicular to axial fibre bundles,
does not significantly affect the damage development rate and fatigue life of a
quasi-UD GFRP laminate. However, fabric shift parallel to the axial fibre bun-
dles (i.e., the stitch phase difference between the fabrics) has a significant effect
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on the damage development rate and fatigue life. The laminate with a reversed
stitch phase between the neighbouring fabrics showed a considerably lower
damage development rate and a significantly increased fatigue life when com-
pared to the laminate with an identical stitch phase. The best performing lami-
nate with the reversed stitch phase (lay-up case 3) yielded 83% higher fatigue
life at a 600 MPa stress level and a 30% lower S-N curve slope than the laminate
with the identical stitch phase (lay-up case 1). The waviness of the axial load-
carrying fibre bundles and the difference in the phase of axial fibre bundle in-
plane waviness between the fabrics were the most sensitive parameters affecting
the fatigue performance.

Worth noting is that all test laminates were manufactured using the same
resin/hardener system. Another system might result in different fatigue lives.
However, since the differences measured in fatigue performances are due to ge-
ometric differences, the mutual order in fatigue performances of the laminates
obviously remains the same if the resin system is changed. In addition, the ef-
fects of fabric shift were measured only for tricot-stitched fabric reinforced lam-
inates, i.e., they may not be the same in laminates reinforced with other types of
stitched fabrics. Nevertheless, it is obvious that differences in mutual locations
of neighbouring fabrics also result in a scatter in the fatigue performance of
quasi-UD laminates reinforced with other types of stitched fabrics.

The performed compaction study specifically revealed that the applied stitch
tensions did not affect the compaction behaviour of dry and resin-impregnated
preforms. However, the stitch pattern substantially affected the compaction be-
haviour of both dry and resin-impregnated preforms, resulting also in a varia-
tion in the fibre volume fraction. The dry preforms with the double tricot stitch
pattern and the tricot-straight double stitch pattern had 8.1% and 5.8% higher
thickness, respectively, than the preform with the tricot stitch pattern under 0.9
bar vacuum. The resin-impregnated preform with the double tricot stitch pat-
tern had 5.4-5.7% and with the tricot-straight double stitch pattern 3.4% higher
final thickness than the preform with the tricot stitch pattern. In addition, the
fabric shift perpendicular to axial fibre bundles had a small but detectable effect
on the compaction behaviour of UD NCF preforms. In the dry and wet compac-
tion tests, preforms with overlapping fibre bundles compacted slightly more ef-
fectively than the preforms with fibre bundles lying on top of each other, bearing
in mind that the total measurement error was +0.05 mm. The results also
showed that fibre volume fractions measured for thick preforms correspond
well to the fibre volume fractions measured for thin test laminates.

5.2 Recommendations for future studies

The fatigue tests of UD laminates and quasi-UD laminates with double tricot
stitch and tricot-straight double stitch patterns revealed that part of the type B
dog-bone specimens still failed at the end tabs. Thus, there is a need to further
improve the specimen to obtain fatigue lives that are true or closer to the true
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life of the material systems being tested. It would also be beneficial to find out
how the type B specimen and its possible derivatives perform in fatigue tests of
UD-laminates reinforced with other types of fibres (e.g. natural and aramid fi-
bres).

The study also revealed that a reduction in the maximum shear stress value at
the edges of the specimen and in the area with high shear stress reduced speci-
men splitting and increased the measured fatigue lives. Since these values are
affected by the in-plane curvature of the specimen, the in-plane shape should be
developed further to improve the measured fatigue lives. In addition, the effect
of the end tab material, adhesive and the bonding process should be studied in
more detail since they may considerably affect stresses in the bond line and de-
tachment features of the end tabs.

It was further found out that the applied stitch tension (low or high) of the
double tricot stitch pattern did not affect damage evolution and fatigue perfor-
mance of quasi-UD laminates. The in-plane and out-of-plane waviness of axial
fibre bundles within the stitch length were also close to the same with both stitch
tensions. However, it is notable that the effect of stitch tension was studied only
with the double tricot stitch pattern. A natural extension of the study would be
to measure the effects of stitch tension with other stitch patterns.

The effect of fabric shift on laminate fatigue performance was also studied only
with tricot-stitched fabrics. Extending this study to reinforcements with other
stitch patterns would provide a wider view on the scatter in the fatigue perfor-
mance of quasi-UD laminates due to fabric shift.
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