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SUMMARY

Thick Laminates (above 6 mm) are increasingly present in large composites structures
such as wind turbine blades. Designs are based on static and fatigue coupon tests per-
formed on 1-4 mm thin laminates. However, a thickness effect has been observed in lim-
ited available experimental data. For this reason standard experimental data cannot au-
tomatically be transferred to thicker laminates.

Different factors are suspected to be involved in the decrease of static and dynamic
performance of thick laminates. These include the effect of self-heating, a mechanical
scaling effect and the manufacturing process influence.

Self-heating during fatigue is related to the material energy loss factor. During dy-
namic loading a certain percentage of mechanical energy is dissipated into heat, leading
to a rise in material temperature. When the temperature approaches the maximum ser-
vice temperature of the material, a reduction in fatigue life can be observed. The work
proposes an FE method to forecast self-heating, which is validated by using empirical
data.

Scaling effects and coupon geometry influence the results of thickness scaled coupon
tests. The thickness effect was studied with the help of compression and tension tests on
thickness scaled coupons. In order to reduce the test effects of the scaled coupon tests
the coupon geometry and clamping system are designed for optimal load introduction.

The manufacturing process and curing cycles are reported as one of the leading
causes to explain possible scaling effects. Through-thickness lamina properties were
studied using the sub-laminates technique. In this way, it was possible to relate the in-
plane lamina properties with the manufacturing properties conditions. A relation be-
tween the mechanical properties and the process conditions is proposed.

In the case of static and fatigue properties, the sub-laminates tests report a large varia-
tion in resin related properties which is dependent on the manufacturing process. Scaled
tests are studied from this point of view; the scaling effect is related to the manufacturing
process, and the assumption of uniform strength fields is considered not valid for thick
laminates in comparison with thin laminates.
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SAMENVATTING

Dikke laminaten (meer dan 6 mm) zijn in toenemende mate aanwezig in grote construc-
ties zoals wind turbine bladen. De ontwerpen zijn gebaseerd op data voor statische
sterkte en vermoeiingsterkte zoals die zijn gevonden in coupon tests met 1-4 mm dunne
laminaten. In de beperkte beschikbare experimentele gegevens is er echter een dikte-
effect waarneembaar. Daarom zijn de experimentele gegevens niet zonder meer toepas-
baar op dikke laminaten.

Van verschillende factoren wordt vermoed dat ze van invloed zijn bij de vermindering
van statische en dynamische prestaties van dikke laminaten. Hieronder vallen het effect
van interne verwarming, schalingseffecten, en de invloed van het productieproces.

De interne opwarming tijdens vermoeiing is gerelateerd aan de energie-
verliescoefficient van het materiaal. Tijdens dynamische belasting wordt een bepaald
percentage van mechanische energie gedissipeerd in warmte, wat leidt tot een toename
van de materiaaltemperatuur. Wanneer de temperatuur de maximale gebruikstempera-
tuur van het materiaal benadert, is een vermindering van de levensduur waar te nemen.
In dit onderzoek wordt een FE-methode gebruikt om de interne opwarming te bepalen,
die met empirische gegevens wordt gevalideerd.

Het effect van de dikte is bestudeerd met druk- en trektesten op coupons die ge-
schaald zijn met de dikte. De schalingseffecten en coupon geometrie beinvloeden de
resultaten van de testen. Om de neveneffecten van de testmethode te reduceren zijn de
geometrie van de coupon en de inklemmingsmethode bestudeerd.

Het fabricageproces en de uithardingscycli wordt gerapporteerd als een van de be-
langrijkste oorzaken die mogelijke dikte-effecten verklaren. De variatie van de laageigen-
schappen over de dikte is onderzocht met behulp van sub-laminaten. Op deze manier
is het mogelijk om de laageigenschappen te relateren aan de verschillende condities die
in de verschillende lagen tijdens fabricage optreden. Een relatie tussen de mechanische
eigenschappen en de condities tijdens fabricage wordt voorgesteld.

Bij statische en vermoeiingstesten laten de testen van de sub-laminaten grote sprei-
ding zien in de eigenschappen gerelateerd aan de hars. Deze spreiding is afhankelijk van
het productieproces. Vanuit dit oogpunt worden geschaalde tests bestudeerd. Het scha-
lingseffect blijkt gerelateerd aan het productieproces. De aanname dat de sterkte uniform
is over de dikte is niet geldig voor dikke laminaten zoals die wel voor dunne laminaten
geldt.

ix






Past glories are poor feeding.

Isaac Asimov, Foundation






CONTENTS

Summary
Samenvatting

1 Introduction
1.1 Motivation . . . . . . . . Lo e e e
1.2 Thesisoutline. . . . . . . . . ... L o
1.3 Researchquestions . . . . . . . ... .. .. ... .
1.4 Experiments material & manufacturingmethod . . . . . . .. .. .. ..
1.5 Sizeeffect. . . . . . . .. L
1.6 Dynamicloading (fatigue) . . . . . . . ... ... ... .. L.
1.7 Heat generation or self-heating during fatigue . . . . . . . .. ... ...

1.8 Manufacturing process influence in composite mechanical properties . . .

2 Heat generation of thick laminates under fatigue
2.1 Introduction . . . . . . . . . L L
2.2 Analytical solution of thermal distribution . . . . . .. .. ... ... ..
2.3 FEmethod for heating forecast . . . . . . . ... ... ... .. .....
2.4 Experiments and simulations. . . . . . ... ... . 0oL,
24.1 Testmethodsandmaterials . . . . . . .. ... .. .. ......
242 FEanalysis. . . . . .. . ... L o
25 Resultsanddiscussion . . . .. .. .. Lo
2.5.1 Fatigueexperiments . . . . . . . . . . .. .. ...
2.5.2 Temperature analysis with FEmethod . . . . . . . . ... ... ..
26 Conclusions. . . . . . . .. L L e

3 Thickness scaled compression tests
3.1 Introduction . . . . . . . . . . .. . e e e
3.2 Materialsandmethods . . . . . . . . .. ... Lo L L.,
3.2.1 Coupongeometry . . . . . . . . o v e v e e e e e e
3.2.2 Manufacturingprocess . . . . . . . ... Lo
3.23 Testsetup . . . . . . . . Lo e e e e e

xiii

D OO R W -

11
12

17
17
20
22
23
23
26
28
28
32
33



Xiv CONTENTS
3.3 Resultsanddiscussion . . . . . ... . L Lo 41
3.3.1 Statictestsresults . . . . . . . ... Lo Lo 41
332 Failuremodes . . . . . . . .. ... Lo oo 45
3.3.3 Fatiguetestsresults . . . . . . . .. ... ..o 48
34 Conclusions. . . . . . . .. L L e 50
4 Test setup and size effects in tension tests 53
4.1 TensiontestCoOUPONS . . . . . . v v v v v v vttt e e e e 53
4.2 Geometrical parameters . . . . . . . . . ... ..o oo 54
4.2.1 Parametric FE design model (straighttension). . . . . . .. .. .. 54
4.2.2 Parametric FE design analysis. Straight tension coupons . . . . . . 56
43 Tensiontests . . . . . . . ... L 58
4.4 Tension tests results and discussion. . . . . . . ... ... Lo, 62
45 Conclusions. . . . . . . ... Lo e 66

5 The manufacturing process influence on thick laminates mechanical proper-

ties 69
51 Introduction . . . . . . . .. ... L L e 69
5.2 Materialsandmethods . . . . . . ... ... Lo oo 71
5.2.1 Manufacturing process and sub-laminate extraction . . . . .. .. 71
5.2.2 Mechanicaltestssetup. . . . . . . . .. ... ... 75
53 Resultsanddiscussion . . . . . .. ... Lo Lo 75
5.3.1 Manufacturingprocess . . . . . . . ... .00 oo 7
5.3.2 Mechanicalstatictests. . . . . . . . . ... . o L. 78
5.3.3 Heatingrate versus curingrate. . . . . . . . . . . . .. ... ... 81
5.3.4 Ultimate strength model based on maximum heating rate during
CUMINE .+« v vt o b e e e e e e e e e e e e 85
5.3.5 Mechanical fatiguetests . . . . . . . ... ... ... .. 86
5.4 Model validation versus scaled tests . . . . . . . .. ... ... ... .. 87
5.4.1 Scaled compression coupons temperature fields (curing cycles). . . 89
5.4.2 FE validation. Static scaled compressiontests.. . . . . . . . . . .. 90
5.4.3 FE validation. Fatigue scaled compressiontests.. . . . . . . . . .. 92
55 Conclusions. . . . . . . . ... L L e 94
Conclusions 97
Appendix A. Automated delamination length tool for DCB tests 103
Al Introduction . . . . . . . . .. e 103
A.1.1 Background of modeIcrackgrowth . . . . . . .. ... .. .... 104

A.1.2 Methods for crack length determination. . . . . . . .. ... ... 105



CONTENTS XV

A2 Methodology . . . . . . . . .. 106
A.2.1 Determination of the delamination length via image processing. . . 106

A22 Material . . . . ... Lo 108

A23 Testsetup . . . . . v v i it e e e e e e e e e 108

A24 Statictestconfiguration . . . . . ... ... Lo Lo oL 109

A.2.5 Fatiguetest configuration . . . . . . . .. ... ... L. 109

A.2.6 Two different methods to calculate energy releaserate. . . . . . . . 110

A.2.7 Determination of crack growthrateda/dN . . . . . . . ... ... 110

A3 Resultsanddiscussion . . . . . . ... ... L L oo oL 111
A3.1 Statictests . . . . . . . ..o 111

A32 Fatiguetests . . . . . . . . . o o it e e e e e 112

A.3.3 Video image processing technique. . . . . . . . .. .. ... ... 117

A4 Conclusions. . . . . . . . . L e e 118

B Appendix B. IR inspection of thick laminates during fatigue 119
C Appendix C 123
D Appendix D. Relation between heating rate and cure rate. 125
Bibliography 129
List of Figures 143
List of Tables 149
Acknowledgements 151
Abbreviations 153
List of Publications 157
Propositions 159

Stellingen 161






INTRODUCTION

This chapter gives a general overview of the different topics involved in the three mecha-
nisms that build the thickness effect, before motivating this dissertation.

MOTIVATION

From a mechanical point of view wind turbine blades are composite structures that are in
most cases composed of sandwich panels, spar caps and adhesive bond lines (see figure
1.1). The main design requirements for a wind turbine blade are:

* low cost per kWh (cost of energy COE)

e high stiffness (to maintain tower clearance)

« fatigue resistance (with minimal service life > 108 load cycles with complex rain-
flow counting spectrums)

* environmental resistance (coatings resistant to humidity, ice, UV and erosion)

* low maintenance costs and downtime

The wind turbine blades COE share depends on the downtime and on the blade costs.

web

(sandwich panel)

leading edge trailing edge

(adhesive joint) / (adhesive joint)
web

(adhesive joint)

sandwich

spar cap

i . panels skin layer
(thick laminate)

gelcoat
(coating)

Figure 1.1: Composite materials in a wind turbine blade.



2 1. INTRODUCTION

Downtime failure modes are partly associated with the bond lines, sandwich panels and
environmental degradation of the coating (i.e. leading edge erosion). Blade costs are
associated with blade design, materials and manufacturing methods.

The blade stiffness and fatigue resistance requirements are mainly dominated by the
spar cap design. In general, spar caps are the main load carrier in the blade structure,
and when there is a failure in the spar cap, it is catastrophic. Spar caps represent around
50% of the blade materials costs [1], because most of the glass and / or carbon fibers are
located in the spar caps. Therefore, a significant part of the structural research focuses
on the mechanical characterization of materials that are representative for the blade spar
caps [2].

Spar caps are monolithic UD-dominated thick laminates, which can include a frac-
tion of biax reinforcement. Spar cap thicknesses increase with length and class of the
blade up to 100 or 150 mm thick for 70-80 meter long blades. However, the mechanical
characterisation of the materials representative of the spar caps thick laminates is based
on static and fatigue test on 1-5mm thin coupons. It is not certain whether the actual
material performance in thick laminates is the same as that in the thin laminates stan-
dardized test. Possible scaling effects must be taken into account with the use of safety
factors [3-6]. This difference in scales is potentially problematic and further understand-
ing of the possible scaling effects is required to avoid over-dimensioning or unexpected
failure.

Daniel [7] performed a series of thick compression tests reporting complex kink bands
geometries and no significant changes on the overall compressive strength. Later Zim-
mermann [8] tested and modeled an ultra thick laminate composite sub-component re-
porting significant material property degradation for ultra thick laminates. Moreover,
Stammes & van Wingerde [9-11] carried out tests on thick laminates showing significant
differences in the S-N curves of thin and thick laminates. Figure 1.2 shows the S-N curves
of 4 and 30 mm thick coupons where a significant thickness effect was reported as well as
a test effect due to the grip system. Therefore, because of the increasing presence of thick
laminates in the main structural parts of the present and future wind turbines blades, a
study on the behaviour of thick laminates testing, manufacturing and properties is valu-
able.

The aim of this thesis project is to study the effect of thickness on the static and fatigue
properties of composite laminates. Moreover, in order to determine the mechanisms that
drive the observed differences between thin and thick laminates, the approach followed
in the present work is to identify potential mechanisms involved in the thickness effect
and to study the contribution of each mechanism independently. The following mecha-
nisms are considered:
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Figure 1.2: S-N curves for 4 (above, green curve) and 30 mm (below, blue curve) UD thick coupons (Stress, R =
0.1) performed by WMC [9].

e scaling effects and the influence of design parameters on thick laminates scaled
coupon stress mechanical tests

¢ self-heating of thick laminates and its influence on mechanical properties during
dynamic loading

e the influence of the manufacturing process on the mechanical properties of thick
laminates

THESIS OUTLINE

This thesis is divided into six chapters. In the remainder of this chapter a literature re-
view of the main topics involved in the thickness effect is discussed. In chapter two the
self-heating effect in thick laminates is described. Coupons of different thicknesses are
tested at various frequencies and under various insulation conditions. The tests are cor-
related with an analytical self-heating model in which a fraction of the strain energy is
transformed into heat. This strain energy fraction corresponds to the loss factor that is
measured empirically. Additionally, to forecast the temperature rise during the dynam-
ical loading in the laminate core, an FE methodology based on this mechanism and the
empirical loss factors is described.

In chapters three and four, studies into the scaling of the strength of thick lamina-
tes are presented for compression and tension coupons respectively. A detailed study of
a suitable coupon geometry and manufacturing process for thick laminates coupons is
carried out. Scalable coupon geometries are designed for compression and tension tests
where the testing side effects need to be minimised. Based on these coupon designs, dif-
ferent thicknesses are tested under static and cyclic loading.




4 1. INTRODUCTION

Chapter five studies the influence of the manufacturing process of thick laminates
and the variability of the lamina properties through the thickness. For this purpose, thick
laminates are manufactured, and sub-laminate panels are extracted from the thick lami-
nates. The sub-laminate panels are tested as standard thin specimens and the distribu-
tion of properties through the thickness is evaluated and correlated with the local curing
cycles. Moreover, to validate the influence of the manufacturing process these data are
correlated to the scaled compression tests results from chapter three.

During the realisation of this work, two different experimental tools were developed.
Appendix A describes an image processing tool that allows to monitor the delamination
length in a double cantilever beam (DCB) test. With these tests, the strain energy release
rate used in the FE models described in Chapter three and four was determined. Ap-
pendix B describes a passive infrared technique that allows to identify the locations that
are experiencing the larger degradation due to fatigue. This technique was used in the
fatigue test of chapter two and three.

RESEARCH QUESTIONS

The aim of the project is to determine how representative static and fatigue properties
from tests on thin laminates are for those of a thick laminate. Several mechanisms are
involved in the behaviour of a thick laminate compared with a thin one. Three mecha-
nisms that are believed to have the highest impact on the performance of thick laminates
were studied. Therefore, the main research question is decomposed in three sub-research
questions to be studied independently (see figure 1.3). The central question is whether
a size effect does exist. Next, there is the question what causes it. To answer the central
question a direct approach is to carry out scaled tests and observe the behaviour. A pre-
requisite for this study is a robust test design to measure the size effect while minimizing
the test influence (see chapter three and four). Moreover, two leading causes of the size
effect are studied, the self-heating (see chapter two) and the influence of the manufactur-
ing effect (see chapter five).

The study of self-heating (see chapter two) is considered as an attempt to answer the
first sub-research question because it is believed to be a mechanism that can reduce fa-
tigue performance of a thick laminate. GFRP (glass fiber reinforced polymer) presents
two characteristics, poor thermal diffusivity properties and glass transition temperatures
close to the ambient temperature operational ranges (between -40 to 50°C). According to
the bibliography and practical experience the material temperature rises under dynamic
loading due to the energy dissipation. If thick laminates are loaded in fatigue, the temper-
atures in the core of the laminate might rise above the operational range of the composite
material. In particular, this applies to fatigue tests of thick laminate sections, where there
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Figure 1.3: Thesis structure & research questions

is a compromise to be addressed between the test frequencies and the duration of the
tests.

Scaling effects are an open topic in literature. Several references have been reported
regarding CFRP (carbon fiber reinforced polymer) scaled static tests. However, the avail-
able literature in the case of GFRP regarding fatigue properties is scarce. To study the
influence of the thickness carrying out scaled tension and compression tests was chosen
as a straight forward approach. However, thickness scaled tests present some technical
challenges and require several considerations regarding the influence of the tests on the
final results. Therefore, the study of the thickness scaling via scaled tests is considered as
a second sub-research question, where the test design, the tests setup and the geometries
to be tested are studied (see chapter three and four).

The reviewed literature regarding the manufacturing process of GFRP laminates re-
ports that there is a relation between the manufacturing conditions and the final perfor-
mance of GFRP laminates. However, a direct correlation between both was not found.
One of the main differences between thin and thick laminates is that during the manu-
facturing of thick laminates, curing cycles need to be smoothed (avoiding temperatures
above degradation limits) due to the exothermic nature of the GFRP resin material. There-
fore, to study the influence of the manufacturing process in thick laminates mechanical
properties is considered as the third sub-research question (see chapter five).

—> 00— 0<—




6 1. INTRODUCTION

EXPERIMENTS MATERIAL & MANUFACTURING METHOD

The same composite material was used for all experiments carried out in this thesis. The
chosen material was a commonly used wind energy epoxy resin (Hexion RIM 135), a UD-
glass fibre type E non-crimp fabric and when necessary a glass fibre type E biaxial mate-
rial.

Plates were vacuum infused in a single-sided aluminium mould. In general, aver-
aged fibre weight ratios were 70%, the void content was under 0.1%, and glass transition
temperature (Tg) was around 80-85°C. A conventional vacuum infusion process config-
uration with in-plane flow was used (see figure 1.4), and constant vacuum was applied
during the whole curing cycle. The resin was tempered at 25 ° C before the infusion and
degassed while infused. The same manufacturing process conditions were arranged for
the different plates, except the curing cycles and layouts.

The mechanical properties used for the FE calculations are shown in table 1.1.

3

Vacum bag

Breather cloth

Membrane
Distribution mesh

Peel ply

Peel ply
Distribution mesh
Mould

Resin line - - Vacuum line
In-plane flow direction

Figure 1.4: Vacuum bagging configuration.

SIZE EFFECT
In the remainder of this chapter a literature review related to the research questions is
presented, starting with the topic of size effects under static loading.

Concerns about size effects were already discussed by Leonardo Da Vinci (1500’s) sus-
pecting that among cords of equal thickness the longest is the weakest [15]. Since then
until our times different pieces of evidence on sizes effects in composites and other ma-
terials have been studied. In Bazant’s [16] review on size effects in structural strength, the
size effect in solid mechanics is understood as the change of the nominal strength of the
structure when structures of similar shape but different size are compared.

Zweben [17] has listed significant observations on the existence of a size effect in com-
posites:

* The mean tensile strength of carbon and glass fibers decreases for increasing length
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UD material Biax 12
Type E Glass Fiber | Type E Glass Fiber
MPa MPa
Eq 39500 26000 o
Elastic modulus Epp 13190 o 26000 o
Es3 13190 o 13190 E
Vo 0.26 0.15 o
Poisson Vo3 0.26 * 0.15 *
V31 0.08 i 0.08 E
G2 3535 3535 o
Shear modulus Gi13 3535 ok 3535 ok
Gos 3535 i 3535 E
Tension strength o1 849 HkE 424.5 **
Compression strength oc11 630 e 315 o
Shear strength T12 43.5 o 43.5 o
Tension strength 0122 85 *E 424.5 HE
Compression strength 022 147 ** 315 ik
Shear strength 723 43.5 rik 435 P
Tension strength 0433 85 ok 85 o
Compression strength 033 147 ok 147 ek
Shear strength 713 43.5 ok 43.5 ok
Delamination Normal Omax 85 HE NA
Delamination Tangencial Tmax 50 HEEE NA
Gre UJIm?] 1250 [12] NA
Fracture toughness Gre []/mz] 4500 [13] NA
Grge Uim?) | 4500 NA
Layer thickness [mm)] 0.719 HEEE 0.675 oAk

Table 1.1: Thesis experiment material mechanical properties (* Datasheet, ** Upwind [14], *** Assumption, ****
Measured).
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* The mean tensile strength of twisted and untwisted bundles of fibers decreases for
increasing length

* Tensile failure of UD material is related to statistical failure of fiber breakage

e Tensile coupons are weaker than impregnated fibers

 Tensile and compression strengths derived from bending tests exceed tensile and
compression test strengths obtained from uniaxial tests of un-notched specimens

On the other hand, according to the Pi-theorem set out by Buckingham it is possible
to scale a model and obtain the same behavior as the prototype. However, the model
behavior is found to be inaccurate [18]. In Sutherland’s [19] review, it is concluded that
despite the lack of consensus numerous authors agree that a size effect exists, and some
reasons are suggested for this effect:

* Some mechanisms are insignificant at model scale but not at prototype scale
* Measurements and construction accuracy are at different scales

* Properties are affected by scale due to manufacturing processes

e Ttis not possible to scale fibers sizes

e It is technically challenging to scale ply thicknesses

e Itis not very clear how to scale the manufacturing defects

¢ Failure mechanisms do not scale with size

Jackson [20, 21] performed a series of buckling tests on CFRP laminates, scaling the
ply thickness and the laminate thicknesses from 0.3 mm to 5mm. It was concluded that
the results exhibited a scale effect in strength. Grimes [22] also argumented that size ef-
fects occur due to the difference in manufacturing quality that exists between large scales
and small scales. Moreover, he argued that in the case of multi-material parts induced
manufacturing differences like thermal stresses play a role. Grimes [22] reported a size
effect in strength up to 8% in laminates and up to 40% in bonded joints.

In the case of compression strengths Camponeschi [23] reported on the effect of the
thickness, concluding that there is a drop in the compression strength with increasing
thickness, which is related to the material quality or tests side effects. There are tests with
specific configurations that seem not to show size effects, such as the thick section CFRP
pressure cylinder tests conducted by Blake [24]. It should be noted that the manufactur-
ing processes and material grades used in these tests are relatively far from those used in
the wind energy industry standards in terms of of cost and production rates. Bing [25]
studied the size effect in end-loading compression coupons on off-axis tests, observing
a decrease of strength with the increase in thickness, which further increases when the
off-axis angle is close to zero degrees.

Wilkins [26] reviewed the nature of scaling effects with an emphasis on the use of
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Weibull theory. This theory states that the probability of defects increases with the in-
crease of the volume. Wang [27] also defended that there is a dependence of material
strength with the volume that should be understood as a scaling effect. According to
Wang [27] composite parts are manufactured with an initial defect distribution. Depen-
ding on the loading mode these defects grow until one becomes dominant and initiate
failure. This point of view of failure leads to the concept of the effective or critical defect.
The effective defects are described as the ones from all the possible causes that grow until
final structural failure; they are studied from a fracture mechanics point of view.

Phillips [28] also reported a size effect for a comparative test of three and four point
bending tests of GFRP. These results were studied using the two different theories that
exist to explain size effects, the Weibull strength theory and the fracture or mechanics ap-
proach. Wisnom [29] described a size effect using the Weibull strength theory on bending
tests where only the length and not the thickness was modified. Regarding the tensile
strength Byron [30] performed a statistical analysis of laminates up to 60 plies, observing
a decrease in the mean strength with increasing laminate thickness. Also Wisnom [31]
found a size effect on a tensile test of around 16% for 64 plies CFRP coupons specially de-
signed to avoid failure in the grips. Different gauge sections, thicknesses and widths were
tested, and the decrease of strength fitted the Weibull strength theory. Lately, in his review
Wisnom [32] discussed that the size effect depends on the failure mechanism. The stud-
ies show that failure mechanisms dominated by the fiber show a decrease in the strength
with increasing volume according to Weibull strength theory.

On the other hand, there are also studies towards size effects in which it is reported
that there is no statistically significant size effect regarding strength reduction. This is the
case in Sutherland [33, 34] and Davies [35]. In both cases, tensile and flexural tests were
carried out for different sizes and thicknesses but no relation between size and strength
was found. Both studies were performed on marine hand lay-up composites, were the
variability of defects induced by the manufacturing is higher. In the case of higher grade
materials such as CFRP, Lavoie [36] performed a series of tensile test in a range from 1
to 4mm thick coupons that did not show any variation with the volume of the coupon
(discarding failures in the grips). It was concluded in this study that the Weibull strength
theory cannot be used for predicting size effects.

There is also interesting research on size effects of notched coupon and open hole
tests [37, 38]. However, these tests are not as common in wind industry as in aerospace
industry, because in comparison has less representative design load cases.

A classic theory to explain size effects is the Weibull statistical strength theory [39]
also referred to as the weakest-link theory [40]. The validity of this theory has been prove
on materials such as ceramics, wood and it has also been considered by some authors
for composites [17, 41]. In the Weibull theory, it is assumed that the material is made up
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of linked elements. When one of these elements fails, the structure collapses. In other
words, the strength is limited by the weakest element.

Another classical theory to explain the size effects is based on crack density growth
[42], where the amount of cracks per volume is considered until one or more of them
arrives at a critical size which leads to failure. According to this, strength depends on
the volume of material and the thickness. Based on both criteria different authors have
proposed theories to explain the size effect [43-46] either from a purely statistical point
of view or based on deterministic size effect models.

Resuming, it can be concluded that there is disagreement about the existence of an
inherent size effect for composites. However, there is a major consensus on the fact that
achieving the same strengths in small coupons or scaled models as thick coupons or full-
scale prototypes is not obvious. The reasons for these might be different, such a:

¢ Test influences

— Effect of the testing methods and failure modes
— Influence of boundary conditions

* Manufacturing influences

Difficulties in scaling the measurement accuracy and manufacturing toler-
ances at different scales (angle orientations, ply drops)

Difficulties in scaling fibre diameters and ply thicknesses

— Induced manufacturing defects that are non-scalable

- Variability of material properties induced by the manufacturing process that
is not scalable or difficult to reproduce

o Size effects

— Weibull statistical strength theory

— Increase of the number of manufacturing defects with volume

Increase of the defects growth speeds

Stress gradients that vary with the loading mode and dimensions

Scaling effects remain a research topic, even though numerous works have been pub-
lished on the topic. A direct approach in which scaled geometries are tested present tech-
nical challenges. Since loads increase with increasing specimen size, different test frame
sizes are required. Furthermore fatigue test frequencies must be adapted if self-heating
is considered. Limited bibliography was found on scaled static compression and tension
coupons tests, and even less in the case of fatigue properties. Therefore, the design of
scaled tension and compression tests was identified as one aspect of the approach fol-
lowed in this thesis.
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DYNAMIC LOADING (FATIGUE)

Different failures modes can occur during damage evolution such as: fiber fracture, ma-
trix cracking, matrix crazing, fiber buckling, fiber-matrix interface failure and delamina-
tions. As a consequence of the initial manufacturing conditions, coupon scale effects and
the testing conditions, the different damage modes and interaction between them under
fatigue loading occur at different rates leading to a size effect in total fatigue life [47]. In
addition, experimental fatigue data on thick laminates have suggested that their perfor-
mance cannot be based on relatively thin laminates [9, 48].

According to Fong [49] there are two reasons why fatigue modeling, in general, is so
difficult and expensive. The first reason is the several scales at which damage mecha-
nisms are present: from atomic level, through levels of different phases, to component
and structural level. The second reason is the impossibility of producing identical spec-
imens with well characterized microstructural features, due to the manufacturing vari-
ability and characterization techniques.

Nyman [50] in 1996 concluded that the following points should require further inves-
tigation to improve fatigue life forecasting:

* The Goodman corrections for different stress ratios
* Multi-axial loading fracture criteria

* Testing methods for compressive failure

e Load sequence effects

In general, fatigue models can be classified into three categories: fatigue life models,
phenomenological models for residual stiffness / strength and progressive models [47].
All of which have lifetime prediction as the main outcome.

e Fatigue life models use the information from S-N curves or Goodman-type dia-
grams and propose a fatigue failure criterion under fixed loading conditions

* Residual strength models have an inherent failure criterion restriction. Failure oc-
curs when the applied stress is equal to the residual strength, or when the stiffness
degradation crosses a certain threshold [51]

* Progressive damage models introduce one or more damage variables that describe
the deterioration of the component

Common practice to determine static design limits of composite glass fibre reinforced
parts such as wind turbine blades, test material characteristic values (stresses and strains)
to a probability of 5% of failure according to a normal distribution. Moreover, reduc-
tion / safety factors are applied based on previous experimental tests [52] and standards
such as the Germanischer Lloyd guidelines [3].
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A similar approach is used to determine fatigue limits. To predict durability due to
fatigue a Miner’s rule or a residual strength model [53] is used, in conjunction with the
Goodman diagram [54-56]. It allows to predict the cycles to failure as a function of mean
and amplitude stress. Such models are constructed based on test material quasi-static
properties (stresses and strains), S-N curves slopes and the reduction factors defined by
the standards.

In both static and fatigue design, the material values are based on specimens not
thicker than 4 mm obtained according to the appropriate test standard. Therefore, scal-
ing effects, manufacturing effects and ageing effects that are present in the final structural
behaviour are accounted for via reduction factors.

HEAT GENERATION OR SELF-HEATING DURING FATIGUE

When a metal spoon is cyclically bent up and down until it breaks (=fatigue), the spoon
temperature will rise without external heat sources (=internal heat generation). Although
this process is intuitive, the increase of temperature is a difficult process to explain from a
scientific point of view, since energy dissipation is based in non simplified or ideal physi-
cal systems.

Since the first observations of the hysteresis loops in metal fatigue tests (Inglis [57]
and Lovell [58]), different authors have related the area of these loops with the energy
dissipation of the material, with internal friction or with fatigue damage. A rise in tem-
perature on cyclic loading is the consequence of this dissipation. According to Moore
[59] the recording of temperatures and its relation to fatigue was already suggested by
Stromeyer in 1913. However, the problem was not formulated thermodynamically until
the sixties by Green [60], Mroz [61, 62] and Nicholson [63].

Energy dissipation is part of several thermal fatigue and spontaneous heating theories
in thermoplastic polymers [64-67]. The heat generated per unit of volume during the
cycle is proportional to the work of the irreversible deformations as a consequence of the
hysteresis, expressed as,

Qr=04-€q-w-sin(d) (1.1

where Qp is the heat generated rate, o, and €, are the stress and strain amplitudes, w is
the loading frequency and 6 is the phase-lag angle between the complex and real moduli
which is proportional to the specific loss coefficient.

It has become possible to consistently monitor the temperature evolution during the
cyclic loading with the development of thermography in the late 1950s. Since thermal
imaging has become available, different researchers have monitored fatigue tests via in-
frared (IR) cameras to study thermal evolution. Reifsnider [68, 69] introduced the tech-
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nique to composites testing boron / epoxy and boron / aluminium at different frequen-
cies where the hysteresis loops and the temperature evolution were recorded. Based on
that experimental data it was reported that there exists proportionality between the en-
ergy dissipation rate measured from the hysteresis cycles and the temperature increase.
Also a temperature steady state after an initial transient temperature rise was reported
[68].

Wong [70] developed a hybrid numerical/experimental technique for determining the
heat dissipated during fatigue loading. For an aluminium alloy, it was reported that be-
tween 85% to 95% of the irreversible work dissipated as heat. For composites, Reifsnider
discussed that part of the irreversible work dissipated as heat in the material and is used
up as new surface energy coming from internal cracks, delaminations and fibre breakage
[68]. Although, no conclusive bibliography has been found on these matters, it can be
assumed that a very low percentage is involved in new surface energy development, so
that this contribution can be neglected [71].

In Kenny’s [72] experimental study of the elasto-plastic behaviour of thermoplastic
composites under cyclic loads, based on the measuring of damping ratios, it was reported
that the autogeneous heating of the specimen is due to internal friction during the cyclic
loading and that the temperature rise can be evaluated under adiabatic conditions.

Jacobsen et al. [73] monitored FRP and ceramic composites in an adiabatic cham-
ber during fatigue loading with thermocouples and an IR camera. With the help of a
one-dimensional model for the heat loss under steady-state conditions, a methodology
was described to measure variations in damping and stiffness properties. Similar obser-
vations on hybrid GFRP were made by Redon [74, 75], reporting that damage and heat
localization lead to impending failure, while the parameters that control the localization
need a better understanding to improve the fatigue resistance of the material by sensible
microstructural design.

One of the major applications found for the monitoring of energy dissipation with an
IR camera is the determination of the fatigue limits in metals via an accelerated test. This
is possible, due to the sharp change that the temperature shows at the point of failure
[76-80].

Recently Audenino [81] correlated the damping ratio measured with vibrational tests
to the thermographic signal of two different types of steel for fatigue testing. For this
purpose, a simple model for main thermal effects was described as:

Q¢ + Qkin — Qrour — Qr —Qrn=AUjp; (1.2)
where Qy is the internal heating source, Qk i, — Qkour are the conductivity balance terms
with the surroundings of the system, Q; is the radiance heat exchange, Qy, is the convec-
tive heat exchange and AUj,; is the internal energy.
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According to Johnson [82] the evolution of the average temperature recorded by the IR
camera can be used for characterising damage in fatigue tests. The use of thermography
is particulary beneficial in the case of thick-section composites where it is not possible to
monitor damage with other techniques, which only offers surface measurements. Ther-
mography has been used on thick coupons recently [83, 84]. According to Toubal [85]
this technique shows the relation between heat dissipation and damage for composites.
It can be observed that the average temperature signal follows the same evolution as the
modulus degradation curves that are normally divided into three phases.

Recently Naderi [86], Eleuteri [87] and also Maitournam [88] proposed a thermody-
namic approach for the characterization of material degradation. These works claim that
the cumulative entropy generation is constant at the time of failure and is independent
of geometry, load and frequency. The fracture fatigue entropy is defined as,

tr Wy Jgq-gradT tr Wy
_ _ “edr= [T (22). 1.
sffO(T a )dth(T)dt (1.3)

where, the first term is defined by energy dissipation per cycle and the second term is the
conductivity diffusion, generally assumed as negligible. Both terms are integrated during
the total life. These observations were reported for metals [86, 89-91] and epoxy glass
fibre reinforced composites [92-94].

In the OPTIMAT and INNWIND thick coupons tests, initially no thickness depen-
dence of fatigue results was reported [10]. However, lately Stammes [9] reported that
lower performance of thick sections was observed which might be related to the tem-
perature build up inside the laminate.

Based on the different studies reported in this section, it can be concluded that fatigue
and energy dissipation have a strong relation in composites. Taking into account that
GFRP composites have poor diffusivity properties, the temperature rise due to fatigue
might be an issue for thick laminates. Therefore, a better understanding of the causes
and how to forecast the self-heating mechanism is required.

MANUFACTURING PROCESS INFLUENCE IN COMPOSITE ME-

CHANICAL PROPERTIES
To evaluate laminate performance, a laminate has to be manufactured first. Voids, resin
rich areas, dry spots and other defects and flaws are inevitably formed during the manu-
facturing process. The different parameters involved in the manufacturing process such
as the curing cycle, and the infusion process are likely to modify the final mechanical
properties.
Lee [95] elaborated a series of expressions that can be used in conjunction with cure
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models to evaluate the effects of the curing cycle on strength values and moduli of the
composite after manufacturing. A relation between heat transfer rates and the interlami-
nar shear strengths (ILSS) was observed by Davies [96] and also by Liu [97] for epoxy resin
in carbon-reinforced composites.

White [98] reported that the curing temperature determines the degree of curing and
the resin system ultimate strengths. Huang [99] described different interfacial failure
properties for two different curing cycles with differences of 20%. Also, Ziaee [100] re-
ported a strong variation in strength and a decrease of 70% in the fracture toughness
for different cure temperatures for vinyl-ester resins. Moreover, Zhang [101] reported a
strong influence of the temperature ramps in the cure cycle on the hardness of an epoxy
resin.

White and Kim [102] developed and studied a technique of staged curing. In this tech-
nique, two or more thin (<5 mm thick) prepreg laminates are manufactured at once with
a similar curing cycle per staged laminate. Later, Ciriscioli [103] reported a technique to
determine mechanical properties of thick pre-pregs using a porous film in between. This
technique was applied to compare the properties of laminates of different thicknesses at
the middle thickness position. Moreover, a technique to extract sub-laminates with the
help of peel-ply layers from thick laminates was successfully applied and used to evalu-
ate the mechanical properties at different thicknesses positions [104]. Lately Boey [105]
reported a dependence of the flexural properties with the curing cycle and Shin [106] the
process sensitivity of the compression strength.

While for thin laminates curing temperatures do not show large gradients through the
thickness, in thick laminates strong gradients are observed [107]. Effectively, this is re-
lated to a curing cycle variation through the thickness, which can be expected to become
more pronounced in thicker laminates. These gradients are caused by the exothermic
nature of most curing cycles and the low thermal conductivity of the (uncured) resin.

Also, temperature gradients during the curing cycle are related to residual strains in
composites that can lead to warpage and shrinkage [108, 109]. To monitor the curing cy-
cle and the residual strains, different techniques can be used. Regarding the curing cycle,
thermocouples and dielectric sensors allow to record the evolution of the curing tempera-
ture and matrix curing degree, respectively. Regarding the residual strains, strain gauges
and embedded fibre Bragg sensors allow to monitor the strain development during the
curing. Alternatively the hole drilling method (ASTM E837) can also be used to determine
residual strains after manufacturing.

The works reported in this section share a general idea: temperature and manufac-
turing conditions have an impact on the laminate mechanical properties. However, no
literature was found relating mechanical properties with manufacturing conditions for
thick laminates. In fact, how to determine curing cycles remains an open question for




16 1. INTRODUCTION

the manufacturing of composite laminates. In spite of all uncertainties the manufactur-
ing process, it is very likely that thick laminates present differences in comparison with
thin laminates due to differences in local curing cycles and manufacturing conditions. To
study the impact of the manufacturing conditions on the performance of thick laminates
is therefore identified as a significant topic.

VS

LS
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HEAT GENERATION OF THICK
LAMINATES UNDER FATIGUE

Due to the poor thermal conductivity of composites and the material heating that occurs
during fatigue loading, high temperatures may appear in the laminate. Since the mechan-
ical properties of composites are dependent on the temperature, the fatigue performance
may be affected negatively when local temperatures increase. This chapter describes the
self-heating mechanism in thick laminates, propose an FE methodology to forecast such
mechanism and reports a series of mechanical experiments. The comparison between FE
models and experimental observations confirms the validity of the methodology.

INTRODUCTION

Heating of material is a factor to be considered during fatigue testing, which is supported
by the ASTM D3479 [111] recommendations. Particulary for thick laminates heating is
relevant [9, 112].

During cyclic loading of a laminate coupon, a percentage of the mechanical strain en-
ergy is transformed into heat due to non-reversible processes [66, 68]. This is also called
intrinsic dissipation [74, 113, 114]. The non-reversible conversion of mechanical energy
into heat is influenced by viscoelasticity, plasticity, damage and internal friction. These
cause a change of the state of the material (effective stress and strain) and therefore a
change in the internal energy that a given volume of material has. Energy release leads to
the endogenous heating or self-generated heating of the material.

Heat generation during fatigue has been studied by different authors. Kenny and
Marchetti [72] related the heating of a thermoplastic composite with the visco-plastic
phase angle that appear during the dynamic loading. Audenino [81] correlated the mate-
rial specific damping with thermographic observations carried out in steel. Katunin [115]

This chapter was extracted integrally from [110].
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Figure 2.1: Scheme of cyclic loading. Reversible process and process with hysteresis loop.

proposed an analytical solution to the heat generation problem (also called self-heating)
in the steady state based on a visco-elastic model.

In ideal mechanical reversible processes (see figure 2.1) the loading strain energy is
equal to the unloading strain energy and there are no mechanical energy losses. In case
of non-reversible processes, however, a certain degree of cycle hysteresis appears during
a sinusoidal cyclic loading and unloading process.

When a hysteresis loop is developed the strain energy built up between point 1 and
2, and the strain energy returned between 2 and 1 are not equal. Thus, there is a loss of
mechanical energy in the process defined by the following equations:

2
Wlli)gd—norev 2[ o-de (2.1)
1
1
qu_nlload—norev :f o-de (2.2)
2
AW,pss = lli)gd—norey _ qu_nload—norev 2.3)

The loss of mechanical energy during the cycle can be represented as a ratio of the
total strain energy of the cycle in a reversible process. The hysteresis energy loss during
the cycle is related with to cycle elastic energy according to the energy loss factor [112,
116]:

AW,
d= loss

=— (2.4)
load—
Wli)g rev

Heating during the cyclic loading is linked to the mechanical process. The volumetric
internal heat flow Q8¢¢" ated that appears during cyclic loading can be expressed as [115],

Q‘genemted — f'q)'Wllféld_rev (2.5)
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Figure 2.2: Schematic temperature evolution during a fatigue test at constant environmental temperature.

where f is the frequency, @ is the loss factor during the cyclic loading and Wll‘_’gd‘ eV ig
the change in elastic strain energy during the cycle, defined as,

2 2
o,—0
Wlload rev _ 2 1

_2 - E
where o0, 0 are the stresses in the maximum and minimum cycle states and E is the

(2.6)

elastic modulus.

Additionally, the thermo-elastic contribution dependent on the thermal expansion
coefficients causes an harmonic temperature variation with the load. In figure 2.2 a sche-
matic is shown of the temperature evolution during dynamic loading at constant envi-
ronmental temperature, in which the internal temperature development can be divided
in three phases. The first increase is related with the transient state (heating up of the
specimen). In the second part the temperature of the specimen is in equilibrium with its
surroundings and the loss factor remains relatively stable for a large part of the fatigue
life of the specimen [117] showing a minor increase. In the final phase, the loss factor
increases due to a rapid increase of damage, and the temperature also increases from the
steady state temperature until failure.

This characteristic behaviour is relevant for thick Glass Fibre Reinforced Polymer
(GRP) laminates, where the thickness and the poor thermal conductivity of the matrix
and glass fibre reinforcements can lead to a substantial increase of temperature in the
core of the laminate during cyclic loading. If the temperature comes too close to the glass
transition temperature, damage can occur as a consequence of the heating.

Since the stiffness of composites decreases dramatically when the temperature of the
material exceeds the glass transition temperature, heating in fatigue can lead to prema-
ture failure. Ability to forecast the temperature during fatigue is helpful for the design
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of thick laminate fatigue tests or of composites structures loaded in extreme tempera-
tures conditions. The aim of the present work is to study heating in fatigue experiments
on thick laminates. For this purpose fatigue tests for laminate thicknesses between 10 to
30 mm at different loading conditions are reported. A finite element model to forecast the
temperature rise during fatigue tests is described and evaluated with experimental data.

ANALYTICAL SOLUTION OF THERMAL DISTRIBUTION

The stationary thermal distribution of a thick, dynamically loaded laminate, can be stud-
ied analytically by modelling the composite as a wall with an internal heat generation
according to the one-dimensional heat transfer theory [118], based on the following as-
sumptions:

 uniform heat generation
* infinite width and length
* uniform conductivity.

Taking into account these assumptions, the one-dimensional temperature distribu-
tion through a conductive wall with internal heat generation as illustrated in figure 2.3 is
defined as,

T(x)=

Y generated 2 2
Q (L/2) ( al )+ : @.7)

2-k (L/2)2
the internal heat that leaves the wall is balanced by the energy leaving via convection
(where h and A are the convection coefficient and the interchange surface area respec-
tively),

Q'genemted_(L/z)_A:h_A,(Ts_TOO) (2.8)

Merging eq. 2.7 at the middle (x = 0) and eq. 2.8 with the internal heat generation from
eq.2.5, in a 1D model the core temperature is calculated as,

I? L
_+_
8-k 2-h

where k, Ty, Ts, T, are the thermal conductivity, the core or middle temperature, the

Ty = f-®-Wjogd-rev ( ) + Too (2.9)

surface temperature and the surrounding air temperature, respectively.

As an example, table 2.1 was built according to eq.2.9 for a thick glass fiber lami-
nate. This table shows an estimation of the core temperature in thick laminates under
the above mentioned 1D assumptions.
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Figure 2.3: Plane wall with uniform heat generation (1D diagram).

Based on the 1D assumptions and the lumped capacitance method [118], itis possible
to calculate the required time ¢, to arrive to the steady state temperature profile. The
lumped capacitance method assumes that the entire body is at the same temperature at
each time step, so conduction is neglected. This leads to,

p-(LI2)-¢cp
s = T
Q'genemted <(LI2)
R (Too +0.95- T) + Q8enerated . ([ /2)

(2.10)

logo

where p is the density of the laminate, c, is the specific heat capacity, T; is the steady
surface temperature from eq.2.7 and Q&¢"¢74%¢d i the internal heat flow from eq.2.5.
However, the validity of equation 2.10 is limited to Biot numbers smaller than 1. When
Biot numbers are higher than 1, equation 2.10 will lose accuracy. The Biot number (Bi) is
a dimensionless index. This index describes the relevance of the thermal gradient in the
body while the body heats or cools over time by convection. This number is described
by equation 2.11 where £ is the convective heat transfer coefficient, L. is a characteristic
length and k is the body conductivity.

h-L;
k

This 1D analytical solution offers only a rough estimate of the internal heating, but

Bi= (2.11)

it provides an intuitive understanding of the problem. For a realistic geometry, for non-
isotropic thermal and mechanical properties and for transient situations, however, a fi-
nite element (FE) approach is required to obtain more accurate results. This method is
discussed in the following sections.
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Max Load (MPa) 105 | 135 | 165 | 195 | 225
Min Load (MPa) 11 14 17 20 23
Load as a percentage
of quasi-static tensile 35 45 55 65 75
strength [%)
Thickness [mm] ATmax = Tm — Too (°C)
2 05 | 08 | 1.2 | 1.7 | 23
5 1.3 | 21 | 32 | 44 | 59
10 27 | 44 | 66 | 92 | 123
20 58 | 9.6 | 14.4| 20.1| 26.7
30 95 | 15.6| 233 326| *
40 13.6 | 22.4| 335| * *
50 18.1| 30.0| 44.8| * *

Table 2.1: ATyqx 1D analysis. Glass fibre coupon with main fibre direction at 90° w.r.t. loading direction, fatigue

load ratio R=0.1, modulus 14 GPa, Max. tension 300 MPa, loss factor 0.05, frequency 0.5 Hz, conductivity 0.512
w
m2.°C

convection 20 ( ), ambient temperature 23°C. (*Unrealistic)

w
m-°C’

FE METHOD FOR HEATING FORECAST
In the finite element simulation of internal heating in fatigue, the mechanical calculation
is related to the thermal calculation via the loss factor (eq.2.13). In addition, the loss
factor may vary per element due to ply orientation and damage evolution [117]. Hence for
each element, a different loss factor might be used based on material and ply orientation.

The simultaneous study of the thermal and mechanical problem presents two prob-
lems: First, the time scales of the mechanical and the thermal phenomena are of a dif-
ferent order. While the mechanical time scale (defined by the cyclic loading frequency)
might vary between 0.5 to 2 Hz, thermal stability is achieved in time scales from 10 min-
utes to 2 hours, therefore time steps differ by an order of two. Performing a thermal sim-
ulation before or after every mechanical simulation might result in excessive calculation
efforts that are unnecessary.

The second challenge is that some FE solvers do not allow to impose an internal heat
flow load that depends on the strain energy in each time step.

To circumvent these problems, the mechanical and thermal problem can be solved
separately (uncoupled) using the following scheme [119] (see figure 2.4):

* Solve the mechanical problem for one loading cycle as a quasi-static simulation
with a representative time step for the mechanical frequency.

 Extract the strain energy scalar field.

* Integrate the strain energy for a half cycle (elastic strain energy) and each element
of the mesh, for all the tensor components.
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2
wogd=rev (x. y, z) :f o(x,y,2)-de, Vx,y,2 (2.12)
1

* Multiply this result by the loss factor ®(x, y, z) to obtain the internal heat genera-
tion. While ®(x, y, z) is a function of spatial coordinates, in the current implemen-
tation it is considered spatially constant as ® and chosen equal to the energy loss
factors measured experimentally from the hysteresis cycles.

Q8" (x,y,2) = f-@-W}04d=TeV (x, y, 2) (2.13)
¢ Build the thermal model with the same mesh.

e Import the internal heat generation as a volumetric internal heat load at each mesh
element of the thermal model.

e Solve the thermal problem with a representative time step of the temperature evo-
lution in comparison with the steady state arrival time.

* Perform the same steps for the next loading cycle type.

This method is based on the assumption that changes in the loss factor and changes
in the strain energy do not affect the thermal problem significantly.

The method was implemented in the MSC Marc 2010 solver in which the strain energy
density solution of the mechanical simulation is output to a report file. The input to the
thermal simulation is generated with a Python code as a file with spatial coordinates and
heat scalar values that can be translated to a volumetric heat load to the thermal model.

EXPERIMENTS AND SIMULATIONS

Temperature build up in thick laminates is driven by the internal volumetric heat gener-
ation described by eq. 2.5. The main factors in eq. 2.5 are the frequency, the loading ratio,
the ratio of strain energy transformed into heat (®, loss factor) and the boundary condi-
tions. In order to observe the variation in fatigue life with the heating effect, two different
types of coupons, referred to as 'S20" and 'S77’ coupons were tested in fatigue under dif-
ferent loading ratio conditions, testing frequencies and thermal boundary conditions.

TEST METHODS AND MATERIALS
Two different fatigue test configurations were experimentally tested and analysed with
the FE method as follows:

* Compression fatigue tests on 30 mm thick coupons of geometry 'S77’ with trans-
verse reinforcement.
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Figure 2.4: Heating temperature FE forecast method flow task diagram.

* Compression fatigue tests on coupons of 'S20’ geometry and 10 or 20 mm thickness
with reinforcement at 0° w.r.t. loading direction.

The 'S77’ coupons were tested in fatigue at constant amplitude of force and a loading
ratio R = 10 at frequencies of 0.25Hz and 0.5Hz in a 1 MN maximum load capacity hy-
draulic test frame. The specimens were gripped in the tab area and thus the test frame
load is introduced to the specimen by shear loading. In a similar manner, the ’S20’ com-
pression coupons 10 and 20 mm thick were tested in fatigue at R = 10 at a test frequency
of either 1.5 Hz and 2.5 Hz. A third set of 'S20’ coupons was tested at 1.5 Hz, and the sur-
face was covered by an insulation foam (conductivity k = 0.023 [W/m°C]) with the aim to
reduce the heat generation disssipation into the atmosphere aproching a quasi-adiabatic
state. All sets of coupons were tested in a 400kN test frame in end loading compression
test set-up.

In all experiments (except for the specimens covered in insulation material), surface
temperatures were monitored with an IR camera, in order to compare experimental mea-
surements with the model results. In addition the temperature was measured with a ther-
mocouple at one side of the coupon (see figure 2.5 and figure 2.6).

The loss factors were measured during the tests based on the hysteresis areas de-
scribed by the force and displacement signals. Sampling rates of 400 Hz were used on
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Figure 2.5: S77 coupons setup (left), 20 mm end-loaded coupons setup (middle), insulated end-loaded coupons
setup (right).

e
o = Insulated
area
275 200 275 40 10/ 20

Figure 2.6: S77 coupon geometry (top). S20 coupon geometry (bottom). A red dot indicates the location of the
thermocouple. Dimensions are in mm.

Modulus Poisson Shear modulus
E [GPa] v G [GPa]
11 22 33 12 23 13 12 23 13
UD 399 | 135| 135| 026 0.20| 0.08| 3.5 3.5 3.5
Biax | 25.0 25.0| 13.1| 0.15| 0.15| 0.08| 3.5 3.5 3.5

Table 2.2: Material properties used in FE analysis [14].
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Figure 2.7: FE model mesh 11465 nodes and 8710 elements.

the recording of such signals.

Dynamic mechanical analysis (DMA) is a technique used to study materials where
a low amplitude sinusoidal strain is applied and the stress in the material is measured
while the temperature or the frequency changes. On the other hand, differential scanning
calorimetry (DSC) is a thermoanalytical technique where the amount of heat difference
required to increase the temperature of a sample and reference is measured as a function
of temperature. Dynamical mechanical (DMA) tests and differential scanning calorime-
try (DSC) tests were carried out in a range between -40°C and 100°C for UD 0° and 90°
coupons manufactured with the same reinforcement and resin material. The storage
modulus and DMA glass transition temperature Ty were defined according ISO 6721, and
the DSC glass transition temperature T was defined according ISO 11357. The results of
these tests are shown in figure 2.8 and figure 2.9. It can be observed that DMA glass tran-
sition temperatures are found of ca. 55°C. Note that the glass transition temperatures
Tg, determined with the dynamical scanner calorimeter (DSC) method ranged between
80-85°C.

’S20’ coupons were manufactured from plates infused with a common wind energy
epoxy resin (Hexion RIM 135) and glass fibre type E with 600 gr/m? non-crimp UD fabric.
'S77’ coupons were manufactured from plates infused with SP Prime 20 resin. An average
fibre weight ratio of 70% and void contents less than 0.1% were measured.

FE ANALYSIS
The 'S77’ coupon was modelled using the above-described FE method to predict the ma-
terial heating. The coupon geometry was reduced to one eighth with three symmetry
planes imposed with displacement constraints. The shear loading carried out by the grips
was modelled as an equivalent shear load distributed over the gripping surface. The ma-
terial properties used in the FE analysis are shown in table 2.2, where the principal mod-
ulus correspond to strain gauge measurements carried out during the tests.

The mesh was based on Marc hex8 elements with 11465 nodes and 8710 elements
(see figure 2.7), with a constant element size of 5mm in length and 2.5 mm in height.
The computational scheme followed in the FE analysis is described in section 2.3. The
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Figure 2.8: Dynamic mechanical analysis (DMA) tests for 0° oriented laminates between -40° to 100°C and 1 to
10 Hz (according ISO 6721).

stress and strain fields obtained from the mechanical FE model were processed with a
Python code in order to calculate the strain energy dissipation for a whole cycle. The
three directions stresses and strain components as well as the shear components were
taken into account in order to calculate the total energy strain density. An average loss
factor of 0.06 was used, which corresponds to the loss factors computed from measured
hysteresis areas during the experiments. The material for the thermal model was defined
as isotropic with a conductivity of 0.512W/(m°C) and a specific heat of 1044 ]/(kg°C).
These values were calculated according to a rule of mixtures-based approach proposed
by Cugnet [120]. The boundary conditions for the thermal model were defined as follows:

* A convection boundary condition at all the surfaces with no symmetry planes or
gripping surfaces. A sensitivity analysis for different convection coefficient values
was carried out between 5 to 15 mzl.oc, using the guidelines from [121].

e In the gripping area, a contact resistance condition with a solid at 20°C was im-
posed. The value of the contact resistance was chosen to be 2 - 10* % [122], after
a sensitivity analysis for this value was carried out, showing differences in the tem-
perature results not higher than 2 degrees for a contact resistance four orders of
magnitude different.
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Figure 2.9: Dynamic mechanical analysis (DMA) tests for 90° oriented laminates between -40° to 100°C and 1
to 10 Hz (according ISO 6721).

RESULTS AND DISCUSSION

FATIGUE EXPERIMENTS

In the ’S20’ and ’S77’ fatigue tests it was observed that the surface temperature increase
is mainly dominated by the maximum stress ¢ ,4x and the frequency. Core temperatures
exceeding the surface temperatures are expected due to material heating. In case the
temperature comes too close to the glass transition temperature, rigidity drops, poten-
tially leading to increased damage.

’S20’ specimens with fibres in loading direction of 10 mm thick were tested under in-
sulated (quasi-adiabatic) and non-insulated conditions at 1.5 Hz (see table 2.3). A max-
imum surface temperature increase of 15°C was observed in insulated coupons tested
at the higher o,,,x cases. The temperature remained significantly lower than the glass
transition temperature, and the fatigue lives were similar to the non-insulated specimens
which exhibited a lower temperature increase, see the S-N curves of figure 2.10.

While 10 mm thick 'S20’ coupons surface temperatures were significantly below the
glass transition temperature and no change in fatigue life was observed, this was not
the case for all 20 mm thick 'S20’ coupons. Similar 'S20’ coupons of 20 mm thickness
were tested under insulated and non-insulated conditions at 1.5 Hz, and also under non-
insulated conditions at a higher frequency of 2.5Hz (see table 2.3). While non-insulated
coupons tested at 1.5 Hz showed a maximum surface temperature increase of 17°C, the
coupons tested at 2.5 Hz showed a maximum surface temperature increase of 25° C. More-
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Figure 2.11: S-N curves (Insulated, Non-Insulated, High Frequency) 20 mm thick, interval confidence at 95 %.
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Figure 2.12: ’S77’ 30 mm thick 90 degrees oriented tests at different frequencies.

over, the coupons tested under insulated conditions at 1.5 Hz showed a higher tempera-
ture increase of up to 33°C, which is closer to the operational range limit. The S-N curves
(see figure 2.11) of the 20 mm thick coupons exhibit a strong variation for the high loading
cycles. In both cases, the frequency increase or the application of the insulation resulted
in an increase of the scatter and wider intervals of confidence. The observed change in
fatigue life performance can be related to the increase of the coupon temperature since
surface temperature and core temperature for high-frequency and insulated tests come
close to the range of glass-transition temperatures of the matrix and can thus be expected
to have an effect on the overall performance of the laminate.

Figure 2.12 shows 90 degrees oriented 30 mm thick coupons of type 'S77’, tested at dif-

Thick- Freq. Insu- Ori?n— Surface Droan
ness lated tation ATmax

[mm] [Hz] [] [°1 [°Cl [%]
10 1.5 No 0 8 25t04
10 1.5 Yes 0 15 25t04
20 1.5 No 0 17 25t04
20 2.5 No 0 25 25t04
20 1.5 Yes 0 33 25t04
30 0.25 No 90 16 5.5t06.5
30 0.5 No 90 40 5.5t06.5

Table 2.3: Summary table of experimental data.
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Figure 2.13: 'S77’ coupon temperature field and FE model (h =
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Figure 2.14: 'S77’ temperature field in the steady state (convection factor 10 —5= Q oL Units: °C, 0.5Hz 10.000 cycles,
model show from two sides).
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. Temp. Temp. Temp. Temp.
Freq. CCZI;}I:C(;:S:} side surface middle experimental
FE model FE model 1D theory IR image
[Hz] [W/m°C] [°Cl [rcl °cl °c
5. 37. 41. 33.
0.25 10. 28. 31, 27. 34-36
15. 25. 27. 25.
5. 55. 61. 46.
0.5 10. 36. 42, 34. 45-47
15. 30. 35. 30.

Table 2.4: Comparison between analytical, FE model and experimental data.

ferent maximum stresses 0 ,4x and at two different frequencies, 0.25 and 0.5 Hz. While
the mentioned testing frequencies did not influence thinner coupons fatigue life, 30 mm
thick coupons tests showed that fatigue life was reduced one order of magnitude by dou-
bling the frequency. During the test, differences in surface temperatures between both
frequencies of around 15°C to 20°C were recorded, with maximum surface temperatures
close to 40-50°C. Based on these surface temperatures, core temperatures up to 55-65°C
were calculated. As the dynamical mechanical test showed, this is in the same range as the
glass transition temperature, leading to the expectation of temperature-induced stiffness
reduction or damage development. The glass transition temperatures measured with the
DMA seem more relevant for the explanation of the influence of temperature on fatigue
behaviour than the T, values from the DSC method.

TEMPERATURE ANALYSIS WITH FE METHOD

In order to validate the FE method (see section 2.3) the temperature distribution during
a fatigue tests was evaluated for 'S77’ coupon type tested at 105 MPa. The temperature
distribution was modelled and compared with the experimental data.

The temperature predicted 'S77’ coupon model rises up to 27.5°C above the ambient
temperature due to the fatigue heating process. Such temperature gradients agrees with
the experimental observations carried out with the thermo camera (see figure 2.13 and
table 2.4). The FE method models the temperature increase with a volumetric heat that is
equal to the fraction of the strain energy dissipated, as defined by the energy loss factor ®.
This assumption was validated since the energy loss factor used in the model corresponds
to the energy loss factor measured during the experimental tests with the hysteresis areas
method.

By calibrating the results with the convection coefficient (), it was possible to find
an agreement between the experimental temperatures and the modelled temperatures
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with maximum difference of +2°C. Table 2.4 shows the computed temperatures for three
w

m-°C

peratures on the surface area are compared with the IR images measurements. The best

different convection coefficients between 5-15 at both testing frequencies. The tem-

match with the experimental temperatures in the steady state and the transient state ar-
w

m-°C*

ones reported in the literature [118] for a non-forced wall convection case.

rival time is for a convection coefficient of 10 This coefficient is in the order of the

The temperature difference between the middle section and the outer section of the
model is around 7°C, which is of the same order of magnitude as the analytical model
results. Figure 2.14 shows the temperature obtained from the model. Such a full-field
temperature overview can help test design in terms of selection of the best location of the
thermocouple. Therefore, and because of the large temperature gradients, the IR cam-
era was preferred over using thermocouples as temperature inspection method. In both
cases, the surface temperature gradient described by the model (see figure 2.14) and the
IR experimental recordings (see figure 2.13) shows that higher temperatures occur in the
gripping area next to the measurement section. This is related to the stress concentra-
tions in that area due to the geometry and clamping.

The model in figure 2.14 shows cross sections with core temperatures close to 50°C
for the 'S77’ coupons tested at 0.5 Hz. According to the DMA results (see figures 2.8 and
2.9), the stiffness reduction associated with the glass transition temperature event occurs
at 50°C. While the model shows cross section temperatures close to the glass transition
temperatures for test frequencies of 0.5 Hz, the same model predicted maximum tem-
peratures 12°C lower than the glass transition temperature at a test frequency of 0.25 Hz.
Therefore the model indicated that self-heating a reasonable explanation of the reduc-
tion of the fatigue performance observed for the 'S77’ coupons during the experiments
between test frequencies of 0.25 and 0.5Hz (see figure 2.12). In this way, the FE method
allows to tune safely the frequency of the tests when the interaction between the heating
due to fatigue and the glass transition temperature limits downgrade the material perfor-

mance.

—>0C—=—0<—

CONCLUSIONS

Fatigue tests for laminate thicknesses between 10 to 30 mm are reported at different fre-
quencies and thermal boundary conditions (tests on thermally insulated specimens or
specimens without thermal insulation) were carried out for GRP laminates. A change in
fatigue performance was observed in 20 mm and 30 mm thick laminate fatigue tests, for
temperature increases that were related to the test frequency or thermal boundary con-
ditions.
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A finite element method to analyse the temperature distribution in the thick lamina-
tes fatigue test was described, linking the hysteresis area loss factor and the strain energy
density with the internal volumetric heat that cause the material heating. This assump-
tion was validated, since the temperatures were accurately forecasted using the loss fac-
tors measured experimentally during the tests with the hysteresis areas described by the
load and displacement signals.

The 30 mm thick coupons tested in fatigue were modelled be means of the FE method
and compared with the experimental observations of the IR camera. According to this
model, the coupons tested at high frequencies showed temperatures close to the glass
transition temperatures in comparison to the coupons tested at lower frequencies. This
explains the premature failures observed in the experimetal tests due to the heating gen-
erated during fatigue.

It is concluded that the methodology was confirmed to be accurate in comparison
with the experimental observations. It allows to forecast the temperature raise due to
fatigue, and to compare it versus the glass transition temperatures.




THICKNESS SCALED COMPRESSION
TESTS

To determine the properties of thick laminates and compare them with thin laminates is
necessary to tests them first. However, coupon geometry and test conditions influence the
final static and fatigue test results and might blur the conclusions. This chapter describes
the design and engineering of scaled thick laminates compression test. Static and fatigue
test on 4, 10 and 20 mm thick coupons are reported and discussed.

INTRODUCTION

Concerns about size effects were already reported in the 15th century, when it was sus-
pected that among cords of equal thickness the longest is the weakest [15]. Since then
until our times different size effects in composites and other materials have been stud-
ied. In Bazant’s [16] review on size effects on structural strength, the size effect in solid
mechanics is understood as the change of the nominal strength of the structure when
geometrically similar structures are compared.

In review papers by Zweben [17], Sutherland’s et al. [19] and Wisnom [32], evidence
and supected causes for the existence of size effects are reported. The causes reported in
those references are the influence of test configuration, the manufacturing defects, the
difficulty of scaling fibers and the scaling of ply thicknesses.

Moreover, Wilkins [26] reviews the nature of scaling effects with special emphasis on
the use of the Weibull theory, which states that the probability of occurrence of defects
increases as volume increases. Weibull theory is also used to represent the inherent scal-
ing effect that composites exhibit due to the impossibility of scaling fibre diameters and
geometries. Wang [27] defends that there is a dependence of material strength on volume

This chapter was extracted integrally from [123], with omission of parts that discuss the influence of manufac-
turing process, which can be found in Section 5.4 of this thesis.

35
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that should be understood as a scaling effect of material properties.

Regarding scaled compression tests, Camponeschi [23] reported the effect of the
thickness of carbon reinforced polymer (CFRP) laminates up to 7 mm thick concluding
that in most cases there is a drop in the compression strength with thickness increase,
which can be related to the material quality or testing side effects. Bing [25] studied the
size effect on end loading compression coupons for off-axis tests, observing a decrease
of strength with an increase of thickness. This strength decrease was found to be more
pronounced when the off-axis angles are close to 0 degrees.

Hsiao [124] performed static tests on unidirectional (UD) CFRP coupons up to 10 mm
thickness observing no significant reduction of the ultimate strength for increasing thick-
ness and a reduction of the coefficients of variation. On the contrary, Lee and Soutis [125]
performed several series of static thickness scaled open hole compression tests on CFRP
laminates with thicknesses up to 8 mm, observing a reduction of the ultimate strength.
However, in these tests, instead of scaling the geometry as the thickness increases, the
same geometry with different thicknesses was used in all the cases. In a similar manner,
un-scaled CFRP coupons were statically tested by Baldini et al. [126] with thicknesses
up to 5.5 mm showing a decrease of the ultimate stresses. In addition, Cordes [127] per-
formed a series of compression tests on 10 mm thick specimens with different cross-ply
lay-ups, where it was concluded that the quasi-static behaviour of the cross ply compos-
ites is dominated by the zero degree layers.

Common practice to determine static design limits of composite glass fibre reinforced
parts such as wind turbine blades is to reduce the test material characteristic values
(stresses and strains) to a probability of failure of the 5% according to a normal distri-
bution. Later such characteristic value is divided by a safety factor in order to obtain the
static design limits. Such safety factor can be obtain from previous experimental tests [52]
or standards such as Germanischer Lloyd guidelines [3].

A similar approach is used to determine fatigue limits with standards such as German-
ischer Lloyd guidelines [3]. To predict durability due to fatigue a Miner’s rule or a residual
strength model [53] is used, in conjunction with the Goodman diagram [54, 55]. It al-
lows to predict the cycles to failure as a function of mean stresses and amplitude stresses.
Such models are constructed based on test material characteristics values (stresses and
strains), S-N curve slopes and safety factors defined by the standards.

In both static and fatigue design limits, the test material characteristic values are
based on specimens which are not thicker than 4 mm. Therefore, scaling effects, man-
ufacturing effects and aging effects that are present in the final structural behaviour are
considered via safety factors.

Taking into account that limited references are available in literature related to static
scaled compression tests on composites, and even less in the case of fatigue properties,
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Figure 3.1: Parametric coupon geometry.

the aim of this work is to study the size effect in static and fatigue properties with thick-
ness scaled compression tests on unidirectional glass fibre reinforced polymers (GFRP).
Measurements are compared with the reduced fatigue capacity given by design guide-

lines as a reference.

MATERIALS AND METHODS

The aim of this study is to investigate the influence of thickness on compressive failure
of unidirectional GFRP. To ensure that the desired failure mode occurs in all cases, the
experiments are engineered with care. Special attention is paid to the coupon geometry,
the manufacturing process and the test setup.

COUPON GEOMETRY

The coupon geometry is described by the parameters shown in figure 3.1. The specimen
can be loaded in three different ways: by end loading (ASTM D695, DIN 65375), by shear
loading (ASTM D3410) or combined loading compression (CLC) setup which is a combi-
nation of the first two (ASTM D6641). In this work, a CLC setup is considered, where the
total load exerted by the test frame actuator is divided into a shear load and an end load
according to a distribution coefficient that varies with the clamping pressure. In order
to pre-dimension the geometry, four different failure modes (see figure 3.2) were consid-
ered: compression failure in the gauge section, shear failure in the tab section, crushing at
the end section and buckling of the gauge section. Of these, the first is the desired failure
mode.

Compression failure of the gauge section is the design failure parameter, and for a
glass fibre UD composite a maximum stress of 800 MPa was considered. Thus for a certain
thickness e and a certain width w the main load Fj,,4 required can be calculated. The
shear failure mode in tab section was designed for a maximum shear 7, of 10 MPa, thus
the tab length (m) can be dimensioned as,
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Figure 3.2: Failure modes considered in the analytical geometry pre-dimension.

m> Fload 3.1)
Teap  W-2
The end loading failure mode is driven by the bearing stress o pearing, Wwhich was con-
sidered as 200 MPa for dimensioning purposes. Thus the tab thickness () can be sized
as,
h—e 1 Fioad

= > 4 (3.2)
2 2 \Opearing - W

The buckling failure mode was considered according to the Euler formula, in such
way that the gauge section thickness exceeds the critical thickness by at least 20%. Based
on these analytical failure modes, the geometry was pre-dimensioned and refined with a
FEM parametric analysis [128].

Such FEM parametric analysis showed that due to the combined loading, a stress gra-
dient occurs through the thickness where the middle layers are on lower stresses levels
than the outer layers. Assuming that a maximum stress allowable is equal for each layer,
stresses between the outer layers and the middle layers should be as even as possible in
order to promote a synchronized failure through the gauge section thickness, leading to
higher failure forces.

The increase in the coupon length (parameter /) does not influence the behavior of
the gauge section, but does reduce the mean shear stress between the tab and the UD
core.

The increase in the gauge section length (parameter g) reduces the through-thickness
stress gradient. In the same way the increase in parameter n related with the tab taper an-
gle or the reduction of the tab modulus, reduces the stresses gradient through the thick-
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1 m n g e h w
Geo-
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
metry
1(S21) 140.0 65.0 10.0 3.0 4.0 8.0 10.0

2(S22) 400.0 187.5 25.0 10.0 10.6 20.0 25.0
3(S23) 760.0 362.5 35.0 15.0 20.0 32.6 55.0

Table 3.1: Scaled coupon nominal dimensions.

ness. The increase in the gauge section length and the reduction of the tab taper angle,
both increase the possibility of the desired failure due to the cross sectional main stress.
However, the freedom to select these parameters is limited by the risk of buckling of the
gauge section.

The load distribution coefficient between the end load and the shear load implies a
small variation of all indicators. However it has to be taken into account that in the real
test case the load introduction by shear in a clamp is not as evenly distributed as in the
model due to surface tolerances, surface roughness and grip marks. Therefore, a certain
amount of end loading cancels the possibility of slippage in the grips and allows to freely
setup the grip pressure. Thus, combined loading was the preferred choice.

The parameter h related with the tab thickness shows that higher tab thicknesses
influence the stress gradient through the thickness. A tab thickness increase promotes
higher probability of failure in the middle cross section and reduces the influence of the
clamping pressure in the tab-core interface.

Final coupons (see figure 3.6) were obtained from a FEM design process as described
above and dimensions are shown in table 3.1. Dimensions obtained from the design pro-
cess were accommodated, due to practical restrictions, to the closer possible dimensions
that agree with a direct up-scaling. Since the type of fabric and the fabric grams per square
meter determines the layer thickness, the final coupon thickness is the number of layers
multiplied by the average layer thickness. Therefore, in practical terms it was difficult to
arrive at an exact scaling of the parameters related with the thickness. In case of parame-
ter g scaling was limited in order to avoid buckling of the external layers, since failure due
to buckling is not desired.

MANUFACTURING PROCESS

The manufacturing process was developed aiming to reduce the manufacturing influence
when coupons of different sizes and thicknesses were produced. For connection between
the core and the tabs, adhesive bond would be the most common choice. However, as the
scale of the coupons increases, the adhesion surface also increases, which presents some
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Figure 3.3: Plate milling into coupons.

processing challenges in order to keep the quality of the adhesive surface free of voids.
Instead of bonding the tab, coupons were therefore manufactured at once with integrated
tabs that were milled to create the gauge section (see figure 3.3).

Vacuum infused plates were manufactured with an epoxy resin commonly used for
wind energy applications (Hexion RIM135). The core material was a UD glass fibre type
E of 600 gr/m? non-crimp fabric, and the tab material was a biaxial glass fibre type E of
400 gr/ m? non-crimp fabric. For all manufactured plates, fibre content and glass transi-
tion temperature were measured. Averaged fibre weight ratios were 70% (averaged fibre
volume contents of 53%), void content was under 0.1% and DSC glass transition tempe-
rature (Tg) was around 80-85°C.

Panels of 4 and 10 mm thickness were cured with a curing cycle prescribed by the resin
manufacturer for the epoxy resin. The curing cycle was divided into two main stages. The
first stage was the hardening stage, where the exothermal reaction of the resin takes place
with a setup mould temperature of 45°C. The second stage was the post-curing stage,
where the resin finalize the curing process with a setup mould temperature of 80°C. For
the panels dedicated to 20 mm thick coupons, the initial hardening stage mould tempera-
ture was reduced to 30°C to avoid excessive temperatures due to the exothermic reaction
and the thickness of the plate. Temperatures through the thickness were measured with
embedded thermocouples during the curing. From these temperatures the maximum
heating rates during the hardening stage (max(dT/dt)) were computed.

The plates were milled in thickness direction to create the gauge section and coupon
shape. The shape of the coupon was milled over the width of the plate and finally cut
lengthwise with a diamond saw. In this way, all geometrical tolerances could be refer-
enced to one origin, since it was performed in a 3D axis milling machine.

While milling of the gauge section, a layer of material in the order of microns is dam-
aged by the milling blades. To study the impact of this effect, the 4 mm thick coupons
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were compared in a fatigue test with coupons with bonded tabs which were not milled.
A similar comparison was not carried out for higher thicknesses, since the hypothetic fa-
tigue life reduction that might be caused by the milling process is more significant for
thinner coupons than for thicker coupons. Therefore, R08 type [14] rectangular 4 mm
thick UD coupons with 20x20 mm gauge section and bonded tabs of 55mm in length
were prepared with the same material and manufacturing process for comparison pur-
poses.

TEST SETUP

Coupons with 4, 10 and 20 mm gauge section thick were tested in static tests and in fa-
tigue tests at a stress ratio R = 10. The 4mm coupons were tested on an MTS servo
hydraulic 100kN test frame, static tests were performed in a CLC fixture according to
ASTM D6641 and fatigue tests were performed with the standard machine clamping sys-
tem. Coupons of 10 and 20 mm thickness were tested on 400 kN and 1 MN test frames
respectively equipped with an assembly of clamping steel plates and hydraulic clamping
(see figure 3.5).

Static tests were carried out at a test speed of 1 mm/min. Fatigue test frequencies
were reduced as the thickness increased in order to minimize the influence of internal
heating [110]. Coupons were monitored with thermocouples and infrared (IR) cameras.
A frequency of 2 Hz was used for the 4 mm thick coupons, 1 Hz for 10 mm and 0.5 Hz for
20mm thick coupons, which was sufficient to avoid surface temperatures higher than
30°C.

The 10 and 20 mm coupons were instrumented with cross gauges in the four gauge
section faces in order to measure the elastic modulus in the outer surfaces and in the
middle axial section (see figure 3.4). The use of cross gauges enabled the measurement of

Poisson coefficients v;2 and v;3.

RESULTS AND DISCUSSION

STATIC TESTS RESULTS

Thickness scaled static tests were carried out in a combined loading setup. It was ob-
served that the clamping pressure in the tests has a strong influence on the final ultimate
stresses. For example, figure 3.7 shows an influence of the grip pressure on the ultimate
stress in the 4 mm thick coupons. Therefore, different tests were carried out to find the
optimal pressure at which the highest ultimate stresses are found. 4 mm thick coupons
showed that the optimal clamping pressures was around 17.9 MPa (see figure 3.7). In the
case of 10mm and 20 mm thick coupons the clamping forces were determined accord-
ing to this clamping pressure and the tab areas. In addition tests with modified clamping
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Figure 3.4: Strain gauges setup for 10 and 20 mm thick coupons.

Figure 3.6: Thickness scaled coupons with integrated tabs and R08 coupons with bonded tabs.
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Figure 3.7: Ultimate stress versus grip pressure. 4 mm thick coupons. Number of coupons per pressure N=5.

pressures and bolt torques were carried out in order to ensure the right setup at the dif-
ferent thicknesses.

Static tests force versus displacement curves for the three thicknesses are shown in
figure 3.8. Such curves show no remarkable load drops, but small peaks caused by the re-
location of the coupon at the grip. In addition, no visual damage was observed until fail-
ure. Failure occurred at maximum force, with a rapid collapse of the cross section and a
force drop larger than 5 %. Ultimate stresses were calculated dividing the maximum force
by the cross-sectional area. In figure 3.9 it is shown how the ultimate stresses describe
a slight enhancement with thickness and a small reduction of the coefficient of variance
(COV) when the clamping pressure is optimal. This behaviour agrees with Hsiao [124]
finding in CFRP static compression tests which showed no significant reduction of the
ultimate stresses as well as a reduction of the COV. On the other hand, when the clamping
pressures are not optimal, strong reductions in the ultimate stresses can be observed (see
figure 3.9) which are related to the testing configuration rather than to scale effect. Such
testing configuration phenomena and the lack of scaling of the tab dimensions might ex-
plain the size effect reported by Camponeschi [23] and Bing [25].

Because the 10 mm and 20 mm thick coupons were equipped with cross strain gauges
on the front faces and on the side faces (see figure 3.4), the elastic modulus and Poisson
ratios in the 12 and 13 planes were measured. While strain measurements at the front
faces correspond to the outer layers of the gauge section, strain measurements at the side
faces correspond to the middle layers of the gauge section. When strain measurements
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Figure 3.8: Static test results. Force versus displacement curves.
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e Fmax Omax O max Efront Esides vi2 Vi3
[mm] [kN] [mm] [MPal] [GPal [GPal (-] -1
546.9 39.0
Reference - - - - -

(11.8%)  (11.6%)
28.1 1.5 630.4

4.0 - - - -
%)  (11%)  (5%)

100 169.1 49  649.6 36.3 461 0283 0.198
4%) (3%  (4%) (12%)  (18%) (12%) (21%)

200 6914 10.1  669.6 41.9 490 0235 0.204

(4%) (2%) (1%) (14%) (5%) (8%) (14%)

Table 3.2: Thickness scaled static properties. Values between parentheses are the COVs. (0: displacement, o:
stress, E: elastic modulus, v: Poisson coefficient). Reference: average of 136 coupons with different geometries
for the same material [14].

from the outer and middle layers were compared, it was observed that outer strains were
15% to 20% larger than middle strains. This variation also explains the difference between
the modulus measured in the front faces and the side faces (see table 3.2) and agrees with
the FEM results where a stress gradient through the thickness was predicted. In addi-
tion, table 3.2 shows the Poisson ratios measured in the front and side surfaces, which
correspond to the Poisson ratios v;» and vi3, showing similar values for both planes.

A reference ultimate stress available in the literature for the same material is shown in
table 3.2. From the Upwind Optimat Database [14], measurements were considered from
136 coupons tested in compression with different geometries for the same material and
thicknesses below 5 mm. The average ultimate stress of these coupons is 546.9 MPa with
a standard deviation of 64.5 MPa (COV 11.8 %). The measured values found in the current
study are in the higher end of the range of values in the Upwind Optimat Database.

FAILURE MODES

The failure mode and position of failure were investigated post-mortem. In figure 3.10 the
different failure modes of the coupons are summarized, as well as the failure positions
according the ASTM D6641. While in the static tests the percentage of failures modes
is evenly distributed between through-thickness and brooming (see figure 3.12), in the
fatigue tests the through-thickness failure mode is dominant. No end crushing failures
were observed in any of the tests.

Similar distributions of failure modes were observed for all coupons thicknesses,
which suggest equivalent behaviour between the different scaled geometries (see figure
3.11). This was the main reason why the coupons geometry were scaled rather than only
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Figure 3.10: Failure modes and position statistics for 4, 10 & 20 mm.

the thickness, in order to have equivalent stress gradients independently of the thickness
for a fair evaluation of the thickness effect.

A total of 91% of the coupons failed in the gauge section or at the tab, both of which
failure cases are accepted by the standard. The remaining 9% of the coupons failed inside
the tabs. Measurements from these coupons were discarded. Figure 3.10 shows that,
while in the case of the static test the failure position is evenly distributed at the gauge
and the tab, fatigue tests show an increase of failures at the tab and a slight increase of
failures inside the tab.

Due to the in-plane shear stresses between the tab and the core, fatigue tests exhib-
ited a partial delamination of the tabs, which did not propagate to more than 15% of the
total tab length in the worst cases. The fact that none of the coupons with integrated
tabs showed a total delamination of the tabs, which would invalidate the test, is an im-
provement in comparison with previous experiences of coupons with bonded tabs, in
particular for thick gauge section coupons [9].

In all cases failure was instantaneous and catastrophic and were accompanied by an
acoustic event. Matrix cracking, fibre compressive failure and micro-buckling are possi-
ble triggers of the failure mechanism. However, in order to investigate the failure mecha-
nism, techniques such as high speed photography must be employed.
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Figure 3.12: Failure modes photos in 20 mm thick coupons.
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Figure 3.13: 4 mm thick coupons with bonded tabs and milled gauge section. S-N curves (R = 10).

FATIGUE TESTS RESULTS

Figure 3.13 shows the S-N curves for the 4 mm thick coupons with bonded tabs and with
milled gauge sections. Both S-N curves show a very similar behaviour both in terms of
slopes, intervals of confidence (95 % level of confidence) and stress levels. The use of
coupons with milled gauge sections in comparison with coupons with bonded tabs, al-
lowed to perform fatigue tests at higher stresses levels and could be used in fatigue or
static tests without modifying the geometry.

While the scaled static tests did not show a size effect in the ultimate strength, fatigue
tests carried out for 4, 10 and 20 mm thick specimens showed a significant decrease in
the fatigue life for increasing thickness. Figure 3.14 shows the S-N curves for the three
different thicknesses, as well as the design S-N curve determined according to GL2010.
When the S-N curves for the three thicknesses are compared, a decrease in fatigue life
with the thickness as well as an increase in scatter for increasing thickness is observed.
However, the decrease in fatigue life with thickness does not seem to be proportional
with the thickness, and in particular for the 20 mm thick coupons where the stress levels
for the high cycles seem to be inconsistent with the static compressive strength. Recent
tests on thick laminates [110] for the same material has shown that, the lamina proper-
ties through the thickness are not equal but showed a distribution through the thickness,
and different thicknesses positions showed different fatigue life S-N curves in compres-
sion for a 60 mm thick laminate. According these findings, a plausible hypothesis that
explains the reduction of fatigue life with the thickness is that static and fatigue compres-
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sion properties through the thickness are not equal, and failure is dominated by the worst
scenario of fatigue life that can be found through the thickness.

Figure 3.14 shows the S-N curve determined according to GL2010 guidelines (eq.
5.5.3.3 [3]), which was calculated for a slope m = 10, partial safety factors yu;, = 2.21,
Ymp = 1.63 and the static compression properties from table 3.2 for the 4mm thick
coupons. Since the design S-N curve can be considered as a fatigue design limit for this
type of material, and the S-N curves for each thickness correspond to the experimental
limits, it is possible to define the reserve factor as the ratio between the experimental
stresses and the design stresses for each number of cycles to failure (see figure 3.14). In
figure 3.15 the reserve factors versus the cycles to failure are presented. The experimental
curves do not cross with the design S-N curve since their slopes are higher. Therefore,
the reserve factors follow a fail-safe incremental trend as the cycles to failure increase.
In the worst scenarios (up to 20 mm thick), reserve factors values evolve from 2.0 for the
lowest fatigue cycles to a reserve factor of 2.4 at 108 cycles. However based on this data,
performance of very thick laminates might be doubtful.

——>0(C—"D0<—

CONCLUSIONS

In order to study the thickness effect, scaled coupons were designed aiming to reduce the
test influence. Coupons were engineered with a parametric FEM analysis. A combined
loading setup was chosen, and it was concluded that longer coupon lengths, higher tab
thicknesses and acute tab angles increase the probability of failure in the gauge section.

Coupons were manufactured with partially milled integrated tabs in order to avoid
the use of adhesive bonds. It was found that compression specimens with integrated tabs
had similar fatigue lives to specimens with bonded tabs, while showingless premature tab
failure. From a total of 79 coupons tested, only 9% of the coupons failed inside the tab.
Brooming and through-thickness were the most common failure modes observed. It was
observed that different clamping pressures can promote a decrease in the compression
strength.

Static tests of scaled compression coupons for 4, 10 and 20 mm thick gauge sections
were carried out. No size effect in the ultimate strength was observed in the static tests,
provided that the optimal grip pressure was selected. The resultant ultimate stresses were
compared with previous compression tests performed for the same material with differ-
ent coupons geometries, resulting in a superior performance with average differences
higher than 15%.

S-N curves did show a decrease in fatigue life for increasing thickness as well as an
increase of the scatter. When experimental S-N curves were compared with the guide-
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line design S-N curve, reserve factors larger than 2.0 were observed for the 20 mm thick

coupons.
The decrease in fatigue life for thick specimens is suspected to be related to the man-
ufacturing process and is further investigated in chapter 5.

= '~







4

TEST SETUP AND SIZE EFFECTS IN
TENSION TESTS

Different tension test configurations were investigated via FE analysis and experimentally
tested to determine the test setup influence and size effects in tension. Furthermore, tension
tests were carried out on laminates with thicknesses between 4 and 20 mm.

TENSION TEST COUPONS

Tension tests methods for UD composites are defined by different international standards
namely ISO 527 and ASTM D3039. These standards consider coupons with a thin gauge
section. However, if the gauge section thickness is increased without modifying the ge-
ometry a decrease in the overall performance of the thick laminate is found [9]. To avoid
any undesirable test effect due to stress concentrations, different tension coupon geome-
tries were studied using a parametric FE methodology. Thickness scaled static and fatigue
experimental tests were performed, to investigate the size effect in tension tests.

Contrary to compression tests, tension tests are loaded in shear at the grip area where
the tabs are located. Ultimate stresses, elastic modulus E and Poisson ratio v are data that
are obtained from a static tension test. Moreover, fatigue tests allow to plot S-N curves.
Ideally, to study size effects the tests results should be independent of the coupon geome-
try for the same material and layup. Therefore, different coupon geometries, tab material
and shapes (straight and dog bone) were considered.

The geometrical parameters of straight tension coupons are described by the para-
metric model shown in figure 4.1. The tension coupons considered in this chapter are
composed of two parts: the UD core material and the tab material. Contrary to the com-
pression coupon the tab length is divided in two parts and described with two parame-
ters, the k parameter that corresponds to the grip area and the m parameter that gives the
length over which the tabs are not gripped.

53
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In a similar manner as the compression coupons (see chapter 3) two different fail-
ure modes are considered: tension failure in the gauge section and shear failure in the
tab section. Analytically the shear failure mode in the tab section is determined by the
maximum shear stress at the tab 7,45, and the tab length (m + k) can be dimensioned as,

F
m+ k> ol (4.1)
2:Tegp W
where w refers to the coupon width, Fry;; is the axial load applied by the test frame, 7,4
is the minimum tab shear strength and m, k are the coupon geometrical parameters (see

figure 4.1).

GEOMETRICAL PARAMETERS
Tension coupon geometries were engineered with an FE parametric analysis using
MSC Marc software.

PARAMETRIC FE DESIGN MODEL (STRAIGHT TENSION)

The parametric FE analysis was performed for the 4 mm thick coupons. Based on figure
4.1, one geometrical parameter per case was modified to analyse its influence (see table
4.1 and C.1). One-quarter of the coupon was simulated. Meshes with and without co-
hesive elements between the layers were evaluated to investigate possible delaminations
close to the end of the tabs due to stress concentrations at that location. Models with
around 4000 8-node hexahedral elements were considered.

m =96.36
1/4 of coupon ‘ ‘ tab angle, tan(a) = %
Ja §
h=17 | le=28
Y k =50 g=15
]—~ X Grip area n=27.28

Figure 4.1: Tension coupon parametric geometry sketch (dimensions in mm).

Parameter Cases Values
g [mm] 0/1to6 15/30/60/120/ 160 /180
Tab angle a 0/7to10 18.9/5/10/25/30
h 0/11to 14 58/7/88/11.8/14.8
Tab material NA UD / Biax / aluminum

Table 4.1: Parametric cases (see Appendix C)
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The model is solved as a quasi-static problem, where the coupon is loaded up to a
maximum load corresponding to 1000 MPa at the gauge section (surface between point
15-14 in figure 4.3). Furthermore, a clamping surface grip pressure of 200 bars along the
grip area is applied over length k. The shear load is applied with nodal ties along the tab
surface over length k. Furthermore, symmetric boundary conditions are used in the X
and Y direction layers.

Each ply is modelled with two rows of 3D solid elements. The parametric cases are
reported in table 4.1 and the material properties in table 1.1.

To compare the different parametric cases the Tsai-Wu [129] failure index was used
and the delamination index (shear stress divided by shear allowable) is evaluated at rep-
resentative locations as indicator of the geometry performance. The Tsai-Wu failure cri-
terion is a phenomenological material failure theory used for anisotropic composite ma-
terials which considers different strengths in tension and compression, as well as shear
strengths. The failure index was computed at different locations given in figure 4.3. These

locations are:

* The tab interface defined as the segment in figure 4.3 between points 8 to 11.

The middle interface defined as the segment in figure 4.3 between points 7 to 12.

The middle section defined as the segment in figure 4.3 between points 14 to 15.
 The start of the gauge section defined as the segment in figure 4.3 between points
10to 11.

Figure 4.2: Tension coupon mesh model.

3 6 9
[2 5 8 11 13 15
1 4 7 10 12 14I
O—0—C

Figure 4.3: Tension coupon parametric geometry analysis points.
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PARAMETRIC FE DESIGN ANALYSIS. STRAIGHT TENSION COUPONS

Contrary to the compression tests, the gauge section length (parameter g) does not play
arole in the final failure of the tension coupons. However, a large gauge section allows to
achieve uniform stresses at the middle of the gauge section, with minimal or no influence
of the stress concentrations that appear close to the clamping and tab areas. This allows
to measure the elastic modulus using strain gauges in the middle of the gauge section.
For that reason large gauge sections are recommended (parameter g).
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Figure 4.4: Delamination index versus the alpha tab taper angle (UD tabs). Shown for tab interface (between
point 8 to 11) and middle interface (between point 7 to 12) according to figure 4.4. Load cases 0,7,8,9 and 10,

n see Appendix C.
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Appendix C.

The increase of the tab taper angle a increases the chance of delamination at the tab
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interface. Figure 4.4 shows how the delamination index increases with tab taper angle.
On the other hand, thicker tabs (parameter /) reduce the stress concentrations close to
the end of the tab and clamping section and promote a better performance of the coupon.
Figure 4.5 shows that thicker tabs reduce the chance of delamination at the tab interface.
This trend is also confirmed by figure 4.6 where the Tsai-Wu failure index decreases with
the tab thickness, due to the reduction of the concentration of stresses that thicker tabs
promote close to the end of the tab and clamping area.

T T
0.8r End clamp section 4-6 |4
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0.6 4
®
15}
o
=
£ o4t b
=
=
=
i
5020 i
[
0.0- 11 0 12 13 14 i
6 8 10 12 14 16

Parameter h [mm]

Figure 4.6: Tsai-Wu failure index versus the tab thickness & (UD tabs). Shown for tab interface (between point
8 to 11), middle section (between point 14 to 15), start gauge section (between point 10 to 11) and end clamp
section (between point 4 to 6) according to figure 4.4. Load cases 0,11,12,13 and 14, see Appendix C.
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Figure 4.7: Delamination index versus tab length m (biax tabs). Shown for tab interface (between point 5 to 11)

and middle interface (between point 7 to 12) according to figure 4.4. Load cases 6,5,4,3,2 and 0, see Appendix C.

The tab length (parameter m or k + m) plays a significant role in the delamination of
the tab; longer tabs reduce the average shear stress at the tab interface and the chance of
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delamination. Figure 4.7 shows the evolution of the delamination index with the increase
of the tab length m; the figure shows that when the tab length m increases the delamina-
tion index decreases. However, the increase in tab length also causes the assumption of
constant shear stress at the tab interface less likely.

TENSION TESTS

Static and fatigue tension tests were carried out for different geometries with a nominal
gauge section thickness of 4 mm. Static tests were carried out at 2 mm/min in 100 kN tests
frames.

Seven different geometries were considered as shown in table 4.2. Figure 4.10 shows
the WC geometry characterized by a waisted width dog bone shape. The WM geometry
shown in figure 4.8 is defined by the ISO 527 standard and is characterized by straight
shape and bonded tabs. Sub-laminate 5 from plate C from chapter 5 was used as WM
dataset. Figures 4.12 and figure 4.9 show WD4 and WD geometries, both are straight
shaped and have been manufactured by milling the gauge section. The difference be-
tween both is that the WD4 geometry has a width of 8mm and the WD geometry of
15mm. WK, WL and WS are the thickness scaled geometries from 4 to 20 mm (see Fig-
ure 4.14 to figure 4.16 respectively), they are manufactured as single plates where the tabs
have been bonded. In the case of WK and WL geometries, the tab material is aluminium,
while for WS geometries the tab material is biaxial laminate due to manufacturing limi-

tations.
. . . Study
ID Shape Tabbing | Thickness | Width Test type Geometry | Tab
parameter

[-] [-] [-] [mm] [mm] [-] [-] [-] [-]
WM straight tabbed 3.5 15 control Static / fatigue Fig.4.8 Biax
WC dog-bone milled 35 10 shape Static / fatigue Fig.4.10 Biax
WD straight milled 4 15 width Static / fatigue Fig.4.9 Biax
WD4 straight milled 4 8 width Fatigue Fig.4.12 Biax
WK straight tabbed 3 10 thickness Static / fatigue Fig.4.14 Al
WL straight tabbed 7 15 thickness Static / fatigue Fig.4.15 Al
WS straight tabbed 20 20 thickness Static Fig.4.16 Biax

Table 4.2: Tension coupons geometries test program overview.

The coupons were manufactured with the resin and fibers used for all experiments
and models described in this thesis (see table 1.1) aiming at a nominal thickness of
4mm, except from the case of the WL and WS geometries. All 4mm thickness geome-
tries were tested in static and fatigue 100 kN test frames, while the WL and WS geometries
were tested in a 400 kN and 1000 kN test frame, respectively. Static test specimens were
equipped with strain gauges to measure the elastic modulus and Poisson ratios. Figure
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4.11 shows the tests setups for the WC, WD and WK geometries. In the case of WK ge-
ometries, a fixture at the end of the tabs was added to avoid the peeling since the grip
length was smaller than the tab length. Test setups of the thicker WL and WS geometries
are shown in figure 4.13.

For each static test, 8 coupons were tested, and data was analysed according to
ISO 527 and ASTM D3039 procedures. The elastic modulus and Poisson ratio were com-
puted between 1000 and 3000 microstrains according to the modulus chord method.
Moreover, ultimate strengths were calculated based on the maximum force recorded dur-
ing the static tests divided by the cross-sectional area.

Fatigue tests were carried out for each one of the previously mentioned geometries,
except geometry WS due to machine restrictions. Tests were conducted at a constant
force, and a frequency of 2Hz and a R=0.1 stress ratio. The temperature was measured
with thermocouples to monitor self-heating. A limited number of force and displace-
ment signals were recorded as data files at different lifetimes. Grip pressures were chosen
as 8 MPa for the 4 mm nominal thickness coupons and increased up to 10 MPa to over-
come undesirable slippage at the grips. The same procedure was followed for the WL
geometry where the grip area was scaled to achieve higher loads with similar grip pres-
sures. However, in the case of the WS geometry it was not possible to scale the tab length
as necessary due to machine limitations, and a pressure close to 12 MPa was necessary to
avoid slippage.

Fatigue coupons were tested up to ultimate failure, which was characterised by a total
coupon separation into different parts. The achieved number of cycles was recorded and
plotted versus the maximum stresses to obtain the S-N curves. A linear regression analy-
sis was used to find the logarithmic model that describes the fatigue life of each geometry.

L 260.00

Figure 4.9: WD coupon geometry with straight gauge section. Width 15 mm.




60 4. TEST SETUP AND SIZE EFFECTS IN TENSION TESTS

R368.95
Gauge thickness 3.5 Tab thickness 12.74
width 15.00

Figure 4.10: WC coupon geometry with waisted gauge section.

Figure 4.11: WC, WD and WK coupon geometry test setup in a 100 kN test frame.

L 260.00

Figure 4.12: WD4 coupon geometry with straight gauge section. Width 8 mm.
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Figure 4.14: WK coupon geometry with straight gauge section and bonded aluminium tabs. 3 mm thick.

Figure 4.16: WS coupon geometry with straight gauge section and bonded biaxial tabs. 20 mm thick.
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TENSION TESTS RESULTS AND DISCUSSION

Table 4.3 and figure 4.18 show a comparison of the ultimate stresses in tension for each
of the tested geometries. All 4mm thick coupons geometries showed similar ultimate
stresses. The waisted width geometries show a slight increase of the ultimate stress, but
when the intervals of confidence (at 75% of confidence) are compared with the other
geometries, there is overlap, which means that the difference is not statistically represen-

tative.

In the case of 4 mm straight gauge sections, a variation in the width (WD, WD4) or
the gauge section length (WM, WD, WL) did not show significant influence on the ulti-
mate strengths. Furthermore, if milled tab geometries (WC, WD) are compared with the
standard geometry WM ultimate stresses do not show large discrepancies.

The WK geometry with aluminium extended tabs showed the lowest ultimate stress
in comparison with the other 4 mm geometries. However, when this design was scaled
to WL coupons with 7mm thickness and larger widths, the ultimate stress revealed to be
statistically comparable to the others geometries.

Ultimate strengths between different geometries were comparable. Due to test effects
4 mm thick WK coupons did not show a similar strength as the other 4 mm thick geome-
tries (WC, WD or WM). The WK scaled geometry to WL (7 mm thick) shows a similar ul-
timate strengths as the 4 mm thick geometries (WC WD or WM), indicating no statistical
representative scaling effect between both thicknesses (see figure 4.18). WS 20 mm thick
coupons shows a reduction in the ultimate strength in comparison with 4 and 7 mm thick
coupons. However, it is believed that this reduction is related to a test effect since it was
not possible to test such coupons with similar hydraulic clamping systems and test con-
ditions equal to the others. In particular, WS coupons showed different failure modes,
with a preference for the tab failure. To improve the behaviour of thick laminate test ten-
sion coupons, it is needed to increase the length of the tabs. However, extended tabs are
technically challenging because they require custom grip fixtures of the same length. Fur-
ther scaling of the geometry to a thickness higher than 20 mm was not done for this thesis
because of practical limitations in scaling the clamping system (amount of steelwork).

Table 4.4 and figure 4.19 show the elastic modulus and Poisson ratio for each of the
tested geometries. Elastic modulus measurements show similar values for all the coupon
geometries. In a similar way, the coefficients of variance is not affected by the change
of the geometry or thickness. Similary Poisson coefficient measurements were not influ-
enced by the coupon geometry showing similar values between the different geometries.
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Figure 4.17: Photos of the coupon failure in static and fatigue.

D Thickness Width N Strength
gauge Omax
[mm] [mm] [MPa] | COV
wC 3.52 14.43 8 828.4 3.8
WD 4.37 20.79 8 849.4 2.6
WM S5 3.64 14.39 8 850.5 2.4
WK 3.20 9.72 8 724.1 9.6
WL 6.88 14.73 8 815.6 4.6
WS 19.09 19.47 7 717.5 6.2

Table 4.3: Tension coupons geometries static tests (ultimate strength).

Fatigue tests were carried out on specimens with 4 to 7 mm thick tension geometries.
Figure 4.20 shows the S-N curves for geometries WC, WD, WD4, WM and WL. A slight
enhancement in the fatigue properties can be observed between the standard geometry
WM with a slope of 10.3 versus geometry WL with a slope of 6.48. However, all the tested
geometries perform at similar levels of stresses and fatigue life, with overlaps between the
intervals of confidence of the S-N curves. Self-heating was avoided (see chapter 2) reduc-
ing test frequencies from 2 Hz (in the case of 4 mm thick coupons) to 1.5 Hz in the case of
WL coupons. The selection of frequencies was based on IR and thermocouples measure-
ments, where temperatures larger than 30°C were avoided. Since stiffness is stable below
glass transition temperatures (see figure 2.8), as a criterion temperatures at the middle
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D Elastic Poisson
Modulus coef.
[GPa] Cov [-] Ccov
wC 423 3.9 0.382 6.45
WD 39.9 24 0.254 10.4
WM S5 39.2 3.9 0.345 4.2
WK 379 7.1 0.408 10.7
WL 39.4 3.45 0.345 14.45
WS 40.0 2.22 0.359 114

Table 4.4: Tension coupons geometries static tests (modulus and Poisson coef.).

ID Static tests Fatigue tests

Type Tab In the splitting Inthe | Atthe At the

debonding tab tab tab gauge

wcC 8 4 11
WD 8 13

WD4 8

WM S5 8 10 2

WK 8
WL 8 8 2
WS 5 2

Table 4.5: Tension coupons geometries failure modes and locations (ASTM D3039). Numbers of coupons.

thickness below 30°C were considered safe.

The scatter of the S-N curves is of the same order as observed in the Optimat database
[14]. Because the scatter of the tests is larger than the differences between the geometries,
the observed trends for each geometry cannot be considered as an indication of a size ef-
fect, but as statistical disagreement caused by the inherent scatter that composite fatigue
tests show.

Failure modes between static tests and fatigue tests showed differences. In the static
tests, irrespective of the geometry, the failure type was longitudinal splitting of the gauge
section. In the fatigue tests failure occurred as lateral failure across the width at three
possible locations: inside the tab, at the tab or at the gauge section. Figure 4.17 shows
detailed photos for different types of geometries, with the different failure cases in static
and fatigue loading. Table 4.5 describes the number of coupons for each geometry and
failure location. Independent of the geometry, the most likely failure location is inside the
grip or close to the grip.

The most plausible explanation for the high rate of failures close to the grip or inside
the grip is the grip effect. Due to the grip pressure, the highest stresses (74, and o) are
located at the end of the grip. This is related to the transition between the grip pressure
and the gauge area (at net tension) that is located at the end of the grip and gauge section



4.4. TENSION TESTS RESULTS AND DISCUSSION 65

start. At that point the highest stresses can be recorded and therefore this is the most
likely location of failure during fatigue.
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Figure 4.18: Ultimate strengths for each tension coupon geometry.
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Figure 4.19: Elastic modulus for each tension coupon geometry.
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Figure 4.20: S-N fatigue tension curves for WC, WD, WD4, WL and WM. Dotted lines describe 95% intervals of
confidence according ASTM 0739-10

CONCLUSIONS
This chapter studies the influence of the coupon geometry and thickness effect in the ma-
terial tension properties. Different tension geometries and coupon configurations were
evaluated based on FE models and experimental tests.

The FE parametric model analysis investigated the role of the different geometrical
parameters of a tension coupon during a static test. This can be summarized as follows:

* The gauge section length (parameter g) plays no role in the determination of the
ultimate strength, but it plays a role in the modulus measurement.

* Big tab taper angles a increase the chance of delamination in the tab.

e Thicker tabs (parameter h) reduce the stress concentration at the end of the tab.

e Larger tab lengths (parameter m or k + m) reduce the average shear stress and the
chance of tab delamination.

Six different tension coupon geometries were compared in static tension tests.
Waisted width geometries (WC) and milled gauge section coupons (WD) showed a statis-
tically similar performance as standard coupons (WM). Furthermore, the elastic modulus
and Poisson ratios were compared statistically. Static tests from thickness scaled coupons
(WK, WL & WS) showed non-uniform results. No strength reduction was found when go-
ing from 4 to 7mm thickness. For 20 mm thick coupons a strength reduction was found.
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However, for practical reasons the coupon design was different for this thickness, which
may have given rise to a test effect in the measurements.

Fatigue tests were performed for five different geometries up to a 7 mm thickness. S-N
curves show that slopes vary between 7 to 10. However, the differences between geome-
tries and thicknesses were not found statistically relevant when the interval of confidence
regions are compared.

When tests effects as the grip effect are disregarded, no statistically representative
thickness or scaling effects were observed for the UD tension tests. The absence of a
thickness effect in UD tension tests can be related to the failure modes in which the ge-
ometry or the matrix does not play a strong role, and are mainly dominated by net fibre

i

failure.







5

THE MANUFACTURING PROCESS
INFLUENCE ON THICK LAMINATES
MECHANICAL PROPERTIES

This chapter studies the influence of the manufacturing on the through thickness distri-
bution of mechanical properties in thick laminates. For that purpose, a method was de-
veloped which allows to extract plates at different thicknesses positions that can be tested
as standard coupons. A relation between the mechanical properties and the manufactur-
ing conditions is proposed. This relation was evaluated based on the thickness scaled tests
experimental data.

INTRODUCTION

Thick laminates are widely used in wind turbine blades. Specifically cap and root sub-
components can have thicknesses between 40-60 mm in a 40 meter long blade and up to
100-150 mm for a 100 meter blade. A decrease in thick laminates mechanical properties
has been reported for carbon fibre pre-pregs [127] as well as for glass fibre infused com-
posites [128]. In addition to scaling effects [32] and self-heating [110] during fatigue, it is
suspected that the manufacturing process influences the mechanical properties of thick
laminates.

In order to evaluate laminate performance, a laminate has to be manufactured first.
Different parameters in the manufacturing process influence the properties such as the
curing cycle and the infusion process.

White [98] reported that the curing temperature determines the degree of curing and
the ultimate strengths of the resin system. Huang [99] described different interfacial fail-
ure properties for two different curing cycles with differences of 20 %. In addition, Ziaee

This chapter was integrally extracted from [130] and section 5.4 was extracted from [123].
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[100] reported a strong variation of the strength and a decrease of 70 % in the fracture
toughness with decreasing cure temperatures for vinyl-ester resins. Moreover, Lee [95]
elaborated a series of expressions that can be used in conjunction with cure models in
order to evaluate the effects of the curing cycle on strength and stiffness of the composite
after manufacturing. Following an experimental approach, a relation between the heat
transfer rate and the interlaminar shear strength (ILSS) was observed by Davies [96] and
also by Liu [97] for epoxy resin in carbon reinforced composites. In addition, for a vinyl-
ester resin Ziaee [100] reported strong differences in the ultimate strength and strain at
failure for different curing cycles. Zhang [101] reported a strong influence of the tempe-
rature cure cycle ramps on the hardness of an epoxy resin. Lately Boey [105] reported
a dependence of the flexural properties on the curing cycle and Shin [106] the process
sensitivity of the compression strength. These works report bibliographical evidences
on the influence of the thermal history on the final mechanical properties. In addition,
the curing rate and temperature profiles are parameters that characterize the thermoset
resins cure kinetics and thermal history. The relevance of the curing rate in the resin cure-
kinetics has been discussed by several authors [131-133]. Furthermore, Kubota [134] dis-
cussed on the relation between curing rates and mechanical properties. However, it was
not possible to find a direct bibliographical correlation between the mechanical proper-
ties and the cure kinetics parameters.

White and Kim [102] developed and studied the technique of staged curing, in which
two or more thin (<6 mm thick) pre-preg laminates are manufactured at once with a sim-
ilar curing cycle per staged laminate. Later, Ciriscioli [103] reported a technique to de-
termine mechanical properties of thick pre-pregs using a porous film in between. This
technique was applied in order to compare the properties of laminates of different thick-
nesses at the middle thickness position.

While for thin laminates curing temperatures do not show large gradients through
the thickness, in thick laminates large gradients are observed [107]. Effectively, this is
related to a curing cycle variation through the thickness. This variation can be expected
to become more pronounced in thicker laminates, due to the exothermic nature of most
curing cycles and the low thermal conductivity of the (uncured) resins and fibers.

Thus, it is postulated that as a result of differences in the local curing cycles at differ-
ent thickness positions, local mechanical properties in thick laminates vary significantly
through the thickness. In this paper, these effects on mechanical properties at different
thickness positions (i.e. different curing cycles) in a thick laminate are quantified.

To this end, 60-70 mm thick unidirectional GFRP/epoxy infused panels were moni-
tored during the manufacturing. The thick laminates were divided into sub-laminates
with the help of peel-ply layers at different thickness positions. From each sub-laminate,
specimens were milled and mechanical static and fatigue tests were performed. The re-
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Figure 5.1: Vacuum bagging configuration.

sulting strength and fatigue data were correlated with the local curing cycles.

MATERIALS AND METHODS

The material used for the experimental work was a commonly used wind energy epoxy
resin (Hexion RIM 135) and a UD glass fibre type E 600 g/m? non-crimp fabric. The ex-
perimental work was divided in two main phases: manufacturing of the thick laminates
including the sub-laminate extraction and the sub-laminate mechanical tests.

MANUFACTURING PROCESS AND SUB-LAMINATE EXTRACTION

Three panels of 600x600 mm and 65 mm thick were vacuum infused on an aluminium
mould [104]. A conventional vacuum infusion process configuration with in-plane flow
was used (see figure 5.1), and constant vacuum was applied during the curing cycle. The
resin was tempered at 25 °C before the infusion and degassed while infused. The same
manufacturing process conditions were arranged for the three plates, apart from the cur-
ing cycles. Figure 5.2 shows a scheme of the curing cycle applied to the three panels (see
table 5.1). The curing cycle was composed of two temperature stages. The first stage of the
curing cycle corresponds to the hardening of the resin and the second stage corresponds
to post-curing of the resin at 80 °C (see figure 5.2). While panel A and B were cured with
the same curing cycle with a first stage temperature of 35°C, panel C was cured with a
first stage setup temperature of 60 °C (see table 5.1).

In order to allow the extraction of the sub-laminate panels, alternate peel ply layers
with layers of reinforcement fabrics were stacked up (see figure 5.4 and figure 5.5). For
panel A a non-coated standard Nylon peel ply (AirTech® Release Ply A) was used, and for
panel B and C a peel ply with hard PTFE coating (AirTech® Release Ease® 234 TFP) was
used. The sub-laminates were either 4 layers or 10 layers thick. The 4 layer thick sub-
laminates were used to manufacture tensile specimens, the 10 layer thick sub-laminates
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Figure 5.2: Scheme of mould temperature, local curing cycle temperature at a random thickness location and
temperature differential dT/dt.

were milled into compression specimens with a reduced gauge section thickness of 4 mm.
Interlaminar shear strengths (ILSS) test specimens were cut from the spare and non-
tested compression coupons.

Six type K thermocouples were embedded at different thicknesses positions in the
laminate in order to monitor the local curing temperatures. In addition, four strain
gauges were embedded in panel A, in order to monitor the residual strains during cur-
ing (see table 5.1).

Thermocouples and strain gauges were embedded at x = 200 mm from one of the side
and at y = 300 mm from the lateral side as figure 5.3 shows. Both were placed between the
fabrics according to table 5.1 and oriented with the unidirectional fiber direction (1).

From the local temperature signals at different thickness positions the maximum
temperature rates during the hardening phase max(dT/dt) were obtained (see figure
5.2). Curing temperature rates (d T/dt) were computed using the Savitzky-Golay method
[135]. Temperatures and strains signals were recorded every 10 sec.

The resin infusions were carried out at 0.9 bar pressure differential between vacuum
port and resin supply line. The infusion times were 25-30 minutes long. The mass mix-
ing ratio of the resin (Hexion RIM 135) and hardener (Hexion RIM 137) was as prescribed
by the manufacturer, i.e. 100:30. The curing cycles were applied according to table 5.1.
Finally, the panels were released from the mould and divided into sub-laminates.
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Figure 5.3: Panel A mould and laminate image before closing the vacuum bag. Detail of the embedded thermo-

couples and strain gauges.
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Figure 5.5: Panel B section view, sub-laminates detail.
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Panel A Panel B Panel C

Thick 55.65 mm 64 mm 64 mm

ickness [mm] (80 layers) (80 layers) (80 layers)
Layup 5x(10UD |PP|4UD | PP) | 10UD
Peel ply type (PP) Nylon PTFE PTFE
T1: layer 1-2 T1: layer 1-2 T1: layer 1-2
Temperature S1, T2: layer 15-16 T2: layer 15-16 T2: layer 15-16

sensors (T) and
strain gauges (S)

S2, T3: layer 29-30

S3, T4: layer 45-46

S4, T5: layer 59-60
T6: layer 73-74

T3: layer 29-30
T4: layer 45-46
T5: layer 59-60
T6: layer 73-74

T3: layer 29-30
T4: layer 45-46
T5: layer 59-60
T6: layer 73-74

Sub-laminates

C1: layer 1-10
Tenl: layer 11-14
C2: layer 15-24
Ten2: layer 25-28

C1: layer 1-10
Tenl: layer 11-14
C2: layer 15-24
Ten2: layer 25-28

C1: layer 1-10
Tenl: layer 11-14
C2: layer 15-24
Ten2: layer 25-28

identification.
Compression C3: layer 29-38 C3: layer 29-38 C3: layer 29-38
panels as C, Ten3: layer 39-42 Ten3: layer 39-42 Ten3: layer 39-42
tension panels C4: layer 43-52 C4: layer 43-52 C4: layer 43-52
as Ten. Ten4: layer 53-56 Ten4: layer 53-56 Ten4: layer 53-56
C5: layer 57-66 C5: layer 57-66 C5: layer 57-66
Tenb: layer 67-70 Tenb: layer 67-70 Tenb: layer 67-70
C6: layer 71-80 C6: layer 71-80 C6: layer 71-80
Infusion: 25°C Infusion: 25°C Infusion: 25°C
Mold Soak 1: 35°C Soak 1: 35°C Soak 1: 60°C
curing cycle 380 min 380 min 380 min
Soak 2: 80°C Soak 2: 80°C Soak 2: 80°C
800 min 800 min 800 min

Table 5.1: Panels manufacturing parameters and layout.
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MECHANICAL TESTS SETUP

From each sub-laminate glass transition temperatures (Tg) were calculated with a Net-
zsch differential scanning calorimeter DSC according to ISO 11357. The fiber weight ratio
(FWR) and void content was calculated by a calcination method according to ISO 1172.
Coupons were extracted from the center of the plates, avoiding the extremes, assuming
the in-plane temperatures are even in plane 12 and vary significantly in the thickness di-
rection 3. Table 2 shows the static and fatigue test matrix for the sub-laminate tests in
tension, compression and inter-laminar shear loading (see figure 5.6).

Compression tests

Compression tests coupons with 4 mm gauge section thickness were used. The com-
pression coupons were tested on an MTS servo hydraulic 100kN test frame. Static
tests were performed with a combined loading compression CLC fixture according to
ASTM D6641 and fatigue tests were performed with the standard machine clamping sys-
tem at an R-ratio of 10. Compression coupons were manufactured from sub-laminates
from panel A, B and C according to the test matrix in table 5.2. The compression coupon
had a milled gauge section with integrated tabs [123, 128]. Static tests were carried out at
a test speed of 1 mm/min and fatigue tests at frequencies of 2 Hz.

Tension tests

Tension coupons according to ISO 527-5/A, 2.5 mm thick and 15 mm wide were man-
ufactured from panel B and C sub-laminates according to the test matrix in table 5.2. Ten-
sile static tests were carried out in a Zwick 100 kN test frame at a test speed of 1 mm/min
with coupons equipped with cross strain gauges in order to measure the initial elastic
modulus and Poisson ratio. In addition, fatigue tests of tension coupons were carried out
at tests frequencies of 2 Hz and tension-tension R-ratios of 0.1.

Inter-laminar shear tests

Inter-laminar shear tests (ILSS) were carried out according to ASTM D2344. Coupons
with dimensions 42x14x7 mm from each of the 10 layer sub-laminates were tested in a
Zwick 100kN frame test frame with a 5kN load cell at 2 mm/min loading speed and a
span length of 28 mm.

RESULTS AND DISCUSSION

In the following sections the results from the manufacturing process, static tests, and fa-
tigue tests are discussed in detail. In addition, a manufacturing failure analysis criterion
is proposed.
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Figure 5.6: Tests setups for compression, tension and ILSS tests.
Panel A Panel B Panel C
Sub-laminates
Static
compression CltoC5 C1to C6 C1to C6
test (0°)*

Static tension

Ten1 to Tenb5

Ten1 to Tenb5

test (0°)*
IL! i
tessi ?éi‘)tic CltoC6 CltoC6
Fatigue
compression C1,C3&C6

test (0°)**

Fatigue tension
test (0°)**

Tenl, Ten3 & Ten6

Table 5.2: Test matrix. * Static tests, 6-8 coupons per sub-laminate. ** Fatigue tests, 10-15 coupons per sub-

laminate.
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MANUFACTURING PROCESS

Panel A, B and C were cured as a monolithic laminate and subdivided into sub-laminates.
For panel A, it was difficult to separate it into sub-laminates due to the use of a stan-
dard nylon peel ply. However, the laminate was subdivided into sub-laminates without
visible damage. For panel B and C, a PTFE peel ply was used which showed excellent
release characteristics, requiring no mechanical effort to sub-divide the thick laminate,
this avoiding any possibility of damage while the laminates were subdivided. Panel A was
8 mm thinner than panel B and C due to the difference in thickness of the different peel
plies. Because of the low releasing properties of panel A peel ply it was possible only to
extract coupons from the five first sub-laminates for the compression coupons. With the
PTFE peel-ply for panel B and C all sub-laminates were extracted successfully.

The fibre content and glass transition temperature of the sub-laminates were mea-
sured. While panel A showed fibre weight ratios (FWR) of 70%, fibre weight ratios of panel
B and C were approximately 5% larger (see figure 5.7) measured at different thickness po-
sitions. The void content was below 0.1% for all sub-laminates. Differential scanning
calorimeter (DSC) glass transition temperatures (Tg) were around 80-85°C (see figure
5.8). For the three panels, the fibre weight ratios and void contents did not show a correla-
tion with thickness position. Therefore in the three cases it was considered that the resin
was uniformly infused through the thickness during the infusion process. In addition, the
glass transition temperatures did not show a strong correlation with the thickness posi-
tion which indicates uniform levels of curing and similar curing degrees a.

Furthermore, residual strain values varied between 40 to 100 micro strains (0.004 to
0.01% elongations) showing no correlation with the thickness position. Residual strains
were very small in comparison with the ultimate strains of more than 2%.

In general, strong temperature gradients through the thickness were observed during
the resin hardening stage which means different local curing cycles per thickness position
and sub-laminate. Since panel A and B were cured with the same mould curing cycle, the
recorded local curing cycles from both were very close, with differences lower than ten
degrees celcius. On the other hand, panel C showed maximum temperatures 40 °C larger
than panel B or A, which are caused by the increase of 25°C in the soak 1 mould cur-
ing cycle for panel C. Figure 5.9 shows the temperature profiles through the thickness
for the three panels, the thickness position Z (Z=0 is the mold side) is plotted versus the
temperatures of the embedded thermocouples. While for panels A and B the maximum
temperatures occurred at the mid-thickness of the laminates, in case of panel C the maxi-
mum temperature was shifted to the outer side. These profiles also depend on the mould
system and mould material. The mould used here was made of aluminium. Due to the
exothermic curing reaction, the temperature in the laminate exceeds the mould tempera-
ture during soak 1. In this stage, the mould acts as a cooling system rather than a heating
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Figure 5.7: Fibre weight ratio at different thicknesses positions for panel A, B and C.

system.

Figure 5.10 and figure 5.11 show the temperature evolution of the embedded thermo-
couples for panel B and C. Maximum local heating rates during the hardening of the resin
were larger for panel C than for panels A and B at all thickness positions. While the max-
imum heating rates during the hardening for panel A and B were in the range between 0
to 60 °C/h, in the case of panel C they ranged from 60 to 160 °C/h.

MECHANICAL STATIC TESTS

Tension, compression and ILSS static tests on specimens from panels A, B, C were carried
out to study the laminate properties through the thickness. Figure 5.12 shows the ulti-
mate tensile strengths and elastic moduli of panel B and C of each sub-laminate through
the thickness. Figure 5.12 does not show statistically significant ultimate strength or elas-
tic modulus variations with thickness position. This can be explained by the fact that
strength and stiffness in fiber direction are dominated by the fibre properties and fibre
volume fraction, which are independent of the curing cycle.

On the contrary, in the case of ILSS tests on specimens from sub-laminates of panel
B and C, a correlation between the ILSS property and the thickness position (see figure
5.13) can be observed for panel B and no variation in the case of panel C. This may be
explained by the matrix or matrix-fibre interface being influenced by the different local
temperature history. Panel B showed lower ILSS values at the outer thickness positions.
Panel C ILSS values showed a weaker correlation with the thickness position than panel
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Figure 5.9: Temperature profile of panel A, B and C during curing at the maximum temperature instant.
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Figure 5.10: Temperature measurements during the manufacturing of panel B. Maximum heating rates loca-
tions during hardening are indicated with a blue dot max(dT/dt).
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Figure 5.11: Temperature measurements during the manufacturing of panel C. Maximum heating rates loca-
tions during hardening are indicated with a blue dot max(dT/dt).
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Compression tests for panel A, B and C sub-laminates showed behaviour similar to
ILSS results. While panel A and B showed lower ultimate strengths for the outer layers
than the inner layers, panel C showed a smaller dependence on the thickness (see figure
5.14). The offset in ultimate strengths between panel A and B was related to the 5% fi-
bre weight ratio variation between panel A and B since both were manufactured with the
same curing cycle. Here, the lower fiber content (panel A) results in higher strengths. This
is perhaps counter intuitive but previously reported. The decreasing performance for in-
creasing fiber content can be related to the fact that for very high fiber content the bond-
ing between neighboring fibers is not always ensured [136, 137]. The measured strength
values are in agreement with previous [123, 128] compression thickness scaled tests car-
ried out for the same material and conditions, with ultimate strengths around 650 MPa
for coupons thicknesses between 4 to 20 mm. This value from full laminate tests is closer
to the minimum sub-laminates values than to the highest values, which is in line with the
theory of the weakest link theory, which states that the lowest local ultimate strength will
drive final failure of a section.

Since the local curing temperatures were recorded with embedded thermocouples, it
was possible to compute the maximum heating rates (max(dT/dt)) during hardening as
an indicator of the local curing cycles experienced by each sub-laminate. These heating
rates are related to the local mechanical properties. Figure 5.15 and figure 5.16 show the
evolution of the ILSS values and the ultimate compression strengths plotted versus the
maximum heating rates during hardening. In both cases, the curves show an initial linear
increase for the smaller heating rates until a maximum plateau is achieved at a specific
heating rate.

Therefore, since the fibre-resin systems tested showed a correlation between the cur-
ing cycles and the mechanical properties (see figure 5.15 and figure 5.16), larger thick-
nesses (for the same resin system/identical cure kinetics) might show wider mechanical
property distributions through the thickness due to the wider distribution of local tem-
perature cycles.

HEATING RATE VERSUS CURING RATE

The thermoset matrix properties depend on the degree of cure @ and the structure formed
during the curing reaction. Since the degree of cure does not change through the thick-
ness, which is indicated by the absence of significant variation of the glass transition tem-
perature through the thickness (see figure 5.8). The influence of the structure is consid-
ered as the main reason for the observed variation in strength. The curing rate has been
identified with the change in structure, since it influences the gel time and the micro-
gelled region size. Different authors [131-133] have discussed the relevance of the curing
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Figure 5.14: Ultimate compression strengths through the thickness for panel A, B and C. (Each data point rep-
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rate on the structure and the curing. Moreover, Kubota [134] reported superior mechan-
ical properties with higher rates of curing. However, most of the kinetic studies that con-
sider the curing rate are DSC studies on pure resin, without a direct correlation between
the mechanical properties of composite material and the curing rates.

In appendix D, the curing rate is shown to be proportional to the heating rate accord-
ing the following formula,

— L. = (5.1)

where cp is the specific heat and H; is the total heat of the reaction and « is the degree of
cure. Since the heating rate and the curing rate are proportional, the correlation between
maximum heating rate and mechanical properties found in this study agrees with earlier
observations that reveals the influence of the curing rate on the resin properties. The
evolution of the matrix related properties with the heating rates from figure 5.15 and 5.16
can also be plotted for the curing rates, when the heating rate is converted into the curing
rate with figure D.2 cross-correlation. For example figure 5.17 shows the relation between
the curing rates and the compression strengths according figure D.2.

ULTIMATE STRENGTH MODEL BASED ON MAXIMUM HEATING RATE DURING

CURING

The relations described in figure 5.15 and figure 5.16 between the ultimate strengths and
the maximum heating rates allow to link the spatial temperature field T'(x, y, z, t) of the
manufacturing curing process to a spatial field of ultimate strengths S(x, y, z) for each
one of the different in-plane properties that characterise a laminate. According to the
experimental data such relation can be modeled as a linear function with a plateau for the
shear and the compression properties (see figure 5.18). With such model it is possible to
describe a spatial field of ultimate strengths for a part that has been manufactured with a
certain curing cycle. Such a distribution of ultimate strengths can be used in conjunction
with a phenomenological failure criterion (i.e max stress, Hill [138], Tsai-Wu [129], Hashin
[139], Puck [140], LaRCO3 [141]) in order to determine a local failure index field, tuned in
agreement with the locally experienced manufacturing curing cycle (see figure 5.19).

According to the theory of the weakest link the failure of a thick laminate section can
be expected to be initiated by the ultimate strength which has been cured at the lower
heating rates. The maximum and minimum possible ultimate strengths (0 ;,4x and o i)
are determined by the local curing cycles. Attending to appendix A, the same reasoning
can be given for the curing rates, where the local mechanical properties are defined by
the local curing rates experienced by the resin.

Other resin related properties, such as transverse tensile strength, fracture toughness
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Figure 5.18: Model for ultimate strength as a function of heating rate during curing.

and in plane shear strength, are expected to follow a similar behaviour as the one ob-
served for the compression strength and the ILSS and possibly the same holds for trans-
verse and shear moduli. However, further research on this matter is required in order to
confirm this hypothesis.

The proposed model between the heating or curing rates and the resin properties ul-
timate strengths, was applied successfully to explain scaling effects observed in an exper-
imental campaign of scaled compression tests [123].

MECHANICAL FATIGUE TESTS

The same type of coupons extracted from the sub-laminates and evaluated in the static
tests were also tested in tension and compression fatigue tests. Figure 5.20 shows the S-
N curves at tension-tension loading for three different sub-laminates of panel B. Similar
as in the static tension tests, independent of the thickness position or heating rates dur-
ing cure, the three S-N curves show similar Pearson correlation coefficients, with values
around 0.98 as well as similar fatigue slopes B around 6.7.

To characterize the fatigue properties distribution of the full laminate thickness, the
aggregated S-N curve was built for a thick panel considering all coupons from the dif-
ferent sub-laminates together. Such aggregated S-N curves are shown for the tension-
tension fatigue tests in figure 5.20, showing similar Pearson correlation coefficients and
fatigue slopes B to the S-N curves of each of the sub-laminates due to the minor correla-
tion that exists between the UD tension properties and the thickness position or curing
heating rates.

Contrarily, S-N curves carried out at compression-compression loading for three dif-
ferent sub-laminates from panel B taken at three different positions did show a relation
with the thickness position or the heating curing rates. Figure 5.21 shows that the three



5.4. MODEL VALIDATION VERSUS SCALED TESTS 87

Curing tem- Max. heating
peratures field rates field
T(x,y,21) dT(x,y,2)/dt
—7
Model be-
Stress field tween heating
o(x,y,2) rate and ulti-

b e e
!

Failure criterion -
Ultimate

strength field

O allowable (X, Y, 2)

(max. stress,
Hill, Puck,
Tsai, LaRC03)

4

Failure index
field F(x, y, 2)

Figure 5.19: Determination of local failure index tuned according the manufacturing curing cycle using the
model between heating rate during curing and ultimate strengths.

panel B sub-laminates exhibit a different behaviour with different fatigue slopes for the
outer sub-laminates than for the inner sub-laminates and a larger scatter as quantified by
the correlation coefficient R. Such behaviour can also be observed in the aggregated S-N
curve, which shows significantly lower R correlation coefficients than the individual sub-
laminates. This agrees with the large distribution of compression mechanical properties
through the thickness showed by the static mechanical tests.

According to this fatigue data observations, it is concluded that there exists a depen-
dence of the S-N curves on the resin structure, which is in turn influenced by the heat-
ing or curing rates. Therefore, S-N curves of standard coupons manufactured from thin
plates, might not precisely represent fatigue behaviour of thick laminates for resin dom-
inated mechanical properties, because the associated curing rates of thin and thick la-
minates will be different. Therefore, further research on the influence of the curing rates
on fatigue properties is required to be able to optimize the final properties of the thick
laminates.

MODEL VALIDATION VERSUS SCALED TESTS

Scaled compression tests from chapter 3 showed a slight enhancement of the ultimate
stresses and a decrease of the fatigue properties with the thickness. Previously, it has
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Figure 5.21: S-N curves of sub-laminate C1, C3 and C6 from panel B.
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Figure 5.22: Temperature measurements during the manufacturing of scaled compression coupon 4 mm thick
coupons. Maximum heating rates locations during the hardening are indicated with a dot max(dT/dt).

been showed that the ultimate stress fields through the thickness vary according to the
manufacturing conditions. In this section the model from the previous section, which
relates the ultimate stress to the maximum heating rate during curing, is validated. For
this purpose, the results obtained from the scaled coupon tests were studied using such
model and following the flowchart from figure 5.19. This validation was limited to the
scaled compression tests, since these showed a significant size effect.

SCALED COMPRESSION COUPONS TEMPERATURE FIELDS (CURING CYCLES)

Panels of 4 and 10 mm thickness were cured with a curing cycle prescribed by the resin
manufacturer for the epoxy resin. The curing cycle was divided into two main stages. The
first stage was the hardening stage, where the exothermal reaction of the resin takes place
with a setup mould temperature of 50°C. The second stage was the post-curing stage,
where the resin finalises the curing process with a setup mould temperature of 80°C. For
the panels dedicated to 20 mm thick coupons, the initial hardening stage mould tempera-
ture was reduced to 35°C to avoid excessive temperatures due to the exothermic reaction
and the thickness of the plate. Temperatures through the thickness were measured with
embedded thermocouples during the curing. From these temperatures the maximum
heating rates during the hardening stage (max(dT/dt)) were computed.

Figure 5.22 and figure 5.23 show the through thickness temperature measurements
for 4 and 20 mm thick coupons plates. While the curves for the 20 mm thick coupons
plate show clear influence of the exothermal process, those for the 4 mm coupons plate
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Figure 5.23: Temperature measurements during the manufacturing of scaled compression coupon 20 mm thick
coupons. Maximum heating rates locations during the hardening are indicated with a dot max(dT/dt).

show temperatures that are not much higher than that of the mould.

From the manufacturing temperature signals the maximum heating rates during the
hardening stage (max(dT/dt)) were computed for each thickness position. Moreover,
using the curve in figure 5.20 as a transformation function, the ultimate stresses through
the thickness were calculated as shown in figure 5.24. It can be observed that while for
the 4 mm coupons the internal variation in ultimate stresses due to the manufacturing is
around 10 MPa, for the 20 mm thick coupons this variation raises to 25 MPa. Moreover,
for a 60 mm thick laminate such variation can be up to 100 MPa as plate A and B from
figure 5.20 shows.

FE VALIDATION. STATIC SCALED COMPRESSION TESTS.

Two mechanisms were considered as leading causes of final failure. First the grip effect
due to the clamping pressure. Second, the influence of the curing cycle in the lamina
compression properties through the thickness. To study these mechanisms, a 2D FE
model was used (see chapter 3). One-quarter of the coupon geometry was computed
with an equivalent load of 630 MPa in the gauge section as a boundary condition.

The clamping pressure and coupon geometry result in the gauge section a stress gra-
dient through the thickness across the gauge section. The outer layers experience higher
stresses than the inner layers. If constant ultimate stress values through the thickness
are assumed, the outer layer shows a greater probability of failure. Figure 5.25 shows this
stress gradient through the thickness. These stress gradients agree with the front and side
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Figure 5.24: Ultimate stress and maximum heating rates during the hardening versus thickness position for 4
and 20 mm thick compression coupons.

face strain gauge measurements performed during the static tests. In the case of 20 mm
thick coupons, differences around 20 to 30% were measured between the outer and the
middle strain gauges.

Moreover, based on the stress fields the maximum stress failure criterion index was
computed as an indicator. Figure 5.26 shows the criterion failure index computed for an
ultimate stress of 630 MPa. In both cases, the 4 and 20 mm thick coupons show corre-
sponding stress fields due to the scaling with an average failure index of 1 over the cross-
sectional area.

Since ultimate compression stresses in thick laminates are not equal but vary through
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Figure 5.25: Stress gradients in the main fibre direction o7 for 4 and 20 mm thick gauge section geometry at an
equivalent load of 630 MPa.
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Figure 5.26: Stress max failure index in the main fibre direction o1. 4 and 20 mm thick gauge section geometry
at an equivalent load of 630 MPa. Maximum ultimate stress at UD core 630 MPa, at tabs 315 MPa.

the thickness, the influence of the curing cycle in the mechanical behaviour of the
coupons can be evaluated based on figure 5.24. Figure 5.27 show the maximum stress
failure index modified due to the curing cycles for the 4 and 20 mm thick coupons. The
new failure index relaxes in comparison with the previously computed values. Moreover,
due to the influence of the curing cycle, the 20 mm coupons show an average failure index
that is 4% lower than the 4 mm coupons. This difference agrees with the increase of the
ultimate stresses observed in the static test for the 20 mm thick coupons versus the 4 mm.

Therefore, it is possible to scale the geometry to perform scaled compression tests
with corresponding stress fields with equal ultimate stresses fields. However, when the
manufacturing process is considered, the assumption of equal ultimate stresses across
the thickness is not valid. Since thick laminates experience significant temperature gradi-
ents during manufacturing, and temperature gradients are not scalable. The manufactur-
ing process, and, in particular, the curing cycles is identified as a variable that influence
the thickness scaling.

FE VALIDATION. FATIGUE SCALED COMPRESSION TESTS.

Following the same approach as for the static tests (see the previous section), two mech-
anisms were considered as leading causes of final failure. First the grip effect and second
the influence of the curing cycle. As a case study, a stress field at an equivalent load of
350 MPa based on a 2D model was computed. Due to the coupon scaling, the stress fields
are equal in the case of 4 mm and 20 mm thick coupons. However, according to the exper-
imental S-N curves 4 mm thick coupon achieved 3.87-108 cycles and 20 mm thick coupon
achieved 1.32- 102 cycles before failure.

To study this discrepancy, the stress fields were converted into cycles to failure using a
single experimental S-N curve per case. This numbers of cycles to failure was normalised
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Figure 5.27: Stress max failure index in the main fibre direction 017 corrected with the curing cycles ultimate
stresses. 4 and 20 mm thick gauge section geometry at an equivalent load of 630 MPa. Maximum ultimate stress
at UD core 630 MPa, at tabs 315 MPa.
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Figure 5.28: Fatigue failure index in the main fibre direction o1;. 4 and 20 mm thick gauge section geometry at
an equivalent load to 350 MPa and N4y = 3.87-10° cycles. Left and right plots computed with S-N curve of
milled 4 mm thick coupons.

into a fatigue failure index defined as,

log10(Nmax)

—_— (5.2)
loglO (SN(O'max))

FIfatigue =

where N,y is the reference number of cycles and SN,,,,) is the S-N curve function
belonging to the maximum stress.

Figure 5.28 shows the fatigue failure index fields computed as the ratio of the reference
number of cycles (Nyqx = 3.87-10°%) and the number of cycles computed according to an
S-N curve and the stress field. The fatigue failure indexes from figure 5.28 were calculated
using the experimental 4 mm coupon S-N curve (see chapter 3). Therefore, it is assumed
that the 4 mm S-N curve is representative for the 20 mm thick coupon fatigue life. The fig-
ure shows same failure indexes for the 4 mm and 20 mm thick coupons due to the stresses
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Figure 5.29: Fatigue failure index in the main fibre direction o). corrected with the curing cycle influence. 4
and 20 mm thick gauge section geometry at an equivalent load to 350 MPa and Ny, 4y = 3.87-108 cycles. Left
plot (4 mm) computed with S-N curve of a laminate cured at a maximum hardening rate between 8 and 16 °C/h
and right plot (20 mm) computed with S-N curve of a laminate cured between 25 and 37 °C/h.

caused by the grip effect. Hence, the grip effect does not explain the reduction in fatigue
life of the 20 mm coupon in comparison with the 4 mm thick coupons.

Since figure 5.18 shows that fatigue properties (S-N curves) through the thickness are
influenced by the manufacturing process, the fatigue failure indexes were computed ac-
cording to such S-N curves. Figure 5.29 shows the fatigue failure index computed with
two S-N curves associated with two different curing cycles, plate B C1 and plate B C3.

In the case of the 4 mm thick coupon, an S-N curve obtained from a sub-laminate
cured with heating rates between 8 and 16 °C/h was used (plate B C1). The 20 mm thick
coupon failure index was computed with an S-N curve from a sub-laminate cured with
heating rates between 25 and 37 °C/h (plate B C3). Since the S-N curves are influenced by
the curing cycle, figure 5.29 shows strong differences between the fatigue failure indexes
for 4 mm and 20 mm thick coupons.

While 4 mm thick coupons show similar failure indexes to the ones computed with the
4 mm milled coupon S-N curve, 20 mm thick coupons show a strong increase in failure
index which almost doubled. This indicates earlier failure for the 20 mm thick coupons
in comparison with the 4 mm coupons due to the curing cycle influence.

—>0C==D00<—

CONCLUSIONS

Thick laminate panels (80 layers thick) were manufactured with two different curing cy-
cles. From the thick laminates panels, sub-laminates (10 and 4 layers thick) were ex-
tracted with the help of peel-ply layers (sub-laminate technique). The temperature was
monitored at different thickness positions with thermocouples. The temperature mon-
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itoring allowed to observe the temperature profiles through the thickness caused by
the exothermic curing cycles. These measurements made it possible to link each sub-
laminate plate with a specific local curing cycle and a thickness position.

The sub-laminate plates were transformed into specimens and tested in tension 11,
compression 0,11 and interlaminar shear 773. While ILSS and compression ultimate
strengths revealed a strong correlation with thickness position, tension tests did not show
a correlation with thickness position. A plausible explanation is that shear and compres-
sion are influenced by the matrix while the fiber dominates UD tension properties. The
same behaviour was observed in fatigue tests.

The sub-laminates technique allowed to study how mechanical properties vary
through the thickness. Because the thickness position has a correspondence with the
local curing cycles and local heating rates. A strong correlation was found between
strengths and heating rates during the matrix hardening. The relation was proposed to
be modelled as a linear function and a plateau.

For the investigated laminate a maximum heating rate was found to be proportional
to the curing rate, which means that this correlation can be related to the effect of curing
rate on polymer properties.

Scaled compression tests from chapter 3 were studied according to the heating rates
model. For that purpose, the heating rates through the thickness of the 4 and 20 mm thick
coupons were experimentally recorded with thermocouples and the ultimate stresses
through the thickness computed from the sub-laminates tests data. Next, 4 and 20 mm
thick coupons FE models with and without taking into account the variation of the ulti-
mate stresses through the thickness due to the different local temperature histories. The
influence of the manufacturing effect was identified as a possible cause for the scaled
effect found in the scaled compression tests from chapter 3.

Since the strength field is a function of the manufacturing conditions and the stress
field is a function of the boundary conditions, scaling a structure with equal stress fields
is possible. However, if the strength fields are not equally scaled via a manufacturing
process optimisation, failure will not be equal.

The variation of the mechanical properties or scatter through the thickness of a lam-
inate was described as an inherent characteristic of composites. This holds in particular
for thick laminates, where temperature gradients during curing are larger, and the me-
chanical properties distributions through the thickness become wider.







CONCLUSIONS

Differences in the mechanical behavior of thin and thick laminates were found for epoxy
GFRP composite laminates due to the thickness scaling. Two mechanisms which drive
the thickness scaling effect have been reported, the manufacturing influence due to cur-
ing and the self-heating effect.

Test setups and coupon geometries were investigated using FE methods in order to
find a suitable setup for the scaled mechanical tests. Mechanical testing of thick lamina-
tes is limited, since specific test frame and specific clamping systems designs are neces-
sary to apply high loads.

The influence of manufacturing of thick laminates was studied using the sub-
laminate technique. The sub-laminate technique was developed to deconstruct a thick
laminate through the thickness into thin plates that can be tested as standard coupons.
Laminates of 65 mm thick were sub-divided into thin laminates coupons, where each
sub-laminate was referred to a particular thickness position. The sub-laminate tech-
nique has the advantage that sub-laminates can be tested according to thin laminates
standards and devices but are related to thick laminate properties. Due to the exother-
mic resin curing process, temperature gradients were measured inside the thick lamina-
tes during the manufacturing (with embedded thermocouples). Observations of strength
fields through the thickness and temperature gradients due to the manufacturing were
combined to study the influence of local curing cycles on mechanical properties. Corre-
lation was found between compression and shear properties and the maximum heating
rate. This manufacturing indicator contains similar information as the curing rate, which
is known to characterize the resin structure during hardening after gelification. A model
was proposed that relates the ultimate compression or shear strength to the curing rate
composed of a linear function and a plateau. For tension tests on the sub-laminates no
influence of thickness position on material performance was found. This is related to
the fact that results of tension tests are strongly fibre-dominated, which means that the
matrix curing history is less relevant.
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According to the sub-laminates observations, it was concluded that when a thick lam-
inate is manufactured a non-uniform strength distribution due to the spread in the curing
thermal history can be expected. When a structure is scaled, equal stress fields are possi-
ble. However, if strength fields are not equally scaled due to the manufacturing process,
the failure stress and failure modes will not be equal. Therefore, the description of the be-
havior of a thick laminate with a unique ultimate strength (per tensor component) is less
reliable than of thin laminates. This is due to the influence of the manufacturing thermal
history in the strength field. Similar behaviour was observed for fatigue properties, where
compression S-N curves of sub-laminates through the thickness showed significant dif-
ferences. Thus, the assumption of using a single S-N curve obtained from measurements
on a thin laminate to describe the fatigue behaviour of thick laminates is an inaccurate
approach which needs to be accompanied by safety factors.

Thickness scaled tests were carried out in tension and compression for epoxy UD
GFRP up to 20 mm thick. Thickness scaled tension tests did not show statistically repre-
sentative thickness scaling effects. This agrees with the observations of the sub-laminates
tests where tension sub-laminates S-N curves through the thickness showed no thickness
effect. On the contrary, thickness scaled compression tests did show a scaling effect in
quasi-static tests as well as in the fatigue S-N curves. These thickness effect observations
were studied taking into account the manufacturing process influence and curing ther-
mal history which both provided a plausible explanation. Regarding the relevance of the
thickness effect in fatigue, reserve factors lower than 2.0 were observed for 20 mm thick
coupons when compared with GL design rules. This yields safety factors between 1.23
and 1.6 (for DNV-GL design rules model) due to the thickness effect for the compression
properties of the investigated material.

To perform the thickness scaled tests, setups and coupon geometries were investi-
gated. In the case of thick tension coupons thick tabs as well as large grip areas are rec-
ommended to reduce the grip effect. In the case of thick compression coupons, coupons
manufactured with integrated tabs were found to have similar properties as coupons with
bonded tabs. Regarding the compression coupons geometry tapered tabs, short gauge
sections and thick long tabs are recommended. In performing the mechanical tests, it
was observed that the clamping pressure plays a major role in the determination of the
compression ultimate strength, in particular for compression tests with a combined load-
ing setup.

Self-heating was studied as a second source of scaling effects in fatigue. When a com-
posite structure is loaded in fatigue, a part of the strain energy is transformed into heat
due to non-reversible processes. The hysteresis area loss factor and the strain energy den-
sity was linked to the internal volumetric heat that causes the material heating. This as-
sumption was validated via experimental tests. In the case of composite structures loaded
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in fatigue such as wind turbine blades spar caps, there is a rise in internal laminate tem-
perature due to the self-heating effect and the thermal isolating properties of composites.
When internal temperatures approach the matrix glass transition temperatures, mechan-
ical properties degrade, promoting failure. Because of the fact that self-isolation is thick-
ness dependent, self-heating can influence the size effect in fatigue tests.

The self-heating effect was observed in experimental tests where two structures with
different thicknesses but equal dynamical loads and equal thermal boundary conditions
showed different failure mechanisms due to the internal temperature rise. Moreover, a
FE method to predict the temperature distribution due to self-heating was proposed and
evaluated against experimental observations. The ability to describe the self-heating ef-
fect is relevant for the design of reliable fatigue tests for thick laminate components and
structures.

In order to characterise fracture in DCB tests a tool was developed able to measure
the crack length using image processing. In addition, a tool was developed to monitor
coupons during fatigue with thermography and post-process them in the frequency do-
main. In both cases, it was possible to measure quantitative indicators of damage such
as delamination lengths or areas during experimental tests. Further research on image
processing and NDT techniques in performance analysis of test setups and materials is
suggested.

RECOMMENDATIONS FOR DESIGN AND ENGINEERING
Based on the current research, the following recommendations are given for designing
and testing of thick laminates, with emphasis on wind turbine blades:

e During fatigue tests of sub-components and full-scale components which include
thick laminates e.g. blade tests, it is recommended to assess the effect of self-
heating. A recommended approach is to measure the surface and ambient tem-
peratures, and limit the loading times or test frequencies according to the inner
material temperature. This is particularly recommended for tests carried out in
large test halls or outside, where environmental temperatures can vary strongly de-
pending on the season or the night-day cycles. Therefore, to evaluate the inner
material temperatures in complex structures a FE method is proposed (section 2.3)
or alternatively temperatures can be analytically computed (see equation 2.9).

e Thick laminates showed a variation in strength and fatigue properties through the
thickness which is related to the manufacturing history and matrix dominated
properties. Therefore, regardless of the modelling technique, the assumption of a
unique strength per stress tensor component to characterize the behavior of a thick
laminate is an inaccurate approach that requires additional safety factors.
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 To test thick laminates in tension or compression, with a straight coupon shape
and regarding static or fatigue properties, it is recommended to select geometries
according the following criterion,

m=—-—-TF (6.1)
T 2

where m is the clamped length tab, e is the thickness of the cross-section, o is the
expected cross-sectional strength, 7 is the most critical shear allowable of the resin
matrix or the adhesive used for tabbing and TF is the test factor. TF is recom-
mended to be equal or larger than 1.4 for CLC compression and larger than 1.1 in
tension. Larger TF and low 7 will result in conservative results but increase the
complexity of the clamping system.

* Guidelines and standards used to indicate that the coupons used for the charac-
terisation of a material should be manufactured under the same conditions as the
final part. However, it is not possible to match the manufacturing conditions of a
thick laminate with a thin laminate. The coupons obtained with the sub-laminate
technique offer a more reliable characterization of the potential mechanical prop-
erties that can be found in a thick laminate than coupons manufactured from thin
laminates. The sub-laminate technique is recommended as the best method to de-
termine the critical design of a thick laminate with a particular curing cycle and
manufacturing method.

* In a similar manner, instead of using coupons manufactured as thin laminates, the
sub-laminates technique is recommended to be used to determine the critical de-
signing S-N curves that can be found in a thick laminate manufactured according
to a particular curing cycle and manufacturing method.

* In the design of a fatigue test, a choice must be made for the test frequency. In par-
ticular for thick laminates or large structures, test frequencies and environmental
temperatures can influence the behaviour. However, literature and standards are
vague regarding fatigue tests frequencies at coupon, sub-component and compo-
nent level. Therefore, it is recommended to choose the test frequencies avoiding
the self-heating effect.

—>0C=—=D0<—

RECOMMENDATIONS FOR FURTHER RESEARCH
Regarding the failure behaviour of a thickness scaled composite structure, the following
further research topics are recommended:
Test design

Test methods and coupon geometry showed to have a strong influence on the me-
chanical characterisation of composites laminates. To carry out a mechanical test the
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specimen needs to be clamped to the test machine. The clamping distorts the ideal stress
field that characterizes the mechanical property to be measured, which complicates the
interpretation of measurements. For thick laminates nominal forces become larger and
coupons, clamping systems and tests setups need to be scaled. Therefore, to test thick
laminates improved clamping designs are needed.

Moreover, standardization for GFRP fatigue tests setups and thin coupons geometries
for different loading ratios (such as 0.1, 10 and -1) is recommended.

Regarding scaled compression tests it is advised to test thicker coupons to collect
more information on the thickness effect. Testing of 30 or 40 mm thick coupons will help
to interpret the fatigue life reduction of thick laminates. However, such tests require a
larger clamping system which was not available for this project.

Influence of thermal history

From a process engineering point of view, further research on curing processes mod-
elling and final properties optimization is needed. Comparison between the final prop-
erties that result from different mould materials with similar set curing cycles is also sug-
gested. In addition, further study is suggested on failure modes in thick laminates where
non-uniform strength fields through the thickness are considered in bending and torsion
loading cases.

Regarding the modelling of composite laminates, considering non-uniform strength
fields, that are dependent on the manufacturing process is an open line of research, from
amicro-mechanics point of view regarding the matrix and from a macro-mechanics point
of view regarding the laminate. In section 5.4 the influence of non-uniform strength on
laminate failure was studied in a simplified way. It is recommended to perform detailed
progressive failure analysis with spatially varying properties as input.

Further research is required regarding the sub-laminates to evaluate the properties
through the thickness for other fiber-resin systems, as well as further research on the
properties of the tensor components related to the resin properties.

Self-heating

Although semi-adiabatic tests showed a clear reduction in mechanical properties due
to self-heating, further work is recommended regarding the insulation method and a test
setup that allows an integral measurement of the surface temperatures. Also, further work
is needed regarding the measurements of convection coefficients and material thermal
properties for coupons loaded in a test laboratory environment. Additional research on
these topics would allow a finer evaluation of the proposed FE method and self-heating
model, as well as a better understanding of the significance of the energy loss factor in-
cluded in the mentioned model.
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APPENDIX A. AUTOMATED
DELAMINATION LENGTH TOOL FOR
DCB TESTS

In order to measure the delamination length in mode I static and fatigue tests, different
systems such as the visual methods, embedded fibre Bragg grating sensors and crack gauges
are available. These methods have various disadvantages in terms of reproducibility, mea-
surement range, fatigue sensitivity, and cost. The aim of this work is to describe a technique
for measuring the delamination length in mode I tests, based on video image processing.
Video image processing allows non-contact continuous crack length monitoring in static
tests and for the entire fatigue crack propagation curve. A set of static and fatigue tests
carried out with the developed method is included in the present work. The static frac-
ture toughness Gic, the G — N fatigue onset curve and the fracture energy rate versus the
crack growth rate daldN for epoxy glass fibre reinforced composites are reported. Results
show that visual image processing is a stable technique for facilitating the post-processing
of static and fatigue mode I tests.

INTRODUCTION
This work proposes video image processing as a non-contact technique to measure the
full delamination length in mode I static and fatigue tests. This offers a reliable mea-
surement in comparison with conventional visual or strain gauge methods and allows to
characterise the full delamination length in mode I fatigue crack propagation tests with
high signal sampling rates.

The work is divided in two main parts: the description of the video image processing
technique and the validation of the technique through static and fatigue tests for an epoxy

This chapter is extracted integrally from [12].
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glass-fibre reinforced composite. In section A.2 the tests and the video image processing
technique (section A.2.1) are described. The video image processing technique outputs
a high sampling rate crack length (a) signal. The different data processing methods to
calculate the fatigue test parameters (G and da/dN) from the crack length (a), the static
and fatigue test results and the evaluation of the technique are discussed in section A.3.

BACKGROUND OF MODE I CRACK GROWTH
Quasi-static mode I tests described in ASTM D5528, are based on the energy criterion for
crack length described by Griffith [142] where the calculation of the strain energy release
rate G is described as the differential of the strain energy U divided by the crack delamina-
tion length differential. By O’Brien [143], three main crack initiation criteria were defined:
the non-linear criterion (NL), the 5% offset of the maximum load (5%) and the visual cri-
terion (VS). Moreover, in order to derive the fracture energy rate different methods have
been proposed to evaluate these equations applying the beam theory model such as: the
Berry method [144] and the modified beam theory (MBT) [145, 146], the compliance cali-
bration method (CC) [147] and the modified compliance calibration method (MCC) [148].
These are given by the following expressions:

G:n—Pa;E:Ka” [CC] (A.1)

2ba P

where P istheload, 6 is the displacent, b is the coupon width, ais the delamination length
and K and n are the coefficient of the compliance CC calibration curve,

3Po

1
513
G—m, (5) =Ka+|A| [MBT] (A.2)

where K and A are the coefficient of the compliance MBT calibration curve,

_3PC a_ l(é)%+cte[MCC] (A3)

2A'bh’ h p ’
where C is the compliance, # is the coupon thickness and A' and cte are the coefficients
of the compliance MCC calibration curve.

Mode I fatigue tests are based on the same coupon geometry as static mode I tests,
and can be divided in two different types: the delamination growth onset test and the
crack propagation tests. The mode I fatigue delamination growth onset test is described
by the standard ASTM D6115 [149] where a series of fatigue tests results can be repre-
sented as a G— N curve that describes the start of the delamination growth as a function of
the fracture energy rate. The mode I fatigue crack propagation tests are described by the
crack propagation curve da/dN vs. G, which is divided in three different regions [150]:
the threshold, the linear and the fast fracture region. Both are commonly associated with
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the Paris relationship [150-152] described by the Paris relationship [153] (eq. A.4) where
A and m are constants and G4 is the fracture energy rate per cycle at maximum load or
displacement.
da m , . .
IN AG,,, . [Paris relationship] (A.4)
In both cases, the onset and propagation tests, delamination length monitoring is
required in order to compute the fracture energy rate G and the crack growth rate da/dN.

METHODS FOR CRACK LENGTH DETERMINATION

Currently, in order to measure the delamination length a, different systems are available
such as visual methods and methods using crack gauges. The visual methods based on
human observation with or without optical microscopes [154, 155] present several disad-
vantages:

* they require to mark the coupons precisely;

e in order to perform the readings tests have to be stopped periodically;
e low crack length sampling rates in static and fatigue tests are common;
* the human interaction adds subjectivity to the measurement;

* synchronisation of the load-displacement signal from the test equipment with the
crack length signal may be an issue.

Using crack strain gauges for the observation of crack length eliminates the problem
of synchronisation and subjectivity, but these sensors are limited in size and thus can-
not always measure the full coupon delamination length. In fatigue tests they become
unreliable due to fatigue of the sensor.

Embedded Bragg fibres have been reported as a method to characterize the initial
threshold region in mode I fatigue tests as recently proposed Sans et al. [156]. Both,
crack gauges and Bragg fibres perform discrete measurements of the delamination length
for a very limited number of experimental points usually complemented by visual tech-
niques and interpolations. The local gauge positioning with respect to the initial crack
front needs to be measured before the processing of the material, which is slightly more
straightforward in surface-mounted crack gauges than in embedded Bragg fibres [157].
The advantage of Bragg fibres is that they are more fatigue resistant. Both Bragg sensors
and crack gauge sensors are single-use sensors and require expertise and effort to apply.

As a potential alternative to the conventional visual systems, Yarlagadda et al. [158]
developed a time domain reflectometry system which requires to equip the coupons with




106 A. APPENDIX A. AUTOMATED DELAMINATION LENGTH TOOL FOR DCB TESTS

wires and allows automated delamination length measurements. Based on image pro-
cessing techniques, Uhlig et al. [159] developed a system for crack tracking in neat resin
fracture toughness coupons, based on a particular illumination system for transparent
coupons. Richter et al. [160] also describe a set of image processing trials for static ad-
hesive mode I coupons. In those trials different image processing algorithms were tested
with varying success and the final measurements of the images was carried out manually.
Other experiences have been reported on optical crack tracking by Dare [161] for concrete
coupons and by Ryu [162] to estimate residual life in industrial facilities.

METHODOLOGY

In this section, the method and test set-up used for the automated crack length determi-
nation are described. The method was carried out on static and fatigue Mode I tests on
representative wind energy material samples.

DETERMINATION OF THE DELAMINATION LENGTH VIA IMAGE PROCESSING
The videos of the tests were processed by an algorithm based on image processing tech-
niques. The code was built in Python 2.6.3 [163] and OpenCV [164], and its final output
was the crack length signal synchronized with the force and displacement signals of the
data acquisition system. Measures were taken to maximise the accuracy of the measure-
ment:

* the coupon was painted in white and the background was black, to maximize con-
trast between coupon and background;

¢ illumination was controlled in order to avoid shadows;
* reflections were avoided using a matte paint;

e brittle plastic paints were used in order to follow the coupon crack length accu-
rately;

* the coupon was oriented perpendicular to the camera and filled more than 50% of
the total image width. The coupon size was 120mm, this dimension corresponds to
around 1000 pixels in the image, so the maximum resolution is +0.12mm;

e the initial crack tip in the coupons was marked by a dark line.
The process can be described by the following logic workflow:

* Each video frame was considered as a raw image which is synchronized with a
timestamp value that was also recorded in the load and displacement measure-
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Figure A.1: Mode I coupon raw image (dashed square defined by the user).
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Figure A.2: Mode I coupon binary image processed contour. Determination of the crack tip.
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Figure A.3: Diagram of the auxiliary lines.
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ments with signal synchronization purposes. The area where the growth of the
crack is predicted to occur was cropped (see Figure A.1).

* For each frame the image was filtered to determine specimen contour. An initial
threshold filter by colour was applied [165]. Secondly a Canny filter with a Gaussian
kernel of 5x5 pixels [166] and to finalise the filtering an Otsu threshold [167] was
used. The result was a contour shape of the coupon and the delamination (see
Figure A.2).

 Auxiliary lines were constructed inside the contour, offset top and bottom lines
were calculated and used as auxiliary lines with reduced distortion (see Figure A.3).
Based on the top and bottom line a middle line was calculated.

* The crack tip is found by scanning the contour binary image along the centre line
from the right side to the left side starting at the end of the coupon. In this way
the un-delaminated length is obtained as shown in figure A.2. Because the distance
between the coupon and the camera is always the same, the distances measured in
pixels can be transformed into millimetres by a constant coefficient which is cali-
brated with the initial frames taken before the test.

e Taking into account that the un-delaminated part is not deforming, the defor-
mation of the DCB coupon arms does not influence the measurement of the
un-delaminated length. Therefore the delamination length increment is calcu-
lated as the coupon length minus the initial delamination length minus the un-
delaminated length.

MATERIAL

Nominal ASTM D5528 size coupons were used in the static and fatigue tests. Two different
plates (batch TP and VN) were infused with a common wind energy epoxy resin and type
E unidirectional (UD) glass fiber (GFRP) of 600gr/m2 non-crimp fabric. The layup was 6
UD layers, with the UD roving facing the crack. A 50 microns Teflon® layer to induce the
initial crack length (a,, nominal length 65mm) was used. Average fibre volumes of 43%
with glass transition temperatures of around 82°C was tested in both plates. Steel blocks
of 20x20x20mm were bonded to the coupons with a cyanoacrylate adhesive.

TEST SETUP

The coupons were painted with a brittle white matte spray paint and the initial crack
length was marked with a dark marker pen. A colour high definition USB® camera was
used to measure the crack length signal as figure A.4 shows. The videos were encoded in
a high quality AVI container with 1920x1080 resolution.
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DCB coupon

Figure A.4: Test setup.

STATIC TEST CONFIGURATION
Nine coupons were tested in mode I according to ASTM D5528. Tests were carried out
at test speeds of 3mm/min. The tests started with an initial loading until crack initiation,
next the coupon was unloaded and finally the load was applied from zero load until failure
or maximum machine displacement.

The tests were performed in an MTS 10kN maximum capacity test frame with a 1kN
class I'load cell. The load and displacement signals were recorded with the in-house de-
veloped data acquisition software WMCS 0.3 [168].

FATIGUE TEST CONFIGURATION

The DCB fatigue tests were performed at constant displacement amplitude at an ambient
temperature of 23°C. Based on the average displacement at maximum force recorded in
the static tests, the fatigue test was designed for 11 coupons at different displacement
ratios (the ratio between the square maximum displacement in the fatigue test and the
square average displacement at maximum load in the static tests) between 0.6 and 0.1
(see table A.1). The coupons were tested approximately between 500.000 and 3.000.000
cycles.

Tests were performed at a frequency of 1.5Hz, and 15 seconds of video and data were
recorded at intervals of 100-500 cycles below 200.000 cycles and at intervals of 5000 cycles
above the 200.000 cycles. The force and displacement sampling rate was 800Hz and the
video frame rate was 7fps.

In addition, the delamination growth onset was determined per the ASTM D6115
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Coupon Disp. Max. Coupon Disp. Max.

Id ratio cycles Id ratio cycles
VNO06I30 0.60 2.728.762 VNI15I30 0.10 813.959
VNO07I30 0.60 385.124 VN16I30 0.35 1.164.99
VNO08I30 0.60 1.642.590 VN17130 0.35 1.418.630
VNO09I30 0.50 1.681.130 VN18I30 0.20 550.492
VNI10I30 0.50 1.395.939 VNI9I30 0.20 909.206
VN14I30 0.10 857.604

Table A.1: Fatigue mode I test matrix.

standard [149] in order to obtain the delamination growth onset G — N curve, which de-
scribes the starting cycles of the delamination for a certain strain energy release rate G.
Based on the video image delamination length signal a, the visual starting cycles were
gathered as the first observed crack initiation cycle or at cycle a > a, + 1.

The required signal processing in order to obtain the crack propagation and the de-
lamination growth onset plots is summarize in the workflow chart in figure A.6.

TWO DIFFERENT METHODS TO CALCULATE ENERGY RELEASE RATE

According to Ashcroft [150] the fracture energy release rate G4, can be obtained as
eq.A.5. The differential of the compliance with the crack length, da/dN, is calculated
with a third order polynomial fit of the compliance versus crack length curve and the
subsequent model differentiation. Moreover, due to the high sampling rate that the video
crack length measurement allows, a second method to calculate the G, was feasible.
This second method is based on the differentiation of the strain energy U (eq.A.6) with a

power law fit.
P2, dC
Gmax = g";x - [Compliance method] (A5)
1dU,
Gmax =4 d";“x ; [Strain energy method] (A.6)

DETERMINATION OF CRACK GROWTH RATE da/dN

In order to perform the differentiation of the crack length with respect to the number
of cycles the ASTM E647-86a [169] describes two different methods: the secant method
and the incremental polynomial method. Both numerical differential methods require
a linear or polynomial fitting along the dataset in order to obtain the slope. Alternative
to these two methods and taking into account the shape of the graph of crack length (a)
versus cycles (V) shown in figure A.7, the crack growth rate da/dN was calculated by
fitting the whole curve with a power law model and differentiating the curve model.
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Figure A.5: Typical delamination resistance curve (R curve) from mode I static test.

Batch Foas §at Gic Gic Gic

(pane) Fmax | Type | MBT cC MCC
IN] [mm] (kJ/m?]

NL 0.171 0.180 0.193

TP 80.59 15.46 VS 1.133 1.182 1.208

5% 0.883 0.921 0.949
NL 0.228 0.248 0.255
VN 72.81 15.68 VS 1.164 1.274 1.256
5% 0.872 0.945 0.942

Table A.2: Energy release rate averages results for static DCB tests.

RESULTS AND DISCUSSION

STATIC TESTS

Typical fracture energy release rates results are shown in table A.2. While the averages do
not show significant differences between the three standard calculation methods, large
differences are observed, depending on the choice of crack initiation criterion. Due to
the very early loss of linearity of the load displacement curve, application of the non-
linear criterion (NL) exhibits lower Gj¢ values than the visual (VS) or 5% offset criteria.
Despite the fact that the TP coupons batch shows higher coefficients of variation than
VN coupons batch, both sets are characterised by similar average results with differences
lower than 10%.

The crack length measured via image processing is used in the visual criterion and
in the determination of the delamination resistance curves (R-curve) shown in figure
A.5. The R-curves show the characteristic energy release rate plateau. Between the crack
lengths of 56 to 59 mm a depression is observed for all specimens, caused by the loading
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Figure A.6: Signals workflow process in fatigue. Image processed delamination length a influence each one of
the calculated values which describes the crack propagation and the crack growth onset.

and unloading cycle that the standard requires. The R-curves and the load vs. displace-
ment plots show a slight crack length growth stick and slip behaviour which was moni-
tored via image processing, showing a good synchronization between the signals.

FATIGUE TESTS

Displacement at maximum force from the static test is subsequently used for the deter-
mination of the different loading ratios and fatigue test design. The signal processing
required to gather the fatigue parameters that describes the crack progation and crack
growth onset results is showed by the workflow chart of figure A.6. The flow chart exhibits
how the automated image processed delamination length signal is involved in each one
of the parameters such as the fracture energy release rate G and the crack growth rate
daldN.

The crack growth rate da/dN is related to the curve slope shown in figure A.7, where
the continuous monitoring via image processing of the crack length versus the cycles is
plotted for each coupon. In order to compute da/dN three different methods were used.
The results of the secant method, incremental polynomial method and direct differentia-
tion of a power law model method are plotted in figure A.8 for one of the coupons. While
the three methods present similar trends in all the coupons, the average R correlation co-
efficients between the three methods is around 0.59 due to the high dispersion that the
secant and incremental polynomial method introduce in the comparison. In addition, it
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Figure A.7: Crack length versus cycles at different loading ratios and power law fittings with R correlation coef-
ficient values.
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Figure A.9: Compliance at F, 4y versus crack length. Experimental and fit curves.

Crack propagation slopes
secant | polynomial | powerlaw dUlda
Average 4.72 6.20 6.40 5.26
COV [%] 58.4 46.1 33.9 33.8

Table A.3: Crack propagation slopes for each computation method (where COV is cofficient of variance).

was observed that despite some stick and slip behaviour, the crack length growth versus
the cycles follows a power law model in all the tested coupons with an average R correla-
tion coefficient value of 0.93.

Table A.3 shows the average slopes according a Paris relationship for the three differ-
ent cases of crack growth rate calculations versus the compliance strain energy release
rate method. The secant method shows the biggest differences in comparison with the
others, it presents higher dispersion than the others and in some coupons was not pos-
sible to be computed. On the other hand the polynomial method slopes are close to the
power law fit differentiation and both present the smaller dispersions. In view of the good
correlation and small dispersion in the crack propagation curve, the da/dN obtained by
the power law fit is presented in the remainder of the paper.

The fracture energy release rate G is computed by two different methods, each
method is based on the compliance or strain energy versus the video processed delam-
ination length a signal curves slopes (see figure A.9 and A.10). The polynomial method
fittings of the compliance versus the monitored crack length are shown in figure A.9 with
an average R correlation coefficient value of 0.96. Figure A.10 represents the strain en-
ergy and the power law fitting models as function of the crack length, a good correlation
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between both is shown with an average R correlation coefficient of 0.97. Since the strain
energy represents the cyclically imposed work, the strain energy dependence on the load-
ing ratios is observed. The average R correlation coefficient between the two methods to
calculate energy release rate G is 0.91, showing similar fracture energy release rates val-
ues.

As shown in figure A.11, the Gj;4x — N delamination growth onset curve is charac-
terised by a slope of 6.61 with a 95% confidence interval of 2.1. The G, 4x — N curve shows
a very early start of the delamination in fatigue for fracture energies close to the static
tests results. As the videos were taken at cyclic intervals, the resolution of the curve is
determined by the interval length. Taken into account that G,,4x — N curve and the crack
length in figure A.7 shows a power law trend, an incremental approach in order to per-
form the video monitoring and reduce the data storage seems to be the best approach.

Figure A.12 shows the crack growth rate as a function of the maximum fracture en-
ergy rate for the different loading ratios tested in fatigue. While low displacement ratio
coupons show two differentiated regions with a extended linear region up to 100 J/m?,
for the rest of the coupons only the fast growth region is visible. The different coupons
present similar trends, higher crack growth rates occurs for the highest fracture energy
rates in the range of 100 to 1000 J/m?. In between, the fracture energy rate shift from
lower to higher fracture energy rates can be observed as the loading ratios increase.

VIDEO IMAGE PROCESSING TECHNIQUE

For the standard 3mm/min static tests speed a frame rate of 7fps allows a movement res-
olution of 0.0071 mm of displacement per frame. Synchronisation of the load, displace-
ment, and crack length signals can be achieved by correlating distinct jumps, as Figure
A.13 shows.

In the case of the fatigue test, a 1.5Hz frequency test with 10mm amplitudes is equiv-
alent to a test speed of 30mm/sec, which is a very high speed in view of a direct synchro-
nization between the measured crack length and force. However, because each video is
representative of around 10-30 cycles the highest delamination length measured in that
range was chosen assuming no crack length in that relative small interval of time in com-
parison with the 2-3 weeks extension of a one million cycles fatigue test.

The accuracy of the system has been established with dummy shapes previously mea-
sured with a calliper at different extreme positions and camera setups. It shows that it can
achieve accuracies around +0.5mm in the static test, which is the minimum required by
the ASTM D5528 standard. Additionally the final crack extension in the fatigue tests was
compared against calliper measurements showing relatives differences below 8% at the
end of the fatigue tests.
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CONCLUSIONS

A visual technique based on video image processing for measuring the delamination
length in mode I static and fatigue tests has been described and applied in glass fibre
reinforced composites. The crack length measurements show a reliable signal with no
need to stop the tests, high sampling rate and synchronization with the force and dis-
placement signals. Accuracies up to +0.5mm were measured for calibrated coupons and
relative differences lower than 8% where observed in comparison with calliper measure-
ments.

Crack length signals were measured every 100-500 cycles in mode I fatigue tests. A
power law trend was observed in the crack length signal evolution with the cycles for the
studied GFRP. Three different methods to compute the crack growth rate were evaluated
with similar results, of which the power law method shows the smallest dispersion. The
fracture energy rates were computed by two different methods with similar results.



B

APPENDIX B. IR INSPECTION OF
THICK LAMINATES DURING FATIGUE

The thermoelastic stress analysis (TSA) technique is a lock-in thermography technique of
the PPT type, where the stimulus is the thermo-elastic behaviour of the material when it
is dynamically loaded [171]. Generally, in TSA the final purpose is to obtain the full field
principal stress gradient, which requires a calibration and synchronized load or strain
signal [77].

Tests carried out in chapter 2 and 3 were studied with TSA. The phase and amplitude
thermographs during the fatigue tests were computed with an in-house algorithm based
on FFT. First, the IR inspection was carried out for a well known open-hole fatigue test
(see figure B.1). The results of the open-hole tests revealed that FFT thermographs show
higher intensity values where the major damage is located and such thermographs agree
with final failure photographs.

The same technology was applied to scaled compression tests from chapter 3. The
FFT thermographs recorded during fatigue tests showed damage development close to
the end of the grip were the higher stresses are located due to the clamping force. This was
previously referred as the grip effect, which is the most common cause of failure during
mechanical tests. Figure B.2 and B.3 show higher intensities in the FFT thermographs
close to the end of the grip that agrees with the final failures observed in the fatigue tests.

This chapter is extracted from [170].
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Figure B.1: Open hole fatigue tests recorded with IR camera. Thermographs and FFT thermographs were dam-
age is located. Photos of the coupons during the fatigue tests as well final failure photo.
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10 mm thick compression
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i 4 L
Thermograph

Figure B.2: 10 mm compression tests recorded with IR camera. Thermographs and FFT thermographs were
damage is located. Photos of the coupons during the fatigue tests as well final failure photo. Large intensity
areas shows the main locations of the stress fields peaks cause by the grip effect.
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Figure B.3: 20 mm compression tests recorded with IR camera. Thermographs and FFT thermographs were
damage is located. Photos of the coupons during the fatigue tests as well final failure photo. Large intensity
areas shows the main locations of the stress fields peaks cause by the grip effect.






APPENDIX C

case group e h ho k m n g w 1 a layout tab
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm)] [mm] °

0 base 2.8 7.0 7.0 50.0 96.360 27.28 15.0 10.0 320.0 18.9 UDy,UD»,UD3
1 g/m 2.8 7.0 7.0 50.0 96.360 27.28 15.0 10.0 320.0 18.9 UD,,UDy,UD3
2 g/ m 2.8 7.0 7.0 50.0 88.860 42.28 30.0 10.0 320.0 18.9 UDy,UD»,UD3
3 g/m 2.8 7.0 7.0 50.0 73.860 72.28 60.0 10.0 320.0 18.9 UD,,UDy,UD3
4 g/ m 2.8 7.0 7.0 50.0 43.860 132.28 120.0 10.0 320.0 18.9 UDy,UD»,UD3
5 g/m 2.8 7.0 7.0 50.0 23.860 172.28 160.0 10.0 320.0 18.9 UD,,UDy,UD3
6 g/ m 2.8 7.0 7.0 50.0 13.860 192.28 180.0 10.0 320.0 18.9 UDy,UDy,UD3
7 alpha 2.8 7.0 7.0 50.0 78.497 63.01 15.0 10.0 320.0 5.0 UDy,UD»,UD3
8 alpha 2.8 7.0 7.0 50.0 90.590 38.82 15.0 10.0 320.0 10.0 UDy,UDy,UD3
9 alpha 2.8 7.0 7.0 50.0 97.997 24.01 15.0 10.0 320.0 25.0 UDy,UD»,UD3
10 alpha 2.8 7.0 7.0 50.0 98.863 22.27 15.0 10.0 320.0 30.0 UD,,UDy,UD3
11 h 2.8 5.8 5.8 50.0 98.114 23.77 15.0 10.0 320.0 18.9 UD1,UD»y
12 h 2.8 8.8 8.8 50.0 93.729 32.54 15.0 10.0 320.0 18.9 UDy,UD5,UD3
13 h 2.8 11.8 11.8 50.0 89.343 41.31 15.0 10.0 320.0 18.9 UDj to UDs
14 h 2.8 14.8 14.8 50.0 84.957 50.09 15.0 10.0 320.0 18.9 UD; to UDy

Table C.1: FE tension parametric analysis. Cases table.
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APPENDIX D. RELATION BETWEEN
HEATING RATE AND CURE RATE.

The curing cycle of thermoset thick laminates can be modelled using the general heat
equation [172, 173]. Assuming that the temperature differences between resin and fibers
are negligible at any time and neglecting the convective effect of the resin flow, the gov-
erning equation can be expressed as follows,

or o0 ( OT)
X

S P (R
+i(K.0_T
oy J o0y
+i(Kz-6—T)+q (D.1)
0z 0z

where p is the laminate density, cp is the specific heat, K; (i = x, y, z) is the thermal con-
ductivity, T = T'(x, y, 2, t) is the temperature field, ¢ is the time and g is the internal heat
generation component per unit volume or also called rate of heat generation.

The internal heat generation component ¢ can be modelled as follows,

. da
q=p-Hr-Ra=p-Hy-— (D.2)

where H, is the total heat of the reaction, R, = % is the rate of reaction (also called cure
rate or conversion rate) and «a is the degree of cure or conversion factor which defines the
curing reaction kinetic.

Assuming one dimensional conditions and a thermal conductivity K that is indepen-
dent of the location, equation D can be simplified as follows,

This appendix was integrally extracted from appendix B from [130].
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-C ‘R =K, - —
p-Cp- Iy z oz

0 (0T
+p-Hy Ry (D.3)
0z

where R; = % is the heating rate. Equation D.3 shows that the heating rate is proportion-
ally related to reaction cure rate and the diffusion component. Before and after the curing
reaction @ = 0 and a = 1, the heating rate R; is dominated by the diffusion component.
During the curing reaction 0 < @ < 1 the internal heat component becomes active. And
in the case of small thermal conductivities Kj;, the diffusion component can be neglected.
In such case the internal heat component can be approximated to the transient part as
follows,

R; = I ‘R (D.4)

cp

where the heating rate and the curing rate during curing reaction are proportional and
follows a close behaviour.
Measuring the curing rate with three thermocouples

If equation D.3 is discretized using finite-differences [118] it can be written as follows,

TP +17P —2.7F
p-cp-Ry =K, - A’“; k 4 p-Hr Ry (D.5)
Tp+1_Ti7
B Rt=% (D.6)

where k relates to the discrete thickness location of nodal points and p denotes the dis-
crete time dependence of the temperature field as £ = p - At.

Figure D.1: Embedded thermocouples array through the thickness to measure the local temperatures.

In the case of the sub-laminate tests, a serie of thermocouples were embedded along
the laminate thickness to measure the local temperatures (see figure D.1 and table 5.1).
Those temperature measurements can be seen as discrete temperature measurement
points noted as T; (i = 1,..., N) where N is the number of temperature measurements
through the thickness. Therefore, equation D.5 can be written as follows,
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where the curing rate R, can be computed from an array of three thermocouples assum-
ing 1D conditions and neglecting the corresponding error from the finite-differences dis-
cretization.

Based on the sub-laminates temperature measurements and equation D.7, the curing
rate was computed at the maximum heating rate during hardening. The cp, H;, K; and p
were obtained from the bibliography [110] for the tested material. The relation between
curing rate and heating rate is shown in figure D.2. This figure shows the correlation be-
tween both rates with a Pearson coefficient around 1. The thermal diffusion component
values are below 1% of the transient component values. Therefore, the approximation of
equation D.4 is valid for the investigated system around the time of max. heating rate.
This indicates that the heating rate during the hardening phase is almost proportional to
the curing rate, and that just one thermocouple is sufficient to measure the curing rate.
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PROPOSITIONS

1. Composites scaling effects must be a fact since full-scale component tests are still
required.

2. The strength and fatigue life of a thick laminate of thickness # are influenced by
each infinitesimal part with thickness dh, where the fatigue life and strengths of
each infinitesimal part depends on the local curing history and flaws.

3. Who you know opens doors. What you know builds new doors.
4. A model is the expression of an incomplete scientific understanding.

5. To conceptualize a problem is part of the solution. To simplify a problem is part of
the conceptualization.

6. Populism is seen as the answer, as long as no questions are asked and no explicit
answers are expected.

7. Technology is the search for the maximum outcome with the minimum effort.
8. To universalize knowledge deprecates its value.

9. Supervisors who are certain about all research issues produce poor PhD-students,
since doubt is part of the learning process.

These propositions are regarded as opposable and defendable, and have been ap-
proved as such by the supervisor prof. dr. ir. Bert Sluys.
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STELLINGEN

1. Schalingseffecten van composieten moeten een onontkoombaar feit zijn,

aangezien full-scale testen nog steeds vereist worden.

2. De sterkte en vermoeiingslevensduur van een dik laminaat met dikte 7 worden
beinvloed door elk infinitesimaal deel met dikte dk, waarbij de vermoeiingslevens-
duur en sterkte van ieder infinitesimaal deel afhankelijk zijn van het lokale uithard-
ingsverloop en materiaalafwijkingen.

3. Deuren gaan open door wie je kent. Deuren ontstaan door wat je weet.
4. Een model is de uitdrukking van onvolledig wetenschappelijk begrip.

5. Het conceptualiseren van een probleem is onderdeel van de oplossing. Het vereen-
voudigen van een probleem is onderdeel van de conceptualisatie.

6. Populisme wordt gezien als het antwoord, zo lang er maar geen vragen gesteld wor-
den en geen concrete antwoorden worden verwacht.

7. Technologie is de zoektocht naar het maximale resultaat voor de minimale inspan-
ning.

8. Het vrij beschikbaar maken van kennis vermindert haar waarde.

9. Begeleiders die zeker zijn over alle kwesties van een onderzoek leveren armzalige
promovendi, aangezien twijfel een deel van het leerproces is.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotor prof. dr. ir. Bert Sluys.
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