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Abstract
The climate change challenge of today requires construction materials that are strong,
light and durable. This is true for the Wind Turbine Industry, where the length of wind
turbine blades are in excess of 100 m, but also for applications in personal transport and
in the aerospace industry. Fibre reinforced polymers are often the material of choice in
these applications, either because they offer excellent strength and weight saving potentials over conventional materials, or because they can be tailored to sustain high magnitude cyclic loadings for long durations at a reasonable cost level.
Modern wind turbine blades have almost exclusively been manufactured from glass
ﬁbre composite materials, and glass ﬁbre composites is still the most important material
for most blade manufacturers. The reason that glass ﬁbre is so widely used in the wind turbine industry can be found in the exceptionally good fatigue performance of the material
combined with a relatively low cost. The load carrying elements of a wind turbine blade
is the spar cap, and most conventional designs uses a special class of unidirectional glass
ﬁbre composites in these regions. Furthermore, unidirectional composites are known for
excellent strength and fatigue properties. The manufacturing process for unidirectional
composites are mainly based on non-crimp fabrics made of ﬁbre rowing stitched together.
Despite being called unidirectional, non-crimp fabrics will typically include around 10%
ﬁbres oriented off-axis or transverse to the main direction. These ﬁbres are included to ﬁxate and control the ﬁbre material during manufacturing, and to provide a small stiffness
and strength contribution in the transverse direction of the composite material.
The current research has shown that the off-axis or transverse oriented ﬁbre rowing
can have a signiﬁcant impact on the fatigue properties of the composite materials through
introduction of small fatigue cracks which later will grow into the load carrying unidirectional layers. This is even the case for very thin backing layers build up of separate ﬁbre
rowing. The current work have used bending fatigue combined with optical microscopy
to quantify the damage in the load carrying layers. A quantiﬁable link between the transverse cracks in the thin backing layers and the damage in the load carrying bundles have
been shown to exist.
The manufacturing process of composites inﬂuences the performance of the end product material. Prompted by recent ﬁndings of a link between the curing conditions and
fatigue performance of unidirectional composites, the current research have investigated
ways to modify epoxy cure cycles with the aim of lowering residual stresses in epoxy-based
composites. The results show clearly that two-step cure cycles can produce composites

vi

Abstract

with signiﬁcantly lower residual stresses.
The current research shows that residual stresses negatively impact the fatigue performance of unidirectional composites. Methods provided in the research have in some
cases been shown capable of increasing the service life of a composite by a factor of 5.
The increased service life is the result of applying the aforementioned two step cure cycles. The research also shows that the negative impact from high magnitudes of residual
stresses can be superseded by the negative impact of high ﬁbre volume fractions, if the
ﬁbre volume fractions exceeds a certain threshold.
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CHAPTER 1

Introduction
1.1 Project Description & Overview
Low weight, combined with high directional stiffness and strength, is the most commonly
listed advantages of ﬁbre reinforced composites. Another important and desirable property of composites is the exceptional fatigue resistance and general damage tolerance that
also characterize most composites. Fatigue resistance and damage tolerance of composites are essential, especially for structures subjected to cyclic loads of high magnitudes,
such as wind turbine blades [9], aircraft [10], and high-performance cars and marine vessels [11].
The current project investigated fatigue damage in composites, and how fatigue damage is affected by ﬁbre architecture and manufacturing parameters. To understand the
latter - the inﬂuence of manufacturing parameters - some understanding of the former
- the fatigue damage - must be acquired ﬁrst. Fatigue damage in composites is a ﬁeld
of research that has been active for almost 40 years (see e.g. [12] or [13]), and yet no
mechanism-based model is currently able to predict the complete fatigue behaviour from
basic properties of ﬁbre, matrix and interface strengths [14]. The lack of accessible and implementable mechanistic models for ﬁbre reinforced composites are partly caused by the
incomprehensible and immense variability that exists in ﬁbre fabrics, matrix systems, layup types, and process conditions. It is clear that accounting for all these variables in a uniﬁed theory would require a level of complexity that does not seem realistic in the current
state of the science. Acknowledging the complexity of composites encourages a limitation
of the research scope to only consider a limited type of composites: Non-Crimp Fabric
quasi-Uni-directional composite based on epoxide thermoset matrices. A thorough description of what this material description constitutes will be given in section 1.2.
Limiting the research to a deﬁned type of composite allows the current project to emphasize important micro-mechanical aspects of fatigue damage in the composite material, but the uncertainties about composite fatigue models are not only rooted in deﬁcient understanding of micro-scale mechanisms, but also from severe complications of
the testing method used for investigating fatigue of of composites. Speciﬁcally for (quasi)
uni-directional composites, there exists a load transfer problem because the current test
relies on holding composite specimens by gripping the surfaces of the composites. This
means that the current methods relies on shear forces to introduce loads into a material
with a very low in-plane shear stiffness. The results for uni-directional composites is that
the specimens often experience an invalid failure mode; the specimens fail from damage
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that propagates from the gripping area, instead of from the gauge area. A possible solution to this problem is to apply a test method with a radically different method of load
introduction; The bending fatigue test. This work have employed bending fatigue testing,
combined with intensive use of microscopy, to investigate a speciﬁc material, and a key
damage evolution scheme has been identiﬁed. The material in question was a basalt ﬁbre
NCF composite supplied from Elektro-Isola A/S. The understanding of the damage mechanism generalizes to glass ﬁbre NCF composites and are supported by other ﬁndings in
the literature [15] [16]. Results from the bending fatigue test campaign and the related
ﬁndings of damage mechanisms are summarized in chapter 2.
The overall goal of the project was not only to provide new understanding of fatigue
damage in the deﬁned material of interest, but also to provide concrete solutions for how
to improve the fatigue resistance of the composite material. Findings made by Hüther and
Brøndsted [17] suggested that reducing residual stresses, which are formed in composite
materials during cure, have the potential to improve the fatigue resistance of NCF composites. Through investigating different temperature proﬁles used for curing of an epoxy
matrix system, a particular method of reducing residual stresses have been found. Results
and ﬁndings related to curing of epoxy and process induced strains are summarized in
chapter 3.
With a mechanistic understanding of the main damage mechanism that governs fatigue damage, and a method for increasing and reducing residual stresses in composites,
a hypothesis for the inﬂuence of residual stresses on the fatigue resistance of NCF UD
composites can be formulated and tested. A key ﬁnding from the test was that the fatigue
property of uni-directional composite laminates is signiﬁcantly inﬂuenced by the cure
temperature used in manufacturing. Results and ﬁndings from this part of the project are
summarized in chapter 4.

1.2 Overview of Composite Material Investigated in
Project
This section will give an overview of the type of composite material investigated in this
project. The project has overall worked with two material systems; a basalt ﬁbre reinforced
quasi uni-directional composite and a glass ﬁbre reinforced quasi uni-directional composite. The two materials are listed below with some information about the material origin,
and for which papers the material are relevant. Understanding the speciﬁcs of the reinforcement fabrics used for each of the investigated materials are the key to understanding
their mechanical performance, hence the existence of this very section. After the description of the fabric and matrix, the rest of this section is dedicated to a short description of
the method used for manufacturing of the composites.

1.2 Overview of Composite Material Investigated in Project

(a) Pure UD
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(b) Woven

(c) Non-crimp Fabric

Figure 1.1: The three most common types of laminae elements using for stacking and impregnation
for manufacturing of a ﬁnal composite.

Basalt Fibre Composite

Manufactured by Elektro-Isola A/S using the
Basalt Fabric speciﬁed in Table 1.1 and illustrated in Figure 1.2a. Matrix material was a
high temperature epoxy. Used for bending fatigue. Relevant for Paper A, Paper B and Paper
C.

Glass Fibre Composite

Manufactured in the FiberLab at Risø Campus,
DTU by the project author. Epoxy system investigated and described in Paper D and Paper E. Glass Fibre composites tested in Paper
F.

1.2.1 Materials: Fibre Fabric and Matrix System
Manufacturing of composites are generally described as a process where layers - also
sometimes referred to as plies, laminaes or sheets - of ﬁbres sheets are stacked and bonded
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with a matrix to form a laminate [18]. It is, however, necessary for the reader of any description, of a composite manufacturing process, to understand explicitly what is meant with a
ﬁbre layer. Figure 1.1 shows the three most common types of ﬁbre plies used in composite
manufacturing today: pure UD (pre-pregs, etc.), woven fabrics, and non-crimp fabrics.
Pure UD fabrics can not exist without some form of binder that keeps the ﬁbre together,
and in general the production of pure UD composites uses a polymer matrix as that binder.
Resin injection pultrusion is one way to achieve pure UD composites by pulling multiple
ﬁbre rovings through an impregnation chamber followed by a heating die [19]. Pre-pregs,
or pre-impregnated ﬁbres as the name is derived from, have some similarities with pultrusion, but here the resin curing is interrupted at an early stage, and the ﬁbres are formed
as sheets. The pre-preg sheets can then be stacked, consolidated, and fully cured to form
a composite. The orientation of the stacked sheets can be varied individually to tailor the
requirements for an exact purpose. Pre-preg is often made with carbon ﬁbres and toughened high-temperature epoxy, and used extensively in both military and commercial aircrafts. Pre-impregnated fabrics generally produce the highest quality of composites, but
are often too expensive for applications that are not for aerospace or high-end sporting
goods.
Woven fabrics are produced by weaving together multiple rovings of ﬁbres, and the friction between the ﬁbre tows are what keeps the fabric together. Woven fabrics are cheaper
to use in manufacturing than pre-impregnated sheets, have excellent drape-ability [20],
and better resistance to impact damage than uni-directional and cross-ply laminates [21].
Figure 1.1b illustrates an orthogonally woven fabric with identical rovings for both directions. The weaving of ﬁbre rovings can, however, be performed with much greater variations of rovings, tex-values and ﬁbre types. The weaving of ﬁbres tend to create out-ofplane waviness and fabric crimp after resin impregnation and subsequent cure [22].
Non-crimp fabrics (NCF’s) is widely used as reinforcement in wind turbine blades [9]
[23] [24] [25] [22] where the fabrics are almost exclusively made from glass ﬁbre. NCF
fabrics based on carbon ﬁbres are, however, also applied in high-end cars [26] and for the
rear pressure bulkhead of the Airbus A380 [27] aircraft. The peculiar designation of noncrimp in non-crimp fabrics are a statement that sets NCF’s apart from the crimp issue
that is present for woven fabrics. A desire to minimize fabric crimp, while retaining a
high degree of freedom with respect to ﬁbre orientation, is what led the development of
NCF’s [22]. Figure 1.1c shows a schematic of a quasi Uni-directional (UD) NCF fabric. An
important part of the difference from the woven fabrics is the introduction of stitching
yarn, which allows ﬁbre rovings to be sewn together to form a single sheet of fabric with
multiple ﬁbre orientations. Non-crimp fabrics can be handled in the same way as woven
fabric, which is a key property for keeping composite production costs low. The possibility
to tweak ﬁbre types, ﬁbre orientations, tex-values of bundles and pattern of stitch yarn
and stitch yarn type creates endless variation in NCF’s. are the only reinforcement type
that will be investigated in this work.
To further limit the scope of this work, the type of NCF’s that are investigated will be

1.2 Overview of Composite Material Investigated in Project
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Table 1.1: Table with footnotes after the table

Fabric

Type

Orientation [◦ ]

Basalt Fabrica

Axial
Backing

0
90

357
50

Glass Fabricb

Axial
Backing
Backing
Backing

0
-45
90
+45

1133
50
17
50

a

Area Weight
[g/m2 ]

Used for Paper A, Paper B and Paper C.

b Used for Paper F.

limited to a class of quasi-UD NCF’s. This type of fabric is routinely used in the spar caps
of wind turbine blades [28] [24], which means that the load carrying properties and fatigue
resistance properties are essential for the safe operation of wind turbines throughout their
service life. The quasi uni-directional designation are generally used when roughly 90 %
or more of the ﬁbres in NCF fabric are oriented in the same (axial) direction [28] [29]. The
schematic in Figure 1.1c illustrates a quasi-UD NCF, where the stitch yarn (marked with
blue color) fastens off-axis ﬁbre bundles to larger axial ﬁbre bundles. The off-axis ﬁbre
bundles of the Quasi UD NCF’s contributes to the fabric with a limited amount of transverse stiffness and strength, but are vital for stabilising the fabric such that it can be handled and moved around by workers in manufacturing facilities.
Two fabrics of the quasi UD NCF type have been used in the current work, and the
main speciﬁcation of the fabrics are printed in Table 1.1. The two fabrics are also illustrated in Figure 1.2. Figure 1.2a shows the basalt ﬁbre NCF investigated in Paper A, Paper B
and Paper C, where only one layer of backing, which are denoted as the transverse bundles
in the relevant papers, are sown together with the main longitudinal (axial) ﬁbre bundles.
Basalt ﬁbres are a good alternative to glass ﬁbres as they have similar mechanical properties [30], but the production process consumes less energy than the process for glass [30].
The similarity of the mechanical properties between basalt and glass ﬁbre means that the
results of Papers A, B and C are expected to generalize to glass ﬁbre reinforced composites.
Figure 1.2b shows the glass ﬁbre fabric used to investigate the effect of cure temperature
on the tensile fatigue behaviour of quasi UD NCF. The fabric have three discrete directions
of off-axis backing bundles, and the research conducted with this fabric will also include
results on the effect of backing bundles on transverse matrix cracking during fatigue loading.
The current work deals with composites made with thermoset resin matrix material.
Polyester and epoxy based thermosets are the most common resin systems used for modern composites, but vinyl ester, cyanate esters, polyimides, and phenolics are also used
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(a) Basalt Fibre NCF (Papers A,B,C)

(b) Glass Fibrer NCF (Paper F)

Figure 1.2: The three most common types of laminae elements using for stacking and impregnation
for manufacturing of a ﬁnal composite.

Table 1.2: Cure kinetic properties for the Huntsmant Araldite LY 1568/ Aradur 3489 resin. Relevant
to Paper D, E and F. α denotes degree of cure.

Glass Transition Tg [◦ C]
α = 0%
α = 100%
(−40) − (−30)

82-84

Heat of Reaction
[J/g]

αg el [%]

≈ 415

65

[31]. The most used types of resins are polyester and epoxies. Figure 1.3 shows performance comparison between epoxy polymers and polyester polymers for properties that
are important for composites. The better performance of epoxies are the main reason that
it is the dominantly used polymer for high-performance applications [31]. Polyester has
been used extensively for boat building because of its intriguing price point, but the lower
rupture strain makes production of structures with high load bearing capacities a difﬁcult
- but not impossible - task.
Epoxy resin systems are produced in many different qualities, from cheap epoxy-glues
that can be bought at a hardware store to epoxy systems used for commercial and military
aerospace parts. The basalt ﬁbre composite material relevant for Paper A, Paper B and
Paper C was manufactured with a high grade epoxy system, but no investigation regarding
the cure cycle of this epoxy system have been performed. For Paper D, Paper E and Paper F
a commercially available epoxy resin system, which is marketed for the wind turbine blade
industry, have been thoroughly investigated. Table 1.2 provides relevant data for the resin.
The table provides the glass transition temperature at zero degree of cure (α = 0%) and at
full cure (α = 100%). The total heat of reaction, and the degree of cure at which gelation of
the resin occurs (αg el ) is also printed.

1.2 Overview of Composite Material Investigated in Project
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Figure 1.3: Matrix systems comparison of unsaturated polyester (blue) and epoxy (red). Values are
based on means taken from [32]

.

1.2.2 Manufacturing & Process Parameters

The two material systems investigated in the current work - the Basalt Fibre Composite
and the Glass Fibre Composite - can both be classiﬁed as quasi UD NCF composites based
on epoxide resins. The manufacturing procedure used for the two composite materials
are, however, not the same.
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Heating chamber
Unwetted non-crimp fabric
Hot air ﬂow

Final pre-preg material

L = 50 m

Impregnated fabric

Resin bath

(a) Fabric impregnation

Force/Pressure

Steel beds

Stacked pre-preg sheets

Temperature control by superheated water

(b) Hot pressing

Figure 1.4: The two steps of the manufacturing process used for the Basalt Fibre Composite plates.

The Basalt ﬁbre Composite was manufactured by Elektro-Isola A/S1 . The manufacturing process used by Elektro-Isola is divided into two steps. First, a ﬁbre-wetting process
pulls a non-crimp, or weaved fabric, through a pool of resin, impregnating it and then
semi-curing the resin to get the pre-preg product cut to sheets. In the next step of production, the pre-preg fabric is trimmed into rectangular pieces and stacked into a press made
of a ﬂat metal bed, and a clamping metal bed which both are equipped with channels in
which heated or cooled water can be ﬂushed to control the manufacturing temperature.
Figure 1.4 shows a simple sketch of the manufacturing process.
The Glass ﬁbre Composites was manufactured by Vacuum Assisted Resin Transfer Moulding (VARTM). This process is heavily used for manufacturing wind turbine blades and boat
hulls [33]. The process is generally well suited for composite production with non-crimp
fabric lay-ups. Variation of process parameters, in the current project, has only been possible for the glass ﬁbre composite manufactured using VARTM, and will be further discussed
1 A composite manufacturing company located in Vejle, Denmark. Supplies composite parts for wide scope
of applications from electro-technical and mechanical to medical and aerospace industries.
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in section 2.

1.3 Research Objectives & Thesis Structure
From the overall description of the project, given in section 1.1, it is clear that the project
can be divided into three main parts, each of which are presented in a dedicated chapter
of this thesis. The list below summarizes the main goals in each of the three chapters.
Chapter 2: Fatigue
Damage from Cyclic
Bending Loads

Bending Fatigue, also sometimes denoted ﬂexural fatigue is used in this section, have been researched by:
• Investigating the feasibility of using a 4-point
bending test method, to apply cyclic loading
to thin composite specimens (≤5 mm) in order to investigate fatigue in quasi UD NCF composites (Paper A).
• Investigating the applicability of Large Field
of View Microscopy to observe in-situ damage on polished edge surfaces (Paper B).
• Application of microscopy observations to quantify damage mechanisms (Paper C).

Chapter 3: Curing of
Themoset polymers and
Process Induced Strains

A commercially available epoxy system have been
investigated, and the inﬂuence of cure proﬁles on
the process induced strains have been investigated
by:
• Establishing a method for evaluating the inﬂuence of cure proﬁles on the amount of process induced strain (Paper D).
• Establishment of relevant guidelines for curing epoxy based glass ﬁbre composites with
minimal amount of process induced stressed.
(Paper E).

Chapter 4: Tensile Fatigue
in Non-crimp Fabric
Composites: From
Forming to Failure

The ﬁndings of the previous chapters are combined
to investigate the inﬂuence of residual stresses on
the fatigue performance of quasi-UD NCF composites. This research contributes to the thesis by:
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• Understanding the effect of residual stresses
on the fatigue resistance of composite materials fabricated with quasi-UD non-crimp fabrics and epoxy matrix material. (Paper F).
• Investigating the inﬂuence of ﬁbre orientation
on the formation of off-axis cracks in quasi
UD NCF composites (Paper F).

Each of the chapters, described above, are structured with a brief overview of recent
developments related to the work described in the chapter. The most important results
from the papers are then presented. Chapter 5 will discuss the results presented in the
prior chapters before stating a conclusion and suggesting relevant work for the future.

CHAPTER 2

Fatigue Damage from Cyclic
Bending Loads
2.1 Introduction
Fatigue life of ﬁbre reinforced polymers constitutes an important design factor in many
structural components and is often characterized by degradation of composite material
stiffness. It is a well-established fact that stiffness degradation is directly linked to the development of damage inside the composite material [12] [16] [34] [35] [36] [37] [38].
Bending fatigue - also commonly denoted ﬂexural fatigue - have not received the same
attention as tension-tension fatigue. During the past few decades a number of researcher
have published papers with various methods of applying cyclic bending loads to test coupons.
A standard for performing ﬂexural fatigue test do exist, yet very few works reference the
ﬂexural fatigue standard [39], which is based on 4-point bending. Most works on bending
fatigue have either applied 3-point [40] [41] [42] or 4-point [13] [43] [44] bending tests as
the basis for their cyclic bending tests. The load introduction from 3-point and 4-point
bending both introduces bending moments into the test specimens. A 3-point bending
test introduces bending moment that varies along the axial direction of a specimen and
peaks at the load roller, effectively creating a single cross-section of maximum loading. A
4-point bending test introduces a constant bending moment over the volume of the material that is situated between the two load rollers, which makes the 4-point bending more
suitable for fatigue testing. A research group from Ghent University investigated the feasibility of using 3- and 4-point bending tests to validate fatigue damage models [40] [45], but
they concluded that 4-point bending (using their speciﬁc test equipment) was not possible for thin composites, and that single sided (R > 0) tests were infeasible in displacement
control due to the introduction of permanent deﬂections of the specimens during fatigue
testing. Other methods such as cantilever beam [46] and Schenk type test rigs [47] have
been used for fatigue testing as well, but these methods are further from the standard,
and generally more cumbersome either in terms of experimental set-up or interpretation
of test data.
One main attraction of the bending fatigue test is the possibility to study compression
and tension in the same specimen. During cyclic fatigue loading the force exerted from
a test machine to a sample is commonly described by a load ratio R (see eq. 2.1), and
for uni-axial tension or compression tests that force ratio is identical to the stress ratio
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exerted in the specimen. For a 4-point bending test it is, however, necessary to distinguish
between the machine force ratio RP (eq. 2.1) and a stress ratio Rσ (eq. 2.2). Because the
stress state in the material is induced by bending moments, the overall stress state varies
linearly through the material thickness, the stress changes from tension to compression
at the centerline, and thus the stress ratio Rσ changes from Rσ = 0.1 (tension) to Rσ = −10
(compression). The advantage of this is that both compression and tension fatigue can be
studied, and compared in the same test.
Fmi n
Fmax
σmi n
Rσ =
σmax
RP =

(2.1)
(2.2)

Marsden et al. [44] applied 4-point bending test, combined with microscopy, to report
crack densities in carbon ﬁbre reinforced composites. The crack densities were measured
as the length of transverse matrix cracks per area and showed only vague correlation with
the stiffness degradation in the composites specimens. Other researchers have, however,
reported links between fatigue damage and transverse matrix cracks [48] [12] [49] when
testing cross-ply laminates in tension-tension fatigue. In UD NCF composites the occurrence of transverse matrix cracking is also present, but simple rule-of-mixture calculations
show that the stiffness loss in fatigue tested material cannot be accounted for by this mechanism alone [16] [50].
The nature of fatigue damage in composites is an inherently multiscale phenomenon
[48], and even for small scale coupon testing the damage that causes fatigue can be observed on several scales within the composite material. Delaminations between layers
and transverse matrix cracking of cross-ply layers can scale several millimetres, yet stiffness degradation can also be a product of debonding and fracture of individual ﬁbres.
Fibre debonding and ﬁbre breaks scales is in the order of 10-100 µm. Furthermore, the
position and frequency at which fatigue damage occurs may be strongly inﬂuenced by
parameters of the ﬁbre architecture - including ﬁbre bundle tex values, bundle misalignment, angle of transverse bundles, local ﬁbre volume fraction etc. - which is classiﬁed by
the fabric type and composite lay-up. Both Zangenberg [16] and Jespersen et al [38] indicated that in quasi UD NCF composites the longitudinal ﬁbres often suffered fractures
near off-axis backing bundles. This phenomenon is be investigated later in this chapter
and reported in detail in Paper C.
[Paper A] describes the development of a modiﬁed 4-point bending test for fatigue
testing. The relatively thin (t ≈3.6 mm) test specimens required that large deﬂections of
the specimens accounted for. The paper analyses the test set-up and builds a relevant
model for large deﬂection testing with consideration of friction from load and support
rollers. Results show that the test produces valid failure mode of the specimens. The specimens were fatigue tested with a load ration of RP = 0.1, meaning that one side of a specimen is always subjected to compressive stresses (Rσ = −10), while the opposite side of the
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specimen is always subjected to tensile stresses (Rσ = 0.1). Post-mortem examinations of
the specimens reveal that failure of the specimens are dominated by tensile loads, while
only relatively minor damage is observed on the side of the specimen subjected to compressive loading. The method of 4-point bending fatigue is shown to provide consistent
results, both with respect to damage mode and failure points. The bending fatigue test
described in this paper creates the basis for the observations made in Paper B and Paper
C.
[Paper B] describes to sets of experimental observations of damage progression during
bending fatigue testing. The ﬁrst set of observations [8], denoted edge observations, were
the product of Large Field of View (LFoV) microscopy on a polished edge of a rectangular
test specimen (see plane of observation in Figure 2.4a). Based on the edge observations
the evolution of fatigue at the edge of the composite reveals an important damage mechanism. The second set of observation [7] were also acquired using LFoV microscopy, but the
planes of observation were inside the material (see Figure 2.4b). The amount of damage
observed on the polished edge of a specimen is ﬁnally compared to that observed inside
the material. This comparison reveals that the edge observations greatly overestimates
the amount of ﬁbre break damage compared to the internal observations.
[Paper C] uses the internal observation data set [7] to investigate the damage mechanism observed in Paper B. Transverse cracks and ﬁbre breaks are quantiﬁed in the paper,
and their correlation to the global material stiffness degradation is reported. The position
of broken ﬁbres in the load carrying direction of the composite is then related to the position of transverse ﬁbre bundles, and a correlation between the position of transverse ﬁbre
bundles and ﬁbre breaks in the longitudinal direction is shown. The position of the ﬁbre
breaks relative to the transverse bundles substantiates the qualitative observation of a key
damage mechanism reported in Paper B.

2.2

Modified 4-point Bending Test for Fatigue
Loading

Cyclic loading of composite specimens by 4-point bending has some advantages over conventional testing, but also some signiﬁcant caveats. The most obvious concern is that the
load introduction to the material happens through bending moments, which means that
the stress state through a material cross-section is not constant, but varies through the
thickness. The stress state is highest at the material points furthest away from the geometric center1 of the specimen thickness, ie. at the top and bottom surfaces of the specimen
where the stress is compressive or tensile respectively. The stress magnitude varies along
the axial direction of the specimen in direct proportion to the bending moment. Speci1 The composite investigated here has a symmetric lay-up, so the neutral axis is aligned with the geometric
thickness center.

14

2 Fatigue Damage from Cyclic Bending Loads

(A)

−72

−36

0

1.5

µS = 0.0
µS = 0.1

36

72

M
MLinear

µS = 0.2
µS = 0.3
µS = 0.4
µS = 0.5

(B)

1

Linear solution

0.5

−L s
2

−LP
2

0

LP
2

Ls
2

Width [mm]

20
15
10
5
0

Width [mm]

x [mm]

20
15
10
5
0

(C1)

Load Span LP = 72 mm
−72

−36

0

36

72

(C2)
−72

−36

0
x [mm]

36

72

Figure 2.1: Illustration of the modiﬁed 4-point bending set-up, with related moment curves, and
images of damage to a representative composite specimen. L s = 144 mm, L p = 72 mm.
(A): Side view image of the actual test setup with annotations and scale in mm.
(B): Plot of the bending moment applied to tests specimens for varied amount of friction
at the support rollers µs . Bending moment normalized with the linear solution.
(C1): View of the top side surface (compression) of a representatively failed specimen.
(C2): View of the bottom surface (tension) of a representatively failed specimen
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mens geometry for bending fatigue consisted of simple rectangular cuts along the main
ﬁbre direction of a plate material with ≈3.6 mm thickness. Specimen width and length
were 20 mm and 180 mm, respectively. Figure 2.1 illustrates the test ﬁxture (A), bending
moment curve along the axial direction of the specimen (B), and the top (C1) and bottom
view (C2) of a representatively failed2 specimens.
The standard linear equations that predict the bending moment induced in a beam
member by a 4-point bending assumes the beam member has negligible compliance under loading, leading to negligible geometric effects. The slender geometry of the current
specimens, and the relatively high span-to-thickness ratio of the test ﬁxture, causes the
load ﬁxture to move up to 10 mm during a load cycle, which effectively violates the aforementioned assumption of negligible compliance. Furthermore, the relatively large deﬂections of the specimens, and displacement of the load ﬁxture, creates sliding motion between specimen and rollers. Illustration (B) in Figure 2.1 shows how the large deﬂection
of a test specimen, and the associated sliding friction µs from the (support) rollers, inﬂuence the bending moment relative to the linear solution. The bending moment along the
axial direction is clearly affected by the friction and the geometric non-linearities, and a
near-zero friction causes the bending moment between the load rollers ( −L2 P ≤ x ≤ L2P ) to
have a slightly convex shape, effectively causing the bending moment to have a maximum
at the axial center of the specimen (x = 0). The specimen tests used for microscopy in
Paper B and Paper C are subjected to ≈ 5% higher bending moments at x = 0 under assumption of µ = 0 at both the support and the load rollers.
The resultant fatigue damage in specimens tested to failure can be observed with the
naked eye. Illustration (C1) and (C2) of Figure 2.1 shows the damage sustained due to
compressive and tensile stresses, respectively. Before detailing the damage in the images,
it is worth noting that only minor signs of abrasions from load and support are visible,
pointing towards low friction at the contact points and no issues with abrasive wear of the
specimens. There are two important things to note about the observable damage on the
top (compressive stress) and the bottom (tensile stress); The ﬁrst is the absence of visible damage on the compressive side; The second is that the damage on the tensile side is
conﬁned to the gauge area deﬁned as the material inside the load span of the test. The
ﬁrst observation provides evidence for the notion that quasi UD NCF composite are more
sensitive to tensile stresses than compressive stresses when it comes to fatigue loading.
The second observation is essentially an observation of what would be considered a valid
failure mode in a materials testing framework, and indicates that the test is functioning as
intended.
Consistent results are the hallmark of a good test3 , and the S-N plot shown in Figure
2.2 indicates that the 4-point bending test is capable of producing consistent results. The
plot shows results that indicate an effect that may be caused by installing roller bearings
2 Failure is not deﬁned here as complete material disintegration, but as a 15% loss in ﬂexural modulus.
3 Consistency is of course also affected by the consistency of the tested material.
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Figure 2.2: S-N curve for the bending fatigue of the Basalt/Epoxy material tested on the bending
equipment. All data points are from tests conducted after the mounting of bearings at
the support rollers [Paper A].

(in order to reduce friction at the load rollers). The specimens tested with roller bearings
at the load rollers and the specimens tested without bearings were, however, from separate batches of material, which could also impact the results. An important observation is,
however, the good in-group consistency of the results.

2.3

Micro-scale Damage over Large Fields of View

The remaining parts of this chapter relies heavily on observations made with optical microscopy, and especially on a microscopy technique referred to as Large Field of View
(LFoV) microscopy. LFoV microscopy describes the process of capturing a grid of high
magniﬁcation images (micrographs), and stitching them together to form a LFoV micrograph that covers a large representative area while retaining a resolution that allows microscale features to be observed. The advantages of LFoV micrographs are both the possibility to understand the distribution of micro-scale features over relatively large areas, and to
understanding how ﬁbre architecture inﬂuence micro-scale features. Figure 2.3 illustrates
the scale of overview available using LFoV microscopy, and the observable details covered
by the technique. The image in Figure 2.3 were formed from a total of 819 microscopy
images acquired with 20 times optical magniﬁcation, yielding an image pixel resolution
of 0.29 µm/pixel. The composite material area covered in the LFoV micrograph is 28 mm
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wide by 3.6 mm through thickness height, yet the typical cross-sectional area of a single ﬁbre with a 13-16 µm diameter is resolved by more than a thousand pixels. A more detailed
description of resolutions are available in Paper B.

28 mm
3.7 mm
A

1.7 mm

4.3 mm

1.1 mm

2.9 mm

C

B

1.0 mm
0.2 mm
D

E-1

E-2

E-3

Figure 2.3: Sequential Magniﬁcation of LFoV micrograph based on the internal observation method
[Paper B].
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(a) The Edge observation method

(b) The Internal observation method

Figure 2.4: Sketches of the plane of observation of the Edge observation method and the Internal
observation method [Paper B].

Image D of 2.3 shows a typical transverse bundle, including a number of transverse
matrix cracks that are commonly observed in the transverse bundles due to the fatigue
loading. Image E-2 of Figure 2.3 shows how a transverse matrix crack can deﬂect and
cause debonding along a ﬁbre in the longitudinal direction. Image E-3 of Figure 2.3 shows
a number of longitudinal ﬁbres that have sustained a ﬁbre break. White patches near such
ﬁbre breaks are a sign of ﬁbre debonding immediately beneath the surface plane of observation. Detailed descriptions and observations are covered in Paper C.
The LFoV technique was combined with the 4-point bending fatigue test in order to understand the development of damage induced by the fatigue loading. Two different methods were applied for the LFoV; An edge observation method where LFoV micrographs were
acquired from a polished edge of a single specimen by interrupting during fatigue testing,
and an internal observation method where tests were stopped at pre-determined intervals,
cut into smaller pieces and prepared for microscopy. The planes of observation resulting
from each of the two methods are illustrated by Figure 2.4. Because of the convexity of
the bending moment curve shown in Figure 2.1 and the difference lengths of the planes of
observation for the internal observation method and the edge observation method, there
is a difference in the magnitude of overall stress in the planes of observation. The mean
difference in bending moment over the 10 mm long plane of observation from the edge
method and the 28 mm long planes of observation from the internal observation method
is, however, less than 0.1 % if zero friction is assumed for both load and support rollers.
The difference is assumed to have negligible effect on the observations made using LFoV
microscopy.
The plane of observation for the edge observation method was the same throughout
testing, allowing the damage developing in the ﬁeld of view to be followed through test-
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ing. The plane(s) of observation for the internal observation method comes from different
specimens, though for each specimen tested and cut, there exists 4 LFoV micrographs as
illustrated in Figure 2.4b.
All LFoV micrographs shown in this chapter are oriented in the same way. Figure 2.5
shows the notation of the different layers of non-crimp fabric, and the resulting overall
stress state through the thickness of the material. A layer in this context refers to the thickness that corresponds to one sheet of NCF fabric. The basalt ﬁbre composite is made
from a stack of 10 NCF sheets, and are thus divided into 10 layers. The symmetry of the
composites means that 5 layers are subjected to tensile stresses (Rσ = 0.1) and 5 layers are
subjected to compressive stresses (Rσ = −10). Layers in Figure 2.5 that are denoted T are
layers subjected to tensile stress load and layers with preﬁx C are subjected to compressive
stresses.

2.3.1 Qualitative Damage Observations
Damage in the regions of the composite subjected to compressive loads were generally
found to have little to no effect on the stiffness degradation of the material (see Paper C).
This section and the following section will exclusively deal with the damage arising from
tensional loads - i.e., on layers T1-T5 per the notation shown in Figure 2.5.
The edge observation method allows for damage development in a speciﬁc region to
be followed through the fatigue life of the observed specimen. Figure 2.6 shows the damage progression of a selected area in layer T1 of the edge observation specimen. The images shows the progression of what has been identiﬁed as a key damage mechanism. The
damage mechanism starts as mode I cracks in transverse ﬁbre bundles4 which, when the
cracks span the full height if the transverse bundle, interacts with ﬁbres from the longitudinal direction. The crack in the transverse ﬁbre bundle either causes the nearest longitudi4 Also referred to as off-axis backing bundles in Chapter 1.

Figure 2.5: Illustration of cross-section image with layer notation and overall stress state [Paper C].
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100 µm

100 µm

(a) 1000 Cycles

(b) 3000 Cycles

(c) 5000 Cycles

(d) 15000 Cycles

(e) 75000 Cycles

(f ) 225000 Cycles

Figure 2.6: Progression of damage for the edge observation method from 1,000 cycles to 225,000 in
layer T1. The expected lifetime of the specimen is ≈ 1 000 000 load cycles. The image is
taken close to the tension surface, where the highest tensional loads exist [Paper B].
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nal ﬁbre to break, or starts debonding of the ﬁbre along the axial ﬁbre direction. If debonding is the case, the ﬁbre will break somewhere along the debonding, and debonding of the
nearest ﬁbre will start, and grow, after which that ﬁbre also breaks and continues the cycle. Figure 2.6a shows that this already occurs after 1 000 load cycles, which is around
0.1 % percent of the specimen lifetime of about 1 000 000 load cycles. In Figure 2.6b the
damage mechanism is shown to originate from the polymeric thread (stitching yarn). Observations of mode I cracks that grows from the stitching yarn into the axial ﬁbre bundles
are, however, an extremely rare observation, but serves to emphasize the hypothesis that
mode I crack openings are the damage that precedes ﬁbre breaks in the axial ﬁbre bundles.
Figures 2.6d-2.6f shows ﬁbre breaks that occurs at isolated position, and then coalesce
into larger regions of damage. This phenomenon is also described in observations by [51]
and by [16]. Observations made with the internal observation method do, however, suggest that ﬁbre breaks very rarely occur at isolated positions, but rather that ﬁbre breaks
need an initial damage present to for a ﬁbre break to occur in the axial ﬁbre bundles. Figure 2.7 shows two sub-images cropped from LFoV microgrpahs acquired with the edge
observation method and the internal observation method, respectively. The sub-images
cover the same physical space, the same stress state, i.e. taken from layers T1-T3. The
blue areas show where the transverse bundles are, and the red spots indicate positions
where ﬁbre breaks of longitudinal ﬁbres are present. Comparing Figure 2.7a and Figure
2.7b shows very clearly that the method of observation inﬂuences the nature of the observations. The natural conclusion is that observations made on the polished edge are highly
affected by a free-edge effect, and the number of ﬁbre breaks are clearly exaggerated compared to the internal observation method. A closer look at the position of the ﬁbre breaks
in Figure 2.7a do, however, reveal a tendency for the ﬁbre breaks to occur more frequently
near the transverse ﬁbre bundles than in positions away from the ﬁbre bundles. The same
observation, regarding the position of ﬁbre breaks relative to transverse bundles, can also
be made by inspecting Figure 2.7b, but here the observation is far more obvious. Furthermore, the ﬁbre breaks in Figure 2.7b is not observed in isolated positions that are not in
the immediate vicinity of a transverse ﬁbre bundle, which underscores the notion that ﬁbre breaks do not occur without the presence of another ﬁbre break, or another type of
damage that can cause a ﬁbre break.
The damage mechanism where a mode I crack starts a chain reaction of ﬁbre breaks
were also frequently observed using the internal observation method. Figure 2.8 shows
two examples taken from the internal observation method. The ﬁgure illustrates how a
transverse matrix crack in a transverse ﬁbre bundle leads to ﬁbre breaks, and how one
ﬁbre break can cause subsequent debonding and breakage of a neighbouring ﬁbre. The
images are cropped from a LFoV micrograph after 5 000 load cycles.
The qualitative assessment of how damage develops is consistent with ﬁndings by Jespersen [15] and Zangenberg [16]. This means that the damage mechanism is highly likely
to be valid for composites based on glass ﬁbre UD NCF’s. The observations made by Jespersen [15] and Zangenberg [16] were also made on NCF’s with off-axis backing bundle
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(a) The Edge observation method. N = 95 000

(b) The Internal observation method. N = 100 000

Figure 2.7: Counted ﬁbre breaks (red circles) and transverse ﬁbre bundles (Marked with blue). Identical physical image sizes from similar part of cross-section covering part of Layers T1,
T2 and T3 in both cases.
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oriented in differently than the backing bundles in the NCF used in this work. Zangenberg
investigated a UD NCF with ±80◦ off-axis backing bundles, and Jespersen investigated the
same fabric and additionally a fabric with off-axis backing of ±45◦ ,90◦ . This means that
the mechanism is valid for a range of off-axis backing bundle directions.

Figure 2.8: The key damage mechanisms observed through microscopy observations [Paper C].

2.3.2

Quantitative Damage Observations

Fibre breaks observed in the LFoV micrographs are the same width as the ﬁbre, and are
not associated with a length or severity measure. This makes ﬁbre breaks less ambiguous
than other types of damage, and as such a good, and countable, measure for quantiﬁcation. The relatively high stiffness contribution from longitudinal ﬁbres also means that
the ﬁbre breaks in longitudinal ﬁbres must contribute signiﬁcantly to the stiffness degradation of the composite material as a whole.
All transverse ﬁbre bundles in the LFoV acquired with the internal observation method
have been automatically identiﬁed, and all ﬁbre breaks in the LFoV micrographs have
been manually identiﬁed and counted. The position of both the ﬁbre breaks and the transverse bundles are known and can be related to each other. The recorded position of the
ﬁbre breaks allows a number of features to be calculated, for which the most relevant are:
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Figure 2.9: The distribution of ﬁbre breaks through the half of the thickness going from the thickness
center (ie. the centerline) to the surface with the highest load (ie. 325 MPa). Supported
by a plot of the overall stress distribution through the correspondence half thickness.
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• Distance to the nearest transverse ﬁbre bundle (Break-to-bundle distance)
• Distance to the nearest transverse crack inside a transverse ﬁbre bundle (Break-toCrack Distance)
• Distance to the nearest other ﬁbre break (Inter-break distance)
Figure 2.9a illustrates the position, in the thickness direction of the composite, of all
counted ﬁbre breaks from all of the internal observation LFoV micrographs. The position
of all transverse bundles are also illustrated. It is worth noting here that the material structure that is being analysed here is based on the basalt ﬁbre NCF presented in chapter 1,
which is schematically represented in Figure 2.5. Furthermore, it is only the tensile loaded
layers (T1-T5) that are being analysed. Each of the ﬁve NCF layers has longitudinal ﬁbre
bundles, and transverse ﬁbre bundles that are sewn onto the longitudinal bundles with
stitching yarn. With regard to Figure 2.9a it is important to note that the positions of ﬁbre
breaks and transverse ﬁbre bundles only refer to the thickness position, and ignores their
longitudinal position in the LFoV micrograph. Figure 2.9b illustrates the variation of stress
level through the different layers of the material. In Figure 2.9a the separation of the layers
are marked with black dashed lines running vertically in the plot. The automatic identiﬁcation of the transverse bundles have classiﬁed each transverse bundle as belonging to
one of the fabric layers, and the mean position of the transverse bundles are presented in
Figure 2.9a by the width of the coloured columns. The extension along the position axis
of the dark part of the coloured columns represents the mean upper and lower (wrt. the
thickness coordinate) of the bundle positions, and the lighter colour expands the area according to the variance found in the data. The main data of the plot is the histogram of the
amount of ﬁbre breaks represented by the thin blue bars.
The damage mechanism described in section 2.3.1 (Qualitative Damage Observations),
and especially the observation of the position of the ﬁbre breaks in Figure 2.7b relative
to the transverse ﬁbre bundles, are well reﬂected in the ﬁbre break position histogram
of Figure 2.9a. There are at least ﬁve distinct peaks (P1,P2,P3,P4,P5) in the plot, and all
those peaks are in positions that neighbours the boundaries of where transverse ﬁbre
bundles are located. In other words, there is a clear tendency for ﬁbre breaks to occur in
the immediate vicinity of transverse ﬁbre bundles, enforcing the qualitative assessment
that ﬁbre breaks only rarely occur in isolated positions where no other damage is already
present. The damage that initiates the ﬁbre breaks near the transverse bundles are the
matrix cracks that frequently occur in those bundles.
Further inspection of Figur 2.9a reveals that the most frequent occurrence of ﬁbre
breaks are just inwards (ie. from surface towards material centerline) of the transverse
ﬁbre bundles in layer T1, as marked by peak P1. The second most frequent position of ﬁbre breaks are at peak P3, just inwards of the transverse bundle position of layer T2, which
is more frequent than just outwards of the transverse ﬁbre bundle (ie. peak P2). The observation that peak P3 is higher than peak P2, and further that peak P5 is higher than peak
P4 shows the probability of a ﬁbre break is higher if the nearest transverse ﬁbre bundle is

26

2 Fatigue Damage from Cyclic Bending Loads

sewn onto the longitudinal bundle in which the ﬁbre exists. Furthermore, this feature impacts the probability of a ﬁbre break to a larger degree than the relative stress level above
and below the transverse ﬁbre bundle.
Based on the observations from Figure 2.9a, a model for the probability P of a ﬁbre
breaking would require at least the three parameters written in eq. (2.3); The number of
loading cycles n, the relative distance to the nearest transverse ﬁbre bundle δ, and the
load level at the ﬁbre position σ. The current data are, however, not sufﬁciently complete
to construct such a probability model. The data shown in Figure 2.9a also do not provide
any information about how many load cycles is required for a given amount of ﬁbre breaks.
The development of amount of ﬁbre breaks are available in both Paper B and Paper C.
P(n , δ , σ)

(2.3)

Figure 2.10: Illustration of how the inter-break,crack-to-break, and break-to-bundle distances are
deﬁned, and how observed ﬁbre breaks and simulated ﬁbre breaks may differ in positions wrt. to transverse ﬁbre bundles.

While no probability model were constructed, it is still of interest to investigate how
much the transverse ﬁbre bundles inﬂuence the position of the ﬁbre breaks. In other
words, how large is the anomaly presented by the observed ﬁbre break position compared
to a scenario in which only the stress level and number of cycles inﬂuence the occurrence
of a ﬁbre break. In order to investigate this a weibull probability density function were ﬁtted to the data in Figure 2.9b. The equation for the Weibull distribution function is printed
in eq. (2.4), and a scaled version of the distribution with the ﬁtted parameters k = 1.0 and
λ = 0.35 is shown in Figure 2.9a (
).
For a given LFoV micrograph where all the positions, and boundaries, of the transverse bundles and transverse cracks are known, a ﬁbre break position can be simulated.
The position simulation is based on generating a random value to represent the position
in the longitudinal direction5 of the LFoV micrograph. A thickness position can then be
drawn from the basis of the Weibul distribution. The coordinate position created in this
5 Limited to be inside the actual material area width
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way is consider a simulation of a ﬁbre break. If the simulated ﬁbre break is inside a transverse ﬁbre bundle it is consider invalid and is replaced with a new simulated ﬁbre break.
The same amount of ﬁbre breaks as has been observed in a LFoV micrograph are then
simulated to create a fair comparison of the measures of inter-break distance, break-tocrack distance, and Break-to-bundle distance. These distances are illustrated in Figure
2.10, which also illustrates a perceived difference between the simulated breaks, and the
observed breaks. For each LFoV micrograph such a simulation was repeated 1 000 times
to get robust mean and variance data. The results are displayed in Figures 2.11-2.13.

Inter-break distance [mm]

Ã µ ¶ !
µ ¶
k d k−1
d k
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Figure 2.11: The development of the inter-break distance during fatigue testing for the internal observation method LFoV micrographs. True denotes the actual observations and Weibul
denotes the simulated ﬁbre breaks. The vertical bars shows the standard deviation.

The inter-break distance of the observed ﬁbre break data in the LFoV micrographs and
the simulated ﬁbre breaks are displayed in Figure 2.11. The mean and median values of
the observed ﬁbre breaks are lower than that of the simulated ﬁbre breaks, and the variances are also lower, but not enough for the difference to be signiﬁcant. The trend in the
data is, however, still in favor of the ﬁbre breaks clustering together, and as more load cycles are applied the likelihood of a ﬁnding an isolated ﬁbre break decreases.
The break-to-crack distance is displayed in Figure 2.12. The distance to the nearest
transverse cracks is lower for the true ﬁbre breaks than for the simulated breaks. The mean
values of the true breaks and the simulated breaks are roughly one standard deviation
away from each other, though the variation for the simulated breaks are generally larger
than for the true breaks. On a more speculative note; despite the relatively clear difference
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between the true breaks and the simulated breaks, there seems to be a pattern of where
the means follows the same variation, such that the means for the simulated breaks are
similar to the true breaks but with a vertical shift in the data. This suggests that the number
of transverse cracks and number of simulated ﬁbre breaks6 that impacts the mean values
of the data.
The break-to-bundle distance is the measure of ﬁbre break position that best resembles the observations made in Figure 2.7b. The data presented in Figure 2.13 very clearly
shows that the true observed ﬁbre breaks occur closer to transverse bundles than the simulated breaks, and through most of the data the variation for the true data is so relatively
small that this statement is statistically signiﬁcant. In other words, the claim that ﬁbre
breaks in UD NCF compsoites are caused by local stress states or damage features in transverse ﬁbre bundles are considered proven, at least for the speciﬁc basalt ﬁbre composite
material investigated in this work.

6 Note that the number of simulated breaks are the same as the number of observed breaks in any given LFoV
micrograph, and that each simulation was repeated 1000 times.
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Figure 2.12: The development of the break-to-break distance during fatigue testing for the internal
observation method LFoV micrographs. True denotes the actual observations and simulated denotes the simulated ﬁbre breaks. The vertical bars shows the standard deviation.
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Figure 2.13: The development of the break-to-bundle distance during fatigue testing for the internal observation method LFoV micrographs. True denotes the actual observations and
simulated denotes the simulated ﬁbre breaks. The vertical bars shows the standard deviation.
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CHAPTER 3

Curing of Themoset polymers
and Process Induced Strains
3.1 Introduction
Most of the composite structures manufactured today use thermoset resins as the matrix
material. During cure of thermoset plastics thermal and chemical shrinkage occurs, and
residual stresses or process induced strains forms. This work focused epoxy resins, and
have found no evidence that the results are not valid for other thermosets.
Residual stresses and process induced strain during composite manufacturing have
been a concern to research scientists from the early days of composites research [52] [53]
[54]. Bogetti & Gillespie [55] were among the ﬁrst to provide a detailed description of how
to compute the residual stresses, which is still used in modiﬁed versions today [56]. The
build-up of residual stresses in ﬁbre composites are dependent on chemical shrinkage
strains εCh and thermal strains εTh caused by differential thermal expansion of ﬁbres and
matrix material during cure. The polymer matrix can only build up strains, or stresses,
after the gelation of the polymer. The predictions of how stresses are generated as polymer curing advances and temperatures are shifted can be simulated with a large number
of models of varying complexity and accuracy (see e.g. [57]). The models seldom provide
insight into the mechanisms of how residual stresses are formed, and there do not seem to
be a clear consensus in the literature about what mechanism to consider when designing a
temperature proﬁle for minimizing cure induced stresses. Gopal et al. [58] concluded that
increasing the heating rates and cool down rates in two-stage cures could reduce residual
stresses by 30 %, but White & Hahn [59] concluded the opposite, and a more recent work
by Kravchenko et al. [60] showed that decreased temperature heating rates decreases the
residual stresses in the ﬁnal composite.
According to Prasatya et al. [61] there exists a direct relation between the gelation
temperature of curing thermoset resins and the resulting magnitude of isotropic residual stresses. This observation is consistent with observations from Genidy et al. [62] and
Russell et al. [63] that both concluded that chemical shrinkage strains in thermoset polymers could, to some degree, be cancelled by thermal expansion strains, presumably if the
gelation has occurred before heating from a low initial cure temperature to the ﬁnal cure
temperature. White & Hahn also concluded that low-temperature curing had the potential to lower residual stresses while maintaining mechanical performance so long as the
ﬁnal degree of cure (α ∈ [0.0 ; 1.0]) exceeded 0.95 in the ﬁnal composite material.
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Cure cycles optimization can be performed in a number of ways, and with many different objectives1 . A number of recent works [65] [66] [67] [68] have combined cure models
with genetic algorithms to optimize cure conditions with minimal residual stresses as the
main objective. While these heuristic optimization schemes are interesting from an engineering point, they provide no insight into the fundamental mechanism that reduces
residual stresses. The commercial penetration of cure cycle optimization wrt. residual
stresses are also questionable. Considering the recommended cure cycles in most technical data sheets for epoxies, the suppliers recommend either simple one-stage cures,
or simply advices temperature proﬁles designed to avoid excessive exothermic reactions,
while residual stresses are rarely detailed.
[Paper D] uses a novel experimental set-up to investigate how different cure induced
strains develop in a neat resin sample with a single optical ﬁbre with a Fibre Bragg Grating
(FBG). The optical ﬁbre with the FBG works a sensor in which the the wavelenght shift
of light passing through the FBG of the ﬁbre can be used to calculate deformation of the
ﬁbre. The experiment uses the FBG sensor to measure strains induced by chemical shrinkage and differential thermal expansion between ﬁbre and epoxy resin. The development
of the degree of cure is monitored with Dielectric Analyser (DEA), and material temperature is recorded with thermocouples. One-step temperatures and two-step temperature
proﬁles were investigated, and it was found that a signiﬁcant reduction in cure induced
strains can be achieved by using two-step cures rather than one-step cures. A correlation
between the temperature at which gelation occurs Tg el 2 and the resulting cure induced
strain was found.
[Paper E] explores the consequences of the correlation between the gelation temperature and the cure induced stresses. Based on DSC measurements, a cure kinetic model
for the Huntsman epoxy resin (see Table 1.2) is constructed. By combining the observations about the temperature of gelation from Paper D and the cure kinetic model, an optimization problem is posed. A scheme that circumvents the mathematical rigour of the
optimization problem is proposed and evaluated. The scheme can be implemented with
lower effort than methods available in the literature, by creating enhanced two step cure
cycles.

3.2

Curing of Thermoset Polymers and Cure
Monitoring

The chemical reactions that cause curing in thermoset resins are exothermic. The amount
of heat released during cure is proportional to the extent of monomer conversion on the
1 (see [64] for a good overview.
2 Not to be confused with the glass transition temperature T

g
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thermoset material [69], i.e. the degree of cure is proportional to the relative amount of
heat released. The total amount of heat, also called ultimate heat of reaction HU , that is
released from an epoxy resin can be found using Differential Scanning Calorimetry (DSC).
The deﬁnition of degree of cure (α) in phenomenological cure kinetic models is deﬁned
from the amount of heat released from a sample at a given time (H(t )) relative to the ultimate heat of reaction of the resin. This relation is formulated in eq. (3.1). Isothermal DSC
measurement can be used to monitor the heat release over time H(t ), and from this value
the development of the degree of cure can be found, as is written in eq. (3.2).

3.2.1 Cure Kinetic Models
α(t ) =

H(t )
,
HU

α ∈ [ 0 ;1 ]

dα
1 dH(t )
=
dt
HU dt

(3.1)

(3.2)

Based on a number of isothermal DSC scans, a cure model of the type speciﬁed by eqs.
(3.3)-(3.5) can be ﬁtted. The relation given in (3.4) describes the temperature dependence
of the reaction, while eq. (3.5) is provides the reaction model for the speciﬁc thermoset
resin. Several types of reaction models are available in the literature [70] [71] [72] [70] [73].
The reaction model printed in eq. (3.5) is the speciﬁc model used in Paper E. The ﬁt of the
model, and the actual parameter values are shown in Figure 3.1, where the cure rate dα
dt is
plotted as a function of the degree of cure α. The relation in eq . (3.3) is the reaction order model, which in this case is an nmt h -order model [70] with reaction order parameters
n and m. The reactivity of an uncured resin is dependent on the current material temperature, and that temperature dependency was modelled with an arrhenius expression
printed in eq. (3.4). The constant A is a unit-less factor, while E is the activation energy, R
is the universal gas constant, and T is the current material temperature in kelvin.
dα
= K (T) f (α)
dt
¶
µ
E
K(T) = A exp −
RT
f (α) = αm (1 − α)n

(3.3)
(3.4)
(3.5)

The cure kinetic models are suitable for predictions of cure in situations where the
temperature process is known. In-situ cure monitoring is also possible, and in the work
described in Paper D the cure advancement of the Huntsman epoxy resin was monitored
using a Dielectric Analysis (DEA) sensor. The DEA tool was used in the experimental setup described in Paper D to monitor the cure advancement. The raw signal from the DEA
is the logarithm to the ionic viscosity (Log(IV)) which increases when the mobility of the
epoxy monomers decreases. In other words, the ionic viscosity changes in proportion with
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the degree of cure of the epoxy resin. The ionic viscosity of the epoxy resin is inﬂuenced
by the temperature as well as the monomer cross-linking, which means that a conversion
from ionic viscosity to degree of cure must account for the temperature dependencies of
the ionic viscosity. Figure 3.2 shows a graphical presentation supporting how the temperature correction has been performed, and the relevant equations are available in Paper D.
The basis for converting the dielectric signal is a normalization of the signal based on the
ionic viscosity values and a temperature correction of the ionic viscosity. The normalization of the ionic viscosity is based on the values at the onset of cure, and after full cure,
but before cooling (T0 and T1 in Figure 3.2a). The temperature correction is based in the
observation that the temperature dependence is linear for the uncured resin and for the
fully cured resin. Figure 3.2a shows the relevant data in the time domain, and the areas
marked with red shows regions where there is a relatively large change in the resin temperature, and small or no change in the cure advancement. The corresponding regions in the
temperature domain is used for linear ﬁts that describe the temperature dependence. If
a large difference between the temperature dependence before cure and after full cure is
observed a simple rule-of-mixture of the degree of cure can be used to get the temperature
dependence as a function of the degree of cure. For relatively small changes, the normalized ionic viscosity can be used as a preliminary value for the degree of cure.

DSC Measurement
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Figure 3.1: Fit of cure kinetic model (eqs. (3.3)-(3.5)) with input from the isothermal DSC measurements.
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Figure 3.2: Visually descriptive plots of the conversion of the dielectric signal (Logarithm to the Ionic
Viscosity, Log(IV)) to degree of cure in time and temperature domain respectively.

3.3

Cure Induced Stresses

The strain that occurs during cure of a thermoset resin can be measured using FBG sensors [74] [75]. The total strain εt ot of an FBG sensor embedded in a thermoset matrix can
be decomposed into mechanical strains εmech arising from externally imposed forces and
process induced strain εpr arising from the curing process of the epoxy resin. The process
induced strains can further be decomposed into chemical shrinkage strains εch and thermal strains εt h that arise from the difference in thermal expansion of the epoxy and the
FBG sensor. This is described in eq. (3.6), and is the governing idea behind the experiments conducted in Paper D. The strain relations for the FBG sensor used in Paper D are
build on some assumptions and approximations that are not required in modern science.
The results from Paper D have been re-calculated with the equations derived by Mikkelsen
et al. [76], and the difference from the results presented in Paper D have been found to be
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negligible.
εt ot = εmech + εpr = εmech + εch + εt h
| {z }

(3.6)

εpr

Figure 3.3 shows an example of data recorded for a one-step cure of the Huntsman
epoxy with an isothermal hold at 80◦ C. The temperature, degree of cure, and processed
induced strain is plotted in the same time frame. After heating the epoxy to 80◦ C there is a
small exothermic overshoot of the temperature, and during this small overshoot the FBG
sensor starts to record strains. This means that the epoxy resin has build up sufﬁcient stiffness to induce deformation onto the FBG sensor, and this point constitutes the deﬁnition
of gelation in this work. The temperature and the degree of cure at which this occurs is
denoted as the temperature of gelation Tg el and the degree of cure of gelation c g el , respectively. After the event of gelation of the epoxy cure, the temperature is constant until the
ﬁnal cool down, and consequently, all of the strain recorded before cooling must be a result of chemical shrinkage3 . For the one-step cure in Figure 3.3, the total chemical strains
εch can be recorded as the strain before cooling. It is not possible to obtain this value for
two-step cures as these contain situations in which the chemical strain develops at nonisothermal instances. The cool down from the isothermal hold induces thermal strains
into the composite, and because the epoxy is fully cured all of the strain can be attributed
to thermal strains εt h .
Table 3.1 shows the results of conducting the same analysis as outlined in Figure 3.3 for
5 different cure cycles. Three of the cure cycles were designed as two-step cure cycles4 with
expected gelation occurring at low temperature, and two one-step cure cycles designed to
have high temperatures of gelation. The results show that a low temperature of gelation
followed by a heat ramp to a ﬁnal cure temperature creates less process induced strain
than cures where the temperature is immediately increased to the ﬁnal required cure temperature. It should be noted here that this follows the assumption that the gelation point
of a resin is constant and independent of the temperature [70] [77].
The relation between the temperature of gelation and the ﬁnal cure induced stress after full cure and cool down to room temperature is plotted in Figure 3.4. The plotted data
shows some uncertain, but the relation shows a clear linear tendency within the reasonable realm of cure temperatures. The ultimate glass transition temperature Tgul t of the
Huntsman epoxy is 84◦ C, which means that a signiﬁcant part of the cool down period of
cure E5 are performed in a rubbery material state - ie. at a temperature above the material
glass transition temperature - and yet the relation between the temperature of gelation
and the ﬁnal process induced strain remains on a seemingly linear slope.

3 The experiment (described in Paper D) was designed to avoid any mechanical loads or constraints.
4 cure cycle A failed to achieve the design purpose

5 Cure E: isothermally with one step 110◦ C for 8 hours
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Figure 3.3: The total process induced strain εt ot plotted against the temperature of gel Tg el [Paper
D]
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B
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D
E
a

c ≈ 0.99

Table 3.1: Summary of results [Paper D].

Cure Name

60

40

εch

Texo ≈ 7 ◦ C

80
Temperature [◦ C]

00

3.3 Cure Induced Stresses

0.70
c Gel

One Step

0.50

cg el
Nominal [-] Mean
0.927
0.702
0.607

Std.dev

b

0.715

b

0.112
c

0.642
0.695

0.661

Tg el
[◦ C]

εCh
[%]

εt ot @ 25 ◦ C
[%]

80.3
34.7
41.2

N/A
N/A
N/A

-0.74
-0.20
-0.17

85.5
117.8

-0.20
-0.17

-0.71
-0.95

c

0.045

This cure cycle did not reach gelation during the low temperature stage of the cure. Gelation occurred during
the end of the temperature ramp from 30 ◦ C to 80 ◦ C. The DEA signal for the cure cycle is not reliable.
b Incl. Cure A
c Ecxl. Cure A

0.40
0.30
0.20
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Figure 3.5 illustrates the difference between strain development in a one-step and a
two-step cure proﬁle. Figure 3.5a shows the same cure proﬁle as shown in Figure 3.3.
In the liquid phase (L1), the strain the epoxy resin can not induce any strains onto the
FBG sensors because it has no bulk modulus. After gelation, in the isothermal phase (A1)
the chemical shrinkage induces strain in the ﬁbre due to cross-linking, and the growth in
chemical strain decreases as the cure rate decreases, and do not increase any further after
full cure is reached. The largest part of the cure induced strain comes from the cooling
phase (B1) where only thermal strains are contributing.
Figure 3.5b shows the development of strain in a two-step cure cycle. The low temperature at the ﬁrst step causes the cure to advance at a slower rate, and increases the time the
resin is liquid (L2), thus increasing the overall cure time. At the end of the low-temperature
isothermal hold the epoxy gels and becomes capable of inducing strains onto the FBG sensor. At the end of the low-temperature hold, the cure rate is decreased to a near-zero value,
and a higher temperature is required to advance the cure further. During heating from the
low temperature to the high temperature the cure rate increases, resulting in chemical
strain from the chemical shrinkage. At the same time the epoxy is subject to thermal expansion that counteracts the chemical strains, resulting in a net positive strain at the end
of the heat ramp. At the following isothermal hold, the cure advances further and causes
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Figure 3.4: The total process induced strain εt ot plotted against the temperature of gel Tg el [Paper
D].
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further shrinkage of the epoxy. After full cure, the cooling causes further thermal strains
as a result of thermal contraction, but the level of process induced strain after cool down
to room temperature is signiﬁcantly slower than that of the one-step cures.
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Figure 3.5: The strain and temperature development for one-step and a two-step cure cycle [Paper
E].

3.4

Optimal Cure for Minimal Cure Induced Stresses

The results from tests in neat epoxy have so forth shown that two-step cures with long
isothermal holds at low temperature generate a lower amount of process induced strains.
It is reasonable to assume that the mechanism that lowers the process induced strain will
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translate to also generate lower residual stresses in composites cured using the same principles. The relatively long process time required for these cures are, however, not desirable
in the composite manufacturing industry. To make the two-step cures viable in an industrial setting, it is necessary with a tool that can suggest the best cure available under a
given time constraint. Such an enhancement scheme is suggested in Paper E. The scheme
is based on the sketch shown in Figure 3.6. The scheme relies on the assumed mechanism where a low temperature of gelation is a direct cause for low residual stresses in a
composite, and works under the assumption that the cure temperature can be increased
immediately after the event of gelation.

Degree of Cure
αg el
αend

Gelation

Temperature [◦ C]

Temperature stages

αGel

Temperature ramps

Gelation Temperature

T1

Degree of Cure [-]

αend

T2

2nd temperature stage
t2

1st temperature stage
t1

0

t max

0

Time [hours]

Figure 3.6: Principal sketch of a the parameters that deﬁne the optimal two stage cure [Paper E].

The cure proﬁle enhancement scheme requires a maximum time t max as a time constraint, and temperature input T2 for the high-temperature step. It is recommended that
the high temperature for the cure is close to the ultimate glass transition temperature of
the thermoset resin to be subjected to the cure. The enhancement scheme works under
the presumption that the degree of cure of gelation αg el is known for the resin that is to
be cured, and that a cure model for the resin is also available. The time,t 2 , required to
advance the state of cure from α = αg el to full cure (αg el ≈ 1.0) can be found using the cure
model. Knowing the maximum allowable time, t max , and t 2 , means that the time, t 1 , available for curing at the low temperature T1 is also implicitly known. Assuming that t 2 is less
than t max the remaining available time for curing at the low temperature T1 can be found.
Finalizing the enhancement scheme then comes down to ﬁnding the temperature T1 that
advances the cure from α = 0 to α = αg el . This can be performed in a number of ways,
and in Paper E the cure kinetic model has been combined with a simple bi-section search
to ﬁnd T1 . The scheme works under some important assumptions, and the importance
and validity of those assumptions will be discussed in chapter 5. Further detail about the
implementation and the omission of time for heat ramps are available in Paper E.
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Figure 3.7 shows three proposed cure cycles designed by the enhancement scheme.
The temperature of gelation is assumed to occur at the end of the ﬁrst temperature hold
of each of the shown cures, and the temperature is annotated in the ﬁgure. The relatively
low reduction in temperature of gelation, that is achievable from increasing the maximum
cure time from 16 to 24 hours, shows that very long holds (< 16 hours) at the low temperatures are probably not worth the time. A detailed investigation of how the reduction
in temperature of gelation decreases as the maximum allowable time t max increases are
available in Paper E. The consequence of reducing the temperature of gelation when curing composite materials made from quasi UD NCF fabrics will be explored in the next
chapter.
t max =8 hours
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Figure 3.7: Cures with minimzed temperature of gel [Paper E].
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CHAPTER 4

Tensile Fatigue in Non-crimp
Fabric Composites: From
Forming to Failure
4.1 Introduction
The content of this chapter will combine the ﬁndings from Chapter 2 and Chapter 3 to
investigate the inﬂuence of residual stresses on the tension-tension fatigue behaviour of
quasi UD NFC composites.
Fatigue damage in composites have been a research subject for nearly four decades
[12] [78], and remains an active research area today. Reifsnider [12] were among the ﬁrst
to point out that the approach to fatigue behaviour of metals could not be transferred
to composite materials. From observations of damage in a cross-ply laminate [0, 902 ]s
Jamison et al. [78] described three stages of fatigue degradation which was reiterated by
Reifsnider [79], ans is still referred in modern research [23] [24] [80]. Stage I contained
an initial stiffness drop which could be explained by the formation of transverse cracks in
the 90◦ plies. Stage II showed slower stiffness degradation attributed to longitudinal crack
growth in the 0◦ plies, and stage III was descibed as the phase where total failure was imminent. For cross-ply laminates Jamison [78] noted that ﬁbre breaks in the longitudinal
plies occurred in connected paths, and that the distance spacing between the ﬁbre break
paths had the same regularity as the spacing between the transverse cracks in the 90◦ plies.
This observation was made on cross-ply laminates, though it is consistent with ﬁndings
described in Chapter 2 of this thesis. It may seem obvious that the observations made by
Jamison 30 years ago would also apply to the basalt ﬁbre composite tested in this thesis,
but there is only a superﬁcial similarity between a cross-ply laminate with 50 % weight
fraction of the transverse ﬁbre layer and a quasi UD NCF composite with ∼10% transverse
backing bundles. Considering the fatigue scheme for quasi UD NCF composites put forth
by Zangenberg [16] and observed in x-ray tomography by Jespersen [24], along with Jamison’s [78] observation and the quantiﬁed damage mechanism presented in Chapter 2 of
this thesis, it is clear that cracks in bundles or layers of transverse ﬁbres are important for
breakage of ﬁbres in nearby longitudinal bundles.
One of the reasons that research in fatigue damage is still ongoing, is the complexity
of the internal microstructure in composites. Figure 4.1 provides a clue for the state of the
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fatigue research of quasi UD NCF composites. All the data attributed as OPTIDAT data
( ) [81] stems from quasi UD NCF composites tested in the OPTIMAT project by several
different research labs. The materials are not all identical, but all the materials are quasi
UD NCF glass ﬁbre composites manufactured with epoxy as the polymer matrix with wind
turbine blades as the application goal, and yet the lifetime expectancy of a specimen can
be 100 times more than a specimen tested at the same strain level. The difference in the
NCF structure account for some variation, while ﬁbre volume fraction [82] [83] and different test specimen geometry account for a large portion of the variation as well [25] [84].
The coloured points ( , , , , , ) in Figure 4.1 are however all from laminates
made with identical fabric, lay-up and resin. Part of the variation can be explained by
having some variation in the ﬁbre volume fractions of the specimens. The main variation
between the test sets are, however, mainly caused by the difference in cure proﬁle used
to manufacture the test specimens. To understand the data in Figure 4.1, the property
variables of each test series, and the impact on the test series fatigue performance will be
studied in detail later in this chapter.
Several studies have reported inﬂuences of residual stresses on composite performance
or crack growth in composites. Bending fatigue experiments conducted by Warnet et al
[85] indicated a tendency for lower energy release rates in specimens with more residual
stresses. Zobeiry et al [57] showed that transverse cracks in cross-ply laminates developed
at lower strain levels in the presence of higher residual stresses. Finally, Hüther and Brøndsted [17] showed that the fatigue performance of UD NCF composites were impaired when
cure cycles with higher residual stresses were used in manufacturing.
Residual stresses are formed in composites during cure. The process induced strains
described in Chapter 3 produce residual stresses in the microstructure of composites. The
residual stresses arise because the polymer is constrained by ﬁbres, and are not able to
shrink or expand freely. In places with signiﬁcant three-dimensional constraint the shrinkage of resins will form hydrostatic stresses [86]. Classic yield criterions for metals, such as
the von Mises or Tresca yield criterion, are insensitive to hydrostatic stress. Polymers, on
ther other hand, are however sensitive to hydrostatic stress [87]. According to Asp et al
[88] a signiﬁcant amount of hydrostatic stresses in the polymer matrix of a composite may
cause cavitation-induced brittle failure of the polymer at lower stresses than that required
for yielding of the polymer. This means that it is reasonable to assume that crack growth
in off-axis backing are sensitive to residual stresses in composites. Furthermore, Sørensen
and Goutioanos [14] have recently made an analysis that suggests that residual stresses
do not impact the fatigue limit for UD composites with ﬁbre volume fractions higher than
50 %. It is reasonable to assume that this result applied to the UD bundles of qausi UD
NCF composites, which in turn means that the negative impact of residual stresses on the
fatigue life of UD NCF composites must stem from damage in the off-axis bundles.
[Paper F] investigates crack growth in off-axis backing bundles of two quasi UD NCF
composite plates. Counting of off-axis cracks are performed with an established algorithm
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Figure 4.1: S-N Curve for tensile fatigue testing performed in the current project and similiar testing
data from the OptiDat data-base [81].

[89], and x-ray imaging is used to identify relevant areas to count cracks. The results shows
that the orientation of backing bundles signiﬁcantly affect the crack growth rate. The effect of residual stresses on the crack growth rate is examined and discussed.

4.2 Curvature of unsymmetric Laminates
All the plates manufactured for the purpose of tensile fatigue testing were constructed to
have a symmetric gauge area with only one layer of backing, as a requirement for the crack
counting scheme to work. The effect was achieved by stacking two layers of glass ﬁbre fabric sheets 1 with the backing facing upwards, and then removing the backing rovings of
the top fabric sheet in a band length of 10 cm covering the gauge area. Table 4.1 details
1 see Table 1.1 for fabric details
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the resulting lay-up deﬁnitions inside and outside of the gauge area for the plates. A more
detailed description of the procedure and resulting laminate structure is availabe in Paper
F.
A total of six plates were successfully manufactured with material quality suitable for
testing. The plates and their properties are listed in Table 4.2. The CCU5 and CCU6 plate
were manufactured for crack counting, but the surface roughness of the plates caused
problems with the optical quality of the images for crack counting. As a trial solution the
CCU5 and CCU6 plates had layer of neat resin laminated over the rough surface to create better optical quality of the surface. The neat layer of resin proved to be catastrophic
for the crack counting scheme, as the neat resin layer delaminated from the plates during testing. The S-N curve test results for the plates do, however, indicate that the neat
layer had little to no impact on the fatigue performance of test. The rest of the plates were
manufactured with a perforated plastic foil to create the desired optical quality of the surface for crack counting, though only plate CCU9A and CCU11A have been subjected to
the crack counting scheme. Despite using the same manufacturing procedure for all the
plates, a signiﬁcant variation in ﬁbre volume fraction have been observed, and in order to
expand the value of the observations made from fatigue testing the (incomplete) test results from plate CCU8A and CCU10A have been included in this chapter. With regards to
the estimated Fibre Volume Fraction (FVF) presented in Table 4.2, it should be noted that
the estimate provides a macro scale FVF, and that locally in the axial bundles the FVF can
have higher values, meaning that the conclusion from Sørensen [14] about the insigniﬁcance of residual stresses in the axial bundles are still likely to be valid.
In Chapter 3 it was asserted that the level observed process induced strains would
show some proportionality to the residual stresses in composites manufactured with the
same temperature proﬁle. The unsymmetric part of the composite plates described in
Table 4.2 provides evidence of that assertion. The cure cycles of each plate indicated in
Table 4.2, and the temperature of gelation for the plates made with two-step cures are
the lowest of the two temperatures written, and for the one-step cures the temperature
of gelation is the same as the single temperature given for that cure. Figure 4.2 shows
images of three 25 mm wide strips of composite plate cut along the the transverse direction of plates CCU9A, CCU10A, and CCU11A. The curvature of plate CCU11A, cured with
the two-step cure, displays a signiﬁcantly smaller amount of curvature than the plates

Table 4.1: Desctiption of lay-up variation used in the plates manufactured for tensile testing and
crack counting. /bθ denotes a backing layer with orientation θ sewn onto the main axial
ﬁbre bundles. Fabric separation is marked with ;

In Gauge Area

Symmetric

Outside Gauge Area

Non-Symmetric

[ 0◦ /b+45 /b90 /b−45 ; 0◦ ]
[ 0◦ /b+45 /b90 /b−45 ; 0◦ /b+45 /b90 /b−45 ]
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Table 4.2: Properties and inidcative values for the composite plates manufactured for tensiontension research. The Fibre Volume Fraction (FVF) are estimated using measured speciment stifnesses, fabric area weights, and the Krenchel reinforcement efﬁciency estimate.

Plate

Plot Symbol

CCU1a

Cure Cycle
30 ◦ C + 80 ◦ C
◦

◦

Stiffness [GPa]
Mean

Std.dev.

47.2

0.7

Est. FVF [%]

53.53

Curvature
1
R

[m−1 ]
-

b

-

CCU5

30 C + 80 C

39.0

2.0

43.63

CCU6

100 ◦ C

38.4

2.1

42.92b

-

CCU8A

◦

30 C + 80 C

38.8

0.4

43.3

-

CCU9A

80 ◦ C

44.4

1.7

50.1

0.362

◦

◦

CCU10A

100 C

39.1

0.4

43.7

0.476

CCU11A

40 ◦ C + 80 ◦ C

43.2

0.9

48.8

0.225

a

The specimen test geometry was different for these specimens, but the failure mode was valid for some of the
specimens.
b The added layer of neat resin greatly increases the uncertainty of the estimated FVF. The actual FVF is like to
be higher than the printed value.

cured with high temperature one-step cures, ie. CCU9A and CCU10A. The curvature are
caused by the combination of residual stresses and the off-axis backing position that constrains the transverse contraction of the axial bundles in non-symmetric position wrt. to
the thickness. The curvature of the composite strips have been measured and the result
is printed in Table 4.2. The curvature measurements show that the composites that had a
high temperature of gelation during cure has the largest curvature. This is consistent with
the observations from the FBG measurement of resin cure in Chapter 3.

4.3 Fatigue Performance
In this section the points on the S-N curves in Figure 4.1 will be analysed, and the effect of
residual stresses will be discussed in the context of the variation in Fibre Volume Fraction
(FVF) of the composite specimens. All test specimens2 discussesd in this section have
been cut in the shape of the DTU Wind Energy [84] specimen geometry.

2 Except CCU1 test specimens
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(a) Cured at 40 ◦ C + 80 ◦ C (CCU11A)

(b) Cured at 80 ◦ C (CCU9A)

(c) Cured at 100 ◦ C (CCU10A)

Figure 4.2: Curvature of unsymmetric laminates

4.3.1 A Note on Failure Mode
Except for the specimens from plate CCU1, the failure of the tensile fatigue specimens do
not originate from the gauge section. This problem of invalid failure is common for high
performance UD composites tested in tension-tension fatigue. The reason for this issue is
related to the load introduction issue that was also described in the introduction to Chapter 2. Figure 4.3a shows the two specimens; The upper specimen is intact because the
tensile test were stopped at the run-out limit, and the bottom specimen suffered failure
due to splitting damage that started in the grip area of the specimen. Figure 4.3b and 4.3c
shows details of the grip area. It is worth noting that the intact specimen also suffers from
damage in the grips, though the gauge area is still without major damage, and that is a sign
that damage develops faster in the grip area than in the gauge area of the specimens. The
failure mode of the specimens are generally splitting damage that originates in the grip
area, grows from on grip end, through the gauge area, to the other grip area. Final failure
occurs when the splitting damage connects the damage in the gripping areas at each end.
The only specimens where a valid failure mode was observed was the CCU1 specimens, which are also the worst performing specimens according to the data in Figure 4.1.
The precursor to failure in most of the CCU1 specimens was dark spots emanating from
points in the composite where ﬁbre bundles from the three backing orientations crossover. Figure 4.4 shows an image of the gauge section of a CCU1 specimen during the ﬁnal
stage of tensile testing. The dark spots are interpreted as localization of damage in the
form of splitting damage, which in turn is the damage that causes ultimate failure of the
composites. The localization of the damage at the cross-over points of the backing bun-
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(a) Full view of the two specimens. Top: Run-out. Bottom: Failed.

(b) Left side grip detail

(c) Right side grip detail

Figure 4.3: Inspection of the failure modes of the test specimens.

Figure 4.4: Splitting damage observed for CCU1 specimens.

dles are consistent with observations by Jespersen [38] who showed that ﬁbre breaks occur
more frequently at cross-over points. A higher presence of ﬁbre breaks in a local region increases the probability of damage localization and ﬁnal failure. The observed failure mode
observed for the CCU1 specimens are assumed to be the mode that the rest of the specimens would have failed at in a situation where damage at the load introduction sites were
suppressed. It is worth noting here that the most likely reason for the valid failure of CCU1
specimens, is the signiﬁcantly higher FVF in these specimens.
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Figure 4.5: S-N Curve for tensile fatigue testing of high Fibre Volume Fraction specimens

4.3.2

High Fibre Volume Fraction

The FVF of composites inlfuence the fatigue performance in tension-tension load scenarios. The CCU9A ( ) and CCU11A ( ) specimens have similar FVF’s, but are cured with a
one-step cure and two-step cure proﬁle, respectively. This means that a smaller amount of
residual stresses are present in the CCU11A ( - 40 ◦ C + 80 ◦ C (HVF)) test specimens than
in the CCU9A ( - 80 ◦ C (HVF)). The trends from the S-N plot in Figure 4.5 show that the
residual stresses accelerates the fatigue damage of the fatigue damage development and
leads to earlier failure. The effect is, however, smaller than anticipated. Furthermore, the
CCU1 ( - 30 ◦ C + 80 ◦ C (HVF)) specimens show that the reduction of residual stresses are
ineffective if the fatigue performance is inhibited by high ﬁbre volume fractions. In other
words, a high FVF can creates knock down factor of the composite fatigue performance
that supersedes the negative impact of the of levels of residual stresses.

4.3.3

Low Fibre Volume Fraction

Figure 4.6 shows the S-N plot for the test material manufactured with low FVF’s. The specimens from plates with low residual stresses (CCU8A , CCU5 ) show clear improvement
over the specimens cured with high temperature one step cures (CCU6 , CCU10A ).
It follows from Figure 4.6 that the best fatigue performance can of quasi UD NCF composites are achieved when the ﬁbre volume fraction is reasonable low, and free of high
magnitudes of residual stresses.
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Figure 4.6: S-N Curve for tensile fatigue testing of Low Fibre Volume Fraction specimens

4.4 Crack Counting
The observations made in Chapter 2, and the results from Zangenberg [16] and Jespersen
[29], inevitable prompts a hypothesis about the relation between off-axis cracks in backing
bundles, residual stresses, and fatigue performance of UD NCF composites. The hypothesis is as follows;
The ﬁnal failure mode in a UD NCF composite that is cyclically in tension fails as the
result of localization of ﬁbre breaks in the axial ﬁbre bundles. The ﬁbre breaks in the axial
ﬁbre bundle are initiated from cracks in the off-axis backing bundles. Residual stresses in
the composite material accelerate fatigue damage by increasing the crack growth rate in
the off-axis bundles, which in turn accelerates the initiation of ﬁbre breaks, which ﬁnally
creates damage localization at an earlier instance.
The S-N plots in Figure 4.5 and 4.6 have already shown that residual stresses impair the
fatigue life of UD NCF composites. In order to asses the merit of the hypothesis described
above, a crack counting scheme was applied to the tensile testing of the test series for
CCU9A ( ) and CCU11A ( ). Both of these test series have high FVF’s, but are cured with
two-step and one-step cures, respectively. The difference in fatigue performance between
the two test series can be seen in Figure 4.5. The relative difference in fatigue performance
is low, presumably because the FVF is high.
The crack counting method was based on the work by Glud et al [89], though some
modiﬁcations were made to the procedure. The automated crack count procedure was
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Figure 4.7: X-ray masking and crack counting [Paper F].

based on capturing image during tensile fatigue testing of the test specimens. A digital
camera captured images of the gauge area of the test specimens during testing. The camera trigger were set to capture 100 images per decade of load cycles and each image were
captured at the peak of a load cycle with an exposure of 100 milliseconds. Capturing the
image at the peak of a load cycle means that cracks that exist in the composite opens, improving the visibility of the cracks.
The procedure by Glud et. al. was originally applied to composites with full off-axis
layers, making the calculation of the desired crack density measure a matter of dividing
the total observed cracks length with the total area of observation. In the current work the
off-axis cracks are conﬁned to the part of the observed area that contains off-axis backing
bundles. Jespersen [29] compensated for this by making full 3D x-ray tomography scans
of the composite and through manually segmentation computing the relevant area where
cracks to use in the computation of crack density, though without consideration of the
backing orientation. The current work also applies x-ray to identify the backing areas, but
uses a single x-ray exposure in order to save time, and through manual segmentation and
alignment of the x-ray exposure creates an image mask with consideration of the 3 backing
bundle orientation that exist in the material. The relevant area for each of the backing orientations can be computed using eqs. (4.1) and (4.2), which are slight modiﬁcation from
the equations by Jespersen [29]. The result of the x-ray masking procedure is depicted in
Figure 4.7, where the red lines are cracks counted in the 90◦ degree backing bundles and
the two areas painted red are the areas covering the position of the 90◦ backing bundles.
Aθ describes the area for the backing bundle direction θ, n θmask is the amount of image
pixel that the manually segmented mask of the x-ray exposure covers and p is the side
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length of an individual pixel. An example of the masking areas are shown in Figure 4.7.
The crack density ρθ for each backing bundle angle θ, can then be computed as the sum
of all crack lengths Lθi in a given orientation over the relevant backing bundle area of that
orientation Aθ . A more detailed account of the x-ray masking procedure is available in
Paper F.
Aθ = n θmask · p 2

(4.1)

PNc
ρθ =

Lθ
i =1 i
Aθ

(4.2)

The crack counting results for 4 different strain levels (0.5%,0.8%,0.9%,1.0%) are shown
in Figure 4.8 with indications for each of the three different backing orientations (90◦ ,+45◦ ,−45◦ ).
All of the plots contain data for both a One-Step Cured (OSC) CCU11A specimen and a
Two-Step Cured (TSC) CCU9A specimen. The 0.5% strain level did not yield any cracks
in the ±45◦ backing bundles, and the general trend for all of the strain levels is that the
crack density for the 90◦ backing develops signiﬁcantly faster, and to higher levels, than
the crack density for the ±45◦ backing bundles.

4.4.1 Influence of backing bundle orientation
As previously explained the idea behind applying the crack counting scheme was to investigate the effect of residual stresses in the crack density development. Information about
the effect of angle orientation on the crack density in the off-axis backing bundles are,
however, inherent to the applied procedure, and may also provide valuable knowledge.
Figures 4.9 and 4.10 show the amount of load cycles it takes to reach a prescribed crack
density at a given strain level. The plots are similar to the S-N plots shown previously in
this chapter, with the difference that the plotted points are the number of cycles at which a
certain crack density is reach instead of the event of ﬁnal failure. The crack densities (CD)
CD=0.5 and CD=1.0 was picked as values that is reached for most of the strain levels, and
the CD=0.5 crack density is more sensitive to data noise from false positives in the crack
counting scheme.
Figure 4.9 shows the CD-N plot for the CCU9A test series, and for CD=0.5 there is a
tendency for most of the ±45◦ CD’s to lie to the right of, or above of, the trendline for 90◦
CD’s. This trend becomes far more apparent for CD=1.0. The assesment for the CCU11A
test series, which has less residual stresses, is the same. The CCU11A test series shown
in Figure 4.10 do, however have fewer points of CD for ±45◦ , because there was a lower
tendency for the CD to reach levels of CD=0.5 or CD=1.0. The opening of the ±45◦ cracks
are however less than that of the 90◦ . This is because the fracture mode at the ±45◦ crack
tips are mixed mode with mode II as the more dominant mode. This must be taken into
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consideration when assessing the difference in crack development due to ﬁbre bundle angle.

4.4.2

Influence of Residual Stresses
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Figure 4.8: Raw crack count results for four strain levels of testing with comparison of the results
from CCU11A cured with a Two-Step Cure (TSC) and CCU9A cured with a One-Step Cure
(OSC) [Paper F].
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Figure 4.9: CD-N (CrackDensity - No. of Cycles) plot for CCU9A for various crack densities
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Figure 4.10: CD-N (CrackDensity - No. of Cycles) plot for CCU11A for various crack densities

sities recorded in the 90◦ backing bundles. The assessment of how the residual stresses impact the development of crack densities will thus be based on the crack densities recorded
for the 90◦ backing bundles.
The result for CD=0.5 is to some degree disturbed by noise in the form of falsely detected cracks. If the result for CD=0.5 is otherwise accepted, then it shows that the crack
initiation is not affected by the residual stresses in the composite. For higher crack densities CD=1.0, CD=1.5, and CD=2.0, the trend is that the CCU9A specimens requires less
load cycles to reach these prescribed crack densities than the CCU11A specimens. This is
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consistent with the hyposthesis of faster crack growth rate in the backing bundles when
more residual stresses are present. The data for CD≥ 1.0 is, however, very scattered, and
the data showing that residual stresses accelerate the crack growth is only indicative, and
not conclusive.<
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Figure 4.11: CD-N (CrackDensity - No. of Cycles) plot for various crack densities

CHAPTER 5

Conclusion & Discussion
This chapter will provide a discussion and a conclusion. Each of the papers appended to
this thesis contains detailed conclusions that covers the work in of each paper in detail.
The discussion and conclusion provided in this chapter will be concerned with connecting the overall ﬁndings, and providing ideas for improving the research laid out in the
previous chapters. The discussion section below will be used to lay out unexplored ideas
in a more loose sense than have been possible in the previous chapters, and will also be
used to clarify possible points of concern that the reader may have at this point.

5.1 Discussion
More than 30 years ago Jamison et al [78] observed that ﬁbre breaks in the 0◦ layers of
cross-ply laminates could be observed with the same regularity as the transverse cracks
observed in the 90◦ layers. The results presented in Chapter 2 suggests that a similar
mechanism is present for Non-Crimp Fabric (NCF) composites. The connection between
the damage mechanism in the cross-ply and uni-directional (UD) NCF composites are,
however, not obvious, which is why it was ﬁrst reported for NCF composites by Zangenberg [83], and, to the best knowledge of the author, not shown on a large representative
scale before now. The effect of backing bundles in UD NCF composites have generally
not been considered in fatigue analysis because the backing bundles are so thin that the
cracks should be negligible, at least in the framework of fracture mechanics.
The importance of the off-axis backing layers for the fatigue performance of NCF composites are related to the local stress state near off-axis or transverse backing bundles in
the composite material. It has already been shown in Chapter 4 that the angle of the backing bundles affect the intra bundle crack growth rate, though there seems to be more ways
of improving fatigue life. Zangenberg [16] suggested optimizing the orientation of the
backing bundles and three more ways. One of them was to use more compliant materials as backing bundles and another to insert soft interleafs between the backing bundles
and the axial bundles. The results from Chapter 2 indicates that those ideas might work
to reduce the effect of the backing bundles on the fatigue performance. The results in
Chapter 2 showed that the distance from transverse backing bundles to ﬁbre breaks were
signiﬁcantly smaller and had less variation than the distance from transverse cracks to
ﬁbre breaks. This probably indicates that the axial ﬁbre do not break immediately at the
crack tip, presumably the nearby ﬁbre debonds some distance in the axial direction before
breaking. Another reason could be for the better correlation between ﬁbre break position
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and traverse bundles could be that if a contact point between a transverse ﬁbre and an axial ﬁbre exists, then that contact point could induce a stress concentration large enough to
break the axial ﬁbre. Such observations can be found in the internal observation dataset
[7].
Another consideration regarding the backing bundle arrangement is the shielding effect that creates a regular distance from the start of the transverse bundle to the ﬁrst
crack in the transverse bundle. The effect is essentially similar to unloading effect that
causes the transverse cracks inside the transverse bundles to be spaced with a characteristic length. At the edge of a transverse bundle there is a transition from a resin rich area of
neat resin, with low load bearing capacity, to an area (the transverse bundle) of a ﬁbrous
composite with a higher load bearing capacity. At the transition from the resin rich area
to the transverse bundle, the transverse bundle do not carry as much load as it is capable
of under the conditions of the far ﬁeld strain. The result is that stresses are transferred
from the axial bundles to the transverse bundles through shear stresses, but the relatively
low shear stiffness of the composite means that a signiﬁcant distance is required before
the stress state is returned to a pure tensile stress state, and in this transition distance no
transverse cracks appears. Stresses from the axial bundles are transferred to the transverse
bundles through shear stresses, meaning that soft buffer layer with poor shear stiffness
would increase the shielding effect distance and also increase the characteristic distance
between the transverse cracks in the transverse bundles.
Improvement of fatigue life through changes to the cure cycle was shown to work in
Chapter 4. The scheme of lowering residual stresses by lowering the temperature of gelation works on the premise of creating positive thermal strains during the heat ramp from
the ﬁrst to the second temperature step. It may be argued that the effect is that of a cure
dependent thermo-viscoelastic material, where the development of stress is dependent
on the relation between the instantaneous strain rate and the instantaneous material stiffness. This would mean that the rate at which the heating from the ﬁrst temperature step to
the second temperature step would affect the ﬁnal residual stress, but no such effect was
observed in this research. It is worth noting that even if the thermoset polymer is assumed
to follow such a material law, then reaching a high modulus at a low temperature would
still work to minimize the residual stresses, though it might not be the optimal method
in terms of time consumption. Another important aspect of thermoset resin curing is
that the current research indicates that no residual stresses are present prior to gelation
of the thermoset, prompting the possibility of designing short three step cures that initiates pre-gelation curing at a high temperature, and then cools the polymer such gelation
is still reached at a low temperature, and the effect of minimizing residual stresses is retained without the exorbitant time consumption of the single low temperature step. This
methodology has proven to work by Marco Maduro, and the ﬁnding is expected to be published later [90]1 .
The results from Chapter 4 showed clearly that residual stresses negatively impacts the
1 At the time submitting this thesis the referenced work is not yet published.
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tensile fatigue performance of UD NCF composites. The results did however also show
that the impact of residual stresses could be superseded by a negative impact from high ﬁbre volume fractions. The results were presented as S-N plots in which the second axis was
populated with the maximum strain level of the tensile specimens. If, and only if, the total
amount of ﬁbre glass reinforcement was unknown, then it could be argued that using the
maximum strain would be an unfair method to compare specimens with as large a variation in stiffness the test specimens in this work is reported to have. The fabric lay-up for
all specimens tested in Chapter 4 is, however, the same. This means that each specimen
has roughly the same amount of ﬁbres to carry the load exerted upon them at any given
strain level. The difference in stiffness is only caused by differences in the amount of epoxy
in which the ﬁbres are embedded, and the load bearing capacity of the small amount of
additional epoxy that causes the change in cross-sectional area, and subsequent stiffness,
is too small to make signiﬁcant differences in the load carrying capability of the composite as a whole. The CCU9A specimens had a mean stiffness of 44.4 GPa, while the mean
stiffness of the CCU8A specimens were 38.7 GPa. The maximum load carried in each load
cycle for the CCU9A specimen at 1.1 % strain was 12.84 kN, and the maximum load carried
in each load cycle for the CCU8A specimen at 1.1 % strain was 12.85 kN. In other words,
the maximum stress would have been the wrong measure to use for the specimens tested
in Chapter 4, because the maximum stress would have over-emphasized the load carrying
capability of the matrix material when in reality the load is carried by the ﬁbres.
The reason for the negative impact of residual stresses to be lower when the ﬁbre volume fraction is high, has not, to the best knowledge of the author, been observed in any
other research. The exact reason for this has not been uncovered in the current research.
One reason could be that a close packing of ﬁbres in the transverse bundles creates a
higher likelihood of contact points in ﬁbres, which has been stipulated to be an issue with
respect to fatigue [83]. Fibres with contact points may cause stress concentration that
causes ﬁbre debonding and eventually transverse cracks, which is the initiator of fatigue
damage. It is likely that this effect could be more severe than residual stresses in composites with high ﬁbre volume fractions. This could to some extent also explain the damage
localization phenomenon at backing bundle cross-over points shown in Chapter 4.

5.2

Conclusion

The work presented in this thesis have made contributions towards the understanding of
a fundamental damage mechanism that exists in a special class of composite materials;
The quasi uni-directional non-crimp fabric composites made with epoxy resin as the matrix binder. Furthermore the work in this thesis provides insight into methods that can be
applied to lower the residual stresses in composites, and how the residual stresses impacts
the tensile fatigue performance of quasi uni-directional non-crimp fabric composites.
Observations and damage quantiﬁcations over large representative areas of compos-
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ites tested in bending fatigue, have provided qualitative and quantitative observations of
the damage mechanism that governs the fatigue life of the tested composite material. The
damage mechanism relies on the transverse backing bundles in the material, in which
transverse cracks grows during fatigue loading. The transverse cracks in the transverse
bundles interacts with axial ﬁbres, causing debonding and breakage. These ﬁbre breaks
are the cause for stiffness degradation, and in the ﬁnal stage of the fatigue life, the damage
localization that causes ﬁnal failure of the composite material. The observations of this
damage mechanism over large representative areas have also shown that the transverse
bundles are more like to cause ﬁbre breaks in the axial bundle to which the transverse
bundle is sewn onto, than in an axial bundle that is only connected to the transverse bundle through fabric stacking.
Results from tensile fatigue testing shows that fatigue performance can be improved
through changes to the processing conditions, under which the composite material is
manufactured. The factors that affects the fatigue performance are both the ﬁbre volume
fraction of the composite material, but also to a signiﬁcant extent the amount of residual
stresses induced in the composite during manufacturing. The negative impact of residual
stresses on the fatigue performance of the composite can be superseded by the negative
impact of high ﬁbre volume fractions. The effect of residual stresses are relevant to the
crack growth in the off-axis or transvserse backing bundles of the non-crimp fabric composite. For high values of ﬁbre volume fraction the effect of reducing the residual stresses
can be as low as a factor 1.5 to 2, but for acceptably low ﬁbre volume fractions the effect
of reducing the residual stresses to a minimum have been shown increase the life span of
coupon test by a factor of 5.
The residual stresses that are build up in a composite during manufacturing can be
reduced through modiﬁcations to the temperature proﬁle that is used to cure the thermoset polymer matrix. This work proposes a scheme in which the event of resin gelation
is the key value that determines the design of the cure cycle. The scheme work under the
presumption that if gelation occurs at a low temperature then thermal expansion during
heating to a second temperature step will cancel a signiﬁcant portion of the chemical cure
shrinkage and the thermal contraction during ﬁnal cooling to room temperature. The
simple scheme of lowering the temperature of gelation of the thermoset matrix is both efﬁcient, and easy to handle in industrial settings.
The current work have provided detailed insight into the fatigue mechanisms of a speciﬁc type of composite materials, and provided ideas and methods that can signiﬁcantly
increase the fatigue life of these composites. The author of this work hopes that the improved material understanding, and the improved understanding of process parameters
for composite manufacturing, will lead to longer lifetimes of composite structures for the
future.
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Abstract
In order to investigate micro-scale fatigue damage in ﬁbre-reinforced composites
due to cyclic bending loads a 4-point bending test-rig modiﬁed for fatigue loading of
rectangular specimens. The test-rig modiﬁcations have been performed by exchanging the ﬁxed rollers, at both load and support point, with cylinders supported by rollerbearings. The modiﬁcations limited unwanted damage from friction wear and prevented unwanted lateral motion of the specimen due to friction. Reliable and reproducible results fatigue tests were conducted using the modiﬁed test rig.

A.1 Introduction
Fatigue life of composites is a very active ﬁeld of research with predominant focus on
tension-tension fatigue. A structural member made from composite material is however
likely to be subjected to load cases with signiﬁcantly different characteristics than those of
a tension-tension fatigue test. Bending loads is one load case that have received far less attention compared with tension-tension fatigue. Three point and four point bending tests
are the most common test method for testing the static bending properties and standardize methods for employing these tests are available, e.g ASTM D790 [1] and ASTM D7264
[2]. The latter of the two are the main source of inspiration for the bending fatigue test
presented in this paper.
Over the past decades a few researchers have reported fatigue testing results based on
bending fatigue with four point bending tests [3] [4] [5] and three point bending [6] [7] [8],
as well as a few tests based on cantilever beam set-ups [9] [10]. The three and four point
tests comes with the advantages of having very simple specimen geometry - most often
rectangular cross sections - and generally small nominal forces required by the test machine compared to tension and compression tests. The disadvantages are related to the
load introduction where friction becomes an important factor due to the possibility of unwanted abrasive wear. For thin composite laminates - or generally large span-to-thickness
ratio - the geometrically non-linear load-deﬂection relation arising at large deﬂection are
also a concern that must be adressed. Friction effects are already described in the testing standards for static ﬂexural testing [2] [1] and by Holmberg [11] who included it in a
large deﬂection analysis of four point bending. For the fatigue bending case Paepegem
et al. dedicated a whole paper to analysing the inﬂuence of friction on the three point
bending method [7]. Marsden et al [5] reported issues with abrasive damage when using
the 4-point bending method to test fatigue and reported the need to use roller bearings at
load and support rollers to diminish friction as well paddings at the contact point between
load rollers and specimens to avoid severe abrasive damage.
In this article a four point bending test is used in order to investigate bending fatigue
basalt ﬁbre reinforced epoxy material. A geometrically non-linear analysis that includes
the effect of friction and support/load roller diameter is introduced and applied to understand the test results. The results are presented in the form of S-N curves and macro-
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scopic observations of damage in the tested specimens. Finally the results are discussed
and the use of optical light microscopy to observe damage at the micro-scale level are
discussed for further presentation.

A.2

Four point bending - Experimental set-up

The four point bending fatigue test were applied on 180 mm long basalt ﬁbre reinforced
epoxy specimens with constant rectangular cross sections of 3.6 mm thickness by 20 mm
width. The reinforcement of basalt ﬁbres arranged as non-crimp with roughly 90 % of the
ﬁbres in the longitudinal direction and roughly 10 % backing bundles in the transverse
direction. The longitudinal stiffness of the material was measured to be 32 GPa.

Figure A.1: Annotated image highlighting the modiﬁcations made to the test-rig in order to achieve
good bending fatigue results. Stop plates are made from teﬂon sheets. The diameter of
the load rollers are Ø10 mm where the rollers are in contact with the bending specimens.
The support rollers are also of diameter Ø10 mm.

The tests were conducted on an Instron Electropulse E3000 with a ±5 kN load cell.
The machine were ﬁtted with standard four point bending equipment with static load and
support rollers of Ø10 mm diameter. The support span (distance between support rollers)
was set up to L = 144 mm with the load span length L/2 = 72 mm. The resulting span-tothickness ratio is then 40:1, which is 25 % higher1 than the highest prescribed ratio in the
Standards. This ratio was chosen to lower the effects of shear loading and minimize abrasive wear at the point of contact with the rollers. Initial trials of the standard equipment
with a loading frequency of 5 Hz showed that it was infeasible to complete any bending fatigue test without modifying the equipment. The main issue preventing tests form being
completed was drifting of the specimens in the longitudinal direction of the specimens,
which caused them to fall off the testing equipment during testing. The modiﬁcation to
the test method and equipment that has been sustained for the ﬁnal version of the test are
listed in chronological in the list below. The ﬁnal version of the test equipment is depicted
in Figure C.2.
1 The ASTM D7264/D7264M [2] prescribes a span-thickness ratio of 32:1
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1. Stop plates ﬁtted at both ends of the test equipment to prevent specimens from
drifting too far of the operational space of the equipment.
2. The static support rollers replaced by Ø10 mm rollers mounted low friction ball bearings.
3. The static load rollers replaced by roller bearing mounted rollers with an inner section of width 20 mm and Ø10 mm diameter and conically rising shoulders.
4. Frequency of loading changed from 5 Hz to 10 Hz
The ﬁrst modiﬁcation to the equipment was made out of necessity; no tests could be
completed before the drifting issue was resolved. While full tests were completed between
making the ﬁrst and second modiﬁcations to the test equipment, the underlying problem
of the specimens drifting in the longitudinal direction had not been solved. The specimens kept drifting, and their end points kept scraping against the stop plates causing
high level of undesired hysteresis in the load-deﬂection curves. After the third modiﬁcation - mounting of bearings on the support rollers - the issue with specimens scraping
against the teﬂon stop plates were reduced to an extent where the tests completed in that
conﬁguration were considered acceptable. Thus only tests conducted after the third modiﬁcation have been included in this paper. The third modiﬁcation were made to further
reduce the effect of friction from rollers and to resolve an issue seen in a few tests where
the specimen would rotate around the specimens out-of-plane axis before ﬁnally falling of
the equipment.The fourth modiﬁcation further alleviated the issue of the specimens drifting, and in general it seemed to allow the specimens to alternate the direction of drifting
(back to forth and back again) until having centered it self with no more drifting.

A.3 Analysis of the four-point-bending method with
large deflection
Testing the beam member specimens with a (support) span-to-thickness ratio of 40:1 is advantageous in terms of limiting effects of shear loading between load and support rollers,
as well as limiting abrasive wear at contact points between rollers and beam member specimen. These advantageous does however come at the cost of having large deﬂection at the
load roller positions - and consequently large deﬂections at the mid-point of the beam
member specimen. Large displacements at the load rollers imply that forces in the vertical direction provides contributions to the bending moment in the beam member which
must be accounted for. The method that will be applied in this section is based on numerical integration and is similar to a procedure described by Vrooman & Ritter [12], who
also analysed the large deﬂection of the four point bending method, but did not account
for the friction between rollers and specimens. The analysis and procedure does not take
dynamic effects - velocity and acceleration - into account and assumes that a quasi-static
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analysis adequately captures the physics of the bending problem at the relatively low loading cycle frequencies2 applied in the tests. The bending moment in eq. (A.3) is mathematically identical to a relation given by Holmberg [11] when y is taken at x = 0 when µL = µS .
Equations (A.3) and (A.4) are further more identical to Vrooman & Ritter’s when the friction is zero (µL = µS = 0).

µF

x

θS

RS

y
F
dˆ

R
RL

µF
θL

Lˆ2
Lˆ1

L2

L1

Figure A.2: Symmetric half of the beam with imposed forces from the rollers including frictional
forces. The schematic employs a coordinate system with x = 0 at the beam mid-point
(half beam symmetry) and y = 0 at the upper vertical tangency point of the support
roller.

Figure A.2 shows schematically the external forces that contributes to the bending moment in the beam member while in a deformed state. The geometrical thickness of the
beam is neglected such that all forces are assumed to work on the beams mid-plane. The
coordinate system is chosen with x = 0 at the beam mid-point (symmetry-point) and y = 0
at the undeformed position of the mid-plane of the beam member. Vertical equilibrium of
the beam member provides the relation between the reaction force R at the support roller
and the reaction force F at the load roller in eq. (A.1). A vertical equilibrium for the load
roller, which is externally loaded by3 P/2 and the opposite reaction from F yields eq. (A.2).
2 The eigenfrequencies of the specimens are over 10 kHz, meaning that they are more than a thousand times
higher than the applied frequencies of loading.
3 Half of the total force exerted by the machine because of the symmetric half
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cos θL − µL sin θL
cos θs + µs sin θs

(A.1)

¡
¢
P
= ·F cos θL − µ sin θL
(A.2)
2
¡
¢
¡
¢
Equations for the bending moments for 0 ≤ x ≤ Lˆ1 − Lˆ2 and Lˆ1 − Lˆ2 ≤ x Lˆ1 can be
constructed from the schematic in Figure A.2. Applying eqs. (A.1) and (A.2) to the moment
equilibrium equations allows the formation of eqs. (A.3) and (A.4). These equations for
the bending moment over the support span provides clear indications that geometrical
non-linearities arising from the horizontal components of the reaction forces R and F, and
indicates how the non-linearities becomes stronger as the deﬂection of the beam member
specimen becomes larger. Furthermore it should be clear that the friction at the support
roller is the more inﬂuential than the friction at the load roller due to working on a force
with a longer lever.
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Non-linear term


M=



¡
¢ tan θL + µL 
P
tan θs − µs
ˆ

− y − dˆ
L2 + y

2
1 + µs tan θs
1 − µL tan θL 
|
{z
}

£
¤
for x ∈ 0 ; Lˆ1 − Lˆ2

(A.4)

Non-linear terms

For large angles of θS and θL the point of contact between the beam member specimen
and the rollers are no longer coinciding with the vertical or horizontal center of the rollers,
and thus corrections must be made to Lˆ1 , Lˆ2 and dˆ. These corrections are given in eqs.
(A.5)-(A.7).

Lˆ1 = 2a − R s sin θs

(A.5)

Lˆ2 = a − R s sin θs − RL sin θL

(A.6)

dˆ = d − RL (1 − cos θL ) − R s (1 − cos θs )

(A.7)

Equation (A.8) combined with eqs. (A.3) and (A.4) for their respective interevals can be
re-casted in to a system of ﬁrst order differential equations and solved numerically. In this
study a fourth order Runga-Kutta4 scheme was applied. By setting θS and P to predeﬁned
values, eq. (A.8) can be integrated ﬁrst from x = Lˆ1 to x = Lˆ1 − Lˆ2 and then again from
x = Lˆ1 − Lˆ2 to x = 0 with the application of the boundary conditions (eqs. (A.9)-(A.11)).
4 MatLab’s ODE45 solver
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This procedure can be iterated with updated guesses for P or θS until the condition in eq.
(A.10) is satisﬁed within a reasonable tolerance. If eqs. (A.5)-(A.7) are applied to account
for the diameter of the load and support rollers, an initial guess for θL must be made and
an inner loop of iterations for is required to get the Lˆ1 -length right as well as satisfying
tan θL = y ′ at x = Lˆ1 − Lˆ2 .
M
y ′′
=
h
¡ ¢2 i3/2 EI
1 + y′
y ′ = tan θS and y = 0
tan θL = y
′

′

y =0

at x = Lˆ1

(A.8)

(A.9)

at x = Lˆ1 − Lˆ2

(A.10)

at x = 0

(A.11)

The material of the beam members are assumed to behave linear elastically. The maximum stresses in the beam member works at the beam surfaces and are computed using
eq. (A.12), where h is the beam thickness, E the longitudinal stiffness and I the second
moment of inertia.
σmax =

A.4

Mh
I 2

(A.12)

Results

A.4.1 Numerical integration scheme
Figure A.3 predicts the bending moment along the longitudinal axis of a beam member
specimen due to various conﬁgurations of friction coefﬁcients at load and support rollers.
In Figure A.3a the friction coefﬁcient of the load rollers are kept constant at µL = 0, while
the friction coefﬁcient at the support rollers are varied with 0.0 ≤ µS ≤ 0.5. Inspecting
Figure A.3a reveals that height of "shoulders" of the bending moment curves are inﬂuenced signiﬁcantly by the friction at the support rollers, while an inspection of Figure A.3b
- where µS = 0.0 and 0.0 ≤ µL ≤ 0.5 - shows no such tendency. Both Figure A.3a and Figure
A.3b, with their respective variations of friction coefﬁcients, shows that the inner bending
moment - the bending moment in between the load rollers - have a concave shape in the
friction-less conﬁguration (µL = µS = 0.0). The application of friction at either set of rollers
turns the shape of the inner bending moment convex. A concave shape of the inner bending moment is intuitively preferred to a convex shape, as the highest bending moment is
positioned away from the contact point with the rollers, thus limiting the risk of having
an invalid failure mode due to damage caused by roller contact. Furthermore the friction
inﬂuence from the loading rollers have a lower impact on the maximum amplitude of the
bending moment than friction introduced at the support rollers.
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Figure A.3: Change in bending moment over the span of the beam member specimens due to variation in of the friction the load and support rollers respectively when subjected to a total
load of P = 960 N.

Figure A.4 shows a set of different relations between the maximum occuring stress
in the beam member specimen and the force or displacement of the beam member at
x = 0 (midpoint of beam). The relations are generated for various conﬁguration of the
friction coefﬁcient. The external force that can be applied to a beam have an upper limit
which, when examining Figures A.4a and A.4b, emphasizes that the force alone is not a
good indicator of the level of stress in the specimens. Furthermore the upper limit of
the externally applied also constitutes a practical upper limit to the stress level that can
be applied in fatigue testing when the test is run in load control. While Figure A.4a may
indicate this level is at roughly 1500 N, the test machine used in this study had trouble
already in the vicinity of 1200 N, meaning that the stress levels in testing can only reach
approximately 500 MPa of max stress. These issues is likely because the load controller
have trouble adjusting to the "softening effect"5 caused by the geometrical non-linearity.

A.4.2

Macro-scaled damage

Macro-scale inspection of the tested specimens conclusively reveals that damage occurs
where tensional stresses prevail. Figure C.7 shows damage on the compression and tension side and the spatial distribution of it related to the bending moment distribution over
the longitudinal axis. The pattern of damage on the surface of the specimen showed in Figure C.7 is representative of all tested specimens regardless of testing conditions and load
5 This is a geometrical effect of the large displacement and does not refer to material softening.
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Figure A.4: Displacement, loading and resulting level of max stresses in the outermost (wrt. to the
thickness) material points at the midpoint of the beam (x = 0) where symmetry is assumed for varying friction conﬁgurations.

levels. The damage shown in Figure C.7 also infer very clearly that the damage arises in
the part of the specimen situated between the two loading rollers and on the surface of the
specimen that is subjected to tensional stresses. On the compression side of the specimen
markings are visible due to abrasion from the load rollers, but no signiﬁcant damage was
recorded on any of the specimens as result of the abrasions. A close inspection of the damage on the tension side of the specimen shown in Figure C.7 shows that the damage that
occurs in the specimens are very likely to be controlled by the pattern of the transverse
backing bundles. The markings on the specimen from the loading rollers are minor, and
for the support rollers they are not distinguishable. These observations should be enough
to conclude that the mode of failure for the specimens are due to the imposed bending
moment to the specimen and that mode of failure can be described by a consistent damage mechanism that is governed by tensional stresses.

A.4.3

S-N Curves

Figure C.3 shows the S-N curve resulting from all the valid tests performed on the basalt/epoxy material. The points of the S-N curve represent the amount of loading it takes for a
specimen to loose 10 % of its ﬂexural modulus for a speciﬁc maximum stress level6 . The
stress levels on the second axis of Figure C.3 have been computed using the bending moment equations presented in section A.3. Trendlines have been added to the S-N plot for
6 Stress at the outer surface of the specimen at the midpoint of the specimen length.
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Figure A.5: Spatial distribution of macro-scale visible damage on the the specimen related to the
moment distribution along the in-plane longitudinal axis of the EI-05-23 specimen.

two of the represented test conditions. For both conditions the goodness of ﬁt 7 indicates
that the test are able to produce consistent results with a level of variance that are most
likely attributed to variations in the tested material.

7 Represented by the R2 -value
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Figure A.6: S-N curve for the bending fatigue of the Basalt/Epoxy material tested on the bending
equipment. All data points are from tests conducted after the mounting of bearings at
the support rollers.

A.5

Discussion

The insight of the numerical analysis revealed that friction at the support rollers may play
an inﬂuential role in the level stress that specimens are subjected to. This is also true
for friction at the load rollers, but to a much lesser extent. Decreasing the friction at
the load rollers should theoretically decrease the overall load that the specimens are subjected to, and thus result in higher predicted life time in the S-N curve. The S-N curve
shown in Figure C.3 do however point in the opposite direction of this conclusion as the
specimens tested with reduced friction exhibits better fatigue life properties based on the
curve alone. The intuitive explanation to this would be that reducing the friction at the
load rollers reduces abrasive damage at the contact points between specimen and load
rollers. Inspection of the tested specimens do however renders this explanation unlikely:
Little to no damage is found at the load roller contact points of the specimens while extensive amounts of damage exists in the side loaded with tensional stresses well away
from any point of contact with load or support rollers. With regards to the variation in
the tested material specimens it is worth noting that all the data points represented by the
blue squares - and consequently the blue trend-line - were all from the same plate of material and cut adjacent to each other. The consequence of this is that pattern - angle, spacing
and cross sectional bundle size - of the transverse backing bundles only vary slightly in this
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set of specimens. The same statement can be made for all test specimens represented by
the green data. The essential meaning of this is that while all specimens tested originate
from the same plate of material, the specimens tested before applying bearings to the load
rollers - the specimens marked by blue squares - comes from one batch of material, while
the specimens tested with a 10 Hz frequency and bearings on the load rollers - the specimens marked by green diamonds - comes from another batch of material. It may thus be
reasonable to assume that the difference in fatigue life performance for the conﬁgurations
with and without friction at the load rollers are caused by differences in the ﬁbre architecture of the two batches of materials rather than the difference in test conﬁgurations. This
argument is supported by the minuscule amount of abrasive wear found on all specimens
tested.
If the above reasoning is accepted this implies that the spacing between the transverse
backing bundles constitutes an important property of the specimens and may be imperative to the fatigue life performance of the specimens and consequently the material from
which the specimens originate.

A.6 Conclusion
A set of of relatively simple modiﬁcations to a standard method of testing ﬂexural properties have been proposed. The resulting test equipment have been shown to provide
consistent test results. A numerical integration scheme have been applied both as means
of analysing the inﬂuence of frictional forces in the test method as well as to provide accurate measures of stress levels in the test method.
The consistency and relative ease of use of the test method provides a solid stepping
stone for using the test method in further research into the damage mechanisms that govern the fatigue life performance of non-crimp fabric composites subjected to cyclic bending loads.
The tested material specimens are clearly affected by the ﬁbre architecture of the noncrimp fabric from which it is produced. The pattern and spacing between the transverse
backing bundles constitutes a special area of interest moving forward. The need for a
thorough investigation into why the transverse backing bundles in the material, which
carries much less load and constitutes a much lower volume fraction of the than the load
carrying bundles, have such a high impact on fatigue life is duly noted.
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Abstract
Free-edge effects in ﬁbre reinforced composites can produce premature damage
at the composite edges due to mechanical, geometrical and hygro-thermal effects. Observation of damage on the free-edge of a composite plate is therefore different than
what can be observed inside the material. The amount of individually broken ﬁbres
in a composite is counted by observing a test specimen with a polished edge and by
cutting test specimens to observe damage inside the material. The amount of damage
observed on a polished edge is found to greatly exceed that which is observed inside
test specimens subjected to the same testing conditions. It is shown that the progression of important damage mechanisms can be observed on polished edges, but also
that invalid damage mechanisms may be observed using free-edge microscopy.

B.1 Introduction
Microscopy is a powerful tool for visual examination of different aspects of Fibre Reinforced Composites (FRC). Fibre architecture [1]–[3], manufacturing defects [4], and damage features such as matrix cracks [5], matrix-ﬁbre debonding [6] [7], delaminations, [8]
and ﬁbre breaks [9]–[11] can be inspected with microscopy with relatively low levels of
magniﬁcations. A commonly applied method used to inspect how damage evolves in
FRC’s is to observe the damage that develops on a polished edge or a polished surface
of a composite laminate. These observations are commonly performed by interrupting
mechanical tests during incremental static or cyclic loading, and then observing damage
on the free polished edge or surface with a microscope before resuming the test. The mechanical test of a specimen is often interrupted several times, at pre-determined intervals,
to observe edge or surface damage as it progresses during the static or fatigue loading.
Many examples of these types of interrupted tests are available in the literature, and observations are either made on the in-plane surface of the composite material [6], [11]–[13]
or on machined and polished edges of the composite material [1], [8], [14]–[19]. While observations made on surfaces and edges may provide valuable insight into the damage and
failure mechanism of composites, there is great chance that such results are inﬂuenced by
mechanical edge-effects [20]–[22], which may cause premature damage initiation [20]. In
addition to the existence of the mechanical effect that increases the severity of the load
on a free edge, the polishing of a composite edge or surface may also produce effects that
damage ﬁbres on a micro-scale level. Fibres that lie in the same plane as the plane of observation are essentially polished such that their cross-sections become non-circular, which
reduces their fracture resistance. Castro et al. [11] used a polished surface to quantify the
number of broken ﬁbres of a uni-directional (UD) glass-ﬁbre composite. The study monitored ﬁbre damage evolution during cyclic tension-tension fatigue experiments. Castro et
al. observed that damage occurred more frequently near the polymeric stitching thread of
the UD fabric, but also that breakage of ﬁbres occurred at isolated positions away from the
polymer thread, and away from clusters of other ﬁbre breaks. Observations made in this
study suggests that the occurrence of isolated ﬁbre breaks may partially be an effect of observing them on a ﬁnely polished edge, on which a part of their original cross-section has
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been abrasively removed. Other effects, such as moisture, may also contribute to edgeeffects since samples are often cleaned with alcohol-solutions prior to obtaining micrographs. Understanding the validity of observations made using microscopy is important
for future research. The studies mentioned above should not be rendered invalid for using
edges or surfaces for observation, yet there exists a need for knowledge of how observed
damage on free-edge microscopy samples compares to microscopy observations of planes
situated internally in the composite material of interest.
Another common challenge for microscopy examination of composite damage is to
evaluate an area large enough to be representative for the material while retaining a level
of magniﬁcation that reveals the micro-scale features that originally prompted the need
for using a microscope. Most of the works mentioned above [1]-[13] limits the analysis to
only include a single level of magniﬁcation and presents areas of interest without veriﬁcation of how representative the given area is. Microscopy analysis such as those made
by Edgren et. al [16] or Marsden [15] only allows observation of relatively1 large intrabundle off-axis matrix cracks, disallowing analysis of damage types that are physically smaller.
Findings made by Zangenberg et al [3] and Jespersen et al [23] suggest that stiffness degradation in UD non-crimp fabric composites are also affected by breakage of longitudinally
oriented ﬁbres, especially in areas near off-axis bundles with intrabundle matrix cracks.
Zangenberg [3] and Jespersen [23] further suggests that ﬁbre breaks in quasi-UD noncrimp fabrics are often related to transverse backing bundles. Observations of broken
ﬁbres with diameters of Ø10-Ø20 µm require levels of magniﬁcation that generally create
ﬁelds of views that no longer covers areas large enough to include the structure of transverse ﬁbre bundles, and can no longer be seen as representative for the damage state of
the entire composite material.
Fatigue damage in composites is inherently a multi-scale phenomenon [10], and as
such the methods that are used to observe how fatigue damage evolves must also have a
modality that allows observations on all relevant scales of damage. Fatigue damage observations must furthermore come from planes of observation that are not inﬂuenced by unwanted effects, including edge-effects which are always present at free edges of composite
laminates. This paper will present detailed microscopy observations over large ﬁelds of
view in order to obtain data that is both representative and quantiﬁable. The Large Field
of View (LFoV) microscopy method will provide images that cover areas from 36 mm2 to
roughly 100 mm2 , while allowing observation of micro-scale features such as broken ﬁbres
with diameters less than Ø20 µm. Two methods of microscopy observations denoted as
the edge observation method and the internal observation method, respectively - are applied to measure the amount of damage sustained by bending specimens during testing.
The data shows that observations made on polished edges can provide qualitative insight
into important damage mechanisms, but also that the quantitative data from polished
edges exaggerate the amount of damage that exists internally in the composite material.
The data created for this work is available on-line in accordance with the FAIR Guiding
1 Relative size compared to single ﬁbre diameter
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Principles for scientiﬁc data management [24]. The data is available through two Zenodo
2
data sets; One for the internal observation micrographs [25] and one for the edge observation micrographs [26].

B.2

Methodology and Materials

B.2.1 Materials, Testing and Specimen Treatment
The composite material observed in this work was fabricated using a uni-directional noncrimp fabric, also sometimes denoted quasi-uni-directional fabric [27], made from basalt
ﬁbres. In the context of non-crimp fabrics the designation of a uni-directional fabric
embodies fabrics where there is a dominant direction (the 0◦ direction) of ﬁbre bundles
stitched to off-axis bundles with thermoplastic polymeric thread [28], and in general the ﬁbre bundles in 0◦ -direction have higher tex-values than the off-axis bundles.3 . Non-crimp
fabrics are generally described by the area weight of the ﬁbre bundles and the off-axis, and
g
for the speciﬁc material used in this study the area weight of the 0◦ ﬁbres are 357 m2 and
g
50 m2 for the 90◦ off axis bundles. The composite laminate was made with a symmetric
stacking sequence [0◦ ]5s where side of the fabric with backing bundles facing outwards
from the center plane. This resulted a plate with average thickness of 3.61 mm.
The microscopy specimens described in the results sections are tested using the ﬂexural fatigue testing method performed by Mortensen [29] with rectangular specimens cut
from the plate material described above. The test campaign applied a modiﬁed 4-point
bending test ﬁxture subjecting rectangular (180 mm by 20 mm by 3.6 mm) specimens to
cyclic bending loads with a load ratio of R = 0.1 at a frequency of 5 Hz. The applied 4point bending ﬁxture creates a loading area with constant bending moment, and no shear
force, over the length of the gauge area. The gauge area for the specimens are deﬁned as
the length span between the load rollers of the ﬁxture as shown in Figure B.3a. The testing methods produced consistent S-N curves - as shown in Figure C.3 - and consistent
damage in the the gauge area of the specimens [29]. When subjecting a cross-section to
bending loads the stress level in the material varies linearly from being zero at the center
of the cross-section, to reaching a maximum at the outer surface of the cross-section. For
all micrographs and sub-images of micrographs shown in this paper the loading magnitude in the gauge area corresponds to exerting a maximum normal stress level of 325 MPa
on the top and bottom surface. Figure C.3 shows the S-N curve for the tests conducted by
Mortensen [29] (marked by gray triangles ) showing that the stress level of 325 MPa is expected to cause failure of the microscopy samples after roughly 1 million load cycles. The
blue
and red
points shows the point at which the tests have been stopped or interrupted for microscopy observations. Each red triangle (
) represents observations
made on the edge of the same specimen after different amount sustained load cycles. The
2 An open-access repository under the OpenAIRE program and operated by CERN
3 Linear Density measure of g
km
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blue square points (
cycles.

) each represents one of 9 specimens tested to a ﬁxed amount of
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Figure B.1: S-N curve with data from tests performed by Mortensen [29]. Points tests plotted for
interruptions of the edge observation test specimen and for the stopped internal observation tests.

B.2.2

Microscopy Methodology

The Large Field of View (LFoV) microscopy images were acquired using a Leica DMI5000
with an xy-stage able to capture micrographs in a grid format. The requirement for the
level of observable details was determined by the microscale damage phenomena caused
by testing of the specimens. It was found that no more than a 20 times magniﬁcation was
needed in order to observe key damage features such as ﬁbre breakage and debonding
between ﬁbre and matrix. Examples of ﬁbre break and debonded ﬁbre, caused by fatigue
loading, is showcased in Figure B.2. The average diameter of the ﬁbres are 17 µm, meaning that the 0.29 µm/pixel resolution of the images allows the width of the ﬁbres to be
resolved into roughly 60 pixels.
The images captured with the microscope have resolution of 1536 by 2048 pixels, meaning
that with a spatial pixel-resolution of 0.29 µm/pixel each image covers covers 0.45 mm by
0.59 mm. To cover 100 mm2 with 20 percent overlap on all sides of the images requires
700-800 images. The xy-stage of the microscope allowed the images to be obtained auto-
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matically using a focus-mapping technique to account for the observation plane not being
perfectly ﬂat.
Stiching LFoV micrographs requires a number of advanced image processing steps, including accurately predicting the translation from one sub-image to another. For this work
a MatLab script for image stitching was made instead of using commercially available software, as none of these gave satisfactory results in sufﬁciently automated work-ﬂows. The
MatLab script allowed for easy use of position data from the microscope as well as implementation of several custom image processing steps. Notable details required in the
implementation are listed below.

1. Correction of uneven background lighting using image normalization process describe by Chow et. al [30] was applied before feature registration.
2. Usage of both SURF features [31] and Harris features[32] for image registration was
found to work best for the speciﬁc microscopy images of this work. Compared to
other types of feature detectors these provided most true pair matching with relatively few false positives.
3. Removal of false positives in feature matching by ﬁnding statistical outliers of the
predicted image movement.

The stitch LFoV micrographs are available through Zenodo for both the edge observation LFoV micrographs [26] and the internal observation LFoV micrographs [25].

(a) Transverse and Longitudinal Fibre Debond

(b) Fibre breaks and transverse matrix cracks.

Figure B.2: Visible details at the desired level of magniﬁcation observed using the internal observation method.
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(a) The Edge observation method

(b) The Internal observation method

Figure B.3: Sketches of the plane of observation of the Edge observation method and the Internal
observation method.

B.2.3

Edge damage observation and cut-out pieces for
internal damage observations

The LFoV microscopy technique was used to observed fatigue damage in the composite
materials by two methods that will be shown to provide quantiﬁable different results. The
ﬁrst method - which shall henceforth be denoted as the Edge observation method was
composed of polishing an edge of a test specimen, capturing LFoV micrograph before any
testing were performed, then subjecting the specimen to 1000 loading cycles and then
capturing a new LFoV micrograph of the same area. Repeated testing and capture of LFoV
micrographs were performed until the specimen had lasted 1 Mill. loading cycles. The
amount of load cycles between capturing each LFoV micrograph was increased to 5,000
cycles interval after reaching 15,000 cycles, and further to intervals of 25,000 after reaching
45,000 cycles and ﬁnally to 250,000 after reaching 225,000 cycles. The area observed using
this method was roughly 10 mm long by 3.6 mm thickness (ie. roughly 36 mm2 observation plane) as shown in Figure B.3a.
The other method, which will henceforth be denoted as the Internal observation method,
is sketched in Figure B.3b. The internal observation method consisted of stopping testing
of a specimen, cutting out ﬁve 4 longitudinal pieces of the gauge area of the specimen and
casting them in resin for polishing and microscopy of damage sustained internally in the
composite material. The pieces were 4 mm wide and 28 mm long while retaining the total
thickness of 3.6 mm. The resulting 4 planes of observation are symmetrically off-set from
the width center by positions 3.5 mm (two planes) and 7.5 mm (two planes). A total of 9
4 Only four of the pieces were mounted for microscopy, while the centerpiece were retained for other purposes.
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full bending specimens were tested and cut into pieces, after 2,500 , 5,000, 10,000 , 25,000
, 50,000 100,000 , 250,000 , 500,000 and 1 million load cycles, respectively. The points at
which the tests where stopped are marked (blue
) in Figure C.3. In total 36 LFoV micrographs, each covering 3.6 mm by 28 mm and made up from stitching 700-800 images
together, were captured using the internal observation method.
The Edge observation method is advantageous because the same damage - ie. crack,
debonding or ﬁbre break evolution - can be followed throughout the load history of a specimen. The specimen may, however, be affected by free-edge effects - both in terms of mechanical planar stress effects, environmental effects such as moisture uptake and abrasive
damage from surface polishing. The internal observation method on the other hand are
free of these uncertainties as the plane of observation are inside the material, but requires
far more effort to get the same amount LFoV micrographs. X-ray microtomography encompass the advantageous of both methods, but the relatively low resolution and the time
needed to create a 3D-volume image effectively limits the ﬁeld of view to be lower than
anything that can be considered representative with respect to non-crimp fabric composites.
The plane of observation for all LFoV micrographs obtained in this study was oriented
such that bottom of the image contains the area where the maximum tensile load prevailed in the specimen, while the top of the image contains the area where the maximum
compressive load prevailed. Due to the nature of the bending load the middle, between
top and bottom, of the image is where the stress transitions from compressive to tensile
and the normal stress is zero.

B.3

Results

B.3.1 Large Field of View Images
Table B.1: Overview of relative size and magniﬁcationa of the sequentially cropped sub-images
shown in Figure B.4.
Designation
A
B
C
D
E-1
E-2
E-3

True image Size
Width
Length
28.72 mm 4.06 mm
4.27 mm
2.88 mm
1.74 mm
1.13 mm
0.97 mm
0.20 mm
0.05 mm

0.05 mm

Pixel Resolution
Width Height
98764
13957
14688
9888
5999
3873
3328
685
181

181

Magnifaction

Percent of orignal Image

5.6
16.9
43.6
164.3

100.0
10.54
1.67
0.17

911.8

0.002

Figure B.4 shows an overview of the characteristics of a LFoV microscope image produced by the internal observation method, as well as the level of observable detail in a
LFoV microscope image. The shown images are from a specimen tested with 10,000 cycles with a loading of 325 MPa at the specimen surfaces. Image A in Figure B.4 depicts the
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28 mm
3.7 mm
A

1.7 mm

4.3 mm

1.1 mm

2.9 mm

C

B

1.0 mm
0.2 mm
D

E-1

E-2

E-3

Figure B.4: Sequential Magniﬁcation of LFoV micrograph based on the internal observation method
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full extent of a LFoV micrograph measuring a total of 28.7 mm by 4.1 mm5 . Image B is
a cropped area of image A, image C is a cropped area of image B and so forth. True and
relative size, as well as relative magniﬁcation for each sub-image, is presented in Table B.1.
Image C in Figure B.4 is the largest image that allows a level of detail where discernible
features are visible. The bright white patches in image C are generally a sign of debonding
of longitudinal ﬁbres, and a careful inspection of image C will also reveal that the white
patches are positioned in the immediate vicinity of areas with transverse bundles. As a
more general statement, it should be noted that ﬁbre breaks always occur near transverse
ﬁbre bundles that contain intrabundle matrix cracks, though this statement only holds for
all LFoV micrographs captured with the internal method of observation. The transverse
ﬁbre bundles in image C do in fact contain transverse matrix cracks, this feature is emphasized in image D along with the white patches. In the left side of image D two distinct
transverse matrix cracks are visible, but in the middle and to the right side of the image
three more cracks are vaguely discernible in the image. Three features from image D are
highlighted in images E-1 to E-3 which are all the same size, each covering only 0.002 percent of the original full LFoV micrograph. Image E-1 highlights a part of a transverse crack
that is heavily inﬂuenced by the placement of the adjacent transverse ﬁbres. Image E-2
displays both the interaction of a transverse intra-bundle matrix crack with the debonding of a longitudinal ﬁbre. Image E-3 shows white patches, which is a sign of debonding
immediately below the plane of observation, and several ﬁbre breaks. Matrix cracks, ﬁbre debonding, and ﬁbre breakage as those shown in Images E-1 to E-3, are the damage
features that are most commonly observed using the internal observation method.

B.3.2

Qualitative observations

The edge observation method, in which the same area of roughly 36 mm2 is observed in between fatigue loading cycles, allows for following an area of damage progression in order
to make a qualitative assessment of the damage mechanism(s) in the material. The edge
observation images shown in Figure B.5 shows the progression of the damage mechanism
of transverse matrix cracking leading to ﬁbre breaks over an area of of 0.81 mm by 0.77
mm (ie. 0.63 mm2 ). The images are sub-images extracted near the tensionally loaded surface, which can be observed near the bottom of the LFoV micrographs. In Figure B.5a the
ﬁrst ﬁbre breaks occur near the transverse matrix cracks that are formed in the transverse
backing bundle. The cracks are formed perpendicular to the tensile loading direction, and
must as such be mode I cracks. The mode I crack in the bottom left of Figure B.5a deﬂects
as it reaches the longitudinal ﬁbres, then then propagates by debonding along the nearest
longitudinal ﬁbre which eventually leads to the breakage of said ﬁbre, which followingly
causes debonding along the neighbouring longitudinal ﬁbre, which also breaks. These
ﬁrst ﬁbre breaks, shown in Figure B.5a, occur after only 1000 loading cycles and are consistent with the idea of ﬁbre breaks occurring near transverse matrix cracks that exist in
the transverse ﬁbre bundles. The white patches near the ﬁbre breaks are indications of
5 The Observed plane of the composite is 3.6 mm by 28 mm. The image size is larger in order to get the full
piece into the LFoV area.
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100 µm

100 µm

(a) 1000 Cycles

(b) 3000 Cycles

(c) 5000 Cycles

(d) 15000 Cycles

(e) 75000 Cycles

(f ) 225000 Cycles

Figure B.5: Progression of damage for the edge observation method from 1,000 cycles to 225,000.
The image is taken close to the tension surface, where the highest tensional loads exist.
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(a) The internal observation method (100,000 load cycles)

(b) The Edge observation method (95,000 load cycles)

Figure B.6: Fibre breaks and transverse matrix bundles for the two methods of microscopy observation. Fibre break damage is marked with red spots. Both images covers the same
physical area, and are taken at similar points in the fatigue life of the specimens.
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debonding immediately underneath the observed surface. The damage shown in Figure
B.5b includes the progression of the damage shown in Figure B.5a where the ﬁbre break,
in the bottom left near the transverse ﬁbre bundle, has caused debonding and breakage
of the adjacent longitudinal ﬁbre. Figure B.5b also includes a sequence of ﬁbre breaks
initiated from a mode I crack that originates from the polymeric thread used to sow together the longitudinal and transverse bundles of basalt ﬁbres. While ﬁbre break damage
that originates from bundles of polymeric thread has only been observed in this one case,
the example is included in order to generalize the dominant damage mechanism: Fibre
breaks generally occur near mode I cracks. The reason that ﬁbre breaks generally occur
near the transverse backing bundles is that mode I cracks most frequently occur inside
the transverse backing bundles. The ﬁbre break sequence originating from the polymeric
thread is also a clear example of how the damage progresses once longitudinal ﬁbres break.
Inspecting the damage progression from 3000 cycles (Figure B.5b) to 5000 cycles (Figure
B.5c) and then ﬁnally to 15000 cycles (Figure B.5d) shows how debonding near a broken ﬁbre is transferred to an adjacent ﬁbre, which then breaks in a new place in the longitudinal
direction after a certain length of debonding. This mechanism, where ﬁbre breaks are initiated from mode I cracks and damage progresses as series of subsequent ﬁbre debonding
and ﬁbre breakage is consistent with the damage mechanism proposed by Zangenberg [3]
and observed through micro tomography by Jespersen et al. [27] [28]. After 15000 cycles
(Figure B.5d) ﬁbre breaks are frequently appearing in areas that are not linked to transverse bundles. This trend is only present in the images captured for the edge observations.
In the observations made using the internal observation method the ﬁbre break damage
does not occur in positions isolated from damage regions that originated from transverse
backing bundles.
Figure B.6 shows two sub-images, one from the internal observation method and one
from the edge observation method, that are of the exact same size, and extracted from
similar locations with similar structures - ie. a transverse backing bundle near the surface
and ﬁbre breaks in the longitudinal ﬁbre bundles. There are two distinct differences between Figure B.6a and Figure B.6b; the ﬁrst is that there is a signiﬁcantly greater number
of ﬁbre breaks (marked by red dots) in Figure B.6b than in Figure B.6a. The other notable difference is that in Figure B.6b the ﬁbre breaks are scattered all over the area where
there are longitudinal ﬁbres, while in Figure B.6a the ﬁbre breaks are all positioned close
to each other in a cluster that lies close to a transverse ﬁbre bundle. The crack openings in
the transverse bundles in Figure B.6b is slightly more severe than the cracks of the transverse bundle in Figure B.6a, which is a possible explanation for the increased number of
ﬁbre breaks. In general, it was observed that transverse cracks in the edge observation
specimens were more open, especially in bundles close to the tension surface, than the
transverse cracks in the internal observation specimens. Furthermore, the more severe
damage state in the transverse bundles observed with the edge observation method does
not explain the isolated positions of the ﬁbre breaks, and is thus not a comprehensive
explanation for the signiﬁcantly higher number of ﬁbre breaks observed using the edge
observation method. The position of the ﬁbre breaks observed for the internal observation method is generally in compliance with observations made by Jespersen et al. [27]
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and the general damage mechanism observed and postulated by Zangenberg et al. [3].
As an intrinsic property of the bending loads imposed on the test specimens only half
of the observed areas of the LFoV micrographs have been subjected to linearly varying tensile load, while the other half have been subjected linearly varying compressive loads. As
a property of this loading situation, the described damage mechanism can not be present
in the half of the specimen that have been subject to compressive loading, as this damage
mechanism relies on mode I cracks which do not occur under compressive loading. This
assertion ﬁts with only a single observation of a broken ﬁbre in a compressively loaded
are through all the LFoV micrographs captured with the internal observation method. For
the edge observation method this assertion does not hold as a small, but not insigniﬁcant, number of ﬁbre breaks were observed in areas of the micrograph where compressive
stresses must have prevailed.

B.3.3

Quantitative observations

The qualitative observations indicate that a signiﬁcantly larger number of ﬁbre breaks are
present at the specimen edges than inside the material. The stiffness degradation of the
material is related to damage sustained in the material, which includes transverse matrix
cracks and ﬁbre breaks. In most composites, with signiﬁcant amounts of off-axis ﬁbres,
the main cause of stiffness degradation is transverse cracks. This is especially true for
cross-ply laminates, but does not hold for composites based on quasi-UD non-crimp fabrics, such as the material tested in this work. The stiffness degradation caused by transverse cracks are limited for quasi-UD composites. Zangenberg [3] showed that, for composite materials made from quasi-UD non-crimp fabrics, the stiffness loss from cracks
in transverse backing bundles could account for only a very small part of the stiffness
degradation. Zangenberg [3] further documented that the stiffness loss in fatigue loading
of quasi-UD non-crimp fabric composites is directly related to ﬁbre breaks in the loadcarrying axial ﬁbre bundles. The current material can also be classiﬁed as a quasi-UD
non-crimp fabric composite, however, it is made with a fabric with a relatively higher
amount of backing bundles than the one investigated by Zangenberg [3]. Replicating the
stiffness model used by Zangenberg [3] for the fabric used in this study indicate that the
loss in axial stiffness can not amount to more than 1.55 % of the original stiffness, under
the assumption that the load carrying capability of the transverse bundles is completely
lost. The degradation of the material stiffness after 250,000 load cycles amounts to approximately 3-4 %, which means that it is reasonable to assume that both the transverse cracks
and the ﬁbre breaks contribute to the stiffness loss. Fibre breaks are furthermore a distinct
and countable feature in the LFoV micrographs, whereas the transverse cracks are more
difﬁcult to quantify. These properties make ﬁbre breaks a reasonable feature for quantiﬁcation of damage magnitude in the LFoV captured with both the edge observation method
and the internal observation method. Because the transverse cracks have more variation,
in terms of discrete counting, than the ﬁbre breaks, the quantitative observations will be
based on counted ﬁbre breaks rather than transverse cracks. It must, however, be noted
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that the ﬁbre breaks can not be regarded as the sole cause for stiffness degradation in the
material, as there is also a signiﬁcant contribution from the transverse cracks.
Figure C.15 shows the apparent stiffness loss of the edge polished specimen and the
specimens tested and then cut out to use for the internal observation method. The stiffness loss is here deﬁned as the loss in normalized stiffness modulus. The normalized
stiffness modulus is the instantaneous stiffness E modulus over the stiffness modulus
recorded during the ﬁrst 100 loading cycles E0 . The stiffness loss for the two methods
are similar for the ﬁrst 250,000 cycles. The stiffness loss for the edge observation specimen is 3.2 % after 225,000 cycles. For the internal observation specimen stopped after
250,000 cycles the recorded stiffness loss was 3.9 %. After 250,000 cycles there is a signiﬁcant stiffness drop for both types of specimens, which could be a result of a new damage
type appearing at this stage of the fatigue life. Consequently the quantitative analysis of
the number of ﬁbre breaks will be performed for data collected in this load cycle range.
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Figure B.7: The loss in normalized stiffness EE plotted as a function of the number of sustained load0
ing cycles. Internal observations are measures from independent test specimens. Edge
observation are measurement from the same specimen at each point of microscopy
analysis.

The higher number of ﬁbre breaks in the edge observation specimens compared to the
internal observation specimens can be visualized by plotting the quantiﬁed ﬁbre breaks
against the number of applied loading cycles. Figure C.14 shows a signiﬁcant difference
in the number of observed ﬁbre breaks found using the edge method compared to the
internal method. The signiﬁcantly greater number of ﬁbre breaks observed on the edge of
the specimen is consistent with the qualitative observations, though the relative number
of ﬁbre breaks observed on the edge compared to the number of ﬁbre breaks observed
internally in the material is more extreme than anticipated.
In quasi-UD non-crimp fabric, where ﬁbre breaks can not be disregarded in relation
to the material stiffness degradation [28], an analysis based on edge observations would
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Figure B.8: The number of manually counted ﬁbre breaks plotted as a function of the number of
sustained loading cycles.

greatly underestimate the inﬂuence of ﬁbre breaks on the loss of material stiffness. To estimate how greatly the effect of ﬁbre breaks would be underestimated it is useful to see
the relation between ﬁbre breaks and stiffness loss, even though the stiffness degradation
is also affected by transverse cracking in the transverse ﬁbre bundle. This information is
depicted in Figure B.9, where the upper graph show how many ﬁbre breaks occur for a
normalized ﬂexural stiffness loss. The upper graph contains data for both the edge ﬁbre
breaks and the internal ﬁbre breaks, while the lower graph details the data for the internal
ﬁbre breaks. The ﬁlled circles show the mean number of ﬁbre breaks pr. area over each
of the 4 planes of observation available from each of the 9 specimens, while the empty
circles show the mean value for each individual plane of observation. Though both methods show a linear relation between the loss of ﬂexural stiffness and the quantity of ﬁbre
breaks, the trend for the edge method is > 200 times higher than for the internal observation method. The number of ﬁbre breaks observed on the edge of the specimen obviously
overstate the actual number of ﬁbre breaks in the specimen. The internal observation
method provides a far more accurate representation of the number of ﬁbre breaks in the
material.

B.4

Discussion & Conclusion

B.4.1 Discussion
The presented results provides information and knowledge regarding the methodologies
- the edge observation and the internal observation microscopy methods - applied in this
study, but also qualitative and quantitative information about the damage mechanism
that causes stiffness degradation in non-crimp fabric composites due to bending loads.
The quantitative data have shown that the amount of damage observed on a polished edge
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Figure B.9: The number of ﬁbre breaks related to the loss in normalized stiffness EE . Fibre breaks
0
are only partly responsible for the loss in material stiffness.

of a test specimen is likely to be excessive compared to what exists inside the material. It
is reasonable to believe that the damage mechanism presented in Figure B.5 is generally
valid because the described damage progression is consistent with observations made inside the material - ie. the observed ﬁbre breaks occur near transverse bundles with mode
I cracks. In contrast, the isolated ﬁbre breaks observed on the material edge are rarely
observed inside the material and can as such be assumed to be a product of what is commonly denoted in the literature as edge effects or free-edge effects. In the context of the
current experiment, the term edge effects should be understood in the broadest sense of
the expression such that it includes mechanical free-edge effects, see e.g. [21] [22], as well
as environmental factors such as hygro-thermal effects.
In terms of hygro-thermal loading a main source of concern is the washing of the
polished side of the observed specimen: In order to avoid smudge and debris, which inevitably intrudes the polished surface during testing of the specimen, the specimen was
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cleaned using water and ethanol before LFoV microscopy images were captured. The
cleaning procedure is necessary to avoid debris on the microscopy sample, though it may
be part of the observed edge effect. It is, however, important to note that the specimen was
cleaned multiple times before subjecting it to any mechanical load, and no ﬁbre break
damage or debonding damage was observed in the LFoV microscopy obtained after the
cleaning and before testing. and as such the effect must be a second-order effect. However, the relatively short exposure to water followed by a signiﬁcantly larger amount of
time spent in laboratory condition is expected to have signiﬁcantly reduced any effect
that could otherwise promote mechanical damage at the edge of the specimen. Furthermore, while moisture uptake in composites generally produces internal stresses [33], most
composite materials, including the one investigated in this study, are affected by thermally
induced residual stresses from the curing procedure which are relieved to some extent by
moisture uptake [34]. Thus a small amount of moisture uptake at the polished edge could
relieve some residual stresses, and thereby lower the effect of moisture. It should also be
noted that the specimens made for the internal observation method have been cleaned
multiple times with the same procedure and no additional damage have been observed in
those specimens as a direct implication of the cleaning. With respect to the edge polishing,
it is also worth considering that the ﬁnely polished surface - 1 µm grains were used at the
ﬁnest level - are made up by ﬁbres that have in essence been cut in half by the polishing,
which may signiﬁcantly reduce their resistance to breakage. While this effect of polishing
away signiﬁcant portions of ﬁbres located on the surface is not relevant for microscopy
observations mostly focussed on matrix cracks (e.g. [16] [35] [14] [19]), there are several
studies in the literature where it remains a valid concern (e.g. [11] [6] [13]).
The results show that quantifying the damage observed on a polished edge would
greatly overestimate how much damage is necessary for a given stiffness degradation of
the material and hence overestimate the damage tolerance of the material. The governing
damage mechanism, where mode I cracks in transverse ﬁbre bundles lead to ﬁbre breaks,
are, however, present in both the images captured on the polished edge of the material,
but also the observations made inside the material. As such, there is good reason to believe that the observations made in relation to this damage mechanism are qualitatively
sound. It is, however, only because the edge observations have been compared with the
internal observations that it is reasonable to conclude that the damage mechanism is generally valid. Though observations made on polished edges or surface are common in the
literature[1], [6], [8], [11]–[17], validation by microscopy observation inside the same material is a rare occurrence.

B.4.2

Conclusion

In the current study, a large quantity of large ﬁeld of view micrographs, spanning over
representative areas, has been examined qualitatively and quantitatively. Two different
methodologies have been applied. Signiﬁcantly different quantitative results have been
presented for observations made inside the material compared to edge observations. The
difference between the results observed on a polished edge of a specimen compared to
observations made inside the material are caused by a free-edge effect.
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The most signiﬁcant qualitative observations made on the edge surface are consistent
with those made inside the material. The speciﬁc observation is a damage mechanism
where intrabundle matrix cracks in transverse backing bundles interact with load carrying longitudinal ﬁbres. The longitudinal ﬁbres near matrix cracks suffer ﬁrst from some
degree of debonding, and subsequently from brittle failure of the ﬁbre itself. Once the
ﬁbre closest to the transverse ﬁbre bundle has failed it causes debonding of adjacent ﬁbres, which then also fractures and then continues the pattern. This failure mechanism is
consistent with observations made by Zangenberg et al [3] and Jespersen et. al [23] [28],
and have been validated in this very study by LFoV micrograph observations made inside
the material. Further validation of the damage mechanism using the relative position of
the quantiﬁed ﬁbre breaks with respect to the transverse bundles will be investigated in a
future work [36].
Generally it can be stated that; Damage observed on a polished surface of a specimen
subjected to cyclic mechanical load are inﬂuenced by a free-edge effect, such that the
amount of observed damage far exceeds the damage inside the material. Furthermore,
it can be stated that; Edge observation studies may be applied to qualitatively asses the
development of a damage mechanism over the fatigue life of a specimen, though caution
must be taken as the extent of the damage is greater than that which may be found inside
the observed sample.
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C.1 Introduction
Cyclic loading is a common cause of failure for ﬁbre reinforced composites, yet the contemporary state of fatigue life predictions are based on phenomenological models that
neglect key properties of the composite materials to which they are applied. A common
type of reinforcement fabrics for wind turbine blades are quasi-unidirectional (UD) noncrimp fabrics which consist of combining a primary part of aligned ﬁbre bundles - also
sometimes called rovings - sown together with a set of smaller off-axis ﬁbre rovings. The
orientation, angle and amount of off-axis bundles in these quasi-UD composites can vary
endlessly. This means that a new ﬁt of phenomenological models are required for every
new type of fabric, resulting in a need for costly fatigue testing every time a new fabric
is used in production. In order to move away from phenomenological models towards
mechanism based models, the micro-, meso- and macroscale damage mechanism must
be observed and understood through experiments. Modern day methods of Large-Fieldof-View microscopy can enable such observations and assessments of damage mechanism.
Stiffness degradation is directly linked to the development of cracks and ﬁbre breaks
inside the composite material. For cross-ply laminates researchers have reported links
between fatigue damage and transverse matrix cracks [1] [2] [3] when testing in tensiontension fatigue. In uni-directional non-crimp fabric, the occurrence of transverse matrix
cracking is also present, but simple rule-of-mixture calculations show that the stiffness
loss in fatigue tested material cannot be accounted for by this mechanism alone [4] [5].
The nature of fatigue damage in composites is an inherently multiscale phenomenon [1],
and even for small scale coupon testing the damage that causes fatigue can be observed
on several scales within the composite material. Delamination between layers and transverse matrix cracking of cross-ply layers can scale several millimetres, yet stiffness degradation can also be a product of debonding and fracture of individual ﬁbres. The scale of
concern in the latter of the mentioned damage mechanisms is in the order of 1-100 µm.
Furthermore, the position and frequency at which fatigue damage occurs may be strongly
inﬂuenced by parameters of the ﬁbre architecture - including ﬁbre bundle tex values, bundle misalignment, angle of transverse bundles, local ﬁbre volume fraction, etc. - which is
classiﬁed by the fabric type and composite lay-up.
Recent studies by Jespersen et al. [6] [7] with X-ray micro-tomography have shown
that damage in the longitudinal bundles of non-crimp glass ﬁbre fabrics often occur in the
vicinity of off-axis backing bundles. The observations made in these studied indicated that
transverse matrix cracking could trigger the initiation of ﬁbre breaks in the load carrying
bundles even though transverse matrix cracking was only rarely observed in the images.
Jespersen et al. [8] also showed that the X-ray scanned material did have a signiﬁcant
amount of transverse matrix cracks that were not visible in the X-ray imaging due to the
contrast and scale of the imagery. Almost all observations of damage in composite by the
use of some type of microscopy face this inherent compromise between having a large
ﬁeld of view and being able to observe relevant details.
An important implication of the work of Jespersen et al. [6]–[8] is that ﬁbre breakage in
load carrying bundles of GFRP is not governed by the variability of the strength of single
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ﬁbres, but rather a speciﬁc damage mechanism. In order to provide a quantiﬁable result
showing that ﬁbre breakage occurs near transverse bundles a method of microscopy, that
circumvents the compromise between details and ﬁeld of view, is applied. The method allows observation of detail on the scale of individual ﬁbre breaks over relatively large ﬁelds
of view.

The testing method applied in this work is based on a fatigue 4-point bending test
described by Mortensen [9]. The through-thickness stress variation caused by the bending loads allows microscopy specimens to contain areas where stress variation exists if
the plane of observation is large enough to extend over the entire thickness of the specimen. Most works on bending fatigue have either applied 3-point [10] [11] [12] or 4-point
[13] [14] [15] bending tests as the basis for their cyclic bending tests. Marsden et al. [15]
were successful in applying a 4-point bending test to investigate fatigue and matrix cracks
in thin carbon ﬁbre reinforced polymers (CFRP), even though they reported issues with
abrasive wear of the specimens. Marsden et al. reported crack densities, measured as the
length of transverse matrix cracks per area, in cross-ply CFRP but could not show any useful correlation to the stiffness degradation in the composites specimens.

The current study will deal with damages induced by cyclic bending loads of nine identical composite specimens that have been tested with the same load level, but subjected
to a varying number of loading cycles. The fatigue test has been stopped prior to failure of
the specimen. From each specimen, the central 28 mm of the gauge area was cut out and
further divided into ﬁve pieces by cuts along the (0◦ ) lengthwise axis. Four of those pieces
were cast into epoxy and polished for the Large-Field-of-View (LFoV) micrographs to be
obtained. The LFoV micrographs provided observations across the scales from macro to
micro-scale. The macro scale is here deﬁned as details and structures that can be observed by the human eye without optical enhancement, while the micro-scale are deﬁned
as features that require optical magniﬁcation through microscopy. Speciﬁcally for the application in this study, the extended ﬁeld of view created by LFoV micrographs is required
when relating observations of individual ﬁbre breakage in load carrying bundles and to
their positional occurrence in relation to transverse backing bundles. It requires a ﬁeld
of view where multiple transverse backing bundles are included, which could span more
than 1 mm, and level of details where the fracture of a single ﬁbre of 15 µm can be detected.

The LFoV micrographs produced in this work are available online in accordance with
the FAIR Guiding Principles for scientiﬁc data management and stewardship. The data are
published by Mortensen et al. [16].

Materials and testing procedures

C.2
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Materials and testing procedures

C.2.1 Composites made from uni-directional basalt fibre
non-crimp fabric
The composite material used in experiments in this work was manufactured from quasi
uni-directional non-crimp fabric made by basalt ﬁbres. The matrix is a commercially available bisphenol-A epoxy system. The non-crimp fabric consists of basalt ﬁbres arranged
g
with load carrying longitudinal bundles amounting to an area weight of 357 m2 in the 0◦
g
direction and off-axis bundles of 50 m2 in the 90◦ direction. The 90◦ orientation angle of
the off-axis will in the remainder of the article be referred to as the transverse direction,
and as such the off-axis bundles will be referred to as the transverse ﬁbre bundles. The
longitudinal and transverse bundles are stitched together with a thermoplastic polymeric
thread. The stacking sequence of the composite is [ 0◦ ]5s with the transverse bundles
pointing outwards from the center of the composite.

The composite stacking sequence of [ (90◦ ) / 0◦ ]5s will be the basis of how the layers
are denoted in the following, as half of the layers are geometrically placed in the part of
the specimen that is subjected to tensile loads while the other half is subjected to compressive loads. The layers will be given numbers from 1 to 5 with a prepended letter to
designate whether they are tensionally or compressively loaded. If the layer referred to is
in the upper part of the specimen where compressive stresses prevail a C will be used as
a preﬁx to the layer denotation, and if the layer is situated in the lower part where tensile
stresses prevail a preﬁx, T, will be prepended to the layer denotation. So the layer that is
most severely loaded by tensile stresses will be layer T1, while the layer that is subjected to
the highest level of compressive loading is layer C1. This enumeration is shown in Figure
C.1, where a schematic of how a typical through-thickness cross-section area of the noncrimp fabric composite looks like. The plane of observation displayed in the ﬁgure has
the same normal orientation as the orientation of the transverse bundles. The schematic
shown in Figure C.1 is also representative of the large scale visual of the LFoV micrographs.

The basalt ﬁbres used in the fabric have properties that are resemblant to those of
S-glass ﬁbres (albeit with a lower strain at failure), and as such the results and conclusions presented in this paper should generalize to glass ﬁbre reinforced polymers. Tensile
strength and tensile modulus for basalt ﬁbres are generally superior to E-glass ﬁbres and
comparable to S-glass ﬁbres [17][18][19], although basalt ﬁbres show greater variability
[20].
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Figure C.1: A schematic illustration of how the plane of observation of the 36 LFoV micrographs
looks like and how the respective layers are loaded by the normal stresses that are imposed by the bending moment.

C.2.2

4-point bending test

All test were conducted on an Instron electropulse E3000 with a ±5 kN load cell. The test
machine was ﬁtted with the four-point bending ﬁxture depicted in Fiugre C.2. Both the
support and load rollers ﬁtted on the four-point bend ﬁxture are Ø10 mm rollers mounted
on roller bearings for reduced friction. The support span of the test ﬁxture was L = 144
mm, with the load span set to 72 mm. With a specimen thickness of t ≈ 3.6 mm, the
resulting support-span-to-thickness ratio is 40:1. The relatively large span-to-thickness
ratio was applied to minimize effects of shear loading and possible abrasive on the specimens at contact points with rollers. Issues regarding friction from rollers and large deﬂection of specimens during testing are addressed in the work of Mortensen [9], and the
suggested method for correction in this work is applied to the testing results. Corrections
for large deﬂections are also available in the standards [21] and in works by Holmberg [22]
and by Vrooman & Ritter [23], both of which are consistent with the correction given by
Mortensen [9]. Problems with abrasive wear at the support and load rollers, as described
by Marsden et al. [15], were not observed. The issue of permanent deﬂection observed by
De Baere [24] were overcome by running the test in force control rather than displacement
control.
The fatigue resistance to bending loads of the basalt-epoxy composite was made out
from the semi-logarithmic S-N curve presented in Figure C.3. Each black square in the
graph represents a tested specimen, where the load level have been deﬁned as the maximum stress occurring in the specimen (ie. the stress level at the upper and lower surfaces).
All stress calculations was performed based on the procedure suggested by Mortensen [9]
with the assumptions of no friction [9]. The point of failure for a given test specimen have
been deﬁned in this study to be the point at which the specimen had lost 15 % of its original secant stiffness as deﬁned in the ASTM 790 standard [21].
The nine specimens that were prematurely stopped for microscopy observations are
marked by blue points in Figure C.3. The applied load for all of these tests was 960 N,
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Figure C.2: Image highlighting the modiﬁcations made to the test-rig in order to perform bending
fatigue experiments. Stop plates are made from teﬂon sheets. The diameter of the load
rollers are Ø10 mm where the rollers are in contact with the bending specimens. The
support rollers are also of diameter Ø10 mm. A detailed description of the test set-up is
availabe in Mortensen [9].

which translates into a maximum normal stress at the specimen surfaces of 325 MPa,
which means that the predicted failure should occur after approximately 1 Mill. load cycles. The amount of applied loading cycles for the interrupted test specimens were: 1 000,
2 500, 5 000, 10 000, 50 000, 100 000, 250 000, 500 000 and 1 000 000.
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Figure C.3: S-N curve for the bending fatigue of the Basalt/Epoxy material tested on the bending
equipment. The blue points represents the interrupted tests, and the labels near the
blue points indicate the number of cycles before premature stoppage og the test for microscopy observations.
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C.2.3

Large-Field-of-View Microscopy

The main tool used for recording and observing micro-scale damages in this study was
optical light microscopy. A Leica DMI5000-M microscope with a xy-stage capable of capturing images (micrographs) in an overlapping grid with a resolution of 0.29 µm/pixel.
Grids of 700-800 images were captured and stitched together to create images with resolutions in excess of 1 giga-pixel. These Large Field of View (LFoV) Micrographs provides
ultra high resolution images that allows for small details, such as single ﬁbre breaks, ﬁbre
debonding and micron scaled matrix cracks, to be observed over representative surface
covering roughly 100 mm2 . Image stitching was performed using a MatLab routine where
only rigid translations (ie. no distortion transforms) was applied on order to maintain the
0.29 µm/pixel resolution from the individual images to the stitched LFoV micrograph images.

28 mm
Centerline

1.4 mm

Figure C.4: Illustrations of an actual Large Field of View micrograph with detected transverse ﬁbre
bundles. The magniﬁed rectangle shows a detected bundle (the blue circles enclosed by
the black dashed line) and markings of nearby ﬁbre break (the red circles).

From each of these nine specimens that were subjected to the interrupted tests described in the previous a central piece of length 28 mm was cut out and further divided
incised into ﬁve pieces. A top view schematic of where the incisions were made are shown
in Figure C.5. Four of the pieces was mounted in epoxy and polished for LFoV microscopy,
while the last piece were retained for x-ray micro-tomography. The observed surfaces of
the LFoV micrographs were all chosen such that their normals where pointing in the direction of the width-center of the specimen. The surface area of each piece was roughly 3.6
mm times 28 mm, resulting in ∼100 mm2 . Figure C.4 illustrates the scale of the applied
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technique in terms of image size and physical size of one of the 3.6 mm by 2.8 mm samples
observed in this study. A total 36 LFoV micrographs of similar size as depicted in Figure
C.4 was acquired for LFoV microscopy, as four LFoV micrographs were made for each of
the nine different number of specimens tested for this. All images in this study are oriented in the length wise direction of the bending specimens, mean that the load carrying
ﬁbres runs vertically in the image, and the thickness of the material are oriented vertically
in the image. Furthermore, all LFoV micrographs shown and analyzed in this study have
been subjected to the same load level which corresponds to imposing 325 MPa of normal
stress at the surfaces away from the thickness center. Due to the bending loads applied
to the specimens all images have regions that have been subjected either exclusively to
tension or exclusively to compression. All images captured also follow a convention of
orienting the images such that the lower half of the LFoV micrograph are always the part
that have been subjected to tensional stresses, and the upper part is where compressive
stresses have prevailed. Using the notation of layers described in the materials section
(section C.2.1) means that the layers designation from the bottom to the top would be:
T1,T2,..,T5,C5,C4,..,C1 for all images shown in this paper. Figure C.1 shows a schematic
drawing of how the LFoV depicts the composite materials, how the load relates to the LFoV
and ﬁnally the layer notation used in the article.

Figure C.5: Schematic of cut-out pieces as they would be seen from a top-view of the full specimens.
The dashed lines are represents incisions, and the red dashed lines are speciﬁcally the
cuts that creates the surface planes used for observations using LFoV microscopy

C.2.4

Image processing for quantification of damage

An important use of the LFoV microscopy is quantiﬁcation of where, and how frequent,
ﬁbres in the longitudinal direction break. A software tool for manual annotation of ﬁbre
breaks and surface lines where built in the programming language Python1 . The transverse backing bundles in the LFoV micrographs are located using a circle detection algorithm combined with a density based clustering algorithm. The density based clustering
algorithm found clusters of ﬁbres with at least ﬁve ﬁbres where none of the ﬁbres were
further than 4 ﬁbre radii away from the closest adjacent ﬁbre. While the circle detection
1 Ver. 3.5, with the PyQt4 library.
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Figure C.6: Extracted sub-images that illustrates the method of processing the positional relation
between transverse backing bundles of ﬁbres and the breakages of individual load carrying ﬁbres. The blue circles are detected transverse ﬁbres, the black dashed line shows
the detected boundary of the transverse bundle. The red circles are areas of ﬁbre break
damage, and the green line represents the distance from broken ﬁbre to transverse bundle.

algorithm generally found a large number of false positives, almost all of the falsely detected transverse ﬁbres were eliminated as they generally failed to encompass the criteria
of the density based clustering. The boundaries of the transverse bundles where found
by creating a binary image of the detected ﬁbres, applying a image morphology operation
of ’closing’ on the image. The ﬁnal boundary of the bundles were then established as the
outer contour of the patches in the binary after the closing morphology. The result of this
procedure is shown in Figure C.6: blue circles represents the identiﬁed circular ﬁbres of
the transverse bundle and the black line around the bundle represents the contour that
encloses the transverse bundle. The red circles in Figure C.6 shows the position of manually recorded ﬁbre breaks, which in this case is positioned in a layer separate from the
transverse bundle that caused them. The layer separation is shown with the green opaque
dashed line. With information of both boundaries and positions of the transverse bundles,
as well as position of ﬁbre breaks the relative distance from ﬁbre breaks to bundles are intrinsically known. Due to damage mechanisms, which are discussed later in this paper,
that distance constitute a signiﬁcant parameter.
The composite material used in this study is made from 10 stacked layers of non-crimp
fabric, and each transverse bundle belong to one of these layers. Based on the known
position of the transverse bundles a clustering algorithm - k-means with k=10 to classify
to 10 layers - can be used to assign each bundle to the correct layer. The classiﬁcation
of the ﬁbre breaks are conducted in accordance with their positions relative to the layer
assigned to the nearest transverse bundles. The transverse bundles are sown onto the
longitudinal bundles from below, meaning that a ﬁbre break that is found to be below a
transverse bundle of layer n is classiﬁed as belonging to layer n −1, and a ﬁbre break found
to be above that bundle would be classiﬁed as belonging to the same layer n.
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C.3.1 Macro-scale damage
The tested specimens show signs of damage at the macro-scopic level. Inspections of
failed specimens shows that nearly all damage occurs on the surface of the specimen that
is loaded in tension as can be seen in Figure C.7. Furthermore the damage occurs predominantly in the region situated between the loading rollers which is deﬁned as the gauge area.
On the compression surface of specimen only minor abrasions can be recorded from the
contact between specimens and loading rollers. The ﬁrst damage is commonly visible after 10 000 to 100 000 cycles depending on the load level. The damage that becomes macroscopically visible at this early stage of the fatigue life takes the form of light transverse
stripes across the surface of the specimen that is subjected to tensile loads. The lighter
stripes coincides with the position of the transverse backing bundles of the non-crimp
fabric. The damage becomes gradually more visible on the tensile loaded surface until
the specimen has failed, at which point the tension side looks as depicted in Figure C.7.
Transverse cracking in the transverse bundles are the most probable cause for the damage
in the early stages of the fatigue testing.

The transverse are cracks subjected to tensile loads making it reasonable to assume
that they can be classiﬁed as mode I cracks - ie. the cracks opens in the same direction
as the loading direction and grows in perpendicular direction of the loading direction. As
can be seen in Figure C.7 the damage at the tensional in not contained in the areas that
coincide with the transverse backing bundles at the time of ﬁnal failure. The damage that
extents outside of these zones of backing bundles grows in the direction of the load carrying ﬁbres, and are generally more likely to occur where the longitudinal distance between
the transverse bundles are small. The damage growth in the longitudinal direction are not
observed in the LFoV micrographs, meaning that the nature of this damage can not be
veriﬁed with complete certainty. The damage do, however, match with a type of damage
commonly denoted as splitting damage, which are a type of damage that are present in
composite material in the ﬁnal part of the fatigue life often leading to ﬁnal failure of the
material [25].
On the surface with compressive stresses there are also signs of the area with transverse
backing bundles fading to a lighter color tone, though this trend is much more subtle than
on the tension surface, and the change occurs much later in the test. This suggest that
mode II matrix cracks - cracks that form due to shear loading - forms due to compressive
loading, but at a much slower rate than the transverse matrix cracking that is caused by
tensional loads. On the surface of the specimens that are subjected to compressive loads
the macroscopically visible damage that may be observed initially are abrasions from the
contact points with the load rollers. The abrasion are small and situated on the compressively loaded surface making it safe to assume that the abrasions does not interfere with
the damage that governs specimen failure.
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Figure C.7: Spatial distribution of macro-scale visible damage on the the specimen along the inplane longitudinal axis of a failed specimen.

C.3.2

Micro-scale damage

Micro-scale damage that have been observed and are shown here as image crops from
the LFoV micrographs as described in section C.2.3. Most observed damage occurs either
as transverse cracking - which includes transverse debonding between ﬁbres and matrix within the the transverse bundles or as breakage of ﬁbres that are part of the longitudinal
bundles. The following section will provide a qualitative description of damage mechanisms observed at the micro-scale, including assessments of when the damage mechanism occurs in the material.
Figure ?? shows typical examples of the types of damage that affects the transverse bundles captured after 50,000 load cycles of 325 MPa surface stress loading. The characteristics of the cracks that occur in the transverse bundles are different depending on the stress
state that prevails for the bundle. Transverse bundles that are subjected to tensile loading
produces cracks with mode I crack openings, ie. perpendicular to the direction of loading,
and are the same as those observed on the macro-scale inspection of the surface of the
failed specimen depicted in Figure C.7. Such cracks are shown in Figure C.9 - and later
in Figure C.12 - and will generally be denoted as transverse cracks. The transverse cracks
in the tensile loaded bundles are most often spaced by 200-400 µm. The cracks spacing
is governed by the thickness the transverse bundle in the same way as transverse cracks
in cross-ply laminates are governed by layer thickness [26]. Crack saturation in most of
the transverse ﬁbre bundle are reached when 3-4 cracks have appeared since the width
of the bundles is smaller than the length of 4-5 crack spacings. The transverse opened
cracks were observed in the material after inspection of the ﬁrst interrupted test, meaning
that the cracks were formed after less than 1 % of the fatigue life time of the material. The
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transverse cracks were observed layers T1, T2 and T3 and rarely in layer T4. After 100,000
loading cycles some transverse cracks appear in layer T5. It is furthermore observed that
the amount of these speciﬁc types of transverse cracks in layers T1, T2 and T3 do not signiﬁcantly increase after the ﬁrst observations of them at 2500 cycles of loading, albeit the
opening of the cracks do increase slightly. The implication of this is that saturation of
these transverse cracks is reached at the very beginning of the fatigue life of the bending
specimens.
Inwards

Figure C.8: Example of mode II (shear) cracks in a transverse bundle. The cracks are caused by shear
stresses that rise in the compressively loaded region due to material heterogenities. The
sub-image was extracted using from a LFoV micrograph captured after 50 · 103 cycles.

Fibre Break
0.18 mm

Inwards

0.24 mm

Inter-crack distance 0.31 mm

0.26 mm

0.11 mm

Transverse Cracks

Figure C.9: Typicsl example of intra bundle cracks in transverse bundles due to tensile stresses. The
sub-image was extracted using from a LFoV micrograph captured after 50 · 103 cycles.

After 25 000 loading cycles the transverse cracks in layer T4 starts to become more frequent, and the so forth undamaged transverse bundles in the compressively loaded area
starts to develop damage similar to the example given in Figure C.8. The damage in the
transverse bundles in the compressively loaded volume appears only in layers C1 and C2.
The direction of the cracks are generally growing in the longitudinal ﬁbre direction of the
material. Forming and propagation of mode II cracks generally requires the presence of
shear stresses which could in this cased by the material heterogeneity combined with compressive loading.
Delaminations are observed in layer T1 after 500,000 loading cycles, an example of
such a delamination is depicted in Figure C.10. The delaminations occurs as a result of
severely open transverse cracks in the transverse bundle layers of layer T1, which then
starts propagating in the longitudinal direction, thus causing separation of the transverse
bundle and the longitudinal bundle. Delamitions were only observed in layer T1.
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Figure C.10: Delamination observed in Layer T1 after 500 000 loading cycles.

Degradation of the material stiffness not only affected by transverse cracks but also by
damage of the longitudinal ﬁbres of the longitudinal bundles. The observations made on
the micro-scale includes observations of ﬁbre breakages in the longitudinal bundles. Examples of these breakages are observed after 2500 loading cycles. The ﬁbre breaks may
have different visual characteristics dependent on what have caused them. Four typical appearances of the ﬁbre breaks are depicted in Figure C.11. While some of the observed ﬁbre breaks are scantily visible and can be mistaken for noise in the image. Some
ﬁbre breaks, such as the one shown in Figure C.11a, are very distinctive. The small white
patches in the vicinity of the ﬁbre breaks are interpreted as debonding between ﬁbre and
matrix beneath the surface of the ﬁbre. White patches of debonding occur frequently in
the vicinity of broken ﬁbres, and constitute an important part of the damage mechanism
related to ﬁbre breakage. Debonding may also occur as dark edges along a ﬁbre, as shown
in Figure C.11b, where the debonding may be a feature that can indicate whether an abstruse feature in a micrograph is noise or an actual broken ﬁbre. If a ﬁbre break is only
scantily visible, then the existence of debonding in close proximity to the damage is a
helpful indication of the existence of a break. In Figure C.11c the white patch debonding
is essential for being able to observe an actual ﬁbre break, while in Figure C.11d the ﬁbre
break exists with no clear signs of debonding directly adjacent to the ﬁbre break. Most
observed ﬁbre breaks are more distinctively visible than those shown in Figure C.11b and
C.11c, and the ﬁbre breaks may combine several of the features explained. Data that substantiates the signiﬁcance of the ﬁbre breaks contribution to the global stiffness degradation are provided later in section C.3.3.
All the examples of ﬁbre breaks shown in Figure C.11 are situated in the presence of
transverse ﬁbre bundles. This position is a result of the governing damage mechanism observed in the non-crimp fabric composite used in this study. Figure C.12 shows two typical
examples of how the transverse matrix cracking inﬂuences the breakage and debonding
of ﬁbres in the longitudinal bundles. The breakage of the longitudinal ﬁbres are marked
with green in Figure C.12, and are often observed near a transverse matrix crack, or near
ﬁbre debonding that results from transverse matrix cracking. The damage mechanism depicted in Figure C.12 is governed by the existence of the transverse cracks in the transverse
ﬁbre bundles. Transverse cracks form as a result of ﬁbre debonding and matrix cracking.
When a transverse crack spans the full thickness of a transverse ﬁbre bundle the crack tip
interacts with longitudinal ﬁbres near the crack tip. The interaction either results in a longitudinal ﬁbre breaking immediately near the crack tip, or in the crack deﬂecting along the
longitudinal direction to cause debonding along the longitudinal ﬁbre, eventually leading
to breakage of the ﬁbre. Once a longitudinal ﬁbre is broken it causes fracture or debond-
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(a) Crack with big opening and white patches for (b) Vaguely visible crack with dark debond line at the
debonding.
upper edge.

(c) Two breaks that are mostly visible due to the re- (d) Break where no debonding is visible in close proxfraction of light from the sub-surfarce debonding.
imity.

Figure C.11: Typicsl examples of observation of ﬁbre breaks extracted from LFoV micrographs.

ing of the adjacent ﬁbres. This mechanism, which is active throughout the fatigue life of
the observed specimens, are consistent with descriptions and observations made by Zangenberg et al [4] and Jespersen et al [6].

C.3.3

Qunatification of transverse Cracks and fibre breaks

The quantiﬁcation of damage relies on two damage features; the ﬁbre breaks and the transverse cracks. The position of transverse bundles, and the surface line at the bottom have

124

Figure C.12: Two typical examples of how transverse matrix cracking inﬂuences the damage that occurs in the longitudinal ﬁbres after only 2500 loading cycles which is less than 1 percent
of the total fatigue life of the specimens.

also been recorded to support the analysis of the damage features. The relatively high
amount of observable damage in the tensionally loaded layers (layers T1-T5 cf. Figure
C.1), compared to the compressively loaded layers (C1-C5) makes it reasonable to focus
the damage quantiﬁcation study only on the layers loaded in tension.
Figures C.13-C.15 gives an overview of how the amounts of ﬁbre breaks and transverse
cracks have developed with respect to the macro-scopic stiffness loss. Figure C.13 shows
the development of the amount of counted transverse cracks, similar to the ones shown
in Figure C.9. The correspondence between the amount of cracks and the global stiffness
loss does not correlate; Overall total amount of cracks do increase with the amount of sustained load cycles, but the amount ﬂuctuates severely. After only 2500 sustained loading
cycles the amount of total cracks are already at a level nearly two thirds of that which is
found at the end of life. This relatively large amount of cracks at the start of the fatigue
suggest that a signiﬁcant portion of the transverse bundles have already reached crack saturation early in the fatigue life. The expected behaviour for transverse cracks is a steady
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increase until a crack saturation level - ie. when no more cracks can exists as a consequence of the characteristic crack spacing length - is reached. The point at which crack
saturation is reached is dependent on the stress level a transverse bundle layer is subjected
to. The amount of transverse cracks for layer T2, as shown in Figure C.13 does not seem
to increase as the load cycles increases, which indicates that all bundles in layer T2 have
reached saturation after 2500 loading cycles. A similar pattern can be observed for layer
T1 and T3. The only layer that has signiﬁcant and steady increase in the amount is layer
T4 which seems to almost reach full crack saturation at the end of the fatigue life.
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Figure C.13: The amount of cracks in transverse bundles plotted as a function of the number of
sustained loading cycles.

The development of ﬁbre breaks pr. mm2 is displayed in Figure C.14. The loss of global
stiffness - displayed in Figure C.15 - correlates with the amount of ﬁbre breaks in the ﬁrst
half of the fatigue life, ie. 0 to 500 000 load cycles. At 500 000 load cycles a signiﬁcant loss
in the global stiffness is recorded, but only a relatively subtle increase in the amount of ﬁbre breaks are recorded. After 1 000 000 load cycles there is a sharp increase in the amount
of ﬁbre breaks, yet the relative loss on stiffness from 500 000 cycles to 1 000 000 cycles are
relatively small. It is possible that the large stiffness loss recorded for 500 000 load cycles
- compared to the stiffness loss at 250 000 load cycles - are an outlier observation. Another explanation for the slight inconsistencies caused by the point at 500 000 load cycles
could be that an unquantiﬁed damage mechanism affects the global stiffness. The delaminations that occur in layer T1 - and are depicted in Figure C.10 - could constitute that
damage mechanism along with the macroscopically observed splitting damage in Figure
C.7.
The described pattern for the transverse cracks (Figure C.13) and the amount of ﬁbre breaks (Figure C.14) in relation to the loss in stiffness (Figure C.15) suggests that the
ﬁbre breaks contributes signiﬁcantly to the material stiffness degradation. A key observa-
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Figure C.14: The amount of ﬁbre breaks per square milimeter (mm2 )plotted as a function of the
number of sustained loading cycles.
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Figure C.15: The loss in normalized global stiffness EE of the interrupted test specimens plotted as
0
a function of the number of sustained loading cycles.

tion that must be true for this statement to hold is that crack saturation of the transverse
cracks are reached already after the ﬁrst quantiﬁed LFoV micrgraphs captured after 2 500
load cycles. A good measure of when crack saturation is reached is a crack density measure. Figure C.16 shows the inter-crack distance, which will be used as a measure for the
crack density. The deﬁnition of the inter-crack distance is the measurement from a crack
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Figure C.16: The inter-crack distance plotted as a function of the number of sustained loading cycles. The lines with marks indicates the mean inter-crack distance and the bars indicate
the standard deviation of the intercrack distance measure.

to either the nearest crack or the transverse bundle boundary. An example of how these
distances are measured are shown in Figure C.9. This crack density provides both a mean
value and a variance of the measure. The mean value of the inter-crack distance is deﬁned
such that when crack saturation is reached the mean inter-crack distance equals the characteristic crack distance. The notion that crack saturation is reached in layer T2 already
after 2500 loading cycles is supported by the data shown in Figure C.16 since the mean
value and standard remain virtually unchanged throughout the loading history. The same
narrative is valid for layer T3 which, with the exception of the data point for 5 000 loading,
closely resembles the data for layer T2. The crack density in the transverse bundles of layer
T4 starts at a relatively high level but falls to the same level as the crack density of the rest
of the layers, suggesting that transverse cracks are propagation in this layer throughout
the load history until crack saturation is reached near the end of life of the full specimen.
It should here be noted the observation from Figure C.13 of fewer cracks in layer T1 than
in layers T2 and T3 are also reﬂected in the mean crack density shown in Figure C.16. This
is observed for both the the inter-crack distance and the standard deviation of the intercrack distance. It is furthermore notable that the standard deviation of the inter-crack
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distance is generally larger for layer T1 than layer T3. No explanation will be offered for
the smaller crack density in layer T1 except that qualitative assesments of the LFoV micrographs support the trend seen in the data.
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Figure C.17: The distribution of ﬁbre breaks through the half of the thickness going from the thickness center (ie. the centerline) to the surface with the highest load (ie. 325 MPa).

The qualitative analysis indicated that ﬁbres do not break in random positions, instead
the ﬁbre breaks occurred near the position of the transverse ﬁbre bundles. This effect can
be founf when inspecting the data that quantiﬁes the position of the ﬁbre breaks of longitudinal ﬁbres. Figure C.17 shows a histogram of the thickness position of all recorded
ﬁbre breaks, from all 36 LFoV micrographs. The graph shows an overall decreasing probability of ﬁbre breaks occurring when the distance to the centerline decreases. The decay is,
however, not smooth and the distribution is clearly multi-modal as the peaks (P1,P2,..,P7)
marked in the graph are not a result of a simple ﬁbre strength distribution, but instead
indicates that the ﬁbre breakage is controlled by local features in the material. The local
features that creates the peaks in the graph are the transverse bundles, and the position
wrt. the thickness is also marked in the graph. The mean position of the boundaries of all
transverse bundles - shown by the coloured pillars - are also displayed in the ﬁbre break
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histogram. The darker of part of the coloured pillars shows the mean outer boundary position of the transverse ﬁbre bundles and the lighter part indicates the extended possible
position by adding or subtracting the standard deviation of the bundle boundary position
distribution to the upper or lower mean boundary value.
The highest peak in the histogram (P1) are distinctly position at a certain distance away
from the material position that is subjected to the highest magnitude of stress (d = 2t ). The
size of this gap from peak P1 to d = 2t ﬁts with the height of the transverse bundles that
belong to layer T1. The non-existent ﬁbre breaks in this gap could be explained if this area
closest to the material surface was populated only by transverse ﬁbre bundles and matrix
rich areas. However, longitudinal bundles have frequently been observed near the material surface line - where the largest stresses tensile stresses appear - meaning that ﬁbre
breaks can theoretically exist in those areas. The actual reason that the ﬁbre breaks are
missing near d = 2t is that there area no transverse ﬁbre bundles to initiate the ﬁbre breaks.
The P1 peak in Figure C.17 is a result of ﬁbre breaks that occurs just inwards (ie. towards
the centerline) of the position of the transverse ﬁbre bundles belonging to Layer T1. From
the position of peak P1 to the position of peak P2 there is a discernible drop in the distribution, and then a drop from peak P2 to P3. The drop from peak P1 to peak P2 indicates that
ﬁbre breaks are unlikely to occur away from the transverse bundles. The P2 and P3 peak indicates the same thing; the peaks are placed near the mean boundaries of the transverse
bundle belonging to layer T2 (marked by the red pillar). The same trend occurs for the
transverse bundle belonging to layer T3; the peaks, P4 and P5, leans on the position of the
transverse bundle. The effect also exists for the transverse bundle of layer T4, though not
as prominent due to the relatively low amount of ﬁbre breaks that exists in layers T4 and
T5. A notable feature of the peaks are the height difference between peaks P2 and P3 and
the height difference between peak P4 and P5. For both set of peaks it is evident that the
peak closer to the thickness centerline (ie. inwards/to the right of the transverse bundle)
are higher than the peak that lies outwards of the transverse bundle. The stress magnitude outwards of the transverse bundle is higher than inwards of the transverse bundle,
essentially making the observation of peak P3 being higher than peak P2 and peak P5 being higher than peak P4 is the opposite of what would be expected from the overall stress
distribution in the material. The effect that causes more frequent ﬁbre breaks inwards
of the transverse bundles may be related to the fact that the transverse bundles are sown
to the longitudinal bundles that points inwards of them, effectively allowing less matrix
material to separate the transverse bundle from the longitudinal bundles that lies in the
inwards direction. Both Figure C.9 and Figure C.8 shows examples of matrix rich areas
in the direction outwards of the centerline. The full data of LFoV micrographs also contains a multitude of examples in which the polymeric stitching thread runs underneath
the transverse bundle which creates a buffer layer of soft thread and matrix that delays the
transverse matrix cracks in reaching the longitudinal bundle where ﬁbre breaks can occur.
The effect that ﬁbre breaks occur more often in the inwards direction from the transverse bundle is quantiﬁed in Figure C.18. The graph shows the nominal amount of ﬁbre
breaks found inwards or outwards of the transverse bundles. The bar plot compares the
ﬁbre breaks that make up peak P2 and with the ﬁbre that make up peak P3 in Figure C.17,
as well as comparing peak P4 to P5 and peak P6 to P7. No comparison is made for the total

130

400
372
350

No. of Fibre Breaks

300
250

254

200
161
150

126

100
50
21
0

0

0

P2/P3

P4/P5

Outwards

2 0
P6/P7

Inwards

Figure C.18: The number of ﬁbre breaks found inwards (lower stress) and outwards (higher stress)
of the transverse bundles. Notation P2/P3 refers to the peaks (P1,P2,P3,P4) shown in
Figure C.17.

amount of ﬁbre breaks since peak P1, lying inwards of the nearest transverse bundle, have
no peak to be compared to, meaning that peak P1 would skew the data. The observed
effect shown in Figure C.17 is conﬁrmed by the data in Figure C.18.

C.4

Discussion & Conclusion

C.5

Discussion and Conclusion

This work applied a bending fatigue test method to asses the fatigue behaviour of slender quasi-unidirectional composite specimens. The fatigue damage have been observed
and assessed using LFoV micrographs over representative planes of observations. Macroscopic observation of the fatigue damage at the end of life of tested specimens where able
to determine that the main source of fatigue damage was caused by tension-tension loads,
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and that relatively low amounts of damage was caused by the compressive loads. This
observation was conﬁrmed by assessment of the LFoV micrographs. Macroscopic observations of damage due to tension also identiﬁed splitting damage as a possible cause for
ﬁnal failure of the composite specimens. Selected representative sub-images of the LFoV
micrographs have been displayed in the results of this article and the full data with all 36
LFoV micrographs are available online [16].
Further investigation of micro-scale damage identiﬁed a key damage mechanism in
which intrabundle cracks in transverse ﬁbre bundles are the initial damage that leads to
debonding and breakage of longitudinal ﬁbres. A broken ﬁbre often causes debonding of
one or more adjacent ﬁbres which then risk breakage. If one of the adjacent ﬁbre breaks
the sequence continues with more debonding and subsequent ﬁbre breaks.
Qualitative and quantitative observations of the LFoV micrographs sustain the following statements:
• Transverse ﬁbre bundles in the volume of the material that are subjected to tensional loads develop cracks perpendicular to the load direction (mode I cracks).
• Saturation of transverse cracks in the three most severely loaded layers are reached
after less than 1 % percent of the full fatigue life of the tested specimens suggests that
the global stiffness degradation can not be driven by the transverse cracks alone.
• The main cause of stiffness degradation can be attributed to a damage mechanism
in which transverse cracks in transverse ﬁbre bundles are the precursor for ﬁbre
breaks in the load carrying longitudinal ﬁbre bundles. The damage mechanism is
not a direct result of the transverse ﬁbre bundles, but of the mode I cracks that occurs in the transverse ﬁbre bundles. The reason that the ﬁbre breaks can be shown
to occur in close proximity to the transverse ﬁbre bundles is that these bundles are
the source of the mode I cracks.
• The ﬁbre breaks that are caused by cracks in transverse bundles are more likely to
occur in the longitudinal bundle to which the transverse bundle is attached to by
polymeric thread. Close contact between transverse bundles with cracks serves as a
better predictor for breakage of ﬁbres than global variations in the stress level.
• The transverse bundles of layer T1 suffers less transverse cracks than layer T2 and
T3.
• Damage in the transverse ﬁbre bundles are present as mode II cracks in the volume
of the material where compressive stresses prevail, but do not cause damage that
appear to inﬂuence the fatigue life of the tested specimens.
It should be noted here that the statements made above are based on observations of
quasi-unidirectional non-crimp fabric composites with off-axis bundles oriented 90◦ relative to longitudinal ﬁbre direction. Other researchers have made similar ﬁndings based
on non-crimp fabrics with different angle orientations of the off-axis bundles; The statements in agreement with the damage mechanism postulated by Zangenberg et al [4] on
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tension-tension fatigue as well as conclusion and observation made using by Jespersen
et al [6], [8]. The novelty of this work lies in the quantiﬁcation of the damage features transverse cracks and ﬁbre breaks - over large representative areas. The quantitative data
unbiased support for the conclusion made by Zangenberg [4] and Jespersen [6], [8]
A good understanding of the described damage mechanism is of great importance if
fatigue modelling of non-crimp fabric composites are to move away from phenomenological models to mechanism based models. Beyond the possibility of mechanistic fatigue
models are also the possibility to employ the ﬁndings of how damage mechanism interact
and affect failure to design and improve new types of fabrics for polymer reinforcements.
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Abstract

In order to investigate how cure cycles for composites can be optimized for
improved fatigue life of composites, an experimental set-up which measures
temperature, process induced strain and level of cure, is presented. The experimental set-up measures strain in a neat epoxy sample using optical Fibre
Bragg Grating sensors in a single glass ﬁbre, combined with a thermo-couple
used to compensate for thermal effects. The degree of cure in the neat epoxy
sample is measured in the same sample using a dielectric sensor working simultaneously with the temperature and strain measurements. The combined
measurements allows for quantiﬁcation of a number of important parameters
required for understanding how the temperature proﬁles used in processing
of composites affects the level of process induced strains in the neat polymer
material and thereby the level of residual stresses in the ﬁnal composite materials.

D.1 Introduction
Epoxy based thermoset resins are widely applied as matrix material for high performance
ﬁbre reinforced composites. Curing of resins during composite manufacturing induces
chemical and thermal strains in the ﬁnal composites product. Process induced residual
strains are undesirable for a multitude of reasons, including shape distortion, warpage,
spring-in effects and possibly impaired material properties. With regards to material properties, a recent study [1] found that the fatigue life performance of glass ﬁbre reinforced
polymers manufactured using non-crimp fabrics were improved when the process induced internal strains in the material were lowered.
The ﬁndings by Hüther yields the need for a sound experimental procedure to evaluate
different cure cycles with respect to process induced strains, such a method is proposed in
this work in an experimental set up that combines optical Fibre Bragg grating (FBG) sensors, measuremets using a Dielectric Analyszes (DEA) and a thermo-couple. FBG sensors
have been applied for in-situ measurement of strain in thermoset epoxies [1]–[6], and a
few of them combines the strain measurement with cure kinetic modelling to show the
effect of curing to the build-up of strain. Two previous works [5], [6] have combined Dielectric analysed measurements (DEA) with strain measurements by FBG, but none of the
works converted the signal to a degree of cure or provided methodology for engineering
application of their work. The purpose of the work reported here is to provide a sound
methodology that combines exclusively experimental measurements to evaluate the inﬂuence of epoxy on the build up of strains with a special focus on the meaning of the
temperature of gelation of the epoxy.
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D.2

Methodology

D.2.1 Experimental set-up

Figure D.1: Schematic representation of the experimental set up

The experimental set up reported in this work takes some inspiration from the work of
Hüther et al [1], but with signiﬁcant changes including the implicit measurement of the
degree of cure of the epoxy by DEA to the measurement. The most important of the
changes is to the geometry. Both Hüther et al [1] and Prasatya [7] used cylindrical tubes
with inner diameter of more than 1 cm, which in Hüthers case caused exothermic peaks
that exceeded the target temperatures with more than 100 ◦ C. Prasatya only reported the
ambient oven temperature used to conduct the experiments.
Figure D.1 schematically depicts the experimental set up, which includes the DEA sensor, the type K thermo-couple and the FBG sensor. The polymer bag, made from high
temperature resistance nylon of 0.05 mm thickness, are sandwiched in between to 10 mm
thick glass plates. The sensors inside the bag are fastened to the bag using rubbery sealant
tape (normally applied for vacuum infusion moulding). The DEA sensor were mounted
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with two pieces of sealant tape where the wires are soldered to the sensor, and two pieces
of sealant tape at the opposite end of the sensor, leaving the sensing area of the DEA sensor uninterrupted by the sealant tape. The thermo-couple sensor were likewise fastened
by holding the two piece wire sandwiched between two pieces of sealant tape, but without the sealant tape interfering with welded spot at which the temperature is effectively
measured. The FBG sensor measures strain where bragg gratings have been inscribed in
the ﬁbre. The length of the bragg gratings in the applied FBG sensor is 5 mm. The sensor
is fastened with sealant roughly 5 cm above the sensing area and then tunneled through a
guide tube, also fastened between two pieces of sealant tape, such that the bragg gratings
of the ﬁbre starts 5-10 mm after the guide tube.
Two pieces of 4 mm thick spacers where used to control the thickness between the
moulding glass plates. The sealant tape used to hold the sensors are squeezed by the
glass plates causing points of friction with enough force to hold the bag vertically when
ﬁlled with epoxy. Near the FBG sensing area the bag was free to move, and the maximum
constraint of the epoxy shrinkage equates to the maximum friction forces that can exist
between the bag and the glass tooling plates, and the resistance from the bagging material itself. The small thickness of the bagging (0.05 mm) compared to the total distance
from the centrall located FBG sensor (2 mm away) means that the bag itself do not constrain shrinkage where measurements are made. The maximum theoretical friction force
caused by the hydrostatic pressure of submersing the ﬁbre into the initially liquid epoxy
amounts to a negligible effect to the strain measurements of the FBG sensor.

D.2.2

Converting Dielectric properties to degree of cure

The ion viscosity signal obtained from the DEA are affected by change in cross-linking density but also by changes in the material temperature, regardless of the degree of cure. The
relation to the polymer cross-linking means that the ion viscosity can be used as a measure of the degree of cure of the resin sample. The ion viscosity do however only provide
the relative change in the degree of cure, which is also affected by the material temperature for all curing states of the resin.
Two steps are applied in converting the raw Ion viscosity signal into a degree of cure:
temperature correction and signal normalization. First linear regression is used to ﬁnd
the relation between the log(IV) before curing starts and after curing ends. The coefﬁcient
for the thermal dependencies are denoted µcur ed and µuncur ed , and the degree of cure
is denoted c. Eq. (D.1) provides the assumption that the change in thermal dependency
of the Log(IV) is linear between the uncured and the cured state. Equation (D.2) applies
a normalization of the signal based on the values just as curing starts (end point of the
ﬁrst time range shown in Figure D.2, T0 ) and after curing (start point of the rightmost time
range in Figure D.2, T1 ). Equation (D.3) makes a correction based on linear change in
thermal dependency from the normalized signal combined with a linear dependency of
the change in temperature from the T0 and T1 respectively.
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Figure D.2: Two stage cure cycle C with holds at 40 C and 80 C. The temperature, Ion Viscosity (Logarithmic) and the Degree of Cure is plotted as functions of time. The red zones indicate
the time range used to ﬁt the temperature dependence of the logarithm of ion viscosity.
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log(IV)nor m =
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D.2.3

Strain from Optical Fibre Bragg Grating and Gel
point definition

Strain measurements using optical ﬁbre Bragg gratings have been reported in numerous
previos works [1] [2] [4]. The optical ﬁbres obtained from HBM sensing was produced
with bragg Gratings causing wavelength peaks λb between 1500 nm and 1600. Equation
(D.4) provides the wavelength shift caused by thermal and mechanical straining of the
optic ﬁbre. For the applied ﬁbres the photo-elastic coefﬁcient is p e = 0.22, the thermooptic coefﬁecient is ξ = 6.7 · 10−6 , thermal expansion coefﬁcient is α f = 0.55 · 10−6 K−1 . A
dip-coating procedure with epoxide functionalised organo silane [8] was applied to the
ﬁbres to simulate the interface bonding that exist in normal glass ﬁbre reinforced epoxy
polymers.
∆λb = λb

£¡

¢
¡¡
¢
¢¤
1 − pe ε + 1 − pe α f + ξ

(D.4)
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The gel point is deﬁned in this work as the material state where the resin can attain
normal stresses at material temperature higher than the glass transition temperature of
the material at the given point in time. The method proposed by Mikkelsen et al [3] is
consistent with this deﬁnition and will be applied here. The deﬁnition is summarized in
eq. (D.5), and it is noted the tolerance value δ used in this study is 2 · 10−5 unless otherwise speciﬁed. It should also be noted that this work follows the assumption made by
Mikkelsen et al [3] that after gelation of the resin, the thermal expansion of the ﬁbre itself
is neglected. This assumptions comes from the fact that the ﬁbre is small (Ø125 µm) compared to the amount polymer that surrounds it, and thus the ﬁbres strain will follow the
polymer strain.

ε=


0


∆λb
λb

−ξ∆T

1−p e

D.2.4

if

∆λb
λb

if

∆λb
λb

£¡
¢
¤
− 1 − p e α f + ξ ∆T < δ
£¡
¢
¤
− 1 − p e α f + ξ ∆T ≥ δ

(D.5)

Applied temperature profile

Through DSC analysis the glass transistion temperature Tg of the epoxy was found to be 84
◦
C at full cure. One of the suggested cure cycles by the manufacturer of the epoxy consists
of an isothermal temperature hold of 80 ◦ C for 8 hours. In order to ensure that all applied
cure cycles resulted in a fully cured material, thus disallowing any further chemical shrinkage, all cure cycles had to meet the requirement of ending the cure with at least an 8 hour
hold of 80 ◦ C. The applied cure cycles are presented in Table D.1, where they are categorized into Two step and One Step cures. The One step cures are resemblant of the high
temperature cures suggested by the manufacturer. The two step cures are constructed
with the goal of reaching gelation of the epoxy material at a low temperature where the
epoxy cannot reach full cure. The second step in the two step cures were applied to reach
full cure of the material.
Table D.1: Cure proﬁles investigated

Cure Name
A
B
C
D
E

D.3

Cure Type
Two step
One Step

Steps
Step 1
Step 2
30◦ C for 12 hours 80◦ C for 12 hours
35◦ C for 24 hours
80◦ C for 10 hours
◦
40 C for 12 hours
80◦ C for 12 hours
◦
80 C for 12 hours
110◦ C for 8 hours

Results

Figure D.3 shows two of the applied cure cycles. Cycle B is a two-step cure with a 40 ◦ C
hold and a 80 ◦ C hold, while cure D is a one step cure with 80 ◦ C. The strain development
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for Cure D shows a signiﬁcant amount of chemical shrinkage occurring early in the cure,
and then a signiﬁcant amount of thermal strain occurring during cool down. For cure B,
the two step cure, the ﬁrst non-zero strain goes into the tensile regime due to the thermal
expansion of the gelled epoxy during the temperature increase to 80◦ C. During the temperature increase of Cure B the chemical shrinkage and thermal expansion are working in
opposite directions and are to some degree cancelling each other out. The effect here is
that at the end of the ﬁnal step of 80◦ C the strain is positive, and after cool down the ﬁnal
strain ends a lower level than for the one step cure.
Cure D, isohermal 80 ◦ C
Cure B, Two step 40/80 ◦ C

120.00

·10−3
0.00

−2.00

80.00
60.00

−4.00

40.00

−6.00

20.00

0

5

10

15

20

25

Strain [-]

Temperature [◦ C]

100.00

30

Time [hours]

Figure D.3: Temperature and strain development over time for two representative types of cure. Red
lines are temperature and blue lines are strain. Cure B (two-step) is marked by dashed
lines and Cure D (one-step) is marked by solid lines.

The results for each of the cure cycles can be presented by graphs as shown in Figure
D.4. The gelation (top left corner and magniﬁcation) is a key point in analysing the results, as it provide the time of gelation t g el , which is marked on the time axis. The time
of gelation t g el is the indicator for the temperature of gelation Tg el and the degree of cure
of gelation c g el . Tg el and c g el are deﬁned by eqs. (D.6a) and (D.6b). The temperature
of gelation Tg el and the degree of cure of gelation are graphically shown in Figure D.4 as
the intersection between the dashed blue line indication the time of gelation t g el and the
temperature curve or degree of cure curve respectively. The temperature of gelation has is
marked on the temperature axis in Figure D.4 and the degree of cure of gelation is marked
on the degree of cure axis in Figure D.4. Another key point from the cure cycle results are
the strain level at room temperature1 . The strain at room temperature is found at the time
during cool down where the temperature ﬁrst reaches the deﬁned room temperature as
shown in Figure D.4.

1 The room temperature are here taken to be 25◦ C.
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(D.6a)

c g el = c(t = t g el )

(D.6b)
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Temperature
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20 exo ≈
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Figure D.4: Measurements of Cure cycle D where the temperature is held (nearly) isothermal at 80
◦ C. The time of gelation t
g el are used to ﬁnd the temperature of gelation Tg el and degree
of cure of gelation c g el . The (near) isothermal cure makes it possible to extract the post
gelation chemical shrinkage εCh and the thermal strain εTh . The total process induced
strain εt ot is given when the cool down temperature hits 25 ◦ C.

Degree of Cure [-]

00

Tg el = T(t = t g el )

·10−3
100.00

Temperature [◦ C]

00

Results

1.00
0.90

c ≈ 0.99

The one step cure cycles D and E both had temperature overshoots of the isothermal
target temperature of 7 ◦ C and 10 ◦ C respectively. The overshoot for both is the results
from high exothermic heat release during the relative high rate of curing attained for these
high temperature cures. The heat dissipation of the experimental set up is not capable of
dissipating enough heat to prevent some thermal overshoot. Considering other relevant
experiments (e.g [1]), the thermal overshoot is within reasonable limits for simulating an
isothermal cure cycle. Considering the thermal overshoots to only have small effects, the
one step cures can be used to asses the level of chemical strain that is build up in the postgelation epoxy as shown in Figure D.4. The sum of chemical strain εCh and the thermal
strain εTh is deﬁned to be the total process induced strain εt ot as given in eq. (D.7). The

0.80

0.70
c Gel
0.50
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Table D.2: Summary of results.

Cure Name

Cure Type

Aa
B
C

Two Step

cg el
Nominal [-] Mean
0.927
0.702
0.607

Std.dev

b

0.715

b

0.112
c

D
E

0.661

0.642
0.695

One Step

Tg el
[◦ C]

εCh
[%]

εt ot @ 25 ◦ C
[%]

80.3
34.7
41.2

N/A
N/A
N/A

-0.74
-0.20
-0.17

85.5
117.8

-0.20
-0.17

-0.71
-0.95

c

0.045

a

This cure cycle did not reach gelation during the low temperature stage of the cure. Gelation occurred during
the end of the temperature ramp from 30 ◦ C to 80 ◦ C. The DEA signal for the cure cycle is not reliable.
b Incl. Cure A
c Ecxl. Cure A

full results of the total strain at room temperature εt ot , chemical strain εCh , temperature
of gelation Tg el and degree of cure at gelation c g el is printed in Table D.2.
·10−3
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−1 · 10−4

−6.00

A D

−8.00
E
−10.00
30

40

50

60

70
80
Tg el [◦ C]

90

100

110

120

Figure D.5: The total process induced strain εt ot plotted against the temperature of gel Tg el .

εt ot = εCh + εTh

(D.7)

The total induced strain from processing have a negative correlation with the temperature of gelation. This relationship is in Figure D.5. Cure A did not reach gel during the
ﬁrst low temperature step (30 ◦ C) of the cure, which resulted in gelation at the high temperature step (80 ◦ C) causing the total strain for the cure to resemble that of Cure D. While
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Cure A failed the purpose of causing low total induced strain, the resultant combination
of Tg el and εt ot at 25 ◦ C closely ﬁts that of Cure D. This gives indication that a two step
cure is not effective unless the epoxy reaches the point of gelation during the low temperature step. The data point for Cure E in Figure D.5 ﬁts with the linear tendency between
temperature of gelation and total process induced strain. This is even though a signiﬁcant
part of the cool down from 110 ◦ C to room temperature occurred when the material was
in a rubbery material state2 , where the coefﬁcient of thermal expansion (CTE) is expected
to be signiﬁcantly different from the CTE in the glassy material state3

D.4

Conclusion

An experimental methodology was presented to the evaluate how the level of process induced strain in epoxy at room temperature is affected by the temperature proﬁle used
during cure. The methodology allows the resin to build up chemical and and thermal
strains with insigniﬁcant inﬂuence from mechanical constraints. Three key values can be
extracted from the experiments; The temperature of gelation Tg el , the degree of cure of
gelation c g el and the total induced strain at the room temperature (or other relevant temperature). These three key values can be used to design cure proﬁles that aims to lower
the level of process induced strains and are likely to enhance the fatigue life properties of
epoxies reinforced with non-crimp fabric glass ﬁbre.
The results of the experiments indicates that the point of gelation, and especially the
temperature of gelation, is likely to play a key role for the total process induced strain level
in glass ﬁbre reinforced epoxies.
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Abstract
The current paper proposes a low cost scheme for enhancement of the fatigue life
properties of ﬁbre reinforced composites through minimization of residual stresses
induced from the composite cure cycle. The enhancement scheme works on the presumptions that a low processing temperature at the event of resin gelation causes reduced residual stresses. The requirements for material characterization and numerical implementation of the scheme is low compared to optimization schemes available
in the literature. The enhancement scheme is implemented and used to produce enhanced two stage cure cycles for a commercially available epoxy resin.

E.1 Introduction
Most of the ﬁbre reinforced composites manufactured today are based on thermoset matrix resins which intrinsically builds up residual stresses in the ﬁnal composite products.
Recent studies have found that high levels of residual stresses impair the fatigue life properties of ﬁbre reinforced composites. Hüther et al [1] showed that the fatigue properties
of UD non-crimp fabric composites were impaired by cure cycles with higher amount of
process induced strains. These ﬁndings were supported by Mikkelsen et al [2]. Mikkelsen
et al measured the magnitude of process induced strain due to various temperature proﬁles in neat resin samples and used the same temperature proﬁle when curing otherwise
identical composite laminates reinforced with non-crimp glass ﬁbre fabrics. Mikkelsen et
al [2] found that the composite laminates cured with temperature proﬁle that produced
high magnitudes of process induced in the neat resin samples had impaired fatigue life
properties compared composite laminates cured with temperature proﬁles that induced
low amounts of strain in the neat resin samples. Warnet et. al [3] conducted bending
experiments on cross-ply laminates and observed a decrease in experimental energy release rate of bending specimens when the residual stresses where increased. Experimental observations on transverse cracking in cross-ply laminates were also made recently by
Zobeiry et al [4]. In their work laminates were produced with two different cure cycles
that produced different levels of residual stresses in the cross-ply laminate. It was shown
that higher levels of residual stresses caused transverse matrix cracks to form at lower levels of applied strains during mechanical testing. Asp et al [5] came up with a possible
reason for the residual stresses impair the strength of composites. Asp et al showed that
cavitation-induced cracks could occur before matrix yielding in polymers where signiﬁcant hydrostatic stresses existed.
Cure proﬁles of composites can be designed to minimize the residual stresses in the
ﬁnal laminate. A key observations was made by Prasatya et al [6] who concluded that a direct relation existed between the temperature of the resin material at the point of gelation
and the resulting residual stresses in the ﬁnal composite material. The gelation point were
described as the point where the resin material changes from liquid to solid phase. The
observations made by Prasatya is supported by a recent study made by Mortensen et al [7]
in which an optical Fibre Bragg Grating (FBG), made from silica, was embedded in a neat
resin sample during cure. Mortensen et al found that tempeature at the point of gelation
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resulted in lower strains induced to the FBG ﬁbre. Other researches have made conclusions that implicitly supports the idea of that low temperatures of gelation. Genidy et al
[8] concluded that curing resins at a low temperature for a long time increased effective
thermal expansion [when heating from the ﬁrst to second temeperature stage of a two
stage cure, red], because it counteracts the effect of chemical and cool down shrinkage.
White and Hahn [9] conducted experiments on unsymmetrical laminates to ﬁnd an optimized cure proﬁle for lower residual stresses and concluded that lowering the initial cure
temperature and holding it for longer time reduced the residual stresses while maintaining the mechanical properties. They noted that laminates with degrees of cures less than
0.95 had inferior properties to the full cured laminates, but that laminates with a higher
than 0.95 degree of cure performed as well as laminates cured with the manufacturer recommended cure cycle. White and Hahn [9] also noted that high magnitudes of cool down
rates reduced the residual stresses build up in the composite laminates. Gopal et al [10]
focused on the cooling and heating rates of two stage cures, and claimed that for a two
stage cure cycle it was optimal to go from the ﬁrst temperature hold to the second temperature hold as fast as possible. Shah et al [11] made a complex constraint optimization of
cure cycle parameters to reduce residual stresses. The results for two stage cures showed
that the temperature of the ﬁrst hold was generally lowered when the cure was allowed to
take up more time. While Shah et al did not point this out them selves, the tendency of
their optimized cure cycles ﬁt with the idea of minimizing the temperature of gelation in
order to minimize residual stresses. The work of Shah et al [11] succeeded in producing
an optimization scheme that can effectively lower the magnitude of residual stresses, but
the sheer complexity of proposed method makes it unsuitable for industrial purposes. The
method requires implementation of very sophisticated numerical methods and expensive
experimental material characterization of the desired resin for manufacturing.
The following work will present a scheme for designing two stage cure cycles for thermoset resin based composites with minimized levels of residual stresses based on a 0-D
numerical cure model that is suitable for thin laminates. The scheme requires relatively inexpensive material characterization and a relatively low effort in terms of implementation
into a numerical code. The idea behind the scheme is to design two-stage cure cycles that
minimizes the temperature of gelation as a method for minimizing the resulting residual
stresses. The scheme will be subject to a constraint of maximum allowable manufacturing
time, as well as an additional constraint of material quality based on the thermoset resin
degree of cure.

E.2

Cure kinetic model and Process simulation

The degree of cure of a thermoset resin is often deﬁned by the amount of reaction heat released pr. unit mass of the material H, relative to the ultimate amount of reaction heat pr.
unit mass HU [12] [13]. This deﬁnition is expressed in eq. (E.1). The rate of the resin cure
follows from the same deﬁnition, thus being proportional to the rate of heat of reaction as
prescribed in eq. (E.2). Dynamic (temperature ramp) DSC measurement are widely used
to determine the ultimate heat of reaction HU . Figure E.1 shows three measurements per-

Cure kinetic model and Process simulation
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Figure E.1: Dynamic DSC measurement of an
epoxy resin with different heat- Figure E.2: Isothermal DSC measurement of an
epoxy resin. Each measurement
ing rates. All measurements were
were
kept at the isothermal temper◦
started at -20 C and ended at 300
atures for 4 hours.
◦ C.

formed on the resin used in this article where the crosshatched area for each of the heat
ﬂow curves represents the ultimate heat of reaction HU for each of the measurements.
Isothermal DSC scans, as shown in Figure E.2, are used for non-linear regression to determine the reaction order model.
α(t ) =

H(t )
,
HU

α ∈ [ 0 ;1 ]

1 dH(t )
dα
=
dt
HU dt

(E.1)
(E.2)

The general form of most phenomenological cure kinetic models can be described by
eq. (E.3) where the term f (α) is the reaction model which is speciﬁc to the applied cure
kinetics relations. The K(T) term on the right hand side is the temperature dependence
of the reaction rate, which, for all cure models described in the current paper, will be deﬁned by by an Arrheniushexpression
as printed in eq. (E.4). The constant A [−] is a prei
J
exponential constant, E mol
is the activation energy, T [K] is the material temperature
h
i
J
and R = 8.3145 K·mol is the ideal gas constant.

dα
= K (T) f (α)
dt
µ
¶
E
K = A exp −
RT

(E.3)
(E.4)
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f (α) = αm (1 − α)n

(E.5)

The cure kinetic model for thermoset resins that will be applied in the current work
is classiﬁed as a phenomenological model. The expression for the reaction model f (α) is
printed in eq. (E.5). The reaction order parameters n and m as well as the reaction rate
constants of the Arrhenius expression A and E are determined using non-linear regression.
The data input for the non-linear regression model is the degree of cure, computed using
eq. (E.1), and the rate of cure, computed using eq. (E.2), as well as the corresponding
temperature. Figure E.3 shows the non-linear regression data ﬁt to each of the isothermal
DSC measurements. The degree of cure and rate of cure in Figure E.3 is derived from the
isothermal measurement data shown in Figure E.2. The table in Figure E.3 presents the
parameters found for the cure kinetic model used in the regression, and these parameters
along with the phenomenological cure model of eqs. (E.3)-(E.5) will be applied in section
E.5. A more detailed description of the process of obtaining the parameters for the cure
kinetic model can also be found in Khoun et. al [14] or Youseﬁ et al. [12].
Having established a cure kinetic model, and the corresponding parameters for the
model, simulation of the resin cure can be performed using numerical integration tools
such as MatLab’s ODE solver1 or SciPy’s odeint 2 library or other numerical tools. Solving
the cure kinetic equations with a given initial value for the degree of cure will be denoted
as a cure simulation in section E.4 of this paper.

E.3

Gelation and Process Induceds Strain

While at least one study [4] have suggested that tool-part interaction can produce internal
stresses when the thermoset matrix is in the liquid phase it is generally assumed in the
literature that no signiﬁcant stresses can airise prior to gelation (see e.g. [13] [14] [15] [16]).
The residual stresses σr es in a thermoset matrix composite is then dependent on the cure
history after gelation and the mechanical constraints dictated by the method of manufacturing. The point of gelation is most often found using rheometry as this technique readily
spans both the liquid and solid phase of polymeric materials and can be used to generate
visco-elastic material models [14]. Khoun et al used rheometry to establish a degree of
cure of gelation of αg el = 0.7 [14]. From the perspective of polymer chemistry the point of
gelation can be deﬁned as the time of critical conversion (degree of cure) where inﬁnite
three-dimensional polymer networks can exist [17]. This deﬁnition allows the gelation
degree of cure to be computed based on stoichometry of the resin. O’Brien [13] did however note that the theoretically calculated degree of cure of gelation from the resin they
investigated was found to be αg el = 0.58, signiﬁcantly lower than the point they obtained
using rheometry which was αg el = 0.71. Khoun et al [14] and O’Brien [13] both deﬁned the
1 https://se.mathworks.com/help/matlab/numerical-integration-and-differentialequations.html
2 https://docs.scipy.org/doc/scipy/reference/generated/scipy.integrate.odeint.html#
scipy.integrate.odeint
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Figure E.3: Fit of cure kinetic model (eq. (E.5) with input from the isothermal DSC measurements.

gelation as the point of equality between the storage and loss moduli of their respective
rheometry measurements.

E.3.1 Temperature of Gelation
In a recent study by Mortensen et. al [7] the total process induced strain was found to
be closely related to the temperature of gelation Tg el . The study measured chemical and
thermal strain using optical Fibre Bragg Gratings (FBG) on a neat epoxy sample that was
unaffected by mechanical constraints. The phenomenon that is thought to govern the relation between temperature of gelation and total process induced strain can be illustrated
by the the strain development during cures shown in Figures E.4 and E.5 for a one stage
and a two stage cure respectively. It should be noted here that the event of gelation is
assumed to occur at a speciﬁc degree of cure, αg el the degree of cure of gelation, independently of the material temperature at the instant of the gelation. This means that the
temperature of gelation Tg el is deﬁned as the temperature of the material in the instant
that the degree of cure of gelation αg el is reached such that α(T, t g el ) = αg el . The gelation
of a resin will be deﬁned as the point in time where the resin can obtain normal forces
and are capable of inducing measurable deformations of small objects, such as a single
glass ﬁbre FBG. Furthermore, the total process induced strain at room temperature εt ot is
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assumed to be the sum of the chemical (shrinkage) strain εch and the thermally induced
strain εt h as given by eq. (E.6).

εt ot = εch + εt h

(E.6)

The measurements shown in Figures E.4 and E.5 are based on the experiments conducted by Mortensen et al [7]. In the one stage cure shown in Figure E.4 the gelation
point are reached when the temperature is close to the isothermal cure temperature. The
temperature after gelation is nearly constant such that no thermal strains are expected to
develop during the temperature hold. The strain induced during the temperature hold (region A1 in Figure E.4) are caused solely by chemical shrinkage of the resin. When the temperature hold ends and the material is cooled and compressive thermal stresses arise due
to thermal contraction of the material. This means that using a one stage cure produces
a total process induced strain that is the sum of the total amount of chemical shrinkage
strain and the thermal strain of the temperature difference from the cure temperature to
the operating temperature, which in most cases are at room temperature of the ﬁnal manufactured part.
For the two stage cure shown in Figure E.5 the point of gelation occurs at the end of the
ﬁrst temperature hold, thus causing a low temperature of gelation. After the material has
reached gelation, and is capable of attaining normal stresses, the processing and material
temperature are increased. In region A2 in Figure E.5 the temperature is increased. The
temperature increase causes the the rate of cure to increase, thus resulting in chemical
strain that causes compression. The chemical strain is however counteracted by thermal
expansion of the resin, resulting in a net positive increase in strain. In the A2 region in
Figure E.5 the thermal expansion and chemical shrinkage acts in opposite direction. After
the peak, when the material temperature is constant, only chemical strain due to curing
are acting on the FBG strain sensor, causing a slight decrease in strain. At the end of the
second temperature stage the process induced strain is in tension before the material is
cooled to room temperature where only thermal strains are induced to cause a ﬁnal state
of compression. The ﬁnal level of total process induced strain is lower for the two stage
cure due to the thermal expansion during the temperature ramp up that happens after
gelation and counteracts the chemical shrinkage. The level of process induced strain before the ﬁnal cool down shows an important difference between the one stage and two
stage cures because it must be assumed that the ﬁnal cool down to room temperature
must cause similar amount of thermal stresses for both of the materials. In the on stage
cure the strain before the ﬁnal cool down equals the inevitably level of chemical strain,
while for the two stage the strain is in the tension regime before the ﬁnal cool down. It
should further be remarked that a signiﬁcant porting of the the thermally induced strain
comes from the ﬁnal cool down of the material to room temperature, as pointed out in region C2 of Figure E.5, and as such the maximum temperature of the second temperature
stage should be identical to the ultimate Tgul t of the resin material such that full cure can
be achieved with as low a second stage temperature as possible.
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Figure E.4: Strain and Temperature development over time for a one stage cure with 80◦ C curing
temperature for 12 hours.
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Figure E.5: Strain and Temperature development over time for a two stage cure with 40◦ C for 12
hours followed by 80◦ C for 12 hours.

The experiments conducted by Mortensen et al [7] also included implicit measurement of the degree of cure using dielectric analysis. This allowed the degree of cure of
gelation to be established as αg el = 0.66 ± 0.05 for the epoxy resin. This value, αg el = 0.66,
will be used in cure simulations in section E.5.
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Figure E.6: The total process induced strain at room temperature (25 ◦ C) plotted against the temperature of gelation Tg el .

Figure E.6 shows how the total process induced strain is related to the temperature of
gelation for the epoxy used by Mortensen et al [7]. The two data points with low temperatures of gelation is a product of two stage cures, and the high temperature of gelation
results from one stage cures. There is a clear tendency for the total process induced strain
to be increasingly compressive (negative) for an increase in the temperature of gelation.
This tendency constitutes an important observation when designing cure cycles with the
aim of lowering the residual stresses: Even though the measured process induced strain in
a neat epoxy sample are not directly proportional to the level of residual stresses in a manufactured composite, the clear negative correlation between temperature of gelation and
process induced strain means that the residual stresses in a composite must also increase
in magnitude for an increase in the temperature of gelation. The validity of this principle
is also supported in the literature where Prasatya concluded that "the results demonstrate
a direct relationship between the temperature at which gelation occurs and the magnitude
of isotropic residual stresses at room temperature" [6].

E.4

Cure optimization

E.4.1 Problem formulation
Based on the works of Hüther et al [1], Warnet et al [3] and Mikkelsen et al [2] an increased
level of residual stresses σr es in thermoset composites leads to impaired fatigue life of the
composites. An improved cure cycle for a composite must then minimize residual stresses
in order to improve the fatigue life of a thermoset matrix composite. An overall goal of
minimizing the residual stresses can be posed as a constraint minimization problem, as
printed in eq. (E.7), where the objective function is the total process induced strain subjected constraints of maximum time t max , maximum temperature Tmax and minimum
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attained degree of cure αend . The optimization problem does however come with the
caveat of having an output variable (αend ) as non-linear constraint. Furthermore, having
process induced stresses, or strains, as the objective function requires expensive experimental resin characterization in order to build a thermo-chemical viscoelastic material
model.
min σr es (T, t )
subject to max(t ) ≤ t max

(E.7)

max(T) ≤ 1.2 · Tg
α(T, t = t max ) ≥ αend
Instead of solving the non-linear constraint optimization problem posed in eq. (E.7)
the observations from section E.3 can be applied to simplify the problem. Speciﬁcally the
consequence that minimizing the temperature of gelation Tg el also minimizes the total
process induced strains, and hence the residual stresses, is applicable in formulating a
more suitable minimization problem. The revised problem, for an assumed two stage
cure, is given in eq. (E.8). It should be noted that the constraints are the same as given
in eq. (E.7), but temperature of gelation Tg el can not readily be deﬁned as an objective
function.
min Tg el
subject to max(t ) ≤ t max

(E.8)

max(T) ≤ 1.2 · Tg
α(T, t = t max ) ≥ αend

E.4.2

Minimization of the Temperature of Gelation

The solution to eq. (E.8) will not be deﬁned here in terms of classical optimization, but will
instead apply some known quantities about the resin cure cycle aimed to be enhanced.
Figure E.7 shows schemtically the parameters that deﬁne a two stage cure cycle, excluding heating and cooling ramps to and from the temperature stages. The temperature of
the ﬁrst stage T1 and second stage T2 and the amount of time, t 1 and t 2 respectively, the
temperatures are held at those stages. The following will assume that the degree of cure of
gelation αg el is a known resin quantity and that the temperature T2 of the second stage is
identical to the ultimate Tg of the resin material, henceforth denoted Tgul t . The choice of
T2 = Tgul t for the second curing stage is based on the general need for the process temperature of the material to reach the temperature of ultimate glass transition temperature to
ensure cure. In other words Tgul t is the lower bound temperature the resin needs to reach
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Figure E.7: Principal sketch of a the parameters that deﬁne the optimal two stage cure.

in order to attain a full cure. The development of the degree of cure can be simulated
by numerical integration of the cure kinetics equation from section E.2. Using α = αg el
as initial condition and T = T2 = Tgul t the time (t 2 ) required for the resin degree of cure
to reach the speciﬁed minimum degree of cure αend , can be found. When t 2 is a known
time the amount of time (t 1 ) available for the ﬁrst temperature stage is known as the remaining time from the deﬁned maximum available time t max . The required solution to
eq. (E.8) can then be reduced to ﬁnding the temperature T1 of the ﬁrst temperature stage
that satisﬁes eq. (E.9).
α(T1 , t 1 ) = αg el

(E.9)

The described procedure for minimizing the temperature of gelation Tg el is schematically outlined in Figure E.8. An additional condition are adviced in the ﬂowchart in Figure
E.8, namely the requirement that the time for cure during post-gelation t 2 should not exceed the time t 1 for cure during pre-gelation. The condition is based on practical experiments from simulations that shows the process to be ineffective if t 2 > t 1 .
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Obtain αg el through stoichometry, rheometry,
FBG etc. (see section E.3)

DSC and scans to make
regression for cure kinetic
equations (see section E.2).

Deﬁne cure proﬁle constraints:
t max
αend

Simulate the second tempearture dwell with α = αg el
as the initial condition
T2 = Tg as the isothermal
temperature. Find required t 2

t 1 = t max − t 2

Stop

No

Is true:
t2 ≤ t1
Yes
Use bi-section (or similar)
to ﬁnd the temperature
T1 that cure the resin to
α = αg el in the time t 1

Figure E.8: Flowchart of the minimization of the temperature of gelation. Blue boxes are experimental procedures and user input. Grey boxes are simulation process steps.

E.5

Results

The optimization process described in section E.4 has been implemented in a MatLab
routine. The routine follows the simulation steps (grey boxes) in Figure E.8 and takes in
αend and t max as constraint parameters. The routine furthermore takes a cure kinetic
function and a set of parameters as arguments as well as a value for the gelation degree of
cure. For the results shown in this section applies the cure kinetic model is described in
section E.2, and the speciﬁc model ﬁt and parameters that are shown in Figure E.3. Figure
E.9 shows the found cure cycles with three common time constraints of 8, 16 and 24 hours.
All three of the shown cure cycles were subjected to the constraint of αend ≥ 0.99. The
decreasing of the initial temperature T1 resulting for increase of the maximum allowable
time should come as no surprise; the entire optimization ﬂow was designed to do exactly
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Figure E.9: Cures with minimzed temperature of gel

Given that the temperature of gelation found using the optimization process is a direct
product of the time and curing constraints, t max and αend respectively, a small investigation into the effect of the constraints were conducted. Figure E.10 shows the temperature
of gelation, found using the optimization process, plotted against the time constraint t max .
The Figure shows curves for various levels of the constraint for the minimal attained degree of cure αend . Each of the curves in Figure E.10 starts at the value of t max that allows
at least half of the cure time to be spent at the low curing temperature t 1 . This essentially
means that the ﬁrst point of each of the curves are the lowest t max value where the t 2 ≤ t 1
requirement is fulﬁlled. The resulting curves shows that having a tight requirement of the
minimum attained degree of cure makes the optimization less effective, and essentially
means that longer time is needed to reach a degree of cure that satisﬁes the constraint.
Figure E.10 also shows that signiﬁcant decreases in the temperature of gelation can be
achieved by increasing the the maximum allowed time for the curing of a composite laminate. Especially cure cycles constrained to take less than 5 hours could see signiﬁcant
lowering of the temperature of gelation by allowing additional time for curing.

E.6

Discussion

The implementation of the proposed cure proﬁle optimization have been implemented
and tested on a commercially available low temperature epoxy. The applied degree of
cure of gelation in the results was αg el = 0.66. This was the mean value report in the
experiments by Mortensen et al, who also reported an uncertainty of ±0.05. It may be
argued that since the optimization scheme will only function if the αg el is reached at the
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Figure E.10: The obtained value for the temperature of gelation plotted as an output function of the
time constraint t max . Various curves for the minimum attained degree of cure αend
are shown.

low temperature stage the proper αg el input value to the optimization would be αg el =
0.66 + 0.05 = 0.71. In general it should be suggested that the αg el input should be the upper bound value of experimental observations of αg el . Common values of αg el for epoxies
are 0.6 - 0.7 [9] [13]. Other types of thermoset resins may have signiﬁcantly different values
for αg el . Polyesters are reported to have gelation degree of cures as low as αg el = 0.1 − 0.3,
which may also mean that the prospect of changing the temperature of gelation of a cure
cycle for other types of thermoset resins are very different than the prospect for epoxy
resins.
The requirement for the minimum acceptable degree of cure αend after completing the
curing cycle may also affect the outcome of the optimization process. It is noted here that
White and Hahn [9] showed that epoxies cured to less than 0.95 degree of cure suffered
from impaired mechanical properties. It is thus recommend that αend ≥ 0.95 for epoxies.
The optimization process outlined in this paper is based on a 0-D curing model that
do not take into account the thermal conduction problems of laminates with ﬁnite thickness. For thin plates with thickness’s less than 3 mm the through thickness thermal gradients can be assumed to be low enough that the cure model will provide sufﬁciently accurate results. For thick laminates the cure kinetic model would have to be implemented
into a 1-D thermo-chemical model in order to account for temperature and cure gradients through the laminate thickness. The procedure would have to satisfy eq. (E.9) at all
points through the thickness of the laminate. The procedure would also have to avoid high
exothermic reactions during the ﬁrst temperature stage. Low exothermic peaks are however an intrinsic property of low temperature cures as the low cure rate guarantees a low

164

exothermic heat release rate. The optimization process also excludes the required temperature ramp both from the room temperature to the ﬁrst temperature stage T1 as well as
the temperature ramp from the ﬁrst to the second temperature stage with temperature T2 .
In order to implement a temperature cycle in a practical application these temperature
ramps can of course not be neglected. The temperature ramps can be included either by
using a ﬁxed heating rate and deducting the time needed to heat from room temperature
to T2 , which will correspond to the total time needed for heating. More sophisticated approaches would include additional iterative procedures and will not be further detailed
here.

E.7

Conclusion

A scheme for optimizing thermoset resin cure cycles has been presented. The scheme
takes advantage of the idea that lowering the temperature of gelation for a thermoset resin
will result in lower magnitudes of residual stresses in composite laminates. The outlined
optimization scheme requires a low degree of experimental characterization because it
does not use residual stresses or strains as an objective function, which would require
costly resin characterization experiments in order to create a cure dependent thermoviscoelastic material model. Instead the optimization relies on minimizing the temperature of gelation of the thermoset resin used in composite manufacturing. The use of the
temperature of gelation also means that the implementation of the scheme in a numerical code is greatly simpliﬁed compared to the required numerical implementation of cure
dependent visco-elastic material models in a classical constraint optimization scheme.
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F.1 Introduction
Non-crimp fabric reinforced polymer matrix composites are used in many structural applications due to a low material price and a good stiffness and fatigue resistance performance. Especially for structures with a requirement of high stiffness and fatigue resistance
performance in a well-deﬁned loading direction it is beneﬁcial to use non-crimp fabrics
in a quasi uni-directional (quasi-UD) form. This is because typically 90% of the ﬁbers in
such a fabric can be position as ﬁber bundles in the loading direction and that those bundles will be very align due to the non-woven nature of a stitched non-crimp fabric. As an
example of such an application with high stiffness and fatigue requirement is the loadcarrying laminates in the spar cap of a modern large wind turbine blade, which consist
nearly exclusively of such quasi-UD non-crimp fabrics.
Even though, the fatigue performance is excellent compared with many other structural materials, some research is addressing improving those properties. An review of
some of this work can by found in Nijssen and Brœndsted [1]. For non-crimp glass-ﬁber
fabric reinforced composites, the tension/tension fatigue has been found to be most critical regarding the fatigue resistance for a large number of cycles [2]. Regarding the amount
of fatigue failure, Mortensen [3] found during fatigue bending test that there was generating much more fatigue damage on the tensile side compared with the compression side.
For tension/tension fatigue, Zangenberg et al. [4] postulated a fatigue damage evolution mechanism based on an extensive microscopy study of a quasi-UD non-crimp glass
ﬁber fabric reinforced composites. A fatigue damage evolution mechanism which was
later validated using ex-situ 3D x-ray based tension/tension fatigue studies performed by
Jespersen et al. [5], [6] and Wang et al. [7]. In those studies, the fatigue damage in tension/tension has been found to be controlled by the off-axis tunnel cracks. Tunnel cracks
which was found to appear rather early during the fatigue life testing and which was resulting in ﬁber breakage located in alignment with those. Therefore, a delay of these off-axis
cracks may have the potential of a better fatigue resistance of the composite materials.
In addition to the ﬁber-bundle architecture, the fatigue resistance of polymer matrix
composites has rather recently also been found the be inﬂuence by the chosen cure proﬁle [8]. Something which properly is related to a change in the resulting residual stresses
generated by difference in the cure induced strains as investigation of Mortensen et al.
[9]. Using the experimental setup and crack detecting method develop by Glud et al. [10],
for investigation and quantiﬁcation of tunnel crack densities, it is possible to quantify the
crack-density of off-axis cracks during fatigue testing. A technique which has been further
developed in the presented work with the aim of investigating the dependency of the tunnel crack density on the bundle orientation (90 or 45) and the chosen cure proﬁle during
the manufacturing of the composite.
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Table F.1: Fabric properties.

Classiﬁcation

Angle [◦ ]

Area
Weight
[g/m2 ]

Linear
Density
[tex]

Filament
Ø [µm]

UD

0

1133

2400

17

-45

50

200

16

90

17.6

200

16

+45

50

200

16

-

9.2

8

-

Backing

Stitch Thread

F.2 Methodology
F.2.1 Materials and Manufacturing
The glass ﬁbre composite specimens were manufactured using Vacuum Assisted Resin
Transfer Moulding (VARTM). The details of the fabric is presented in Table F.1, showing
that the area weight of the fabric is dominated by axially oriented UD ﬁbre bundles, resulting in high axial stiffness of the ﬁnal composite. The focus in this study is , however,
the off-axis cracks that form in the backing bundles of the fabric. Non-crimp fabrics of
this sort are sometimes referred to as quasi-UD fabrics in the literature [6] because only
around ≈ 10 percent of the fabrics area weight is made up from off-axis bundles. QuasiUD non-crimp fabrics are commonly used in the wind turbine industry where handling
of the fabrics are aided by the backing bundles, while stiffness in the axial direction of the
blade remains high [11]. The application of the fabric described by Table F.1 can be described as quasi-UD composites manufactured with multiple layers of the fabric oriented
in the same direction, such that the only off-axis ﬁbres are those from the backing ﬁbre
bundles. The backing bundles of a non-impregnated fabric sheet are depicted in Figure
F.1 where the axial orientation is aligned horizontally, and the backing bundle is presented.
It is worth noting here that even though quasi-UD non-crimp fabrics contains off-axis
bundles, the lay-up notation for a quasi-UD composite often ignores the presence of the
backing bundles. A lay-up of 10 non-crimp quasi-UD fabrics could be described with a
notation like this [0◦ ]5s , where the symmetry would refer to ﬂipping the out-of-plane direction of the fabrics to create symmetry essentially. For the lay-ups in this work a notation
that is similar to the one used by Jespersen [6] will be applied. The axial direction will be
noted by the 0◦ angle, an individual backing layer will be noted by /bθ where the /b repre-
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Figure F.1: Structure of non-crimp fabric backing showing the +45◦ , 90◦ , − 45◦ fabric bundles and
the stiching thread used to sow the backing onto the main 0◦ bundles.

sents that a backing layer is part of a fabric sheet, and the superscript denotes the angle
orientation. To mark the separation of two non-crimp fabric sheets a semi-colon ’;’ will be
used.

Figure F.2: Lay-up used for manufacturing of composite plates with only a single layer of backing.

The crack-counting method, described in further details below, counts cracks in a
plane ﬁeld of view with no perception of depth. The plane view means that only a single layer of backing in each of the backing orientation may be on the ﬁeld of view for crack
counting. If more than one layer of backing is present in the material, then no information is available in the images to conﬁrm to which layer the crack belongs. Manufacturing
a symmetric composite plate with only a single layer of backing is not possible without
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manipulating the fabric sheets. Figure F.2 shows the lay-up modiﬁcation made in order
to have a gauge area in the plate that is symmetric yet only have one layer of each of the
backing orientations. The symmetric lay-up with only one layer of backing bundles has
been build by deﬁning a gauge area of roughly 10 cm in width, where the backing from
one fabric sheet has been removed. Stacking the modiﬁed fabric sheet on top of another
(un-modiﬁed) fabric sheet results in a composite plate lay-up that is slightly asymmetric
in most of the plate - with a lay-up of [ 0◦ /b+45 /b90 /b−45 ]2 - but symmetric in the center strip with a lay-up of [ 0◦ /b+45 /b90 /b−45 ; 0◦ ]. The area where the plate is symmetric
coincides with the area speciﬁed as the gauge-area in the test specimens described later.
An extra beneﬁt of the described lay-up modiﬁcation is that the curvature that forms in
the asymmetric part of the plate can be used as a macroscopic measure to the internal
stresses that are formed in the plate as a consequence of the polymer curing during manufacturing.

90
12 hours

12 hours

Temperature [C◦ ]

80
70
60
50
40
Fast Cure (80 ◦ )

30

Slow Cure (40 ◦ + 80 ◦ )

0

10

20
30
Hours

40

Figure F.3: Temperature proﬁles used for plate manufacturing.

The polymer matrix used in the VARTM process was a commercial epoxy (Huntsman
Araldite LY 1568 / Aradur 3489) for which DSC results and cure kinetic models are available
in a paper by Mortensen et al. [12]. The ultimate glass transition temperature of the epoxy
is known from DSC analysis to be Tgul t = 84◦ C. As mentioned previously the plates that
tested in this work was manufactured using VARTM. Two plates were made with the same
manufacturing set-up, but with different temperature proﬁles applied for curing. The two
temperature proﬁle - a one step (fast) and a two-step (slow) - was used, and temperature
data from embedded thermocouples are shown in Figure F.3. The temperature proﬁles
were based on two research papers presented by Mortensen et al. [9] and Mortensen et al.
[12] which suggests that the magnitude of residual stresses induced from curing the epoxy
matrix can be substantially lowered by using a two-step cure proﬁle instead of a one-step
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cure proﬁle. The outcome of using a two-step cure proﬁle, which requires signiﬁcantly
longer time for curing, compared to a one-step cure proﬁle, is a signiﬁcant reduction in
cure induced residual stresses. The cure kinetic model presented by Mortensen et al. [12]
conﬁrms that the cure proﬁle for both plates ensures that the epoxy matrix in the composite plates have reached full cure.

F.2.2 Testing

(a) X-ray tomography ste-up used for sinlge image ex- (b) Tensile testing set-up with image capturing digital
posure of gauge area.
camera

Figure F.4

Testing of the composite material was performed by cutting the plates and mounting
tabs material using the improved tensile fatigue specimen geometry from DTU Wind Energy [13] of 410 mm length. All tests were conducted in load control with R=0.1. The load
were determined from an initial measurement of specimen stiffness conducted with two
extenso-meters, after which the extensometers were removed because the relatively thin
sample thickness’s would otherwise cause the extensometers to fall of the specimen during testing. The frequencies used for the specimens were varied based on the maximum
strain at which the specimens were tested. Varying the frequencies allowed the strain rate
of the specimens to be kept at identical levels for all specimens. The strain rate was set
to 14 1s based on a reference test with 0.5% maximum strain at 5 Hz frequency. During
testing a digital camera were used to capture images of specimen gauge areas, which were
later used as data in an automated crack counting scheme. The image series captured
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were taken such that roughly1 100 images were captured for each log-scale decade. All
captured images had a 10 ms exposure time, and were captured at the peak load of the sinusoidal load curve exerted by the testing machine. The test machine and camera set-up
are displayed in Figure F.4b.

F.2.3 Automated Crack Counting and X-ray image
masking
The images captured during testing have been used for Automated Crack Counting (ACC)
using the procedure described by Glud et al [10] and used by Jespersen et al [6] for crack
counting in a quasi-UD non-crimp fabric material system. In a material system like the
one investigated in this work the off-axis cracks that can be counted by ACC is limited to
the areas where off-axis backing bundles are present. Jespersen et al [6] used 3D X-ray
tomography to extract the ﬁbre bundle structure that makes up this area. The same X-ray
tomography equipment used by Jespersen et al [6] was also used in this work. Jespersen
et al [6] did, however, create a full 3D tomographic image, where this work - as a time saving effort - settled for using a single exposure image to create image masks for the optical
images.
The single exposure X-ray images were captured using an Xradia Versa 520 µCT scanner with a Low Energy ﬁlter. An exmaple of the test set-up used for capturing an x-ray
image exposure is shown in Figure F.4a. An example (shown horizontally) of single exposure image is shown in Figure F.5 where it is combined with an image by the digital camera
during tensile testing. The backing bundles in the middle layer of the specimen are visible
in the x-ray images as areas that are darker than the surrounding areas of the images. The
x-ray images are darker in the regions where there is backing because the gamma fewer
gamma particles are penetrates these areas during the x-ray exposure, causing fewer detections on the x-ray CCD detector, and eventually resulting in dark areas of the image.
The optical image and the x-ray image can ultimately be scaled and translated such that
mm
the images covers the same physical image space. The pixel size p - with units pixel
- for
the x-ray images are given by the tomography equipment, while the pixel size for the optical images are calibrated based on the measured width of the specimen and the width
observed in the optical image. The scaling of the x-ray image is performed automatically
based in the known pixel sizes of each image, while manual positioning of the x-ray image
wrt. to the reference optical image have been performed base on the small paint-marks
- not pen-marks - that are visible in the x-ray and optical reference image. The manual
position of the x-ray image wrt. the optical image is only needed for the ﬁrst image - the
reference image - in used in ACC because the algorithm automatically aligns all subsequent images wrt. to the reference image position.

1 Extra images were captured if large changes in cross-head displacement were recorded
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Figure F.5: Combination of image obtained with optical digital camera and X-ray exposure of gauge
area. The overlay of the x-ray exposure allows a to be overlayed the optical image for
crack counting.

As portrayed in Figure F.1, and documented in Table F.1, the backing bundles are sown
onto the main UD bundles in three distinct orientations: +45◦ , 90◦ and -45◦ . These three
distinct orientations can not be automatically extracted from the x-ray images. Thus the
backing areas from the single exposure x-ray images are segmented manually and the area
related to a particular orientation θ are computed as the product of the pixel size p and
the number of foreground pixels n mask in the manual segmentation, as written in eq. (F.1).
The relation for the crack density ρθ for a speciﬁc orientation θ is printed in eq. (F.2), and
can be calculated from the sum of lengths of all cracks in the θ-direction divided by the
backing area of the θ-direction.

Aθ = n mask · p 2

(F.1)
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PN c
ρθ =

L
i =1 i

(F.2)

Aθ

F.3 Results
F.3.1 S-N curve and tensile specimens failure modes
The results of the tensile test in terms of ﬁnal failure is shown in Figure F.6. The test series
with the fast cure have lower fatigue resistance than the test series with the slower two-step
cure. The relative difference in performance is relatively low, and for the tests conducted
at a 1.0 % strain level the specimens failed at nearly identical amount of load cycles. There
are, however, no instances in which the specimens cure with the fast cure can sustain more
loading cycles than the slow cure.
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Figure F.6: S-N Curve for fast and slow cure

F.3.2 Crack Counting Results
A representative example of cracks detected in an image, which also includes the x-ray
masking, is displayed in Figure F.7. The opaque red areas marks the areas of the gauge
ares where 90◦ is present and the red lines mark the detected cracks. The opaque blue
areas marks the areas of the gauge ares where +45◦ is present, and the opaque green areas
marks the areas of the gauge ares where -45◦ is present. The cracks are colored in the same
representative colours. The masking functions both as a representation of the area, and as
mask that removes cracks that are falsely detected outside the area with backing bundles
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in the same direction as the detected crack.
Figure F.8 compares the development of the crack densities in the specimens manufactured with the fast one-step cure cycle and the slow two step cure cycle. Before addressing
the differences that arises as a result of the cure cycles it is worth addressing how the crack
density development is inﬂuenced by the off-axis backing ﬁbre bundle orientation. While
no ±45◦ cracks were observed for the 0.5% strain level, the general trend is that the crack
density develops at a much faster rate in the 90◦ backing bundles than in the ±45◦ backing
bundles. The difference is not surprising giving that the fracture mode for the 90◦ cracks
is pure mode I, while the fracture mode for the ±45◦ is mixed mode, and dominated by
mode II, which means that crack growth in the 45◦ direction requires a higher fracture
energy to propagate. The stress state in the ±45◦ bundles are likely to cause the cracks
to open less than for the 90◦ bundles. Furthermore, the crack density of the ±45 backing
bundles are expected to be less sensitive to the residual stresses, and the actual effect of
residual stresses on the ±45◦ bundles are not as clear as for the 90◦ bundles that are loaded
in pure mode I.Therefore the impact of residual stresses will be based on the crack density
in the 90◦ backing layers.
For strain levels ε = 0.5 and ε = 0.8 there is no signiﬁcant difference between the development of the crack densities for the 90◦ backing bundles. For strain levels of ε = 0.9 and
ε = 1.0 the crack density for the 90◦ backing bundles grows faster for the fast cure, and importantly achiieves levels of crack density that is 1.5 to 2 times higher than what is reached
for the slow cure.
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Figure F.7: Cracks counted in image from tensile test with 1.0 % maximum strain after 100 000 loading cycles. The areas marked in green, red and blue are the segmented backing areas Aθ
from each respective backing orientations. The cracks are the lines in the accordingly
colors.
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F.4 Conclusion
A crack counting scheme was applied to measure the development of crack densities in
two test series of quasi UD NCF composites. The two test series had been manufactured
with the same manufacturing technique, but with two different cure cycles, designed to
create variation in the magnitude of residual stresses in the plates from which the test series specimens were cut.
The S-N curve for the two test series conﬁrmed a relative performance difference between the two test series. The expected faster development of the crack density for the fast
cure, with the high magnitude of residual stresses, was observed for tests conducted at two
speciﬁc test strain levels (ε = 0.9%,ε = 1.0%). For two other strain levels the observed effect
was small or non-existent.
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