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Abstract

This thesis investigates the effects of hygrothermal aging on the mode I and mode II fracture toughness
of flax fiber-reinforced polymer composites (FFRP) under quasi-static (QS) and fatigue (F) loading
conditions. A key motivation for this study is the potential of FFRP to replace synthetic fiber composites,
as FFRP offers competitive mechanical properties while being biodegradable and less energy-intensive
to produce. However, one of the main limitations of flax fibers is their susceptibility to environmental
conditions such as temperature and humidity.

Delamination is a common failure mode in composites, and conducting fracture testing under mode I
and mode II conditions is crucial for designing durable components. Double Cantilever Beam (DCB)
and End-Loaded Split (ELS) specimens were manufactured for mode I and mode II tests, respectively.
Subsequently, hygrothermal aging was simulated by subjecting the specimens to one or two cycles of
humidification and drying at elevated temperatures within a climate chamber. Quasi-static testing was
performed on unaged, 1-cycle aged, and 2-cycle aged specimens, while fatigue testing was conducted
exclusively on unaged and 1-cycle aged specimens.

Testing resulted in significant plastic deformation of the specimens, this was attributed to their insuffi-
cient stiffness. This invalidated the assumption of Linear Elastic Fracture Mechanics (LEFM). To better
capture these effects, the analysis was conducted using the J-integral, based on non-linear fracture
mechanics. While the J-integral cannot account for all observed effects, it provides for a more realistic
approximation for comparative evaluation of fracture toughness between aging states.

The results reveal that in mode I QS testing, the initiation fracture toughness on average improved
by 19% after one aging cycle, with no further increase observed after a second cycle, while mode II
QS fracture toughness was insensitive to aging. In mode I fatigue testing, a reduction in delamination
growth resistance was observed after one aging cycle. Mode II fatigue testing exhibited substantial
variability within aging states, making it challenging to determine the influence of aging, although a
reduction in variability was noted after aging. The increase in QS initiation fracture toughness is likely
due to the plasticization of fibers and matrix.

These results indicate that aging does not have a straightforward effect on fracture toughness, as its
impact varies between modes and regions of crack growth. These findings provide valuable insights for
the design of FFRP and other biofiber composites, contributing to the development of more sustainable
materials.
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θp Rotation angle of at load application point [rad]
σUTS Ultimate tensile strength [N/m2]



1
Introduction

In today’s world, there is a growing importance on the use of sustainable and eco-friendly materials. This
is driven by a growing awareness towards climate change, environmental pollution, and the depletion
of natural resources [1, 2]. The field of composites has seen significant advancement in developing ma-
terials with superior strength-to-weight ratios for aerospace, automotive, marine, and civil engineering
industries. However, the production of these synthetic fiber-reinforced polymers (FRPs) requires high
energy and the use of non-renewable resources. Furthermore, synthetic FRPs are difficult to recycle [3].
For these reasons, biofibers such as flax have gained attention for their attractive environmental foot-
print, biodegradability, and specific mechanical properties comparable to those of glass fiber reinforced
polymers (GFRPs) [4].

One of the main disadvantages of these biofibers limiting widespread adoption is their susceptibility
to in-service environmental conditions, like temperature and humidity [5–8]. Therefore, research on
the hygrothermal aging effects on biofibers is of utmost importance. Hygrothermal aging refers to the
changes a material undergoes when exposed to various levels of temperature and humidity. This pro-
cess may lead to changes within the individual fibers, matrix, and fiber-matrix interface. Most research
on hygrothermal effects has been into the tensile properties and has observed significant degradation
effects. Hygrothermal effects on fracture toughness have not yet been thoroughly investigated within
current literature, despite the promising performance of flax fiber composites in terms of fracture tough-
ness compared to glass fibers [9].

Fracture toughness is a critical parameter in the design of durable composite components. It describes
the ability of a material to resist crack propagation. In the real world, composites are subjected to
complex loading conditions, that can lead to initial delaminations and growth of cracks. Testing the
fracture toughness under various loading modes, like tensile opening and shearing conditions, helps
predict the lifetime and reliability of the composite material. Despite the importance of this parameter,
the hygrothermal effects on fracture toughness have not yet been considered for flax fibers. This study
aims to understand the hygrothermal effects on the fracture toughness of flax fiber reinforced polymer
composites (FFRP) under both modes I & II in quasi-static and fatigue loading conditions.

The thesis is organized as follows. Chapter 2 presents a literature review, providing essential back-
ground information on flax fibers, fracture toughness, and hygrothermal effects. Chapter 3 defines the
scope of the research, outlining the problem statement and research questions. Chapter 4 details the
methodology for specimen manufacturing, testing, and analysis. In Chapter 5, the results are presented
and discussed. Finally, in Chapter 6, the conclusions are discussed with recommendations for future
work.
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2
Literature Review

This chapter provides a review of the relevant aspects of hygrothermal effects on the fracture toughness
of flax fiber-reinforced composites. First flax fibers will be presented in more detail, followed by an
explanation of fracture toughness, common testing methods, and values found in literature. Lastly, the
effects of hygrothermal aging will be presented on natural and synthetic fiber composites

2.1. Flax Fibers
Flax fibers are among the most commonly used biofibers in the world and are the oldest known fiber
to be utilized by humans, over 34,000 years ago. They were discovered in a cave in the Republic
of Georgia and may have been used for ropes, baskets, or garments [10, 11]. They come from a
plant called Linum usitatissimum L. which belongs to a group of plants called Linaceae. Usitatissimum
meaning most useful as it is the only species in the family with agricultural importance [12]. Flax fibers
are used in various sectors like textile (linen), automotive, paper, etc. and in 2022 the total Flax fiber
market was estimated to be worth $1.14 billion [13]. Of which about 10% of the Flax Linen market is
used for technical products, 60% in fashion and 30% for home products, according to the Alliance of
European Flax-Linen and Hemp [14].

Due to growing environmental awareness, plant fibers like flax fibers have gained significant interest as
reinforcement material for composites. The environmental benefits in combination with their specific
strength and -modulus make them a possible replacement for synthetic fibers, like glass fibers [15–17].
One of the main limitations of these fibers is their susceptibility to environmental parameters such as
temperature and relative humidity, changing their mechanical properties and dimensional stability due
to moisture absorption/desorption, which can cause internal cracks in the material [18–20]. Figure 2.1
shows a schematic overview of the internal structure of flax fiber, from the stem to the individual cellulose
macrofibrils. The production of flax composite fabrics begins with about a 100-day growth stage, after
which the plants are harvested and retted to facilitate the extraction of the fibers by decomposing the
pectin. Next, the fibers are separated from the stem during the scutching and hackling process, which
leaves individual technical fibers. These technical fibers have a diameter between 100-200µm and can
be in length up to 1m. Elementary fibers have a diameter between 10-40µm and 20-40mm in length
[21]. Elementary fibers contain a primary cell wall and a secondary wall consisting of three layers
namely, S1, S2 & S3, primarily made up of cellulose (77.1 ± 0.5%), hemicelluloses (12.7 ± 0.6%), and
lignin (2.1± 0.7%). Other minor parts of the plant are extractives like pectin, starch, and other organic
components (6.9± 0.1%). Finally, the plant also contains inorganic components, generally named ash
(1.2± 0.1%) [22].

Cellulose is the primary structural component, providing strength and rigidity. It forms a fibrous, crys-
talline structure that allows plants to stand upright and grow tall. It can be divided into crystalline cellu-
lose 43.9% and non-crystalline cellulose 33.2% [22]. The crystalline regions are hydrophobic, while the
non-crystalline regions have an increased free volume, making them more vulnerable to water absorp-
tion [23]. Hemicellulose is a filler material within the cell walls surrounding the cellulose fibers. It helps

2
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Figure 2.1: Multiscale schematic of flax fiber architecture, illustrating its structural hierarchy and key components [21].

bind the cellulose fibers together, contributing to the overall flexibility and resilience of the structure.
Hemicellulose has a less compact structure compared to cellulose, making it more hydrophilic. Further-
more, hemicellulose is more prone to thermal degradation [24]. Lignin has an amorphous structure and
is found in the remaining spaces of the cell wall and between the cells, giving further rigidity to the plant
[25]. The structure of flax fiber and other biofibers can be considered a biocomposite, with lignin and
hemicellulose being the matrix with cellulose fibers as reinforcement [18, 26]. The thick middle layer S2

is the most important and determines the mechanical properties and is composed of helically wound
cellular microfibrils formed from long-chain cellulose molecules. The angle of these fibrils is called the
microfibrillar angle and determines much of the stiffness of the fibers.

Flax and other biofibers exhibit greater variability in mechanical properties compared to synthetic fibers.
This scatter is largely attributed to the natural growth process, which is subject to changing meteorolog-
ical conditions [27]. Additional factors influencing mechanical properties include damage accumulated
during processing, the presence of defects such as kink bands within the fibers [28], and fiber diameter,
as tensile strength at break has been shown to decrease with increasing fiber diameter [29].

Figure 2.10a shows a typical force-displacement curve for an elementary flax fiber tested in tension
at a rate of 1 mm/min. The bi-linear behavior is evident, with two distinct linear regions, which is
hypothesized to result from the re-orientation of the microfibrillar angle during loading [30].

Figure 2.2: Typical bi-linear load-displacement curve for an elementary flax fiber [30].

To improve performance of technical fibers bundles can be twisted, so the yarns become more tightly
configured improving the tensile strength [31, 32]. Further enhancements can be made by using vari-
ous fiber treatments that increase the ratio of cellulose compared to hemicellulose, pectin, and lignin,
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reducing the hydrophilic nature of flax fibers [18, 31, 33].

2.2. Fracture Toughness
Delamination growth in composite structures is one of the most critical, life-limiting failure modes [34,
35]. Fracture toughness is therefore a key material property in determining the durability and damage
tolerance of fiber-reinforced polymers, as it enables predictions of a component’s residual strength.
This section will first describe the fundamental mechanics of fracture toughness, followed by an in-
depth investigation of the fracture toughness of flax fibers, specifically focusing on mode I and mode II
fracture modes under quasi-static and fatigue loading conditions.

2.2.1. Mechanics of Fracture Toughness
Due to anisotropic behavior and heterogeneity, fracture mechanics in FRP composites is a compli-
cated phenomenon. Fracture toughness is usually denoted as the critical strain energy release rate
GC [J/m2], which is the energy required to propagate a crack per unit area of the crack surface. The
value for fracture toughness is dependent on the mode of delamination which can be classified in mode
I (GIC ), tensile opening mode, mode II (GIIC ), in-plane shear mode, and mode III (GIIIC ), out of plane
shear. Figure 2.3 shows a visual representation of these modes. For a full picture on fracture toughness,
these modes need to be mixed, as multiple modes can be present at once in real-life applications.

Figure 2.3: Illustration of mode I (tensile opening), mode II (in-plane shear), and mode III (out-of-plane shear) fracture
mechanisms.

The fracture toughness of composites can be measured using various standardized testing methods.
Standards have been established by the International Organization for Standardization (ISO) and the
American Society for Testing and Materials (ASTM). Mode I testing is most commonly conducted using
ASTM D5528 or ISO 15024, which employ double cantilever beam (DCB) specimens [36]. For mode
II, ASTM D7905 recommends the use of end-notched flexure (ENF) specimens [37], whereas ISO
15114 suggests using calibrated end-loaded split (C-ELS) specimens [38]. Mode III testing is commonly
performed using edge crack torsion (ECT) and split cantilever beam (SCB) specimens [39]. These tests
have not been standardized due to difficulties in introducing pure mode III loading [40]. All specimens
are manufactured with an initial delamination, often introduced through the insertion of a non-adhesive
film in the mid-plane of the specimen, to act as a delamination starter. In the real world, delamination
can be initiated through flaws in the material introduced during the manufacturing process, like voids and
porosity. But also during service through damages such as impact [41, 42], and hygrothermal conditions
[43]. The main damage mechanisms for composites are matrix cracking, fiber breakage, debonding,
and fiber pullout. Fracture toughness can be affected by many factors such as fiber orientation [44],
matrix properties [45], fiber volume fraction and fiber-matrix interface [46, 47], which can significantly
influence the fracture toughness of the material.

Crack growth can be influenced by intrinsic and extrinsic mechanisms, as shown in figure 2.4 where
intrinsic mechanisms occur in front of the crack front and are related to the material’s inherent properties
like matrix and fiber-matrix interface. Extrinsic mechanisms occur behind the crack front, impeding
crack evolution through mechanisms such as fiber bridging, pullout, and crack deflection [48, 49].
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Figure 2.4: Schematic illustration of intrinsic and extrinsic toughening mechanisms in FRPC [50].

2.2.2. Parameters Affecting Fracture Toughness
Composites exhibit complex fracture behavior, and it is therefore important to understand the param-
eters affecting it. This section will go over the most important aspects pertaining to fracture behavior.
Like matrix type, fiber-matrix adhesion, fiber bridging, fiber orientation. Environmental effects also play
a role but will be discussed later in section 2.3.2

Matrix Type
The chosen matrix of a composite system has a significant effect on its fracture toughness. Research
on the impact of various matrices on the fracture toughness showed that matrices with higher toughness
generally show an increase in interlaminar fracture toughness [51, 52]. Typically, thermoset composites
exhibit a lower toughness compared to thermoplastic due to the cross-linking limiting the plastic defor-
mation and ability to absorb energy during fracture [53]. One way to reinforce the fracture toughness
is through the addition of fillers like carbon nanotubes (CNT), resulting in crack-bridging and a pull-out
mechanism [54]. The choice of matrix also influences fiber-matrix adhesion, which is discussed further
below.

Fiber Matrix Adhesion
The effect of fiber surface texture and the adhesion characteristics with the polymer matrix are important
contributors to fracture toughness. Strong adhesion allows the fibers to carry more load and leads to
better load distribution. Various studies have experimented with fiber treatments, reporting significant
increases up to 2.5 times for mode I in GFRP [55]. Biofiber composites generally have weaker fiber-
matrix adhesion due to the hydrophilic nature of the fibers and the hydrophobic nature of epoxy [56].
Surface treatments of fibers have shown similar trends in increasing fracture toughens [57, 58]. In a
study by V. Prasad et al. coating flax fibers with nano-TiO2 and embedding in epoxy resin shows a
37% gain in 0.4 wt% TiO2 for mode I and a 24% gain in mode II for 0.6 wt%, as can be seen in figures
2.5 a & b

Fiber Bridging
Fiber bridging is a phenomenon where fibers from adjacent plies span across the crack plane behind
the crack front. This creates additional resistance, as these fibers transfer loads between neighboring
plies, requiring a greater force to propagate the crack. Fiber bridging is often attributed to the nesting
of adjacent fiber layers during the curing process, as illustrated in Figure 2.6 a & b [59].

The extent and influence of fiber bridging depend on several factors, including the type of fiber, fiber-
matrix adhesion, laminate thickness, fiber orientation, loading conditions, and environmental factors
[59, 60]. If the fiber-matrix interface is too strong, the fibers may break once the crack opens, as shown
in Figure 2.6c, preventing the development of fiber bridging. In contrast, as shown in Figure 2.6d, a
weaker fiber-matrix interface can allow fiber bridging to occur but may result in excessive fiber pullout,
reducing energy absorption. Therefore, an optimal balance is necessary: the interface must be strong
enough to ensure effective load transfer and prevent premature fiber pullout, yet not so strong that it
leads to fiber breakage, which would negate the beneficial effects of fiber bridging.
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(a) Mode I R-curve (b) Mode II initiation values

Figure 2.5: Mode I & II fracture toughness comparison of untreated-baseline and nano T iO2 flax fiber coated samples at
varying wt% [57].

(c) Strong fiber-matrix interface

(d) Weak fiber-matrix interface

Figure 2.6: Origin of fiber bridging due to nesting (a & b) and due to effect of fiber-matrix interface (c & d) [59].

The effects of fiber bridging can be seen clearly in a crack growth resistance curve (R-curve), as can be
seen in Figure 2.5a. As the crack grows larger the fracture toughness will increase as more and more
fibers span the crack and absorb energy delaying crack growth. At a certain point the curve flattens,
indicating that the fiber bridging zone remains constant, meaning that at the crack tip the same number
of new bridging fibers are created as are broken or pulled out when the opening displacement becomes
too large.

In a study by Yao et al. [61], a similar fiber bridging effect was observed on the Paris relation for mode
I fatigue delamination growth in composites. Figure 2.7 illustrates how, for the same

√
∆G, the crack

growth per cycle is faster when fibers are cut than when fiber bridging is present.

Fiber Orientation
Currently, standardized fracture toughness tests exist for unidirectional FRP composites. ASTM and
ISO standards for mode I & II interlaminar fracture toughness state test laminates shall be made of unidi-
rectional (UD) plies with delamination growth occurring in the 0 °direction [38, 62]. However, full-scale
composite structures typically consist of varying fiber orientations and research has shown that this
affects the delamination growth rate as it changes mechanisms like fiber bridging and crack migration
[63]. Figure 2.8 shows the difference in fiber bridging between 0//0 interface and 0//90 interface.
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Figure 2.7: Fatigue delamination growth in specimens with and without fiber bridging [61].

(a) 0//0 interface (b) 0//90 interface

Figure 2.8: Effect of fiber orientation on fiber bridging in mode I fracture toughness testing [63].

Reinforcements
The type of reinforcement fibers, such as glass, carbon, or flax, can significantly influence the fracture
toughness of composite materials. Additionally, the type of fiber plies, such as UD or plain weave (PW),
can also affect performance. Toughness can be further enhanced by stitching through the thickness
of the laminate. Figure 2.9 compares glass UD and various flax fibers, including UD, PW, and stitched
versus unstitched configurations. Flax fibers demonstrate favorable interlaminar fracture toughness
(GIc) values compared to glass/epoxy composites, as shown in studies by Ravandi et al. (2016) and
Saidane et al. (2019) [9, 64]. This improved toughness is largely attributed to the shorter, irregular
geometry of natural fibers, which promotes enhanced fiber bridging between neighboring layers [65].

Figure 2.9: Comparison mode I fracture toughness, UD glass, UD0 - flax unstitched, UDF - flax stitched, PW0 - unstitched,
PWF3 flax stitched [9].

Loading Rate
There have been many studies on the effect of loading rate on the fracture toughness of FRPs. Jacob
et al. [66] reviewed a lot of work published on this topic and concluded that there is no clear consensus
on the influence of loading rate on the fracture toughness. Some general conclusion that can be made
are that the rate sensitivity of the polymer matrix can play a role in the fracture toughness and that
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different failure modes may occur at different loading rates. Both ASTM and ISO standards for mode I
fracture toughness specify loading rates between 1-5 mm/min. ISO 15114 for mode II ELS specifies a
loading rate of 1 mm/min.

2.2.3. Mode I
Mode I interlaminar fracture toughness is most commonly evaluated using the standard test methods
outlined in ASTM D5528 and ISO 15024. These standards specify a quasi-static testing procedure for
determining both non-pre-cracked (NPC) and pre-cracked (PC) fracture toughness. For flax fiber com-
posites, these methods have been employed across numerous studies to assess fracture toughness
properties.

A study by Saadati et al. [65] provides an example of mode I fracture toughness evaluation for unidi-
rectional (UD) flax fiber composites (g/m2) in an M21/IMA epoxy matrix. The results indicate fracture
toughness values of 574 J/m2 at crack initiation and 903 J/m2 during crack propagation. Figure 2.10
shows a typical load-displacement and corresponding R-curve from these tests. The load-displacement
curve demonstrates a linear elastic response up to approximately 95% of the maximum load, followed
by a gradual load drop, which is characteristic of stable crack growth in fiber-reinforced composites. The
R-curve, derived from the force-displacement data, further illustrates the crack propagation behavior,
showing a region of stable fracture toughness after the delamination length reaches roughly 60 mm.

(a) Force displacement response (b) R-curve

Figure 2.10: Mode I fracture toughness testing of flax epoxy [65].

The findings from similar studies on unidirectional flax fibers are summarized in Table 2.1. While these
studies provide valuable insights into the approximate quasi-static fracture toughness properties of flax
fiber composites, no research to date has examined fatigue delamination growth in flax fibers. This gap
highlights an area for further investigation to fully understand the long-term performance and durability
of flax fiber composites under cyclic loading conditions.

Table 2.1: Mode I fracture toughness study results for UD flax epoxy composites, following ASTM D5528.

Study Saadati
[65]

Ravandi
[9]

Li [67] Yu [68] Bensad-
oun [69]

Bensad-
oun [69]

Reinforcement UD
200 g/m2

UD
100 g/m2

UD
200 g/m2

UD
180 g/m2

UD
200 g/m2

[90, 0]2s

Quasi-UD
300 g/m2

[90, 0]s
Matrix M21/IMA Epolam

5015
E51/

MeTHPA
Techstorm
481/486

Epikote
828/

DCH-99

Epikote
828/

DCH-99
h [mm] 4 4 ≈ 7.8 4.4 4-5 4-5
Vf [%] 41 40 60 60 40 40
GIc_init[N/m] 574 771 ≈ 1000 N/A 496 777
GIc_prop[N/m] 903 1250 1400 1285 663 995
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2.2.4. Mode II
In mode II fracture toughness testing, there is less consensus on the optimal testing method. Four
primary test configurations are commonly employed: end-notched flexure (ENF), over-notched flexure
(ONF), end-loaded split (ELS), and a 4-point bending ENF setup [70]. Each method offers unique
advantages and challenges, and the choice of method often depends on the loading conditions being
studied.

In existing studies on mode II fracture toughness of flax fibers, summarized in Table 2.2, all reported
values have been obtained using ENF specimens in accordance with ASTM D7905, which provides
a standardized approach for mode II testing in composites. To the best of the author’s knowledge,
no research has yet explored the fatigue delamination behavior of flax fibers under mode II loading
conditions. This gap underscores a potential area for further study, as understanding fatigue behavior
is critical for assessing the long-term durability of flax fiber composites in practical applications.

Table 2.2: Mode II fracture toughness study results for flax composites, following ASTM D7905.

Study Saadati
[65]

Bensad-
oun [69]

Bensad-
oun [69]

Rajend-
ran [71]

Bensad-
oun [69]

Prasad
[56]

Reinforcement UD
200 g/m2

UD
200 g/m2

[90, 0]2s

Quasi-UD
300 g/m2

[90, 0]s

2x2 fabric
200 g/m2

Various
fabrics
150-

400 g/m2

4H satin
weave

200 g/m2

Matrix M21/IMA Epikote
828/

DCH-99

Epikote
828/

DCH-99

1006
Epoxy

Epikote
828/

DCH-99

Epofine
556/

Finehard
1926

h [mm] 4 4-5 4-5 4.8 4-5 4.2
Vf [%] 41 40 40 44 40 28
GIIc_init[N/m] 612 728 1533 962 (CC) 1315-1872 1405

Only initiation values are reported for mode II fracture toughness in ENF specimens, as crack growth in
these specimens is often unstable [65, 72]. The ELS testing method, in contrast, provides the advantage
of stable crack propagation but requires a more complex fixture with variability introduced by clamping
forces. To address this, ISO 15114 includes a calibrated procedure for end-loaded split testing that
compensates for clamping variability [38].

Both the 4-point ENF (4ENF) and over-notched flexure (ONF) methods allow for stable crack growth;
however, both involve loading over the crack itself, which can introduce additional friction between the
crack surfaces [70]. This frictional interaction may affect the accuracy of mode II fracture toughness
measurements, presenting a challenge in achieving consistent and reliable results across studies.
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2.3. Hygrothermal Effects
Moisture absorption in composite materials induces mechanical and physicochemical changes across
multiple components, including the polymer matrix [5], the fiber/matrix interface [6, 7], and the fibers
themselves. Biofibers, in particular, are highly susceptible to water absorption due to their unique
fiber architecture and chemical composition, making them significantly more vulnerable to moisture
compared to synthetic fibers [8].

It is therefore essential to study the hygrothermal behavior of biofiber composites, which involves sub-
jecting samples to controlled aging under specific temperature and humidity conditions. This approach
provides insight into how prolonged environmental exposure influences the mechanical properties of
these materials, ultimately impacting their durability and performance. Understanding the hygrothermal
effects is critical for predicting the long-term behavior of biofiber composites in real-world applications,
where they may encounter varying environmental conditions.

2.3.1. Mechanisms of Hygrothermal Aging in NFRC
Numerous studies have investigated the hygrothermal aging of composites reinforced with both syn-
thetic and natural fibers. While synthetic fibers are significantly less susceptible to aging than natural
fibers, the composite as a whole is not immune to degradation. Reported aging mechanisms in the liter-
ature include matrix swelling, plasticization, matrix cracking, and debonding at the fiber-matrix interface
[8, 73].

In natural fiber-reinforced composites (NFRC), the hydrophilic nature of the fibers plays a substantial
role in the aging process. Figure 2.11 provides a schematic representation of water absorption through
capillary action along the fibers and illustrates the multi-stage effects of moisture uptake on the compos-
ite [8]. These effects can lead to progressive degradation in mechanical performance, highlighting the
importance of understanding hygrothermal behavior in NFRCs for predicting their long-term durability.

Figure 2.11: Illustration of hygrothermal aging mechanisms in flax fiber-reinforced polymers [8].

(a) Physical mechanisms, plasticizing and swelling (Reversible)

• Illustrated in figure 2.11(a) water penetrates the structure by diffusing into the matrix with the
help of the capillarity of the fibers at the fiber-matrix interface. The hydrophilic nature of the
fibers facilitates the transport through the lumens inside the fibers. Resulting in the binding
of water molecules with hemicellulose and non-crystalline cellulose, leading to swelling of
the fibers and eventually inducing cracks in the surrounding matrix.
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(b) Damage mechanism, propagation of damage (Mostly irreversible)

• Figure 2.11(b) shows how water is absorbed in different cell walls of the fiber. A variance of
swelling at different locations alters the microfibrillar angle and more matrix cracking, leading
to changes in mechanical properties.

(c) Chemical mechanism (Irreversible)

• The continued aging due to moisture results in the leaching of various components such
as pectins, hemicelluloses, and less crystallized regions of cellulose leading to fiber-matrix
disbonding as can be seen in figure 2.11(c).

(d) Physical change (Irreversible)

• After prolonged exposure to moisture and subsequent drying, the fiber shrink and leave a
gap as illustrated in figure 2.11(d). These gaps are locations of fiber-matrix disbonding and
are weak points in the material.

To the author’s best knowledge, no research has been conducted on the hygrothermal effects specif-
ically related to the fracture toughness of flax fiber composites. This section will therefore focus on
reviewing the hygrothermal effects on various mechanical properties of biocomposites, examining how
moisture and thermal exposure impact mechanical properties. Understanding these effects is essen-
tial for evaluating the potential impact of hygrothermal aging on the fracture toughness of flax fiber
composites.

In a study by Perruchoud [74], the in-service mechanical properties of flax fiber-reinforced polymer
(FFRP) and glass fiber-reinforced polymer (GFRP) composites were compared under various envi-
ronmental conditions using quasi-static tensile tests. The study examined cross-ply, fiber-dominated
laminates, and angle-ply, matrix-dominated laminates, with results summarized in Table 2.3. For FFRP,
in-service temperature and moisture conditions significantly affected the ultimate tensile strength and
Young’s modulus in both cross-ply and angle-ply laminates. Notably, higher humidity conditions led
to increased ductility. In contrast, GFRP showed no significant changes in response to relative hu-
midity (RH). For cross-ply GFRP laminates, the ultimate strength was dependent only on temperature,
whereas angle-ply GFRP laminates exhibited significant changes in stiffness. Since these tests were
conducted under consistent settings using the same epoxy matrix but different fiber reinforcements, it
can be concluded that in-service temperature and humidity have a substantial impact on the mechani-
cal performance of flax fiber composites. This study indicates that the epoxy matrix is primarily affected
by temperature, while the flax fiber reinforcement is more sensitive to variations in both humidity and
temperature.

Table 2.3: Ultimate tensile strength and Young’s modulus of GFRP & FFRP tested at various temperatures and relative
humidity [74].

Composite Property 20 °C /
50% RH

-20 °C /
50% RH

50 °C /
50% RH

20 °C /
90% RH

50 °C /
90% RH

FFRP Angle-ply
[0/90/0]s

σUTS 225 MPa 230 MPa 200 MPa 260 MPa 215 MPa

E0.2% 17 GPa 20 GPa 15 GPa 11 GPa 8 GPa
FFRP Cross-ply
[(+45/− 45)2]s

σUTS 55 MPa 80 MPa No failure
reached

52 MPa No failure
reached

E0.2% 5.6 GPa 6.3 GPa 4.1 GPa 4.1 GPa 3.3 GPa
GFRP Angle-ply
[0/90/0]

σUTS 630 MPa 720 MPa - 590 MPa 550 MPa

E0.2% 39 GPa 40 GPa - 38 GPa 37 GPa
GFRP Cross-ply
[+45/− 45]s

σUTS 94 MPa 107 MPa 72 MPa 90 MPa 70 MPa

E0.2% 14 GPa 16 GPa 14 GPa 12 GPa 12 GPa
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Li and Xue [8] studied the hygrothermal effects after immersion in water on the tensile properties of flax-
reinforced epoxy and found similar trends as Perruchoud for immersion aging at lower temperatures.
For specimens tested after immersion it was reported that the tensile strength at first slightly increases
after which the tensile strength for 23 °C stabilized, slightly decreased for 37.8 °C, and considerably
decreased for those aged at 60 °C. The effect of drying the specimens after aging was also studied
and shown in Figure 2.12. Here it can be seen that aging at 23 °C only leads to a permanently reduced
stiffness after 4 weeks of immersion time. For 38.7 °C, the stiffness starts to permanently decrease
earlier, and the tensile strength also is affected after about 9 weeks. For aging at 60 °C the effects are
much more serious and irreversible after 1 week of immersion. This was attributed toward, splitting and
peeling of fibers and chemical degradation of the flax fibers.

(a) Tensile strength [MPa] (b) Young’s modulus [GPa]

Figure 2.12: Effect of hygrothermal aging and subsequent drying on tensile properties of unidirectional FFRP [8].

Van Schoors et al. [75] investigated the effects of cyclic hygrothermal aging on flax fiber bundles and
unidirectional flax/epoxy composites. Samples were exposed to alternating humidity conditions, cycling
between 3.5 days at 55°C/90% RH and 3.5 days at 55°C/40% RH, for a duration of up to one year. As
shown in Figures 2.13a and 2.13b, tensile strength and strain at break remain relatively constant up to
week 26. However, after one year of cycling, the tensile strength shows a reduction of approximately
12%, while strain at break decreases by around 20%. Figure 2.13c reports the stiffness as E1 and E2,
corresponding to the initial and post-inflection point stiffness in the bilinear response of FFRP. Initially,
both stiffness values decrease up to week 4, after which they stabilize, showing reductions of 8% for
E1 and 12% for E2. These results highlight that while flax/epoxy composites maintain a degree of me-
chanical stability during the first six months of cyclic hygrothermal exposure, prolonged aging gradually
impacts their tensile strength, ductility, and stiffness. This behavior underscores the importance of con-
sidering long-term environmental effects when assessing the durability and performance of flax fiber
composites in applications exposed to fluctuating humidity and temperature.

Figure 2.13: Impact of hygrothermal aging duration on tensile strength, strain at break, and Young’s modulus of FFRP [75].

Calabrese et al. [76] investigated the effects of alternating salt fog humidity and drying cycles on the
toughness of flax fiber-reinforced composites (FFRCs). Flax/epoxy specimens were exposed to 10 days
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of salt fog at 35 °C, followed by an 18-day drying period at 22 °C and 50% relative humidity (RH), for up to
three cycles. Mechanical properties were evaluated through three-point bending tests following ASTM
D790. As shown in Figure 2.14a, this aging process led to a reduction in stiffness, with the material
exhibiting increased ductility due to plasticization and softening of both the epoxy matrix and flax fibers.
Figures 2.14b and 2.14c further illustrate how the drying phases partially restore the flexural modulus
and strength after each cycle. These findings suggest that while exposure to humidity weakens and
softens the material, the drying phases help to recover some of the mechanical properties, though the
material remains more ductile than in its unaged state. This increase in ductility enhances the material’s
toughness, which is a measure of its ability to absorb energy prior to fracture. Toughness is commonly
calculated as the area under the stress-strain curve, representing the total energy absorbed during
deformation before failure. These results indicate that the cyclical exposure to humidity and drying
not only affects the material’s stiffness and strength but also modifies its energy absorption capacity,
potentially offering improved toughness under certain environmental conditions.

(a) Toughness stress-strain curves of:
Unaged (W0D0)

Aged not dried (1W10D0)
Aged and dried (1W10D18)

(b) Flexural strength evolution

(c) Flexural modulus evolution

Figure 2.14: Effects of salt fog humidity and drying cycles on the toughness of FFRC [76].

2.3.2. Hygrothermal Effects on Fracture Toughness
While biofibers, such as flax, are gaining attention for their potential as sustainable reinforcements in
composite materials, there is a distinct lack of research on the hygrothermal effects on their fracture
toughness. Most existing literature has focused on synthetic fibers, like carbon and glass, to investigate
hygrothermal aging effects. These studies provide valuable insights into how temperature and moisture
influence fracture toughness, serving as a basis for understanding how similar conditions might affect
biofiber composites. It is important to remember that in synthetic composites, moisture mainly affects
the resin and not the fibers.

Research performed by Khan et al. [43] on the effects of hygrothermal aging on fracture toughness of
carbon/epoxy composites. Samples were aged at 70 °C and 85% RH. The specimens were tested in
mode I and mixed mode I & II according to ASTM D5528 and ASTM D 6671. For both tests, a reduction
in fracture toughness was observed after aging, as shown in figure 2.15. However, statistically, the
difference was considered insignificant for mode I and inconclusive for mixed mode I & II. For both
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tests, fractography using Scanning Electron Microscopy (SEM) did confirm an enhancement of matrix
ductility due to plasticization of the matrix after aging.

(a) Mode I (b) Mixed mode I & II

Figure 2.15: Effect of hygrothermal aging on the mode I & mixed mode I & II fracture toughness of carbon/epoxy [43].

Russell and Street [77] reported a decrease in mode I and mode II fracture initiation toughness for
graphite/epoxy samples with increasing temperature, but found no dependence on moisture content,
as can be seen in Figure 2.16. The samples were aged at 75 °C and 100% RH. Propagation values,
however, improved with increasing temperature, which was attributed to an increase in fiber bridge
length with temperature. Pure epoxy was also tested using a Single Edge Notched (SEN) specimen,
where fracture toughness increased with rising temperature. The authors attributed this contrasting
response, between pure epoxy and composite samples, to residual stresses in the matrix surrounding
the fibers, as well as to the fibers constraining the plastic damage zone size at the crack tip.

(a) Temperature effect (b) Moisture effect

Figure 2.16: Effect of temperature and moisture on the mode I, II and mixed mode I & II fracture toughness of graphite/epoxy
[43].

A study by Chou [78] on graphite/epoxy composites observed a slight reduction in initiation fracture
toughness and a significant reduction in propagation toughness with varying moisture content. Mode
I (DCB) dry and wet (1.6 wt% absorbed) have lower GIc characterized at PNL compared to the 50%
humidity equilibrium samples (0.2 wt% absorbed). Characterizing at PMAX or P5% leads to less of a
difference, with PMAX being the opposite, where the 50% equilibrium samples were observed to be
lower. Crack propagation was considerably higher for dry specimens, with 50% equilibrium and wet
samples were practically equal. For mode II (ENF), a similar observation was made where characteriz-
ing at PNL resulted in significantly lower GIIc for wet specimens, while PMAX and P5% did not lead to
significant changes for moisture content.

In contrast, in a study by Garg and Ishai [79], the mode I (DCB) fracture initiation GIc of graphite/epoxy
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was measured using acoustic emission. Testing in a room temperature environment did not lead to a
significant increase for samples aged at 70 °C and 50% RH for over 98 days compared to dry samples.
Aging at 70 °C in water for 62 days (2.1 wt% absorbed) resulted in a 25% increase of initiation fracture
toughness. Testing dry specimens at 127 °C, increased GIc by 17%. This increase in fracture tough-
ness was attributed to matrix plasticizing. Mode II testing appears to lead to a slight decrease of GIIc

with increasing moisture content, however a limited amount of specimens were tested with significant
scatter.

Yao et al. [80, 81] researched the hygrothermal effects on carbon/epoxy fatigue delamination behavior.
Specimens were aged at 70 °C at 85% RH (6 months) or in a water bath (4 months), until the effective
moisture equilibrium changed less than 2%, within the measurement timespan. Testing was conducted
at laboratory temperature conditions. The experiments demonstrated that fatigue delamination growth
(FDG) is significantly influenced by hygrothermal aging, potentially increasing the crack growth rate by
a factor of approximately 5. The influence of hygrothermal aging is shown in the Paris curve in figure
2.17. No significant difference was observed between the two aging methods. Fractographic analysis
identified that hygrothermal aging had a detrimental impact on fiber/matrix adhesion and matrix porosity,
however no obvious differences in damage mechanisms were identified between aged and unaged
fracture surfaces. The degradation after aging was mainly contributed to fiber-matrix interface and
matrix degradation induced by water absorption.

Figure 2.17: Effect of hygrothermal aging on fatigue delamination growth [80]

2.4. Summary of Findings
The literature review provides a comprehensive understanding of important aspects pertaining to flax
fibers, fracture toughness and the effects of hygrothermal aging. Flax fibers offer a competitive and
environmentally sustainable alternative to glass fibers. However, they are highly susceptible to envi-
ronmental conditions, impacting their mechanical properties and dimensional stability, as hygrothermal
aging may lead to fiber swelling, matrix plasticization and fiber plasticization and fiber-matrix debonding.
Causing permanent changes to the material.

While the effects of hygrothermal aging on the tensile properties of FFRP has been extensively re-
searched, the effects on its fracture toughness is unknown. Research on the effects on synthetic com-
posites generally report a reduction in fracture toughness and fatigue delamination growth. However,
for mode I fracture toughness, an improvement due to matrix ductility has also been reported.

The literature research highlights the gap in understanding the effect of hygrothermal aging on the
fracture toughness of FFRP, this research aims to fill that gap by investigating the effects of hygrothermal
aging on the mode I & II fracture toughness of FFRP in both quasi-static and fatigue loading conditions.



3
Research Scope

This chapter defines the scope of the study, including the problem statement, research objectives and
key research questions. Together, these elements provide a structured framework for investigating the
effects of hygrothermal aging on the fracture toughness of flax fiber-reinforced epoxy composites.

3.1. Problem Statement
Flax fibers offer the potential to replace glass fibers in certain composite applications, providing envi-
ronmental benefits due to their lower environmental footprint and recyclability. However, for flax fiber-
reinforced polymers (FFRPs) to become widely adopted, a more comprehensive understanding of their
behavior during and after exposure to environmental conditions—such as temperature and humidity—is
required. These conditions are common in many applications, including aerospace, wind energy, and
automotive industries.

In biocomposites, environmental exposure is known to affect the fibers, matrix, and fiber-matrix inter-
face, often resulting in changes to mechanical properties. Various studies have examined how moisture
and temperature influence the tensile strength of FFRPs, showing significant degradation. However,
no research to date has addressed the fatigue performance or the hygrothermal effects on fracture
toughness of FFRPs. These properties are critical in designing durable composite structures, as they
describe the material’s resistance to crack growth under different loading modes encountered in real-
world applications and in-service conditions.

3.2. Research Objectives
The main objective of this research was to evaluate the effects of hygrothermal aging on the fracture
toughness of flax fiber-reinforced epoxy composites under both mode I and mode II fracture conditions,
considering quasi-static and fatigue loading. To achieve this objective, the research was structured
around the following aspects:

• Quantifying the change in performance in mode I & II fracture toughness due to hygrothermal
aging under quasi-static & fatigue loading conditions. By conducting fracture toughness tests
after exposing samples to controlled hygrothermal aging cycles.

• Analyzing failure modes of FFRP and the potential differences after aging through optical mi-
croscopy and scanning electron microscopy (SEM).

• Analyzing the results and comparing them with existing data on carbon fiber reinforced composites
to understand the relative performance of flax fibers.
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3.3. Research Questions
To research the hygrothermal effects on the fracture toughness of FFRP composites, the research
question has been formulated as follows:

Main Research Question:

To what extent does hygrothermal aging affect the mode-I & -II fracture toughness of flax
fiber reinforced epoxy composites under quasi-static and fatigue loading conditions?

This has been divided up into the following sub-questions:

Sub Questions:

1. From literature, what microstructural and material properties influence the mode I & mode II frac-
ture toughness of flax fiber reinforced composites?

2. What are the initial (pre-aging) mode I and mode II fracture toughness, of flax fiber-reinforced
epoxy composites under quasi-static and fatigue loading conditions?

3. How does hygrothermal aging influence the microstructure and mechanical integrity of flax fiber-
reinforced epoxy composites, and how does this affect the fracture toughness and fatigue delam-
ination growth resistance?

4. How does hygrothermal aging affect the damage patterns and damage evolution in quasi-static
and fatigue mode I & II loading conditions?



4
Methodology

This chapter outlines the methods and procedures used to investigate the effects of hygrothermal aging
on the fracture toughness of flax fiber-reinforced epoxy composites. This chapter includes specimen
preparation, experimental setup and analysis methods.

4.1. Specimen Preparation
The preparation of test specimens is critical to ensuring consistency and reliability in fracture toughness
testing. This section describes the manufacturing process for mode I and mode II test specimens, qual-
ity control methods, the hygrothermal aging procedure, and provides an overview of the experiments
conducted.

4.1.1. Manufacturing
The specimens for mode I and II testing were manufactured in the TU Delft composites lab. This section
details the manufacturing process used to manufacture the specimens.

The composite material used in this study consists of Amplitex 280 flax fiber and SWANCOR 2511-
1AL/BL epoxy. Amplitex 280g/m2 is a quasi-unidirectional, non-crimp flax fabric produced by Bcomp
in Switzerland. The polymer matrix is a thermosetting epoxy manufactured by Swancor Advanced
Materials Co., based in Shanghai. This resin is characterized by moderate viscosity and an extended
working time, making it well-suited for vacuum infusion processes.

The specimens were manufactured using two large aluminum plates that fit 500 × 500 mm plies. Both
plates were thoroughly cleaned using acetone and coated with three layers of Marbocote 227 release
agent to prevent the material from adhering to them during curing. Both mode I & II specimens were
manufactured according to the stacking sequence, [04//04] with “//“ indicating the delamination plane
created by inserting a 30µm thick fluorinated ethylene propylene (FEP) release film at the mid-plane.
This is slightly thicker than the recommended < 13µm per the ASTM and ISO standards. Figure 4.1
illustrates the manufacturing setup. To control specimen thickness, three layers of tacky tape were
stacked between the top and bottom aluminum plates. The plies were oriented along the infusion
direction, with release films positioned between two 4-ply stacks on each side of the panel. Once
arranged, the top aluminum plate was placed over the plies, and a vacuum bag was applied over the
assembly. This setup allowed the vacuum pump to infuse the panel efficiently along the fiber direction.
The modified vacuum infusion setup, with the second plate over the fibers, ensures a smooth, uniform
surface finish on both sides of the panel. This is essential for achieving consistent moisture absorption
across both surfaces during aging.

After confirming the absence of leaks and ensuring a stable vacuum, the plates were infused and cured
at room temperature for 24 hours. Following the initial cure, the panel underwent an 18-hour post-cure
in an autoclave. Based on previous manufacturing trials, the manufacturer’s standard cure cycle was
extended to ensure full cure, as the original cycle showed an increase in glass transition temperature
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Figure 4.1: Schematic representation of the setup employed for manufacturing FFRP specimens.

(Tg) during DSC measurements, indicating incomplete curing. The modified cure cycle, shown in Figure
4.2, involves raising the temperature to 70 °C at a rate of 5 °C/min, holding for 18 hours at 7 bars of
pressure. This cycle promotes full curing, improving the thermal and mechanical stability of the final
panel.

Figure 4.2: Diagram of the curing temperature and pressure inside the autoclave during the post-cure.

After the panel was fully cured, it was transported to DEMO, the electronic and mechanical support
division at TU Delft, for waterjet cutting to achieve the final sample dimensions. The double cantilever
beam (DCB) samples were cut according to ASTM D5528 standards, with a length (L) of 210 mm, width
(b) of 25 mm, and an insert length of 60 mm. The end-loaded split (ELS) samples were cut to similar
specifications, except with a reduced length of 170 mm. A total of 18 DCB and 18 ELS samples were
cut from each plate. Figure 4.3 shows the manufacturing setup in the lab along with an image of one
of the cut plates. To prevent the onset of delaminations due to the waterjet entry impact, the cutting
path was initiated 5 mm prior to the sample edge. This adjustment allowed the high-pressure waterjet
stream to stabilize before engaging the specimen, preserving the integrity of each sample.

For each testing condition, samples were used from various plates to minimize plate-to-plate variability
due to subtle differences in manufacturing conditions like the height of the stacked tacky tape resulting
in slight differences in thickness. Further variance may come from differing lab conditions, as not all
plates were manufactured at the same time.
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(a) Vacuum infusion setup (b) Resulting plate after waterjet cutting

Figure 4.3: Manufacturing setup in the composites lab and resulting plates.

After aging and prior to DCB and ELS testing, the samples underwent several preparation steps, includ-
ing bonding of load blocks, marking measurement lines, and recording sample dimensions.

To improve crack visibility during testing, both sides of each specimen were coated with a thin layer of
white industrial topcoat spray paint. For precise load transfer, aluminum loading blocks were bonded
to the delaminated ends of the specimens. In mode I testing, these blocks were bonded to both sides
of the specimen, while in mode II, the block was bonded only to the bottom side.

To ensure optimal bond strength, each loading block was prepared by sanding off residual epoxy, clean-
ing with acetone, sand-blasting the bonding surface, and cleaning it again, creating a uniform texture
that promotes strong mechanical interlocking. The bonding region on the specimens was also lightly
sanded to improve adhesion. Alignment during bonding was achieved using 3D-printed fixtures, and
Loctite EA 3430 Epoxy was applied to the loading blocks. After epoxy application, the specimens were
carefully aligned within the fixture and clamped to maintain constant pressure during the 24 hour curing
process. The setup for both DCB and ELS preparation is illustrated in Figure 4.4.

(a) DCB bonding (b) ELS bonding

Figure 4.4: Bonding procedure for load blocks on DCB & ELS samples.

After curing for 24 hours at room temperature, the fixtures were removed, and thin vertical lines were
marked along the edge of each sample to facilitate visual detection of delamination growth. Marks
were placed at 1 mm intervals starting from the end of the insert for the first 10 mm, followed by 2 mm
intervals, as specified by ASTM D5528. For the ELS samples, an additional line was drawn 7 mm from
the clamp to assist in monitoring the angle change at this location. Finally, prior to testing, the width,
and thickness of each sample were recorded at the midpoint and 50 mm from either end. Figure 4.5
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shows a fully prepared specimen ready for testing.

Figure 4.5: Fully prepared specimen ready for testing.

4.1.2. Quality Control
To ensure that the manufactured plates were suitable for testing, basic quality control procedures were
conducted to assess their integrity and consistency. Dimensional measurements were taken to confirm
uniformity, and Differential Scanning Calorimetry (DSC) was performed to determine the glass transition
temperature (Tg), verifying that the matrix was fully cured. Additionally, cross-sectional samples were
examined under a microscope to identify fiber volume fraction and potential defects, such as voids, fiber
misalignment, and delaminations.

Specimen dimensions
The width, thickness, and weight of each specimen were measured prior to testing and are summarized
in Table 4.1. Although the specimens were initially designed to have a uniform thickness of 4 mm, the
manufacturing process, particularly the use of three layers of tacky tape to control thickness, resulted
in slight variations across the plates and an average cured ply thickness of 0.44 mm instead of 0.5 mm.

Table 4.1: Average dimensions (width and thickness) of specimens per manufactured plate, including standard deviations.

Plate 2 Plate 3 Plate 4
Average Std Average Std Average Std

Width [mm] 25,18 0,02 25,23 0,40 25,17 0,07
Thickness [mm] 3,50 0,11 3,31 0,08 3,67 0,05

Differential Scanning Calorimetry
For each of the three manufactured plates, three samples were collected at three different locations
near the center of the plate. These samples were then subjected to three cycles of:

• Equilibrate at 0 °C for 5 minutes
• Ramp 10 °C/min to 150 °C
• Isothermal 5 min at 150 °C
• Ramp down 10 °C/min to 0 °C

The results of the three specimens tested for plate 2 are shown in Figure 4.6. It can be seen that for
each cycle the Tg, stays consistent, meaning that the plate is fully cured. Similar observation were
made for plates 3 and 4.

Microscopy
To evaluate the internal structure of the plates, three cross-sectional samples from each plate were
embedded in EpoFix resin, polished, and examined using a Keyence VK-X1000 confocal scanning
microscope. The resulting images of each sample are shown in Figure 4.7. Plate 2 appears structurally
sound, with black lines indicating stitching threads rather than voids. Plate 3 shows some noticeable
voids in section 3-5, whereas sections 3-1 and 3-7 are largely free of defects. Similarly, Plate 4 has
minor voids in sections 4-1 and 4-2 but is otherwise consistent in structure.
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Figure 4.6: DSC results for plate 2, used to confirm consistency of Tg after curing.

Figure 4.7: Cross-sectional images from plates 2, 3, and 4, highlighting fiber distribution and structural integrity.

The fiber volume fraction for each plate was estimated based on the weight and volume of the speci-
mens, along with the known densities of the components. The volume of voids was assumed to be neg-
ligible in these calculations. The density of the Swancor 2511 resin was determined to be 1.15 g/cm3,
and the aerial weight of the fibers, as specified in the Amplitex datasheet, is 280 g/m2. By measuring
the weight and average dimensions of each specimen, the volumes of the epoxy and fibers were cal-
culated. This method yielded fiber volume fractions of 43.2%, 46.3%, and 41.4% for Plates 2, 3, and 4,
respectively.

Overall, slight differences were observed between the plates, primarily in thickness and fiber volume
fractions. Despite these minor variations, all plates were deemed suitable for testing. However, to
account for these differences, the fracture toughness values will be compared against the specifications
of each individual plate.
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4.2. Experimental Overview
The following section describes the experimental setup for both mode I and mode II testing under quasi-
static and fatigue loading conditions. All tests were conducted at the Delft Aerospace Structures and
Materials Laboratory (DASML). More detailed information on the experiments can be found in Appendix
A.

Testing was conducted on specimens across three aging conditions: unaged, 1-cycle aged, and 2-cycle
aged. An overview of the experiments is provided in Table 4.2. Quasi-static testing was organized into
two rounds to manage the workload effectively. Round one included testing four unaged specimens
and four specimens aged for one cycle. Round two involved testing all specimens aged for two cycles,
as well as the remaining unaged and 1-cycle aged specimens. By saving unaged and 1-cycle aged
specimens for the second round, all specimens were tested under similar laboratory conditions following
the second aging cycle.

To systematically categorize the experiments, the following naming convention was used:

• Type of tests: Quasi-static (QS) or Fatigue (F)
• Designation: Each test was labeled with a unique identifier following the format X-Y-Z, where:

– Position 1 (X): Specifies the type of test and fracture mode. For instance, ”QS1” refers to
quasi-static mode I, while ”F2” refers to fatigue mode II.

– Position 2 (Y): Indicates the aging condition of the specimen, where ”U” denotes unaged,
”A1” denotes 1-cycle aged, and ”A2” denotes 2-cycle aged.

– Position 3 (Z): Sequential number assigned to each specimen tested under a given condi-
tion.

Table 4.2: Overview of Experimental Campaign.

Aging Type of Test Number of Experiments

Mode I Mode II

Unaged QS 6 6

1-cycle QS 6 6

2-cycles QS 6 7

Unaged F 3 3

1-cycle F 3 3

The table provides an overview of the experimental campaign, detailing the number of specimens tested
under each loading mode and aging condition. This systematic approach allows for a robust analysis
of how hygrothermal aging impacts the fracture toughness and durability of flax fiber composites under
various loading conditions.

4.2.1. Hygrothermal Aging
During the lifetime of an aircraft, a wind turbine blade, or other outdoor structural components, materials
are often exposed to extreme and fluctuating environmental conditions over both short and extended
periods. To ensure the durability of such structures, it is essential to understand how materials respond
under these environmental conditions, particularly in the case of flax fibers, which are highly susceptible
to water absorption.

This thesis focuses on quantifying the effects of hygrothermal aging on flax fibers by exposing samples
to controlled variations in humidity and temperature over an extended period, followed by testing under
standard laboratory conditions.
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To evaluate the effects of hygrothermal aging on the fracture toughness of flax fiber epoxy composites,
specimens were subjected to a Weiss LF7m45 climate chamber, as shown in Figure 4.8. The aging
cycle proceeded as follows: specimens were first exposed to 50 °C at 90% relative humidity (RH)
until equilibrium was reached, then the RH was lowered to 30% where equilibrium was again allowed
to establish, and finally adjusted to 50% RH until reaching equilibrium once more. Throughout each
stage, the temperature was held constant at 50 °C to accelerate moisture absorption and desorption
rates. During the final equilibrium phase at 50% RH, pristine (unaged) specimens were also placed in
the climate chamber to ensure consistent testing conditions across both aged and unaged samples.

Figure 4.8: Weiss LF7m45 climate chamber used for controlled hygrothermal aging of specimens.

The weight of the samples was monitored every 2 to 4 days, with more frequent measurements taken
immediately following changes in environmental conditions, when significant weight fluctuations were
anticipated. As the samples approached equilibrium, the monitoring frequency was gradually reduced.
Moisture evolution (M ) was calculated using the following equation:

M =
Wi −W0

W0
× 100 (4.1)

Where Wi is the mass measured at each time interval, and W0 is the initial mass of the sample. Equi-
librium was determined by examining the moisture uptake graphs, where moisture evolution (M ) was
plotted against time. The results of these measurements are shown in Figure 4.9, with separate data
for each aging condition and specimen type (ELS and DCB).

Notably, in Figure 4.9b, the specimens QS2-U-X1 through -X3 were initially set to 30% RH, as they were
originally intended for in-service testing. However, after several unaged tests failed and in-service test-
ing was canceled, the RH condition was quickly adjusted to 50%, before samples reached equilibrium
at 30% RH.

In summary, the moisture evolution data confirm that equilibrium or near equilibrium was achieved for
each aging condition, ensuring consistent pre-testing moisture levels across all specimens. These
results provide a foundation for analyzing the effects of hygrothermal aging on fracture toughness in
the subsequent tests.
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(a) DCB Unaged (b) ELS Unaged

(c) DCB aged 1 cycle (d) ELS aged 1 cycle

(e) DCB aged 2 cycles (f) ELS aged 2 cycles

Figure 4.9: Moisture uptake behavior of DCB and ELS specimens during hygrothermal aging cycles, plotted over time.

4.2.2. Experimental Setup Mode I
ASTM D5528 provides the standard procedure for mode I interlaminar fracture toughness testing of
unidirectional fiber-reinforced polymer matrix composites. In accordance with this standard, double
cantilever beam (DCB) specimens were used with loading blocks to introduce the load, as shown in
Figure 4.10.

Quasi-static fracture toughness
For quasi-static (QS) testing, a 10 kN Zwick testing machine with a 1 kN load cell was utilized. Crack
growth was continuously monitored throughout the test using a 4-megapixel (MP) Optomotive camera
equipped with an external spotlight, capturing images at intervals of 5–10 seconds. These images
were saved directly to a computer stationed on the camera cart, which was linked to the Zwick control
system. This setup enabled the image capture software to automatically generate a corresponding .txt
file containing synchronized load and displacement data for each captured image, facilitating accurate
tracking of crack progression and allowing for synchronization of images with the Zwick test data. The
complete experimental setup, as implemented in the laboratory, is shown in Figure 4.11.

The initial non-pre-cracked (NPC) loading cycle was conducted under displacement control at a con-
stant crosshead speed of 2 mm/min. Loading was manually halted using a trigger button once a crack
growth of 3–5 mm had been achieved, after which the specimen was unloaded. This initial cycle pro-
vided data for calculating the NPC GIc. In the subsequent, pre-cracked (PC) loading cycle, the same
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(a) Schematic DCB [36] (b) Manufactured DCB

Figure 4.10: Schematic and manufactured DCB specimen, highlighting the specimen’s configuration for mode I fracture
toughness testing.

Figure 4.11: Experimental setup for mode I testing, highlighting the DCB specimen, test control system, and associated
measurement devices, specified below:

1. Test control 5. DCB test specimen
2. Trigger 6. Camera
3. LED lights 7. Camera car computer
4. 1 kN load cell

crosshead speed was maintained, and the GIc initiation and propagation values were measured up to
a crack size in the range of 100-120 mm. These values were then used to generate an R-curve for the
material, to represent the fracture toughness for various aging states.

Fatigue fracture toughness
For fatigue testing of mode I crack opening, an MTS 10 kN fatigue test bench with a 1 kN load cell was
used. The test setup was similar to that used for quasi-static (QS) testing, with the primary difference
being the use of the fatigue test bench to apply cyclic loading. Fatigue testing was conducted at a
displacement ratio (R) of 0.2, as initial trials at R = 0.1 resulted in significant negative loads at minimum
displacement values due to plastic deformation in the specimen arms. This issue persisted to a lesser
extent at R = 0.2. The cyclic loading was applied at a frequency of 5 Hz, with displacement cycling
between 3.4 mm and 17 mm. A thermocouple was attached to the initial specimen to monitor any
potential temperature increase resulting from the applied cyclic frequency. No significant temperature
rise was observed, confirming that the specimen remained unaffected by thermal effects during testing.
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To monitor crack growth during fatigue testing, images were captured, at 14 mm of displacement, every
100 cycles for the first 10,000 cycles, and every 1,000 cycles thereafter. Testing continued until either
crack propagation approached the limits of the specimen or 200,000 cycles were reached.

4.2.3. Mode II
For mode II testing, the selection of an optimal method was less straightforward than for mode I. Various
methods are commonly used in the literature, with End-Notched Flexure (ENF) being the most widely
applied and the only method found for testing of flax fiber composites. However, ENF testing does
not allow for stable crack growth, limiting the measurement to initiation toughness only. Therefore, for
the purposes of this thesis, the End-Loaded Split (ELS) method was selected to enable stable crack
propagation throughout the test. ELS is also the recommended method for mode II testing according
to ISO 15114, which outlines a procedure for determining mode II fracture toughness, as illustrated in
Figure 4.12. The fixture used in this setup allows the specimen to be firmly clamped while enabling the
clamping arrangement to slide freely in the horizontal direction.

Figure 4.12: Illustration of the ELS specimen configuration for mode II interlaminar fracture testing [38].

Quasi-static fracture toughness
During initial trials, several complications arose when following the recommended procedure outlined
in the standard. The calibration procedure produced highly variable results and left specimens perma-
nently deformed. Additionally, pre-cracking in mode II led to significant plastic deformation. To address
these issues, it was decided to manually grow the crack by 2–5 mm. This was accomplished by clamp-
ing the specimen at the base with the insert facing upward, then gently inserting a thin metal strip into
the crack opening while visually monitoring the crack growth.

The pre-cracked specimen was then positioned in the test fixture with a free length (Lf ) of 75 mm, as
shown in Figure 4.13. Clamping was achieved by applying a 5 Nm torque to all four bolts, ensuring
an evenly distributed clamping force. The 75 mm free length was selected to minimize the deflection
needed to propagate the crack. Testing was conducted at a crosshead speed of 1 mm/min, continuing
until a maximum displacement of 60 mm or until the crack reached within 10 mm of the clamp. During
testing, load and displacement values were recorded, and images were captured every 10 seconds to
monitor crack growth.

The experimental fatigue setup was similar to the configuration described in Section 4.2.2, but employed
the MTS 10 kN fatigue machine. The setup, shown in Figure 4.14, was used for both quasi-static (QS)
and fatigue testing.

Fatigue fracture toughness
The fatigue experimental setup is the same as for the QS tests. The difference is in the designed test
program in the fatigue bench. Testing was conducted at R-ratio of 0.2, to keep things consistent with
mode I. During the test the displacement cycled between 21 mm and 4.2 mm at a frequency of 3 Hz.
The test was run until the crack had grown to within 10 mm from the clamp or at 200,000 cycles, which
ever came first. To monitor crack growth, images were captured at 17 mm of displacement, every 100
cycles during the first 10,000 cycles, after which images were taken every 1,000 cycles. The minimum
and maximum force and displacement values were recorded for each cycle.
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Figure 4.13: ELS fixture used for mode II fracture toughness testing.

Figure 4.14: Experimental setup for mode II testing, highlighting the ELS specimen, test control system, and associated
measurement devices, specified below:

1. Camera car computer 4. Camera
2. Test control 5. 1 kN load cell
3. LED light 6. ELS fixture with specimen

Similar to the observations made during mode I fatigue testing, initial trials in mode II revealed consider-
able plastic deformation in the specimens. This deformation introduced an unintended effect: the test
effectively transitioned into a mixed-mode I and II configuration. Specifically, the upward displacement
caused permanent deformation in the top arm of the specimen, which, in turn, resulted in a tensile
opening effect on the downward motion. This phenomenon created a mode I component in addition to
the intended mode II loading. As a result, each cycle of loading and unloading subjected the specimen
to a combination of shear and tensile forces. This unintended mixed-mode effect is illustrated in Figure
4.15.
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Figure 4.15: Unintentional mixed-mode I & II loading during mode II fatigue.

4.3. Analysis
This section outlines the approach used to analyze the data collected during the testing phase. It
begins with the method for determining crack lengths, followed by the calculations for mode I and mode
II fracture toughness under both quasi-static (QS) and fatigue loading conditions. The final part of
this section describes the procedure for assessing surface roughness and obtaining high-resolution
fractography images to further characterize fracture surfaces.

4.3.1. Crack Length Determination
Accurate determination of crack length is essential for calculating fracture toughness in both quasi-static
(QS) and fatigue tests. Although similar principles are applied, each testing condition required slightly
different approaches. The following subsections describe the methods used to measure crack growth
in QS and fatigue tests, respectively.

Quasi-Static
The method for determining the crack length from the obtained images was consistent across, mode I
& II QS testing. Before every test, the initial delamination length was measured and marked on the side
of the specimen. The location of the initial delamination could accurately be determined by shining a
bright light on one side of the specimen. The area where the release film was located appeared as a
darker surface on the other side of the specimen. From the initial delamination, additional marks were
made every 1-2 mm to aid in determination of crack length.

For each test, hundreds and sometimes thousands of images were collected. However, not every image
could be analyzed for crack length. In mode I a maximum of 67 crack lengths were measured. For mode
II, the maximum was 21, as the crack was not able to propagate as far. Following the standard, during
the first 10 mm of propagation, the crack length was measured at least every 1 mm, after which crack
lengths were recorded at least every 2 mm. Figure 4.16, shows two representative images from which
crack lengths were recorded from mode I and mode II tests.

Fatigue
For fatigue testing, the compliance method was used to estimate crack length during the test. A rep-
resentative subset of images was selected at key intervals to directly measure crack lengths. These
measured lengths were plotted against their corresponding compliance values on a logarithmic scale.
Using linear regression to establish a linear relationship between compliance and crack length. This
relationship allowed for the estimation of crack growth throughout the entire test, enabling continuous
estimate of crack propagation while minimizing the need for extensive image analysis.

Figures 4.17a and 4.17b illustrate how this method provides estimated crack length values compared
to the measured crack lengths for mode I and mode II, respectively.
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(a) Mode I — QS1-U-5_2816 (b) Mode II — QS2-U-5_1200

Figure 4.16: Zoomed-in images from mode I & II testing, used for crack growth analysis, with a full-scale view provided in the
top-right corner.

(a) Mode I — Compliance method (b) Mode II — Compliance method

Figure 4.17: Comparison of estimated and measured crack lengths for mode I and mode II tests, using compliance calibration
methods.

4.3.2. Interlaminar Fracture Toughness
The interlaminar fracture toughness in this study was evaluated using two methods, namely the Strain
Energy Release Rate (SERR) and the J-integral. These methods were applied to both mode I & II in
QS and fatigue loading.

Strain Energy Release Rate
Using linear elastic fracture mechanics (LEFM), fracture toughness can be expressed as the strain
energy release rate (SERR, G). This is defined as the loss of strain energy (dU ) per unit of specimen
width (b) for an infinitesimal increase in delamination length (da), assuming self-similar delamination
growth under constant displacement. The general formula for G is given in Equation 4.2 [82].

G = −1

b

dU

da
(4.2)

where:

U = elastic strain energy
b = specimen width
a = delamination length

For mode I testing, the interlaminar fracture toughness, GI , is calculated using the Modified Compliance
Calibration (MCC) method, as described in ASTM D5528. This approach accounts for compliance
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variations and includes correction factors, enabling an accurate measure of GI under conditions where
large displacements and or load block stiffening might otherwise affect results:

GMCC
I =

3P 2 C
Ncorr

2
3

2A1bh
F (4.3)

where:

P = applied force
C = compliance, defined as δ/P , where δ is the displacement
Ncorr = load block correction factor
A1 = MCC calibration parameter
h = Specimen height
F = large displacement correction factor

The parameter A1 is obtained by plotting (Ci/N)1/3 versus ai/h and applying linear regression to obtain
the slope, as is illustrated in Figure 4.18. Where Ci = δi/Pi, the first two points on the plot correspond
to the critical NPC and PC forces, the further points are from the propagation values. The correction
factor F for large displacements is calculated as follows.

F = 1− 3
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)
(4.4)

Where l1, is the distance from the mid-plane of the specimen to the center of the pinhole. Finally, the
loading block correction factor Ncorr is calculated from:
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Where l2 is the horizontal distance from the center of the loading-block pinhole to the edge of the loading
block.

Figure 4.18: Modified compliance calibration method, illustrating the relationship between compliance and crack length for
mode I fracture toughness analysis.

The critical force for calculating the NPC and PC initiation fracture toughness is determined by identify-
ing a 5% increase in compliance from the original linear region of the force-displacement curve. This
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linear region is defined as the portion between 25–75% of the maximum force. To determine the critical
force Pc, a line with a 5% increase in compliance is plotted from the initial slope of the linear region. If
this line intersects the force-displacement curve after the maximum force, then Pc = Pmax. Otherwise,
the critical force is taken as the point of intersection between the 5% compliance line and the force-
displacement curve, designated as Pc = P5%. These critical points, along with the propagation values,
are then plotted on an R-curve to visualize fracture toughness evolution with crack length.

For mode II, ISO 15114 recommends calculating the strain energy release rate (GIIC ) using corrected
beam theory with an effective crack length (CBTE), as this approach is independent of direct crack
length measurements. However, the CBTE method requires a clamp calibration procedure, which leads
to permanent deformation of the specimens. To avoid this, the experimental compliance method (ECM)
was employed, requiring the crack lengths to be measured from images obtained during testing, leading
to more pronounced deviation within the specimens. The equation for ECM is shown below:

GECM
II =

3P 2a2m

2b
∗ F

Ncorr
(4.6)

Where the slope, m, is obtained by taking the slope of the linear relationship between the corrected
compliance and the measured crack length cubed. The correction factors F , for large displacement,
and N , for the effect of the load blocks, are given by:
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Here l1 represents the distance from the mid-plane of the specimen to the center of the pinhole, and l2
represents the distance from the center of the pinhole to the edge of the load block. Theta values are
calculated as follows:
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J-Integral Approach
The J-integral, originally developed by J. Rice, is rooted in nonlinear fracture mechanics [83], whereas
the strain energy release rate (SERR, G) is limited to linear elastic fracture mechanics (LEFM). The J-
integral theory was initially formulated for a two-dimensional strain field applied to a linear or nonlinear
elastic material containing a crack, as illustrated in Figure 4.19.

Although initially developed for linear and nonlinear elastic materials, the J-integral was extended to
accommodate small-scale yielding at the crack tip and has been shown to yield reliable results for
larger-scale yielding as well [84, 85]. This adaptability makes the J-integral a valuable tool in fracture
analysis for materials exhibiting plasticity and complex deformation behavior, as is observed in the
tested specimens.

Figure 4.19: Two-dimensional body with a crack.

The general form of the J-integral as a path independent integral around the crack tip as described by
Nilsson [86] is given by equation 4.14.

J =
1

b

∫
S

(
W dδ1j −Pji ·

∂ui

∂X1

)
Nj dS (4.14)

Where W is the strain energy density and is a function of the stress and strain field as shown:

W =

∫ ϵij

0

σij dϵij (4.15)

and,

δ = the Kronecker Delta
S = the contour surface
u = the displacement vector
dS = the counterclockwise incremental distance along the contour surface
P = Piola-Kirchoff stress tensor
N = outward normal unit vector to the contour

Following the derivation by Gunderson [84] and taking Figure 4.20 as reference, the displacement
components can be written as:

u1 = u+X2 sinϕ (4.16)
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u2 = v −X2 (1− cosϕ) (4.17)

Figure 4.20: Coordinate convention for mode I J-integral approach [84].

The loading of the specimen can be described by nominal traction as P11 = −T1 and P12 = −T2. Now
rewriting equation 4.14, yields

JIb

2
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∫
h/2

[W+T1

(
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∂X1
+X2 cosϕ

∂ϕ
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∂ϕ
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)]
b dX2 (4.18)

Where ∂u
∂X1

, ∂v
∂X1

and ∂ϕ
∂X1

are constant with respect to X2. The traction terms can be expressed as
applied forces and moments, resulting in the following expression:

JIb
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Wb dX2 + P1
∂u

∂X1
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∂X1
+M

∂ϕ

∂X1
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The equation may be simplified by considering no or negligible moment, and only a vertical component
as the force is applied through a pinhole, allowing for free rotation. Considering θp is the angle at the
loading point, ∂v

∂X1
= sin θp the equation can be written as:

JI =
2P

b
sin(θp) (4.20)

Pérez-Galmés et al. [87] proposed a data reduction method based on the J-integral for calculating the
interlaminar fracture toughness in mode II ELS specimens, specifically when the material exhibits a
significant Fracture Process Zone (FPZ).

Starting from the general J-integral expression in equation 4.14 and considering the deformed shape
of the ELS specimen shown in Figure 4.21, the final equation for mode II fracture toughness can be
derived under the following assumptions:

• The crack propagates in a straight line parallel to the x1 axis
• The difference between θg and θ

′

g is negligible
• The curvature of the specimen is small compared to its length and the strains resulting from P1

are negligible compared to the overall deformation

Under these assumptions, the mode II fracture toughness is given by the following equation:

JII =
3 (P cos (θp))

2

5G12b2h
+

P cos (θp) tan (θp − θg)− tan (θg)

b
+

∫ h

−h

(
−1

2
E11ε

2
11

)
dx2 (4.21)

Where:
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Figure 4.21: Illustration of deformed ELS specimen, indicating mode II J-integral components [87].

• P is the applied load,
• θp is the angle of the applied load,
• G12 is the shear modulus,
• b is the specimen width,
• h is half the specimen thickness,
• E11 is the Young’s modulus in the fiber direction
• ε11 is the strain in the same direction.

The final integration in equation 4.21 can be estimated by applying Simple Beam Theory (SBT) to the
longitudinal strain. According to Pérez-Galmés [87], this approach results in fracture toughness values
within 2% of results obtained from strain gauges and Digital Image Correlation (DIC). This results in an
expression that does not depend on the strains, but rather on the distances between the load application
point and the clamp tool (L), and the distance between the section S − S

′ and the clamp tool (Ls), so
that the final equation becomes:

JII =
3 (P cos (θp))

2

5G12b2h
+

P cos (θp) tan (θp − θg)− tan (θg)

b
− E11h

3

(
3

2

P (L− Ls)

E11bh2

)2

(4.22)

where E11 is the Young’s modulus in the fiber direction and G12 the shear modulus.

Calculation of E11 and G12

The longitudinal Young’s modulus E11 and the shear modulus G12 were determined from quasi-static
(QS) tensile tests performed on the same flax-epoxy material combination used in this thesis.

To determine E11, tensile tests were conducted along the fiber direction. The stress-strain response
exhibited a bi-linear behavior typical of flax-epoxy composites, with an initial linear region followed by a
change in stiffness. From the stress-strain curve, two moduli were extracted from the regions indicated
by the vertical dashed lines in Figure 4.22a. For the analysis, the 2nd modulus was selected for the
calculation of E11, as it represents the material behavior after the initiation of damage, providing a
conservative estimate of the material’s stiffness under large deformation.

The shear modulus G12 was obtained from tensile tests on a ±45◦ cross-ply laminate. The shear
modulus G12 was calculated in the strain range from 2000 to 6000 micro-strain as indicated by the
vertical dashed lines in Figure 4.22b.

Angle Determination
For each specimen, the angle was determined at every measured delamination length using the image
processing software ImageJ. The images obtained during testing were analyzed to measure the angle
relative to the loading block. This process involved manually tracing the edge of the loading block in
ImageJ to define the angle. Then for each delamination length, the change in angle from the initial,
undeformed position was calculated. These angular changes were used to quantify the rotation of the
specimen at the initiation and propagation points of each specimen.
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(a) Determination of E11 (b) Determination of G12

Figure 4.22: Stress-strain curves of UD and cross-ply flax epoxy laminates.

In addition to this, for mode II testing, the angle θg at the location S−S
′ , as defined in Figure 5.16, was

also determined. This angle was measured from the vertical line drawn on the specimen prior to testing
at a length Ls and θg was calculated relative to the initial, undeformed configuration of the specimen.

Discussion G vs J
The strain energy release rate G, is the recommended analysis method per both ISO and ASTM stan-
dards. However, it is fully based on linear elastic fracture mechanics (LEFM), assuming that the energy
put into the system is used to propagate the crack and is not to plastically deform the specimen arms.
For both mode I & II tests performed in this thesis on flax/epoxy samples, the arms are plastically
deformed and invalidate the assumption of LEFM. This is where the J-integral, derived on non-linear
fracture mechanics, provide an alternative approach to calculate the fracture toughness in the presence
of large Fracture Process Zones (FPZ) and large displacements. However, the J-integral for mode I
& II, make assumptions that do not fully capture all aspects of plasticity in the specimens, therefore
the calculated fracture toughness values should mainly be used for comparative evaluation of the ag-
ing states. The assumption in mode II, of the difference between θg and θ′g, get larger as the crack
propagates and might influence results towards the end of propagation.

A comparison of the Strain Energy Release Rate (SERR), calculated using the compliance method
with large displacement corrections, and the J-integral on fiberglass/epoxy samples (h = 4 mm) yielded
remarkably similar results, differing by only 0.97% ± 0.92% [84]. This close agreement highlights
how the correction factors for the SERR closely match the J-integral. The J-integral rooted in non-
linear fracture mechanics should capture more of the plasticity effects for non-linear fracture mechanics
scenarios where traditional LEFM assumptions fail.

For mode II, data from W. Tu [88] on unidirectional carbon/epoxy tested using the End-Loaded Split
(ELS) method provides a comparison between SERR and the J-integral, as shown in Figure 4.23. A
noticeable difference between the two methods is observed in this case. This discrepancy is likely due
to the J-integral’s ability to apply force corrections, ensuring that the component of the force used in
the calculation is adjusted to account for the applied angle. Furthermore, more plasticity effects are
accounted for in the FPZ. This adjustment allows the J-integral to more accurately reflect the fracture
mechanics in cases where deflections become larger and non-linear effects are more pronounced,
thereby providing a refined estimation of fracture toughness in mode II.

4.3.3. Fatigue
To analyze fatigue behavior, the crack growth rate is typically plotted against ∆

√
G = (

√
Gmax −√

Gmin)
2. However, due to the plastic deformation observed during testing, Gmin becomes negative,

making it impossible to calculate ∆
√
G.

An alternative approach is to use ∆G = Gmax−Gmin, which avoids the issue of square-root calculations
with negative values. For direct comparison with the J-integral results, however, Jmin would also be
required. The angle measurements for the specimens at minimum displacement are unavailable, as
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Figure 4.23: Comparison of SERR to J-integral for Carbon/Epoxy mode II ELS.

this aspect of the analysis was not initially anticipated. Therefore, the fatigue behavior will be plotted
as crack growth rate against Gmax and Jmax

The crack growth rate is determined by first fitting a power-law function to the crack length versus cycle
data and then calculating its derivative. This approach allows for a continuous assessment of crack
growth rate, providing insight into the rate of crack propagation in response to fatigue loading.

The maximum fracture toughness for each cycle is calculated using Equations 4.3, 4.6, 4.20, and 4.22
as previously described, with modifications to incorporate the maximum force and displacement values
for each cycle. Compliance is calculated using Equation 4.23, which utilizes the maximum and minimum
displacement (δmax and δmin) and force (Pmax and Pmin) values within each cycle:

C =
δmax − δmin

Pmax − Pmin
(4.23)

For the calculation of the J-integral, the change in angle at the load block was determined using the
same principle as that used to determine the continuous crack length from a series of selected im-
ages, as described in Section 4.3.1. For mode II, the angle θg was calculated by averaging several
measurement points.

4.3.4. Analysis of Variance (ANOVA)
To assess the impact of aging on fracture toughness, a One-Way ANOVA was conducted on the test
results. ANOVA, or Analysis of Variance, is a statistical method used to compare means across multiple
groups, helping to determine if observed differences are statistically significant.

In this analysis, fracture toughness was set as the dependent variable, with the aging state as the inde-
pendent variable. Prior to applying ANOVA, the groups were checked for normality using the Shapiro-
Wilk test to ensure they fit a normal distribution. Additionally, to verify the assumption of homogeneity of
variance, a requirement for ANOVA, Levene’s test was performed to determine if there were significant
differences in variances across the aging states.

If both tests confirmed normality and homogeneity of variance, the ANOVA results were evaluated for
statistical significance. The Null hypothesis, is rejected if the p-value is found to be less than 0.05,
meaning that there is a less than 5% probability that the observed differences in fracture toughness
between aging states occurred due to random variation alone.

4.3.5. Surface Roughness
After testing, the fracture surfaces were examined using the surface roughness function on a Keyence
VK-X1000 Confocal Laser Scanning Microscope (Figure 4.24a), resulting in a 3D surface plot used
for the analysis shown in Figure 4.24b. This analysis aimed to investigate whether aging impacts the
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fracture surface roughness and, consequently, whether it influences the crack propagation path. A
longer and rougher crack path can indicate higher energy absorption during propagation, as the crack
likely encountered greater resistance and had to navigate around microstructural obstacles, enhancing
the fracture toughness.

(a) Keyence VK-X1000 Confocal Laser Scanning Microscope (b) 3D surface topography

Figure 4.24: Keyence setup and obtained 3D surface topography used for surface roughness analysis.

The arithmetical mean height Sa is a key parameter in surface roughness analysis, particularly relevant
for 3D surface topography measurements. It quantifies the average height deviations of a surface’s
topography within a specified area. The Sa value is defined mathematically as:

Sa =
1

A

∫ ∫
A

|z(x, y)| dx dy

where:

• A is the total area being analyzed,
• z(x, y) represents the height of the surface at each point (x, y).

A higher Sa value indicates a rougher surface, suggesting that more energy was dissipated as the crack
propagated.

For each testing condition, three specimens were fully opened to split them in half, creating separate
top and bottom specimen arms. For mode I testing, samples were cut from both the initiation and prop-
agation regions of each arm. These samples were then stored individually in ziplock bags and labeled
accordingly. The prepared samples were subsequently analyzed for surface roughness measurements
and examined using the Scanning Electron Microscope (SEM).

4.3.6. Scanning Electron Microscope (SEM)
To examine the fracture surfaces in greater detail, the samples were analyzed using Scanning Electron
Microscopy (SEM). SEM is ideally suited for studying fracture surface characteristics, as it produces
high-resolution images with a large depth of field, enabling a detailed capture of the complex topography
of the fracture surface.

SEM operates by directing a focused electron beam onto the fracture surfaces. As the electrons interact
with atoms in the material, they produce various signals, which can be used to gather different types of
information. For imaging the fracture surfaces, the primary focus is on detecting secondary electrons.
These low-energy electrons do not penetrate deeply into the surface, making them highly sensitive to
surface topography and ideal for capturing detailed images of the fracture features.

Figure 4.25 shows the SEM setups used in this study. Initially, the SEM at the Faculty of Civil Engi-
neering was chosen for its capability to operate under low- and no-vacuum conditions. This choice was
based on the hypothesis that high-vacuum conditions could potentially introduce additional damage to
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the specimens by accelerating moisture removal. However, due to scheduling conflicts, it became nec-
essary to use an alternative high-vacuum SEM setup. Upon comparing the images, it was concluded
that, for the purpose of analyzing damage patterns on the fracture surfaces between aged and unaged
specimens, the vacuum level did not significantly impact the results.

(a) SEM Aerospace faculty (b) SEM Civil faculty

Figure 4.25: SEM setup at civil and aerospace engineering faculties.

To assess the effects of aging on fracture surfaces, the SEM images were analyzed based on several
key characteristics to evaluate the effect of aging on the damage mechanisms:

• Fiber-Matrix Adhesion: Observations focused on the degree of bonding between fibers and the
surrounding matrix material. Strong adhesion would typically indicate minimal aging effects, while
signs of fiber pull-out or gaps at the interface may suggest aging-induced degradation.

• Matrix Residue on Fibers: The presence and distribution of matrix residue on fiber surfaces
was examined. Higher levels of residue on fibers post-fracture often indicate cohesive fracture
within the matrix, while lower residue levels might suggest fiber-matrix debonding associated with
aging.

• Matrix Regions: Matrix regions and patches were evaluated for size, fiber imprints and frequency,
to see if aging has an effect.

• Damage Patterns and Fracture Topography: Broader damage patterns, like differences be-
tween mode I & II or top and bottom surfaces, were analyzed to identify differences between
aged and unaged specimens.

This structured analysis allowed for a comparative evaluation of the microstructural effects of aging on
the fracture surfaces.



5
Results and Discussions

This chapter presents and discusses the results obtained for mode I & II, quasi-static and fatigue fracture
toughness testing of cyclic aged and unaged specimens. The aim is to evaluate how or if cyclic aging
influences the fracture toughness of flax fiber reinforced epoxy.

5.1. Mode I QS
Figure 5.1 shows the force-displacement behavior of all tested specimens, with the displacement data
shifted so that the x-intercept of the linear regression, performed on the portion of the curve between
25% and 75% of the maximum load, aligns with the origin. This adjustment ensures that the linear region
starts from zero displacement, enabling consistent comparison of the specimens. It can be observed
that during the initial NPC loading cycle, the material does not exhibit linear behavior. However, during
the second PC loading cycle, the material demonstrates a highly linear response. This is a known
phenomenon in FFRP, where on reloading, the material follows a different and more linear path upon
reloading [89].

(a) NPC specimens (b) PC specimens

Figure 5.1: Force-displacement curves mode I fracture toughness testing.

Both the NPC and PC specimens do not return to the origin, indicating permanent deformation as a re-
sult of the large displacements required to initiate and propagate the crack. The PC curves demonstrate
an initial linear elastic response up to approximately 40-50 N, after which the load gradually decreases,
reflecting steady crack propagation. During unloading, the specimens return to their initial position,
showing a temporary negative force of approximately -10 N when the force-displacement data record-
ing stopped. After remaining in this position for some time, the specimens exhibit relaxation and return
to around -7 N. The behavior, exhibited by the PC force-displacement curve, corresponds to findings

40



5.1. Mode I QS 41

by similar studies on fracture toughness summarized in Table 2.1. Figure 5.2 shows an overlaid image
of the specimen in the fixture, illustrating its position both before testing and at its maximum displace-
ment. This comparison highlights the extent of deformation experienced by the specimen during the
test. Resulting in the permanently deformed specimens, as shown in Figure 5.3.

Figure 5.2: Specimen QS1-A1-4, before test and at max displacement position in test.

Figure 5.3: Final deformed DCB specimen after testing.

According to ASTM D5528 [36], specimen arms are classified as permanently deformed if restoring
them to their original shape requires more than manual pressure applied with an index finger. Spec-
imens exhibiting such deformation are considered invalid for fracture toughness evaluation, as linear-
elastic fracture mechanics (LEFM) no longer apply. In the case of the tested specimens, the curvature
can be removed manually; however, it is important to note that ASTM D5528’s criteria are primarily
based on the behavior of glass and carbon fiber composites, which may respond differently compared
to the flax-epoxy materials used in this study and require more force to remove the curvature.

From the test data and crack length measurements obtained from the images during testing, the mode
I fracture toughness, GI and JI , were calculated using Equations 4.3 and 4.20. The calculated results
are presented as R-curves in Figure 5.4.

In Figure 5.4b, it can be observed that the initial NPC fracture toughness for one unaged specimen is
shown as zero. This is due to the absence of the image corresponding to this test point, resulting in
the inability to determine the angle required for calculating the J-integral. PC fracture toughness values
used in the remainder of the analysis were calculated for all specimens without any issues.

Comparing both graphs, it can be seen that the initiation fracture toughness is considerably lower using
the J-integral compared to the G, with the J-integral increasing more rapidly in fracture toughness end-
ing up with similar propagation fracture toughness but showing less signs of plateauing. The J-integral
was developed within the framework of non-linear fracture mechanics, making it more suitable for ac-
counting for the plasticity and large deformations observed in the tests. Consequently, the subsequent
analysis and results are presented using the J-integral to better capture the material behavior under
these conditions.

In the following sections, results are presented for fracture toughness at initiation and propagation. For
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(a) SERR (G) (b) J-integral

Figure 5.4: Mode I R-curves comparing fracture toughness evolution using SERR (G) and the J-integral.

initiation calculations, specimens A2-4 and U-5 were excluded, as they were pre-cracked beyond the
acceptable range. For propagation, data points at 90–95 mm were excluded for specimens U-1, A1-7,
and A2-5, as the crack had not propagated to this length. At the 70–75 mm propagation interval, all
specimens met the criteria and were included in the analysis. By analyzing fracture toughness at key
crack lengths, insights are provided into how aging cycles influence the material’s resistance to crack
growth.

5.1.1. Effect of Hygrothermal Aging on Fracture Toughness
This section specifically examines the impact of hygrothermal aging on the fracture toughness of flax
fiber-reinforced composites, comparing the initiation and propagation toughness values across unaged,
1-cycle aged, and 2-cycle aged specimens.

Figure 5.5 illustrates the effect of aging on the pre-cracked (PC) initiation fracture toughness. For the
unaged specimens, fracture toughness ranges from 780 to 1120 N/m, with an average value of 934 N/m.
These results make sense, comparing them to the values found in the literature, as previously presented
in Table 2.1. The unaged initiation values have a wide spread, indicating considerable variability within
the flax fiber specimens.

After one aging cycle, the fracture toughness increases to an average of 1108 N/m, showing a notable
increase compared to the unaged specimens. However, after the second aging cycle, there is no further
change, with the average remaining steady at 1107 N/m. This stabilization suggests that the primary
effect of aging on fracture toughness may occur during the initial cycle, with subsequent cycles having
minimal impact on the PC initiation fracture toughness.

Figure 5.5: Effect of hygrothermal aging on mode I pre-cracked initiation fracture toughness.
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An ANOVA analysis was conducted on the initiation fracture toughness data with a significance thresh-
old of p < 0.05. Before performing the analysis, all groups were successfully checked for normality and
equal variance using the Shapiro-Wilk and Levene’s tests, respectively. The results indicate that the
differences in fracture toughness between the aging states are statistically significant at initiation, with
a p-value of 0.048.

The effect of aging on fracture toughness was also assessed at later stages of crack propagation by
averaging fracture toughness values within the intervals of 70–75 mm and 90–95 mm crack lengths.
These results are presented in Figure 5.6. All aging states show a wide range of fracture toughness
values, making it difficult to distinguish a definitive trend. Aged specimens generally exhibit a slightly
higher fracture toughness compared, to the unaged specimens, except for the 2-cycle aged specimens
from 90-95 mm of crack length.

(a) crack length 70-75 mm (b) crack length 90-95 mm

Figure 5.6: Effect of hygrothermal aging on mode I propagation fracture toughness.

An ANOVA analysis was performed, to look for statistically significant findings, yielding p-values of 0.20
for the 70–75 mm interval and 0.084 for the 90–95 mm interval, indicating that the differences in fracture
toughness between aging conditions during propagation are not statistically significant.

In summary, the results for mode I quasi-static (QS) fracture toughness testing reveal key insights into
the effects of hygrothermal aging on the fracture toughness of flax fiber-reinforced epoxy composites.
Initiation fracture toughness showed a statistically significant increase after just one aging cycle. A
second aging cycle did not result in further increases, suggesting that most substantial changes occur
during initial exposure.

Propagation fracture toughness, on the other hand, did not show a statistically significant change across
aging conditions, indicating that the initiation phase is more susceptible to the effects of aging. This
difference may be attributed to the presence of the starter crack, which allows moisture to infiltrate
and impact the initiation region of the specimens more directly. This exposure could lead to increased
ductility in both the fibers and matrix, enhancing the material’s ability to absorb energy during fracture
initiation.

5.1.2. Effect of Temperature on Fracture Toughness
At the start of each test, the temperature in the laboratory was recorded, as flax fibers are known to
be sensitive to temperature variations. This section reports the effect of the laboratory temperature on
fracture toughness.

Figure 5.7 illustrates the relationship between initiation fracture toughness and temperature, with differ-
ent colors representing the various aging states of the specimens. A slight downward trend might be
observed, indicating that higher laboratory temperatures might correspond to lower initiation fracture
toughness values.

Figure 5.8, presents the effect of laboratory temperature on the propagation fracture toughness. Inter-
estingly, a slight opposite trend looks to occur, where the fracture toughness increases with an increase
of temperature.

From these results, there is no clear and obvious trend on the implications of temperature on the fracture
toughness over the temperature range of 20-27 °C. The differences, seen with temperature, may be
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Figure 5.7: Effect of test temperature on mode I initiation fracture toughness.

(a) Crack length 70-75 mm (b) Crack length 90-95 mm

Figure 5.8: Effect of test temperature on the average mode I propagation fracture toughness.

attributed to natural variability within the samples rather than temperature alone. It would be expected
that testing at higher temperatures leads to a more ductile material that might result in higher fracture
toughness. For a better understanding of how temperature affects the fracture toughness, testing would
have to be conducted in a controlled climate chamber with precise temperature control.

5.1.3. Effect of Thickness on Fracture Toughness
The effect of specimen thickness, and consequently the effect of the different plates used, was investi-
gated. The influence of thickness on initiation fracture toughness is shown in Figure 5.9. No clear trend
is observed, suggesting that thickness does not significantly affect the initiation fracture toughness in
these tests.

The effect of thickness on the propagation fracture toughness was also investigated. As shown in
Figure 5.10, again no clear trend is observed, further suggesting that this thickness range and the
slight variations between the plates does not affect the results.

5.1.4. Fractography
This section discusses the fractography results obtained from mode I QS testing. Figure 5.11 illustrates
the color variations between unaged surfaces (left), 1-cycle aged specimens (middle), and 2-cycle aged
specimens (right). Aging appears to lighten the color of both outer and inner surfaces, making the fiber
texture more visible. The color differences, observed in the top two 1-cycle aged specimens, is due to
the specimens originating from different plates. The fracture surfaces themselves do not exhibit any
clear differences to the naked eye.

Using the Keyence confocal microscope, the images in Figure 5.12 were obtained and subsequently
used for surface roughness measurements. These images reveal similar fracture patterns for both
aged and unaged specimens. The fracture surfaces appear fairly rough, featuring broken fibers and
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Figure 5.9: Effect of specimen thickness on the mode I initiation fracture toughness.

(a) Crack length 70-75 mm (b) Crack length 90-95 mm

Figure 5.10: Effect of specimen thickness on the average mode I propagation fracture toughness.

Figure 5.11: Mode I fracture surfaces, unaged (left), 1-cycle (middle), 2-cycle (right).

fiber-bundle imprints, with the twist within the fiber bundles also visible.

Finally, the specimens were examined using SEM, as shown in Figure 5.13. The images on the left
depict unaged specimens, while those on the right represent 1-cycle aged specimens. Distinct patterns
observed include imprints of individual fibers and fiber bundles, broken fibers, fiber pullout, and matrix-
rich regions.

The surfaces of loose fibers and fibers within the bundles appear mostly clean from matrix residue,
indicating an initial weak fiber-matrix adhesion in unaged specimens that result in clean pull-out from
the matrix. A closer examination of the differences between aging states reveals some variance, the
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(a) Unaged initiation (b) 1-cycle aged initiation (c) 2-cycle aged initiation

Figure 5.12: Images from Keyence microscope of mode I quasi-static testing fracture surfaces.

unaged specimens exhibit larger smooth matrix regions, as shown in Figure 5.13c, however smaller
regions of this are also found in aged specimens as is shown on the right side of Figure 5.13b.

5.1.5. Surface Roughness
The surface roughness of QS mode I specimens was analyzed using a Keyence VK-X1000 Confocal
Laser Scanning Microscope. To evaluate both initiation and propagation regions, surface roughness
measurements were taken on the top arm of each specimen. The bottom arm was not analyzed, as
the setup is symmetric about the specimen’s mid-plane, allowing surface roughness observations from
the top arm to represent the entire specimen. The results are shown in Table 5.1.

Table 5.1: Surface roughness (Sa) for mode I QS specimens across aging conditions.

Unaged 1-Cycle 2-Cycles

Top arm initiation (Sa) 79.57 ± 6.64 µm 99.34 ± 4.91 µm 84.48 ± 7.54 µm

Top arm propagation (Sa) 75.87 ± 11.66 µm 92.59 ± 4.04 µm 75.19 ± 13.27 µm

Examining the surface roughness results, initiation roughness values appear to be slightly higher than
those observed during propagation. For both initiation and propagation, the first aging cycle led to a
noticeable increase in roughness compared to unaged specimens, suggesting that initial aging may
induce surface changes contributing to increased roughness. This observation aligns with the increase
in fracture toughness observed after aging. However, after a second aging cycle, roughness values
decrease again, which may indicate that prolonged aging leads to a reduction in surface roughness, al-
though this trend does not correlate with changes in fracture toughness. Furthermore, the results exhibit
significant variability, introducing uncertainty and limiting the ability to draw definitive conclusions.

5.1.6. Summary of Findings
Extensive plastic deformation in the specimens invalidates the assumptions of Linear Elastic Fracture
Mechanics (LEFM). Although the J-integral provides a more accurate depiction of fracture toughness, it
is not without limitations, and thicker specimens could yield different results. For comparative evaluation
of aging effects, however, the J-integral remains valuable for assessing fracture toughness behavior
before and after aging.

The effect of hygrothermal aging on fracture toughness is most pronounced in the initiation region,
where the average fracture toughness increased by nearly 19% after one aging cycle. Subsequent
aging cycles did not further influence fracture toughness. In the propagation stage, fracture toughness
did not show a statistically significant difference after aging, although a slight increase was observed.
This increase is thought to result from plasticization of the matrix and fibers. Unpublished data of the
D-STANDART project on carbon-fiber epoxy samples showed an opposite trend where the fracture
toughness decreased after aging, this may be due to the fact that aging was able to have a more
pronounced effect on the fiber-matrix interface and reduce effects of fiber bridging. Fractography of
the fracture surfaces did not reveal clear distinctions between aged and unaged specimens, the pri-
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(a) Unaged initiation (b) Aged initiation

(c) Unaged propagation 125X (d) Aged propagation

(e) Unaged propagation 250X (f) Aged propagation 250X

Figure 5.13: SEM images of fracture surfaces from mode I quasi-static testing.

mary differences observed were a color change in the specimens and slightly larger matrix patches
in unaged specimens. The measured roughness of the fracture surface increased after 1 aging cycle,
corresponding to the increase of fracture toughness after aging.
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5.2. Mode II QS
Figure 5.14, presents the PC force-displacement curves, where the bi-linear behavior typical of flax
fiber composites shows up. In contrast to mode I where the curve gradually decreased after reaching
a maximum, here the curves exhibit a sharp drop, followed by a force increase, often higher than the
initial peak. This behavior indicates that the crack growth in mode II is less stable than in mode I, but it
does not exhibit exponential growth. This pattern repeats until the test is stopped at either the maximum
travel of the test bench or when the crack was observed to have grown within 10 mm of the clamp.

Figure 5.14: Force-displacement curves mode II fracture toughness testing.

The high peak forces observed at maximum displacement result from the sliding fixture reaching its
limit, preventing further movement. During image analysis, it was verified that this occurred only after
the crack had propagated to within 10 mm of the clamp, ensuring that the fixture limitations did not
interfere with the crack growth measurements. During unloading of the ELS specimens, the force
initially decreases rapidly before reaching a distinct point where it begins to stabilize. Observations
during testing indicated that this stabilization occurred when the sliding ELS fixture started to move
back to its original position. Once the specimens returned to their original position, the force registered
within a range of -20 to -30 N, suggesting substantial plastic deformation. As with mode I specimens,
some relaxation was observed after the specimens returned to their initial position. Figure 5.15 shows
an overlaid image of an ELS specimen both before testing and at maximum displacement, illustrating
the extent of deformation during testing. Figure 5.16 shows the resulting plastic deformation in the
specimen after testing.

These figures clearly indicate that the assumptions of LEFM are not valid for these tests. Using the
data and images obtained during the experiments, both GII and JII were calculated using Equations
4.6 and 4.22. The resulting R-curves for mode II fracture toughness are presented in Figure 5.17.

The graphs clearly show that the two analysis methods, GII and JII , yield significantly different results.
This difference can be attributed to the J-integral’s ability to account for plasticity effects and incorporate
corrections for the applied force based on measured angles. Given these advantages, the subsequent
analysis presents results using the J-integral, as it better captures the material’s plastic behavior during
testing.

5.2.1. Effect of Hygrothermal Aging on Fracture Toughness
Figure 5.18 presents the initiation fracture toughness results for QS mode II testing, categorized by
each aging condition.

The unaged specimens exhibit a wide range of fracture toughness values, from approximately 800 to
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Figure 5.15: Specimen QS2-U-2, prior to testing and at maximum deflection.

Figure 5.16: Final deformed ELS specimen after testing.

(a) SERR (G) (b) J-integral

Figure 5.17: Mode II R-curves comparing fracture toughness evolution using SERR (G) and the J-integral.

1550 N/m, with most values clustering between 800 and 1200 N/m. This spread indicates substantial
variability in initial fracture toughness, potentially arising from inherent differences in material properties
or initial microstructural variations within the specimens.

After one aging cycle, the range of fracture toughness remains similar, but the variance between spec-
imens appears more pronounced, suggesting that aging may introduce additional factors influencing
fracture behavior. However, this distribution does not display a clear trend in either increasing or de-
creasing toughness as a direct effect of the aging process.

For specimens aged over two cycles, the fracture toughness values fall within a narrower range of
approximately 800 to 1300 N/m, indicating reduced variability compared to both unaged and 1-cycle
aged specimens. This clustering may suggest a stabilization effect from the extended aging, potentially
leading to more uniform fracture toughness characteristics across the sample set.
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(a) J-integral

Figure 5.18: Effect of hygrothermal aging on mode II pre-cracked initiation fracture toughness.

Propagation values have been calculated over a range of 55-60 mm and results are shown in Figure
5.19. Here we see similar results as for the initiation, as there does not seem to be a clear upward or
downward trend for propagation fracture toughness.

(a) J-integral

Figure 5.19: Effect of hygrothermal aging on mode II propagation fracture toughness.

Conducting an ANOVA analysis indicates that the differences between aging states are statistically
insignificant, with a p-value of 0.25 for initiation and 0.71 for propagation.

5.2.2. Effect of Temperature on Fracture Toughness
For mode II testing, the laboratory temperatures recorded at the start of each test, ranged from 21 to
27 °C. The results, shown in Figure 5.20, indicate that there is no clear upward or downward trend
in fracture toughness values for either initiation or propagation stages in relation to temperature or
aging condition. This suggests that within this temperature range, mode II fracture toughness remains
relatively unaffected by minor variations in ambient temperature.

5.2.3. Effect of Thickness on Fracture Toughness
Plotting fracture toughness against specimen thickness yields the results shown in Figure 5.21. These
plots seem to reveal an upward trend, with fracture toughness increasing as specimen thickness in-
creases for both initiation and propagation stages. This trend may be influenced by the reduced plastic
deformation observed in thicker specimen arms. Thicker arms are more rigid, resulting in higher forces
required for deformation during loading, which can lead to higher apparent fracture toughness values.
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(a) Initiation (b) Propagation 55-60 mm

Figure 5.20: Effect of test temperature on mode II initiation & propagation fracture toughness.

(a) Initiation (b) Propagation 55-60 mm

Figure 5.21: Effect of specimen thickness on mode II initiation & propagation fracture toughness.

5.2.4. Fractography
Figure 5.22 shows the exposed fracture surfaces of mode II QS test specimens. The mode I pre-
cracking and final splitting regions exhibit distinct failure patterns compared to the darker regions asso-
ciated with mode II shear crack growth. Furthermore, the specimens are arranged with alternating top
and bottom arms, with the shear crack regions on the bottom arms appearing slightly darker than those
on the top arms.

Figure 5.22: Mode II fracture surfaces, unaged (left), 1-cycle (middle), 2-cycle (right).

Placing the specimens under the Keyence microscope produced the images shown in Figure 5.23 for
the bottom arm specimens and Figure 5.24 for the top arm specimens. The specimens are arranged
from left to right in the order of unaged, 1-cycle aged, and 2-cycle aged. Comparing the images to mode
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I, the fiber bundles look to be less intact, which can also be said for the difference between bottom and
top mode II surfaces where the top surface looks to have more fibers while the bottom looks to contain
more imprints over all the aging states.

Placing the specimens under the Keyence microscope produced the images shown in Figure 5.23 for
the bottom arm specimens and Figure 5.24 for the top arm specimens. The specimens are arranged
from left to right in the order of unaged, 1-cycle aged, and 2-cycle aged. Compared to mode I, the fiber
bundles appear less intact, a trend that is also observed in the differences between the bottom and top
surfaces of the arms in mode II. The top surface appears to retain more fibers, while the bottom surface
exhibits more fiber imprints across all aging states.

(a) Unaged (b) 1-cycle aged (c) 2-cycle aged

Figure 5.23: Fracture surface images from Keyence microscope of bottom arms of mode II quasi-static testing.

(a) Unaged (b) 1-cycle aged (c) 2-cycle aged

Figure 5.24: Fracture surface images from Keyence microscope of top arms of mode II quasi-static testing.

A closer examination of the fibers using SEM produced the images shown in Figure 5.25, which more
clearly illustrate the differences between mode I and mode II. Figures 5.25c and 5.25d display an en-
larged view of the region between two fiber bundles, revealing cusps—a common fracture characteristic
in shearing modes. Similar to mode I, distinct imprints of fibers, broken fibers, and matrix-rich regions
are observed. Closer inspection of individual fibers indicates no significant differences between the
aging states.

5.2.5. Surface Roughness
The surface roughness results for quasi-static (QS) mode II specimens are presented in Table 5.2.
For mode II specimens, measurements were taken from both the top and bottom fracture surfaces, as
visual inspection revealed notable differences in surface characteristics between these regions. Since
the crack was not able to propagate far in mode II, surface roughness measurements were focused
on the central region of the crack growth zone, providing a representative profile of the roughness
characteristics for these samples.

The results indicate a similar surface roughness trend for both the bottom and top arms of the speci-
mens. After the first aging cycle, surface roughness decreased slightly but remained fairly consistent.
Following the second aging cycle, however, the roughness increased by approximately 10% compared
to unaged specimens. This trend contrasts with the observations from mode I testing, where surface
roughness increased after the first cycle but returned close to unaged levels after the second cycle.
These findings do not agree with the fracture toughness measurements, However it’s worth noting that
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(a) Unaged top (b) Aged top

(c) Unaged Bottom (d) Aged Bottom

(e) Unaged top 500X (f) Aged bottom propagation

Figure 5.25: SEM images of fracture surfaces from mode II quasi-static testing.

the roughness results exhibited high standard deviation, limiting the ability to make definitive conclu-
sions.

5.2.6. Summary of Findings
Mode II quasi-static testing proved challenging due to the severe plastic deformation required to prop-
agate the crack. The recommended ECM method by ISO 15114 could not be applied, and the free
length needed to be significantly reduced to enable crack growth. Consequently, only 15 mm of crack
growth was achieved, and the J-integral method by Pérez-Galmés [87] was used to calculate fracture
toughness at initiation and near the end of the crack growth region. This approach provides an indica-
tion of how aging affects fracture toughness in mode II. An ANOVA performed on the obtained results
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Table 5.2: Surface roughness (Sa) for mode II QS specimens across aging conditions.

Unaged (U) 1-Cycle (A1) 2-Cycles (A2)

Bottom arm (Sa) 79.71 ± 3.66 µm 77.56 ± 18.86 µm 90.08 ± 5.76 µm

Top arm (Sa) 81.79 ± 4.95 µm 77.12 ± 1.63 µm 87.94 ± 6.05 µm

indicated that the change in fracture toughness was not statistically significant, with p-values of 0.25 for
initiation and 0.71 for propagation. The data showed considerable variance within the aging states, and
fracture toughness demonstrated an upward trend with specimen thickness. Further testing with thicker
specimens may reveal a different trend, with less energy absorbed in plastically deforming the arms
but focussed on propagating the crack. Surface roughness measurements did not align with fracture
toughness trends and showed an opposite trend to mode I findings, where roughness only increased
after the second aging cycle. Additionally, fractography did not reveal significant differences between
aged and unaged specimens.
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5.3. Mode I Fatigue
This section presents the results from mode I fatigue testing, conducted on unaged and 1-cycle aged
specimens. Due to time constraints, 2-cycle aged specimens were not included in this study. The labo-
ratory temperature during testing remained relatively stable, ranging between 28 and 29.2 °C across the
samples. Consistent with mode I quasi-static testing, the specimens displayed substantial permanent
deformation; therefore, the results are presented using the J-integral method to account for plasticity
effects.

5.3.1. Paris Curve
From the measured and derived crack length data, along with the calculated fracture toughness values,
a Paris curve was constructed to characterize the fatigue crack growth rate for the tested specimens.
This curve, shown in Figure 5.26, plots the crack growth rate (da/dN ) against the applied fracture tough-
ness (Jmax), providing insight into the relationship between loading conditions and crack propagation
behavior in mode I fatigue testing.

Figure 5.26: Mode I Paris curves.

The results reveal that the crack growth rate (da/dN ) for aged specimens is higher than that for unaged
specimens, particularly at higher Jmax values. Conducting an ANOVA analysis at Jmax = 420 N/m,
results in a p-value of 0.032, confirming that aging results in statistically significant changes. The
difference between aged and unaged specimens remains significant down to a Jmax value of 318 N/m,
below which the p-value exceeds the threshold of 0.05. Indicating that the impact of aging on crack
growth diminishes as Jmax decreases.

5.3.2. Fractography
This section will present and discuss the fractography results obtained from mode I specimens tested
in fatigue. Images, 5.27a & 5.27b, present an overview image of unaged and 1-cycle aged specimens.
Images, 5.27c & 5.27d show the fibers up close. The overall damage pattern between unaged and
aged don’t show any significant differences, with the fiber possibly indicating more resin attached for
unaged.

Further examination using SEM is shown in Figure 5.28. Here similar things are observed as in mode I
QS testing, with similar damage patterns and only small differences in observed size of smooth matrix
patches in unaged specimens, as shown in the top right of Figure 5.28a. A closer examination of the
surfaces of individual fibers across aging states did not reveal any significant differences.
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(a) Unaged (b) Aged

(c) Unaged 20X fiber (d) Aged 20X fiber

Figure 5.27: Fracture surface images from Keyence microscope for mode I fatigue testing.

5.3.3. Surface Roughness
Table 5.3, shows the results obtained from measuring the surface roughness of mode I fatigue samples.
Both the top and bottom arms were evaluated, similar to mode II QS, the crack did not propagate far in
fatigue and the roughness was evaluated near the center of the crack growth zone.

Table 5.3: Surface roughness (Sa) for mode I Fatigue specimens across aging conditions.

Unaged (U) 1-Cycle (A1)

Bottom arm (Sa) 88.4 ± 27.56 µm 67.61 ± 13.55 µm

Top arm (Sa) 88.29 ± 6.65 µm 79.2 ± 1.38 µm

The results indicate that the surface roughness in both the top and bottom arms appears to decrease
after one aging cycle. This agrees with the reduction in fracture toughness after aging in fatigue and
revealing an opposite trend from mode I QS testing where surface roughness and fracture toughness
increased after aging. However, there is substantial variability across measurements, which introduces
uncertainty and limits the ability to confirm this trend with high confidence.

5.3.4. Summary of Findings
Mode I fatigue testing was evaluated using the Jmax parameter, as the specimens exhibited plasticity,
which invalidated LEFM assumptions and resulted in negative force values at minimum displacement.
Unlike mode I quasi-static testing, aged specimens performed worse in fatigue testing, especially at
higher Jmax values. The crack growth rate in aged specimens at a given Jmax was higher than in unaged
specimens. At lower Jmax values, the distinction between aged and unaged specimens becomes less
pronounced. The data indicated statistically significant changes between aging states down to Jmax =
318 N/m.
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(a) Unaged (b) Aged

(c) Unaged (d) Aged

(e) Unaged enlarged (f) Aged enlarged

Figure 5.28: SEM images of fracture surfaces from mode I fatigue testing.

This is an opposite trend compared to unpublished data by the D-STANDART project, where aging
improved the fatigue performance. Analysis of the fracture surfaces, did not reveal any clear differences
between aged and unaged. Surface roughness revealed the roughness decreasing after 1-aging cycle
in agreement with the fracture toughness results.
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5.4. Mode II Fatigue
This section presents the results obtained from mode II fatigue testing. The laboratory temperature
remained relatively constant throughout this phase of the experimental campaign, ranging between
23.8 and 25.5 °C. It must be noted that the specimens were not subjected to pure mode II loading,
with the unloading cycle, resulting in a tensile opening mode. Figure 5.29 illustrates the crack growth
progression during the fatigue tests.

For all specimens, crack growth was measured until the crack advanced to within 10 mm of the clamp.
As shown in Figure 5.29, some specimens, both aged and unaged, reached this point after approxi-
mately 25,000 cycles, while others continued until 87,500 or even 175,000 cycles. This wide variation
in the number of cycles required to reach the final crack length highlights a notable variability in crack
growth behavior across the specimens.

Figure 5.29: Mode II a-N curve illustrating the relationship between crack length and number of cycles.

In contrast to mode I fatigue testing, the effect of aging on crack growth appears less pronounced. The
crack growth behavior of unaged specimens generally falls within the broad range observed for the
1-cycle aged specimens, indicating that aging has a less consistent influence on crack propagation
under the subjected loading conditions.

5.4.1. Paris Curve
To further examine the crack growth behavior, a Paris curve was created. Figure 5.30 illustrates the
Paris curves for both unaged and 1-cycle aged specimens. The Paris curve for mode II shows a wide
range for the Paris relation between both unaged and aged specimens, consistent with the observations
from the a-N curve. Aged specimens do show a reduced variability compared to unaged specimens.
However, the spread makes it impossible to say whether the aging otherwise significantly affects the
fracture toughness of mode II fatigue loading.

5.4.2. Fractography
Figures 5.31 and 5.32 show the unaged and aged fracture surfaces obtained from the Keyence mi-
croscope, respectively. No clear differences between aged and unaged specimens were observed. A
similar pattern to mode II fatigue was identified, where the top arm contained fiber bundles and the
bottom arm primarily exhibited fiber imprints.

Further examining the specimens, using SEM, resulted in the images presented in Figure 5.33. From
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Figure 5.30: Mode II Paris curves.

(a) Bottom arm (b) Top arm (c) Bottom arm fiber 20X

Figure 5.31: Keyence unaged fracture surfaces from mode II fatigue testing.

(a) Bottom arm (b) Top arm (c) Bottom arm fiber 20X

Figure 5.32: Fracture surface images from Keyence microscope for mode II fatigue testing.

these images, the fracture pattern looks different compared to mode II QS static testing with less pro-
nounced cusping, which may be due to the slower propagation of the crack in fatigue and the introduced
mode I crack opening component.

5.4.3. Surface Roughness
Finally, the surface roughness for mode II is presented in Table 5.4. Both the top and bottom arms were
evaluated, near the center of the crack growth zone.

Similar to mode I fatigue, the surface roughness of the specimens generally tends to decrease after
aging. However, the high variability observed in both fracture toughness and surface roughness mea-
surements makes it impossible to correlate surface roughness findings with fracture toughness.
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(a) Unaged top arm (b) Aged top arm

(c) Unaged bottom arm (d) Aged bottom arm

(e) Unaged enlarged (f) Aged enlarged

Figure 5.33: SEM images of fracture surfaces from mode II fatigue testing.

5.4.4. Summary of Findings
Mode II fatigue testing proved challenging, yielding an uncertain set of results regarding the effect of
aging on fracture toughness. The primary effect of aging observed was a reduction in variance com-
pared to the unaged tests. For more reliable results, testing should be conducted on thicker specimens,
eliminating the mode I component of the test as the applied energy is directed toward crack propagation
rather than deformation of the specimen arms. Additionally, this would allow for a longer free length,
enabling further crack propagation and collection of more data.



5.4. Mode II Fatigue 61

Table 5.4: Surface roughness (Sa) for mode II Fatigue specimens across aging conditions.

Unaged (U) 1-Cycle (A1)

Bottom arm (Sa) 83.28 ± 12.91 µm 77.87 ± 5.21 µm

Top arm (Sa) 84.3 ± 14.52 µm 73.42 ± 8.28 µm



6
Conclusion & Recommendations

This chapter summarizes the effects of hygrothermal aging on the fracture toughness of flax fiber-
reinforced composites and provides recommendations for future research.

6.1. Conclusion
This study investigated the hygrothermal effects on the fracture toughness of flax fiber-reinforced com-
posites (FFRP), focusing on quasi-static (QS) and fatigue responses under both mode I and mode
II conditions. To assess these effects, Double Cantilever Beam (DCB) and End-Loaded Split (ELS)
specimens were manufactured. A portion of the specimens were exposed to one or two cycles of hu-
midification and drying at elevated temperature in a climate chamber, while the remaining specimens
were retained as control specimens in an unaged state. The results reveal nuanced effects of aging on
fracture behavior, differing between modes, initiation, and propagation regions.

Testing of flax fiber-reinforced polymer (FFRP) composites proved challenging due to the thickness of
the manufactured specimens and the non-linear, time-dependent behavior of flax fibers. Both DCB
and especially ELS specimens tested in quasi-static and fatigue modes exhibited significant plastic de-
formation, invalidating the assumptions of Linear Elastic Fracture Mechanics (LEFM) typically used to
calculate fracture toughness according to standard methods. Consequently, the J-integral was used
to calculate fracture toughness for both mode I and mode II. The J-integral, based on non-linear frac-
ture mechanics, accommodates larger Fracture Process Zones and accounts for large displacements
through the beam opening angle. While these equations do not fully capture all effects observed in
the FFRP specimens, they provide a more realistic approximation of fracture toughness compared to
the Strain Energy Release Rate (SERR). Thus, the obtained fracture toughness values are primarily in-
tended for comparative analysis between aging states, while also offering valuable insight into potential
fracture behavior in FFRP structures with similar stiffness.

In mode I QS testing, the findings indicate that a single aging cycle was sufficient to substantially in-
crease the average initiation fracture toughness by 19%, with no further changes to the initiation fracture
toughness after a second aging cycle. In contrast, the propagation fracture toughness was not deemed
to be significantly affected by aging. The observed improvement on initiation toughness is likely due to
the plasticization of fibers and matrix from moisture absorption during aging.

Mode II QS testing of FFRP did not show any trends or significant changes in fracture toughness after
aging, in either the initiation or propagation phases. ELS specimens were more profoundly affected by
the plastic deformation than DCB specimens, possibly resulting in measuring more non-linearity effects
rather than pure fracture toughness. The measured variation in specimen thickness, ranging from 3.2
to 3.9 mm, showed an upward trend in fracture toughness as the thickness and therefore stiffness
increased. Future testing of stiffer specimens may therefore lead to different results.

Mode I fatigue testing showed a leftward shift on the Paris curve for aged specimens, indicating a re-
duction in delamination growth resistance compared to unaged specimens. This trend contrasts with
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findings from QS testing and may stem from inherent differences between the two loading modes. The
difference between aging states was determined to be statistically significant at higher Jmax values,
diminishing after initial crack propagation. This pattern aligns with the QS findings, where the effect
of aging was more significant during initiation than in the propagation phase. Mode II fatigue testing
yielded more uncertain results, with the Paris curve displaying high variability among unaged speci-
mens. Aging appeared to reduce this variability, resulting in a narrower range that fell within the wide
spread of the unaged specimen results. Analysis of the fracture surfaces of fatigue specimens revealed
a reduction in surface roughness of approximately 10% for mode I and 17% for mode II in aged speci-
mens, suggesting that unaged specimens followed a more tortuous fracture path, contributing to higher
fracture toughness.

Fractographic analysis of the fracture surfaces did not reveal any significant differences in damage
patterns, fiber-matrix adhesion, or matrix residue on fibers. This suggests that the observed shift in
initiation fracture toughness for mode I QS testing is primarily attributed to changes in internal material
properties rather than variations in fracture surface characteristics.

The findings indicate cautiously optimistic results for QS fracture toughness testing. Mode I, initiation
fracture toughness increased after one aging cycle, while mode II fracture toughness remained unaf-
fected. This suggests that fracture toughness either improves or remains stable after exposure to cycles
of humidification and drying at elevated temperature. Fatigue testing on the other hand indicates a re-
duced effect on mode I fracture toughness, requiring more caution in designing FFRP components
subjected to environmental conditions. These conclusions demonstrate that hygrothermal aging has a
multifaceted and complex influence on flax fiber composites. Contributing valuable insights into design-
ing durable natural fiber composites capable of withstanding environmental conditions. Providing an
eco-friendly alternative to conventional composites and contributing to reduced reliance on synthetic,
non-renewable resources.

6.2. Recommendations for Future Work
While this study provides valuable insights into the hygrothermal effects on fracture toughness in FFRP,
it also highlights key areas for improvement in the future development of this research.

6.2.1. Stiffer Specimens
Plastic deformation exhibited by both DCB and ELS specimens invalidated the assumptions of Linear
Elastic Fracture Mechanics (LEFM). To prevent this, the specimen arms need to be stiffer so that the
energy applied to the specimen is directed toward crack propagation rather than dissipating through
plastic deformation of the arms. For future research, the following calculations may be used as a
guideline for determining appropriate specimen thickness for DCB and ELS samples.

Using simple beam theory (SBT), the required specimen arm thickness can be calculated using the
following equation:

harm =

√
6Pmaxa0

bσf
y

, and tspecimen = 2harm (6.1)

where:

Pmax = Maximum expected force
a0 = Initial delamination length
b = specimen width
σf
y = flexural yield strength

From the Amplitex 280 datasheet, the flexural strength is given as 198 MPa when paired with Araldite
epoxy. The Swancor epoxy used in this study has a flexural strength of 110-120 MPa, compared
to the 115-125 MPa of Araldite. To estimate the required thickness for Swancor epoxy, the flexural
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strength was taken as 175 MPa. The specimen width and insert length were kept at 25 mm and 50 mm,
respectively.

GSBT
I =

12P 2a20
b2h3

armE11
(6.2)

GSBT
II =

9P 2a20
4b2h3

armE11
(6.3)

Here, E11 was taken as 12068 MPa, as previously discussed in Section 4.3.2. The required fracture
toughness for mode I & II were taken as the average of the aged specimens for mode I and for mode
II as the average of both aged and unaged specimens, resulting in 1108 N/m for mode I and 1129 N/m
mode II. The required thickness was iteratively calculated until the applied force and calculated thick-
ness matched the experimentally determined fracture toughness. This resulted in a required specimen
thickness of 2.624 mm and 14.237 for mode I & II respectively.

For mode I, the calculated thickness is 19% thinner than the tested specimens and corresponds to a
force of 25 N. This result is clearly incorrect, as the tested specimens with a thickness of 3.8 mm already
exhibited significant plastic deformation. The maximum force experienced during mode I test was 54 N,
doubling this as a safety margin, leads to a required specimen thickness of 5.44 mm and an estimated
applied fracture toughness of 2302 N/m.

For mode II, the calculated thickness of 14.2 mm is already considerable but could require even more
since mode I, also significantly underestimated the required thickness. To achieve such a thickness,
the current manufacturing method would have to be adapted significantly, or changed to a resin transfer
molding process. An alternative approach would be to reinforce the specimens with a stiffer material,
such as glass fiber, carbon fiber or steel, applied to the top and bottom surfaces of the specimen.

If the current manufacturing method is to be used in the future, it is recommended, to adapt the process
to ensure accurate thickness control. A more precise method for regulating specimen thickness should
be implemented, rather than relying on layers of tacky tape. This can be accomplished by placing
spacers at the corners of the top plate to provide consistent and controlled spacing.

6.2.2. Testing In-Situ Environmental Conditions
To gain a comprehensive understanding of how FFRP behaves under environmental conditions, future
research should expand to testing under in-situ environmental conditions. This approach would provide
insights into how fracture toughness is affected when subjected to direct environmental conditions.

6.2.3. Influence of Viscoelastic Material Behavior on Fracture Toughness
Flax fiber composites exhibit viscoelastic material behavior, meaning that the material has an elastic
and time-dependent response to deformation. This behavior, may influence the fracture toughness,
particularly under sustained or cyclic loading conditions, as time dependent deformation may alter crack
propagation and dissipate energy through relaxation. Understanding how this viscoelastic behavior
influences the fracture toughness would lead to a better understanding and allow for more accurate
predictions.

6.2.4. Alternate Crack Propagation Measurements
Accurately determining crack length is a critical yet challenging aspect of fracture toughness measure-
ments. Precisely identifying the crack front from the specimen’s edge can introduce variability and only
provides information from one side, while the actual crack length likely varies across the specimen width.
To enhance measurement reliability, several methods can be employed. One approach involves using
Digital Image Correlation (DIC), where a speckle pattern is applied to the specimen’s surface, enabling
DIC software to monitor crack propagation by detecting deformations around the crack tip. Alternatively,
for translucent FFRP samples, illuminating the underside of the specimen with a bright light can help
visualize and accurately locate the crack front, as shown in Figure 6.1. This method was discovered
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midway through the testing campaign and was therefore not applied in this thesis, but it offers a simple
yet reliable approach for determining crack length during testing.

Figure 6.1: Visualization of crack length in FFRP specimens, utilizing their translucent properties to enhance crack tracking
during testing.
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CHADA 
Characterization Data and description of a characterization experiment 

 Quasi-static mode I fracture toughness testing of aged & 
unaged samples 

Used in Hygrothermal effects on fracture toughness of flax fiber 
epoxy 

Template filled by: Luca Baak 

Overview of the Characterization 
1 Specimen Unidirectional DCB flax fiber (FlaxTape Ecotechnilin) reinforced 

with epoxy (SWANCOR 2511-1ALBL) 

2 Chain of methods 

Test method(s) used: 

1. Aging of samples following ASTM D5229 
2. Quasi-static loading to determine fracture toughness following 
ASTM D5528  

3 Data publication 10.4121/ecc4e249-43b3-49c4-b9ba-8a430493fb0f  
4 Access conditions Data may be publicly shared 

5 Workflow  

The effect of hygrothermal aging on mode I quasi-static fracture 
toughness has been determined through the following 
experimental procedures. Specimens have been tested in the 
following conditions: unaged, after 1- and 2-aging cycles. 
 
Sample weight and thicknesses were measured initially and 
periodically to determine moisture absorption while aging. 
Samples were placed in climate chamber at 50C and 90% RH until 
reaching equilibrium after which conditions changed to 50C and 
30% RH until reaching equilibrium. Finally, conditions are 
changed to 50C and 50% RH prior to testing and unaged samples 
are also placed in the climate chamber to ensure equal testing 
conditions. Some samples will undergo two aging cycles while 
others are tested after the first aging cycle.  
 
There were two rounds of testing to maintain similar lab 
conditions, while testing different aging conditions.  

 

 



 
1. Sample 

1.1 Material Flax fiber (FlaxTape Ecotechnilin) reinforced with Epoxy 
(SWANCOR 2511-1ALBL) 

1.2 Specimen specifications and 
nomenclature 

Specimen dimensions: 
W = 25 mm 
L = 210 mm 
T = 3.2-3.8 mm 
a_0 = 50 mm 
 
Specimen QS1-U-XXX (Quasi-static, mode I, unaged) 
Specimen QS1-A1-XXX (Quasi-static, mode I, 1 aging 
cycle) 
Specimen QS1-A2-XXX (Quasi-static, mode I, 2 aging 
cycle) 

1.3 Manufacturing & preparation 

Manufacturing:  
1. Hand lay-up was used to create laminate plates.  
2. The laminate was vacuum-infused and cured at room 
temperature for at least 12 hours  
3. The plates were cured in the autoclave at 70 oC and 7 
bar for 18 hours 
4. The plates were cut to final dimensions using a 
waterjet cutter. 
 
Aging: 
1. Aged samples were placed in climate chamber for one 
or two cycles at 50 degrees and then saturated at 
90%RH, down to 30%RH and back up to 50%, with 
unaged samples being placed in the climate chamber at 
50%RH to ensure equal conditions 
 
After aging: 
1. Both edges of the specimen were covered with white 
paint. 
2. Load blocks were bonded to the specimen 
3. One side of the specimen was marked with lines every 
1 or 2 mm to be able to track crack growth. 

1.4 Test environment Room temperature – laboratory environment 
 



 
Specimen and manufacturing drawings 

  



 
2. Method 

2.1 Probe Zwick 10 kN static test machine 
2.2 Test set-up 1 kN loadcell, Digital camera, Spotlight 
2.3 Signal Force, displacement, images of crack length 

2.4 Detectors 

1. Zwick 10 kN machine crosshead displacement for displacement 
measurement 
2. 1 kN capacity load cell for force measurement 
3. Digital camera type Optomotive with 4 MP resolution for crack length 
measurements 

2.5 Test procedure 

Specimens widths and thicknesses were measured 50 mm from each end 
and in the middle. Insert crack length was measured. Test lab temperature 
and humidity were measured prior to each test.  
 
Camera was focussed on the crack front, with the spotlight providing extra 
light. 
 
Non-precracked specimens were first loaded quasi-statically under 
displacement control until crack growth was observed to be between 3-5 
mm, specimen was then unloaded to zero force. 
 
Precracked testing was performed until crack had grown at least 50 mm 
from insert. Then unloaded to the original displacement position and force 
was noted.  

2.6 Input parameters 

Loading was conducted at 2 mm/min displacement rate – ASTM between 
1-5 mm/min.  
Unloading was conducted at 10 mm/min displacement rate – ASTM up to 
25 mm/min. 
Spotlight at 6% light output 
Camera picture interval every 5-10 seconds 
Load force max 100 N (setting to camera car) 
Displacement max 300 mm (setting to camera car) 

 

 

 
  



 
Test set-up images 

 

 

 

 

3. Raw Data 

3.1 Raw Data 

Displacement in mm and force in Newton are stored in the file 
named DataExport_DCB, Photographs are stored as .bmp files 
named SPECIMENID_yyyy_date_time.jpg, where yyyy 
corresponds to the image number. 

3.2 Data acquisition rate Force and displacement were recorded at a frequency of 10 Hz 
Photographs were taken every 5 seconds.  

 

  



 
4. Data Processing 

4.1 Data filtering processes 

Crack length is measured from the images at least once 
every 1 mm in the first 10 mm of propagation after which 
the length is measured at least once every 2 mm. 
 
Camera car was connected to the test bench capturing 
force displacement data for each image. These datapoints 
for each image were aligned and the data from the test 
bench (force and displacement) together with crack length 
was used in the analysis  
 
The force displacement data was aligned such that linear 
interpolation between the 25-75% linear portion of the 
curve originated in the origin. 

4.2 Properties or relationships of 
interest 

Fracture toughness (GIc) and (JIc) 

4.2 Data analysis procedures 

Specimens exhibited significant plastic deformation, 
therefore both GIc  and JIc. For GIc the MCC method was used 
to calculate the fracture toughness values using correction 
factors for load blocks and large displacements. For JIc the 
angles of the load blocks were captured and the fracture 
toughness was calculated from (2P)/b * sin(theta/2) 
following: Joshua Gunderson. “Large Displacement J-
Integral Double Cantilever Beam (DCB) Test Method for 
Mode I Fracture Toughness”  
The required angles were calculated using imageJ. 

 



 

CHADA 
Characterization Data and description of a characterization experiment 

 Quasi-static mode II fracture toughness testing of aged & 
unaged samples 

Used in Hygrothermal effects on fracture toughness of flax fiber 
epoxy 

Template filled by: Luca Baak 

Overview of the Characterization 
1 Specimen Unidirectional ELS Flax fiber (FlaxTape Ecotechnilin) reinforced 

with Epoxy (SWANCOR 2511-1ALBL) 

2 Chain of methods 

Test method(s) used: 

1. Aging of samples following ASTM D5229 
2. Quasi-static loading to determine fracture toughness following 
ISO 15114 

3 Data publication 10.4121/ecc4e249-43b3-49c4-b9ba-8a430493fb0f  
4 Access conditions Data may be publicly shared 

5 Workflow  

The effect of hygrothermal aging on mode I quasi-static fracture 
toughness has been determined through the following 
experimental procedures. Specimens have been tested in the 
following conditions: unaged, after 1- and 2-aging cycles. 
 
Sample weight and thicknesses were measured initially and 
periodically to determine moisture absorption while aging. 
Samples were placed in climate chamber at 50C and 90% RH until 
reaching equilibrium after which conditions changed to 50C and 
30% RH until reaching equilibrium. Finally, conditions are 
changed to 50C and 50% RH prior to testing and unaged samples 
are also placed in the climate chamber to ensure equal testing 
conditions. Some samples will undergo two aging cycles while 
others are tested after the first aging cycle.  
 
There were two rounds of testing to maintain similar lab 
conditions, while testing different aging conditions.  

 

 



 
1. Sample 

1.1 Material Flax fiber (FlaxTape Ecotechnilin) reinforced with Epoxy 
(SWANCOR 2511-1ALBL) 

1.2 Specimen specifications and 
nomenclature 

Specimen dimensions: 
W = 25 mm 
L = 170 mm 
T = 4 mm 
a_0 = 50 mm 
 
Specimen QS2-U-XXX (Quasi-static, mode I, unaged) 
Specimen QS2-A1-XXX (Quasi-static, mode I, 1 aging 
cycle) 
Specimen QS2-A2-XXX (Quasi-static, mode I, 2 aging 
cycle) 

1.3 Manufacturing & preparation 

Manufacturing:  
1. Hand lay-up was used to create laminate plates.  
2. The laminate was vacuum-infused and initially cured 
for at least 12 hours  
3. The plates were cured in the autoclave at 70 oC and 7 
bar for 18 hours 
4. The plates were cut to final dimensions using a 
waterjet cutter. 
 
Aging: 

1. Aged samples were placed in climate chamber 
for one or two cycles at 50 degrees and then 
saturated at 90%RH, down to 30%RH and back 
up to 50%, with unaged samples being placed in 
the climate chamber at 50%RH to ensure equal 
conditions 

 
After aging: 
1. Both edges of the specimen were covered with white 
paint. 
2. Load blocks were bonded to the specimen using 
Loctite 3430 
3. One side of the specimen was marked with lines every 
1 or 2 mm to be able to track crack growth. Another 
mark was made 7 mm from the clamp 
4. Specimens were precracked 3 mm by hand 

1.4 Test environment Room temperature – laboratory environment 



 
Specimen and manufacturing drawings 

  



 
2. Method 

2.1 Probe MTS 10 kN fatigue testing machine 
2.2 Test set-up ELS test fixture & camera setup to record crack propagation 
2.3 Signal Force, displacement, crack length 

2.4 Detectors 

1. 10 kN MTS machine crosshead displacement for displacement 
measurement 
2. 1 kN capacity load cell for force measurement 
3. Digital camera type Optomotive with 4 MP resolution for crack length 
measurements 

2.5 Test procedure 

Prior to testing, samples were pre-cracked 2-5 mm by hand and specimen 
was loaded into the fixture applying a 5 Nm torque to the bolts . The 
fracture toughness test has been performed quasi-statically according to 
ISO 15114 at a loading rate of 1 mm/min until the crack is within 10 mm of 
the clamp, the specimen is unloaded at 5 mm/min. During the test the load, 
displacement was recorded continuously and periodical images are taken 
to record crack growth. 

2.6 Input parameters 

Quasi-static testing was conducted at 1 mm/min displacement load rate 
and 5 mm/min unloading rate. 
Maximum displacement of 60 mm 
Spotlight at 6% 
Camera picture interval every 5-10 seconds 
Bolts tightened 5 Nm using torque wrench 
Free-length at 75 mm to reduce required displacement to propagate crack 

 



 
Test set-up images 

 

 

 

3. Raw Data 

3.1 Raw Data 

Displacement in mm and force in Newton are stored in the files 
named specimens combined, with individual specimen data in 
each sheet of the excel named according to the specimen 
nomenclature, Photographs are stored as .jpg files named 
SPECIMENID_yyyy.jpg, where yyyy corresponds to the 
timestamp 

3.2 Data acquisition rate 
Displacement and force were recorded at a frequency of 20 Hz 
photographs for crack length measurements were acquired 
every 5-10 seconds  

 

  



 
4. Data Processing 

4.1 Data filtering processes 

Crack length is measured from the images at least once 
every 1 mm in the first 10 mm of propagation after which 
the length is measured at least once every 2 mm. 
 
Camera car was connected to the test bench capturing 
force displacement data for each image. These datapoints 
for each image were aligned and the data from the test 
bench (force and displacement) together with crack length 
was used in the analysis  

4.2 Properties or relationships of 
interest 

Fracture toughness (GIIc) and (JIIc) 

4.2 Data analysis procedures 

Specimens exhibited significant plastic deformation, 
therefore both GIIc  and JIIc. GIC fracture toughness was 
calculated following ISO 15114 and using the ECM method, 
correcting for load block and large displacement. JIIc was 
calculated following the procedure laid out in the paper 
below the table, applying the equation for large 
displacements. The strain at section S-S’ was estimated 
using SBT as described in the paper. E11 and G12 were 
taken from test previous tests. The required angels were 
measured using image J. 

 

M. Pérez-Galmés et al. “A data reduction method based on the J-integral to obtain the interlaminar 
fracture toughness in a mode II end-loaded split (ELS) test”. In: Composites Part A: Applied Science and 
Manufacturing 90 (Nov. 2016), pp. 670–677. ISSN: 1359-835X. DOI: 10.1016/J. 
COMPOSITESA.2016.08.020.  



 

CHADA 
Characterization Data and description of a characterization experiment 

 Fatigue mode I fracture toughness testing of aged & unaged 
samples 

Used in Hygrothermal effects on fracture toughness of flax fiber 
epoxy 

Template filled by: Luca Baak 

Overview of the Characterization 
1 Specimen Unidirectional DCB Flax fiber (FlaxTape Ecotechnilin) reinforced 

with Epoxy (SWANCOR 2511-1ALBL) 

2 Chain of methods 
Test method(s) used: 

1. Aging of samples following ASTM D5229 
2 Fatigue loading to measure delamination growth  

3 Data publication 10.4121/ecc4e249-43b3-49c4-b9ba-8a430493fb0f  
4 Access conditions Data may be publicly shared 

5 Workflow  

The effect of hygrothermal aging on mode I, delamination growth 
resistance has been determined through the following 
experimental procedures. Specimens have been tested in the 
unaged condition and after 1 aging cycle. 
 
Sample weight and thicknesses were measured initially and 
periodically to determine moisture absorption while aging. 
Samples were placed in climate chamber at 50C and 90% RH until 
reaching equilibrium after which conditions changed to 50C and 
30% RH until reaching equilibrium. Finally, conditions are 
changed to 50C and 50% RH prior to testing and unaged samples 
are also placed in the climate chamber to ensure equal testing 
conditions.   

 

  



 
1. Sample 

1.1 Material Flax fiber (FlaxTape Ecotechnilin) reinforced with Epoxy 
(SWANCOR 2511-1ALBL) 

1.2 Specimen specifications and 
nomenclature 

Specimen dimensions: 
W = 25 mm 
L = 210 mm 
T = 3.2-3.8 mm 
a_0 = 50 mm 
 
Specimen F1-U-XXX (Fatigue, mode I, unaged) 
Specimen F1-A1-XXX (Fatigue, mode I, 1 aging cycle) 

1.3 Manufacturing & preparation 

Manufacturing:  
1. Hand lay-up was used to create laminate plates.  
2. The laminate was vacuum-infused and cured at room 
temperature for at least 12 hours  
3. The plates were cured in the autoclave at 70 oC and 7 
bar for 18 hours 
4. The plates were cut to final dimensions using a 
waterjet cutter. 
 
Aging: 
1. Aged samples were placed in climate chamber for one 
or two cycles at 50 degrees and then saturated at 
90%RH, down to 30%RH and back up to 50%, with 
unaged samples being placed in the climate chamber at 
50%RH to ensure equal conditions 
 
After aging: 
1. Both edges of the specimen were covered with white 
paint. 
2. Load blocks were bonded to the specimen 
3. One side of the specimen was marked with lines every 
1 or 2 mm to be able to track crack growth. 

1.4 Test environment Room temperature – laboratory environment 
 

 

 

 

 

 



 
2. Method 

2.1 Probe MTS 10 kN fatigue testing machine 
2.2 Test set-up 500 N loadcell, Digital camera, Spotlight 
2.3 Signal Force, displacement, crack length 

2.4 Detectors 

1. MTS machine crosshead displacement for displacement measurement, 2. 
MTS machine 500 N capacity load cell for force measurement 
3. Digital camera type Optomotive with 4 MP resolution for crack length 
measurements 

2.5 Test procedure 

Specimens widths and thicknesses were measured 50 mm from each end 
and in the middle. Insert crack length was measured. Test lab temperature 
and humidity were measured prior to each test.  
 
Camera was focussed on the crack front, with the spotlight providing extra 
light. 
 
Then fatigue loading was applied under displacement control. Every 100 
cycles the load was held at 0.8 times the maximum displacement and a 
picture was taken with the digital camera, after the first 10000 cycles 
images were captured every 1000 cycles. The fatigue cycle was continued 
for 200000 cycles   

2.6 Input parameters 

Fatigue testing was conducted at 5 Hz and R = 0.2 
Max displacement was 17 mm 
Min displacement was 3.4 mm 
Spotlight 6% 
Images captured at 0.8 max displacement every 100 cycles for the first 
10000 cycles and every 1000 cycles thereafter. 

 

 

 

 

 

 

 

 

 



 
Test set-up images 

 

 

 

3. Raw Data 

3.1 Raw Data 

Displacement in mm, force in N, Count and Time in seconds are 
stored inside a folder (F1- U or A1 – Specimen nr.). Raw data is 
stored in file specimen.dat 
 
Photographs are stored as .jpg files named 
SPECIMENID_xx_yyyy.jpg, where xx and yyyy correspond to the 
image nr. and timestamp 

3.2 Data acquisition rate 

Maximum and minimum displacement and force were recorded 
every cycle, photographs for crack length measurements were 
acquired every 100 cycles for the first 10,000 cycles, and every 
1,000 cycles thereafter 

 

  

*Fixture replaced with Mode I setup 



 
4. Data Processing 

4.1 Data filtering processes 

The raw data, was filtered such that the minimum and 
maximum force displacement values were stored in an 
excel sheet for every 100 cycles in the first 10000 cycles and 
every 1000 cycles thereafter. 

4.2 Properties or relationships of 
interest 

Fracture toughness (GIc and JIc) and Relationship between 
crack growth rate (da/dN) and strain energy release rate 
range (Gmax and Jmax) 

4.2 Data analysis procedures 

Specimens exhibited significant plastic deformation, 
therefore both GIc  and JIc. Crack growth and angles were 
measured for a subset of images, and the relative crack 
length and angles were determined using compliance. The 
mode I fracture toughness, GIc, was calculated using the 
Modified Compliance Calibration (MCC) method, with 
corrections applied for load block effects and large 
displacements. For JIc, the angle of the load blocks were 
measured from the obtained images using ImageJ, and 
fracture toughness was determined using the expression 
(2P)/b * sin(theta/2)  following the methodology described 
by Joshua Gunderson in “Large Displacement J-Integral 
Double Cantilever Beam (DCB) Test Method for Mode I 
Fracture Toughness”. The crack growth rate, da/dN, was 
obtained from the derivative of a power-law function fitted 
to the relationship between the number of cycles and 
relative crack length. 

  



 

CHADA 
Characterization Data and description of a characterization experiment 

 Fatigue mode II fracture toughness testing of aged & unaged 
samples 

Used in Hygrothermal effects on fracture toughness of flax fiber 
epoxy 

Template filled by: Luca Baak 

Overview of the Characterization 
1 Specimen Unidirectional ELS Flax fiber (FlaxTape Ecotechnilin) reinforced 

with Epoxy (SWANCOR 2511-1ALBL) 

2 Chain of methods 
Test method(s) used: 

1. Aging of samples following ASTM D5229 
2 Fatigue loading to measure delamination growth  

3 Data publication 10.4121/ecc4e249-43b3-49c4-b9ba-8a430493fb0f  
4 Access conditions Data may be publicly shared 

5 Workflow  

The effect of hygrothermal aging on mode II, delamination 
growth resistance has been determined through the following 
experimental procedures. Specimens have been tested in the 
unaged condition and after 1 aging cycle. 
 
Sample weight and thicknesses were measured initially and 
periodically to determine moisture absorption while aging. 
Samples were placed in climate chamber at 50C and 90% RH until 
reaching equilibrium after which conditions changed to 50C and 
30% RH until reaching equilibrium. Finally, conditions are 
changed to 50C and 50% RH prior to testing and unaged samples 
are also placed in the climate chamber to ensure equal testing 
conditions.   

 

  



 
1. Sample 

1.1 Material Flax fiber (FlaxTape Ecotechnilin) reinforced with Epoxy 
(SWANCOR 2511-1ALBL) 

1.2 Specimen specifications and 
nomenclature 

Specimen dimensions: 
W = 25 mm 
L = 170 mm 
T = 3.2-3.8 mm 
a_0 = 50 mm 
 
Specimen F2-U-XXX (Fatigue, mode II, unaged) 
Specimen F2-A1-XXX (Fatigue, mode II, 1 aging cycle) 

1.3 Manufacturing & preparation 

Manufacturing:  
1. Hand lay-up was used to create laminate plates.  
2. The laminate was vacuum-infused and cured at room 
temperature for at least 12 hours  
3. The plates were cured in the autoclave at 70 oC and 7 
bar for 18 hours 
4. The plates were cut to final dimensions using a 
waterjet cutter. 
 
Aging: 
1. Aged samples were placed in climate chamber for one 
or two cycles at 50 degrees and then saturated at 
90%RH, down to 30%RH and back up to 50%, with 
unaged samples being placed in the climate chamber at 
50%RH to ensure equal conditions 
 
After aging: 
1. Both edges of the specimen were covered with white 
paint. 
2. Load blocks were bonded to the specimen using 
Loctite 3430 
3. One side of the specimen was marked with lines every 
1 or 2 mm to be able to track crack growth. Another 
mark was made 7 mm from the clamp 
4. Specimens were precracked 3 mm by hand 

1.4 Test environment Room temperature – laboratory environment 
 



 
Specimen and manufacturing drawings 

  



 
2. Method 

2.1 Probe MTS 10 kN fatigue testing machine 
2.2 Test set-up ELS test fixture & camera setup to record crack propagation 
2.3 Signal Force, displacement, crack length 

2.4 Detectors 

1. 10 kN MTS machine crosshead displacement for displacement 
measurement 
2. 1 kN capacity load cell for force measurement 
3. Digital camera type Optomotive with 4 MP resolution for crack length 
measurements 

2.5 Test procedure 

Prior to testing, samples were pre-cracked 2-5 mm by hand. Specimens 
widths and thicknesses were measured 50 mm from each end and in the 
middle. Insert crack length was measured. Test lab temperature and 
humidity were measured prior to each test. Specimen was loaded into the 
fixture applying a 5Nm torque to the bolts 
 
Camera was focussed on the crack front, with the spotlight providing extra 
light. 
 
Then fatigue loading was applied under displacement control. Every 100 
cycles the load was held at 0.8 times the maximum displacement and a 
picture was taken with the digital camera, after the first 10000 cycles 
images were captured every 1000 cycles. The fatigue cycle was continued 
for 200000 cycles   

2.6 Input parameters 

Fatigue testing was conducted at 3 Hz and R = 0.2 
Max displacement was 21 mm 
Min displacement was 4.2 mm 
Spotlight 6% 
Free-length 75 mm to reduce required displacement to propagate crack 
Bolts tightened 5 Nm using torque wrench 
Images captured at 0.8 max displacement every 100 cycles for the first 
10000 cycles and every 1000 cycles thereafter. 

 

 

 

 

 

 

 

 



 
Test set-up images 

 

 

 

3. Raw Data 

3.1 Raw Data 

Displacement in mm, force in N, Count and Time in seconds are 
stored inside a folder (F2- U or A1 – Specimen nr.). Raw data is 
stored in file specimen.dat 
 
Photographs are stored as .jpg files named 
SPECIMENID_xx_yyyy.jpg, where xx and yyyy correspond to the 
image nr. and timestamp 

3.2 Data acquisition rate 

Maximum and minimum displacement and force were recorded 
every cycle, photographs for crack length measurements were 
acquired every 100 cycles for the first 10,000 cycles, and every 
1,000 cycles thereafter 

 

  



 
4. Data Processing 

4.1 Data filtering processes 

The raw data, was filtered such that the minimum and 
maximum force displacement values were stored in an 
excel sheet for every 100 cycles in the first 10000 cycles and 
every 1000 cycles thereafter. 

4.2 Properties or relationships of 
interest 

Fracture toughness (GIIc and JIIc) and Relationship between 
crack growth rate (da/dN) and strain energy release rate 
range (Gmax and Jmax) 

4.2 Data analysis procedures 

Specimens exhibited significant plastic deformation, 
therefore both GIIc  and JIIc. Crack growth and angles were 
measured for a subset of images, and the relative crack 
length and angles were determined using compliance. The 
mode II fracture toughness, GIIc, was calculated using the 
ECM method, with corrections applied for load block effects 
and large displacements. For JIIc, the angle of the load 
blocks were measured from the obtained images using 
ImageJ, and fracture toughness was calculated following 
the procedure laid out in the paper below the table, 
applying the equation for large displacements. The crack 
growth rate, da/dN, was obtained from the derivative of a 
power-law function fitted to the relationship between the 
number of cycles and relative crack length. 

 

M. Pérez-Galmés et al. “A data reduction method based on the J-integral to obtain the interlaminar 
fracture toughness in a mode II end-loaded split (ELS) test”. In: Composites Part A: Applied Science and 
Manufacturing 90 (Nov. 2016), pp. 670–677. ISSN: 1359-835X. DOI: 10.1016/J. 
COMPOSITESA.2016.08.020.  
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