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Abstract
Free-edge effects in fibre reinforced composites can produce premature
damage at the composite edges due to mechanical, geometrical and
hygro-thermal effects. Observation of damage on the free-edge of a
composite plate is therefore different than what can be observed inside
the material. The amount of individually broken fibres in a composite is
counted by observing a test specimen with a polished edge and by cutting
test specimens to observe damage inside the material. The amount of
damage observed on a polished edge is found to greatly exceed that which
is observed inside test specimens subjected to the same testing conditions.
It is shown that the progression of important damage mechanisms can
be observed on polished edges, but also that invalid damage mechanisms
may be observed using free-edge microscopy.
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Introduction

Microscopy is a powerful tool for visual examination of different
aspects of Fibre Reinforced Composites (FRC). Fibre architecture1–3,
manufacturing defects4, and damage features such as matrix cracks5,
matrix-fibre debonding6 7, delaminations,8 and fibre breaks9–11 can be
inspected with microscopy with relatively low levels of magnifications.
A commonly applied method used to inspect how damage evolves
in FRC’s is to observe the damage that develops on a polished edge
or a polished surface of a composite laminate. These observations
are commonly performed by interrupting mechanical tests during
incremental static or cyclic loading, and then observing damage on
the free polished edge or surface with a microscope before resuming
the test. The mechanical test of a specimen is often interrupted
several times, at pre-determined intervals, to observe edge or surface
damage as it progresses during the static or fatigue loading. Many
examples of these types of interrupted tests are available in the
literature, and observations are either made on the in-plane surface
of the composite material6,11–13 or on machined and polished edges of
the composite material1,8,14–19. While observations made on surfaces
and edges may provide valuable insight into the damage and failure
mechanism of composites, there is great chance that such results
are influenced by mechanical edge-effects20–22, which may cause
premature damage initiation20. In addition to the existence of the
mechanical effect that increases the severity of the load on a free
edge, the polishing of a composite edge or surface may also produce
effects that damage fibres on a micro-scale level. Fibres that lie in the
same plane as the plane of observation are essentially polished such
that their cross-sections become non-circular, which reduces their
fracture resistance. Castro et al.11 used a polished surface to quantify
the number of broken fibres of a uni-directional (UD) glass-fibre
composite. The study monitored fibre damage evolution during
cyclic tension-tension fatigue experiments. Castro et al. observed
that damage occurred more frequently near the polymeric stitching
thread of the UD fabric, but also that breakage of fibres occurred
at isolated positions away from the polymer thread, and away from
clusters of other fibre breaks. Observations made in this study
suggests that the occurrence of isolated fibre breaks may partially be
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an effect of observing them on a finely polished edge, on which a part
of their original cross-section has been abrasively removed. Other
effects, such as moisture, may also contribute to edge-effects since
samples are often cleaned with alcohol-solutions prior to obtaining
micrographs. Understanding the validity of observations made using
microscopy is important for future research. The studies mentioned
above should not be rendered invalid for using edges or surfaces for
observation, yet there exists a need for knowledge of how observed
damage on free-edge microscopy samples compares to microscopy
observations of planes situated internally in the composite material
of interest.

Another common challenge for microscopy examination of
composite damage is to evaluate an area large enough to be
representative for the material while retaining a level of magnification
that reveals the micro-scale features that originally prompted the
need for using a microscope. Most of the works mentioned above1-13

limits the analysis to only include a single level of magnification and
presents areas of interest without verification of how representative
the given area is. Microscopy analysis such as those made by Edgren
et. al16 or Marsden15 only allows observation of relatively∗ large
intrabundle off-axis matrix cracks, disallowing analysis of damage
types that are physically smaller. Findings made by Zangenberg
et al3 and Jespersen et al23 suggest that stiffness degradation in
UD non-crimp fabric composites are also affected by breakage of
longitudinally oriented fibres, especially in areas near off-axis bundles
with intrabundle matrix cracks. Zangenberg3 and Jespersen23 further
suggests that fibre breaks in quasi-UD non-crimp fabrics are often
related to transverse backing bundles. Observations of broken fibres
with diameters of Ø10-Ø20 µm require levels of magnification that
generally create fields of views that no longer covers areas large enough
to include the structure of transverse fibre bundles, and can no longer
be seen as representative for the damage state of the entire composite
material.

∗Relative size compared to single fibre diameter
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Fatigue damage in composites is inherently a multi-scale
phenomenon10, and as such the methods that are used to observe
how fatigue damage evolves must also have a modality that allows
observations on all relevant scales of damage. Fatigue damage
observations must furthermore come from planes of observation that
are not influenced by unwanted effects, including edge-effects which
are always present at free edges of composite laminates. This paper
will present detailed microscopy observations over large fields of view
in order to obtain data that is both representative and quantifiable.
The Large Field of View (LFoV) microscopy method will provide
images that cover areas from 36 mm2 to roughly 100 mm2, while
allowing observation of micro-scale features such as broken fibres
with diameters less than Ø20 µm. Two methods of microscopy
observations – denoted as the edge observation method and the
internal observation method, respectively - are applied to measure
the amount of damage sustained by bending specimens during
testing. The data shows that observations made on polished edges
can provide qualitative insight into important damage mechanisms,
but also that the quantitative data from polished edges exaggerate
the amount of damage that exists internally in the composite material.

The data created for this work is available on-line in accordance
with the FAIR Guiding Principles for scientific data management24.
The data is available through two Zenodo † data sets; One for the
internal observation micrographs25 and one for the edge observation
micrographs26.

Methodology and Materials
Materials, Testing and Specimen Treatment
The composite material observed in this work was fabricated using
a uni-directional non-crimp fabric, which is also sometimes denoted
quasi-uni-directional fabric27, made from basalt fibres. In the context
of non-crimp fabrics, the designation of a uni-directional fabric
embodies fabrics with a dominant direction (the 0◦ direction) of fibre

†An open-access repository under the OpenAIRE program and operated by CERN
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bundles stitched together with a low amount of off-axis fibre bundles.
The stitching thread is a thermoplastic polymeric thread28. In general,
the fibre bundles in the 0◦-direction have higher tex-valuesv‡ than the
off-axis bundles. Non-crimp fabrics are described by the area weight of
the fibre bundles for each fibre direction, and for the specific material
used in this study the area weight was 357 g

m2 for the 0◦ fibres and
50 g

m2 for the 90◦ off-axis bundles. The composite laminate was made
with a symmetric stacking sequence [0◦]5s where the side of the fabric
with backing bundles was facing outwards from the center plane. This
resulted in a plate with an average thickness of 3.61 mm. The in-plane
longitudinal stiffness of the composite material was measured to 32.5
GPa and the fibre volume fraction was estimated to be 42 %.

The microscopy specimens described in the results sections were
tested using the flexural fatigue testing method described by
Mortensen29 with rectangular specimens cut from the plate material
described above. The test campaign applied a modified 4-point
bending test fixture subjecting rectangular (180 mm by 20 mm by 3.6
mm) specimens to cyclic bending loads with a load ratio of R = 0.1
and a load frequency of 5 Hz. The applied 4-point bending fixture
creates a loading area with a constant bending moment, and no
shear force, over the length of the gauge area. The gauge area for
the specimens is defined as the lengthwise span between the load
rollers of the fixture, as shown in Figure 3a. The testing method
produced consistent S-N curves - as shown in Figure 1 - and consistent
damage in the gauge area of the specimens29. When subjecting a
cross-section to bending loads the stress level in the material varies
linearly through the thickness, from being zero at the center of the
cross-section to reaching a maximum at the outer surface of the cross-
section. For all micrographs, and sub-images of micrographs, shown
in this paper the loading magnitude in the gauge area corresponds
to exerting a maximum normal stress level of 325 MPa on the top
and bottom surface. Figure 1 displays the S-N curve for the tests
conducted by Mortensen29 (marked by grey triangles ) showing
that the stress level of 325 MPa is expected to cause failure of the
microscopy samples after roughly 1 million load cycles. The blue

‡Linear Density measure of g
km
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and red markers show the points at which the tests have been
stopped or interrupted for microscopy observations. Each red triangle
( ) represents observations made on the edge of the same specimen
after different amount sustained load cycles. The blue square points (
) each represent one of 9 specimens tested to a fixed amount of cycles,
before being cut to make observations internally in the specimens.
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Figure 1. S-N curve with data from tests performed by Mortensen 29. Points tests plotted
for interruptions of the edge observation test specimen and for the stopped internal
observation tests.

Microscopy Methodology
The Large Field of View (LFoV) microscopy images were acquired
using a Leica DMI5000 microscope with an XY-stage capable of
capturing micrographs in a grid format. The requirement for the
level of observable details was determined by the microscale damage
phenomena caused by the testing of the specimens. It was found
that a 20 times magnification was needed in order to observe key
damage features such as fibre breakage and debonding between fibre
and matrix. Examples of fibre breaks and debonded fibres, caused by
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fatigue loading, is showcased in Figure 2. The average diameter of the
fibres are 17 µm, meaning that the 0.29 µm/pixel resolution of the
images allows the width of the fibres to be resolved into roughly 60
pixels.
The images captured with the microscope have resolutions of 1536
by 2048 pixels, meaning that with a spatial pixel-resolution of 0.29
µm/pixel each image covers 0.45 mm by 0.59 mm. To cover 100 mm2

with 20 percent overlap on all sides of the images requires 700-800
images. The xy-stage of the microscope allowed the images to be
obtained automatically using a focus-mapping technique to account
for the observation plane not being perfectly flat.

Stitching LFoV micrographs require a number of advanced image
processing steps, including accurately predicting the translation from
one sub-image to another. For this work, a MatLab script for image
stitching was made instead of using commercially available software,
as none of these gave satisfactory results in a sufficiently automated
work-flow. The MatLab script used feature matching for image
alignment combined with position data from the microscope, as well
as implementation of several custom image processing steps. Notable
details of the implementation are listed below.

(a) Transverse and Longitudinal Fibre
Debond

(b) Fibre breaks and transverse matrix
cracks.

Figure 2. Visible details at the desired level of magnification observed using the internal
observation method.
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1. Correction of uneven background lighting using an image
normalization process described by Chow et. al30. This technique
was applied before feature registration.

2. Usage of both SURF31 and Harris features32 for image
registration was found to work best for the specific microscopy
images of this work. Compared to other types of feature detectors
these provided the most amount of true pair feature matches, and
with relatively few false positives.

3. Removal of false positives in feature matching by finding
statistical outliers of the predicted image movement.

The stitched LFoV micrographs are available through Zenodo for
both the edge observation LFoV micrographs26 and the internal
observation LFoV micrographs25.

Edge damage observation and cut-out pieces for internal damage
observations
The LFoV microscopy technique was used to observe fatigue damage
in the composite materials by two methods that will be shown
to provide quantifiably different results. The first method, which
shall henceforth be denoted as the Edge observation method, was
composed of polishing an edge of a test specimen, capturing a
LFoV micrograph of the polished edge before any testing were
performed, then subjecting the specimen to 1000 loading cycles, and
then capturing a new LFoV micrograph of the same area. Repeated
testing and acquisition of LFoV micrographs were performed until
the specimen had lasted 1 Mill. loading cycles. The number of
load cycles between capturing each LFoV micrograph was increased
to 5,000 cycles interval after reaching 15,000 cycles, and further
to intervals of 25,000 after reaching 45,000 cycles, and finally to
250,000 after reaching 225,000 cycles. The area observed using
this method was roughly 10 mm long by 3.6 mm thickness (ie.
roughly 36 mm2 observation plane) as shown in Figure 3a. Between
mechanical testing and microscopy observations, the edge observation
specimen was cleaned with water. The cleaning procedure including
wiping the specimen with ethanol and exposing the specimen to
water for 1 minute, after which the specimen was blow-dried with

Prepared using sagej.cls



9

(a) The Edge observation method

(b) The Internal observation method

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

room temperature air. The cleaning process was always followed by
the microscopy image acquisition process, leaving the specimen in
laboratory conditions for 1-2 hours, but also frequently overnight (12-
16 hours). The relatively short exposure to water compared to the
time spend in controlled laboratory conditions makes it reasonable to
assume that the moisture content on the polished edge had reverted
to a near-equilibrium state before mechanical testing was resumed. In
terms of general moisture content of all specimens, it should be noted
that prior to cutting the test specimens the test material had been
stored in laboratory conditions for at least 3 months.

The Edge observation method is advantageous because the same
damage - i.e. crack, debonding or fibre break evolution - can be
followed throughout the load history of a specimen. The specimen
may, however, be affected by free-edge effects - both in terms of
mechanical planar stress effects, environmental effects, and abrasive
damage from surface polishing. The internal observation method are
free of these uncertainties as the plane of observation are inside the
material, but requires far more effort to get the same amount LFoV
micrographs. X-ray microtomography encompasses the advantages of
both methods, but the relatively low resolution and the time needed
to create a 3D-volume image effectively limits the field of view to
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be lower than anything that can be considered representative with
respect to non-crimp fabric composites. A study by Jespersen et al28

have also shown that transverse matrix cracks are barely in x-ray
tomography, and that fibre breaks may not be visible if the scanned
specimens are not loaded in tension during the scan.

The plane of observation for all LFoV micrographs obtained in this
study was oriented such that bottom of the image contains the area
where the maximum tensile load prevailed in the specimen, while the
top of the image contains the area where the maximum compressive
load prevailed. Due to the nature of the bending load the middle of
the image, i.e. between top and bottom, is where the stress transitions
from compressive to tensile stress, and here the normal stress is zero.

Results
Large Field of View Images

Table 1. Overview of relative size and magnificationa of the sequentially cropped
sub-images shown in Figure 4.

Designation True image Size Pixel Resolution Magnifaction Percent of orignal ImageWidth Length Width Height
A 28.72 mm 4.06 mm 98764 13957 5.6 100.0
B 4.27 mm 2.88 mm 14688 9888 16.9 10.54
C 1.74 mm 1.13 mm 5999 3873 43.6 1.67
D 0.97 mm 0.20 mm 3328 685 164.3 0.17

E-1
0.05 mm 0.05 mm 181 181 911.8 0.002E-2

E-3

Figure 4 shows an overview of the characteristics of a LFoV
microscope image produced by the internal observation method, as
well as the level of observable detail in a LFoV microscope image.
The shown images are from a specimen tested with 10,000 cycles
with a loading of 325 MPa at the specimen surfaces. Image A in
Figure 4 depicts the full extent of a LFoV micrograph measuring a
total of 28.7 mm by 4.1 mm§. Image B is a cropped area of image
A, image C is a cropped area of image B and so forth. True and

§The Observed plane of the composite is 3.6 mm by 28 mm. The image size is larger in order
to get the full piece into the LFoV area.
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28 mm
3.7 mm

A

4.3 mm

2.9 mm

B

1.7 mm

1.1 mm

C

1.0 mm

0.2 mm

D

E-3E-2E-1

Figure 4. Sequential Magnification of LFoV micrograph based on the internal observation
method

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

Qualitative observations
The edge observation method, in which the same area of roughly
36 mm2 is observed in between fatigue loading cycles, allows for
following an area of damage progression in order to make a qualitative
assessment of the damage mechanism(s) in the material. The edge
observation images shown in Figure 5 shows the progression of the
damage mechanism of transverse matrix cracking leading to fibre
breaks over an area of of 0.81 mm by 0.77 mm (ie. 0.63 mm2). The
images are sub-images extracted near the tensionally loaded surface,
which can be observed near the bottom of the LFoV micrographs.
In Figure 5a the first fibre breaks occur near the transverse matrix
cracks that are formed in the transverse backing bundle. The cracks
are formed perpendicular to the tensile loading direction, and must
as such be mode I cracks. The mode I crack in the bottom left of
Figure 5a deflects as it reaches the longitudinal fibres, then then
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100 µm

(a) 1000 Cycles

100 µm

(b) 3000 Cycles

(c) 5000 Cycles (d) 15000 Cycles

(e) 75000 Cycles (f) 225000 Cycles

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

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

Figure 6. Fibre breaks and transverse matrix bundles for the two methods of microscopy
observation. Fibre break damage is marked with red spots. Both images covers the same
physical area, and are taken at similar points in the fatigue life of the specimens.

propagates by debonding along the nearest longitudinal fibre which
eventually leads to the breakage of said fibre, which followingly
causes debonding along the neighbouring longitudinal fibre, which
also breaks. These first fibre breaks, shown in Figure 5a, occur after
only 1000 loading cycles and are consistent with the idea of fibre
breaks occurring near transverse matrix cracks that exist in the
transverse fibre bundles. The white patches near the fibre breaks
are indications of debonding immediately underneath the observed
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surface. The damage shown in Figure 5b includes the progression
of the damage shown in Figure 5a where the fibre break, in the
bottom left near the transverse fibre bundle, has caused debonding
and breakage of the adjacent longitudinal fibre. Figure 5b also
includes a sequence of fibre breaks initiated from a mode I crack
that originates from the polymeric thread used to sow together the
longitudinal and transverse bundles of basalt fibres. While fibre
break damage that originates from bundles of polymeric thread
has only been observed in this one case, the example is included in
order to generalize the dominant damage mechanism: Fibre breaks
generally occur near mode I cracks. The reason that fibre breaks
generally occur near the transverse backing bundles is that mode I
cracks most frequently occur inside the transverse backing bundles.
The fibre break sequence originating from the polymeric thread is
also a clear example of how the damage progresses once longitudinal
fibres break. Inspecting the damage progression from 3000 cycles
(Figure 5b) to 5000 cycles (Figure 5c) and then finally to 15000
cycles (Figure 5d) shows how debonding near a broken fibre is
transferred to an adjacent fibre, which then breaks in a new place
in the longitudinal direction after a certain length of debonding.
This mechanism, where fibre breaks are initiated from mode I cracks
and damage progresses as series of subsequent fibre debonding and
fibre breakage is consistent with the damage mechanism proposed by
Zangenberg3 and observed through micro tomography by Jespersen
et al.27 28. After 15000 cycles (Figure 5d) fibre breaks are frequently
appearing in areas that are not linked to transverse bundles.
This trend is only present in the images captured for the edge
observations. In the observations made using the internal observation
method the fibre break damage does not occur in positions isolated
from damage regions that originated from transverse backing bundles.

Figure 6 shows two sub-images, one from the internal observation
method and one from the edge observation method, that are of the
exact same size, and extracted from similar locations with similar
structures - ie. a transverse backing bundle near the surface and
fibre breaks in the longitudinal fibre bundles. There are two distinct
differences between Figure 6a and Figure 6b; the first is that there is
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a significantly greater number of fibre breaks (marked by red dots)
in Figure 6b than in Figure 6a. The other notable difference is that
in Figure 6b the fibre breaks are scattered all over the area where
there are longitudinal fibres, while in Figure 6a the fibre breaks
are all positioned close to each other in a cluster that lies close
to a transverse fibre bundle. The crack openings in the transverse
bundles in Figure 6b is slightly more severe than the cracks of the
transverse bundle in Figure 6a, which is a possible explanation for
the increased number of fibre breaks. In general, it was observed that
transverse cracks in the edge observation specimens were more open,
especially in bundles close to the tension surface, than the transverse
cracks in the internal observation specimens. Furthermore, the more
severe damage state in the transverse bundles observed with the
edge observation method does not explain the isolated positions of
the fibre breaks, and is thus not a comprehensive explanation for
the significantly higher number of fibre breaks observed using the
edge observation method. The position of the fibre breaks observed
for the internal observation method is generally in compliance with
observations made by Jespersen et al.27 and the general damage
mechanism observed and postulated by Zangenberg et al.3.

As an intrinsic property of the bending loads imposed on the test
specimens only half of the observed areas of the LFoV micrographs
have been subjected to linearly varying tensile load, while the other
half have been subjected linearly varying compressive loads. As a
property of this loading situation, the described damage mechanism
can not be present in the half of the specimen that have been subject
to compressive loading, as this damage mechanism relies on mode I
cracks which do not occur under compressive loading. This assertion
fits with only a single observation of a broken fibre in a compressively
loaded are through all the LFoV micrographs captured with the
internal observation method. For the edge observation method this
assertion does not hold as a small, but not insignificant, number
of fibre breaks were observed in areas of the micrograph where
compressive stresses must have prevailed.
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Quantitative observations

The qualitative observations indicate that a significantly larger
number of fibre breaks are present at the specimen edges than inside
the material. The stiffness degradation of the material is related to
damage sustained in the material, which includes transverse matrix
cracks and fibre breaks. In most composites, with significant amounts
of off-axis fibres, the main cause of stiffness degradation is transverse
cracks. This is especially true for cross-ply laminates, but does not
hold for composites based on quasi-UD non-crimp fabrics, such as
the material tested in this work. The stiffness degradation caused by
transverse cracks are limited for quasi-UD composites. Zangenberg3

showed that, for composite materials made from quasi-UD non-
crimp fabrics, the stiffness loss from cracks in transverse backing
bundles could account for only a very small part of the stiffness
degradation. Zangenberg3 further documented that the stiffness loss
in fatigue loading of quasi-UD non-crimp fabric composites is directly
related to fibre breaks in the load-carrying axial fibre bundles. The
current material can also be classified as a quasi-UD non-crimp
fabric composite, however, it is made with a fabric with a relatively
higher amount of backing bundles than the one investigated by
Zangenberg3. Replicating the stiffness model used by Zangenberg3 for
the fabric used in this study indicate that the loss in axial stiffness
can not amount to more than 1.55 % of the original stiffness, under
the assumption that the load carrying capability of the transverse
bundles is completely lost. The degradation of the material stiffness
after 250,000 load cycles amounts to approximately 3-4 %, which
means that it is reasonable to assume that both the transverse
cracks and the fibre breaks contribute to the stiffness loss. Fibre
breaks are furthermore a distinct and countable feature in the LFoV
micrographs, whereas the transverse cracks are more difficult to
quantify. These properties make fibre breaks a reasonable feature for
quantification of damage magnitude in the LFoV captured with both
the edge observation method and the internal observation method.
Because the transverse cracks have more variation, in terms of discrete
counting, than the fibre breaks, the quantitative observations will be
based on counted fibre breaks rather than transverse cracks. It must,
however, be noted that the fibre breaks can not be regarded as the
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sole cause for stiffness degradation in the material, as there is also a
significant contribution from the transverse cracks.

Figure 7 shows the apparent stiffness loss of the edge polished
specimen and the specimens tested and then cut out to use for the
internal observation method. The stiffness loss is here defined as
the loss in normalized stiffness modulus. The normalized stiffness
modulus is the instantaneous stiffness E modulus over the stiffness
modulus recorded during the first 100 loading cycles E0. The stiffness
loss for the two methods are similar for the first 250,000 cycles. The
stiffness loss for the edge observation specimen is 3.2 % after 225,000
cycles. For the internal observation specimen stopped after 250,000
cycles the recorded stiffness loss was 3.9 %. After 250,000 cycles
there is a significant stiffness drop for both types of specimens, which
could be a result of a new damage type appearing at this stage of the
fatigue life. Consequently the quantitative analysis of the number of
fibre breaks will be performed for data collected in this load cycle
range.
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Figure 7. The loss in normalized stiffness E
E0

plotted as a function of the number of
sustained loading cycles. Internal observations are measures from independent test
specimens. Edge observation are measurement from the same specimen at each point of
microscopy analysis.

The higher number of fibre breaks in the edge observation specimens
compared to the internal observation specimens can be visualized by
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plotting the quantified fibre breaks against the number of applied
loading cycles. Figure 8 shows a significant difference in the number
of observed fibre breaks found using the edge method compared to
the internal method. The significantly greater number of fibre breaks
observed on the edge of the specimen is consistent with the qualitative
observations, though the relative number of fibre breaks observed on
the edge compared to the number of fibre breaks observed internally
in the material is more extreme than anticipated.
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Figure 8. The number of manually counted fibre breaks plotted as a function of the
number of sustained loading cycles.

In quasi-UD non-crimp fabric, where fibre breaks can not be
disregarded in relation to the material stiffness degradation28, an
analysis based on edge observations would greatly underestimate the
influence of fibre breaks on the loss of material stiffness. To estimate
how greatly the effect of fibre breaks would be underestimated it is
useful to see the relation between fibre breaks and stiffness loss, even
though the stiffness degradation is also affected by transverse cracking
in the transverse fibre bundle. This information is depicted in Figure
9, where the upper graph show how many fibre breaks occur for a
normalized flexural stiffness loss. The upper graph contains data for
both the edge fibre breaks and the internal fibre breaks, while the
lower graph details the data for the internal fibre breaks. The filled
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circles show the mean number of fibre breaks pr. area over each of the
4 planes of observation available from each of the 9 specimens, while
the empty circles show the mean value for each individual plane of
observation. Though both methods show a linear relation between
the loss of flexural stiffness and the quantity of fibre breaks, the
trend for the edge method is > 200 times higher than for the internal
observation method. The number of fibre breaks observed on the edge
of the specimen obviously overstate the actual number of fibre breaks
in the specimen. The internal observation method provides a far more
accurate representation of the number of fibre breaks in the material.
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Discussion & Conclusion
Discussion
The presented results provides information and knowledge regarding
the methodologies - the edge observation and the internal observation
microscopy methods - applied in this study, but also qualitative and
quantitative information about the damage mechanism that causes
stiffness degradation in non-crimp fabric composites due to bending
loads. The quantitative data have shown that the amount of damage
observed on a polished edge of a test specimen is likely to be excessive
compared to what exists inside the material. It is reasonable to
believe that the damage mechanism presented in Figure 5 is generally
valid because the described damage progression is consistent with
observations made inside the material - ie. the observed fibre breaks
occur near transverse bundles with mode I cracks. In contrast, the
isolated fibre breaks observed on the material edge are rarely observed
inside the material and can as such be assumed to be a product of
what is commonly denoted in the literature as edge effects or free-
edge effects. In the context of the current experiment, the term edge
effects should be understood in the broadest sense of the expression
such that it includes mechanical free-edge effects, see e.g.21 22, as well
as environmental factors such as hygro-thermal effects.

In terms of hygro-thermal loading a main source of concern is
the washing of the polished side of the observed specimen: In order
to avoid smudge and debris, which inevitably intrudes the polished
surface during testing of the specimen, the specimen was cleaned using
water and ethanol before LFoV microscopy images were captured. The
cleaning procedure is necessary to avoid debris on the microscopy
sample, though it may be part of the observed edge effect. It is,
however, important to note that the specimen was cleaned multiple
times before subjecting it to any mechanical load, and no fibre break
damage or debonding damage was observed in the LFoV microscopy
obtained after the cleaning and before testing. and as such the effect
must be a second-order effect. However, the relatively short exposure
to water followed by a significantly larger amount of time spent in
laboratory condition is expected to have significantly reduced any
effect that could otherwise promote mechanical damage at the edge
of the specimen. Furthermore, while moisture uptake in composites
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generally produces internal stresses33, most composite materials,
including the one investigated in this study, are affected by thermally
induced residual stresses from the curing procedure which are relieved
to some extent by moisture uptake34. Thus a small amount of moisture
uptake at the polished edge could relieve some residual stresses, and
thereby lower the effect of moisture. It should also be noted that
the specimens made for the internal observation method have been
cleaned multiple times with the same procedure and no additional
damage have been observed in those specimens as a direct implication
of the cleaning. With respect to the edge polishing, it is also worth
considering that the finely polished surface - 1 µm grains were used
at the finest level - are made up by fibres that have in essence been
cut in half by the polishing, which may significantly reduce their
resistance to breakage. While this effect of polishing away significant
portions of fibres located on the surface is not relevant for microscopy
observations mostly focussed on matrix cracks (e.g.16 35 14 19), there
are several studies in the literature where it remains a valid concern
(e.g.11 6 13).

The results show that quantifying the damage observed on a
polished edge would greatly overestimate how much damage is
necessary for a given stiffness degradation of the material and hence
overestimate the damage tolerance of the material. The governing
damage mechanism, where mode I cracks in transverse fibre bundles
lead to fibre breaks, are, however, present in both the images captured
on the polished edge of the material, but also the observations made
inside the material. As such, there is good reason to believe that
the observations made in relation to this damage mechanism are
qualitatively sound. It is, however, only because the edge observations
have been compared with the internal observations that it is
reasonable to conclude that the damage mechanism is generally valid.
Though observations made on polished edges or surface are common
in the literature1,6,8,11–17, validation by microscopy observation inside
the same material is a rare occurrence.

Conclusion
In the current study, a large quantity of large field of view
micrographs, spanning over representative areas, has been examined
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qualitatively and quantitatively. Two different methodologies have
been applied. Significantly different quantitative results have been
presented for observations made inside the material compared to
edge observations. The difference between the results observed on
a polished edge of a specimen compared to observations made inside
the material are caused by a free-edge effect.

The most significant qualitative observations made on the edge
surface are consistent with those made inside the material. The
specific observation is a damage mechanism where intrabundle matrix
cracks in transverse backing bundles interact with load carrying
longitudinal fibres. The longitudinal fibres near matrix cracks suffer
first from some degree of debonding, and subsequently from brittle
failure of the fibre itself. Once the fibre closest to the transverse
fibre bundle has failed it causes debonding of adjacent fibres, which
then also fractures and then continues the pattern. This failure
mechanism is consistent with observations made by Zangenberg et al3

and Jespersen et. al23 28, and have been validated in this very study
by LFoV micrograph observations made inside the material. Further
validation of the damage mechanism using the relative position of the
quantified fibre breaks with respect to the transverse bundles will be
investigated in a future work36.

Generally it can be stated that; Damage observed on a polished
surface of a specimen subjected to cyclic mechanical load are
influenced by a free-edge effect, such that the amount of observed
damage far exceeds the damage inside the material. Furthermore,
it can be stated that; Edge observation studies may be applied to
qualitatively asses the development of a damage mechanism over the
fatigue life of a specimen, though caution must be taken as the extent
of the damage is greater than that which may be found inside the
observed sample.
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