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Abstract

Synchrotron X-ray tomographic microscopy (XTM) has been used to observe in situ damage evolution
in unidirectional flax fibre yarn/polypropylene composites loaded in uniaxial tension at stress levels
between 20% and 95% of the ultimate failure stress. XTM allows for 3D visualization of the internal
damage state at each stress level. The overall aim of the study is to gain a better understanding of the
damage mechanisms in natural fibre composites. This is necessary if they are to be optimized to fulfil
their promising potential. Three dominating damage mechanisms have been identified: (i) interface
splitting cracks typically seen at the interfaces of bundles of unseparated fibres, (i1) matrix shear cracks,
and (ii1) fibre failures typically seen at fibre defects. Based on the findings in the present study, well

separated fibres with a low number of defects are recommended for composite reinforcements.
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1. Introduction

Motivated by the growing awareness of occurring and imminent climate changes, an increasing amount
of interest has been focused on replacing traditional solutions with sustainable alternatives. This
tendency is also seen in materials science, where attempts are being made to replace traditional fossil
based materials with natural derived counterparts [1]. As such, the present study is carried out with the
overall purpose of contributing to optimize natural fibre composites for load-bearing applications. This
is an area with great potential, as the theoretical reinforcement capability of natural fibres indicates that
they can be a competitive alternative to traditional glass fibres [2]. Presently, the strength of natural

fibres composites is not as high as expected based on the findings from single fibre tests, where natural



fibres show strength properties of up to 1800 MPa [3]. In order to understand why these fibre strength
properties are not fully utilized in composites, it is necessary to gain further insight into the strength-

controlling failure mechanisms in the composites.

Natural fibres such as hemp and flax are obtained from the stems of the respective plants. Depending of
the application, the fibres can be separated into individual fibres (sometimes referred to as fibre
ultimates), or into fibre bundles (sometimes referred to as technical fibres) consisting of 5-500
individual fibres [4]. The fibre bundles are composed of individual fibres kept together mainly by
pectins, meaning that the fibre bundles themselves are actually composite structures. Fibre bundles
have diameters of 30-300 um, while individual fibres have diameters of 15-35 um. Whereas synthetic
fibres used for composite reinforcement (e.g. glass and carbon) are handled in rovings, in which the
continuous fibres are arranged in a parallel fashion, this can not be done for natural fibres due to their
short lengths in the range 5-50 mm for hemp and flax fibres. Instead, a loose assembly of parallel fibres
are twisted to form a fibre yarn, in which the integrity of the fibre assembly is maintained by the
internal friction forces between individual fibres. These fibre yarns with typical diameters of 300-2000
um are not to be confused with the fibre bundles. The relations between fibre yarns, fibre bundles and

individual fibres are illustrated schematically in Figure 1.

The failure mechanism of a fibre is related to its brittleness. The failure of brittle fibres like glass fibres
is to a large extent controlled by defects in the fibres, and may best be described by Weibull statistics
[5]. It is known that the strength and failure mechanism of natural fibres are also largely affected by the
presence of defects [3,6]. The field of study of defects in natural fibres is still developing, and the

terminology is not yet fully developed. It is known that flax fibres have some localized structural



irregularities in their cell walls, sometimes referred to as kink bands, dislocations or nodes [7]. In the
present study they will be referred to simply as defects. It is widely believed that such defects are
formed by excessive compressive loading (e.g. excessive bending) of the fibre during handling and
processing, resulting in local disorganization of the otherwise well-aligned cellulose microfibrils in the
cell wall of the natural fibres [8,9]. In composite materials, such fibre defects are known to be weak
nodes giving rise to stress concentrations in the surrounding matrix, and ultimately fibre failure during

tensile loading [10].

In order to achieve stronger natural fibre composites, it is necessary to understand the damage
mechanisms of these materials. As such, in this study, the three-dimensional microstructural damage
evolution of unidirectional (UD) natural fibre composites is studied in situ during loading until failure.
Synchrotron X-ray tomographic microscopy (XTM) has proven itself a valuable tool for investigations
of failure mechanisms in conventional fossil based composites materials [11, 12]. In the present study,
in situ XTM observations were made of notched specimens of UD flax fibre/polypropylene composites

at a number of load steps during uniaxial tension tests.

2. Materials and methods

Flax fibre yarns with a linear density of 110 g/km and a twist number of 313 turns per meter, giving a
surface twisting angle of about 18° were supplied by Ekotex, Poland. The thermoplastic polymer,
polypropylene (PP) supplied by Comfil, Denmark, was used as matrix material in the form of filaments
with a linear density of 51 g/km. PP was chosen as matrix material since it has a relatively low density
of 0.91 g/ cm’ compared with the higher density of 1.55 g/cm3 for flax fibres, in order to have the best

possible contrast in the XTM experiments.



2.1. Description of composite manufacturing

The composite panels were manufactured by filament winding followed by press consolidation [13].
The advantage of filament winding is that it allows for manufacturing of unidirectional composites with
a very high degree (£ 1°) of fibre yarn alignment. Flax fibre yarns and PP matrix filaments were wound
together on a steel frame of dimensions 450 x 500 mm”. The number of fibre yarns and matrix
filaments was such that a fibre volume fraction of 0.37 was attained in the final composite panel.
Following the filament winding, the fibre/matrix assembly was dried under vacuum for 24 hours at
room temperature to remove humidity from the natural fibres. The assembly was then processed in two
steps. Firstly, the fibre/matrix assembly was heated to 190°C for 15 min to melt the PP matrix. This
was done under vacuum to avoid entrapment of air. Secondly, the assembly was press consolidated for
1 min at 30°C at a pressure of 800 kPa. The dimensions of the manufactured composite panel were 250

x 400 mmz, with a thickness of 2.9 mm.

2.2. Description of test specimens

Performing high resolution XTM scanning puts some limitations on the dimensions of the test
specimens. In the present study, test specimens of dimensions 70 x 3 x 1 mm® were used. The geometry
and the dimensions of the test specimens, as well as the orientation with respect to a coordinate system
are shown in Figure 2a. The test specimens were cut from the composite panel with the tensile axis
along the fibre yarn axis. The specimens were grinded and polished to a thickness of 1 mm. In order to
ensure that damage developed in a well-localized region, the specimens were notched. The notches are
half circles made using a 2 mm end mill, resulting in a nominal 1 x 1 mm?” square cross section at the
middle of the notched region. Aluminium tabs were glued with a cyanoacrylate adhesive at each end of

the specimens to facilitate fixing the specimens in the loading fixture.



2.3. Description of tensile testing procedure

A custom-built loading fixture was used for XTM in situ tensile testing [ 14]. The fixture is small and
light, but capable of applying a tensile force up to 1.5 kN. The part of the fixture being exposed to the
X-ray beam is made from polymethyl methacrylate for minimal beam attenuation. The top of the
fixture features a hex screw, which can be manually turned to control the displacement applied to the
specimen, thereby loading the specimen. The applied force was measured at a rate of 1 Hz with a built-
in 1.5 kN load cell. The load was converted to a nominal stress value, calculated as the applied force
divided by the cross sectional area at the middle of the notched region (= 1 x 1 mm?). The specimens
were scanned by XTM at nominal stress values of 0, 20, 35, 60, 70, 80, 90, 100 and 110 MPa. The
notched geometry of the specimen makes a non-uniform stress field, hence the term ‘nominal’. At each
load step, after applying the desired load, the specimen was unloaded by 25% to prevent evolution of
further damage to the specimen during scanning, which would result in blurry images. Henceforward,
when referring to a certain stress level, it means that the specimen was loaded to that stress level and

was then unloaded by 25%. Five specimens were tested to failure during XTM scanning.

2.4. Preliminary tests

Preliminary tensile tests were performed to validate that the specimens developed damage in the
notched region. Monotonic tensile tests were performed on a standard hydraulic tensile testing machine
at a displacement rate of 0.5 mm/min. During these tests, the specimens were equipped with acoustic
emission equipment in order to select the appropriate stress levels for the observation of damage
evolution from zero stress to the final failure stress. Two samples were tested, and they both failed in

the notched region with ultimate strengths of 161 MPa and 169 MPa.



Another series of laboratory tests were performed to simulate the step-wise load sequence used at the
synchrotron facility. The specimens were loaded to 60, 90, 120 and 150 MPa. Following each load
step, the specimens were subsequently unloaded by 25% and kept at constant displacement for 30 min.

Two samples were tested and ultimate strengths of 111 MPa and 140 MPa were found.

2.5. Description of beamline and data acquisition

The XTM experiments were conducted at the TOMCAT beamline located at the X02DA port of the
Swiss Light Source at the Paul Scherrer Institut, Switzerland. An X-ray photon energy of 25 keV was
used, with 700 ms exposure times, and 1501 projections were captured over the 180° of rotation. The
detector was a Ce-doped LAG scintillator with a thickness of 25 pm, and a 2048 x 2048 pixel CCD
camera with a 280c digital/analog converter and a 10 MHz read-out speed. The loading fixture was
mounted on the sample stage and a total of 2048 slices, with a spatial resolution of 0.74 x 0.74 x 0.74
um’ / voxel, were collected at each load step. This corresponds to a scanned volume of 1.48 x 1.48 x
1.48 mm’, which was centred at the notched region of the specimen. The method of inline phase
contrast tomography utilizing the Modified Bronnikov Algorithm [15] was employed to enhance the

visibility of the interfaces.

Prior to the analysis of the failure evolution, the reconstructed 3D volumes corresponding to each load
step needed to be aligned with respect to each other. In order to reduce the computational requirements
associated with the alignment process, the 3D volumes were resampled to 1024° voxels, with a voxel
size of 1.48 pm, using the Lanczos filter in the Avizo software [16]. The resampled volumes were

subsequently aligned based on the Avizo registration tool utilizing normalized mutual information.



2.6. Scanning electron microscopy

Scanning electron microscope (SEM) images of the flax fibre yarn were made with a Hitachi TM-1000
table-top SEM. Yarn samples were attached to a standard specimen holder with double-sided adhesive
carbon tape. The samples were not coated, as the SEM was run in charge-reduction mode which

minimizes charge build-up.

3. Results

3.1. Undamaged microstructure

Figure 2b shows an example of a reconstructed 3D volume of the scanned region of a test specimen.
Based on such 3D volumes, 2D slices in any desired plane can be made. Figure 3a shows an internal
slice in the x,y-plane of a test specimen in the unloaded state. From this figure it can be seen that the
flax fibres are situated in large semi-circular fibre assemblies with diameters of 300-400 pm. These
fibre assemblies are the flax yarns. A number of additional microstructural features can be seen on the
tomograph including (i) the flax fibres having polygonal cross-sectional shapes and variable sized
luminal cavities, (ii) the unseparated bundles of fibres within the yarns, (iii) the PP matrix which is
impregnating the fibre yarns almost completely, (iv) the different types of porosities located inside the
fibres, at the fibre/matrix interfaces, and in the matrix, and (v) the cracks, located especially in
proximity to the surfaces of the specimen. As the specimen is in the unloaded state, these cracks must

be a result of specimen preparation.

Figure 3b shows a slice of the same specimen as in Figure 3a, but now in the x,z-plane. It is seen that
the flax fibre yarns are now parallel to the z-axis, while the individual fibres are observed to be oriented

with an angle to the yarn axis of about 10-15°. This is expected since natural fibre yarns are made by a



spinning process where the fibres are twisted in a helical configuration. Note that this angle is smaller
than the surface twisting angle (18°), indicating that the fibre twisting angle is not constant through the

yarn [13].

3.2. Microstructural damage

Having established that a number of microstructural features can clearly be observed from the
tomographs, the following sections will focus on how damage develops in the specimens during
uniaxial loading in the fibre yarn direction. The five specimens that were tested by the step-wise
loading during XTM scanning showed an average failure stress of 109 £ 8 MPa. By having carefully
inspected all reconstructed 3D volumes, it is evident that three characteristic damage mechanisms can
be identified: (i) interface splitting cracks, (i1) matrix shear cracks, and (iii1) fibre failures. A single test
specimen has been chosen, and representative 2D slices at different stress levels will be shown to
visualize and describe the three damage mechanisms. The chosen test specimen is assumed to be
representative, and was selected because it contained the fewest number of initial defects from

specimen preparation and handling.

3.2.1. Interface splitting cracks
Fiber/matrix-interface debonding was found to be a dominating damage mechanism in all analyzed

specimens. At high load levels, these debondings resulted in large (around 0.5-1.0 mm) splitting cracks,
i.e. cracks oriented along the fibres in the z-direction, propagating along the interfaces between the
fibres and matrix. Accordingly, this damage mechanism is denoted interface splitting cracks. Examples

can be seen in Figure 4 and Figure 5.



Figure 4 shows a 2D slice in the x,z-plane, 140 um from the middle of the specimen. The figure
exemplifies how the splitting cracks typically initiate at the notch and grow in the z-direction when the
load is increased. The individual splitting cracks are indicated with numbers on the images. On the
image showing the 20 MPa stress level, splitting cracks 1 and 2 are seen. These cracks are also present
at the unloaded state (image not shown here) and therefore cracks 1 and 2 are believed to result from
specimen preparation. At 60 MPa, it is observed that the openings of cracks 1 and 2 have increased.
Furthermore, two additional splitting cracks 3 and 4 are now observed. At 90 MPa, crack 2 has merged
with crack 1, thereby forming one large crack. Cracks 3 and 4 are now longer and have larger crack
openings. As also indicated in the images, the location of the crack tip is moving downwards,
demonstrating that the splitting crack length increases with increasing applied stress. At the final stress
level of 110 MPa, the combined crack 1-2 has a crack opening of around 20 um. Cracks 3 and 4 have
merged to form a large crack with a crack opening of around 15um. Moreover, an additional crack 5
has appeared and the combined length of the splitting crack (cracks 1-5) is now about 700 pm. The

specimen failed when the stress level was increased above 110 MPa.

Figure 5 shows an x,y-slice positioned 458 pm above the middle of the specimen. As indicated with
arrows on the images, numerous smaller splitting cracks can be observed. The length and opening of
these cracks is increased when the stress is increased. At the 110 MPa stress level, a dotted line on the
image shows the projected position in the z-direction of the centre of the left notch. It is seen that the
majority of splitting cracks are found around the dotted line, indicating that they initiate at the centre of
the notch, and then propagate in the z-direction. In addition, close inspection of Figure 5 reveals that a

significant amount of the interface splitting cracks is formed at the interfaces of bundles of unseparated

10



fibres. This is shown in more detail in Figure 6, where it is clearly seen that splitting cracks initiate at

the fibre bundles.

In most cases, the interface splitting cracks are found to develop at the 60 MPa stress level, and then

grow at each following load step.

3.2.2. Matrix shear cracks
Shear cracks [17] were found to evolve in matrix rich regions of the composite, i.e. in the regions

between the fibre yarns. Figure 7 shows examples of matrix shear cracks in a 2D slice in the x,z-plane,
270 um from the middle of the specimen. As indicated in the figure, initiation of matrix shear cracks is
seen at positions A and B at 90 MPa stress, and at position C at 100 MPa stress. All observed matrix
shear cracks grow with increasing load. Moreover, it was found that in regions with no fibres nearby,
the shear cracks evolved along an almost straight line, as seen at position C. By investigating the region
around the shear crack in all directions, it was confirmed that no fibres were in close proximity to the
shear crack at position C. In cases where the shear cracks evolve in matrix regions with nearby fibres,
the cracks are found to deviate from the straight line, and instead propagate along the nearby
fibre/matrix interface, as seen at positions A and B in Figure 7. A close-up of the position B matrix
shear cracks at 6x magnification is shown in Figure 8. In general, it was found that matrix shear cracks

initiate at the 90 MPa stress level, and then grow at each following load step.

3.2.3. Fibre failures
Careful inspections of the obtained 3D volumes revealed a number of observations of individual fibres

that failed at the highest stress level (110 MPa). Based on a 2D slice in the x,z-plane, 14 um from the
middle of the specimen, Figure 9 shows several examples of such fibre failures at 110 MPa. The figure

shows also the same 2D slice at 60 MPa, and this demonstrates that the fibres in most cases fail exactly

11



where initial structural irregularities can be seen in the fibres. These structural irregularities are

classified as defects.

An example of a fibre failure at a barrel-shaped defect is seen in Figure 10. The x-coordinate of the y,z-
slices in Figure 10a-b has been chosen such that the surface of the fibre is visualized. Thereby, the
external shape of the defect is visible. The slices shown in Figure 10c-d are positioned 4.1 um behind
the slices in Figure 10a-b. This means that these slices go through the centre of the fibre, showing the

lumen and the internal shape of the same defect. It is seen that the fibre fails exactly at the defect.

Figure 11 shows failure of a fibre bundle resulting in a fibre failure region which is about 60 um wide.
Again, defects can be seen on the fibres prior to fibre failure as exemplified in the 35 MPa stress level

image.

All fibre failures in Figure 9, Figure 10 and Figure 11 occur as the specimen is loaded to a nominal

stress of 110 MPa, which is the final load step before ultimate failure.

3.2.4. Overview of damage mechanisms
Figure 12 shows a schematic load-displacement curve along with sketches of the three observed

damage mechanisms. The figure summarizes the findings of the typical locations and stress levels for
the three damage mechanisms: (i) interface splitting cracks originate near the surface of the notch
region at a low stress level of 60 MPa (~50% of failure stress), (ii) matrix shear cracks originate at a
medium stress level of 90 MPa (~75% of failure stress), and (iii) fibre failures originate at locations of

fibre defects at a high stress level of 110 MPa (~90% of failure stress).

12



4. Discussion

4.1. Evaluation of the XTM testing approach

The five specimens tested during XTM observation failed at 109 + 8 MPa. The two specimens tested in
the laboratory with a standard tensile test machine operated at a comparable stepwise loading sequence
failed at 111 and 140 MPa, while the two specimens tested in the laboratory in the monotonic tensile
setup failed at 161 and 169 MPa. Small differences in geometry and fibre volume fractions between
specimens are expected to give rise to a relatively large spread in the strength results. But the found
strength reduction when testing in the stepwise fashion vs. the monotonic fashion (110-140 vs.160-170
MPa) requires an explanation. It is assumed to be due to time-dependent deformations of the materials.
In the monotonic test, a tensile test to failure took about 1 minute, while the stepwise loading procedure
took more than 90 minutes in the laboratory, and more than four hours in the XTM facility, as a single
scan took roughly 30 minutes. Even though the specimen was unloaded by 25% at each load step in
order to avoid crack growth during scanning, load drops of 1-4% were observed during each hold,
which indicates that some relaxation occurred during holding. It is therefore assumed that the stepwise

loading sequence gives rise to time-dependent deformations, which lowers the composite strength.

It was assumed that the X-ray beam did not alter or harm the specimen in any way. However, this was
not experimentally validated. The influence of the beam on the specimen could be tested by exposing a
number of specimens to the synchrotron X-ray beam in an unloaded state, and then test them in the
laboratory. The measured strength values should be compared with the strength values of identical

specimens that have not been exposed to X-rays.
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It was found that XTM is a very strong technique for investigating 3D structures with high resolution.
However, to achieve the desired resolution, the field of view was restricted to 1.48 x 1.48 x 1.48 mm’.
An inherent feature for natural fibre composites is variations in fibre thickness, yarn thickness, twisting
angles etc. [13]. In spite of this variability, the five samples investigated, displayed the same failure
mechanisms and therefore the results are assumed to be representative. And even though the field of
view is small, the 3D nature of the XTM technique is a clear advantage compared to the 2D nature of

the traditional cross-sectional microscopy technique.

4.2. Interface splitting cracks

As exemplified in Figure 6, a large amount of interface splitting cracks appeared at fibre bundles,
especially near the edges of the specimen. This demonstrates that the interfaces between these
relatively large fibre bundles and the matrix are particularly susceptible to cracks. Thus, it seems that

the fibre bundles act as stress concentrators at the microscale.

Generally, an interface splitting crack at the atomic level involves breaking the (chemical, electrostatic
and/or mechanical) bonds constituting the interface, and this requires energy. Thus, the development of
an interface splitting crack consumes a certain amount of energy per unit area of new fibre/matrix-
interface surface area generated by the crack. This amount of energy is a material property called the
critical energy release rate or the fracture energy G.. However, when a splitting crack is propagating,
an amount of potential energy per unit area of new fibre/matrix-interface surface area is released,
denoted the energy release rate G. Under displacement-controlled tensile loading, this energy comes

from release of elastic energy stored in the specimen during loading, some of which is released during
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splitting, as the specimen complies with the external load. Splitting cracks can propagate when the

energy release rate G, equals or exceeds the critical fracture energy G,

The fracture energy G is a material (interface) property, whereas the energy release rate G depends on
load level and geometry. In the case of interface splitting cracks, the energy release rate G depends

linearly on the fibre radius [18],

G=%-€f2-Ef-l’, (2)

where & and Er are the strain and Young’s modulus of the fibre, respectively, and 7 is the radius of the
fibre, which is simplified to have a circular cross-section. Equation 2 is derived from an analysis of
fibre pullout, but it is believed that it can be applied in the present case as well. A similar functional
relationship is found for an analysis of a splitting crack from a central flaw [19]. As the energy release
rate G is proportional to the fibre radius », Equation 2 implies that a fibre bundle, idealized as a very
large circular fibre, needs a lower strain for Equation 1 to be fulfilled. Thus, interface splitting is more

likely to develop at the thick fibre bundles than at the thin individual fibres.
The XTM observations (Figure 5 and Figure 6) and the above model-based argumentation underline

the importance of achieving a high degree of separation of the originally large flax fibre bundles into

individual fibres, in order to limit the development of interface splitting cracks.
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In general, interface failures are a concern for all composite materials. It is, however, a special concern
for natural fibre composites, as natural fibres have a complex hydrophilic surface chemistry, which
complicates fibre/matrix bonding in the case of thermoplastic matrix polymers, since these are often
hydrophobic. Attempts are being made to make the fibres less hydrophilic, by using various chemical

treatments [20].

A point to investigate in future studies is the influence of fibre twisting on the damage mechanisms. In
the present study, it was found that the composites were susceptible to interface debonding. Therefore,
one might speculate that especially the splitting cracks might be affected by alterations in the

microstructure of the material, e.g. due to fibre twisting.

4.3. Matrix shear cracks

It was found that the path of matrix shear cracks are highly influenced by the presence of fibre/matrix
interfaces. The observation that the shear cracks are following these interfaces underlines the tendency
of the interfaces to undergo debonding. It also shows how the composite microstructure influences the

evolution of the microscale damage.

The matrix shear cracks are not observed to cause fibre breaks. Instead they grow along the
fibre/matrix interfaces, as shown in Figure 7. When a matrix shear crack grows towards a fibre yarn,
the crack is assumed to deviate from its original trajectory and instead grow along the yarn in the z-
direction, as an interface splitting crack. Therefore, matrix shear cracks are not believed to be critical

with respect to ultimate failure. In order to investigate this assumption in future studies, it would be

16



advantageous to scan the two pieces of a broken specimen by XTM. In this way, it would be possible to

establish whether the ultimate failure crack grows via the matrix shear cracks.

4.4. Fibre failures

The majority of the fibre failures were found to occur at locations where the fibres had visible
structural irregularities. Such irregularities are believed to be defects in the cell wall of the fibres, such
as kink bands or barrel-shaped nodes. The same behaviour has previously been observed in single fibre

tests [21].

Figure 13a shows a scanning electron micrograph of a kink band on the flax fibres. Figure 9
demonstrates how such kink bands result in fibre failure at the final load step. The kink bands are
defects, believed to result from handling and processing of the fibres resulting in a disordered

arrangement of the cellulose microfibrils in the cell wall [7].

Figure 13b shows a scanning electron micrograph of a node on a flax fibre with a barrel-shaped bulging
appearance. Figure 10 shows an example of a fibre which has failed at such a barrel-shaped node.
Figure 10c shows that the node is also bulging on the inside of the fibre lumen. Due to the symmetric
appearance of this kind of feature, the barrel-shaped nodes are speculated to be developed naturally in
the fibres during their growth. Within the observed composite specimens, several fibres are observed to
fail at such barrel-shaped nodes. Even though they might be naturally occurring, they must be regarded

as defects nonetheless, when the fibres are used for composite reinforcement.
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Figure 11 shows an example of a fibre bundle with a large-scale defect across the bundle, similar to
what is seen on the micrograph in Figure 14. It appears that all fibres in the bundle fail simultaneously,
implying that the bundle effectively behaves as a single large fibre. When such a fibre bundle fails, the
load carried by the fibre bundle will be distributed to the surrounding region of the composite material.
Thus, a fibre bundle failure gives rise to a large stress concentration at the microscale. It can therefore
be concluded that failure of fibre bundles are more critical than failure of individual fibres where a
number of smaller stress concentrations occur. This conclusion is in agreement with the findings from
studies of fibre-fibre interactions and local load sharing, where it is found that the stress concentration
resulting from a fibre break is largest near the fibre [22-24], and that the magnitude of the stress

concentration factor increases with the number of broken fibres in a cluster [22-24].

4.5. Fibre separation

The findings in the present study suggest that an improved separation of fibre bundles into individual
fibres will have a positive influence on the composite damage behaviour. The separation of fibre
bundles can be achieved by degrading the pectin molecules cementing the individual fibres together in
the raw flax fibres. Various approaches can be used to degrade the pectin molecules. An enzymatic
treatment with pectinase can be used to break bonds in the cementing pectin molecules of the middle
lamella between individual fibres [4]. A chemical treatment with ethylenediaminetetraacetic acid
(EDTA) can be used to remove Ca®-ions which stabilize the pectin molecules. Both treatments have
the desired effect of separating the fibres. However, in general, all treatments designed to separate fibre
bundles into individual fibres are found to have a negative influence on the single fibre strength

properties [4]. Specifically, it is known that various chemical treatments cause fibre strength reductions
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due to an increase in size and numbers of fibre defects [8]. Furthermore, it has been found that the

density of fibre defects increases with the number of fibre processing steps [25].

Altogether, based on the findings in the present study and in previous studies, it is suggested that a

balance should be found between the following two scenarios:

1. A low degree of separation treatment gives a high number of fibre bundles in the composite.

Thus, a higher number of splitting cracks is likely to occur at these large-radius bundles. As a
result of the mild treatment, the density and severity of kink bands will be lower. However, the
fibre bundles are susceptible to large-scale defects across the bundle (see example in Figure 14),
possibly arising from the bundle being excessively bent during processing of the fibres. This
means that while the overall density of kink bands leading to failure of individual fibres will be
lower, there will be a high amount of failures of large fibre bundle. When all the fibres of a
fibre bundle fail simultaneously, as seen in Figure 11, a large stress concentration develops at
the microscale. This could possibly cause failure of neighbouring fibres eventually leading to
ultimate failure.

2. A high degree of separation treatment gives a low number of fibre bundles in the composite, but

also a high number of fibre defects. The high degree of separation into small-radius fibres will
restrict the development of splitting cracks, while the larger number of fibre defects will lead to
a larger number of fibre failures. However, due to the good separation, the locations of these
fibre failures will be homogenously distribution in the composite in all three directions,
meaning that they do not give rise to large stress concentrations. Thereby the composite will be

able to sustain a higher number of fibre failures before ultimate failure occurs.
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It has been found that EDTA treatment is superior to enzymatic treatment, as it gives higher strength
properties of natural fibre composites [4]. The stiffness of the composites was found to be largely
independent of the type of fibre treatment. The composite strength, however, shows a relatively large
dependency on fibre treatment, with the well separated EDTA-treated fibres giving composites with
50% higher strength in comparison with the untreated fibres. These findings support the suggestion in
the present study that improved separation of fibre bundles is a key parameter to obtain stronger

composites.

4.6. Damage mechanisms leading to ultimate failure

While matrix shear cracks are not believed to be critical for composite failure, it is not trivial whether
interface splitting cracks or fibre failures is the most critical mechanism of damage. Whereas a large
amount of splitting was observed to occur during a number of load steps before failure, fibre failures
were only observed to occur in the last load step, which indicates that fibre failure could be the critical
mechanism. On the other hand, it is evident that fibre failures must take place before specimen failure.
But this does not prove that fibre failure is the critical damage mechanism. However, the vast majority
of the applied load supported in a composite specimen is carried by the reinforcing fibres. Thus,
assuming a local load sharing mechanism [23], the failure of individual fibres means that the
surrounding fibres have to carry more load, making them more vulnerable to breaking themselves.
Thus, it seems reasonable to conclude that fibre failures is the most critical damage mechanism, and

that attempts should be made to avoid especially the large fibre bundle failures.

As mentioned, the specimens were notched to ensure damage initialization in the volume visualized

with the XTM technique. The matrix shear cracks are believed to be a direct consequence of the chosen
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specimen geometry. The splitting cracks are mainly seen to emanate from the notches and specimen
surfaces. Thus, they are also strongly related to the chosen specimen geometry. Therefore the damage

mechanisms in a larger straight edge specimen are likely to differ from the results of the present work.

5. Summary and conclusions

In the present study, unidirectional flax fibre composite specimens were tested by uniaxial loading in
the fibre yarn direction. During testing, in situ X-ray tomographic microscopy (XTM) observations
were made using synchrotron radiation. A notched sample geometry were used in order to ensure
damage initialization in the volume visualized with the XTM technique. Three distinct damage
mechanisms were observed: (i) interface splitting cracks typically seen at the interfaces of bundles of
unseparated fibres, (ii) matrix shear cracks, and (iii) fibre failures typically seen at fibre defects. The

three damage mechanisms initiated at about 50, 75 and 90% of the failure stress respectively.

The matrix shear cracks are believed to have a minor influence on the actual specimen failure. Interface
splitting cracks is visually the most dominating defect mechanism. It is, however, argued that the
observed fibre failures was actually the most critical damage mechanism, as the fibres carry the vast

majority of the load.

A characteristic feature of the investigated flax fibre composite is the presence of unseparated fibres
bundles. These fibre bundles were found to play a significant role for the evolution of damage: It was
found that fibre failures can happen simultaneously for all fibres in a fibre bundle, implying that the
bundles effectively behave as very thick fibres. Large processing defects across the entire bundle are

believed to account for this behaviour. When a bundle fails, a large amount of stress is transferred to
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the neighbouring matrix and fibres, making them likely to fail as well. It is therefore concluded that
fibre bundles should be avoided, even if it involves using slightly harsher fibre separation treatments.
When the fibres are completely separated, the fibre defects are distributed more homogenously in all
three material directions. This is believed to result in stronger natural fibre composites. This hypothesis
is in agreement with previous experimental studies. Based on the current study it is clear that the ideal
natural fibre reinforcement is individual fibres which are evenly distributed in the composite.
Therefore, also the traditional approach of locking the natural fibres in fibre yarns should be

reconsidered.
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Figure Captions

Figure 1. Schematic illustration of the relation between a) fibre yarn, b) fibre bundle and ¢) individual
fibres. Cross sections of the fibres are shown. The fibre yarn consists of individual fibres and fibre
bundles. A fibre bundle consists of individual fibres bound together by pectin in the middle lamella. By

applying chemical and mechanical treatments, the fibre bundles can be separated into individual fibres.

Figure 2. a) Sketch of a test specimen showing the specimen geometry. b) An example of a

reconstructed 3D volume from the XTM scans. The volume corresponds to the box in a).

Figure 3. Examples of two internal 2D slices in a scanned 3D volume: a) slice in x,y-plane, and b) slice

in x,z-plane. A number of microstructural features are indicated on the images.

Figure 4. Interface splitting cracks. Shown are four 2D slices at the same position in the x,z-plane, but
at different stress levels. It is seen that the number and size of splitting cracks (indicated with numbers)

grow with the applied stress. For the final stress level, the cracks grow together forming larger cracks.

Figure 5. Interface splitting cracks. The slice is positioned in the x,y-plane and represents different

stress levels. Splitting cracks grow with increased applied stress. It is indicated that the fibre bundles

consisting of 3-20 unseparated fibres are typical sites for initiation of interface splitting cracks.
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Figure 6. Close up of interface splitting cracks that initiates at fibre bundles. It can be noted that no

splitting cracks are seen at individual fibres.

Figure 7. Matrix shear cracks. The evolution of the shear cracks is shown at different stress levels. It is

seen that matrix shear cracking initiates at 90 MPa.

Figure 8. Matrix shear cracks. A close-up (6x magnification) of position B from Figure 7 showing the

detailed evolution of matrix shear cracks at different stress levels.

Figure 9. Fibre failure. The fibres are observed to fail at positions where fibre defects can be seen

initially.

Figure 10. Fibre failure at a barrel-shaped defect. Four slices in the y,z-plane. The images a) and b)
show the unloaded and loaded states of a fibre with a barrel-shaped defect in a slice that is positioned
such that it intersects the surface of the fibre. The images c) and d) show the same defect, but the slice
is positioned 4.1 um further into the specimen in the x-direction, such that it intersects the middle of the

fibre.

Figure 11. Fibre failures at a fibre bundle. The fibres all fail simultaneously in the same x,y-plane.

Figure 12. Schematic presentation of the characteristic damage mechanisms in natural fibre composites.
In the present study, interface splitting cracks are found to initiate from the notches at 60 MPa. Matrix

shear cracks initiate at 90 MPa. Fibre failures occur at 110 MPa, and are primarily seen at fibre defects.
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The given nominal stress values depend strongly on specimen geometry and fibre configuration, in

addition to the properties of fibres, matrix, and interface.

Figure 13. SEM images of defects in flax yarn fibres: a) kink bands, and b) barrel-shaped nodes.

Figure 14. SEM image of a large defect across a flax fibre bundle.
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