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Strength variability of single flax fibres
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Abstract Due to the typical large variability in the
measured mechanical properties of flax fibres, they are
often employed only in low grade composite applications.
The present study aims to investigate the reasons for the
variability in tensile properties of flax fibres. It is found that
an inaccuracy in the determination of the cross-sectional
area of the fibres is one major reason for the variability in
properties. By applying a typical circular fibre area
assumption, a considerable error is introduced into the
calculated mechanical properties. Experimental data,
together with a simple analytical model, are presented to
show that the error is increased when the aspect ratio of the
fibre cross-sectional shape is increased. A variability in
properties due to the flax fibres themselves is found to
originate from the distribution of defects along the fibres.
Two distinctive types of stress—strain behaviours (linear
and nonlinear) of the fibres are found to be correlated with
the amount of defects. The linear stress—strain curves tend
to show a higher tensile strength, a higher Young’s mod-
ulus, and a lower strain to failure than the nonlinear curves.
Finally, the fibres are found to fracture by a complex
microscale failure mechanism. Large fracture zones are
governed by both surface and internal defects; and these
cause cracks to propagate in the transverse and longitudinal
directions.
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Introduction

The utilisation of renewable resources is of crucial
importance for advancing towards a sustainable way of
producing materials. Natural fibres are renewable resources
that are used in a wide range of industrial applications such
as textiles and increasingly in polymer composites, as an
alternative to synthetic fibres. Flax fibres (Linum usita-
tissimum) are widely studied plant-based natural fibres for
use as reinforcement in polymer matrix composites [1-7].

Flax fibres are known to show a large variability in their
measured mechanical properties [2, 3]. Due to uncertainties
about the reasons for the variability of fibre properties, and
the influence of this variability on the final mechanical
properties of the composites, flax fibres are often employed
only in low grade composite applications [4]. The vari-
ability in fibre properties can be ascribed either to the
variability introduced by the applied experimental charac-
terisation method, or to the inherent variability of the flax
fibres themselves. A typical approach of evaluating the
cross-sectional area of the fibres as being circular, and to
use the measured fibre ‘diameter’ to calculate the cross-
sectional area is a rough approximation since the fibres
have a polygonal shape [3, 5-8]. Furthermore, the fibres are
known to vary in their cross-sectional area along the fibre
length [9]. Altogether, any uncertain evaluation of the
cross-sectional area brings a variation into the determined
mechanical properties of the fibres [10]. In addition, flax
fibres are delicate materials with cross-sectional dimen-
sions in the order of micrometers, and a few millimeters in
length; this enhances measurement errors during the
mechanical testing of the fibres. Flax fibres themselves
show variability in their cell wall structure due to variations
in growth conditions, different levels of maturity of the
fibres, as well as due to the non-uniformity of the retting
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and decortication processes applied to extract the fibres
from the plants. One type of structural characteristics in
flax fibres are the so-called kink bands which are regions of
the cell wall with a disordered organisation of the cellulose
microfibrils in the matrix of hemicellulose and lignin. The
kink bands are formed both naturally during growth, and
artificially during fibre processing. The kink bands are
presumed to act as defects influencing the mechanical
behaviour of the fibres [2].

The aim of the present study is to investigate the various
reasons for the variability in mechanical properties of
single flax fibres. The experimental-based investigations
include analyses of the applied method for determination of
the cross-sectional area of the fibres, together with analyses
of the different types of stress—strain behaviours, and
fracture behaviours of the fibres. An attempt is made to
correlate the latter two types of mechanical behaviours
with the defect regions of the fibres.

Materials and methods
Materials

The flax fibres (Linum usitatissimum) were supplied by
Ekotex, Poland. Two types of differently processed fibres
were used. The two types of fibres were originating from
different fields, and as such they are not coming from the
same batch.

Green fibres

These fibres were obtained from plant stems that have been
harvested with no further processing. Single fibres were
carefully separated from the stems by hand.

Cottonized fibres

After the plant stems were harvested, they were kept in the
field for retting. Afterwards, the fibre bundles in the outer
part of the stems were separated from the broken shives in
the core part by a decortication process where the stems
were crushed and beaten by passing them between rotating
wheels equipped with blunt knives. Next, the coarse fibre
bundles were combed in a hackling process in order to get
straightened fibres and thinner fibre bundles. Finally, to
further disintegrate the fibre bundles into single fibres, they

Fig. 1 Optical microscope

were cottonized by a mechanical process [11, 12]. Single
fibres were separated carefully from the fibre bundles by
hand.

Measurement of cross-sectional area of fibres

A precise determination of the cross-sectional area of the
fibres is crucial for the calculation of the correct tensile
stress values. Since the fibres have irregular polygonal
shapes, errors can easily arise in the cross-sectional mea-
surements. In the present study, the cross-sectional area of
the fibres was measured with two different methods.

Method 1: circular fibre area measurements

An optical microscope (Aristomet, Leitz) equipped with
polarised filters, and image analysis software (Image-Pro
Plus 5.0) was used to measure the fibre width with an
accuracy of £0.1 um at 9 positions along the fibres within
a gauge length of 5 mm (see Fig. 1). The cross-sectional
area was calculated by assuming a circular cross-section.

Method 2: true fibre area measurements

The fibres were placed in a plastic holder to avoid tilted
cross-sections, and to align the fibres. The fibres were then
embedded in epoxy resin (EpoFix, Struers). The embedded
fibre samples were ground and polished as described by
Reme et al. [13]. A series of cross-sectional images were
acquired at different locations using a Hitachi S-3000
variable pressure scanning electron microscope with a
solid-state backscattered detector. The digital images were
processed automatically with the PFI Fibre Cross-Section
ImagelJ plugin (version 3k). The images were thresholded.
Touching fibres, fibre agglomerates and apparently misa-
ligned fibres were removed by applying a combination of
size, form factor and solidity shape measurements (see
Fig. 2), as described by Chinga-Carrasco et al. [14].
Figure 3 shows a schematic drawing of the cross-sec-
tional areas that were determined by the two different
methods. A is the circular fibre area determined by
Method 1. A is the true fibre area and Ay, is the area of
the lumen determined by Method 2. The cell-wall area is
given by Ay, = Ayue — Apum. In addition, in Method 2, the
shape of the fibre cross-sections was quantified by their
aspect ratio, which is the ratio between the major and
minor axis of a fitted ellipse with an area equivalent to the

image of single flax fibre used
for measurements of fibre width

(Method 1)

SR T
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Fig. 2 Scanning electron microscope images of flax fibre cross-sections used for the measurements of fibre area (Method 2): a unprocessed
image, b binary image, ¢ processed image where fibres that were not suitable for measurements were automatically removed

Fibre width

~

lum

Fig. 3 Schematic drawing of the cross-sectional fibre areas that were
determined by the two different methods (Methods 1 and 2)

fibre cross-sectional area, and with the same first and sec-
ond degree moments (Image-Pro Plus 5.0). The aspect ratio
is always >1.

Tensile testing of fibres

Single flax fibres were inspected with an optical micro-
scope in order to exclude double fibres, and highly
deformed and twisted fibres. Since the fibres are too deli-
cate for manual handling, cardboard was used as a speci-
men holder to facilitate the testing. The fibre ends were
fixed to the cardboard using cyanoacrylate glue. Prior to
the tensile testing, using the optical microscope, the aver-
age fibre width was determined from 9 width measure-
ments along the 5 mm gauge length, and the circular fibre
area was calculated (Method 1). The cardboard was grip-
ped in the plastic grips of the tensile test machine (Elec-
troPuls E3000, Instron) close to the places where the fibre
was mounted. The cardboard was then cut on both sides of
the central hole. The tensile tests were performed with a
constant cross head speed of 0.5 mm/min. The load was
measured using a 50 N load cell. The testing was done
according to the ASTM D 3379 at an ambient temperature

@ Springer
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Fig. 4 Experimental setup for the tensile testing of single flax fibres

of about 23 °C and a relative humidity of about 55%.
Figure 4 shows the testing configuration used. In total, 35
Green fibres, and 50 Cottonized fibres were successfully
tested (15 Green fibre samples were discarded due to
failure nearby the glue region).

Fracture surface of fibres

The fracture surfaces of the tensile tested fibres were
examined in an environmental scanning electron micro-
scope (ESEM, Zeiss). In addition, detailed surface images
of intact fibres were acquired with an ultra field-emission
SEM (FESEM, Zeiss) in the secondary electron mode.

Results
Cross-sectional area

Figure 5 shows the cross-sectional area distributions that
were determined for single flax fibres (Cottonized fibres)
using the two different measurement techniques, Method 1
and Method 2. The results obtained using the circular fibre
area measurements (Method 1) are in the same range as the
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Fig. 5 Frequency distributions of fibre areas that were measured by
the two different methods (Methods 1 and 2)

Table 1 Mean and standard deviation values of cross-sectional area
and aspect ratio determined by Method 1 and Method 2 for two large
groups of flax fibres (Cottonized fibres)

Fibre Mean £+ SD
counts
Circular fibre area, A (umz) (Method 1) 399 327 4+ 128
True fibre area, Ay (umz) (Method 2) 585 236 £ 115
Lumen content (%) (Method 2) 585 1.6
Aspect ratio (—) (Method 2) 585 1.42 £ 0.26

true fibre area measurements (Method 2). For both meth-
ods, 95% of fibres were distributed in the range of 100 to
650 umz. However, the distribution of Method 1 is shifted
to the right of the distribution for Method 2 with
mean £ SD fibre areas of 327 £ 128 and 236 &+ 115 umz,
respectively (Table 1). Thus, on an average basis, the area
of fibres determined by Method 1 is 39% higher than the
area determined by Method 2; see, however, the results
below about the influence of the fibre shape.

Figure 6a shows that the lumen content (ratio of the
lumen area to the true fibre area) of the fibres is typically
very small although some large values of lumen content
were found. Hence, it is found that 85% of all fibres show a
lumen content below 1%. The mean lumen content is 1.6%.

The distribution of aspect ratios of the shape of fibre
cross-sections is presented in Fig. 6b. Distributions are
shown for fibres with lumen and without lumen. The aspect
ratios are in the range of 1.0-2.3 and with means + SD of
1.45 £ 0.27 and 1.40 & 0.12, for fibres with lumen and
without lumen, respectively. The grand mean £+ SD aspect
ratio of all fibres is 1.42 £ 0.26.
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Fig. 6 Frequency distributions of the measured a lumen content and
b aspect ratio of fibres (Method 2)

The results presented in Table 1 are for two large groups
of fibres that did not consist of the exact same fibres. In
order to compare the measurements of the exact same
fibres, one group of 6 fibres was randomly selected. The
circular area of each of the fibres was first determined by
Method 1, and then the fibres were embedded in epoxy
resin and the true area of each of the fibres was determined
by Method 2 at several locations along the fibres. The
measured cross-sectional areas and aspect ratios for these 6
fibres are shown in Table 2. It is seen that the percentage
difference (in absolute values) in the area measurements
between the two methods is consistently increased when
the aspect ratio of the fibres is increased. For a low aspect
ratio of 1.1, the area difference is only 3%, whereas the
area difference is 37% for a high aspect ratio of 1.9. The
results also point towards that the area determined by
Method 1 is being overestimated for fibres with low aspect
ratios, and it is being underestimated for fibres with high
aspect ratios. The threshold aspect ratio is in the range of
about 1.5-1.8.
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Table 2 Mean and standard deviation values of cross-sectional area and aspect ratio determined by Method 1 and Method 2 for one group of 6

flax fibres (Cottonized fibres)

Fibre number Circular fibre area,

Acire (Method 1) (um?)

True fibre area, Ay
(Method 2) (um?)

Relative area
difference, Ayrea (%)

Aspect ratio®
(major axis/minor axis)

1 280 £ 30 273 £ 35 3

2 280 £ 17 265 £ 40 6

3 215 £ 25 194 £ 5 11
4 240 £ 30 268 £ 30 —10
5 316 £ 20 432 + 31 =27
6 224 + 29 356 + 15 —37

1.14 £ 0.04
1.41 £0.14
1.50 £ 0.15
1.80 £ 0.19
1.78 £ 0.17
1.89 £ 0.13

* Aspect ratio of an ideal circular shape is equal to 1.0

Stress—strain behaviour

Initially, all the measured stress—strain curves were eval-
uated based on their curve shapes. The curves evaluated as
being a result of experimental errors were excluded from
further analysis. Figure 7 shows typical examples of such
erratic curves. Several factors such as twisted fibres, double
fibres, pre-loaded fibres and fibre slip from the glue are

was the only curve type seen for the Green fibres, whereas
both curve types were almost equally represented by the
Cottonized fibres (see Table 3).

The values of tensile strength, Young’s modulus and
strain to failure were obtained from the stress—strain
curves. The results are summarized in Table 3 by grouping

1600
assumed to be the cause of these experimental errors. For -
the Cottonized fibres, 15 out of 50 stress—strain curves 1400 I
(30%) were excluded due to such experimental errors. For 1200
the Green fibres, 5 out of 35 stress—strain curves (14%) 1000'
were excluded. =z I
Besides the above-mentioned experimental error curves, = 800
it was found that the flax fibres show a distinctive variation S 600
in their stress—strain behaviour. Typical stress—strain 2 .
curves for the Green and the Cottonized fibres are shown in 400
Fig. 8. All the measured fibres were grouped based on the 200 Linear Curves
two distinctive stress—strain behaviours: (1) nearly linear 0
. . . . 0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
stress—strain behaviour, and (2) nonlinear stress—strain 00 05 1.0 15 20 25 30 35 40
behaviour. Interestingly, the linear stress—strain behaviour Strain [%]
(a) Green Fibres
1600
1400 |-
1200 |
_ T 1000 -
£ s i
=3 & 800
2 3 I
[0} o
= = 600
1] n I
400 /
200 Linear Curves
‘ Experimental Errors ] . . Nonllnlear Curlves

Strain [%)]

Fig. 7 Typical stress—strain curves of single flax fibres with exper-
imental errors
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Fig. 8 Typical linear and nonlinear stress—strain curves of single flax
fibres: a Green fibres, and b Cottonized fibres
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Table 3 Mean and standard deviation values for diameter, tensile strength, Young’s modulus and strain to failure for single flax fibres

Fibre type Curve type Number Fibre Max Tensile Young’s modulus Strain to
of curves diameter® (um) load (N) strength (MPa) (GPa) failure (%)
Green Linear 30 189 £ 43 0.29 +0.13 974 £ 419 314 £ 16.2 3.00 £ 0.65
Nonlinear 0 - - - - -
Cottonized Linear 15 18.4 £ 3.0 0.19 + 0.10 760 £ 392 331 £ 11.6 2.27 £ 0.63
Nonlinear 20 19.8 + 3.6 0.22 + 0.11 641 + 314 242 +10.7 2.50 £ 0.48

The results are grouped according to the fibre type and two types of stress—strain curves

* These values are the fibre widths measured by Method 1

them according to fibre type and stress—strain curve type.
The following comparisons are made based on the mean
values to show the trends of the results. For the Cottonized
fibres, the nonlinear type of stress—strain curves exhibit a
lower tensile strength (641 vs. 760 MPa), a lower Young’s
modulus (24.2 vs. 33.1 GPa), and a higher strain to failure
(2.50 vs. 2.27%) than the linear type of curves. Based on
the results from the linear curves, the Green fibres showed
a higher tensile strength (974 vs. 760 MPa), and a higher
strain to failure (3.00 vs. 2.27%) than Cottonized fibres.
The relatively large variability of the measurements is
shown by the large values of SD which gives coefficient of
variations (CV = SD/mean) in the range of 20-50%.

Fracture behaviour

Figure 9 shows typical examples of the two types of
defects seen on the surface of flax fibres: (i) transverse
defects, which are the most visible type of defects and (ii)
longitudinal defects. These two types of defects, which are
introduced to the fibres both naturally during growth and
artificially during processing, are found in the present study
to control the fracture behaviour of the fibres.

On a macroscopic level, by observing the stress—strain
curves of the fibres (see Fig. 8), it appears that the fibres
fracture in a brittle manner. However, microscopic
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Fig. 9 Field-emission SEM image of a single flax fibre showing
transverse defects and longitudinal defects

investigations have revealed that the fracture of the fibres
occurs in a more ductile and complex manner by longitu-
dinal splitting over a large area. Figure 10a shows an
example of a flax fibre that was observed by optical
microscope before and after a tensile test. Large surface
transverse defects and small internal transverse defects
were visible in the microscope before the test. Based on the
observations of the fractured fibre ends (Fig. 10a), it is
believed that the fibre starts to fracture at one (the largest)

(a) Large{efect
1

Fig. 10 Fracture behaviour of a flax fibre showed a by optical
microscope images of a fibre before and after fracture and b in a
schematic view. The locations of small and large transverse defects
are indicated
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Fig. 11 Scanning electron microscope image of a large fracture zone
in a single flax fibre. Magnified views (1 and 2) are presented to
highlight the longitudinal cracks along the fibre, and the formed
microfibrillar units at the inner layers at both fractured ends

defect and then it continues to split until faced with the
next defect along the fibre length as shown by the sche-
matic view in Fig. 10b.

Figure 11 shows an example of a fibre that has a large
fracture zone. It is apparent that the fibre was split into
smaller microfibrillar units at both fractured ends. It is
believed that the fibre fracture started at the outer fibre
surface in a transverse direction, and then it propagated in a
longitudinal direction inside the cell-wall layers.

Discussion
Cross-sectional area

The results show that the cross-sectional areas measured by
the two methods on two large groups of fibres are within
the same range of area distribution (see Fig. 5). It can
therefore be argued that the two groups of fibres are rep-
resentative of identical and comparable sub-groups; i.e. the
sampling of fibres in the two groups is unbiased. The dif-
ference between the mean values suggests that the circular
fibre area measured by the Method 1 is overestimating the
true fibre area by 39%. This value compares very well with
the value of 42% found from similar measurements on
bundles of jute fibres in the study by Virk [6]. Furthermore,

@ Springer

Table 4 Examples of cross-sectional shapes of flax fibres and their
measured aspect ratios

Cross-sectional shape - ﬂ o .

Aspect ratio 2.33 2.00 1.14 1.12

in a study of kenaf, bamboo, and curaua fibres, Teresaki
et al. [15] demonstrated that the fibre area determined by
the circular assumption is higher than the true fibre area,
which was measured by laser scanning microscopy. The
results in the present study, however, for the cross-sectional
areas measured for the same fibres (Table 2), shows that
the fibre area is only slightly overestimated by Method 1
for fibres having a low aspect ratio, and that the fibre area
was much underestimated for fibres having an aspect ratio
above a given threshold value. This is supported by the
examples shown in Table 4 of different cross-sectional
shapes of flax fibres and their measured aspect ratios.
Altogether, it is demonstrated that the aspect ratio must be
taken into account when considering the accuracy of the
widely used Method 1. Similar considerations were made
in the study by Thomason et al. [5].

As a consequence of the above considerations, it can be
seen that the tensile strengths of the fibres, which were
evaluated based on a circular assumption (Method 1), is
likely to be either overestimated or underestimated
depending on their aspect ratios. In general, the tensile
strength will be determined with less accuracy for fibres
having a high aspect ratio. The magnitude of the error can
be estimated by approximating the cross-sectional shape of
the fibres to be elliptical with dimensions of the minor and
major axes a and b, respectively. Then, the true cross-
sectional area is

Awe = a b for (a <b) (1)

Then, at the point of maximum applied force, P, the true
tensile strength, is

P P 2)

Otrue = =
Ape miab

Assuming (incorrectly) that the fibre has a circular
cross-section, and by measuring the fibre width, the cross-
sectional area may be calculated wrongly. In the two most
extreme cases, the cross-sectional area can be estimated
from the minor axis, a, and the major axis, b, respectively.
Then, the cross-sectional areas are calculated to be

R —nlp?
Ammfn“a andAmaxantb (3)
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so that the tensile strength would be calculated as

P P P P
=——and o, = — = 4)

Amin T a? Amax T D?

Omax =

where the subscripts ‘max’ and ‘min’ refer to the maximum
and minimum values, respectively. Combining Eqgs. 2 and
4, the ratio between the strengths assuming a circular cross-
section and the (true) elliptical cross-section can be
calculated. The result is
Omax b Omin _ d

=— and =- (5)

Otrue a Owe b

Figure 12 shows these upper and lower strength ratios as
a function of the aspect ratio, b/a. The effect is quite
significant. For instance, for a moderate aspect ratio of
1.25, the strength ratios are 0.8 and 1.25. Thus, the
uncertainty in the strength value exceeds +20%. For an
aspect ratio of 2.3 (about the upper bound of aspect ratio
found in the present study), the strength ratios are 0.43 and
2.3, respectively. For this situation, the calculated tensile
strength value—obtained by assuming a circular cross-
section—may be in error by more than 50%. If only an
uncertainty of 10% is accepted then b/a must be below
1.10.

The results in Table 2 of measured fibre areas by
Method 1 and 2 can be used to calculate the error of the
experimental tensile strength values found in the present
study. The relative area difference, A,.,, between the two
fibre areas is given by the equation

Acirc _Atrue _ Acirc _1 (6)

Agrea = =—
area
Alrue Atrue

3.0

= Experimental data
Model predictions

25}

Strength Ratio [-]

C . /G

+ min " true

00
1.0 1.2 14 16 18 2.0 22 2.4
Aspect Ratio, b/a [-]

Fig. 12 Experimental data and model predictions of the ratio
between the determined strengths of fibres using the assumed circular
cross-sections and the measured true cross-sections, as a function of
the aspect ratio of the cross-sectional shape of the fibres

An expression for the ratio between the experimental
and true tensile strength can then be found

Ocirc _ Atrue _ 1
Oirve  Acire  Agrea +1

(7)

The equation is used to calculate the strength ratios
(Gcirc/Owue) Of the 6 fibres in Table 2, and the results are
shown as data points in Fig. 12. This demonstrates that the
experimentally found errors in strength values are well
located within the upper and lower bounds of the model
lines.

In addition to the above considerations of fibre aspect
ratio, it is also important to consider how the determined
strength of the fibres is influenced by their lumen content.
When the apparent fibre area is used to calculate the
strength values, it necessarily means that in the case of
fibres with a large variation in lumen content, the strength
values will equally show a large variability. To avoid this,
the absolute fibre area (i.e. the cell-wall area) should be
used in the calculation of strength. However, this can only
be done by direct methods such as the one used in Method
2. For the flax fibres in the present study, the lumen content
was found to be very low with a mean of 1.6% although
some fibres have large lumen contents, and where about
85% of all the fibres were found to have lumen content
below 1%. In addition, it was found that the shape of the
fibres, given by their aspect ratio, was not influenced by the
fibres having a lumen. Hence, it can be stated that in the
present study the variability of strength values is not
influenced by the lumen content of the fibres. This is
supported by a previous study by Charlet et al. [9] where it
was shown that the lumen content of flax fibres rarely
exceeds 8% and that the variation of mechanical properties
is only slightly influenced by changes in the lumen content.

Stress—strain behaviour

The observed nonlinear stress—strain behaviour is likely to
be the result of the re-arrangement of the cellulose
microfibrils in the fibre cell wall during loading. Baley [7]
recorded a similar nonlinear behaviour of flax fibres, and
noted that the fibres started to show a linear behaviour after
the first loading cycle, which was ascribed to a presumptive
change of the microfibril angle during loading. Others have
also reported that the stress—strain curves can be seen as
having either a linear elastic behaviour or a nonlinear strain
hardening behaviour [16, 17]. In the present study, the
Cottonized fibres showed both linear and nonlinear stress—
strain behaviours, whereas the Green fibres showed only a
linear behaviour. This difference between the two fibre
types might be explained by the previous finding that the
highly processed Cottonized fibres have many more defects
than the low-processed Green fibres [18] (see Fig. 13),
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which possibly is caused by the stable growth of distributed
damage. In other studies, it has been found that the
microfibril angle is higher in defect regions than in non-
defect regions [19-21], and this will lead to the hypothesis
that more defective fibres will show more frequently a
nonlinear stress—strain behaviour. This hypothesis is sup-
ported by the findings in the present study. Although, the
proposed structure—property relationship needs more
experimental verification, it is an interesting idea that the
stress—strain behaviour of flax fibres can be used as a
quantitative measure of their defect content. Furthermore,
with the perspective of using flax fibres as reinforcement in
composites, it can be mentioned that a similar nonlinear
behaviour has been observed for the axial tensile stress—
strain behaviour of unidirectional flax fibre/polyester resin
composites [22]. As discussed earlier, the large scatter in
mechanical properties can be attributed (partly) to the use
of the circular fibre area; an error which is increased when
the aspect ratio of the fibres is increased. In addition to this,
the large scatter in mechanical properties is likely also to
be attributed to the distribution of defects (or kink bands)
along the fibres (see Fig. 13). Large defects lead to low
mechanical properties, whereas smaller defects result in
less reduced mechanical properties. A full quantitative
understanding of the relationship between the size and
number of defects and the mechanical properties of the
fibres is still to be established, although a few studies have
presented work on this [8, 23]. In the present study, despite

Fig. 13 Representative
polarised optical microscope
images of single flax fibres:
Green fibres (fop) and
Cottonized fibres (bottom).
Fibre defects can be seen as
bright and dark lines across the
fibres. Used with permission of
Mehmood [18]

the large scatter in mechanical properties, the results show
as anticipated that the low-processed Green fibres tend to
have a higher strength and a higher strain to failure than the
highly processed Cottonized fibres.

The measured values of tensile strength, Young’s
modulus and strain to failure in the present study are
generally in good agreement with data from the literature
as shown in Table 5. It can be seen that the three param-
eters for mechanical properties of flax fibres show large
variability both within studies and between studies. The
variability in properties within studies can be quantified by
the calculated coefficients of variation (CV). These CV
values are in the range from 20 to 60%, in general for all
three mechanical properties. The study by Baley [25]
shows the lowest variability in properties with CVs
between 27 and 36%. The observed variability in properties
of flax fibres between studies is probably caused by dif-
ferences in the origin of the fibres, fibre processing con-
ditions, in addition to differences in the applied testing
methods.

Fracture behaviour

It is obvious that the appearance of defects in an optical
microscope (OM) image and in a scanning electron
microscope (SEM) image (see Figs. 9, 10 and 13) is dif-
ferent. It is possible to identify fibre defects with the SEM
when the defects are shown as clear transverse marks

Table 5 Mechanical data from present and previous studies of single flax fibres

Reference

Tensile strength (MPa) Young’s modulus (GPa) Strain to failure (%)

974 £ 419 (43%) 31 £ 16 (52%) 30+ 0.7 (23%) Present study
760 + 392 (52%) 33 £ 12 (36%) 23 +£0.6 (26%) Present study
641 + 314 (49%) 24 £ 11 (46%) 25+£05 (20%) Present study
621 £ 295 (48%) 52 £ 18 (35%) 1.3+£0.6 (46%) [8]

1,795 £+ 1,127 (63%) 76 £+ 40 (53%) 24 +£0.7 (29%) [9]

1,339 + 486 (36%) 54 +£ 15 (28%) 334+ 09 (27%) [25]

678 £+ 216 (32%) - - - [24]

906 =+ 246 27%) - - - [24]

1,834 £ 900 (49%) - - - 2]

Shown are results (mean + standard deviation, and coefficient of variation in brackets) of tensile strength, Young’s modulus and strain to failure
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(denoted kink bands) on the fibre surface. However, other
types of defects are not visible on the fibre surface with the
SEM, but they are clearly visible with the polarised OM.
This suggests that these latter defects are located inside the
fibres. Thus, a polarised OM is presently the most suitable
imaging technique for investigating how the mechanisms
of crack initiation and propagation are controlled by sur-
face and/or internal defects.

It appears from the polarised OM micrographs that
transverse defects can be sites of crack initiation. The
observations of the fracture behaviour of the fibres suggest
that they exhibit a brittle transverse failure in the outer
surface, whilst the longitudinal microfibrillar splitting
propagates inside the fibres. Previous studies have pre-
sented SEM micrographs of fracture surfaces [23, 26], but
with no clear indication as to which type of defect caused
the fibre fracture. However, based on the OM and SEM
images in the present study, a mechanism is suggested to
explain how both the surface and internal defects are
controlling the fracture behaviour. The fact that the
microscale failure mechanism is complex may explain why
the strength variation of the flax fibres may not always
follow a Weibull distribution [27]. The large fracture area
formed in a complicated way is due to cell wall defects and
anisotropy of internal fibre structures. This is in contrast to
crack growth in brittle ceramics and glass fibres, which fail
by unstable crack growth once a crack has initiated from a
defect.

Conclusions

Single flax fibres were investigated to find the reasons for
the large variability in their measured mechanical proper-
ties. The major reasons for the variability were found to be:

e Inaccuracy in the determination of the cross-sectional
area of the fibres. By using the circular fibre area
assumption, a considerable error is introduced into the
calculated mechanical properties. Experimental data,
together with a simple analytical model, are presented
to show that the error is increased when the aspect ratio
of the shape of fibre cross-sections is increased. Thus,
the aspect ratio of the fibres must be taken into account
to improve the accuracy (and to reduce the variability)
of the mechanical properties.

e Two distinctive types of stress—strain behaviour (linear
and nonlinear) of the fibres. The linear stress—strain
curves were found to give a higher tensile strength, a
higher Young’s modulus, and a lower strain to failure
than the nonlinear curves. It was suggested that the two
types of stress—strain behaviour were correlated with
the amount of defects; the low-processed Green fibres

revealed only the linear behaviour whilst the highly
processed Cottonized fibres show both the linear and
the nonlinear behaviour.

e Complex fracture behaviour. The fibres were found to
fracture by a complex microscale failure mechanism
with large fracture zones governed by both surface and
internal defects causing cracks to propagate in the
transverse and longitudinal directions. A distribution in
the size and number of defects along the fibres will lead
to variability in the tensile strength obtained.

Altogether, it is recommended to furthermore investi-
gate the correlation between the fibre defects and the
mechanical performance of the fibres. It is believed that
this will lead to an improved confidence in the use of flax
fibres for reinforcement in polymer matrix composites.
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