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The tensile deformation of flax fibres as studied
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Small and wide-angle X-ray scattering experiments with in-situ deformation of dry flax
fibres have been carried out. An increase in the (200) peak intensity during deformation has
been attributed to strain-induced crystallisation of the cellulose microfibrils, and provides
evidence that the non-crystalline cellulose chains are initially oriented. However, no change
in the equatorial small-angle streak (from cellulose microfibrils), the meridional reflection
(from a crystalline/non-crystalline repeat along the fibre), or the microfibril orientation was

seen. © 2003 Kluwer Academic Publishers

1. Introduction

Plant cells are surrounded by a cell wall that consists of
cellulose microfibrils in a biopolymer matrix of pectins,
hemicelluloses and proteins [1]. The wall is made up
of three layers (Fig. 1). The primary wall is the outer-
most layer that grows as the cell does. The secondary
wall is formed inside the primary wall once the cell has
stopped growing. At the inner-most level is the plasma
membrane, a lipid bilayer. The cellulose in plant cells
is almost exclusively in the crystal form cellulose I,
with conversion to cellulose II possible by chemical
treatment [2].

The work that will be discussed here has concen-
trated on studying the properties of the secondary cell
wall, the wall that is important during food harvesting
and processing, and is used to make paper and tex-
tiles. The results may also yield information which can
explain the behaviour seen in primary walls, since al-
though much work has been directed at the structure
and enlargement of the primary cell walls of growing
plants [3—6], it is still unclear how this occurs.

Inaprevious paper [7] we have described small-angle
X-ray scattering experiments on flax fibres under dif-
ferent hydration conditions. This paper will extend that
work to consider the effect of tensile deformation on
both the small-angle and wide-angle scattering patterns.

Flax (Linum usitatissimum) is a useful material for
investigating the plant cell wall, as the fibres have a
thickened secondary wall with enough material to scat-
ter X-rays from a small number of fibres. It is therefore
not necessary to average over a large fibre bundle. In
addition, the fibres have a proportion of non-cellulosic
materials that is more representative of plant cell walls
in general than certain other fibres, such as cotton, that
are almost 100% cellulose [8]. The flax fibres are made
up from single sclerenchyma cells, the so-called ele-
mentary fibres. These are joined together by a pectin
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interface into technical fibres which are 50-100 pxm in
diameter. The technical fibre bundles are separated from
each other by partial decomposition of the cell wall
by bacteria (retting) and then by beating and combing
(scutching and hackling) [9].

We have concentrated on the use of X-ray scatter-
ing and in-situ tensile deformation experiments. X-ray
scattering allows the material to be studied in its natu-
ral state. Tension experiments are a basic experimental
technique to probe the strength of materials, because
although they do not mimic well the types of stress that
the cell wall is typically put under (for example due to
environmental effects or harvesting), the experiments
are easy to perform and the results easy to interpret.

2. Materials and methods

Flax fibres from Cebeco, The Netherlands, were kindly
provided by the Agrotechnological Research Institute
(ATO-DLO), Wageningen, The Netherlands. The fibres
had been extracted by warm water retting and then the
technical fibres removed by laboratory scale hackling.

Uniaxial tension experiments were performed under
constant extension conditions of between 0.01 mm/min
and 10 mm/min using a Polymer Laboratories Mini-
mat and a tensiometer built at the Cavendish Labora-
tory. The Cavendish tensiometer allowed samples to be
stretched from both directions, so keeping the same part
of the sample in the X-ray beam, unlike the Minimat
which only pulled from one direction. The results from
both machines were similar.

Load-extension curves are shown here instead of
stress-strain curves because of the difficulty in measur-
ing the sample cross-section due to the variable number
of elementary fibres in a technical fibre and so in the
sample, and the small cross-section of the elementary
fibres (10-25 um diameter).

165



primary wall

secondary wall

plasma membrane

lumen

Figure 1 A schematic of the structure of the plant cell wall showing the
cell wall layers and the lumen (cell contents).

WAXS detector

vacuum tube

to synchrotron

SAXS detector

Figure 2 A schematic of the setup for simultaneous small and wide-
angle scattering experiments. Note the unusual positioning of the wide-
angle detector, not perpendicular to the X-ray beam.

In-situ uniaxial tension and time-resolved small-
angle (SAXS) and wide-angle (WAXS) X-ray scat-
tering experiments were performed at the Daresbury
synchrotron source on the non-crystalline diffraction
stations 2.1 and 16.1. The data was collected with two-
dimensional gas-filled area detectors with 512 x 512
pixels. In the small-angle experiments a camera length
of approximately 3 m was used giving a ¢ range of
0.011 A=' <4 <0.20 A~!. The experimental setup for
simultaneous experiments is shown in Fig. 2. It was not
always possible to get a suitable ¢ range with both de-
tectors because if the WAXS detector was low enough
to accept the first few cellulose peaks, the bottom of
the detector would interfere with the tail of the SAXS
scatter. For this reason the results shown here will be
from separate SAXS and WAXS experiments.

The use of intense synchrotron radiation allows scat-
tering from a small number of flax fibres to be mea-
sured, allowing a better estimate of the properties of a
single cell wall than averaging over a large fibre bun-
dle. In order to collect sufficient data, extension rates of
0.01-0.1 mm/min were used and data collected in time
frames of 2 min (SAXS) and 10 min (WAXS).

Because of these long data collection times it was
not possible to stretch the flax fibres in a completely
hydrated state since dehydration would occur during
data collection. For this reason only data from dry fi-
bres is shown, even though it is known that the scat-
tering from fibres changes depending on the hydration
level [7, 10], and that the load-extension curves also
change (unpublished data and reference [11]).

Before processing, the data was corrected for detec-
tor abnormalities by dividing the data by a detector

166

fibre

3cm
- P
=
= e
0.9cm
< =
<
S5cm mount

Figure 3 The cardboard mount (shaded) used for the flax fibres for X-ray
scattering experiments at Daresbury and the uniaxial tension experiments
performed. The flax fibres were attached to the mount with Araldite. The
supports were cut before stretching.

response, and for background air scatter by subtract-
ing a blank scattering pattern. The background subtrac-
tion was particularly important for the wide-angle data,
where air scatter was as intense as sample scatter. Nor-
malisation to the beam intensity was performed by inte-
grating the total intensity scattering into a corner of the
detector well away from any cellulose scattering (SAXS
or WAXS), and then dividing the data by this value.
To position the fibres in the beam, approximately
five to ten aligned technical fibres were aligned, lightly
stressed at each end with a small bulldog clip (weigh-
ing 6 g each), and glued onto a cardboard mount with
Araldite. The resulting sample is shown in Fig. 3. The
unstretched fibre length was 20 mm or 30 mm.

3. Results and discussion

3.1. Uniaxial tension

Fig. 4 shows typical load-extension curves for dry flax
fibres. This graph illustrates the range of break points
due to differences between samples in the degree of
damage (which changes the breaking load and exten-
sion) and to differences in the cross-section since we are
plotting the load-extension and not stress-strain graph.
This wide variability has also been found in other cel-
lulose I fibres [11, 12].

The load-extension curve shapes for dry fibres were
found to be similar over the range of extension rates
0.01-10 mm/min. Deformation was entirely elastic un-
til fracture and no plastic region occurred unlike in cel-
lulose II fibres [13, 14].
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Figure 4 Load-extension curves showing the variable behaviour of flax
fibres under strain. All of these samples were bundles of a few (~5)
technical flax fibres in the dry state, strained at a constant 0.01 mm/min.
Sample initial length 20 mm.



3.2. Small-angle scattering
Fig. 5a shows a typical small-angle two-dimensional

scattering pattern from cellulose fibres. The equatorial
(vertical) streak is attributed to the cellulose microfib-
rils [10, 15]. Also present are meridional (horizontal)
spots which we have attributed to a crystalline/non-
crystalline repeat length along the fibre of 60-70 A7

In order to determine if the structure of the flax fibres
changed on the small-angle length scale, three measure-
ments were made. The equatorial intensity, /(g), was
measured by integrating the intensity scattered into a
long horizontal rectangle of height 1 pixel, as shown in
Fig. 5b. This approach is equivalent to slit-smeared radi-
ation from an infinite slit [16]. The meridional intensity,
1(q), was found by integrating over arectangle of height
39 pixels (the beamstop height) and width 1 pixel, as
shown in Fig. 5b. The azimuthal intensity /(¢) at con-
stant scattering vector ¢ was also measured. Neither
the equatorial nor the meridional scattered intensity
showed measurable changes during stretching. As we
have previously discussed [7], the fibres need to be in
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the wet state before analysis techniques such as Guinier
or Porod [17] can be used on SAXS curves because
then the fibre has swollen sufficiently that inter-particle
interference effects between the cellulose microfibrils
can be ignored. Therefore no length scale information
could be extracted from the equatorial intensity curves
since these fibres were dry. As regards the meridional
scattering, no change in any of the peak position, inten-
sity, or curve shape was seen, although previous studies
have shown that the long period in synthetic fibres, at-
tributed to lamellar stacks along the fibres, can increase
on stretching in nylon 6 [18-20], in poly(vinylidene flu-
oride) [21], and in a poly(ether ester) copolymer [22].
However in some cases, such as poly(p-phenylene ben-
zobisoxazole) (PBO) no change in long period but a
change in intensity was noticed [23].

One explanation for the lack of any change of merid-
ional intensity in the flax fibres would be that the non-
crystalline regions between the crystallites are strained
initially and therefore cannot stretch without break-
ing. Such a situation is shown in Fig. 6 for a repeat
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Figure 5a (a) A typical small-angle diffraction pattern from horizontal dry flax fibres, recorded at A = 1.4 A with a camera length of approximately
3 m and exposed for 2 min. (b) The schematic scattering pattern, together with the areas that are summed over to find the scattering intensity in the
equatorial (e) and meridional (m) directions, 1(g)and I(q) respectively. (Continued.)
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Figure 6 The non-crystalline regions that might exist in flax with a crys-
tal length of 60 A and a crystal + non-crystalline repeat length of 70 A.
In (a) the long period would be expected to increase on stretching since
the molecules in the non-crystalline regions are not taut, but in (b) this
would not be expected. In practice no change in long period was seen,
suggesting that (b) is the situation in flax.

length of 70 A and a crystal length of 60 A. The crys-
tal length used was arbitrary, but must be large enough
that the material would count as crystalline and not non-
crystalline. Such a situation also agrees with the very
limited observed maximum strain of €,,x ~ 0.05 (that
is 5% extension for fibres of starting length 20 mm as
used here): if the molecules in the non-crystalline region
were not already stretched the crystals could separate
further and €p,,x would be larger. This interpretation
also agrees with the form of the load-extension curve
that the deformation is only elastic and shows no plastic
yield point. However it is clear that the data presented
cannot unambiguously confirm this interpretation.

3.2.1. Azimuthal SAXS

It is also possible to measure the azimuthal scattered
intensity /(¢). Theory predicts that if the small-angle
scattering is from long rods with length /3 and a
Gaussian misorientation defined by the standard de-
viation o, then

2

w 4b
(qB)* ~ PR 2m0’q?, (1)
3

where B is the integral breadth of the (Gaussian) curve
1(¢), and b~1.3916 [7].

We have already shown that a graph of (¢ B)* against
¢ changes during dehydration [7], but it appears that no
changes in this curve occur during deformation. Due to
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the noisy behaviour of the curve for dry fibres this curve
is not reproduced here. Azimuthal scattering curves,
1(¢), at different values of ¢ and different time frames
also show that there are no orientational changes (either
full width at half maximum or mean direction) of the
cellulose microfibrils within the limits of accuracy of
the measurement.

3.3. Wide-angle scattering

Although no changes are seen in the small-angle scat-
tering curves as the flax fibres are stretched, several
changes are seen in the wide-angle regime.

Fig. 7 shows a typical wide-angle scattering pattern
from the flax fibres on a two-dimensional detector. The
data is scanned vertically to collect the traditional scat-
tering intensity variation with 26 (which will be shown
here as a function of ¢ since different wavelengths
were used). The data was also scanned horizontally in
order to measure the crystallite misorientation. Since
the WAXS detector was not perpendicular to the X-ray
beam, the geometry of the pattern is complicated, and
will only be presented here in terms of a width in pixels,
instead of degrees as can be found for the small-angle
orientation angle.

3.3.1. Orientation from WAXS

Fig. 8 shows the change in the orientation of the in-
tense cellulose (200) peak as a sample of dry flax is
stretched. The change in intensity is discussed later. It
is clear in Fig. 8 that there is a very slight rotation of
the crystallites as the sample is stretched, followed by a
larger change after it snaps as indicated by the change
in peak position. The sudden change after snapping can
be attributed to the fibre falling out of the beam to a cer-
tain extent. The reorientation before snapping is really
limited to the first data frame, suggesting that there is
a take-up of stress in the fibre resulting in a very slight
crystal rotation.

Although slight rotation changes have been seen in
the wide-angle scattering, but none in the small-angle
scattering, these results are not in disagreement. If the
number of pixels could be calibrated into degrees, an
upper limit for the entire width of the detector (512
pixels) would be maybe 90°. The shift of the WAXS
peak is ~5 pixels, giving a maximum total shift of
5 x90/512 ~0.9°, less than the accuracy of the SAXS
data.

3.3.2. Strain-induced crystallisation

As shown in Fig. 9 the intensity from the wide-angle
data increases until the sample breaks, and then starts to
decrease again. We have attributed this initial increase
in intensity to strain-induced crystallisation of the cel-
lulose chains for a number of reasons:

1. The two-dimensional images were normalised (as
discussed in the experimental section), and so the
change in intensity is due to some change in the flax
fibre and not due to a change in beam intensity.

2. Since the fibres were initially in a taut state it is
unlikely that the fibres could have been stretched so
that more material was in the beam. Although good
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Figure 7 (a) A typical wide-angle diffraction pattern from horizontal flax fibres. (b) A schematic two-dimensional wide-angle scattering pattern from
flax fibres, showing how the data is taken from the detector to collect the conventional scattering profile (scan vertically) or the crystal misorientation

(scan horizontally). The crystal notation is that of Woodcock and Sarko [24].

simultaneous data does not exist for this experiment,
the small-angle data does not show a change in intensity
during stretching, and this provides further evidence
that the change in the wide-angle data is a real change
in structure.

3. After failure the drop in intensity can be inter-
preted either as the sample falling out of the beam or as

relaxation of the molecules. On the basis of the wide-
angle data it is not possible to differentiate between
these two theories. However small-angle data some-
times also shows a drop in intensity after snapping
which would agree with the idea of the sample drop-
ping out of the beam, since small-angle scattering is not
sensitive to the crystalline components of the fibre.
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Figure 8 The orientation of the (200) peak of cellulose crystals as dry
flax is stretched at 0.01 1 mm/min. (a) The orientation distribution, found
by recording the intensity across the wide-angle detector. Every 5th data
point has been plotted to simplify the graph. (b) The load-extension
curve. Sample initial length 30 mm.

Strain-induced crystallisation is sometimes seen
when an initially amorphous polymer film is stretched,
causing strain-induced crystallisation once the poly-
mers become oriented [25]. Since the crystallisation
shown here starts soon after the sample starts being
stretched it can be assumed that the non-crystalline cel-
lulose chains are initially oriented in the same direction
as the crystals. This has also been suggested by neutron
scattering work [26].

3.4. Comparison with other cellulose
systems
We have conducted similar experiments on cellulose
produced by the bacteria Acetobacter xylinum [27],
which has previously been used to model the struc-
ture of the primary cell wall [28]. These experiments
have shown that the microfibrils from Acetobacter are
initially isotropic and quickly orientate during defor-
mation to a maximum fwhm of approximately 25°.
This difference between a material supposed to be
similar to the primary wall (Acetobacter) and one that
is almost exclusively secondary wall (flax) is interest-
ing. Although the load-bearing element in each case are
cellulose microfibrils, those in Acetobacter form only
~5% of the material (the rest being water), and it is
possible that the microfibrils in flax cannot orientate
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Figure 9 The WAXS scattering curves as a sample of dry flax is stretched
at 0.011 mm/min. (a) The WAXS patterns, found by recording the inten-
sity up the wide-angle detector. Every Sth data point has been plotted to
simplify the graph. (b) The load-extension curve. Sample initial length
30 mm.

because the system is more dense, and there are more
fibril-fibril interactions.

4. Conclusions

To conclude, we have performed small and wide-angle
X-ray scattering experiments with in situ uniaxial ten-
sion on small bundles of flax fibres.

The major result from these experiments was that
evidence for strain-induced crystallisation was found.
By comparison with other polymer systems it has been
concluded that the non-crystalline cellulose chains are
initially orientated parallel to the cellulose crystals, and
therefore are not truly amorphous.

Otherwise, few changes occur in the flax fibres as
they are drawn. Little reorientation of the microfibrils
was noticed, and that which did occur was limited to
the first part of the extension. No change in the position
or in the intensity of the long-period at ¢ =0.095 A~
(attributed to a non-crystalline/crystalline repeat) was
seen, and it has been suggested that this implies that
the cellulose chains in the non-crystalline regions are
initially taut.
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