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Abstract Dry coir fibers are characterized by wide-
angle X-ray scattering coupled with tensile tests. The
fibers exhibit elastic and plastic behavior with the yield
point at a strain of about 2%. In-situ experiments
document that the cyclic loading and unloading beyond
the yield point does not reduce the stiffness of the
fibres, since they recover their initial stiffness by every
increase of the strain. The diffraction data show that
the microfibril angle (MFA) of cellulose fibrils in the
coir fibre cells is inversely proportional to the magni-
tude of the applied strain. In average, the relatively
high MFA of about 45° in the unstrained state
decreases linearly upon straining until the fibers break
at about 35% strain. When the strain is released during
the tensile experiment the MFA tends to recover its
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original magnitude. No significant differences in the
dependence of MFA on strain are detected in elastic
and plastic regions, respectively. The results demon-
strate that the tissue with helical architecture does not
have to be saturated with water in order to exhibit the
effect of the recovery of the mechanical function when
cyclically loaded. This indicates differences in the
architecture of the coir cell wall in comparison with
that of compression wood with high MFA whereby
similar phenomena were observed in the wet state.

Introduction

Coir is a lignocellulosic fruit fiber obtained from the
fibrous mesocarp of coconuts, the fruit of the coconut
palm (Cocos nucifera). With a world production of
about 250,000 tons, it is extensively cultivated in tropic
countries like India and Sri Lanka.

Coir is a multicellular fiber bundle, which consists of
30-300 cells in its cross-section. Cells are composed of
about 32-43% partly crystalline and helically arranged
cellulose, and a non-crystalline matrix consisting of 40—
45% lignin, and pectin [1]. Coir fibers exhibit valuable
physical properties like high fracture strain and tough-
ness [2], which make the coir fiber interesting for
various domestic and commercial applications [3-6].

Up to now, most of the structural studies of coir
were performed using X-ray scattering in static condi-
tions or at distinct elongations. Small-angle X-ray
scattering (SAXS) on coir fibers indicated a decrease
of the microfibril angle (MFA) from 45 to 25° when the
fiber was stretched from 0 to 115% in an alkali solution
[7]- The influence of various thermal and mercerization
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treatments on the changes in the chemical and struc-
tural properties of the coir fibers was reported [8].

It was demonstrated that the elastic modulus of coir
fibers depends on the fiber diameter and on MFA [2].
Similarly as other lignocellulosics, also in the case of
coir the helical angle of the cellulose fibrils in the cell
wall, the cellulose texture, predefines the stress—strain
behavior. Since coir fibers exhibit relatively high MFA,
a high fracture strain of up to 30% was reported [2].
These parameters resemble the behavior of compres-
sion wood from spruce branches, whereby the high
MFA in the S;layer results in a high extensibility of
the tissue along the direction of the cell axis [9, 10]. In
the case of wood, MFA magnitude is a consequence of
structure optimization and tissues from different trees
exhibit very comparable mechanical properties pro-
vided the MFAs are comparable [11, 12].

Recently, significant effort has been dedicated to
study the properties of cellulosics and lignocellulosics
using time-resolved synchrotron scattering coupled
with mechanical tests [12-16]. It has been demon-
strated that the orientation distribution function of
cellulose fibrils in wet composites produced by the
bacterium Acetobacter xylinus is a function of the
external strain regardless of the presence or absence of
xyloglucan or pectin applied as a matrix [13]. Similarly,
experiments on wet samples of compression wood have
documented that the MFA magnitude decreases line-
arly with the strain increase while this effect is
pronounced especially beyond the yield point [12,
16]. The behavior was exclusively observed in the case
of wet wood samples while dry samples of compression
wood showed relatively small decrease of the MFA
and small fracture strain. The data from wet wood
tissues have additionally indicated that the slopes of
unload and loading curves as well as the slope of the
stress—strain curve observed shortly after the experi-
ment was interrupted and subsequently continued
coincide approximately with the slope of stress—strain
dependence in the elastic region [12, 16]. This was
related to the molecular mechanistic effects acting on
the molecular and submolecular levels and originating
in the interfacial interaction of the polymers. It was
supposed that these Velcro-like phenomena originate
in the interaction between the crystalline cellulose
fibrils and the amorphous matrix of lignin and hemi-
cellulose [12].

As documented above, predominantly wet condi-
tions and relatively simple mechanical tests have been
applied to analyze the properties of the cellulosics. For
the understanding of structure—property relationship
in these complex hierarchical tissues, however, the
phenomena occurring during cyclic testing are of

significant importance. The main aim of the present
work is to study the properties of dry coir fibers
applying cyclic tensile loading and unloading in order
(1) to analyze the effect of the water presence on the
mechanical and structural response of the helical tissue
and (2) to evaluate the influence of cyclic loading
beyond the yield point on the MFA magnitude. Since
coir is usually used in dry conditions, the study should
provide also useful information for the practical
application of the tissue. One of the goals is to
compare the behavior of coir and wood, since coir
cells have an architecture comparable to compression
wood tracheids.

Experiment

Coir fibers of C. nucirefa with a length of about 60 mm
and a homogeneous diameter in the range 0.08-0.5 mm
were selected. The fiber diameters were determined in
an optical microscope analyzing the cross-sectional
area at both ends using ImageJ image analysis software
[17]. The typical diameter of the fibers was about
200 um. The fibers were glued between two flexible
wood plates at both ends and then mounted between
aluminum grips of a self-made computer-controlled
tensile stage mechanically identical with that used in
Ref. [12]. The fixing of the fibers using wood plates was
important to avoid the slipping and damage of the
fibers in and by the metal grips, respectively. The
software controlling the stage enabled to perform
complex strain-controlled experiments like cyclic load-
ing, straining with different speeds, quick increase or
decrease of the straining etc. The actual strain of the
fibers was determined by means of a video extensom-
etry using a digital camera and microscope.

The force on the fiber was monitored by a load
sensor the signal of which was collected by an analog-
digital card integrated into the computer. The fibers
were tested at ambient conditions whereby the mois-
ture content determined by oven-drying was approx-
imately 12-15%. Tests were made also with the fibers
inserted before the experiment for 1 h into water of
25 °C though no new features in the behavior of these
fibers were observed in comparison with the behavior
of those tested under ambient conditions. Further on,
only the data from the fibers tested under ambient
conditions—dry coir fibers are presented.

The structural changes in the fibers during the
tensile experiments were characterized by in-situ wide-
angle X-ray scattering (WAXS). The experiments were
performed at IDO1 beamline of European synchrotron
radiation facility (ESRF) in Grenoble, France. For the
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experiment, the radiation with the wavelength of
0.082 nm and a two dimensional (2D) detector with
1,024 x 1,024 pixels were used. To collect one 2D
detector image, the time of about 5.5 s was needed.
The beam size on the sample was approximately
0.5 x 1 mm? The sample-detector distance was set to
96 mm. The detector was mounted asymmetrically in
order to observe a significant part of the cellulose 004
Debye-Scherer ring besides that of cellulose 200. The
structural data were used to evaluate the magnitude of
MFA (with the precision of +1°) from the azimuthal
positions of cellulose 200 reflections using the proce-
dure described elsewhere [18]. The fibers were strained
with the speed of 0.01 mm/s corresponding to the step
of about 1.4 x 10~*s™'of the strain. This was a compro-
mise allowing to collect a relevant number of WAXS
images during one mechanical test. Tests were made
also with the speeds of 0.001 and 0.1 mm/s, though no
additional rate effects were observed. The force
direction was always parallel to the fiber axis.

About 20 fibers of different diameter were tested in a
tensile stage while collecting WAXS patterns using 2D
detector. The experiments were technically very com-
plicated since the synchronization of various tasks and
computers was necessary. One of the most serious
practical problems appeared to be a movement of the
fiber out from the beam what caused the loss of the
structural information. For the mechanical testing three
different straining procedures were used, namely (1)
the samples were strained by a continuous increase of
the strain until the fracture occurred, (2) the straining
was interrupted few times and then continued and (3)
the loading direction was few times reversed until zero
stress was detected and then the straining continued.

Results and discussions

Morphology of coir fibers was characterized using
scanning electron microscopy (SEM). In Fig. 1, a
representative SEM micrograph of a coir fracture
surface is presented. It is possible to recognize tubular
cells oriented parallel with the bundle axes. Moreover,
one can notice that the fracture of individual helical
cells results in the formation of curled triangular
features indicating a specific fracture mechanism.
Practically all fibers investigated exhibited very
comparable MFAs in the unstrained state of approx-
imately 45°. Due to straining, the MFA decreased in all
fibers. In Fig. 2a, b an example of WAXS patterns
collected at the beginning and at the end (before
fracture) of a representative in-situ experiment are
presented. The results in Fig. 2 clearly document a
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Fig. 1 Representative scanning electron micrograph of a coir
fracture surface (magnification x500). One can recognize
individual cells in the bundle as well as curled triangular rests
of cell walls indicating a specific fracture mechanism of the
helical tissue

significant change in the texture of the cellulose fibrils
due to straining. In Fig. 3a and b, the integrated data
obtained from Figs. 2a and 1b, respectively, are
presented. The curves (Fig. 2) represent an azimuthal
distribution of intensity along Debye-Scherer rings of
cellulose 200 reflections (Fig.2) and document a
decrease of MFA from 43 to 27°.

In Fig. 4, mechanical and structural data, namely the
stress—strain curve (a) and the dependence of MFA on
the applied strain (b), collected during a representative
tensile experiment on a dry coir fiber, are presented. In
the stress—strain dependence, one can identify an
elastic behavior up to the strain of about 2%. Around
this value plastic deformation sets in. By contrast to
tensile experiments with compression wood, whereby
an increase of the slope of the stress—strain curve
towards the end of the experiment was reported, the
slope remained constant until fracture in the coir fiber.
The results indicate that the magnitude of MFA is a
linear function of the strain applied with approximately
MFA(¢) = 43 — 45%¢. This is in agreement with data
collected from compression wood [12] where a similar
relationship was observed. However, one cannot
observe different slopes in the MFA dependence on
strain in the elastic and plastic regions respectively, as
it was reported for Cryptomeria japonica [16]. A
theoretical ~ dependence = MFA(¢) = MFA(0) -
cot(MFA[0])*¢ derived for the behavior of idealized
helical structure is also included in Fig. 4b [12]. In
contrast with the data in Fig. 4b, the dependence
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Fig. 3 Results from WAXS on a coir fibre. Filled and empty
symbols represent integrated data from Fig. 1a and b, respec-
tively. The data demonstrate a decrease of MFA due to straining

Fig. 2 Results from WAXS on a coir fiber. The patterns( a) and
(b) collected at the beginning and at the end of the in-situ
experiment, respectively, demonstrate a decrease of MFA in the
fibre from 46 to 31°

predicts more pronounced decrease of MFA with the
strain increase what documents that not all structural
changes accompanying the deformation of the coir fiber
are accommodated by the reversible decrease of MFA.

In Fig. 5, results from a tensile experiment whereby
the straining was five times interrupted for 1 min are
presented. By the continuation of the straining after a
holding period of 1 min, approximately the same initial
elastic modulus is observed for all straining steps
(Fig. 5a). At the end of the experiment, an increase of
the slope can be recognized which can be interpreted
as the alignment of the cellulose fibrils in the force
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Fig. 4 Mechanical (a) and structural data (b) from in-situ
WAXS experiments on a coir fibre. The stress—strain curve
shows a biphasic behaviour with elastic and plastic region. In (b)
the corresponding experimental dependence (MFA-E) of the
MFA as a function the strain is depicted by points. The solid line
in (b) represents a the linear fit of the data yielding MFA(¢) = 43
— 45%¢. The dashed line (MFA-T) corresponds to an idealized
theoretical dependence of MFA on strain, namely MFA(¢) =
MFA(0) — cot(MFA[0])*¢, derived for the behavior of idealized
helical structure [12]
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Fig. 5 Mechanical and structural data from in-situ WAXS
experiments on a coir fibre. The stress-strain curve in (a)
documents that the straining of the fiber was five times
interrupted. In (b) the corresponding dependence of the MFA
as a function the strain is depicted by points. The solid line in (b)
represents the linear fit of the data yielding MFA(¢) = 48 — 56%¢

direction. In Fig. 5b, the approximately linear depen-
dence of MFA on the strain can be recognized with
MFA(e) = 48 — 56*¢. Again there is no difference in
the MFA(¢) slope in the elastic and plastic region. The
data in Fig. 5 are practically identical with those
obtained from compression wood of Picea abies [L.]
Karst. Also the idealized theoretical dependence
MFA(¢) = MFA(0) — cot(MFA[0])*¢ [12] derived for
the behavior of the compression wood fits excellent in
this case. What is however interesting is the fact that
the tissue was tested at ambient conditions in dry state
compared to the experiments with compression wood
[12, 16], which were always performed with water
saturated tissues. In spite of this, the effect of the
stiffness recovery observed in wet compression wood
occurs also in dry coir fiber and indicates thus that the
tissue can adapt the strain and recover its mechanical
function after plastic deformation. In Fig. 6, the data
from Fig. 5 are presented against time in order to
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Fig. 6 Stress (a) and MFA (b) data from Fig. 5 plotted as a
function of time. The data indicate an exponential relaxation of
the stress (a) and a slight increase of MFA (b) when the straining
was interrupted

obtain more insight into time-dependent effects. In the
case of stress, one can identify a relaxation when the
straining was interrupted especially for the first, third
and fifth straining step. The dependence of MFA on
time (Fig. 6b) documents that the MFA is constant or
even slightly increases when the straining is inter-
rupted, what is a new observation which was not
reported in the case of compression wood.

In Fig. 7, the results of a new type of experiment
whereby a dry coir fiber was repeatedly loaded and
unloaded are presented. Similar to the behavior of
metals, the decrease of the strain in the plastic region
induces a decrease of the stress. Upon loading, as the
strain is put back, the fiber shows a modulus which is
comparable with that observed in the elastic region
when the experiment started. When the stress magni-
tude approaches the point where the strain was
released, however, again the plastic deformation
occurs. The envelope of the stress—strain curve
observed in Figs. 3and 4 is also in this case preserved
and the slope in the plastic region is not influenced by
the cycling procedure. The dependence of MFA on
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Fig. 7 Mechanical and structural data from in-situ WAXS
experiments on a coir fibre. The stress-strain curve in (a)
documents that, in the plastic region, the strain was four time
reduced and subsequently increased. In (b) the corresponding
dependence of the MFA as a function the strain documents that,
when strain is released, the MFA tends to recovery the original
value. The solid line in (b) represents the linear fit of the data
yielding MFA(¢) = 42 — 47%¢

strain (with MFA(e) = 42 — 47*¢) this specific experi-
ment (Fig. 7a) indicates at first a relatively steep
decrease of the MFA up to the point when the stress
is first time released. From that point, MFA(¢) slope is
not so pronounced. When unloading and loading back,
MFA increases and decreases, respectively, but the
absolute magnitude is not fully recovered. In other
words, when the strain is decreased the MFA does not
reproduce exactly its original magnitude. The increase
of the MFA magnitude by sample unloading is more
obvious from Fig. 8 whereby Fig. 8a shows the stress
on the fiber as a function of time and Fig. 8b
documents the MFA behavior. Another obvious infor-
mation in Fig. 8§ resides in the fact that the MFA
magnitude is not correlated with the stress values but
only with the actual strain imposed on the sample.
The MFA dependence on strain observed in the
coir fibers is comparable with the behavior cells of

Fig. 8 Stress (a) and MFA (b) data from Fig. 7 plotted as a
function of time. The data indicate that, when the fiber was
unloaded, the MFA increased

compression wood [12]. The helical angle is inversely
proportional to the tissue extension and the tissues
behave like a spring. The release of the strain causes,
in approximation, the recovery of MFA. Interestingly,
the mechanical response of the tissue depends on the
specific stage of the tensile experiment. When the
straining is interrupted or the strain is released, the
tissue exhibits a recovery of the mechanical function.
Up to now, however, such behavior was reported only
for various compression wood types namely, Ginkgo
biloba L., Juniperus virginiana L., P. abies [L.] Karts
and C. japonica [12, 16], which were saturated by
water. Here, it is shown for the first time that also coir
fibers characterized at ambient conditions with the
moisture in the range 12-15% can exhibit stiffness
recovery behavior. The present results thus relativise
the importance of the tissue saturation by water in the
mechanical performance of tissues with helical archi-
tecture. Even relatively dry coir fibers exhibit high
fracture strain, stiffness recovery effects and decrease
of MFA upon stretching. This clearly indicates that the
mechanics of the lignocellulosic helical tissues is
predetermined by the unique architecture of the cell
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wall whereby the nature of the mechanistic interaction
of crystalline and amorphous constituents is of out-
most importance. The presence of lignin, hemicellu-
lose and pectin in the non-cellulosic cell wall matrix
and, above all, the presence of adsorbed water can
contribute to those effects. The key to understand the
role of the water in the helical tissue resides in the
understanding of the difference in the nanostructural
properties between the cells of coir and compression
wood. Then the exact function, the nature and the
position of the cross links in the helical cell wall can be
identified.

Conclusions

The novelty of this work can be summarized as follows:

1. Dry coir fibers were tested by in-situ synchrotron
X-ray scattering coupled with tensile testing. The
helical tissues were cyclically loaded in the tensile
stage and the structural data were characterized
using WAXS. The fibers exhibit the recovery of the
mechanical function during unloading and loading
experiments.

2. The magnitude of MFA in the fibers is approxi-
mately inversely proportional to the strain applied
with approximately MFA(¢) = MFA(0) — cot(M-
FA[0])*e. When the strain on the fiber is released,
MFA tends to recover its original value.

3. The results document the helical tissue does not
have to be saturated by the water in order to
exhibit the effect of the recovery of the mechanical
function when cyclically loaded. This indicates

@ Springer

significant differences in the architecture of the cell
wall of coir and compression wood.
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