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Agricultural biomaterials such as crop stalks are natural sources of cellulosic fiber and have great poten-
tial as reinforced materials in bio-composites. In order to evaluate their potential as materials for rein-
forcement, the nano-mechanical properties of crop-stalk cell walls, i.e. those of cotton (Gossypium
herbaceu) stalk, soybean (Glycine max) stalk, cassava (Manihot esculent) stalk, rice (Oryza sativa L.) straw,
and wheat (Triticum aestivum L.) straw, were investigated by means of nano-indentation and atomic force
microscopy (AFM). The elastic modulus of wheat straw was found to be 20.8 GPa, which was higher than
that of the other four crops. The highest hardness was observed in cotton stalk at 0.85 GPa. The elastic
moduli of the crop stalks were lower than those of most of the hardwood species, but higher than that
of some softwoods and of lyocell fiber. The mean value of the hardness of the five crop stalks' cell walls
was higher than those of wood or lyocell fiber.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Agriculturally derived (agro-based) bio-fiber resources have
been used by people for centuries. The use of straw for the produc-
tion of paper and as a reinforcement material for mud huts was
well established 2000 or more years ago {Rowell et al., 1997; Sun
and Cheng, 2002). The use of agro-based fibers in paper and com-
posite products has increased dramatically with advances in re-
search in the fields of chemical and materials science. As a result,
a considerable amount of literature has been published. Many
countries are currently facing increasing pressure to find alternate
sources for renewable bio-products; however, additional harvest-
ing of forests for wood is no longer a viable alternative in many
locations. Agro-based bio-fibers from agricultural residues repre-
sent an abundant, inexpensive, widely distributed, recyclable, ver-
satile, biodegradable, and readily available source of renewable
lignocellulosic biomass (Liu et al.. 2005; McKendry, 2002; Rowell
et al.. 1997). Additionally, there are prospective commercial appli-
cations for the use of agricultural residues in bio-composites (Eich-
horn et al.. 2001). As both world population and grain production
have grown, a considerable amount of agricultural residue is now
generated annually. It is thus becoming evident that these abun-
dant agricultural bio-fiber resources can be turned to good effect
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in the manufacture of composites. In addition, agricultural residues
have also other applications, such as bio-fuel.

Wood particles and wood fibers have been used for years as
reinforcement materials in polymer composites (lchazo et al.,
2001; Mahlberg et al., 2001; Yin et al., 2007). The efficient utiliza-
tion of agricultural residual fiber resource in manufacturing bio-
composites is of great interest today due to the decrease in the
supply of conventional raw materials from forests. Some studies
(Albano et al., 2001; Eichhorn et al., 2001; Helbert et al., 1996)
on polymer composites and nano-composites reinforced with crop
stalk fibers have also shown their advantageous properties com-
pared with those of wood plastic composites. In recent years,
strawboard. which uses MDI as an adhesive, has been newly devel-
oped and is commercially available in several countries (Mo et al.,
2005). In some respects, strawboard has better properties than
wood particleboard. For example, strawboard is lighter in weight,
emits almost no formaldehyde, and is more water resistant than
particleboard in addition, it can be used in a growing range of
applications, including automotive, packaging, and building mate-
rials (Mo et al., 2005).

To utilize agro-based fibers efficiently in composite products, it
is necessary to better understand the strength properties of the
individual fibers at the microscopic level. The better the under-
standing of the characteristics of the raw material, the more exten-
sive the use of this kind of bio-resource is likely to be. Kersavage
(1973) and Mott et al. (1995) developed methods based on use of
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the environmental scanning electron microscope (ESEM) and video
image analysis (VIA) to measure the tensile modulus of a single
wood pulp fiber. But natural wood cell walls properties make the
ESEM-VIA method difficult to use both because it is time-consum-
ing and because the mechanical or chemical methods to separate
fibers typically result in more or less damage to the fibers (Xing
et al., 2008).

The nano-indentation technique is a method to determine the
mechanical properties of wood cell walls at the nano scale without
requiring chemical or mechanical modifications to isolate individ-
ual wood fibers as required in the ESEM-VIA method. Further, the
technique has been used to determine the longitudinal elastic
modulus and hardness of wood cell walls (Gindl et al., 2004; Tze
et al., 2007, Wang et al., 2006). refined loblolly pine fiber (Xing
et al., 2008). and regenerated cellulose fibers (Gindl et al., 2006;
Lee et al., 2007). However, there are no reported data on using this
technique to evaluate the mechanical properties of the cell walls of
crop stalks or straw.

In order to get information on the mechanical properties of agri-
cultural stocks, this research aimed to investigate the nano-
mechanical properties of the cell walls of crop stalks, i.e. cotton
(Gossypium herbaceu) stalk, soybean (Glycine max) stalk, cassava
(Manihot esculent) stalk, rice (Oryza sativa L.) straw, and wheat
(Triticum aestivum L.) straw, by the use of nano-indentation and
atomic force microscopy (AFM) techniques.

2.Methods
2.1. Sample preparation

Five different crop stalks were collected from China. Air-dried
cotton stalk, soybean stalk, cassava stalk, rice straw, and wheat
straw were used. The rice straw and wheat straw segments were
selected between nodes; the cotton, soybean, and cassava stalks
were cut into small blocks of 2 X 2 x 5 mm in the tangential, ra-
dial, and longitudinal directions, respectively, using sharpened
blades, and the rice and wheat straws were cut into 2 X 5 mm
(W by L) with the natural thickness of the straw. The small speci-
mens were then embedded in epoxy resin, which was formulated
of cycloaliphatic epoxide resin (ERL-4221) (2.5 parts), polycoldi-
eposide (DER-736) (1.5 parts), nonenyl succinic anhydride (NSA)
(6.5 parts), and dimethylaminoethanol (DMAE) (0.1 parts) (Spurr,
1969). The embedded specimens were placed in a desiccator under
vacuum for 12 h and then were cured in an oven at 70 °C for 8 h.
The cured specimens were cut into small blocks and were glued
to acrylic blocks for microtoming. The specimens were then
mounted onto an ultramicrotome and cross-sectioned with a glass
knife. Finally, the specimen surfaces were cut using a diamond
knife to obtain a smooth surface. The smoothed specimens were
conditioned at 21 °C and 60% relative humidity in the nano-inden-
tation test room for at least 24 h before testing

2.2. Nano-indentation procedure

All nano-indentation experiments were performed by a Nano
Indenter I (MTS System Corp. Oak Ridge, TN. USA) that was
equipped with a three-sided pyramid diamond indenter tip (Berko-
vich type) at the Oak Ridge National Laboratory. The indentation
experiment utilized four segments. The first segment was the ap-
proach segment with an indenter surface approach rate of
10 nm/s. Once the tip contacted the sample surface, a constant dis-
placement rate of 5 nm/s was applied until a designed indentation
depth of 200 nm was reached. At this depth, the maximum loading
force was held for 30 s prior to the ultimate unloading. The holding
segment was used for the thermal drift corrections. In the unload-

ing segment, a constant displacement rate of 10 nm/s was applied
until 90% of the maximum loading force was removed. At the end
of the experiment, the specimen was examined by the Olympus
optical microscope of the Nano Indenter II to evaluate the position
and quality of the indentations. For each specimen, 40 indentations
were made on the cross-section of 5-9 fiber cell walls that existed
around vascular tracheids.

The hardness (H) and the elastic modulus (E) were calculated
from the load-displacement data. As the indenter was allowed to
penetrate into the specimen, both elastic and plastic deformation
occurred and only the elastic portion of the displacement was
recovered during unloading. Nano-indentation hardness is defined
as follows:
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where P, is the load measured at a maximum depth of penetra-
tion (h) in an indentation cycle; A is the projected contact area;
and 4. is the contact depth of the indentation, which is given by
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where S is the slope (§f) of the initial portion of the unloading curve
at h= h,, and 0.75 is a constant that depends on the indenter
geometry.

As the indenter was allowed to penetrate into the sample, both
elastic and plastic deformation occurred, and only the elastic por-
tion of the displacement was recovered during unloading.

The elastic modulus of the specimen was inferred from the ini-
tial unloading contact stiffness (S). The relationship among contact
stiffness, contact area, and elastic modulus was derived as follows:
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where § is a constant that depends on the geometry of the indenter
(#=1.034 for a Berkovich indenter) and E, is the reduced elastic
modulus, taking into account the elastic deformation of both the
tested specimen and the indenter. For evaluating E,. the contact
stiffness (S). and the contact area 4 could be determined accurately
from load against displacement graph measured during the inden-
tation process.

The specimen's elastic modulus (E,) was then calculated as fol-
lows (Oliver and Pharr, 1992):
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where v, and v, (0.07) are the Poisson's ratios of the specimen and
indenter, respectively, whereas E, is the modulus of the diamond in-
denter (1141 GPa). In all calculations, v, was assumed to be 0.25 for
all crops.

2.3. Atomic force microscopy (AFM) scanning

After indentation, the epoxy resin blocks were glued to steel
discs and mounted on the magnetic sample holder of the atomic
force microscope (XE-100, PSIA Corp., Korea). The contact mode
was used to scan the surface after nano-indentation. The operation
parameters were set at a scanning rate of 0.5 Hz and a setpoint of
24.73 nN under ambient atmosphere. The topographies of the
specimen surface with the indents were then obtained by AFM
scanning. The surface of the specimens had a vertical range of
300-350 nm with root mean square surface roughness amplitude
of 30-35 and an average roughness of 20-30nm. The average
thickness of the cell walls of each crop stalk was estimated based
on 20 cells by means of the XEI software associated with the AFM.
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3. Results and discussion
3.1. Elastic modulus

The elastic modulus of cell walls in five crop stalks is shown in
Fig. 1. Wheat straw has the highest elastic modulus of 20.8 GPa
among the five crops. The rice straw and cassava stalk present val-
ues of 19.4 and 19.0 GPa. respectively. The soybean stalk and cot-
ton stalk both exhibit the lowest values of 16.3 GPa among the
five crop stalks. The mean value of five crop stalks was 18.4 GPa.
The cell wall of the wheat straw was thicker (2.9 pm) than that
of other crop stalks (1.1-2.6 um), but thinner than that of most
wood species. When the results of wheat straw were compared
with soybean or cotton stalk, the percentage of difference was
21.6%. The different cell wall components (Rowell et al., 1997).
structure, and microfibril angle could be important contributors
to the difference. The holocellulose content in cotton stalk fiber
was up to 75.1%, whereas that in wheat straw, rice straw and soy-
bean stalk was 71.3%, 64.0%, and 51.5% (Yu, 1999). respectively.
The contents of cellulose and lignin in wheat straw were 1.1%
and 5.5% higher than those in rice straw (Liu and Yu, 2002). respec-
tively. The microfibril angles were 19.4° for rice straw (Reddy and
Yang, 2006). 17° for wheat straw (Reddy and Yang, 2007). 15° for
cotton stalk (Reddy and Yang, 2009a) and 12° for soybean stalk
(Reddy and Yang, 2009b), respectively. Those published data
showed significant structural and chemical differences among
the tested crops.

Table 1 lists the results of previous research on the nano-
mechanical properties of 10 hardwoods (Wu et al.,, 2009). two soft-
woods (Gindl and Schéberl, 2004; Tze et al., 2007). and lyocell fi-
bers (Lee et al, 2007). Compared with the reference data, the
values of the elastic moduli of cell walls of crop stalks (16.3-
20.8 GPa) were comparable to that of most of hardwood species
(16.9-24.6 GPa) and were higher than those of some softwoods
(15.0-18.0 GPa) and of lyocell fiber (11.5-13.2 GPa). The mean val-
ues of the elastic moduli in crop, hardwood, softwood, and lyocell
fibers are shown in Fig. 2. The highest mean value of 20.2 GPa was
observed in the case of hardwoods, followed by 18.4 GPa in crops,
16.2 GPa in softwoods, and 12.4 GPa in lyocell fiber. In general,
crops contain the same basic chemical components as wood, but
they vary in composition. Crops usually have lower cellulose con-
tent and higher hemicellulose and lignin content than wood. The
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Fig. 1. Elastic modulus of cell wall in five crop stalks.

Table 1
Comparison of nano-mechanical properties of hardwoods, softwoods and lyocell
fibers measured by nano-indentation.

Species Elastic modulus (MPa)  Hardness (MPa)

Hardwood  Poplar 16.9 (11.1) 0.49 (8.54)
Iroko 22.9 (10.8) 0.51 (7.67)
Alder birch 18.5 (10.1) 0.49 (6.21)
Manchurian ash 17.5 (11.8) 0.48 (10.1)
Asian white birch 19.7 (5.69) 0.45 (7.31)
Red oak 22.6 (6.39) 0.55 (6.83)
White oak 19.5 (8.03) 0.49 (6.02)
Mongolian oak 18.4 (10.7) 0.44 (10.6)
Kwila 21.2 (6.92) 0.54 (4.03)
Keranji 24.6 (8.14) 0.56 (5.62)

Softwood Loblolly pine 14.2-17.6 (1-7) 0.43-0.53 (2-7)
Spruce 15.0-18.0 (10-15) 0.34 (7)

Fiber Lyocell 11.5-13.2 (7.0) 0.33-0.44 (4.5)

Note: The coefficient Ofvariation (CV, in bracket; units in percentage) represents the
variability of the elastic modulus and hardness. Data for hardwood from Wu et al.
(2009), data for Loblolly Pine from Tze et al. (2007), data for Spruce from Gindl et al.
(2004), data for Lyocell fiber from Lee et al. (2007).
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Fig. 2. Comparison of mean value of elastic modulus in different materials (Data for
hardwood from Wu et al. (2009), data for softwood from Tze et al. (2007) and Gindl
et al. (2004), data for Lyocell fiber from Lee et al. (2007)).

ash content of crops is much higher than that of wood particles
(Rowell et al., 1997). The content of ash in crop stalks can be up
to 5% (Reddy and Yang. 2006, 2007, 2009a,b). Higher ash content
results in higher stiffness and lower flexibility. All these may be
major reasons for the differences in the elastic moduli of cell walls
among crops, wood, and lyocell fibers.

3.2. Hardness

Fig. 3 presents cell-wall hardness in five crop stalks. The cotton
stalk cell walls showed the highest hardness, at 0.85 GPa. The low-
est hardness, 0.48 GPa. was observed in soybean stalks. The five
crops differed in hardness by up to 43.5%. Cotton stalk fiber had
a higher degree of polymerization (DP) of 14,000 and a crystalliza-
tion content up to 90% compared with the other crop fibers (Wang
and Quan, 1996). The holocellulose in cotton stalk fiber was up to
75.1%. whereas that in wheat straw, rice straw and soybean stalk
was 71.3%. 64.0%. and 51.5% (Yu. 1999). respectively. Higher DP
content of crystallization. and holocellulose in cotton stalk all con-
tributed to the higher hardness. The elastic modulus and hardness
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Fig. 3. Hardness of cell wall in five crop stalks.

Table 2
Nano-mechanical properties of crops stalk cell walls by nano-indentation.

Species Elastic modulus (GPa)>  Hardness (GPa)
Crops Cotton stalk 16.3 (12.4) 0.85 (11.7)
Cassava stalk ~ 19.0 (10.0) 0.52 (8.26)
Soybean stalk  16.3 (12.2) 0.48 (8.59)
Rice straw 19.4 (7.69) 0.50 (13.2)
Wheat straw  20.8 (11.6) 0.65 (9.19)
Mean 18.4 (10.8) 0.60 (10.2)
Percentage (%) 21.6 435

» The percentage war the difference between maximum and minimum.
® The coefficient of variation (CV, in bracket; units in percentage) represents the
variability of the elastic modulus and hardness.

of cell walls of wheat straw were higher than those of rice straw.
The contents of cellulose and lignin in wheat straw were 1.1%
and 5.5% higher, respectively, than those in rice straw (Liu and
Yu, 2002). This agreed with the results of Gindl et al. (2002) that
increasing lignin content might contribute to the higher measured
hardness.

Table 2 and Fig. 3 list the nano-mechanical properties of hard-
woods, softwoods, lyocell fibers, and crop stalks as measured by
nano-indentation. In contrast to our expectation, the mean value
of hardness in crop stalks was the highest one (0.60 GPa) compared
with the lower value of 0.39 GPa in lyocell fiber (Fig. 4) and
0.49 GPa in hardwoods and 0.41 GPa in softwoods. The content of
ash in crop stalks was 8 times higher than that of wood species
(Chen and Li, 1999). which might be the main factor that contrib-
utes to higher hardness. Approximately 60% of the ash in crop
stalks was SiO,. which obviously played an important role in con-
ferring higher hardness. The different degrees of orientation of the
cellulose chains between crops and wood species may be another
factor that can explain this discrepancy. The degree of orientation
of cellulose chains was 40-60%in the crop fibers and 60-80% in the
wood fibers (Wu. 1991). The higher degree of crystalline orienta-
tion in wood fibers results in less lateral bonding and makes the fi-
ber prone to lateral splitting or fibrillation (Mortimer and Peguy,
1996). According to Gindl et al. (2006). the load was applied to
the sample by nano-indentation not only along the fiber direction,
but to a certain extent also along the transverse direction due to
the geometry of the indenter pyramid. Hence, in this study, the
hardness evaluated by nano-indentation is also subject to the ef-
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Fig. 4. Comparison of mean value of hardness in different materials (Data for
hardwood from Wu et al. (2009), data for softwood from Tze et al. (2007) and Gindl
etal. (2004), data for Lyocell fiber from Lee et al. (2007)).

fect of differences in the degree of lateral bonding of the fibers.
Therefore, the higher measured hardness in the crop stalk fibers
indicates that there is more lateral bonding in crop stalk fibers than
in wood fibers.

4. Conclusions

It is difficult to fully characterize the mechanical properties of
cell walls of crop stalk using conventional measurements due to
the small cell wall thickness. However, nano-indentation can be
used to investigate the nano-mechanical properties of cell walls
of crop stalk at nanoscale. The elastic modulus determined using
nano-indentation was in the range of 16.3-20.8 GPa and the hard-
ness was in the range of 0.48-0.85 GPa in the cell walls of the five
studied crop stalks. This indicates that crop stalk fibers have rela-
tively better nano-mechanical properties than wood or lyocell
fibers.
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