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Plant cell walls combine mechanical stiffness, strength and toughness despite a highly hydrated state. Inspired by
this, a nanostructured cellulose network is combined with an almost viscous polysaccharide matrix in the form of
a 50/50 amylopectin-glycerol blend. Homogeneous films with a microfibrillated cellulose (MFC) nanofiber content
in the range of 10-70 wt % are successfully cast. Characterization is carried out by dynamic mechanical analysis,
field-emission scanning electron microscopy, X-ray diffraction, and mercury density measurements. The MFC is
well dispersed and predominantly oriented random-in-the-plane. High tensile strength is combined with high
modulus and very high work of fracture in the nanocomposite with 70 wt % MFC. The reasons for this interesting
combination of properties include nanofiber and matrix properties, favorable nanofiber-matrix interaction, good
dispersion, and the ability of the MFC network to maintain its integrity to a strain of at least 8%.

Introduction

Polysaccharides such as cellulose, chitin, and starch are
widely available in nature and constitute an important class of
biopolymers. They are extracted from renewable resources and
may often be obtained at low cost. Starch can be obtained from
roots, seeds, and stems from a variety of plants,1 and is of
commercial interest in packaging materials such as films and
foams.2 In the glassy state, starch tends to be brittle. For this
reason, plasticized native starch is of interest as a thermoplastic
biodegradable polymer matrix. Water and glycols are commonly
used plasticizers, although urea and formamide have also been
explored.3 An important limitation is that plasticized starch is
sensitive to moisture and shows low strength. Two routes have
been used to overcome these problems. The first is blending
with biodegradable polymers such as polyhydrobutyrate,4 poly-
(lactic acid),5 polycaprolactone,6 and chitosan,7 and the second
is preparing composites based on organic8,9 or inorganic10,11

reinforcement.
In plant cell walls, water is plasticizing the tissue, and yet

the cell wall material combines mechanical stiffness and strength
with toughness. Whitney et al. studied cellulosic nanocomposites
in order to understand the function of the cellulosic network in
the primary wall of plant cells.12 The composites typically had
a water content of 95% and still behaved as a solid material
due to the cellulose microfibril network. An interesting pos-
sibility to improve starch properties is therefore to produce
bioinspired nanocomposites through reinforcement of highly
plasticized starch by microfibrillated cellulose (MFC) nanofibers.
Polymer composites used commercially are usually combina-
tions of petroleum-based synthetic polymers and strong fibers
such as carbon, glass, aramide, or polyethylene. The bioinspi-
ration in composites of MFC and starch is therefore expressed
in several ways. Raw materials are from renewable resources,
the fibrous reinforcement has nanoscale lateral dimension, and
casting of composites takes place in water at ambient pressure
and temperature.

Herrick et al.13 and Turbak et al.14 described a method for
the preparation of MFC. Wood pulp fibers in a dilute water
suspension were disintegrated into cellulose fibrils of nanoscale
thickness in a homogenizer commonly used in the food industry.
The aspect ratio (length/diameter) of MFC is very high, and a
water suspension of 1 wt % MFC shows gel-like behavior.
Depending on the plant source and the degree of disintegration,
the MFC lateral dimension is typically in the range of 4-40
nm. The Young’s modulus of the cellulose crystal is as high as
134 GPa.15 Since the typical tensile strength of microscale flax
fiber cells approaches 1 GPa,16 the strength of nanoscale MFC
has the potential to substantially exceed this value.

The term “microfibrillated cellulose” (MFC) refers to cel-
lulosic fibrils disintegrated from the plant cell walls. MFC should
not be confused with the term “microfibril” used in ultrastruc-
tural studies of cellulose and plant cell walls. Microfibrils are
the 3-10 nm thick fibrils formed during cellulose biosynthesis
in higher plants.17 The thickness of MFC could, in principle,
be as small as 3-10 nm, but is typically in the range of 20-40
nm since it usually consists of aggregates of cellulose mi-
crofibrils. The structure of MFC is distinctly different from that
of the low aspect ratio microcrystalline cellulose obtained by
acid hydrolysis. We recently developed a new procedure to
disintegrate MFC where a pretreatment procedure involving
enzymes facilitates MFC disintegration.18 However, the mech-
anism by which the exposure of cellulose fibers to the
endoglucanase enzyme facilitates disintegration is not fully
understood.

The use of cellulose nanofibers in composite materials has
recently been reviewed.19,20Kubat et al.21 reported that cellulose
nanocomposites based on a poly(vinyl acetate) matrix showed
significantly improved mechanical properties compared with the
matrix. Publications on cellulose whisker nanocomposites22,23

inspired more recent activities. Cellulose whiskers with an aspect
ratio of around 100 were disintegrated from tunicate mantles.20

Strong reinforcement effects were demonstrated for nanocom-
posites based on up to 10 wt % of cellulosic tunicin whis-
kers.20,23The reinforcement effect was particularly strong with
the matrix in the rubbery state. The mechanism for reinforcement* Corresponding author. E-mail address: blund@kth.se.
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was through the stiffening effect provided by a network of
tunicin whiskers formed during the composite film casting
process. Tunicin whisker nanocomposites are well suited as
model materials. The whiskers are discrete and rod-like, and
the approximate range of whisker aspect ratios may be
characterized experimentally. Cellulose microfibrils of well-
defined and uniform structure are also produced by bacteria,24

although bacterial cellulose is currently too expensive for uses
other than in specific high-technology applications.

Wood-based MFC is potentially of commercial interest since
the cost may be quite low. Nakagaito and Yano combined
cellulosic pulp fiber-based MFC networks from wood with a
small amount of phenol-formaldehyde resin matrix to produce
high-strength composites.25 Yano and Nakahara produced MFC
materials with a modulus of 16 GPa using MFC only.26 As Yano
and Nakahara added 2 wt % starch to their MFC films, strength
increased although modulus decreased significantly (from 16
to 12.5 GPa). A limitation with the mentioned materials is very
low strain-to-failure.

In the present study, the objective is to first prepare MFC
nanocomposites with a plasticized matrix, and then study
relationships between structure and mechanical properties. MFC
content is the main structural parameter of variation. Efforts
are directed toward high MFC volume fraction nanocomposites
with a ductile amylopectin matrix. This is in order to search
for bioinspired nanocomposites combining modulus and strength
with high work of fracture (toughness). Two previous studies
are related to the present work, although interesting failure
properties are not reported or discussed. Dufresne and Vignon27

focused on the effects of potato-based MFC on the modulus of
non-plasticized starch nanocomposites. Lo´pez et al.28 used MFC
similar to that used in the present study, although the MFC
content was significantly lower. In both studies, the materials
contained moisture. This is probably motivated by the impor-
tance of moisture during the practical use of starch composites.
However, the interpretation of structure-property relationships
becomes more difficult, and this is why the majority of the
present data are from dry nanocomposites.

Experimental

Materials. Granular amylopectin potato starch with an amylose
content lower than 1 wt % was kindly supplied by Lyckeby Sta¨rkelsen
(Kristianstad, Sweden). MFC in a 2 wt %water suspension was kindly
supplied by professor Tom Lindstro¨m at STFI-Packforsk AB in
Stockholm, Sweden. The preparation of MFC is described in detail
elsewhere.18,29Bleached sulfite softwood cellulose pulp (Domsjo¨ ECO
Bright; DomsjöFabriker AB) consisting of 40% pine (Pinus sylVestris)
and 60% spruce (Picea abies) with a hemicellulose content of 13.8%
and a lignin content of 1% was used as a source for the MFC. The
pulp was used in its never-dried form. The cell wall delamination was
carried out by treating the sulfite pulp in four steps: a refining step in
order to increase the accessibility of the cell wall to the subsequent
monocomponent endoglucanase treatment, an enzymatic treatment step,
a second refining stage, and finally a process in which the pulp slurry
is passed through a high-pressure homogenizer. A microbiocide (5-
chloro-2-ethyl-4-isothiazolin-3-one) was also added to the MFC in order
to avoid bacterial growth. The weight-average molecular weight (Mw)
of the cellulose in the MFC is 200 000 g/mol. Glycerol (99% GC) and
drying agent (silica gel, SiO2) were purchased from Sigma-Aldrich.

Preparation of Films. The amylopectin starch was dispersed in
deionized water (3 wt %) and gelatinized by heating to 65°C and
maintaining this temperature for less than 5 min in a closed E-flask
during magnetic stirring. The formed gel was then heated for another
120 min in an oil bath in a closed steel cylinder on a rotating rack.

The interior of the cylinder was kept at 135°C. The pregelatinization
was performed in order to ensure good mixing. The solution obtained
was optically transparent and less viscous than before.

The MFC suspension and glycerol were added in varying amounts
to the obtained amylopectin solution. The cellulose content was varied
from 0 to 70 wt % (MFC/(amylopectin+ glycerol + MFC)), and the
glycerol content was varied from 0 to 50 wt % (glycerol/(amylopectin
+ glycerol)). Neat and plasticized MFC films were prepared by diluting
the 2 wt % MFC suspension to∼1.3 wt % and adding glycerol; 0-60
wt % (glycerol/(glycerol + MFC)). The new suspensions were
magnetically stirred for 6 days at room temperature, and, after 3 days,
suspensions containing MFC were mixed (8000 rpm) using an Ultra
Turrax mixer (IKA, DI25 Basic) for 15 min. The suspensions were
degassed and cast in Teflon-coated petri dishes. All plates, except the
neat and plasticized MFC plates, were dried in a sterile ventilated oven
at 30 °C without forced air-flow, until they appeared dry. The MFC
plates were dried at room temperature. Films were cut into specimens
and dried for 2 days in a vacuum oven at 40°C or conditioned at 50%
relative humidity (RH) and 23°C for at least one week. Prior to testing,
the dry specimens were stored in a desiccator with drying agent.

Thermogravimetric Analysis (TGA). TGA was used to determine
the water content of the films conditioned at 50% RH and 23°C. A
Mettler Toledo (TGA/SDTA 851e) thermal gravimetric analyzer was
used. About 10 mg of the sample was heated from 35 to 105°C at a
rate of 5°C/min, followed by an isothermal step at 105°C for 30 min.
The nitrogen flow was 50 mL/min. The water content was calculated
by dividing the weight loss by the initial weight of the sample. The
water content was averaged over three measurements.

Field-Emission Scanning Electron Microscopy (FE-SEM).For
micro-structural analysis, the films were observed by FE-SEM. The
specimens were first frozen in liquid nitrogen and then fractured. They
were fixed on a metal stub using carbon tape and coated with gold
using an Agar HR sputter coater. A Hitachi s-4300 scanning electron
microscope operating at 2 kV was used to obtain the secondary electron
images.

X-ray Diffraction. Diffractograms were recorded in reflection mode
in the angular range of 4-40° (2θ) by steps of 0.05°. The measurements
were done with a X’Pert Pro diffractometer (model PW 3040/60). The
CuKR radiation (1.5418 Å) generated at 45 kV and 40 mA was
monochromatized using a 20µm Ni filter. Diffractograms were recorded
from rotating specimens (revolution time 8 s) using a position-sensitive
detector (X’Celerator detector). The scanning speed was 0.0318° s-1,
and the total scanning time was 20 min for each specimen.

Dynamic Mechanical Analysis (DMA). A Q800 TA Instruments
DMA operating in tensile mode was used. Rectangular strips (ap-
proximately 20× 5 × 0.2 mm) were cut from the films and dried for
2 days in a vacuum oven at 40°C. The measurement frequency and
strain were 1 Hz and 0.05%, respectively. The specimens were mounted
and then dried for 10 min at 100°C in the DMA to remove any residual
moisture in the specimen and then cooled down and equilibrated at
-96 °C. The specimens without MFC could not be dried at 100°C in
the DMA, because they cracked at 100°C. These specimens were
immediately cooled to-96 °C. The measurements were made at a
heating rate of 3°C/min. The attained storage modulus values were
normalized at 23 or 21°C (specimens tested on Minimat) to the mean
modulus values obtained from tensile testing.

Tensile Test.The tensile testing was performed on an Instron 5567
universal testing machine, equipped with a load cell of 500 N and on
a Miniature Materials Tester 2000 (Minimat) with a load cell of 20 N.
The films were cut in thin rectangular strips: 5 mm wide and at least
60 mm long and about 0.2 mm thick, except for two films where shorter
lengths were selected in order to obtain homogeneous thickness. The
gauge length was 40 mm for the long samples and 30 mm for the shorter
samples. The strain rate was 10% min-1. The tensile test on the Instron
machine was performed at 50% RH and 23°C, while the testing with
the Minimat was performed at ambient conditions (21°C and∼ 38%
RH). When testing dry samples, sample dimension measurements,
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mounting of the sample, and tensile testing were done in the quickest
possible way to minimize water absorption and were, in all cases except
for one material, performed within 10 min. The testing of the plasticized
amylopectin material with 50 wt % glycerol was performed within 15
min on the Minimat. Under these testing conditions, the moisture
absorption is low and the samples are considered dry throughout the
testing.

Stress-strain curves were plotted, and the Young’s modulus was
determined from the slope of the low strain region. The work of fracture,
strength, and strain-to-failure were also determined for each specimen.
The work of fracture corresponds to the area below the stress-strain
curve. Mechanical tensile data were averaged over at least three
specimens.

Density. The volume of the material was measured by a mercury
displacement apparatus,30 which works according to Archimedes
principle. The sample is weighed in air,m1, and when submerged in
mercury,m2. The buoyancy of the sample is thus obtained and thereby
the sample volume:

The density of the material is obtained by dividing the mass of the
sample in air by the volume of the sample. The sample dimensions
were 2× 3 cm, and the density obtained was an average over two
vacuum-dried test specimens.

Results and Discussion

The cellulose nanocomposites in the present study contain
wood-based MFC reinforcement in a matrix of amylopectin
plasticized by glycerol. In order to avoid the complexity of water
as an additional constituent in the system, data are from dry
specimens unless stated otherwise. Glycerol serves as an
amylopectin plasticizer. However, in the context of plant cell
walls as inspiration for new materials, glycerol is also an
experimentally convenient substitute for water as a plasticizer
since the glycerol vapor pressure at a given temperature is lower.

Plasticized Amylopectin Matrix. Dynamic Mechanical
BehaVior. In order to have a highly ductile matrix, the glycerol
content in the plasticized amylopectin matrix is selected such
that the matrix is above the glass transition temperatureTg at
room temperature. Table 1 provides the upper and lower glass
transition temperatures obtained by DMA for amylopectin-
glycerol films with different compositions.

For all samples there is a weak mechanical relaxation process
at about-45 or-38 °C, indicated by a drop in storage modulus
and a peak in tanδ. At higher temperatures a stronger
mechanical relaxation is observed for the plasticized films. The
lower temperature transition shows a weak dependence on
composition, whereas the high-temperature relaxation decreases
in temperature with increased glycerol content. Also, the storage
modulus decreases more rapidly with temperature as the glycerol

content is increased (not shown here). TheTg of the dry
unplasticized amylopectin film was not detectable by DMA,
because it is above the degradation temperature of starch.

Many authors have reported starch and glycerol to be only
partially miscible.31-33 This results in a phase-separated system
of starch-rich and glycerol-rich domains. Moates et al.33 argued
that the lower transition of glycerol-plasticized amylose films
was anR-relaxation process and estimated its activation energy
for different mixtures of glycerol-amylose. They found support
for the argument in that the activation energy was comparable
to that of pure glycerol. Thus, the low-temperature relaxation
is the glass transition of a glycerol-rich amylopectin region. The
relaxation at high temperature is theTg of the starch-rich region.
The starch-rich region31-33 is defined as a region containing
mostly amylopectin but also glycerol.

The storage modulus of the plasticized amylopectin films can
be tailored by altering the glycerol content (not shown here).
The 50/50 mixture shows steeply decreasing modulus with
temperature, and was selected as the major matrix composition.
This is inspired by the viscous characteristics of the water-
pectin matrix in a primary cell wall,12 where the presence of a
network based on cellulose microfibrils causes a favorable
combination of modulus, strength, and ductility. It is then
interesting to investigate the mechanical property improvement
of a 50/50 amylopectin/glycerol mixture as MFC is added.

Structure of Films. FE-SEM.In Figure 1, a micrograph of
a 50 wt % MFC nanocomposite film surface is presented. The
random nature of the orientation distribution of the MFC is
apparent. Some larger fibrous entities are present with a width
of around 150 nm, and are cell wall fragments. In the context
of mechanical performance, they must be considered defects.
The presence of some porosity can be suspected on the basis
of the micrograph. The width of most individual MFCs is
estimated to be 30( 10 nm, although wider fibrils are present.
The length is several micrometers. The preparation and char-
acteristics of MFC have been described in previous studies.18,29

For MFC contents higher than 10 wt %, a lamellar organiza-
tion of MFC is apparent (see Figure 2 a,b). The cryo-fractured
surface in Figure 2a shows fibrous lamellae protruding from
the surface, although individual MFC dots are also observable.
Figure 2b illustrates regions of layered structures protruding
from the fractured surface. The appearance is a result of the
fracture mechanism and the MFC organization. The fracture
surface indicates that the intralaminar MFC interaction is

Table 1. Glass Transition Temperatures of Amylopectin-Glycerol
Films with Varying Glycerol Content

DMA

glycerol (wt %) Tg
l(°C)a Tg

u (°C)b

0 ndc nd
17 -38 161
29 -38 102
42
50 -45 7

a The lower glass transition temperature. b The upper glass transition
temperature. c nd ) not detected.

Vsample)
m1 - m2

FHg - Fair
≈ m1 - m2

FHg

Figure 1. FE-SEM micrographs of a cellulose nanocomposite film
surface, 50 wt % MFC, 50/50 amylopectin/glycerol matrix. The scale
bar is 3 µm.
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stronger than the interlaminar one. This is a consequence of
the random-in-the-plane orientation distribution of MFC.

It was possible to produce high cellulose content nanocom-
posites since the interaction is favorable between the constitu-
ents. In many other systems of MFC and water soluble polymers,
the maximum MFC content is below 20 wt % and limited by
MFC agglomeration. The micrographs in Figures 1 and 2,
particularly the even distribution of the white dots representing
fractured MFC, supports homogeneous MFC distribution in the
matrix. This, along with the small MFC diameter, is important
during deformation since localized failure events are delayed
to higher strains.

Density. The density increases with MFC content, and is in
the range of 1230-1300 kg/m3. The densities of neat plasticized
and unplasticized matrix are 1210 and 1260 kg/m3, respectively.
The lowest density is obtained for the neat MFC film (1140
kg/m3), and this low value means that the film is porous.

The void content influences the properties of nanocomposites.
Assuming that the theoretical densities of cellulose, amylopectin,
and plasticized amylopectin are 1500, 1260, and 1210 kg/m3,
respectively, we may calculate the theoretical density of the
composites and also the void content,Vv:

whereFct andFce are the theoretical and experimental densities,
respectively. The theoretical density of a composite is calculated
from the densities of its constituents and their weight fractions.34

Table 2 shows the calculated void content of different MFC
nanocomposites. The neat MFC film has the largest void content
at 24%. It is therefore a porous MFC network rather than a
solid material. With higher void content, the fibril-fibril contact
areas become smaller, and lower modulus is expected. Utilizing
high pressure, Yano et al.26 prepared hot-pressed MFC films
with a density of 1480 kg/m3 (about 1.3% void space) and a
Young’s modulus of 16 GPa determined in bending. This can
be compared with the air-dried MFC film in the present paper
with a Young’s modulus and density of 13 GPa and 1140 kg/
m3, respectively.

In the present case, the matrix fills the void space during
MFC network formation. This gives a lower void content in
composites compared to the neat MFC film (see Table 2). Voids
have a negative influence on the stress transfer between MFC
and the matrix. At higher void contents, this will significantly
influence the elastic moduli of the composites. Failure properties
such as strength and fatigue life will be even more sensitive to
voids, since voids initiate failure. In the case of glass fiber and
carbon fiber microcomposites, a void content of less than 1%
is recommended.34 However, those materials are based on brittle
matrices and the present material is likely to be less void
sensitive. In addition, the present void size is very small and
smaller voids require higher stress in order to initiate failure.

X-ray Diffraction.X-ray diffractograms were collected from
dry neat matrix (50/50 amylopectin/glycerol) and composite
films with different MFC contents (see Figure 3). In dry
conditions, the diffractogram of the neat matrix displays a broad
hump and no diffraction peaks (but a shoulder at around 17.2°),
characteristic of an amorphous material. Two peaks are observed
for the dry composite films. The high peak at∼22.5° is due to
the crystalline parts of MFC and is a characteristic of cellulose

Figure 2. FE-SEM micrographs of cellulose nanocomposite films,
50/50 amylopectin/glycerol matrix: (a) 50 wt % MFC, freeze fractured;
(b) 50 wt % MFC, fracture surface from tensile test. The scale bars
are (a) 6 µm and (b) 3 µm.

Table 2. Calculated Void Content of MFC-Amylopectin-
(Glycerol) Composites

void content (%)

MFC (wt %) plasticized starch matrixa unplasticized starch matrix

10 0.3
30 4.7
40 3.9
50 8.0
70 7.3
100 24

a Fixed matrix composition with 50 wt % glycerol and 50 wt %
amylopectin.

Figure 3. Diffractograms of films composed of varying amounts of
MFC and fixed matrix composition (50 wt % glycerol and 50 wt %
amylopectin). The MFC contents are indicated in the figure.

Vv )
Fct - Fce

Fct
× 100
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I.35 Another peak around 17.0° is observed for the materials
containing 10, 40, and 50 wt % MFC. Since matrix transcrys-
tallinity in the fiber-matrix interphase has been discussed in
amylopectin-cellulose systems,31 this peak needs further analy-
sis. The diffractograms of pure MFC and pure glycerol-
amylopectin were combined by a simple rule-of-mixtures
approach to create theoretical diffractograms for the MFC-
glycerol-amylopectin composites. In the theoretical diffracto-
grams (not shown here), the peak at around 17.0° also appears
for the materials with 10, 40, and 50 wt % MFC contents. As
a consequence, the peak is not associated with amylopectin,
and we have no data in support of crystalline order or
transcrystallinity in the matrix.

Helbert et al.36 obtained oriented growth of V amylose
n-butanol crystals on tunicate whiskers. This was achieved by
seeding the solutions of amylose with tunicate whiskers.
However, amylopectin is known to crystallize slowly. Rindlav-
Westling et al.37 reported that the development of crystallinity
in amylopectin films was only possible in the presence of larger
amounts of plasticizer (both glycerol and water) than that used
in the present system.

MFC Reinforced Plasticized Amylopectin Composites.
Dynamic Mechanical BehaVior. Neat MFC films were studied
by DMA (data not shown). Compared with the starch/glycerol
matrix, the storage modulus is about 8000 times higher at 23
°C. The temperature dependence of the modulus is fairly weak
throughout the measured range of temperatures. The modulus
decreases from around 18 to 7.3 GPa in the temperature interval
of -96 to 200°C.

Figure 4 shows storage modulus and tanδ as a function of
temperature for MFC-reinforced plasticized amylopectin in the
dry state with MFC contents from 0 to 70 wt %. At low
temperatures, the storage modulus is almost constant with

increasing temperature. Compared with the plasticized amy-
lopectin (50/50), the storage modulus of nanocomposites is much
higher over the entire temperature range and decreases less
rapidly with temperature. One relaxation transition is observed
for all nanocomposites at low temperature. The transition
temperature is the same as that observed for glycerol-rich regions
in plasticized amylopectin. As further confirmation of peak
origin, the height of the tanδ peaks decreases with decreasing
plasticizer content.

The tanδ peak of the starch-rich region at 7°C observed for
the plasticized amylopectin cannot be observed for the nano-
composites, although traces of this peak are discernible for the
10 wt % nanocomposite. The loss of the starch-rich region peak
may indicate strong amylopectin-MFC interaction and the fact
that MFC is restricting the molecular mobility of amylopectin.38

The upper increase in tanδ for the 10 wt % MFC nanocomposite
is due to glycerol evaporation and increased storage modulus.

An important reinforcement effect from MFC is increased
thermal stability of the modulus in the temperature interval of
-96 to 200°C. At 23 °C, the storage modulus is about 100
and 4000 times higher than the matrix at 10 wt % MFC and 70
wt % MFC, respectively. This is explained by the formation of
an MFC network39-42 during the evaporation of water in the
film preparation stage. Nair et al. prepared chitin whisker-
reinforced natural rubber nanocomposites and found that the
swelling behavior of the nanocomposites and the reinforcing
effect of whiskers strongly depended on the ability of whiskers
to form a network.40,41Chemical modification of the surface of
chitin whiskers was performed in order to improve interfacial
adhesion between chitin and matrix.42 Despite the improved
adhesion, the mechanical properties and thermal stability were
found to be inferior to nanocomposites based on unmodified
whiskers. This was ascribed to partial destruction of the three-
dimensional whisker network.

In Figure 5, storage modulus and tanδ are presented as a
function of temperature for MFC-reinforced plasticized amy-
lopectin films with 40 wt % MFC and varying glycerol contents
in the matrix: 0, 29, and 50 wt % glycerol. Increased glycerol
content leads to decreased modulus and a faster decrease in
modulus with temperature. Again, only the low-temperature tan
δ peaks can be observed. The low-temperature peak of nano-
composites containing glycerol is due to the glycerol-rich
amylopectin region. For the nanocomposite where the matrix
does not contain glycerol, the peak is at similar position and is
stronger than that of the corresponding neat MFC film and neat
amylopectin peaks, which are due to a secondary relaxation
process.43 Montès et al.44,45 investigated secondary mechanical
relaxation processes in amorphous cellulose and found them to
be of an origin similar to that found in starch and other
polysaccharides. Therefore, the secondary relaxation observed
at -38 °C for the unplasticized composite film is most likely
associated with the added contribution from localized motions
of the chain backbones of the MFC and amylopectin constitu-
ents. The peak observed at high temperature for a nanocomposite
with a matrix containing 29 wt % glycerol is due to glycerol
evaporation.

The results presented in Figure 5 demonstrate the possibility
to control the storage modulus by changes in the glycerol content
of the matrix. In addition, MFC content may be changed (see
Figure 4) in order to provide additional tailoring possibilities.

Tensile Testing. In Figure 6, typical stress-strain curves are
presented for MFC nanocomposites with plasticized matrix (50/
50 amylopectin/glycerol). Average values of the mechanical
properties are reported in Table 3. The most important result is

Figure 4. (a) Storage tensile modulus and (b) tan δ curves of MFC-
amylopectin-glycerol composites with fixed matrix composition (50
wt % glycerol and amylopectin) and varying MFC content. The MFC
content is indicated in the figure.
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that, at high MFC contents, the material combines high strength
and modulus with high strain-to-failure. At a fibril content of
70 wt %, the modulus is 6.2 GPa, the strength is 160 MPa, and
the strain-to-failure is 8.1%. The work of fracture is 9.4 MJ/

m3, and this is remarkably high. As the MFC content increases,
the Young’s modulus and the strength both increase while the
strain-to-failure decreases. It is notable that the trends in property
changes with MFC content are quite consistent. This further
indicates good dispersion of MFC and homogeneous character
of the nanocomposites. The large increase in mechanical
properties with MFC content is primarily due to the MFC
network and the inherent properties of the MFC. Favorable
interactions between MFC and the matrix is also a positive
factor.27,38,39

In the elastic range, elastic stretching of the MFC network is
expected to dominate as the deformation mechanism. The onset
of nonlinear deformation is related to the reorganization of the
MFC network, perhaps by individual fibrils debonding from
each other. The strong strain-hardening tendency in the post-
yield region indicates some reorientation of the MFC. It is
plausible that individual MFC fibrils start to fracture toward
the end of the deformation process. Fracture surfaces do not
show long pull-out lengths of individual fibrils (see Figure 2b).

Conventional microfiber composite materials such as glass
fiber-reinforced thermoplastics (i.e., polypropylene, polyamide
6,6) may show high strength and modulus.46,47 However, the
strain-to-failure is typically only around 2%. The interesting
combination of mechanical properties in the present nanocom-
posites is due to the nanoscale of the fibrils, and the unique
characteristics provided by the MFC network. It allows the use
of a matrix with highly viscous properties. The small scale of
fibril diameter is an advantage as fibril-matrix separation
eventually takes place, since the scale of the separation length
is about 3 orders of magnitude smaller than that for a microfiber
composite.

In terms of mechanical performance, Dufresne and Vignon27

primarily discussed the modulus in potato MFC-reinforced starch
composites containing water and glycerol. Comparable data in
the present study are much higher, and there may be two main
reasons for this. In the present study, glycerol alone acts as a
plasticizer of the amylopectin matrix. This may provide more
favorable matrix stress transfer than the combination of water
and glycerol in the materials studied by Dufresne and Vignon.
Even if the total amount of plasticizer is the same, it is possible
that the presence of water lowers interfacial adhesion more than
glycerol does. Observations of the mechanical properties of the
conditioned 50 wt % MFC nanocomposite with 50/50 amy-
lopectin/glycerol matrix in Table 4 provide support for this
explanation. The decrease in modulus and strength compared
to that of the dry 50 wt % MFC composite in Table 3 is because

Figure 5. (a) Storage tensile modulus and (b) tan δ curves of MFC-
amylopectin-glycerol composites with 40 wt % MFC content and
varying matrix composition. The glycerol contents in the matrix
(glycerol/(glycerol + amylopectin)) are specified in the figure.

Figure 6. Typical tensile curves for MFC-amylopectin-glycerol
composites with varying MFC content and fixed matrix composition:
50 wt % glycerol and 50 wt % amylopectin. The MFC contents are
indicated in the figure.

Table 3. Mechanical Properties of Composites with Fixed Matrix
Composition (50 wt % Glycerol and 50 wt % Amylopectin) and
Varying MFC Contenta

MFC
(wt %)

Young’s
modulus
(MPa)

tensile
strength
(MPa)

strain-to-
failure

(%)

work of
fracture
(MJ/m3)

0b 1.6 (0.88) 0.35 (0.05) 80 (9.5) 0.18 (0.04)
10 180 (23) 5.0 (0.20) 25 (0.93) 0.94 (0.05)
20 780 (100) 15 (1.5) 22 (0.88) 2.7 (0.22)
30 1600 (140) 31 (2.5) 18 (0.74) 4.0 (0.22)
40 3100 (90) 58 (5.0) 15 (0.98) 6.2 (0.38)
50 4300 (120) 80 (3.1) 11 (0.65) 6.5 (0.78)
60 4800 (190) 120 (5.5) 9.3 (0.52) 7.8 (0.49)
70c 6200 (240) 160 (7.9) 8.1 (0.93) 9.4 (1.5)
100 13000 (1000) 180 (7.8) 2.1 (0.38) 2.4 (0.60)

a The values in parentheses are the sample standard deviations.
b Tensile testing done on a Miniature Material Tester. c All samples broke
at grips.
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water plasticizes the matrix and reduces MFC-matrix adhesion
and perhaps also fibril-fibril bonding in the MFC network.
Dufresne et al.39 observed a similar effect of water on tunicin
whisker/glycerol-plasticized starch composites. Another possible
contribution is a higher modulus of the present wood-based MFC
network. Reasons for this may include factors such as better
nanofiber properties in wood-based MFC, better in-plane MFC
alignment, and higher density of fibril-fibril bonds where
moisture is likely to play a role.

The high performance of MFC networks containing only
glycerol liquid is interesting (see Table 4). The strain-to-failure
of 67 wt % MFC and 33 wt % glycerol is 9.3%, and the tensile
strength is as high as 44 MPa. This illustrates the high load-
bearing capacity of the network itself. In addition, the neat MFC
film has fairly low strain-to-failure compared with that of
glycerol-containing films. Glycerol likely plasticizes cellulose
and thus contributes to higher toughness. This is supported by
corresponding observations in our laboratory on the positive
effect of RH on the strain-to-failure of neat MFC films.

At 60 wt % glycerol, the MFC network modulus is only 240
MPa. With 33 wt % glycerol as the matrix, the properties are
much higher (2600 MPa) and similar to those of typical
engineering polymers. The glycerol may interfere with the MFC
network formation as reported elsewhere.31,39 This results in
lower stiffness and strength. There is little difference in strain-
to-failure for the 33 and 60 wt % glycerol matrix composites,
thus supporting the idea that the MFC network itself controls
this property. The effect of changes in the matrix glycerol
content on nanocomposite properties is apparent in Table 4. As
the glycerol content increases at a constant MFC content of 40
wt %, modulus and strength decrease. The strain-to-failure
increases with glycerol content, but only to a certain limit
because of the constraint from the MFC network.

For MFC/plasticized amylopectin composites with fixed
matrix composition, increased MFC content leads to higher work
of fracture. The highest value obtained (9.4 MJ/m3) is for 70
wt % MFC-plasticized amylopectin material. This can be
compared with the value of the 100 wt % MFC film, 2.4 MJ/
m3. Thus, the addition of plasticized amylopectin results in a
highly toughened nanocomposite. Works of fracture for other
materials are 1.0 MJ/m3 (steel), 3.0 MJ/m3 (bone), 10 MJ/m3

(natural rubber), 2.8 MJ/m3 (tendon), and 200 MJ/m3 (silk
fibers).48

Conclusions

An all-polysaccharide nanocomposite material with an MFC
content as high as 70 wt % is successfully prepared and shows
exceptionally high toughness (work of fracture). The starch
matrix shows high compatibility with MFC, and this facilitates
the uniquely high MFC content achieved. The material is
bioinspired since it is based on renewable raw material sources,
contains nanoscale cellulosic fibrils, has biodegradable charac-
teristics, and, as in nature, the composites formation process
takes place at ambient temperature and pressure with water as
the medium. In addition, MFC disintegration is facilitated by
enzymatic pretreatment of cellulose-rich wood fibers. The
amorphous amylopectin matrix of the nanocomposite is highly
plasticized in a 50/50 mixture of amylopectin and glycerol, thus
mimicking the viscous character of the “matrix” in cellulose
microfibril networks in plant cell walls. Microscopy studies
reveal a layered nanocomposite structure and good MFC
dispersion. A modulus of 6.2 GPa, a tensile strength as high as
160 MPa, and a strain-to-failure of 8.1% were observed at 70
wt % of MFC reinforcement. The work of fracture was as high
as 9.4 MJ/m3. An important reason for this unique combination
of strength and strain-to-failure in a viscous matrix composite
is the nanoscale network structure of the MFC. It is a paper-
like structure at a very fine scale and is also capable of large
strain-to-failure at high fiber volume fractions. The nanostruc-
tured characteristics of MFC, in combination with favorable
MFC-matrix adhesion, delay material damage during deforma-
tion and explain the observed ductility and high toughness. There
was no sign of MFC-induced crystalline order in the amylopec-
tin. Nanostructured MFC network reinforcement has the po-
tential to substantially improve the properties of commercial
starch-based materials such as films and foams.
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