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Nano- and micron-sized cellulose crystals were prepared and utilized as reinforcements
for polyurethane composites. The cellulose crystals obtained from microcrystalline
cellulose (MCC) were incorporated into a polar organic solvent, dimethylformamide
(DMF), and ultrasonicated to obtain a stable suspension. The suspension was an
effective means for incorporating the cellulose crystals into the polyol-isocyanate
mixture, utilized to produce polyurethane composite films. The use of DMF presents
an interesting alternative for the use of cellulose crystals as reinforcement of a broad
new range of polymers. Moreover, the rheology of the uncured liquid suspensions was
investigated, and analysis of the results indicated the formation of a filler structure
pervading the liquid suspension. Besides, films were prepared by casting and thermal
curing of the stable suspensions. Thermomechanical and mechanical testing of the
films were carried out to analyze the performance of the composites. The results
indicated that a strong filler-matrix interaction was developed during curing as a result
of a chemical reaction occurring between the crystals and the isocyanate component.

I. INTRODUCTION

The combination of discrete materials has been used
for decades to obtain composite materials with properties
superior to either individual component. In particular,
considerable effort has been devoted in recent years to
the research and development of materials that utilize
cellulose fibers as the load bearing constituents for dif-
ferent polymeric composites.1

Cellulose is one of the most abundant materials in
nature, since it represents the main structural component
of the plants and is also produced on a much smaller
scale by some sea animals.2 In addition, attributes such as

low cost, low density, high stiffness, renewable nature,
and biodegradability3–6 constitute major incentives for
exploring new uses. Cellulose fibers exhibit a unique
structural hierarchy derived from its biological origin.
They are composed of assemblies of microfibrils,7–10

which form slender and nearly endless rods. Upon expo-
sure to strong acids, these microfibrils break down into
short crystalline rods or “cellulose microcrystals.” The
diameter of the individual microcrystal is on the order of
5–20 nm.11 On the other hand, the length is shorter than
that of the microfibrils, ranging from few hundreds of
nanometers for wood or cotton cellulose to a few microns
for cellulose from animal source (tunicates).12

These nano/micro crystals are also very polar and at-
tract each other by H bonding, so treatments like the acid
hydrolysis mentioned above are used in separating the
individual crystals. Depending on the efficiency of these
treatments, some association may remain as has been
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shown by some other authors.11 The strength of hydro-
gen bonding forces in unmodified cellulose is best
exemplified in the production of “paper,” where these
secondary interactions provide the basis for the mechani-
cal strength of the material.13

More usually, a negative surface charge is induced
during the preparation of the individual cellulose micro-
crystals, which allows their dispersion in water.11,13,14

Thus, a common option to prepare cellulose crys-
tals filled polymers has been to disperse both compo-
nents (matrix and filler) in water. Reports in the scientific
literature have dealt with the preparation and character-
ization of colloidal aqueous suspensions of cellu-
lose14,15–17 and with the mixing of these crystals suspen-
sions with latex18–20 or water soluble polymers, such as
starch13,21,22 and poly(oxyethylene) (POE).23–25 More
recently, new efforts have been directed to the chemical
modification of cellulose26 and to the use of surfactants
as stabilizing agents12 with the aim of obtaining cellulose
dispersions in organic nonpolar solvents and further in-
corporation into new polymeric matrices.

The aim of the present work was to produce a stable
suspension of cellulose crystals in an organic polar sol-
vent, dimethylformamide (DMF), to be subsequently in-
corporated into a polyurethane formulation to finally
form crosslinked composite films. In this study, the rheo-
logical behavior of the cellulose filled liquid suspension
was characterized. The morphology, as well as the ther-
mal and mechanical behavior of the final crosslinked
films was also investigated.

II. EXPERIMENTAL

A. Materials

Microcrystalline cellulose powder (MCC; Avicel PH-
101 MCC, FMC BioPolymer, Philadelphia, PA) was se-
lected as the source raw material for producing the cel-
lulose crystals.

The matrix was formulated from a mixture of a
polymeric diol (Alkuran, Alkanos, Argentina) with a
hydroxyl value of 178 mgKOH/g (determined in our labo-
ratories using the techniques described elsewhere27),
and a multifunctional polyol (Daltolac R251, Huntsman
Polyurethanes, Salt Lake City, UT), with an OH value of
250 mgKOH/g. The crosslinking agent was a 4,4�-
diphenylmethane diisocyanate (MDI) multifunctional
prepolymer (Rubinate 5005, Huntsman Polyurethanes)
with an equivalent weight of 131 g/eq, which corre-
sponds to a value of 32.08 NCO% content, as measured
in our laboratory (catalog nominal value: 133 g/eq).

The samples were characterized before reaction, that
is, when they were liquid mixtures of low viscosity and
also after reaction in the form of crosslinked elastomeric
films.

B. Methods and techniques

1. Preparation of cellulose crystals

The MCC was treated by acid hydrolysis in a concen-
trated sulfuric acid solution (64 wt% sulfuric acid in
water). The ratio of MCC to acid solution was 1–
8.75 g/ml. The treatment was performed at 45 °C and
under strong stirring. The selection of the initial condi-
tions was based on the work of Dong14 and subsequently
optimized for this system.

After treatment, the hydrolyzed cellulose (HC) was
washed 4–5 times, separating the crystals from the solu-
tion by centrifuge (12,000 rpm, 10 min) after each wash-
ing. The final aqueous suspension was freeze-dried (ly-
ophilized) to avoid re-agglomeration of the cellulose
crystals. The dried crystals were re-dispersed by ultra-
sonic agitation in DMF. Sonication was repeated until
complete re-dispersion took place. Sonication treatments
were performed in plastic containers to avoid contami-
nation from ions that could be released from glass con-
tainers.14

2. Preparation of liquid suspensions and
crosslinked films

The polyol mixture was prepared using 60 wt% diol
and 40 wt% multifunctional polyol. Then the DMF sus-
pension of the cellulose crystals was added to this polyol
mixture and the entire system was mechanically stirred
and subsequently sonicated. Next, the solvent was al-
lowed to evaporate completely at 70 °C until constant
weight was achieved. Afterward, the MDI prepolymer
was added in excess, to reach an isocyanate/OH group
ratio equal to 1.3, and the system was mixed by hand.
The rheological measurements were performed on these
unreacted liquid suspensions.

To prepare the films, the above mixture was cast into
a mold and cured for 1 h at 70 °C under mild pressure
(10 MPa). Finally, the films were removed from the mold
and postcured in an oven at 70 °C for 12 h.

3. Microscopy

Optical micrographs of the original microcellulose
(MCC) were recorded using a Leica model EMLB mi-
croscope.

Atomic force microscopy (AFM; Nanoscope III Digi-
tal Instruments) was used to identify the individual nano/
microcrystals of hydrolyzed cellulose.

Scanning electron microscopy (SEM; Cambridge 360)
was used to observe the fracture surfaces of the compos-
ite films pre-chilled in liquid nitrogen. Samples were
sputter-coated with gold prior to SEM observation.

4. X-ray diffraction

To determine the crystallinity of the cellulose, the
powder was dispersed onto a stub and placed in an x-ray
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diffractometer (Philips PW 1830, with Ni-filtered Cu K�

radiation at 40 kV and 30 mA). Samples were scanned
from 2� � 5 to 60° in steps of 0.02°. The peaks of the
resultant spectra were deconvoluted and peak areas were
determined. The degree of crystallinity was taken as the
ratio of the areas under the deconvoluted crystal peaks
with respect to the entire integrated area (crystal peaks
plus amorphous background).

5. Rheological measurements

The rheological properties of the liquid suspensions
were determined using a commercial rheometer equipped
with a 200 g cm transducer (Rheometrics ARES). All
experiments were performed under a continuous purge of
dry nitrogen. Cone and plate geometry (diameter �
25 mm) was used to register the viscoelastic response of
the suspensions. A linear viscoelastic response charac-
terized the entire range of strain amplitudes used in this
work (5 to 0.01%).

6. Thermal measurements

Differential scanning calorimetry (DSC) experiments
were performed in a calorimeter (Perkin Elmer Pyris 1,
Wellesley, MA) equipped with a cooling unit, operating
under nitrogen atmosphere (20 ml/min). Measurements
were performed at 10 °C/min.

A dynamic mechanical analyzer (Perkin Elmer DMA
7) was used to determine the thermomechanical response
of specific samples. Tests were conducted using the tem-
perature scan mode, a three point bending fixture with a
15 mm specimen platform, and dynamic and static
stresses of 3 × 105 and 5 × 105 Pa, respectively. The
frequency of the forced oscillations was fixed at 1 Hz.
The specimens were cut to approximately 20 × 3 ×
2 mm3, and the linear dimensions were measured to an
accuracy of 0.01 mm. The main relaxation temperatures
associated with Tg were determined from the temperature
position of the maximum in tan �.

7. Tensile tests

Microtensile specimens 5 × 25 mm were cut from the
molded films and tested at 20 °C using a loading rate of
10 mm/min (INSTRON 8501, Norwood, MA), in accor-
dance with ASTM D 1708. At least five replicates of
each sample were measured, and the average values were
reported.

III. RESULTS AND DISCUSSION

A. Characterization of the cellulose crystals

1. X-ray difraction

The crystallinity of MCC was consistent with reports
in the literature.2,28,29 The contribution of the crystalline

peaks increased after acid hydrolysis. This was an ex-
pected result, because the amorphous regions of the
MCC are more susceptible to acid attack. However, the
diffraction patterns indicated the presence of a significant
volume of remaining amorphous cellulose. The percent-
age of crystallinity increased from 56% to 67% after
the hydrolysis, in agreement with previous reports for
cellulose crystals obtained from other vegetable
sources.2,30,31

2. Microscopy and dispersion of the
cellulose crystals

The original MCC powder was examined by optical
microscopy after dispersion in dimethylformamide at
0.1 wt% (Fig. 1). Large agglomerates (around to 30 �m)
were observed under these conditions. These large ag-
glomerated structures are formed by the strong hydrogen
bonding between bundles of microfibrils. Large size
structures like the ones seen in Fig. 1 have been observed
by other researchers in MCC and are characteristic of this
cellulose powder.2

After acidic hydrolysis, the agglomerated structures
present in MCC were broken, and fibril bundles were
separated, leaving shorter crystallites of cellulose. As de-
tailed before, the aqueous suspension was freeze dried
and the crystals further redispersed in DMF. Sonication
was utilized to achieve the complete dispersion of the
crystals and the resulting suspension remained stable for
at least three days.

An aliquot of the DMF suspension was further diluted
in the solvent and sonicated; the AFM study was per-
formed on these preparations (Fig. 2). Individual crystals
are observed that show diameters in the range of 10 to
15 nm, with aspect ratios from 10 to 15. These results are
in agreement with reported characteristics of cellulose
crystals from vegetable sources11 but are much shorter
than cellulose whiskers from animal sources.11,32

FIG. 1. Optical microscopy of microcrystalline cellulose before hy-
drolysis.

N.E. Marcovich et al.: Cellulose micro/nanocrystals reinforced polyurethane

J. Mater. Res., Vol. 21, No. 4, Apr 2006872



Figure 2 also shows that there are still some associated
crystals (bundles). This association might exist originally
in the suspension or it may be the result of the drying
process (DMF evaporation).

B. Filler–polymer interactions

1. Liquid suspensions of cellulose crystals

In the liquid suspensions, interfacial polar interactions
are possible between the crystals and the liquid poly-
meric components. There are also strong H-bonding
forces between the crystals themselves. The low viscos-
ity of the liquid medium allows the cellulose crystals to
move due to thermal fluctuations. The crystals can spa-
tially rearrange, touch, and form large structures if the
sample is at rest or orientate and separate if the sample is
under shearing.

2. Reacted systems: Cellulose-reinforced PU films

A strong interaction matrix-reinforcement is devel-
oped during curing through a chemical reaction between
the OH groups of the cellulose and the MDI-prepolymer.
Isocyanate or polyurethane formulations have been used
for decades as wood adhesives and coatings, so this re-
action was expected. To confirm its occurrence, hydro-
lyzed cellulose crystals were mixed with excess MDI and
heated at 70 °C (the same temperature used in curing the
composite films). After curing 1 h under pressure,
samples were milled and analyzed by diffuse reflectance
Fourier transform infrared (DRIFT). Figure 3 shows the
spectra of the hydrolyzed cellulose (curve a) and the
mixture of MDI + hydrolyzed cellulose after curing
(curve c). In addition to the isocyanate peak (2270 cm−1),
a new peak appears at 1720 cm−1, corresponding to the
formation of urethane. Curve b (Fig. 3) corresponds to
the reacted sample after washing it with toluene (to re-
move unreacted MDI) and further evaporation of the sol-
vent. The large reduction in the isocyanate absorption

peak indicates that MDI was removed, although not com-
pletely (the NCO group gives a strong peak in FTIR). On
the other hand, there is no reduction of the 1720 cm−1

peak, since urethane groups are not removed by washing
and remain attached to the cellulose crystals. These ob-
servations confirm that the MDI prepolymer reacts with
the cellulose.

The reduction of the peak intensity corresponding to
the OH groups (3500 cm−1) is particularly significant.
Since the OH groups participate in the reaction to form
the urethane groups, the OH absorption-peak practically
disappear at the end of the reaction. This is of fundamen-
tal importance to further understand the behavior of the
cured samples. Because cellulose crystals can strongly
interact through H-bonding, the disappearance of the OH
groups reduces direct filler–filler interaction, and this has
profound effects on the final material behavior, as it will
be discussed later.

C. Characterization of the unreacted
liquid suspensions

The rheological characterization of the liquid suspen-
sions made from the polyols and MDI prepolymer with
and without hydrolyzed cellulose crystals is summarized
in Fig. 4. The measurements were carried out in the linear
viscoelastic range, using small strains. Figure 4(a) shows
the dynamic viscosity of the samples plotted as a func-
tion of the frequency for different crystal concentrations.
The gelation time for these samples at room temperature
was longer than 2 h. Consequently, any changes in the
viscosity related to the sample reaction during the fre-
quency sweep tests can be neglected. A confirmation of
this statement is given by the lower curve of Fig. 4(a),
which corresponds to the neat liquid sample. As shown,

FIG. 2. Atomic force microscopy of hydrolyzed cellulose crystals.

FIG. 3. FTIR spectra of hydrolized cellulose before and after reaction
with MDI prepolymer: (a) hydrolyzed cellulose, (b) MDI reacted HC
sample after washing it with toluene, and (c) MDI reacted HC.
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the sample behaves as a Newtonian liquid and the vis-
cosity remains constant during the duration of the test.

Figure 4(a) shows that the addition of a small amount
of cellulose crystals (5 wt%) was sufficient to increase
the low-frequency viscosity to a value about 6100 times
higher than that of the neat mixture and 20 times higher
if the high frequency range is considered. This is a clear

indication of the non-Newtonian behavior introduced by
the presence of the crystals. At about 0.5–1 wt% cellu-
lose concentration, the behavior of the liquid suspension
presented a qualitative change as compared to the neat
sample. That is, a Newtonian plateau at low frequencies
and shear thinning at increasing frequencies are ob-
served. Further addition of crystals (2.5, 5 wt%) resulted
in a power law behavior that extended over the entire
range of frequencies studied.

The plateau developed at intermediate concentrations
(around 0.5–1 wt%) has been ascribed to the structure
formed by the crystals due to interparticle interactions.
These interactions present a high resistance to flow and
are the reason for the frequency independence observed.
At higher frequencies, the structure breaks down into
individual crystals (or at least into smaller fragments).
This rheological behavior is not new for particle suspen-
sions literature.33–35 Similar observations have been re-
ported in the literature for years, in studies of liquid
rubbers (unreacted systems) filled with carbon black or
silicas. In both cases, a qualitative change was observed
between 20 and 40 wt% (around 15–30% by volume).35

Although the individual particles of these fillers may be
very small (10–30 nm), they are present in the rubber as
partially fused aggregates close to micron size.

Many simple models for describing the viscosity of
particle suspensions have been derived from Einstein
equation. They only consider the volume concentration
of the particles, and their aspect ratio for the case of
non-spherical particles.36 These models take into account
the hydrodynamic effects of the particles on the flow
field and the result is a modest increase of viscosity with
filler concentration. Some models are formulated to pre-
dict an infinite viscosity of the suspension at the maxi-
mum packing of the particles,37 which is experimentally
found to be 0.6–0.7 volume fraction for spheres (hard
sphere models). Instead, if the particles have irregular
forms the maximum packing is reduced, and in the case
of rods with an aspect ratio of 27 the maximum packing
drops to 0.18 according to Metzner.38

One of the equations that take into account the aspect
ratio of the particles is shown below36,39:

�

��

= 1 + 0.67 �f f + 1.62 �f
2 f 2 , (1)

where � is the viscosity of the suspension, �m is the
viscosity of the suspending media, � is the volume frac-
tion of the particles, and f is the aspect ratio.

The results of the predicted and experimental viscosi-
ties for the suspensions (expressed as �/�m) at low fre-
quencies are presented in Table I. Comparison of the
values shows clearly that the experimental behavior can-
not be explained by the simple hydrodynamic effect of
the particles in the liquid media. Even considering

FIG. 4. Rheological behavior of unreacted liquid mixtures of the poly-
ols and MDI prepolymer with and without hydrolyzed cellulose crys-
tals: (a) dynamic viscosity versus frequency, (b) storage modulus (G�)
versus frequency, (c) Van Gurp–Palmen plot.
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artificial aspect ratios as large as 100, the prediction is
orders of magnitude below the measured value.

The actual experimental results are more consistent
with a system of percolating cellulose crystals in the
liquid polymer precursors. This observation is in good
agreement with the findings of other authors that have
worked with cellulose whiskers.18,21

On the other hand, the shear thinning behavior ob-
served at high frequencies or covering the entire range of
frequencies for the highly concentrated samples is the
result of the alignment of the crystals under flow, as it
has been described for cellulose aqueous suspen-
sions.11,33

The material response can also be presented as the
storage modulus of the suspension G� versus the fre-
quency [Fig. 4(b)]. Again, the largest differences be-
tween the different curves occur in the low-frequency
range. In particular, the storage modulus of the neat
sample was below the resolution of the equipment, since
the neat sample behaved as a Newtonian liquid. Conse-
quently, the corresponding G� value was essentially zero.
On the other hand, the storage modulus of the suspen-
sions increased with increasing crystal concentration,
while the sample containing 1 wt% crystals showed an
equilibrium plateau at low frequencies. Moreover,
samples containing 2.5 and 5 wt% crystals showed a
behavior similar to that of a rubber of low crosslinking
density, indicating that extensive contact between the
crystals occurs at these concentrations. Clearly, a quali-
tative change occurred with increasing crystal concentra-
tion, from a Newtonian liquid to a viscoelastic liquid to
a viscoelastic solid. Thus, at a frequency of 1 rad/s, a
2800-fold increment in modulus resulted from increasing
crystal concentration from 0.25 to 5 wt%, indicative of
the formation of a structure in the liquid, due to a per-
vading network of crystals.

The above results indicate that large scale relaxations
in the crystal-filled suspension are restrained by the pres-
ence of cellulose particles. A filler network is formed,
which interferes with long-range motions of polymer
chains (polyols and MDI prepolymer).40 At high fre-
quencies, the effect of the filler on the rheological be-
havior is comparatively weaker, as it also occurred with
the dynamic viscosity. This phenomenon has been ob-
served for other polymeric filled suspensions where the
short length dynamics is approximately unchanged,
while the terminal behavior is strongly modified.41

Finally, the results can also be analyzed using a van
Gurp–Palmen plot,42 in which the phase angle � is plot-
ted against the complex dynamic modulus, G*
[Fig. 4(c)]. The neat sample, which exhibits Newtonian
liquid behavior, is expected to be completely out of phase
with respect to the sinusoidal strain input (� � 90°). For
the remaining samples, viscoelastic behavior is observed,
in which the phase angle is nearly 90° at high frequencies
but decreases at lower frequencies. The curve corre-
sponding to the 1 wt% suspension shows a large curva-
ture. By a simple extrapolation of the data, a non-zero G*
value is reached at a phase angle of 0° (solid-like behav-
ior). This kind of plot does not clearly distinguish be-
tween liquid viscoelastic and solid viscoelastic behavior,
but it offers a rapid means of identifying the range of
concentrations around which this change occurs.

Moreover, the experimental data for the equilibrium
modulus of the filled liquid mixtures at low frequencies
(unbroken crystals structure) was modeled as a function
of the crystals concentration according to a percolation
expression as follows41,43,44:

G� � �m − mcG��
	G , (2)

where m is the weight percent of crystals, mcG is m at the
threshold, and 	G� is an exponent, and the equation can
be applied only near the percolation threshold.

The experimental data measured at a low frequency
(1 rad/s) were fitted to Eq. (2), leaving as adjustable

TABLE I. Predicted [according to Eq. (1)] and experimental viscosities allow frequencies of hydrolyzed cellulose–liquid prepolymer suspensions.

HC wt% 0 0.25 0.5 1 2.5 5
Volumetric fraction, � 0.00 0.0016 0.0033 0.0066 0.0165 0.0333
�/��, experimental 1.00 5.2676 19.823 82.188 1337.7 5952.2
�/��, predicted, f � 10 1.00 1.011 1.024 1.051 1.154 1.402
�/��, predicted, f � 20 1.00 1.024 1.051 1.116 1.397 2.162
�/��, f � 100 1.00 1.153 1.393 2.136 6.506 21.15

FIG. 5. Storage modulus (G�) versus cellulose weight percent behav-
ior, fitted using the percolation model [Eq. (2)].
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parameters the concentration at the threshold mcG and the
exponent, 	G�. As shown in Fig. 5, the experimental data
are well modeled by the equation, from which a critical
concentration of 0.88 wt% is determined. The value also
lies in the range of concentrations for which the qualita-
tive change in suspension behavior was observed. The
experimental data are well fitted with an exponent of
1.25 ± 0.07.43–45

D. Cured materials

Composite films (100 �m thickness) prepared with up
to 4 wt% of cellulose crystals retained the transparency
observed in the neat samples. However, all cured films
acquired a yellowish hue from the use of the MDI pre-
polymer, which has a dark brown color.

1. Morphology of the composite films

Film samples filled with different concentrations of
cellulose crystals were fractured at liquid N2 tempera-
ture. Figure 6(a) shows that the fracture surface of the

neat matrix is completely featureless, as expected for a
monolithic homogeneous material. In contrast, Fig. 6(b)
shows the fracture surface of a sample with 0.25 wt% of
crystals, and the appearance is qualitatively different.
The surface is rougher, indicating increased energy dis-
sipation during fracture. The advancing crack must
change path (deflection) because of the presence of the
rigid filler material, in this case, the cellulose crystals.
The higher the crystal concentration, the greater the den-
sity of crack deflection sites, producing smaller and
denser ripples and ridges [Figs. 6(c)–6(e)].

The parabolic markings observed in Fig. 7(a) produced
a fish-scale appearance in the composite fracture sur-
faces, but not in the neat sample. These features have
been reported previously in cross-linked thermosets and
also in linear polymers.46–49 These types of markings
appear because secondary cracks are generated in a re-
gion of high stress located in the path of the primary
crack. When the velocities of the primary and secondary
cracks are equal, a parabolic crack shape results. Stress
concentrations occur because of the presence of “defects”

FIG. 6. Scanning electron microscopy of low temperature fractured surfaces of composites prepared with different HC content (wt%).
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in the material, such as entrapped gas bubbles, impuri-
ties, etc. In the present case, the number of parabolic
markings increased with increasing crystal concentration.
Figure 7(b) shows that near the vertex of one of these
parabolic features, there is a point-like feature, assumed
to be the cross-section of a crystal located in the path of
the advancing crack. Figure 7(c) shows a marking from
an angle, illustrating that these features are located in a
different plane than the primary crack.49 Cottrell50 has
noted rather early that the density of parabolic markings
is correlated with the energy consumed and thus, with
fracture toughness. This may also have a positive effect
on the tearing properties of the composite elastomers.

Regarding the appearance of the crystals in the fracture
surface, there has been a recent report on cryo-fractured
surfaces of nanocomposites containing tunicin cellulose
whiskers.33 As in our study, the filled films appear con-
taining white dots, which were ascribed, as in our case, to
the transversal sections of the cellulose crystals. More-
over, the observation of our materials, shows that the dots
in Fig. 7 appear well distributed and separated, which is
a confirmation of the success in preparing composite
polyurethane films by casting from DMF solution/
suspension.

2. Thermomechanical characterization of the
composite films

The temperature position of the main relaxation proc-
ess associated with the glass–rubber transition of the
polymeric matrix is denoted T�. This temperature is re-
lated to the Tg of the matrix and to the drop of the storage
modulus (in a temperature scan), known as mechanical
coupling effect.33 The � transition of the PU samples was
wide, and this was direct result of the use of a polyol
mixture for the production of the films. Despite this in-
convenience in the analysis, it was observed that the
values of T� increased with increasing cellulose crystal
concentration, from ∼30 °C for the neat PU film to 46 °C
for the 2.5 wt% cellulose-filled sample. This constitutes
a substantial shift, a phenomenon that has not been re-
ported in other cellulose-filled systems. Moreover, stud-
ies in which nanofillers/nanoreinforcements with high
surface/volume ratio have been utilized have not pro-
duced noticeable shifts in Tg or in T� values.19,21

To confirm the observed trend, plaques (3 mm thick)
were prepared using only the multifunctional polyol in
the formulation (the excess of isocyanate/OH groups was
maintained at 1.3). DMA analysis was performed on
samples under three-point bending mode. The tan �
curves obtained for the neat resin and the 5 wt% samples
are shown in Fig. 8. The use of a single polyol in the
formulation resulted in a narrower temperature interval
for the � transition. However, the same trend was ob-
served, i.e., the addition of only 5 wt% cellulose crystals
produced a shift in the position of the tan � peak toward

FIG. 7. Detail of parabolic markings in fractured surfaces: (a) 1500×,
(b) detail, 12000×, and (c) detail from an angle.
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higher temperatures, from 56 °C (neat PU film) to
63.5 °C (filled film). The Tg for this formulation could be
easily measured by DSC, too. Figure 9 shows the DSC
thermograms corresponding to the same materials as in
Fig. 8. There is an effective shift toward higher tempera-
tures in the glass–rubber transition caused by addition of
5 wt% cellulose nanocrystals. Besides, the neat material
exhibit some aging in the first DSC scan that was not
apparent in the nanocomposite sample. This effect may
be related to different free volume contributions and dis-
tributions in the two different samples. The effect is cur-
rently studied by positron anihilation techniques and will
be the subject of future publications.

As noted above, large changes in Tg or in T� with the
addition of cellulose whiskers in different matrices have
not been reported.19,21 Evidently, the sole presence of a
high surface area nano-reinforcement cannot explain the
present observation. As mentioned already in the discus-
sion of filler-polymer interactions, a reaction takes place

between the crystals and the MDI prepolymer, increasing
the crosslinking density of the PU above the value cor-
responding to the unfilled PU films. The cellulose crys-
tals act as multifunctional crosslinkers, and this reduces
the mobility of the matrix and causes the large increment
in Tg and the related increment in T�.

3. Tensile behavior of the films

Films prepared from the polyol mixture and different
concentrations of cellulose crystals were tested under
tension. All tensile tests were performed at room tem-
perature, that is, below the T� of the materials. Variations
due to the temperature dependence of the modulus of the
materials were assumed to be negligible in the analysis of
the results.

The elongation-to-failure decreased with increasing
additions of cellulose crystals (Table II). Meincke et al.42

reported similar behavior for carbon nanotube/carbon
black-polyamide-6 and derivative blends, although in
their case, the decrease in ductility was more dramatic. In
the present study, the behavior of the filled PU remained
similar to that of a hard rubber (26% ultimate strain for
the 5 wt% sample).

The Young’s moduli of the materials were calculated
from the initial linear region of the stress–strain curves
and are plotted in Fig. 10. The sample modulus increased
with increasing filler content. The addition of 5 wt%

TABLE II. Tensile behavior of hydrolyzed cellulose (HC)–
polyurethane composites.

HC (wt%)
Tensile modulus

(MPa)
Yield stress

(MPa)
Deformation at yield

(mm/mm)

0 41.16 ± 14.10 14.05 ± 1.39 0.55 ± 0.06
0.5 63.85 ± 3.00 11.47 ± 0.64 0.31 ± 0.03
1.0 61.99 ± 7.23 7.24 ± 0.24 0.25 ± 0.02
2.5 83.46 ± 6.52 9.98 ± 1.82 0.27 ± 0.03
5.0 100.28 ± 12.28 8.74 ± 1.16 0.26 ± 0.09

FIG. 9. DSC curves obtained from reinforced and unreinforced
plaques, prepared as in Fig. 8: Neat resin, first scan (middle curve);
Neat resin, second scan (lower curve); 5 wt% composite (upper curve). FIG. 10. Tensile modulus versus HC vol%.

FIG. 8. Tan � versus temperature curves obtained for the neat and the
5 wt% samples (prepared from the multifunctional polyol + MDI).

N.E. Marcovich et al.: Cellulose micro/nanocrystals reinforced polyurethane

J. Mater. Res., Vol. 21, No. 4, Apr 2006878



cellulose nanocrystals, which corresponds to 3.5 vol%,
produced a more than 2-fold increase in the Young
modulus with respect to the neat system (modulus of the
composite / modulus of the unfilled PU � increase factor
� 2.44).

This increase in the modulus of the composites is
rather modest if compared to the increase measured by
other authors using cellulose whiskers, where direct con-
tact and strong interaction between long crystals is pos-
sible. For example, Azizi Samir et al.33 reported an in-
crease of the tensile modulus from 0.81 to 22.3 for an
unsaturated polyester thermoset with the addition of only
6 wt% cellulose whiskers (increase factor � 27.53).

On the other hand, if the improvement in tensile modu-
lus is compared with the effect obtained in traditional
composites, the increase is very large. For example, for
composites prepared with a unsaturated polyester matrix
filled with woodflour (a cellulosic macro filler), the flex-
ural modulus changes from 2.9 GPa for the unfilled ma-
trix to 5.44 GPa (increase factor � 1.8) for a relatively
much higher concentration of 40 wt%.51 Similarly, an
increase factor of 1.9 in tensile modulus was measured
for a polypropylene-woodflour composite also at 40 wt%
of woodflour.52

On the other hand, some nanocomposites obtained
from an unsaturated polyester and montmorillonite
showed an improvement in the tensile modulus corre-
sponding to an increase factor of only 1.18 at 3.5% vol-
ume fraction.53 Notice that at the same volume fraction
of 3.5% (5 wt%), the PU composite films corresponding
to the present study show a factor increase of 2.44. The
same calculation for the PU-cellulose system made at
100 °C, a temperature well above the Tg of the film,
results in a increase factor of 5.65. This observation in-
dicates that the improvement in the modulus of the com-
posites can be ascribed to the effect of the contributed
rigidity of the crystals, as well as the higher crosslinking
density of the matrix.

Although simple models are available in the literature
that correlate the modulus of the composites with the
concentration of fillers/reinforcements,54 none of them
are directly applicable to the present system. As ex-
plained in the previous section, a reaction occurs between
the bulk polyurethane and the cellulose crystals through
the MDI molecules. As a result, there is an increase in the
crosslinking density of the elastomer. Because the effect
of this reaction depends on the cellulose concentration,
each point in Fig. 10 corresponds to a material with a
different matrix modulus. For this reason, a simple equa-
tion that would utilize a constant matrix modulus is un-
suitable for modeling these data. On the other hand, the
curve does not show a step increment at any of the pre-
pared compositions, as expected for a percolating
system. A similar response in the final solid material
has been reported for systems of polyamide and carbon

nanotubes or carbon black.42 Even when extremely large
increments in properties are observed,18,19 there are
no step increment with varying concentration of the
fillers.

Additionally, Bréchet et al.55 reported that the final
properties in solid nanocomposites could vary strongly
with the strength of the filler–filler and filler–matrix in-
teractions. Thus, systems in which the interaction filler–
filler is strong and where fillers can spatially rearrange to
increase interaction exhibit percolation features. For ex-
ample, when particles interacting through hydrogen
bonding are immersed in a liquid suspension or in a melt,
percolation behavior is observed.6,33,34,55 In the present
case, this occurs in the uncured liquid suspensions, where
the crystals can rearrange spatially through a low viscos-
ity medium, and thus a crystal structure can be formed at
rest or broken accordingly to the strains and frequencies
externally imposed.

In contrast, systems exhibiting a strong filler–matrix
interaction show enhancements in mechanical properties,
but below those predicted by percolation models and
without a step increment at any filler concentration. It
appears that the joints between fillers are not produced by
direct contact but occur through the interaction of inter-
mediate polymer chains, as it was already discussed. In
this case, the filler structure formed consist on filler–
polymer–filler connections. Naturally, the modulus of
this combined structure is much lower than that of a
structure formed by direct filler contacts. This is the case
of the cured systems in the present work. Summarizing,
the reaction between the cellulose crystals and the PU
matrix reduces the direct contact and crystal–crystal in-
teraction. Consequently, percolation behavior is not ex-
pected, nor it is observed experimentally.

IV. CONCLUSIONS

Stable suspensions of cellulose nanocrystals in DMF
can be obtained, offering an alternative to the use of
different polymers as potential matrices. The DMF sus-
pensions can be successfully used in the production of
PU composites that are as transparent as the neat PU.

The morphology of the filled films indicates a good
dispersion of the crystals, and the effectiveness of the
casting method. Cryo-fractured surfaces show that higher
energy is consumed in the fracture of the composite
films. It is suggested that this could result in improved
tearing characteristics of these materials.

The rheology of the liquid suspensions indicated a
percolation behavior at a crystal concentration threshold
close to 1 wt%. The shear thinning observed at high
frequencies is characteristic of filled suspensions and can
be a positive feature for processing at low viscosities.

Cellulose crystals become chemically bonded to the
matrix during curing, through the reaction of the OH
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groups in the crystals and the isocyanate prepolymer.
This reaction leads to the increase in the Tg of the PU
matrix as more crystals are added.

Cellulose crystals can significantly increase the tensile
modulus of the PU films at very small filler loadings (i.e.,
0.5–5 wt%). Due to the strong filler–matrix reaction,
there is no filler percolation in the cured films, but an
increase in the crosslinking density of the PU matrix.
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54. W. Helbert, J.Y. Cavaillé, and A. Dufresne: Thermoplastic
nanocomposites filled with wheat straw cellulose whiskers. Part I:
Processing and mechanical behavior. Polym. Compos. 17, 604
(1996).

55. Y. Bréchet, J.Y. Cavaillé, E. Chabert, L. Chazeau, R. Dendievel,
L. Flandin, and C. Gauthier: Polymer based nanocomposites: Ef-
fect of filler-filler and filler-matrix interactions. Adv. Eng. Mater.
3, 571 (2001).

N.E. Marcovich et al.: Cellulose micro/nanocrystals reinforced polyurethane

J. Mater. Res., Vol. 21, No. 4, Apr 2006 881


	870-881.p1.pdf
	870-881.p2.pdf
	870-881.p3.pdf
	870-881.p4.pdf
	870-881.p5.pdf
	870-881.p6.pdf
	870-881.p7.pdf
	870-881.p8.pdf
	870-881.p9.pdf
	870-881.p10.pdf
	870-881.p11.pdf
	870-881.p12.pdf

