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lonically interacting nanoclay and nanofibrillated
cellulose lead to tough bulk nanocomposites in
compression by forced self-assembly

Hua Jin,*® Anyuan Cao,® Enzheng Shi,P Jani Seitsonen,® Luhui Zhang,®
Robin H. A. Ras,? Lars A. Berglund, Mikael Ankerfors,® Andreas Walther'
and Olli Ikkala*?

Several approaches have recently been shown for self-assembled biomimetic composite films, aiming at
combinations of high toughness, strength, and stiffness. However, it remains challenging to achieve
high toughness using simple processes especially for bulk materials. We demonstrate that ionically
interacting cationic native nanofibrillated cellulose (C-NFC) and anionic nanoclay, i.e. montmorillonite
(MTM), allow local self-assemblies by a simple centrifugation process to achieve 3D bulk materials. The
composite with MTM/C-NFC of 63/37 w/w has a high compressive strain to failure of 37% with distinct
3, and a relatively high
compression strength of 76 MPa. Unlike the conventionally used sequential deposition methods to

plastic deformation behaviour, a high work to fracture of 23.1 MJ m~

achieve well-defined layers for the oppositely charged units as limited to films, the present one-step
method allows quick formation of bulk materials and leads to local self-assemblies, however, having a
considerable amount of nanovoids and defects between them. We suggest that the nanovoids and
defects promote the plastic deformation and toughness. Considering the simple preparation method
and bio-based origin of NFC, we expect that the present tough bulk nanocomposites in compression
have potential in applications for sustainable and environmentally friendly materials in construction and

www.rsc.org/MaterialsB transportation.

Introduction

Materials with high toughness, stiffness, strength, and low
density are of great interest in load-bearing applications, e.g. in
construction and transportation, if they are processable, scal-
able, and economic. This synergistic combination of properties
can potentially be achieved by composite nanostructure
concepts, but has so far been difficult to achieve." However,
nature shows a wide variety of tough lightweight nano-
composite materials having combinations of excellent
mechanical properties, where nacre and bone are classical
examples.”® They are not technologically feasible due to the
complexity of biological systems but suggest routes for biomi-
metic materials science.’®® In tough biocomposites, there is a
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common design principle consisting of hierarchical self-
assemblies of high weight fraction of aligned inorganic or
organic reinforcing nanoscale domains promoting stiffness,
and soft organic domains enable fracture energy dissipation to
suppress catastrophic crack propagation in deformation.” The
soft domains contribute to a complex combination of mecha-
nisms, e.g., interdomain slippages and reinforcement pull-out,
weak links, sacrificial bonds, deformation of macromolecular
conformations, and hidden length scales.**® Nacre is
comprised of more than 90% of inorganic aragonite platelets
separated by thin layers of organic matter. Its toughness is
about three orders of magnitude higher than that of pure
aragonite.> Bone has a more complex hierarchical structure, in
which there is ca. 65% hydroxyapatite with 25% collagen fibrils
and 10% water.” However, the fraction of different components
varies depending on the species of bone.

Even if understanding the toughening mechanisms of bio-
matter is a considerable scientific challenge as such,**® the
already elucidated features suggest routes for man-made
biomimetic tough materials. Since the biological materials
cannot be scaled for technologies due to their complicated
biosynthesis, a range of biomimetic materials have been
demonstrated incorporating the above mentioned biological
concepts: at the simplest level, e.g. nacre-mimetic composites
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Scheme of the process to prepare tough biocomposites from cationic nanofibrillated cellulose (C-NFC) and montmorillonite (MTM). (A) 2 wt% suspension of

MTM. (B) 0.23 wt% hydrogel of C-NFC with surface groups of N-(2,3-epoxypropyl)trimethylammonium. (C) The aqueous MTM and C-NFC suspensions mixed. (D)
Composite material after forced packing by centrifugation and drying. (E) Cryo-TEM image for the case (C) showing that the MTM platelets are coated with C-NFC. (F)
Cross-sectional TEM image of (D) showing local self-assembled domains with no overall common alignment. (G) Higher magnification TEM shows one self-assembled

domain with nanovoids or defects.

could be constructed by applying alternating layers of inorganic
reinforcing nanosheets and soft energy dissipating polymeric
layers. Several approaches have been provided based on layer-
by-layer deposition, sequential spin coatings, ice-templating
and sintering, and self-assembly of polymer-coated reinforcing
nano-objects.’*** Faithful mimicking of bone is more chal-
lenging due to its hierarchical structure, but toughness of bone
from a combination of collagen fibrils and hydroxyapatite**®
may suggest incorporation of mutually interacting deformable
nanofibrils with mineral nanoplatelets.

Here we ask whether concepts and compositions for
promoted toughness under compression in 3D, i.e., bulk spec-
imen can be achieved by incorporating some of the above-
mentioned biomimetic principles. We explore particularly
simple ways by self-assembling ionically interacting cationic
native cellulose nanofibrils (C-NFCs) and negatively charged
inorganic nanoplatelets, i.e., montmorillonite (MTM) to form
bio-based tough bulk nanocomposites using a one-step process.
In particular, we aim to avoid the sequential polyelectrolyte
deposition processes'® which are classically used to assemble
the oppositely charged units to form ordered films and which
are not scalable for bulk specimens. Native nanocelluloses have
recently become topical as they have extraordinary mechanical
properties due to their native crystalline structures, as derived
from the high axial crystal modulus of cellulose I of ca. 140 GPa,
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and due to their sustainability, large scale availability, and
feasible preparation techniques.'”** Native nanocelluloses can
be cleaved from wood or plant cell walls to form hydrogels,
importantly avoiding a complete dissolution into molecular
cellulose chains, and have diameters in the range of ten nano-
metres or less. Two main classes exist: short rod-like nano-
crystals and long, coiled and entangled nanofibrillated cellulose
(NFC), also denoted as microfibrillated cellulose.'”

NFC allows the preparation of various functional materials
and composites.>**® Here we use NFC, as the high aspect ratio
was expected to promote the mechanical properties as sug-
gested by the long collagen fibres in bone. So far, MTM has
extensively been used in conventional nanocomposites by
mixing them into a polymer matrix."*** Recently, hybrid
nanopapers of MTM with slightly anionically charged NFC were
prepared by filtration, which, however, did not show high
toughness or reinforcement effects obviously due to poor
interaction between MTM and NFC.**** This encouraged us to
incorporate ionic interaction in this work. Cationic NFC has
also been shown to allow exfoliation of MTM.*® Here we show
that simple centrifugation processes allow bulk (3D) compos-
ites of C-NFC/MTM with local domains of self-assemblies, and
specific tough compositions are identified with high strain to
failure, compressive strength, high work to fracture, and low
density.

This journal is © The Royal Society of Chemistry 2013
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Results and discussion

Fig. 1 shows a scheme for the preparation. Firstly, C-NFC and
MTM were separately dispersed in water (see Methods), which
led to essentially clear suspensions. Thereafter the two disper-
sions were mixed at relative weight fractions MTM/C-NFC 91/9,
81/19,63/37,and 50/50 w/w. We selected a high weight fraction of
the inorganic component owing to biomimetic design principles
suggesting high levels of reinforcement. The resulting mixtures
showed increased turbidity (Fig. 2B) due to the formation of large
colloidal complexes as the oppositely charged C-NFC can bridge
several MTM nanoplatelets to form ionically bound networks.
Fig. 1E shows a MTM platelet having lateral dimensions of ca.
300 nm as covered by C-NFC fibrils and two C-NFC bundles.
Typically, floc-like aggregates would be regarded to be detri-
mental to achieve well-defined self-assemblies and long-range
order in the final compositions due to packing frustrations
caused by aggregates. But interestingly, upon forced packing by
centrifugation followed by drying, one obtains local self-assem-
blies, shown in Fig. 1G for the MTM/C-NFC 63/37 w/w. Even if
Fig. 1G shows domains of locally aligned self-assemblies, the
periodicity is not exactly defined, being in the range of 5-10 nm.
C-NFCs have diameters in the same range as deduced from the
cryo-TEM image in Fig. 1E. Note that a single exfoliated MTM has
a thickness of ca. 1 nm."®"* A loose intercalation of the C-NFC
leads to nanovoids between the nanoplatelets and defect
domains are observed between the self-assembled domains.
Fig. 1F shows the structure at a larger length scale for MTM/C-
NFC 63/37 w/w: in the range of tens of nm, layered domains are
observed, while in the range of hundreds of nm, the structure
becomes anisotropic, as there is no coordinated alignment
between the domains. The density of MTM/C-NFC 63/37 w/w is
2.17 g cm™>. This suggests an overall porosity in the range of 4%,
taken the nominal densities of C-NFC of 1.5 g cm™~* and MTM of
2.7 g cm >, Note that the dense set of defects and porosity may
play an important role in the pronounced toughness, as it has
been shown that a dense set of defects can provide deflected
pathways for crack propagation in model systems.”

A80T
63/37
601
= 50/50
o
=40}
0
$ 81/19
®»n20f
91/9
0 . . L L ;
0 10 20 30 40 50
Strain (%)
Fig. 2 (A) Compressive stress—strain curves for the MTM/C-NFC of 91/9, 81/19,

63/37, 50/50 w/w. Except for the first one, all of the compositions show distinct
plastic deformation. The composition 63/37 w/w shows the best performance
and is described more closely. (B) The aqueous C-NFC and MTM suspensions
become turbid upon mixing, indicating aggregate formation. (C) SEM image of
composite MTM/C-NFC of 63/37 w/w, indicating “wavyness” of the assembly,
which may also promote toughness.
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Compressive stress-strain measurements are shown in
Fig. 2A. The composition with MTM/C-NFC of 91/9 w/w shows
relatively low strain to failure and strength compared to others
in this work. It demonstrates catastrophic failure in a brittle
manner as the material totally disintegrates into small pieces
under compression as shown in Fig. 3C. However, when more C-
NFC is added to the composite, strain to failure and strength are
increased substantially in a synergistic manner. For the sample
with MTM/C-NFC of 81/19 w/w, the stress—strain curve shows a
plateau for strain >10%, indicating the onset of plastic defor-
mation. Table 1 summarizes the mechanical properties of the
nanocomposites with different compositions. The best
mechanical properties were observed for MTM/C-NFC with 63/
37 w/w where the strain to failure is very high, close to 37% and
the strength and modulus are 75.6 MPa and 512 MPa respec-
tively. The area below the stress-strain curve, i.e. work to frac-
ture, gives a qualitative measure of the toughness, and in the
present case, it is as high as 23.1 MJ m 2. Finally, increasing the
weight fraction of C-NFC for MTM/C-NFC 50/50 w/w leads to
decreased mechanical properties, indicating the composition
63/37 w/w is close to optimal.

We suggest that at high weight fractions of MTM there exists
an insufficient amount of C-NFC to bridge the MTM platelets by
their ionic interactions. Therefore such compositions are weak
and brittle. On the other hand, at too high a fraction of C-NFC,
there is an insufficient amount of reinforcing MTM. Between
these opposite regimes there exists a synergistic composition,
combining high strain and relatively high strength.

In comparison to other bio-based materials, the compressive
mechanical properties regarding strain, strength, and stiffness
in this work are comparable to the composites from clay and
soybean, whereas higher values are reported for some
composites using engineering polymers.**** The present work

Fig. 3 Examples of fractures. (A) Cross-sectional SEM image of cracks from the
composite with MTM/C-NFC of 63/37 w/w showing rough crack surfaces. (B)
MTM/C-NFC 63/37 w/w after compression failure, showing deflected crack path.
(C) Photo of pieces from a composite with MTM/C-NFC of 91/9 w/w after
compression failure, indicating brittleness.
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Table 1 Summary of compressive mechanical properties of the nanocomposites
with different compositions

Composite Compressive Modulus Work to fracture
MTM/C-NFC strength (MPa) (MPa) (MJ m™?)

91/9 wiw 22.3 + 4.8 339 + 25 2.49 + 0.7

81/19 w/w 38.7 £ 12.5 454 £ 35 12.3 £ 0.1

63/37 w/w 75.6 + 1.6 512 + 94 23.1+54

50/50 w/w 64.2 + 7.7 379 £ 40 22.7 £ 2.0

to fracture of 23.1 MJ m ® is surprisingly high due to the
contribution of a high strain to failure of 37%. The biological
material abalone shows in compression a strain to failure of
0.6% without significant plastic deformation, but a very high
strength of 380 MPa and a modulus of 34 GPa. Cortical bone
shows a strain of 1.6% with plastic deformation in compres-
sion, a strength of 260 MPa, and a modulus of 25 GPa.*
Compared to bone and nacre, further optimization needs to be
done to improve the strength and stiffness of the composites
achieved in this work. Regarding biomimetic inorganic-organic
nanocomposites, the ice-templated, sintered, and polymerized
Al,O3;-polymethyl methacrylate hybrid showed a strain of 1.4%,
a strength of 152 MPa, and a modulus of 40 GPa in bending, and
a pronounced plastic deformation.” In tensile mode the
sequentially deposited Al,O;-chitosan assembly showed a
particularly high strain of 25%, a strength of 300 MPa, and a
modulus of 7 GPa, with a highly pronounced plastic zone.*
However, due to the different deformation modes, a direct
quantitative comparison cannot be made for such cases.
Evidence of the toughness is given also upon studying the
fracture of the sample with MTM/C-NFC of 63/37 w/w, see
Fig. 3A and B. The cracks propagate in a deflected and tortuous
way. Finding molecular and structural level origins for the high
toughness is a challenging task, probably requiring multi-scale
modelling in combination with extensive fracture analysis with
in situ observations.*® This is however beyond the scope of this
work, at this point we can only give hypotheses for the high
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Fig.4 Cyclic compressive mechanical properties of the composite with MTM/C-

NFC of 63/37 w/w for 5 cycles using a strain of 5%. The inset shows the devel-
opment of the modulus under consecutive loadings and unloadings.
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toughness. We expect that the ionic interaction between the
MTM and cationized nanocellulose are relevant, akin to the
ionic interactions between minerals and collagen fibres in
one.>®

Cyclic compression results for the synergistic composition of
63/37 w/w are shown in Fig. 4. A relatively low strain of 5% is
applied, which is much less than the maximum strain of nearly
an order of magnitude larger. The figure demonstrates the
hysteresis during cyclic loading, which is a manifestation of the
energy dissipation.*’ It can be seen that in the first cycle, there is
a 0.8% permanent residual strain in the material. The inset
shows the development under consecutive loadings and
unloadings. This also indirectly indicates the resilient
mechanical properties of this composite material.

Conclusions

In summary, in this work, a facile one-step route for a bulk 3D
composite material with particularly high compressive strain to
failure, distinct plastic deformation and high toughness was
demonstrated from forced assembly of cationic cellulose
nanofibrils and anionic nanoclay by centrifugation. This is
encouraging, since the realization of load-bearing tough struc-
tural nanocomposites in bulk form is an important challenge in
materials science. The optimal composition MTM/C-NFC of 63/
37 w/w showed a high strain to failure of 37%, a strength of 76
MPa, and a high work to fracture of 23.1 MJ m* under
compression. Considering the simple preparation methods,
potentially low cost, and bio-based origin of C-NFC, the
composites have potentials for applications in construction and
transportation.

Methods

The C-NFC was supplied by Innventia AB (Sweden). It is a semi-
transparent hydrogel with N-(2,3-epoxypropyl)trimethylammo-
nium functionalities on the surface. The degree of substitution
is 0.089, i.e. the total charge is 509.2 microeq. per g. Its aqueous
suspension of concentration 0.23 wt% was used in this work.
NFC fibrils have diameters in the range of 5-10 nm, their length
is in the range of micrometers, and they form entangled
networks.”® MTM is an aluminosilicate clay named Bentonite
from Sigma-Aldrich (CAS 1302-78-9 from Batch 067K0043). The
platelets have a lateral dimension up to 1 ym and MTM nano-
platelets are known to have a thickness of ca. 1 nm."**° A 2 wt%
MTM suspension in water was prepared and mixed by magnetic
stirring at 400 rpm for 24 h. C-NFC hydrogel was added to MTM
suspension drop by drop to obtain MTM/C-NFC ratios of 91/9,
81/19, 63/37, and 50/50 w/w. The colloidal mixture of MTM and
C-NFC was then mixed by an Ultraturrax mixer at 10 000 rpm for
1-2 min. The suspension with MTM and NFC was transferred to
a 5 ml centrifugation tube. Centrifugation was done at 4000 rpm
for 5 min. In order to obtain sufficiently thick 3D samples, a
further amount of suspension of the mixture was added to the
centrifugation tube after removing water on top. This was
repeated 2 or 3 times. Thereafter the samples were dried at 60 °C
for 2 days.

This journal is © The Royal Society of Chemistry 2013
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SEM images were taken using Hitachi S 4800 and JEOL (JSM
7500 A) field emission microscopes. A thin layer of Au was
sputtered onto the samples before imaging. TEM images were
obtained by a JEOL JEM-3200FSC cryo-TEM. Ultrathin sections
were microtomed using a LEICA 125 Ultracut. Mechanical tests
were carried out by Instron 5843 with 1 kN load cells using a
strain rate of 1 mm min . At least 5 samples were tested in
compression for each composition. The variations are shown in
Table 1. The average results in the table were based on at least 3
samples. The composition MTM/C-NFC of 63/37 w/w was
characterized in more depth due to its close to optimal prop-
erties. During the cyclic compression test, it was compressed 5
times with a setting strain of 5%. Humidity during mechanical
measurement was 20-31% as an average from the measurement
room. The density of the sample with a composition of MTM/C-
NFC of 63/37 w/w was 2.17 g cm ™ °.
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