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Nanocomposites, reinforced by different types of cellulose fibrils, have gained increased interest the last
years due to the promising mechanical properties. There is a lack of knowledge about the mechanical
properties of the cellulose fibrils, and their contribution to the often claimed potential of the impressive
mechanical performance of the nanocomposites. This paper investigates the contribution from different
types of cellulose nanofibril to the overall elastic properties of composites. A multiscale model is pro-
posed, that allows back-calculation of the elastic properties of the fibril from the macroscopic elastic
properties of the composites. The different types of fibrils used were nanofibrillated cellulose from wood,
bacterial cellulose nano-whiskers and microcrystalline cellulose. Based on the overall properties of the
composite with an unaged polylactide matrix, the effective longitudinal Young’s modulus of the fibrils
was estimated to 65 GPa for the nanofibrillated cellulose, 61 GPa for the nano whiskers and only
38 GPa for the microcrystalline cellulose. The ranking and absolute values are in accordance with other
studies on nanoscale morphology and stiffness estimates. Electron microscopy revealed that in the
melt-processed cellulose nanofibril reinforced thermoplastics, the fibrils tended to agglomerate and form
micrometer scale platelets, effectively forming a microcomposite and not a nanocomposite. This disper-
sion effect has to be addressed when developing models describing the structure-property relations for
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cellulose nanofibril composites.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The majority of composites available today are made of petro-
leum-based polymers together with synthetic reinforcement fi-
bers, e.g. carbon fiber, aramid fiber or glass fiber. However, the
demand of renewable and biodegradable materials is rapidly
increasing as the costumers get more aware of the environment.
The focus of environmentally friendly composites has led to inves-
tigations of alternative constituents for composites. Example of
renewable composites could be polylactide (PLA), poly hydroxybu-
tyrate (PHB) or acid cellulose esters reinforced by natural fibers
such as wood fibers or flax fibers (Oksman et al., 2003; Wong
et al.,, 2004; Pilla et al., 2009). Such natural cellulose fibers typically
have a diameter of 20 pm or more, and a length in the mm range.
Prompted by the impressive property improvements of nanosized
reinforcement, such as carbon nanotubes (e.g. Thostenson et al.
(2001)) and exfoliated nanoclay (e.g. Lau et al. (2006)), there is cur-
rently a growing interest in renewable cellulose nanofibre rein-
forcement in composite materials. In particular for soft polymers
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matrix materials, e.g. in the rubbery state, considerable stiffness in-
creases can be observed for small amounts of nanosized reinforce-
ment compared with corresponding effects for microscale
reinforcements (Papon et al., 2012). With a well-dispersed nano-
composite combining hard fillers and a soft binder, excellent
mechanical properties can be achieved, which is also the case for
nacre, bone and other biomaterials found in nature (Walther
et al, 2010). In comparison to e.g. carbon nanotubes (Dzenis,
2008), cellulose nanofibrils have a functional surface, available
for surface modifications to control the fibril-matrix interface
and the dispersion of the fibrils in the polymer (Lénnberg et al.,
2008). The abundance of hydroxyl groups on the surface cellulose
fibrils facilitates interaction with polar matrix systems, and forma-
tion of a stiffening network (Rusli and Eichhorn, 2008). Examples of
nanoscale cellulose reinforcement are nanofibrillated cellulose
(NFC) and bacterial cellulose nano-whiskers (BC) (Sir6 and
Plackett, 2010). Natural cellulose is often present as fibrils (bundles
of aligned cellulose molecules) with a width of 10-20 nm and a
length of several pum. These fibrils in turn are assembled into larger
structures, e.g. plant fibers. By chemomechanical treatment of
wood fibers it is possible to liberate the fibrils into so called nano-
fibrillated cellulose (NFC) (Pddkké et al., 2007). The terminology for
these fibrils with nanoscale lateral dimensions is still not consoli-
dated as pointed out by Chinga-Carrasco (2011). Microfibrillated
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cellulose (MFC) refers to nanofibrils produced by fibrillation of
wood pulp fibers and separation of the cell-wall microfibrils. NFC
is used in this work to denote the all types of fibrils made from
wood pulp. Another example of nanoscale cellulose reinforcement
is bacterial cellulose nano-whiskers (BC) which are produced by a
the bacteria Acetobacter xylimum, and can be found as one of the
constituents in the Asian confectionary Nata-de-coco (Budhiono
et al.,, 1999). These nano-whiskers have attracted attention due
to its mechanical properties and ability to be used as reinforcement
in polymers (Iguchi et al., 2000). Essentially, most research activi-
ties have been focused on the important and challenging tasks to
manufacture cellulose-based nanocomposites with well-dispersed
fibrils. Few studies have investigated the contribution of the poten-
tially stiff nanofibrils to the stiffness of the macroscopic composite
material. A deeper understanding of the reinforcing mechanisms
could contribute to the development of improved mechanical per-
formance of cellulose nanocomposites. The purpose of the present
study is to use a suitable micromechanical model to determine the
effective contribution of nanocellulose fibrils to the stiffness of the
composite. Composite materials with cellulose contents of 10 wt%
have been produced. Three different reinforcing elements were
used: microcrystalline cellulose (MCC), bacterial cellulose nano
whiskers (BC) or nanofibrillated cellulose (NFC). The fibrils were
embedded in a matrix of poly(lactic acid), PLA, a renewable
semi-crystalline thermoplastic. Effects of fibril type, degree of crys-
tallinity of the polymer matrix and reinforcement dispersion are
discussed.

2. Modelling

A mixed analytical-experimental method is proposed to deter-
mine the effective reinforcement stiffness from the composite stiff-
ness. The model includes several parameters, e.g. inclusion shape,
inclusion volume fraction, inclusion orientation distribution, elas-
tic properties of the composite and elastic properties of the sur-
rounding matrix and of the inclusions. The structure of the
material is based on observed morphologies at high magnification
using field-emission scanning electron microscopy. An example is
shown in Fig. 1, in addition to micrographs presented in the results
section below.

The multiscalar model presented in this paper relates the in-
plane isotropic elastic properties of a composite based and the
elastic properties of the nanoscale constituents. The model is com-
posed of three dimensional laminate theory (Whitcomb and Noh,
2000), micromechanical model for statistically isotropic compos-
ites with arbitrary internal phase geometry by Hashin (1983) and
a self-consistent Mori-Tanaka model (Mori and Tanaka, 1973). A
schematic illustration of the working process is given in Fig. 2,
showing how the elastic properties of the nano and microscale

Semicrystalline
PLA matrix

Fibril agglomerate

Fig. 1. Cross section of one of the composites reinforced by BC. The image shows a
platelet of agglomerated BC imbedded in the matrix.

constituents are homogenized to determine the elastic properties
of the macroscopic composite.

STEP I. The Young’s modulus of a semicrystalline thermoplastic,
consisting of crystallites embedded in the matrix in the amorphous
state, can be expressed in terms of the elastic properties of the
crystalline inclusions (i.e. Em¢, Gme Vmc), the isotropic constants
of the amorphous matrix (Ey 2, Gma, Vm.a), the volume fraction of
the crystallites, Vi, ., and the volume fraction of the amorphous
matrix materials, Vi, ,. Any of the conventional elastic parameters
for isotropic materials, i.e. Young’s modulus, shear modulus, Pois-
son ratio and bulk modulus, can be expressed in terms of two other
elastic parameters. Here, Hashin’s micromechanical model for sta-
tistically isotropic composites with arbitrary internal phase geom-
etry was used (Hashin, 1983) to express the properties of the
semicrystalline thermoplastic. The model can also be used for par-
ticle reinforced composite materials. An exact solution of the mod-
uli for such a material is not available, but relatively close upper
and lower bounds for the moduli are given. For the bulk modulus
of the semicrystalline matrix, Ky, the bounds are given by

Koy = K (1)
Ko —Kma | 3Kma + 4Gma
and
K = Kmc + Vina 2)
: 1 3V

+
Km,a - Km,c 3Km,c + 4Gm,c
where Ky, and K, , are the bulk moduli for the crystalline inclu-
sions and amorphous matrix, respectively. For the shear modulus,
the bounds are given by
Vm.c

Gm(*) = Gm,a + l + 6Vm,a(1(m,a + ZGm,a) (3)
Cme — Gma | 5Gma(3Kma + 4Gnma)
Vina
G = Cme + — 6Vme (K + 2Gme) @
GCma — Gome | 5Gmc(3Kme + 4Gme)

where G, and Gy, , are the shear moduli for the crystalline inclu-
sions and amorphous matrix, respectively.

By taking the average of the upper and lower bounds of the bulk
and shear moduli separately, the elastic parameters of the semi-
crystalline polymer matrix can be estimated:

Koy = Fmi) Koy (5)
2
Gm — Gm(*) + Gm(+) (6)
2
9K
En = 3Km + G ()

When Egs. (1)-(7) are used for semicrystalline polymers where the
inclusions are aggregates of anisotropic crystals, the average isotro-
pic elastic properties of the aggregates have to be determined first.
For slow cooling and limited flow during processing, it can be as-
sumed that the crystalline aggregates are effectively isotropic.
Although the single crystals are anisotropic, the resulting property
of crystalline aggregates is then isotropic, since it is assumed that
the crystallites have a random orientation distribution in space.
The overall isotropic properties of the crystallite aggregate can be
estimated by calculating the Voigt and Reuss shear moduli and bulk
moduli. These results are a theoretical upper and lower limit. By
taking the average of the Voigt and Reuss moduli, an average isotro-
pic Young’s modulus can be estimated (Ravindran et al., 1998). For
an orthotropic material the Voigt shear modulus, Gy, and bulk
modulus, Ky, are given by
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STEP I Homogenization of semicrystalline
polymer matrix

Calculation of the elastic properties of a
matrix containing crystalline aggregates:

Em,ar Em,c - En (Em,a' Em,c)
or

EC(Ep, Em,al Em,c) - EC(EP’ Em)

STEP II Partition of the composite

The flat platelets of fibril aggregate can be
considered as oblate inclusions and a
partition of the composite into fibril
aggregate and matrix can be done:

Ec(Ep Ey) = Ep, Eny

STEP III Partition of the platelets
Division of the platelets of fibrils into
single fibrils:

E,(Ep) - E¢

Em,a

=56

. e

Fig. 2. Schematic illustration of the linked modeling scales, used to relate the stiffness of nanoscale fibrils and that of the macroscopic composite.

Gy = 1 (it + Coa + C3 — Crz — Cos — Cos) 5 (Cas + G+ Cos)
(8)

and

Kv :1(C11 + Cp +C33)+2(C12+C13 + Ca3) 9)

9 9

where C; are elements in the stiffness matrix of the crystallite.
Corresponding expression for the Reuss shear modulus, Gg, and
bulk modulus, Ky, are the following

15
Gr =
. 4(S11 + Sx2 + S33) — 4(S12 + S13 + S23) + 3(Saa + Ss5 + Ses)
(10)
and
Kr 1 (11)

T S11 452 + 55 + 2512 + S13 + S23)

With the averages of the Voigt and Reuss moduli, the effective iso-
tropic Young's modulus of the randomly oriented crystallites to be
calculated by
9KG

Emc = 3K+ C (12)

STEP II. A composite reinforced by small platelets of agglomer-
ated fibrils can be considered as a matrix containing aligned and
significantly oblate spheroids with the axis of revolution perpen-
dicular to the plane of the composite, as depicted in Fig. 3. The se-
vere oblate shape of the fibril aggregates is most likely a result of
the high lateral pressure applied during processing.

Mori-Tanaka effective medium theory can be used to estimate
the stiffness for composites reinforced by ellipsoids with aligned

Ey

B, ‘-- -
Er
Fig. 3. Schematic image of matrix containing the flat platelets of agglomerated

fibrils that can be considered as oblate spheroids lying in the plane of the
composite.

axis of revolution, with prolate or oblate shape. The model
described below has been reformulated by Benveniste (1987) and
define the relation between the overall stiffness of the composite
as a function of the elastic properties of the matrix and inclusions.
The elastic tensor of the composite can be expressed as

Cj = G + VP (Cl — Cid) Ay (13)
where C}}‘ denotes components of the elastic tensor of the matrix
material, C}, are components of the stiffness tensor of the platelets,
VP the volume fraction and Ay; are components of the strain-concen-

tration tensor. In the Mori-Tanaka model, the strain-concentration
tensor can be written

AT = AR N (14)
where A" is the inverse of

By = o + EaSiy (Cf - C7') (15)
and Ny; is the inverse of

Mj = (1 - VP)o; + VPAZ" (16)
The symbol ¢; denotes components of the identity tensor, Sg‘ are
components of the compliance tensor for the isotropic amorphous
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cellulose, and Ej, are components of the Eshelby tensor (Eshelby,
1957). The Eshelby tensor for a transversely isotropic inclusion in
an isotropic matrix depends only on inclusion aspect ratio and the
elastic constants of the matrix. For better accuracy, the model can
be further used in a self-consistent scheme, where the strain-con-
centration tensor and the Eshelby tensor then becomes a function
of the composite properties. Such a procedure is described by Jose-
fsson et al. (2013). With assumptions on the ratios between the
elastic parameters of the inclusions, the self-consistent scheme
can be used to iteratively back-calculate the stiffness of the
inclusion.

STEP 1l1. The stiffness of a platelet consisting of agglomerated fi-
bril can be determined from the stiffness of the single fibrils by
using 3D laminate theory. A 3D laminate theory has been pre-
sented by Whitcomb and Noh (2000), and used by Joffre et al.
(2013) in integral form for composites with an in-plane fiber orien-
tation distribution. Here, the expressions are simplified, in closed
analytical form, for composites with an in-plane random fiber ori-
entation, or more precisely for platelets with an in-plane random
nanofibril orientation. The interaction induced by the fibril-fibril
bonds is not described by assuming fused joints as in a truss net-
work, but rather through the assumption of uniform strain through
the thickness of the envisaged laminate structure. This assumption
is generally made for dense fiber networks, such as well-consoli-
dated paper (e.g. Salmén et al. (1984)). Furthermore, some assump-
tions of the fibril shape and elastic properties have to be made.
High-resolution SEM images showed that the fibrils can be de-
scribed as reasonably straight rods, and the waviness or curl the fi-
brils is neglected. The straight fibrils are assumed to extend from
one side of the platelets to the other. They are also assumed to
be transversely isotropic, with the main axis in the 1-direction.
The simplified expressions of the components of the elastic tensor
of the platelet, C?, expressed in terms of the components of the

ij?

elastic tensor of the fibril material, ij are:

Ch :C52:%C§1+}1C§2 +%C£2 +%C26*§ . (17)

C?2:%C§1+%C§2 +;C22;CE6+;<C§2C§;£3)2 (18)

ch, = CL, (19)

=0 = %C% + %C; (20)

== 2 o)
44+ Css

g, =0 e 22)

With these expressions, the contributing fibril stiffness can be iden-
tified from the platelet stiffness.

3. Experimental procedures
3.1. Materials

Nanofibrillated cellulose (NFC) was prepared from commer-
cially available bleached sulphite pulp (Super aceta, Borregaard),
as described by Pddkko et al. (2007). The bleached fibers are first
enzymatically treated to loosen the cell wall and thereafter passed
through a high-pressure fluidizer (Microfluidizer M-110EH,

Microfluidics Corp., USA) in order to liberate the NFC. The consis-
tency of the NFC slurry was in this study about 2-3 wt%. As has
been described elsewhere (e.g. Pddkko et al., 2007), the typical
diameter of the produced NFC will be between 5 and 30 nm and
the length above 1 um. The microcrystalline cellulose (MCC) used
was purchased from Aldrich (product code: 310697), and has an
average size 20 um. Before use the MCC was swelled in water over
night. Bacterial cellulose (BC) was extracted from Nata-de-Coco
(Chef's choice food manufacture, Thailand) essentially according
to the recipe of Lee et al. (2011). In this work, 300 g (dry weight)
of BC was washed three times with 3 1 de-ionized water. Washed
BC was thereafter levigated using a laboratory shredder (Waring
LB20EG) followed by treatment with a homogenizer (Polytron PT
10-35 GT). Excess water was removed using centrifugation
(11000g for 15 min). Thereafter the slurry was treated four times
with 1M NaOH at 80 °C for 20 min. After washing to a neutral
pH, a 2.5 I cellulose slurry with a consistency of 0.6% was obtained.
Before manufacturing the composite, the slurry was further
homogenized using a Microfluidizer processor M110 EH (Micro-
fluidics) with 2 passes through 400 pm + 200 pm followed by one
pass through 200 pm + 100 pm. The size of BC fibrils extracted
from Nata-de-Coco is typically about 50 nm in width and several
pm in length, as has been quantified by Lee et al. (2011).

The PLA used in this study was grade 8052D (NatureWorks LLC).
The D isomer content of this quality is stated to be from 3.7 to 4.
PLA granules were further ground into particles (ICO Polymers,
USA) with a size between 15 and 150 pm.

3.2. Composite preparation

The composites were produced using a two-step procedure; in
the first step PLA and cellulose were pre-formed into a puck-
shaped cake, utilizing a wet casting technique that, in the second
step, was compression moulded at slightly above the PLA melting
point to form the final composite sample. The pre-formed cakes
were prepared from accurately weighed cellulose and PLA mixed
together in deionized water to achieve a well-dispersed slurry.
The NFC and BC containing slurries was prepared by directly add-
ing PLA powder to the measured amount of NFC/BC suspension
needed to prepare the pre-formed cake. The PLA was added under
vigorous mixing. The volume of the PLA containing mixture was
then adjusted to 300 ml by adding dH,O under stirring. After the
volume adjustment the slurry was sonicated for three minutes
and thereafter poured into a straight wall glass funnel (@
50 mm), where the bottom of the funnel was covered with a Milli-
pore Durapore filter (catalogue number 04700, 0.65 um DVPP fil-
ter). At the bottom outlet, vacuum was applied to remove water.
As water drained from the funnel, more of the slurry was added
until the full 300 ml had been transferred to the funnel. For slurries
containing MCC, a measured amount of cellulose was transferred
to 300 ml dH,O under sonication to achieve a fine dispersion.
The PLA was carefully added to the MCC solution and sonication
continued for 5 min after which the slurry was poured into the fun-
nel. In all preparations of the pre-formed cakes, the vacuum was
removed when the water level sank to the top of the solid sedi-
ment, after which the samples were carefully moved onto a blot-
ting paper. The samples were thereafter dried in a vacuum oven
at 40 °C overnight followed by drying at 65 °C the following night
in the same oven. The composition of produced pre-formed cakes
was 10 wt% cellulose and 90 wt% PLA. The target weight of a cake
was 4.75 g. After drying, the samples were placed inside a 2.0 mm
thick metal frame. The frame had six holes with a diameter of
52 mm each, ensuring that the samples fit well. The frame was
placed between 1 cm thick steel plates. A covering Teflon film
was placed between the plates and the frame. The assembly was
placed in a heated pressing tool and pressed for 20 min using a dial
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pressure of 150 bars and a temperature of 185 °C. The chosen tem-
perature is well above the melting point of the used PLA,
Tm = 158 °C. Nakagaito et al. (2009) showed that the storage mod-
ulus of composites with high fibril content was not significantly af-
fected by increased temperature up to 250 °C, which indicates that
the fibrils do not degrade at the used temperature. Unlike injection
moulding and extrusion, there was no appreciable flow in the
mould. The disks could then be assumed to be in-plane isotropic,
which was later qualitatively corroborated by microstructural
analysis using scanning electron microscopy.

After pressing the samples were rapidly cooled under main-
tained pressure using water. To study the effect of matrix crystal-
linity, half of the composite samples were annealed (aged) after hot
pressing (65 °C, 2-3 h) by heat treatment in an oven at 95 °C for
20 min.

The produced disks had a diameter of 52 mm and from each
disk three dog-bone specimens were cut using water jet. The sam-
ples were conditioned in a climate chamber at 23 °C and 55% rela-
tive humidity for more than 24 h to assure that equilibrium was
reached before mechanical testing.

3.3. Mechanical testing

Mechanical tests were performed with a tensile machine, Shi-
madzu AGS-X. A video extensometer, TRViewX Shimadzu, was
connected to the tensile machine, which optically measured the
axial strain in the gauge section of the samples. The distance be-
tween the end clamps was 26 mm and the gauge length of the
extensometer was 16 mm. The tensile tests were carried until ulti-
mate failure with a stroke rate of 1 mm/minute, which corresponds
to a strain rate of 6.4 x 10~*s~1. The Young’s modulus was deter-
mined at the initial slope of the linear part of the stress—strain
curve. At this stage, the deformation was linear with no sign of
damage formation or any other inelastic behavior.

3.4. Degree of crystallinity

A double cycle differential scanning calorimetry (DSC), DSC
Q1000 from TA instruments, was performed with a speed of
1 °C/min from 20 to 200 °C.

3.5. Scanning electron microscope

To investigate the dispersion and orientation of the reinforcing
fibrils, scanning electron microscopy was performed. The images
were taken with a cold field emission scanning electron micro-
scope, Hitachi S-4800, at an accelerating voltage of 0.7 kV. The
samples were not coated or altered before imaging.

4. Results and discussion
4.1. Inverse modeling of the elastic properties of the fibrils

From the elastic properties of the macroscopic composites, the
elastic properties of the nanoscale fibrils were estimated with
the described model. The input data used were the in-plane isotro-
pic Young’s modulus of the composite, the isotropic Young’s mod-
ulus of the PLA matrix, volume fraction and some assumption of
the degree of anisotropy of the reinforcing fibrils.

As a consequence of the aging, PLA becomes partly crystalline
(Lim et al., 2008). It is well known that the crystallinity of the
PLA affects the elastic properties of the PLA, and thereby the elastic
properties of the composite (Harris and Lee, 2008). As the crystal-
line phase of PLA is much stiffer than the amorphous PLA, the stiff-
ness of the PLA will increase when the degree of crystallinity

increases. In order to not overestimate the stiffness of the fibrils
from the back-calculation it is essential to take into account the in-
crease in stiffness of the PLA by the increase of crystallinity. The
crystalline content of the PLA was measured by DSC from the first
cycle of the thermal sweep. The degree of crystallinity of the com-
posites was then determined by
AHp, — AH,

1= THwW (23)
where AH,, is the enthalpy of fusion, AH. is the enthalpy of crystal-
lization, H;, is the enthalpy of fusion of a PLA crystal of infinite size,
and w is the weight fraction of PLA. Here, H;,, = 93 ]J/g has been used
(Tsuji and Ikada, 1995; Lim et al., 2008).

The crystallinity obtained from the DSC measurement is the
weight fraction of crystal, but with the assumption of a similar
density of the amorphous and crystalline phases the weight frac-
tion and volume fraction are effectively the same. With the ob-
tained degree of crystallinity, the Young’s modulus of the PLA
matrix can be calculated as described in STEP I for each annealed
sample by using the Hashin model for materials containing parti-
cles, or crystals, with irregular shape, i.e. Egs. (1)-(7). The crystal-
linity is then used as volume fraction of inclusions in the model.
Young’s modulus for the amorphous PLA is taken from the tensile
test of pure amorphous PLA and the Poisson ratio, v, is taken to be
0.35 (Baiardo et al., 2004; Wright-Charlesworth et al., 2005). The
properties of the crystalline PLA is taken from Lin et al. (2010)
where the stiffness tensor for different types of crystalline PLA is
presented. Here it is assumed that the PLA crystals are in the most
stable stereocomplex (sc) form, and the elastic tensor is given by

1675 669 1050 013 0 0
669 1675 1050 —013 0 0
1050 1050 2467 0 0 0O
C: sc—form: GP
(Cy) 013 013 o0 o082 o o [P
0 0 0 0 082 013
0 0 0 0 013 503

With this elastic tensor and the experimentally characterized prop-
erties of the semi-crystalline PLA, the Young’s moduli of the various
PLA matrix materials were calculated and summarized in Table 1.
For the non-aged sample, the PLA was in the amorphous state and
an average Young’s modulus of 3.80 GPa was determined from 6
tensile tests of pure PLA. Surprisingly, the estimated Young's mod-
ulus of the PLA matrix is higher than that of the MCC-reinforced
PLA.

With the calculated elastic properties of the matrix, the contri-
bution to the elastic properties of the composites from fibril plate-
lets can be identified by inverse solving of the self-consistent
scheme. The composite stiffness is a function of the stiffness prop-
erties of the constituents and the volume fraction of fibril aggre-
gates and of the matrix. The volume fraction can be defined by
the weight fraction of the fibrils, Wy, the density of the fibrils, p,
and the density of the composite, p., by

Table 1
The average Young's moduli of the annealed composites and the estimated Young's
moduli of the corresponding PLA matrices.

Reinforcement Composite PLA degree PLA matrix
Young's of crystallinity [%] Young's
modulus [GPa] modulus [GPa]

10 wt% MCC (aged)  4.30 40.4 488

10 wt% BC (aged) 463 30.9 4.60

10 wt% NFC (aged)  4.69 326 4.65
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Pc
Ve =W;s=£ 24
f fpf (24)
where
pe=Vipe + Vip = Vipe + (1= Vi)p,, (25)

By solving this equation for Vj, the volume fraction is determined.
From pycnometric measurements, the density of the PLA was found
to be 1.26 g/m?>. It was assumed that the density of crystalline PLA is
not much higher than that of amorphous PLA. Both phase densities
were therefore set to 1.26 g/m>. The density of the cellulose fibrils
was taken to be 1.50 g/m> (Eichhorn et al., 2010; Decoux et al.,
2004).

4.2. Microcrystalline cellulose

MCC consists of highly crystalline cellulose. It is produced from
wood pulp by acid hydrolysis to remove the amorphous cellulose,
and the polycrystalline aggregates are assumed to have arbitrary
geometry with statistically isotropic properties and an aspect ratio
of ~1 (Mathew et al., 2005). SEM images were taken at the fracture
surfaces of the composites, where well-defined MCC particles
clearly presented themselves. Fig. 4 shows a MCC particle with a
diameter in the 10-20 pm range.

MCC particles are built of aggregates of single cellulose crystal-
lites, where the crystals are orthotropic. For calculation of elastic
properties of composites reinforced by crystalline aggregates, the
mean isotropic properties of the aggregates have to be estimated.
That could be done by using the average of the Voigt and Reuss
assumptions, i.e. Eqs. (8)-(12). The mean isotropic properties of
the aggregates can then be inserted in Egs. (1)-(7), and together
with the elastic properties of the matrix, the elastic properties of
the composite become a function of the elastic properties of the
MCC particles. For inverse solution of Egs. (1)-(7), some assump-
tions of the elastic properties are required. Here, a fixed ratio be-
tween all elastic moduli of the crystallites and the Young's
modulus in the main axis, Es, of the crystal was assumed. With
more than one fitting parameter, the estimation of these parame-
ters becomes very sensitive and far from robust. The Young’s mod-
ulus in the main axis of the crystallites is the stiffness parameter
that typically has the largest impact on the composite stiffness.
The elastic tensor calculated by Eichhorn and Davies (2006) for
crystalline cellulose I, determined from the crystal structure eval-
uated by Nishiyama et al. (2002), was used with the modification
that the Csg and Cgs components were ignored, in order to make
the material orthotropic. The anisotropy ratios were chosen to be
same as for the orthotropic version of Eichhorn and Davies elastic
tensor for crystalline cellulose. The Young’s modulus of the PLA
matrix was taken from the tensile test of pure PLA. The crystallinity

Fig. 4. MCC particle at a composite fracture surface. The MCC particles have an
aspect ratio of ~1 and a diameter of around 10-20 pm.

Table 2
Young’s moduli of MCC reinforced composites and its constituents.

Young’s modulus [GPa]

Sample Composites  PLA MCC crystal ~ MCC aggregate
(main axis) (isotropic)

10 wt% MCC 4.05 3.8 383 7.81

10 wt% MCC (aged) 430 488 - -

was measured by DSC, and as described in STEP I, the correspond-
ing Young's modulus of the semi-crystalline PLA matrix was de-
fined. With the measured Young’s modulus of the composite, and
the elastic properties of the PLA, Eqgs. (1)-(7) were solved with re-
spect to the Young’s modulus of the single crystallites in the main
axial direction. The results are presented in Table 2. The randomly
oriented polycrystalline MCC particles have an isotropic Young’s
modulus of a modest 7.8 GPa. For the aged PLA, the Young’s mod-
ulus of the predicted semicrystalline matrix was even higher than
of the measured value of the composite. This led to unrealistically
low stiffness values of the reinforcement.

4.3. Nanofibrillated cellulose

NEC are fibrils with high aspect ratio, e.g. Henriksson et al.
(2007). Due to the abundance of hydroxyl groups and relatively
poor fibril-matrix compatibility, the fibrils tend to agglomerate.
SEM images showed that the fibrils formed platelets oriented in
the plane of the composite, see Fig. 5.

From image analysis of the SEM images, the aspect ratio of the
fibril platelets could be determined. The protruding aggregates and
pits from pulled-out aggregates indicate that the aggregates along
the fracture surface of the composite did not fracture, but re-
mained unbroken and essentially intact. Many of the visible aggre-
gates were protruding approximately by the same amount as the
observed aggregate radius, which indicates that fracture plane
coincides with the mid-plane of the aggregate. In this case, the as-
pect ratio of the aggregates can be estimated by direct measure-
ments in the SEM images. By measuring the thickness and
diameter of the platelets in the fracture plane of the composite,
the aspect ratio of the NFC platelets can be determined. Measure-
ment was done on 5 platelets and the average aspect ratio was
estimated to o = 0.15. In the micromechanical model, the platelets
were considered as aligned oblate spheroids with the axis perpen-
dicular to the composite as in the schematic image shown in Fig. 3.

Some assumptions regarding the relations between the elastic
parameters of the fibrils have to be done in the inverse model.
Here, ratios between the longitudinal Young’s modulus of the fi-
brils, E¢;, and all other elastic moduli were fixed. The predicted
composite stiffness then becomes a function of only one variable,
i.e. E¢;. The anisotropy ratios are based on micromechanical mod-
eling of single NFC fibrils characterized by high-resolution trans-
mission electron microscopy (Josefsson et al., 2013):

Efr
2T _ 036 26
Erp (26)
Guur _ o055 (27)
Ery
Ci1 _ 014 (28)
Eey

The Poisson ratios used were computed by the model presented
by Josefsson et al. (2013): vgir=0.24, ver =0.09 and vepr = 0.32.
The layered structure observed inside the NFC platelets suggests
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Fig. 5. The NFC fibrils agglomerated during the processing, and formed platelets embedded in the PLA matrix. The SEM images show the fracture cross section from a tensile
test where the platelets of fibrils are clearly displayed, as well as PLA fibrils from crazes formed during the fracture process (Liu et al., 2012).

Table 3
Sample and constituent average elastic properties of the NFC composites.

Young’s modulus [GPa]

Sample Composites PLA NFC
10 wt% NFC 5.00 3.80 65.1
10 wt% NFC (aged) 4.69 4.65 10.5

that laminate theory can describe the in-plane stiffness. Although
not of the same importance as the in-plane stiffness, the out-of-
plane stiffness plays a role and is needed as input in the Mori-Tana-
ka model, described in STEP II. A three-dimensional laminate model,
as described in STEP III, is therefore justified (e.g. Whitcomb and
Noh (2000)). With the above anisotropy ratios and the three-dimen-
sional laminate theory, i.e. Eqs. (17)-(22), the platelet stiffness be-
comes a function of the sought longitudinal Young’s modulus of
the fibril. The next step is to insert the platelet stiffness values in
the self-consistent Mori-Tanaka model described in Egs. (13)-
(16). The overall elastic properties of the composite then become
a function of the longitudinal Young’s modulus of the fibril. The
contributing fibril stiffness is thus identified from the measured
Young’s modulus of the composite. The results are presented in Ta-
ble 3. The contributing longitudinal Young’s modulus of the NFC
was estimated to 65 GPa from the unaged sample. The correspond-
ing value for the aged samples with partially crystalline PLA matrix
was only 10 GPa, which is significantly lower other reported values
(Josefsson et al., 2013).

4.4. Bacterial cellulose whiskers

The composites made of BC had similar stiffness properties as
the composites made of NFC (cf. Table 1). As NFC, BC fibrils have
very high aspect ratios (Moon et al., 2011). During the preparation
of the composites, the BC fibrils agglomerated and formed platelets
that lie in the plane of the composite disks, as shown in Fig. 6. The
thickness of the platelets is significantly smaller than for NFC com-
posites, which suggests that BC are more easily dispersed in PLA
than NFC. Tomé et al. (2011) noticed that a PLA-matrix composite
becomes more transparent with BC reinforcement, than with NFC
reinforcement. This is a clear sign of a finer dispersion for the BC
composite as compared with the NFC composite. By direct observa-
tion in SEM, 5 measurements of the aspect ratio of typical BC plate-
lets were made, and the average aspect ratio was estimated to
o =0.02. The inverse modeling of the elastic properties of BC was
done in the same manner as for NFC outlined above, and the results
are presented in Table 4. The effective longitudinal Young’s modu-
lus of the BC fibrils was estimated to be 61 GPa for the unaged
composite. Again, the fibril stiffness for the aged material was sig-

Fig. 6. The BC fibrils tend to agglomerate during melt processing and form platelets
embedded in the PLA matrix, as seen as a horizontal layer in the middle of the SEM
image. The individual fibrils crossing the micrograph in other directions are PLA
craze fibrils and not BC fibrils.

Table 4
Sample and constituent average elastic properties of the BC composites.

Young's modulus [GPa]

Sample Composites PLA BC
10 wt% BC 5.78 3.80 61.4
10 wt% BC (aged) 4.63 4.60 10.1

nificantly lower than expected, indicating that the PLA stiffness
predictions might not be adequate.

4.5. Comparisons

The back-calculated values of the fibril stiffness from the aged
composite samples were consistently lower than expected;
10 GPa for NFC and BC, and indeterminate for MCC. The unaged
composite samples have a purely amorphous PLA matrix from ra-
pid cooling after hot-press moulding. The stiffness of the quenched
amorphous PLA has been experimentally characterized, whereas
the stiffness of the semi-crystalline aged PLA is predicted by
homogenization described in STEP I, Egs. (1)-(12). Since cellulose
fibrils are not expected to degrade at 95 °C for a short period of
time, the unrealistically low values of effective fibril stiffness are
most likely due to an overestimation of the stiffness of the semi-
crystalline PLA matrix. In the presence of even small amounts of
moisture, the degradation rate of PLA can be considerable even
at moderately elevated temperatures (Reed and Gilding, 1981), as
under the present heat treatment conditions.

The Young’s modulus of the fibrils estimated from the microme-
chanical model and the properties of the unaged composite
samples showed reasonable agreement with values found in
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Table 5
Young’s modulus of NFC estimated in this work together with values found in the
literature.

Material Young's Method Ref.
modulus
NFC 65 Back-calculation This work
NFC 61-107 AFM bending Cheng et al. (2009)
NFC 29-36 Raman spectroscopy, Tanpichai et al. (2012)
back-calculation
Table 6

Young’s modulus of BC estimated in this work together with values found in the
literature.

Material Young's Method Ref.
modulus
BC 61 Back-calculation This work
BC 78 £17 AFM Guhados et al. (2005)
BC 79-88 Raman spectroscopy, Tanpichai et al. (2012)

back-calculation

literature. A value of 38 GPa for the Young’s modulus was lower
than expected. However, Eichhorn and Young (2001) performed
Raman spectroscopy on MCC and together with back-calculation
a value of the Young’s modulus of 25 GPa was found. A possible
reason for these relatively low stiffness values is that the low as-
pect ratio of MCC, which can reduce the stress transfer ability be-
tween load carrying reinforcement. Debonding and damage
accumulation is not accounted for the models used to determine
the contributing stiffness. In Tables 5 and 6, the Young’s modulus
for NFC and BC, respectively, are compared with values found in lit-
erature. The variability is large, but the back-calculated values are
comparable to the cited experimental results.

A common trait of all the investigated cellulose nanofibril com-
posites is that the nanoscale reinforcing units formed plate-like or
particulate aggregates in the microscale, i.e. the material is not a
well-dispersed nanocomposite. Hence, the nanocomposite effect
of significantly improved mechanical properties substantially be-
yond rule-of-mixtures predictions can be ruled out in the effective
microcomposites in this work. A contributing mechanisms to the
nanocomposite effect is that the polymer mobility is reduced in
the close vicinity of stiff reinforcements, which manifests itself in
increases in the glass-transition temperature and local stiffness
on the nanometer scale (Papon et al., 2012). A viable path to im-
prove dispersion of cellulose nanofibrils in PLA, and other thermo-
plastics suitable for melt processing, is surface treatment of the
fibrils for improved compatibility with the matrix (Lee et al.,
2009; Tomé et al., 2011). Despite using a fine powder instead of
conventional polymer pellets, the dispersion remained relatively
poor for the presently studied composites, with fibril agglomerates
on the micrometer scale. The benefits of the large specific surface
area of the nanofibrils on local polymer matrix immobilization is
there not expected (Kalfus and Jancar, 2007). A micromechanical
model for stiffness predictions of nanocomposites necessarily
needs to account for the immobilization effect, e.g. by a stiffness
enhancement factor for the intragallery modulus in clay nanocom-
posites introduce by Luo and Daniel (2003). Such an approach was
however not necessary here, since the agglomerates were fairly
large and the specific surface area of the reinforcing elements rel-
atively low.

5. Conclusions

Direct measurements of cellulose nanofibril stiffness are not
practical for engineering purposes. The main purpose of these fi-
brils in composites is to convey improved mechanical properties,

such as stiffness. An indirect way to assess the reinforcement effi-
ciency of the cellulose fibrils is to use inverse modeling to estimate
the contributing fibril stiffness to that of the composite. The axial
Young’s modulus of fibrils was determined to be 65 GPa for nano-
fibrillated cellulose and 61 GPa for bacterial cellulose, which is in
concert with stiffness estimates elsewhere. The effective Young's
modulus along the main axis of the crystal entities in microcrystal-
line cellulose was estimated to be 38 GPa. The developed model
gives reasonable results for high-aspect ratio fibrils and for com-
posites with well-defined matrix properties. The presented model
accounts for fibril agglomerates, which is an unwanted yet com-
mon feature for melt processed cellulose nanofibril reinforced
thermoplastics.
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