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ABSTRACT: The mechanical reinforcement of nanocomposites containing nanorods-like fillers such as cellulose nanocrystals (CNCs) is

often interpreted by adapting the classical parallel–series model, assuming a simple hyperbolic dependence between the percolation

threshold and aspect ratio. However, such assumptions are valid only for nanorods with high aspect ratio and often are misinterpret-

ing the reinforcement obtained at low volume fraction of filler loading. To elucidate this intriguing scenario, we proposed a new

approach and validated it by compiling and reinterpreting some of available literature that represent the experimental reinforcement

with CNCs. Our approach showed better accuracy, specifically for the cases of CNC nanorods with lower aspect ratio. We conclude

that this route permits a more realistic evaluation of the mechanical reinforcement, where a physical parameter accounting the poly-

mer filler association is introduced. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2017, 134, 45254.
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INTRODUCTION

Cellulose nanocrystals (CNCs) are typically rigid rod-shaped

monocrystalline cellulose with varying aspect ratio depending

on the origin and methods of extraction.1 Besides the eco-

friendliness, sustainable, and cost competitiveness, CNCs have

enriched surface active groups and can be easily incorporated in

commercial polymers to obtain high-performance nanocompo-

sites.1–6 A precise interpretation of the physical properties such

as mechanical reinforcement of these nanocomposites is crucial

for fundamental understanding and designing and producing

novel nanocomposite materials with optimized properties.

The formation of the inter-particle/interconnected clusters or

networks within a polymer matrix, formulated in-terms of geo-

metric proximity, is one effective manner to massively enhance

mechanical reinforcement of nanocomposites.7,8 Above a certain

critical volume fraction (referred to as percolation threshold),

rod-shaped fillers, such as carbon nanotubes (CNT) or CNCs,

interconnect to create a network inside the matrix, which usu-

ally leads to a step-wise increase in some physical properties.

Examples of these properties include mechanical resistance and

electric conductivity, if the fillers are electrically conductive. Sev-

eral works, both based on theories and simulations, have

revealed that the percolation threshold depends upon the

distribution of shape, size, and orientation of the nanofillers.9–16

Meanwhile, several experimental research efforts have been

devoted to understanding the formulation of the composites

and the influence of processing conditions on the interconnec-

tivity and the reinforcing behavior.2,3,17–24 However, in all of

these studies, irrespective of the polymer matrices, a homoge-

nous dispersion of CNCs in the nanocomposite is assumed and

hence the formation of CNC–CNC interconnectivity via local

clusters or networks is idealized, giving rises to a significant

increase of the storage modulus of the nanocomposites, referred

as mechanical reinforcement. The influence of the different

polymer matrix on the mechanical reinforcement of CNC nano-

composites has so far been neglected by most of the available

approaches. Therefore, a more realistic understanding and pre-

cise estimation of the mechanical reinforcement is missing.

The mechanical properties of nanocomposites of CNCs with

soft polymers (above Tg)
2,3,17–24 has been analyzed based on

several theoretical models that build on the approach developed

by Ouali et al.,25 who had improved the classical parallel–series

model developed by Takayanagi et al.26 The improvement was

carried out by making the assumption that a composite material

is made not only of polymer and filler, but also of a third

phase, the percolating network, which appears only above a cer-

tain threshold. The percolation assumption (i.e., power law
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behavior around the percolation threshold) describes how the

effective fraction of nanorods belonging to the percolating net-

work contributes to the mechanical reinforcement. According to

the model by Ouali–Takayanagi, the tensile storage modulus E00

of CNC nanocomposites can be expressed as a function of the

volume fraction of CNCs Xr, the tensile modulus Er of the rigid

filler phase, and the modulus of the matrix polymer (Es) by:

E05
122/1/Xrð ÞEsEr1 12Xrð Þ/Er2

12Xrð ÞEr1 Xr2/ð ÞEs (1)
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being (/) the effective volume fraction of CNCs that contribute to

the formation of the percolation network. The percolation exponent

(b) in eq. (2) is assumed to be equal to 0.4 as predicted by Stauffer

and Aharony27 and de Gennes28 for three-dimensional systems.

Several models that are capable to predict the percolation thresh-

old in composite materials containing fibers, such as CNTs and

CNCs have been reported.11–13,29–36 However, for nanocomposite

with low aspect ratio, such as those containing the CNCs derived

from cotton (aspect ratio, g5 L/D � 12), most of the experimen-

tal elastic storage moduli data reported so far have been evaluated

and interpreted by adapting Ouali–Takayagi model using an

inverse aspect ratio scaling (hyperbolic relationship) to predict

the percolation threshold. This approach is known to be accurate

only in the case of fillers with a sufficiently high aspect ratio

(g> 60), but diverges especially at lower filler volume fraction

with experimental results when CNCs of low aspect ratio (g< 10)

are used. However, one of the great practical relevance of CNCs is

that their availability and (projected) costs are highly favoring

CNCs with lower aspect ratio.1,6 To understand this divergence,

one has to look at the assumptions behind the conventional

approach which shows three crucial points that seem to be

ignored: (a) The assumption of hyperbolic dependence is valid

only in the limit of infinitely slender rods (i.e., with higher aspect

ratio),37,38 (b) The established evidences (both from experiments

and from simulations) of the matrix–filler interface for the rein-

forcement effect is omitted, (c) Percolation threshold is evaluated

as an exclusive function of the aspect ratio, where other possible

relevant physical variables are omitted. In order to elucidate these

unclear points, a more consistent realistic approach is needed.

Recently Schilling et al.39 proposed a new percolation theory

that is capable of accurately predicting the percolation threshold

for rod-like particles, from spheres to needles, and validated

against Monte Carlo simulations. This novel approach expresses

the percolation threshold as a function of two variables: the

aspect ratio of the rods and the inter-particle connectivity (a),
which is related to the thickness of a shell surrounding the rods

that participates in the formation of the percolating network.

However, the thickness of a shell surrounding the rods could

possibly be influenced by the nature/type of polymer matrices

in which nanorods are dispersed, likely due to polymer–filler

interactions, and this has been overlooked.

For a better understanding of the mechanical reinforcement it is

very important to evaluate the role of the filler–filler and filler–

polymer matrix interaction in term of both the filler aspect ratio

and the filler–polymer association effect. 40–43 The use of an equa-

tion capable of correctly predicting the percolation threshold even

in the case of low aspect ratio filler (g< 10) that would enable to

investigate systematically the mechanical reinforcement is missing,

and this could have a great implications in understanding and

developing new composites.34,35 On the other hand, in comparison

with the previous percolation theories, the approach by Schilling

et al.39 is one of the models capable of precisely predicting the per-

colation threshold from spheres to needles by introducing a new

parameter (a) representing a dimensionless measure of the particle

connectivity, which could be directly correlated with the filler–

polymer association. Experimental evidences based on nuclear

magnetic resonance spectroscopy have indicated the presence of a

glassy layer around the unmodified filler particles44 and it is also

claimed that changes in the matrix properties (e.g., molecular

weight) close to the filler surface influences strongly the reinforce-

ment.45 In addition to that, recently Gravilov et al.46 have used a

large-scale dissipative dynamics simulation to study the structural

changes in unfilled and filled elastomers during uniaxial deforma-

tion demonstrating that the properties of the polymer chains are

strongly modified by the presence of solid particles, being the rea-

son of the abrupt increase of the composite storage modulus.

To elucidate the gaps of conventional approach, this rapid commu-

nication proposes a new approach to interpret the mechanical rein-

forcement in polymer nanocomposite reinforced with nanorods,

such as CNCs. By using our method, we have evaluated and com-

pared our findings with the experimental measurements (obtained

directly from the literature) the dependence of the elastic storage

moduli for CNCs-reinforced polymeric composites for four differ-

ent set of polymer matrices. For these four sets, two subsets are

considered where CNCs from different sources and hence their

aspect ratios are different. Our method allows us to determine the

connectivity parameter for every polymer nancomposites, which is

an important factor we should consider for interpreting the

mechanical reinforcement in polymer nanocomposites effectively.

OUR APPROACH

Our method is based on the adaptation of eq. (1) with an

appropriate approach capable to compute the percolation

threshold wc of eq. (2) in a very consistent way. As a part of

our method, we have selected the percolation model introduced

by Schilling et al.39 In this model, the particles are considered

as spherocylinders of length L and diameter D as shown sche-

matically in Figure 1, with overlapping contact shells diameter

k > D. The particles are connected if their shells overlap, and

clusters are defined by contiguous pairwise connections. The

percolation threshold is then expressed as function of the aspect

ratio g5 L/D and the connectivity variable a5 (k/D – 1) by:

wc5
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RESULTS AND DISCUSSION

The combination of eqs. (1)–(4) offers us the possibility to

extract the connectivity parameter a, directly from the tensile

storage modulus E0 data fitting using experimentally determined

parameters. Figure 1 shows the dependence of the elastic storage

moduli for CNCs-reinforced polymeric composites for different

polymers, viz ethyleneoxide–epichlorohydrin copolymer (EO–

EPI), poly(vinly alcohol) (PVA), epoxy, and poly(vinly acetate)

(PVAc). The black squares and red circles represents the

reported experimental data for the case of nanocomposites with

tunicate CNCs (tCNCs, having high aspect ratio, ca. g5 84)

and nanocomposites with cotton CNCs (cCNCs, having low

aspect ratio, ca. g5 11) respectively. The dotted lines (black for

tCNCs and red for cCNCs) show the fitting of the experimen-

tally reported values using Ouali–Takayanagi model with the

hyperbolic assumption as estimate of the percolation threshold,

whereas the solid line shows the analogous fitting with our new

method (The detailed fitting parameters are presented in Sup-

porting Information Table S1). Figure 2 clearly shows that for

the fraction of CNCs Xr � wc the role of connectivity parame-

ter will be insignificant to the change of the polymer matrix. It

can be justified because the elastic storage moduli predicted by

Ouali–Takayanagi model will converge to Er independently of

the percolation threshold assumption. However the situation is

clearly different for the fraction of CNCs at Xr � wc .

For tCNCs (CNCs with high aspect ratio), in the vicinity of wc , there

is just a slight discrepancy between both approaches. This small differ-

ence can be justified because the percolation threshold predicted by

Schilling’s model differs little from the percolation predicted by hyper-

bolic scaling assumption for rods with large aspect ratios. However,

Figure 1. Schematic representation of a percolating clusters of CNCs (rep-

resented as spherocylinder with length L and diameter D) in nanocompo-

sites. CNCs are supposed to be in contact with each other with

overlapping contact shells of diameter k (orange shade). [Color figure can

be viewed at wileyonlinelibrary.com]

Figure 2. Elastic storage moduli for CNCs reinforced polymers: (a) EO–EPI (adapted from Ref. 1), (b) PVA (adapted from Ref. 22), (c) Epoxy (adapted

from Ref. 47), and (d) PVAc (adapted from Ref. 3). The red lines correspond to the nanocomposite with CNCs derived from cotton (cCNCs, low aspect

ratio), and black line corresponds to the nancomposites with CNCs derived from tunicate (tCNCs, high aspect ratio). [Color figure can be viewed at

wileyonlinelibrary.com]
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for cCNCs, in the vicinity of wc, the predictions of both approaches

are considerably different. The results obtained by using the hyper-

bolic adaptation (red dotted lines) are acceptable only in the case of

nanocomposites with high volume fraction of cCNCs. The conven-

tional approach seems to ignore the reinforcement (E>Es) at lower

volume fraction of cCNCs, i.e., below the percolation threshold limit.

On the other hand, for each polymer system, the wc values predicted

by our updated approach are considerably smaller than those pre-

dicted by the conventional hyperbolic scaling andmatched better with

the experimental results. The fitting suggests that for the case of

cCNCs, the polymer matrix can influence significantly the percolation

network formation, and this fact is often ignored, even though the fil-

ler geometry and distribution are considered the dominant factors to

determine the percolation threshold. Nevertheless, the host polymer

matrix can impact the dispersion and hence the clusters/network

geometry of CNCs. For the low aspect ratio CNC, it suggests that the

inter-particle connectivity distance of the particles is much larger for

the selected behavior.

Figure 3(a) shows the (a) values determined from our method.

It is clearly visible that for each case the surface shell size of the

filler–polymer will be smaller for rods with larger aspect ratio

than for those with small aspect ratio. This is true as particles

with higher aspect ratio are more easily kinetic arrested in com-

parison with the lower aspect ratio particles, causing kinetic

jamming in the nanocomposites.48 This is also reflected in the

connectivity parameter values of all the systems evaluated in the

present work. For the nanocomposites with tCNCs, the connec-

tivity parameter changed (from 0.65 for EO–EPI to 0.85 for

epoxy, see Supporting Information Table S2) whereas for the

same nanocomposites when cCNCs are used instead of tCNCs,

the parameter changes dramatically (from 0.9 for EO–EPI to

1.53 for PVA). These results suggest that the polymer matrix

has significant influence in co-assembly of the cCNCs and hence

the cluster/network formation. This is also in accordance with

recent study49 which shows that the interphase thickness

depends on the CNC size. This behavior is effectively translated

in terms of the mechanical reinforcement, and it is not surpris-

ing that the effect is highly visible in the range where the nano-

particle volume is relatively low. This could also be caused by

the chemical and physical properties of the matrix polymer.

Sternstein and Zhu45 have showed evidences demonstrating that

changes in the matrix properties close to the filler surfaces

(namely, an increased density of trapped entanglements) gives

rise a high mechanical reinforcement, indicating that the degree

of nonlinearity are found to be highest for the lowest molecular

weight polymer matrices. This statement is well-matched with

the results presented in Figure 3(b). It shows that the highest

reinforcement will take place for the PVA matrix which have

lowest molecular weight and highest a-parameter. The high val-

ues of a-parameter presented in Figure 3(a) could be inter-

preted as the increase of trapped entanglements around the

filler strongly enhancing chain reconfiguration, resulting in very

high reinforcement. This explanation is also well-compatible

with the prediction of the presence of glassy interphase layers

around the nanoparticles, which can significantly increase the

stiffness of the system.49 It seems that high thickness of the

glassy layer surface around the filler will highly modify Er

Figure 3. (a) Extracted connectivity parameters related to the thickness of a

shell surrounding the nanorods of different aspect ratios that participates to

the formation of the percolating network. The dotted line (a5 0.2) is

ascribed to the connectivity parameter used by Schilling et al.39 for their

model validation. (b) Comparisons of the reinforcement as a function of the

type of polymer for mechanical percolation. EO-EPI, PVA, epoxy, and

PVAc. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. Percolation threshold as a function of the surface-to-surface dis-

tance criterion for connectivity for CNCs derived from tunicates (tCNCs,

L/D5 84) and CNCs derived from cotton (cCNCs, L/D5 11). [Color fig-

ure can be viewed at wileyonlinelibrary.com]

4

ht
tp
://
do
c.
re
ro
.c
h



values. In addition, this could also be associated with the chem-

ical nature of CNCs and hydrogen bonding ability with polymer

matrix; PVA being the most hydrogen bonding polymer shows

highest a-parameter.

The sensibility of a-parameter with the change in the polymer

matrix can also be illustrated in a correlated manner with the

percolation volume fraction values as shown in Figure 4. The

lines in Figure 4, tCNCs (black solid line) or cCNCs (red solid

line) show the percolation threshold from Schilling’s approach.

The points denote the previously determined a parameters

extracted from Figure 2. The dotted horizontal line (black for

tCNCs and red for cCNCs) represents the percolation threshold

values predicted by the conventional approach. The circles and

squares are added as points in the filled lines to show the perco-

lation threshold difference for the determined connectivity

parameters for both tCNCs and cCNCs. This clearly shows that

the smaller is the aspect ratio of nanorods (cCNCs), the larger

will be the inter-particle connectivity49 and the larger the perco-

lation threshold discrepancy between our methods in compari-

son with the conventional approach. Hence, this clearly suggests

that, to perform a realistic evaluation of the mechanical rein-

forcement in polymer nanocomposites with nanorods, the inter-

particle connectivity parameter should be taken into account,

and it depends on the nature of the polymer.

CONCLUSIONS

In summary, in this communication we have adapted the

Ouali–Takayanagi et al. model with the recently developed

approach (Schilling et al.) to re-interpret the mechanical rein-

forcement in CNC reinforced polymer nanocomposites. We

have shown that, depending on the nature of the polymer type

and the aspect ratio of nanofiller used, the percolation threshold

of the polymer nanocomposite system can change dramatically.

By using experimental data for different polymer/CNC nano-

composites, we show that the smaller is the aspect ratio of the

nanorods, the larger is the connectivity parameter and the lower

is the percolation threshold, allowing for a more precise and

realistic evaluation of the mechanical reinforcement. Our

approach shows better fit with the experimental data, specifi-

cally for nanorods with lower aspect ratio. This would open a

new discussion for analyzing the mechanical reinforcement of

nanocomposites.
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