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ABSTRACT

Final Report: Validated Predictive Modeling of Engineered Cellulose Materials

Report Title

Engineered nanocellulose assemblies are renewable nanomaterials that exhibit unique properties in paper and film forms, such as molecular 
mechanisms that concurrently improve both strength and toughness. The objective of this research project was to establish the theoretical 
link between cellulose nanocrystal (CNC) interface characteristics and the fracture toughness of engineered CNC neat films and 
nanocomposites. In pursuit of this objective, we carried out two research thrusts. Thrust I aimed to explain the role of CNC surface 
functionalization on interfacial (IF) and interphase (IP) characteristics. Thrust II focused on establishing predictive models of IF & IP 
characteristics for nanocomposites. We developed an atomistically informed multi-scale modeling strategy for CNC neat films and 
nanocomposites that allows us to now predict how CNC interface chemistry, dimensions, and alignment influence the strength, toughness, 
and elasticity of neat films, as well as key thermomechanical properties of nanocomposites. Fundamental studies carried out helped us 
describe strategies to best utilize nanocellulose for applications such as ballistic protection materials and structural nanocomposites of great 
relevance to the US Army.
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Scientific Progress



Problem Statement: 





Objectives: The objective of this research project was to establish the theoretical link between cellulose nanocrystal (CNC) 
interface characteristics and the fracture toughness of engineered CNC neat films and nanocomposites. In pursuit of this 
objective, we carried out two research thrusts. Thrust I aimed to explain the role of CNC surface functionalization on interfacial 
(IF) and interphase (IP) characteristics. Thrust II focused on establishing predictive models of IF & IP characteristics for 
nanocomposites. 





Approach: Specifically, we first aimed to explain the role of CNC surface functionalization on interface and interphase 
characteristics using atomistic simulations, a novel systematic coarse-graining approach, combined with continuum mechanics 
theory of composites. These analyses were geared towards capturing the link between surface chemistry and interfacial 
traction-separation laws for neat films, and interphase effects in polymer CNC nanocomposites. Using this information, we 
aimed to derive scaling relationships of the fracture strength of CNC-CNC interfaces as a function of overlap length and 
crystallite size, thereby establishing a new fracture model of CNC neat films. One of our main efforts was was to utilize 
mesoscale simulations and shear-lag theory to estimate the critical overlap length scales and optimal crystal dimension for 
maximizing the fracture strength of CNC-CNC interfaces that govern the performance of neat CNC films. To explore the longer-
range effects of interfacial energy on polymer-decorated CNCs and polymer nanocomposites, mesoscale simulations on 
interphase thermomechanical properties and polymer chain dynamics will be carried out. Our investigations judiciously focused 
on the interfacial characteristics of CNCs, as this is the most important and least understood determinant of the mechanical 
performance of engineered cellulose materials, particularly fracture toughness. At the same time, it was the first study to relate 
these nanoscale features to macroscopic mechanical properties of nanocomposites and neat CNC films via multi-scale 
modeling. In this sense, this research broke new ground by establishing a mechanics-based design paradigm for engineering 
novel nanocellulose materials. 





Relevance to Army: Engineered nanocellulose assemblies mark a new class of renewable materials that can be considered as 
a hybrid between polycrystalline materials (e.g. metals) and polymers that exhibit unique properties in paper and film forms, 
such as molecular mechanisms that concurrently improve both strength and toughness. However, the lack of knowledge on 
how to relate grain and matrix interactions of high-aspect ratio crystals to mechanical properties hindered our progress. Through 
this research, we developed new modeling and characterization tools and key physical insights into these novel, promising 
materials, while expanding our computational research infrastructure to understand the mechanics of similar heterogeneous 
nanostructured materials. With the help of this work, we can now predict how surface engineering of CNCs (or other fillers for 
that matter) influence filler dispersion, composite Tg, and relaxation dynamics in polymer nanocomposites with little or no 
empirical input.  The multiscale modeling approach to capture the important effects of interphases and a description of property 
gradients in the vicinity of inclusions were critically needed to produce accurate constitutive relations and fracture toughness 
predictions of engineered materials. Predictive modeling of neat films allowed us to explain how both strength and toughness 
can be increased in neat films, simply by changing crystal dimensions and through interface engineering. Fundamental studies 
carried out helped us assess the potential of using engineered cellulose materials for applications such as ballistic protection 
materials and structural nanocomposites of great relevance to the US Army. 





Major Accomplishments





• We built a meso-scale model to study the fracture behavior of aligned neat CNC films, using atomistically-informed coarse-
grained models. This study is currently in submission, but revealed the size-dependence of the fracture behavior of layered 
CNC nanomaterials and allowed us to contrast this with existing micromechanics theories such as shear-lag models.  
Interestingly, we discovered that increasing the aspect ratio of CNCs (i.e. length) increased their strength and toughness 
simultaneously, explaining recent experimental observations on nanocellulose papers. We developed a general description of 
how the optimal overlap length, which balances fibril slip-out with fibril fracture, depends on surface energy. Our preliminary 
investigations on the ballistic response of these aligned systems showed that forming a Bouligand structure (chiral nematic) in 
nanocellulose films improved the V50 performance of these materials compared to orthogonally aligned systems. 


• We investigated interfacial mechanics of nacre-inspired layered nanoparticle - PMMA layered nanocomposite systems by 
performing pull-out simulations using coarse- grained molecular dynamics (CG-MD) approach. Our simulations uncover two 
different deformation and failure mechanisms, which greatly influence the toughness and energy dissipation of the system: pull-
out failure, which occurs along the particle–PMMA interface, and yielding failure, which occur within the nanofillers, where multi-
layer graphene and nanocellulose are examples. Taking graphene as a simpler model than CNCs, we built a theoretical model 
validated by the simulation data to determine the critical number of layers Ncr of graphene that governs the mode of failures as 
a function of MLG length and graphene- polymer interfacial interactions. We find that when the number of graphene layers N = 
Ncr, significant energy dissipation is observed via yielding failure mode, a direct result of the staggered arrangement of MLG. 
This staggered architecture allows sliding between graphene sheets, resulting in higher toughness compared to that of pull-out 
failure mode when N > Ncr. We also find that increasing the system length L and the interfacial interaction strength between the 
layers will enhance the energy dissipation of the nanocomposite, which is a direct result of the nacre-like layer-by-layer 
arrangement of hard and soft phases. We anticipate that a similar mechanism can be achieved in layered CNC- PMMA 
nanocomposites. (Figure 1) [1]


• Moisture is known to be a very important parameter in dictating the mechanical properties of CNC based layered 



nanocomposites, where water trapped between layers can lower strength, and also cause drying creep type of phenomena 
more commonly associated with cementitious materials (known as the Pickett effect). We built a coarse-grained model based 
on the dissipative particle dynamics approache where the behavior of nanoconfined water and its impact on the creep behavior 
of layered materials was investigation in a generic fashion. In collaboration with Z. Bazant and M. VanDamme, we examined 
how creep deformations in a slit pore are accelerated by the motion of water due to drying forces. We found that the drying that 
drives water flow in the nanopores lowers both the activation energy of pore walls sliding past one another and the apparent 
viscosity of confined water molecules. This behavior and related shear-thinning phenomena can be captured with an analytical 
Arrhenius relationship accounting for the role of water flow in overcoming the energy barriers. Notably, we used this model and 
simulation results to demonstrate that the drying creep strain is not linearly dependent on the applied creep stress at the 
nanopore level. Our findings establish the scaling relationships that explain how the creep driving force, drying force and fluid 
properties (e.g. viscosity under nanoconfinement) are related. Thus, we establish the nanoscale origins of the Pickett effect and 
provide strategies for minimizing the additional displacements arising from this effect. [2]


• In a similar vein, we investigated the mechanical behavior of nanoconfined polymers, showing that significant stiffening can 
be attained when the interfacial energy between filler layers and polymers are large. This effect is more dramatic when the 
polymers have low internal cohesive energy, and also when the polymer layer thickness is relatively small. We demonstrated 
this approach again using our CG models for PMMA and multi-layer graphene (MLG). CNCs exhibit similar properties to MLG in 
terms of mechanical properties and layered structure, and thus a direct connection exists between these systems. This study 
ascertained the importance of surface chemistry of CNCs to achieve greater benefits from nanoconfinement of polymers 
between fillers. [3]


• To further our understanding of the shear relaxation behavior of confined polymers, we examined unentangled melts 
confined between nanolayers. We found that the classical Rouse model¿unsurprisingly fails to predict the thin polymer layer 
relaxation functions¿in response to out-of-plane shear, due in part to non-Gaussian¿ conformation statistics in the dimension 
perpendicular to the¿sub/superstrate. Using an alternate empirical model for the out-¿of-plane response, we quantified 
decreases in the plateau modulus, relaxation time, and viscosity and an increase in the¿logarithmic relaxation rate as functions 
of film thickness, and¿we described these anisotropic changes in stress-relaxation properties in terms of structural/conformation 
changes on the microscopic level, namely the relative contraction and non-Gaussian quality of polymer conformations in the 
dimension normal to the substrate and the resulting phenomenon of cooperative relaxation. We then incorporated these into a 
semiempirical extension to the Rouse model, which closely predicts our computational results and which will be useful for 
further study of polymer thin films and layered nanocomposites[4]. We also extend these studies to understand how free 
surfaces reduce the elastic properties of polymer layers, looking at the size-dependence of layers and understanding the 
dependence on surface-induced free-volume effects on mechanical properties as a function of polymer cohesive energy [5].


• Using a thin film nanocomposite analogy, we extended our efforts to predicting glass-transition temperature (Tg) in CNC-
PMMA nanocomposites. We discovered that increasing the volume fraction of CNCs results in nanoconfinement effects that 
lead to an appreciation of the composite Tg provided that strong interfacial interactions are achieved, as in the case of TEMPO- 
mediated surface modifications that promote hydrogen bonding. The upper and lower bounds of shifts in Tg were predicted by 
fully accounting for nanoconfinement and interfacial properties, providing new insight into tuning these aspects in 
nanocomposite design. Our multiscale framework explains recent experiments and breaks new ground in predicting, without 
any empirical parameters, key structure-property relationships for nanocomposites (Figure 2). [6]


• We developed analytical relations that describe the shear and tensile failure of the interfaces between Iß CNCs, providing 
new insight into factors governing the mechanical behavior of neat films. Analytical models to describe the energy landscapes 
are developed using energy scaling relations for van der Waals surfaces in combination with a modification of the Prandtl–
Tomlinson model for atomic friction. Our simulations paved the way for tailoring hierarchical CNC materials. (Figure 3) [7]


• Prior efforts [8-12] elucidated CNC-CNC interfaces and the impact of moisture on traction and separation behavior. We 
wrote an invited review article on this issue. We also developed models for describing polymer adhesion to nanofiller surfaces, 
assessing the dependence of interfacial energy on cohesive behavior of the polymers. We also found that small wood-based 
CNCs should perform better than other CNC types because they offer a small size that allows maximum surface area per unit 
volume while achieving a large-enough fracture surface energy. 
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Appendices: Illustrations are provided as an attachment.

Technology Transfer

Throughout the research project, we frequently exchanged our progress and other relevant information with ARL scientists. The 
nanocellulose group was updated on progress through web conferences, and research efforts were tailored towards developing 
a better understanding of nanocellulose composites relevant for the studies by Jim Snyder's group. We also interacting with 
modeling experts at ARL (Jan Andzelm's research group), for instance to share our coarse-grained modeling algorithms and 
simulation findings on the effects on nanoconfinement on polymer film and composite mechanical properties.
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Figure 1. Failure behavior of layered nanocomposites. When a multi-layer filler like graphene or 
CNCs are employed in polymer matrices, failure mechanism depends on the number of layers 
and interfacial chemistry. Specifically, there exists a critical number of layers below which 
failure will be ductile, as it will facilitate yielding of the fillers, as opposed to simple pull-out of 
the fillers. This is contrary to most composites, where pull-out is considered a relatively 
dissipative failure mechanism, but for layered nanofillers yielding of the fillers further increases 
work to fracture due to creation of more failure surfaces. [1] 
 

 
Figure 2. Predicting the glass-transition shifts in CNC-PMMA nanocomposites using a thin-film 
nanocomposite analogy. CNC surface modifications that improve adhesion to the matrix can lead 
to increases in the glass-transition temperature (Tg)at relatively high wt %, whereas lowering 
surface interactions with the matrix typically leads to lowering Tg. [6] 



conditions, and the presence of amorphous domains are not taken into account in these predictions—all of which would
alter the predicted values of the effective modulus. These factors would be important to consider in developing more
advanced models and accurate predictions for the performance of CNC films. However, this simple model illustrates that
knowledge about the interfacial behavior between CNC surfaces coupled with knowledge of failure planes within the
crystals (Sinko et al., 2014) is central to developing an enhanced understanding of CNC neat films.

Further, the adhesion energy calculations obtained from separation simulations can be repeated for polymer-CNC in-
terfaces in order to develop coarse-grained (CG) models (Hsu et al., 2014) of CNC-polymer interactions. Even though
polymers may modify CNC surfaces (i.e. polymer grafting, altered surface conformation, etc.), the underlying van der Waals
interactions and hydrogen bonding should remain the dominant forces at these interfaces. CG models will improve com-
putational efficiency of molecular simulations and will open the door for studying new polymer-CNC bionanocomposites.
Specifically, these CG models can be used to simulate the effect of CNCs within bionanocomposites due to the development
of interphase regions that have a pronounced effect on properties such as the glass-transition temperature and elastic
modulus (Dong et al., 2012; Xia et al., 2014). Further understanding of CNC interfacial behavior will allow for an enhanced
materials-by-design approach for CNC hierarchical materials that will help to improve upon the current shortcomings in the
performance of these materials. Beyond CNCs, our results could be extended to describe interfaces within other highly
ordered, aligned material systems such as actin networks (Kang et al., 2011) in muscle or multi-layered graphene sheets
(Ruiz et al., 2015).

4. Conclusions

Our analyses on the interfaces between cellulose nanocrystals based on simulation and theory have revealed unique
insight into these interfaces. We have discovered that the interfaces are governed by both weak secondary interactions and
extensive hydrogen bonding that lead to impressive adhesion between fibrils exceeding that of many common engineering
materials. Beyond fundamentally understanding the molecular mechanisms that provide strength to these interfaces, we
have been able to mathematically describe the energy landscape using models that are physically informed by both the
geometry of the fibril surfaces and dominant interaction mechanism at the interface.

Separation simulations have revealed that surfaces exhibiting hydrogen bonding are significantly stronger than those that do
not, while van der Waals interactions are important for all surfaces. Shearing simulations illustrated that there is a pronounced
transition from continuous sliding behavior for hydrogen bond-dominated surfaces to stick–slip behavior for van derWaals surfaces
as a result of the specific surface chemistry. Using these observations, analytical models were developed that describe the shape of
the energy landscapes for these different processes. The separation model was inspired by the simple separation of van der Waals
surfaces and was shown to be applicable for any surface with underlying van der Waals interactions. The shear landscape was
developed based on a combination of the Prandtl–Tomlinson model for atomic friction and scaling relations for separation of van
der Waals surfaces. These mathematical descriptions are the most important contribution of this study, as they provide a way to
upscale key information about CNC–CNC interfaces to link simulations to experimental data and observations. Although the models
developed and parameters reported are for non-functionalized, “perfect” CNCs, our models could easily be extended to

Fig. 7. (A) Stress–strain plot for the shearing of two CNC crystals ((110)-(110) interface along the width) based on the traction potentials developed in Eq.
(9). The interlayer shear modulus is estimated by taking the initial slope of the stress–strain curve and the strain at failure initiation is taken as the strain at
the maximum stress. (B) Illustration of a CNC neat film where each of the rectangles represents a CNC crystal. A shear-lag model is used to predict the
overall performance of this system based on the dimensions,mechanical properties of individual CNCs, and the interfacial shear properties obtained from
stress–strain plots shown in panel (A).
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Figure 3. (A) Stress–strain plot for the shearing of two CNC crystals ((110)-(110) interface 
along the width) based on the traction potentials developed. The interlayer shear modulus is 
estimated by taking the initial slope of the stress–strain curve and the strain at failure initiation is 
taken as the strain at the maximum stress. (B) Illustration of a CNC neat film where each of the 
rectangles represents a CNC crystal. A shear-lag model is used to predict the overall 
performance of this system based on the dimensions, mechanical properties of individual CNCs, 
and the interfacial shear properties obtained from stress–strain plots shown in panel (A). [7] 

 
 


