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(YIP) Multiscale Modeling and Characterization of the Effects of Damage Evolution on the 
Multifunctional Properties of Polymer Nanocomposites 

 
Gary D. Seidel 

 
Abstract 
 

The objective of the research was to develop a novel multiscale modeling approach for 
capturing the effects of damage evolution on the mechanical and electrical properties of carbon 
nanotube-polymer nanocomposites.  Focus was placed on understanding and capturing the key 
deformation and damage mechanisms which lead to measurable changes in the macroscale sensing 
properties (e.g. changes in electrical conductivity or piezoresistivity) in proposed nanocomposite 
structural health monitoring sensors.  The effort centered on the development of a hybrid 
concurrent-hierarchical multiscale modeling approach for capturing the effects of the evolution of 
damage on the multifunctional properties of polymer nanocomposites.  The novel multiscale 
approach encompassed both first principles atomistic modeling (Molecular Dynamics/Molecular 
Statics) and continuum level computational micromechanics modeling (Finite Element-based 
Asymptotic Expansion and Cohesive Zone Modeling) techniques in a hybrid concurrent-
hierarchical scale bridging method.  The research also included an experimental characterization 
component which provides both multiscale model input and model validation at multiple scales.  
The effort was divided into three focus areas: Atomistic Modeling of Nanoscale Interface Effects, 
Multiscale Continuum Micromechanics Modeling with Damage Evolution, and Nanocomposite 
Characterization for Model Validation.  The objectives of each of these focus areas worked 
together to create a unified approach toward developing a validated multiscale model for capturing 
the effects of nanoscale damage evolution on the macroscale properties of carbon nanotube-
polymer nanocomposites sensors. 

As part of an addendum, the effort was extended to explore the use of carbon nanotube 
nanocomposite piezoresistive sensing in performing structural health monitoring in epoxy-based 
energetic materials.  The focus was to distribute the sensing network throughout the epoxy matrix 
phase of mock energetic materials and assess whether or not the large nanocomposite gauge factors 
(2 – 20+, compared to the ~2 for conventional strain gauges) can be maintained within the 
energetic composite architecture.  As a key to designing the embedded nanocomposite sensing and 
interpreting the sensor data is having a good material/constitutive model, novel multiscale 
modeling approaches for damage evolution and its impact on the multifunctional sensing 
properties were developed with emphasis on meshless methods for impact modeling such as 
peridynamics. 
 
Summary 
 
The grant was originally funded for three years as part of the Multi-Scale Structural Mechanics 
and Prognosis Program under Dr. David Stargel.  The funding supported the efforts of two Ph.D. 
students and the PI for three years.  The effort leveraged initial support for embedded structural 
health monitoring in composites as part of MURI-18 Synthesis Characterization and Modeling of 
Functionally Graded Hybrid Composites for Extreme Environments (contract/grant no.:FA-9550-
09-0686) also under Dr. David Stargel which had support for one Ph.D. student.  During year two 
of the grant, the project was transitioned to the Dynamic Materials and Interactions Program under 
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Dr. Jennifer Jordan.  An addendum was added which provided funding for an additional student 
in year three and for a fourth year of funding for that student to begin exploring extensions of the 
grant activities towards meeting objectives of the DMI program.  The total effort of both the 
original grant and addendum has resulted in 8 published journal publications ( [1] [2] [3] [4] [5] 
[6] [7] [8]), with an additional publication still under review [9], and in 13 conference proceeding 
papers ( [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22]).  The grant has partially 
supported the dissertation work of 4 Ph.D. students: Yumeng Li (completed Fall 2014), Adarsh 
Chaurasia (completed Spring 2016), Engin Sengezer (expected Spring 2017), and Naveen Prakash 
(expected Spring 2017).  The addendum work has also supported the summer research activities 
of 1 undergraduate student: Stefan Povolny (completed BS Spring 2015, currently pursuing Ph.D.). 
 
Year 1 activities focused developing interface models of load transfer between unfunctionalized 
carbon nanotubes and the surrounding polymer matrix, developing a model to incorporate the 
nanoscale effect of electron hopping between neighboring carbon nanotubes, and fabricating 
aligned carbon nanotube nanocomposite samples. MD simulations were performed to ascertain the 
traction-separation response of a representative unfunctionalized graphene/nanotube-polyethylene 
surface in response to both normal (mode I) and sliding (mode II) separations [2].  The traction-
separation response was then used in finite element analysis of nanocomposite representative 
volume elements to assess the influence of the weak interface (compared to the infinitely stiff 
perfect interface typically assumed) on the effective elastic properties of the nanocomposite [2].  
In parallel, a method was developed for incorporating the effects of electron hopping between 
carbon nanotubes in finite element analysis of nanocomposite representative volume elements [1] 
[11].  The approach was used to study the influence of volume fraction, barrier potential, and 
tension-compression loading on the effective electrical percolation and piezoresistive response of 
nanocomposites [1] [11].  Finally, carbon nanotubes were dispersed within a co-polymer precursor 
solution and aligned under AC electric field into filament structures which were then locked in 
place under photopolymerization curing [10].  The influence of varying AC field strength and 
frequency as well as exposure time on the resulting filament structure were assessed using optical 
microscopy and Raman spectroscopy, and the corresponding electrical conductivity of the cured 
samples was measured in both the alignment and transverse directions demonstrating electrical 
percolation in the alignment direction at a nanotube concentration well below the nominal 
electrical percolation concentration [10] [3]. 
 
Year 2 activities focused on extending the development of interface models of load transfer at the 
carbon nanotube-polymer interface to include varying degrees of functionalization, developing an 
electromechanical interface model to couple with the electron hopping model, and assessing the 
piezoresistive response of aligned carbon nanotube nanocomposite samples.  MD simulations were 
again performed to ascertain the traction-separation response, but now of a representative 
functionalized graphene/nanotube-polyethylene surface in response to both normal (mode I) and 
sliding (mode II) separations [6].  The traction-separation response was then used in finite element 
analysis of nanocomposite representative volume elements to assess the influence of the 
functionalized interface on the effective elastic properties of the nanocomposite [6].  The influence 
of electron hopping through the carbon nanotube-polymer interface was incorporated into the finite 
element simulations of nanocomposite representative volume elements through the development 
of and electromechanically coupled cohesive zone model [12] [4], allowing for the assessment of 
interface damage on the effective piezoresistive strain and damage sensing response.  Larger dog-
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bone samples of nanocomposites with long range alignment and varying concentration of carbon 
nanotubes were fabricated and assessed in terms of their piezoresistive response in both the 
alignment and transverse to alignment directions [13].  
 
Year 3 activities shifted the focus of interface models to consider functionalization in cross-linked 
polymer matrices, the assessment of sensing of damage accumulation under cyclic loading, the 
development of a concurrent multiscale approach, and efforts to measure damage detection in 
fabricated nanocomposite samples.  Year three was also the first year of the addendum which 
focused on developing a meshless method tool for impact analysis.  MD simulations were again 
performed to ascertain the traction-separation response, but now of representative unfunctionalized 
and functionalized graphene/nanotube-epoxy surfaces in response to both normal (mode I) and 
sliding (mode II) separations [13].  The traction-separation response was then used in finite 
element analysis of nanocomposite representative volume elements to assess the influence of the 
functionalized interface on the effective elastic properties of nanocomposite systems having cross-
linked polymer networks [13]. Finite element simulations of nanocomposite representative volume 
element response with interface damage under cyclic loading were performed to assess the 
loading/unloading variation in effective gauge factor [14] [18] [9], and were compared to efforts 
assess the influence of matrix damage on the electron hopping mechanism of piezoresistivity [13].  
Initial steps were also taken towards establishing a two-scale concurrent multiscale model within 
a finite element framework in which deformations are passed down from the macroscale to the 
subscales (corresponding to various material points at the macroscale) where local microstructure 
evolves and results in updated effective properties which are passed back up to the macroscale 
yielding a heterogeneous and evolving distribution of constitutive properties within the macroscale 
[5].  The approach was used to assess the effects of mesoscale distribution of carbon nanotube 
bundles on the effective piezoresistive response of polymer nanocomposite [5].  Efforts to assess 
damage detection in fabricated nanocomposite samples included the testing of aligned tensile 
samples to failure under cyclic loading and the exploration of the application of notched bending 
and compact tension samples for epoxy and elastomer matrices [13] [15] [16].  Finally, the 
exploration of a meshless method for assessing impact response of energetic materials with 
nanocomposite binders was initiated by exploring the application of bond-based peridynamics 
[17].  The initial focus was on extending bond-based peridynamics to capture a larger range of 
isotropic material response than those having a Poisson’s ratio of 0.3 and on addressing the 
presence of sharp/distinct interfaces between fiber and matrix [17]. 
 
With the original grant having come to a close, year 4 activities focused solely on the objectives 
associated with the addendum.  The year 4 activities included the extension of meshless impact 
analysis tool to include electromechanical coupling, on fabricating and testing a mock energetic 
material with a nanocomposite binder for its strain and damage sensing response, and on the 
application of a hierarchical multiscale model of the mock energetic material’s strain and damage 
sensing response. Extension of peridynamics focused on including electromechanical response in 
general, which necessitated the simultaneous solution of momentum and electrostatic balance 
laws, in the context of variable resistance/constant resistivity interfaces, and in the context of 
electron hopping as a nonlocal effect [22] [7].  Once integrated, these efforts were applied towards 
assessing the dynamic piezoresistive response of a carbon nanotube-polymer nanocomposite 
bundle representative volume to an impulse load [22] [7].  Mock energetic material samples were 
fabricated consisting of sugar grains dispersed in epoxy with varying concentrations of carbon 
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nanotubes within the epoxy resulting in a nanocomposite binder [8] [21].  The mock energetic with 
nanocomposite binder was characterized with optical and scanning electron microscopy, and was 
assessed in terms of its piezoresistive response using dog-bone samples tested in tension to failure 
[8] [21].  Efforts to model the piezoresistive response of the nanocomposite bound mock energetic 
material took the form of finite element based simulations of representative volume elements 
consisting of a distribution of sugar grains bound to one another by electromechanical cohesive 
zones corresponding to the effective piezoresistive response of carbon nanotube-epoxy 
nanocomposites [8] [19] [20].  The simulations were used to assess the influence of carbon 
nanotube concentration, grain conductivity, grain interface-epoxy bond strength, and orientation 
of carbon nanotubes within the epoxy [8] [19] [20].  The simulations were also used to compare 
with experimental observation of the effective electromechanical response to provide an estimate 
of unknown experimental parameters, e.g. grain interface-epoxy bond strength [8]. 
 
Accomplishments 
 
Key contributions included the assessment of load transfer at the nanoscale interface between 
carbon nanotubes and polymer matrices and its influence on the strain sensing and damage 
detection potential in nanocomposites, the demonstration of the potential strain and damage 
sensing of aligned carbon nanotube filament structures in nanocomposites, and an initial 
exploration of potential application of nanocomposite binders in energetic materials for structural 
health monitoring.  Specific accomplishments include: 

 Assessment of nanoscale interface load transfer between functionalized and 
unfunctionalized carbon nanotubes and thermoplastic and thermoset matrices revealed 
significant improvement in load transfer with increasing degree of functionalization, 
especially in the sliding mode. 

 Development and application of electromechanical cohesive zones in nanoscale 
representative volume elements demonstrated the influence of the interface load transfer 
on the piezoresistive strain sensing, the ability to distinguish between strain sensing and 
damage detection, and the presence of a hysteretic-like response in loading and unloading 
piezoresistive response.  

 Development and application of two-scale concurrent multiscale model demonstrated the 
importance of transitioning nanoscale electron hopping through the mesoscale distribution 
of carbon nanotube bundle network in increasing the gauge factor.  

 Fabrication and characterization of nanocomposite samples have demonstrated the 
potential for strain and damage sensing.  In particular, samples with aligned carbon 
nanotube filaments demonstrated good piezoresistive and higher electrical conductivity in 
the alignment direction, but even better piezoresistive response in the transverse direction.  
This is believed to be the result of the transverse direction being very near percolation and 
therefore percolating on the application of load due to Poisson’s contraction. 

 Development of electromechanically coupled peridynamics and its application to dynamic 
loading of carbon nanotube bundles indicates a consistent pulse-reflection response as 
tension/compression waves move through the representative volume element thus 
demonstrating the potential for detecting dynamic response. 

 Fabrication and characterization of mock energetic sugar-epoxy nanocomposite samples 
demonstrated the potential for both strain sensing and damage detection in energetic 
materials. 
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 Initial modeling of the mock energetic materials using electromechanical cohesive zones 
further demonstrated the potential for strain sensing and damage detection through 
parametric study of carbon nanotube concentration and orientation distribution within the 
epoxy matrix, and provided an initial attempt at inverse estimation of sugar-epoxy 
nanocomposite properties which could not be measured directly experimentally.   
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The objective of the research was to develop a novel multiscale modeling approach for capturing the
effects of damage evolution on the mechanical and electrical properties of carbon nanotube-polymer
nanocomposites. Focus was placed on understanding and capturing the key deformation and damage
mechanisms which lead to measurable changes in the macroscale sensing properties (e.g. changes in
electrical conductivity or piezoresistivity) in proposed nanocomposite structural health monitoring sensors.
The effort centered on the development of a hybrid concurrent-hierarchical multiscale modeling approach
for capturing the effects of the evolution of damage on the multifunctional properties of polymer
nanocomposites. The novel multiscale approach encompassed both first principles atomistic modeling
(Molecular Dynamics/Molecular Statics) and continuum level computational micromechanics modeling
(Finite Element-based Asymptotic Expansion and Cohesive Zone Modeling) techniques in a hybrid
concurrent-hierarchical scale bridging method. The research also included an experimental
characterization component which provides both multiscale model input and model validation at multiple
scales. The effort was divided into three focus areas: Atomistic Modeling of Nanoscale Interface Effects,
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Multiscale Continuum Micromechanics Modeling with Damage Evolution, and Nanocomposite
Characterization for Model Validation. The objectives of each of these focus areas worked together to
create a unified approach toward developing a validated multiscale model for capturing the effects of
nanoscale damage evolution on the macroscale properties of carbon nanotube-polymer nanocomposites
sensors.

As part of an addendum, the effort was extended to explore the use of carbon nanotube nanocomposite
piezoresistive sensing in performing structural health monitoring in epoxy-based energetic materials. The
focus was to distribute the sensing network throughout the epoxy matrix phase of mock energetic materials
and assess whether or not the large nanocomposite gauge factors (2 – 20+, compared to the ~2 for
conventional strain gauges) can be maintained within the energetic composite architecture. As a key to
designing the embedded nanocomposite sensing and interpreting the sensor data is having a good
material/constitutive model, novel multiscale modeling approaches for damage evolution and its impact on
the multifunctional sensing properties were developed with emphasis on meshless methods for impact
modeling such as peridynamics.
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