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ABSTRACT 

The high tensile strength of Polymer Matrix Composites (PMC) is derived from the high 

tensile strength of the embedded carbon fibers. However, their compressive strength is significantly 

lower than their tensile strength, as they tend to fail through micro-buckling, under compressive 

loading. Fiber misalignment and the presence of voids created during the manufacturing processes, 

add to the further reduction in the compressive strength of the composites. Hence, there is more 

scope for improvement.  

Since, the matrix is primarily responsible for the shear load transfer and dictating the critical 

buckling load of the fibers by constraining the fibers from buckling, to improve the interfacial 

mechanical properties of the composite, it is important to modify the polymer matrix, fibers and/or 

the interface.  

In this dissertation, a novel approach to enhance the polymer matrix-fiber interface region 

has been discussed. This approach involves spiral wrapping carbon nanotube (CNT) sheet around 

individual carbon fiber or fiber tow, at room temperature at a prescribed wrapping angle (bias 

angle), and then embed the scrolled fiber in a resin matrix. The polymer infiltrates into the 

nanopores of the multilayer CNT sheet to form CNT/polymer nanocomposite surrounding fiber, and 

due to the mechanical interlocking, provides reinforcement to the interface region between fiber and 

polymer matrix. This method of nano-fabrication has the potential to improve the mechanical 

properties of the fiber-matrix interphase, without degrading the fiber properties.  

The effect of introducing Multi-Walled Carbon Nanotubes (MWNT) in the polymer matrix 

was studied by analyzing the atomistic model of the epoxy (EPON-862) and the embedded 
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MWNTs. A multi-scale method was utilized by using molecular dynamics (MD) simulations on the 

nanoscale model of the epoxy with and without the MWNTs to calculate compressive strength of 

the composite and predict the enhancement in the composite material. The influence of the bias/over 

wrapping angle of the MWNT sheets on the carbon fiber was also studied.  

The predicted compressive strength from the MD results and the multiscale approach for 

baseline Epoxy case was shown to be in good relation with the experimental results for Epon-862. 

On adding MWNTs to the epoxy system, a significant improvement in the compressive strength of 

the PMC was observed. Further, the effect of bias angle of MWNT wrapped over carbon fiber was 

compared for 0, 45 and 90. This is further verified by making use of the Halpin-Tsai. 
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CHAPTER 1  

INTRODUCTION 

Composite materials offer many advantages over traditional material systems such as 

higher specific strength and stiffness, high thermal and electrical conductivity, low weight, easier 

installation, fabrication tailorabiltiy, and improved safety among others. These advantages have 

led to widespread usage of composites by replacing conventional materials in the aerospace, 

automobile and biomedical industries. The low weight of the composite structures with the high 

strength properties, have helped significantly in cutting down the fuel costs and CO2 emissions. 

Many aerospace companies have incorporated more than 50% of polymer based composites in 

their new line of products in the recent years [1, 2] and have steadily decreased the use of metals. 

Other than aerospace industry, polymer based composites (PMCs) are extensively used in the 

automobile and biomedical industries. Prosthetics made out of composites are preferred because 

of their flexibility in fabrication, low weight, high tensile strength and low maintenance 

compared to their metal counterparts. The low weight-high strength properties are also 

extensively made use of by the automobile industry in high performance vehicles for engines, 

transmissions, exterior and interiors.  

Higher initial costs pose a major obstacle towards more widespread application of 

composites. Extensive research is being conducted to reduce the manufacturing costs of 

composites and to improve their mechanical properties. Significant improvements in the 

mechanical properties of polymer based composites were observed by introducing few weight 

percentages of nanonparticles into the polymers [3-7]. Compact-tension (CT) fracture tests 

conducted by Roy et al., [4] (as shown in Figure 1.1), observed that the peak failure load 
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increased by 141% and 190% and a corresponding fracture toughness by 142% and 200% over 

the baseline epoxy at room temperature, when just 0.1wt% and 0.5 wt% of nanographene 

additives respectively, were introduced to the epoxy. Similar enhancements in fracture properties 

of graphene reinforced epoxy were reported by other researchers [8]. The enhancement in the 

properties of a material observed at the macroscale can be attributed to the nanoscale interactions 

between the constituent materials.  

 

 

Figure 1.1 Compact Tension Fracture Test Results for Baseline and Nanographene Reinforced EPON-862 

Epoxy Specimens (at Room Temperature) [4] 

 

The high strength of carbon fibers contributes to the high tensile strength of Carbon Fiber 

Reinforced Polymer Composites (CFRP).  Fibers typically have high tensile strength; however, 

their compressive strength is generally much lower at about 50% of their tensile strength. This is 

primarily because; fibers tend to fail through micro-buckling (or kinking) under compressive 

loading, before compressive fracture. The presence of voids and fiber misalignment during the 

manufacturing process further contributes to the reduction in compressive strength. The 

mechanical load transfer in carbon fiber reinforced polymer (CFRP) composites is often limited 
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by the strength of the interface region between fiber and the matrix.  This leaves room for the 

improvement of compressive strength of CFRP [9]. In a composite system, load transfer takes 

place through the interface between the fiber and polymer matrix, and the interfacial region is 

primarily responsible for shear load transfer and governs the critical buckling load of the fibers 

by constraining the fibers [10]. The stiffness and transfer strength of fiber reinforced composite 

depends primarily on the thickness of the interface region on the order of 100 nm or less. 

Swadner et al. [11] determined that the failure or delamination of a glass fiber occurs in the 

matrix at about 3 nm away from the fiber surface. Similar behavior was also observed for Single 

Walled Carbon Nanotubes (SWNT) nanocomposites. It was also observed by Ding et al [12] that 

a small amount of polycarbonate remains wrapped around a SWNT when it is pulled out of the 

polycarbonate matrix during fracture. Therefore, to increase the matrix-dominated properties of 

composites, such as interfacial shear and compressive strength, it is very important to improve 

the interfacial mechanical properties by modifying the polymer matrix and/or the interface.  

In recent years, a lot of effort has been directed towards strengthening the matrix by 

adding nanofillers to the matrix to make nanocomposites [13, 14]. Carbon Nanotubes (CNTs) 

offers strength of 100 GPa and modulus of 1 TPa along with high thermal conductivity and 

electrical properties [15]. These superior properties of the CNTs can be utilized to enhance the 

corresponding interfacial properties for CFRPs. A common method to increase the interfacial 

stiffness and strength is by grafting CNTs on carbon fibers using Chemical Vapor Deposition 

(CVD) method which requires higher operational temperatures, sometimes referred to as “fuzzy 

fibers technique” [16-27]. However, this often leads to degradation of in-plane fiber properties 

due to these high processing temperatures. As a focus of this dissertation, a unique mechanism 
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was studied, to avoid the thermal degradation of the carbon fibers and achieve the nanotube 

reinforcement at room temperatures.  

 

OBJECTIVE: 

As the part of an AFOSR funded project, a different approach was used to resolve this 

issue. It is proposed, to spiral wrap CNT sheets around an individual carbon fiber or a carbon 

fiber tow. Figure 1.2 describes a schematic of scrolling MWNT sheets on carbon fibers. The 

CNT sheet drawn from either SWNT or MWNT forest is meso-porus with high specific surface 

area, because of which even small amount of CNT sheet in weight, can be used to wrap around 

large volume of carbon fibers. This CNT sheet overwrapped carbon fiber is subsequently 

embedded in a polymer matrix, which infiltrates the nanopores of the multilayer CNT sheet to 

form mechanically-interlocked CNT/polymer nanocomposite surrounding the fiber. The high-

volume fraction of the CNT in the matrix provides the reinforcement to the interface region of 

polymer and fiber due to mechanical interlocking. This approach directly influences the 

compressive strength of the composite without degrading fiber properties. While the 

CNT/polymer nanocomposite surrounding a fiber is anticipated to provide enhanced thermal and 

electrical conductivities to the overall composite, the principal goal of this dissertation is to 

investigate the effects of CNT sheet scrolled fibers on the interfacial mechanical properties, with 

the targeted focus on  improving primarily the interfacial shear and compressive strengths.  
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Figure 1.2: (a) A Schematic Diagram Showing a MWNT Scrolling a Carbon Fiber; (b & c) Different 

Segments of t he Same Carbon Fiber With a nd Without Scrolled MWNT Sheet. The Same 

Magnification was used in both SEM Micrographs. (b) A Segment of the Single Carbon Fiber. (c) A  

Segment  of  the  Same  Single  Carbon  Fiber  With  MWNT  Plies Scrolled Around it. The Scrolled 

MWNT Sheet has increased the Diameter by nearly 150% 

 

For a typical nanoparticle reinforced carbon fiber polymer-matrix composite, the strength 

of the polymer matrix is enhanced by the nanoscale interaction with the nanoparticle 

reinforcement. The carbon fiber diameter that could range from 5-10 microns and the length that 

could range up to several meters, in combination with the reinforced CNT sheets, embedded in 

the polymer matrix, results in orthotropic properties in the macroscale. Hence, the nanoscale 

interaction between the polymer molecules and the nanoparticles is a key factor in determining 

the macroscale enhancement of the composite. Therefore, to characterize and better understand 

the local influence of the nanoparticle on the mechanical properties of the composite, it is 

important to understand the nanoscale and microscale behavior of its constituents. This is 

achieved by performing multi-scale simulations. Because of the computational limitations, 

preparing a comprehensive model of a macroscale aerospace structure with its nanoscale details 

is currently impractical, and hence a multi-scale model is needed to bridge the gap between the 

length and time scales. A hierarchical nano-micro-macroscale model was developed to identify the 
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mechanisms that govern the compressive strength enhancement in a composite, and this model was 

validated using available experimental test data.  

While the use of hierarchical multiscale modeling in composites is not novel, the application 

of hierarchical multiscale models to predict the compressive strength of a nanoparticle reinforced 

unidirectional carbon/epoxy composite has not been attempted to date.  To perform a nanoscale 

analysis of this system, Molecular Dynamics (MD) technique of computational simulations was 

used, which uses Newtonian laws of motion in a group of particles/atoms, to give information on 

system dynamics in the atomic scale. Thermal motions of the atoms are implemented through the 

use of a thermostat. An atomistic model of the interface region between the polymer matrix and the 

MWNT was prepared and the shear deformation was applied on this nanoscale RVE using MD 

simulations. The nanoscale virial stresses in the composite RVE obtained from MD simulations 

were used to calculate the composite shear modulus at 50% fiber volume fraction using the rule of 

mixtures, with and without the MWNTs. In this manner, the effect of carbon fiber volume fraction 

and orthotropy of the micromechanical composite RVE at the next higher length scale was 

incorporated in the model. Subsequently, the composite shear moduli of two cases (with and 

without MWNTs), were incorporated in modified Argon’s formula to calculate the macroscale 

compressive strength [28]. The influence of carbon fiber misalignment at the macro-scale was 

incorporated in the multi-scale model in this manner. A schematic of the hierarchical multiscale 

modeling approach is shown in Figure 1.3, which briefly explains our approach of using the 

nanoscale information provided by the MD simulation on the interface region between epoxy and 

MWNTs, into a microscale  formula the results from which is then used to calculate the macroscale 

value of compressive strength. 
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Figure 1.3: Schematic Diagram Showing a Multiscale Approach to Calculate the Improvement in the 

Compressive Strength in MWNT Scrolled Fiber/Epoxy Composite 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 MATERIALS USED 

2.1.1 Fiber Reinforced Polymer Composites 

Fiber reinforced polymer matrix composites have found increasing applications in 

industries like aerospace, automotive, wind farms, offshore drilling, sports and construction. The 

combination of fibers embedded in a polymer matrix creates materials with properties exceeding 

that of the individual components. Carbon fiber reinforced polymer (CFRP) composites comprise 

of strong and stiff carbon fibers and load transferring polymer matrix material. The improved 

mechanical performance, like excellent specific stiffness and strength, low weights are driving 

factors for increased use as advanced composite materials in structural applications. Along with 

the high specific stiffness, their high resistance to fatigue and corrosion, which in turn 

significantly lowers the maintenance costs, makes them highly desirable material in the 

engineering fields and products. The usage of CFRPs as advanced composites in aircrafts has 

rapidly increased since their commercial availability [1, 2]. Boeing 787 is a good example of one 

of the recent commercial aircrafts that have incorporated CFRPs and other composite materials 

to about 50% of the material weight [1].  

CFRP composites’ substantial heterogeneity and anisotropy provides for their complex 

failure mechanism which are difficult to predict. They are affected by many failure modes that 

may initiate and interact to result in the ultimate failure of the component. Material behavior like 

size effects, moisture, temperature, presence of voids, fiber misalignments during the fabrication, 

may further contribute to their failure. In the case of compressive strength, specifically, under 
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compression loading, failure is often caused by delamination, microbuckling or kinking [28]. It is 

shown that for unidirectional CFRP the compressive strength is relatively lower than the tensile 

strength. Figure 2.1 shows the comparison between the tensile and compressive strength of 

different grades of carbon fiber in unidirectional lamina  [29]. From this figure it can be seen that 

the compressive strength is about 20 to 60% of their tensile strength. This limits the use of the 

CFRPs in structural applications that undergo compressive loading.  

 

 
Figure 2.1: Tensile and Compressive Strength of Unidirectional Carbon Fiber Composites [29] 

 

Hence, there is much room for improvement to increase the compressive strength of 

CFRP and extensive research is necessary to realize the enhancement in the compressive 

strength. 
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2.1.2 Epoxy Resins 

Polymer composites have excellent specific stiffness, specific strength and processing 

properties, which makes them highly desirable in the modern aerospace and automobile 

industries. The molecular scale structure of the epoxy composites influences their mechanical 

properties and hence to achieve design optimization a good understanding of the structure-

property relationship is required.  

Epoxy resins comprises of epoxide group, also known as oxiran or ethoxyline group, 

which is a three membered oxide ring as shown in Figure 2.2 (a) [30]. The resin compounds 

containing more than one epoxide group per monomer polymerize at the epoxy groups with the 

hardener or curing agent. The polymerization process that the monomer undergoes with the 

hardener, forms a three dimensional network which is tougher and denser than its original 

constituents [30].  

 

 
Figure 2.2: (a) Epoxide Ring with Two Reacting Carbon and One Oxygen Atoms (b) DETDA 

(diethyltoluenediamine) 

  

For the purpose of this dissertation, the cured EPON 862 epoxy with DETDA 

(diethyltoluenediamine) or curing agent W (Figure 2.2 (b)) [31], is taken into consideration. The 

detailed curing process of EPON 862 polymer is discussed as follows [32, 33]. An epoxide with 
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an ‘R’ group, typically is chlorine based, is combined with Bisephenol F to form EPON 862 

(Figure 2.3 (a)). A side reaction to this newly formed EPON 862 is the reaction of EPON 862 

with excess Bisephenol F to form long chained modified EPON 862 with an epoxide group on 

each end (Figure 2.3 (b)). But, since this reaction is heat dependent, it can be controlled. Next, 

the EPON 862 monomer is cured with the DETDA. Based on molecular mixture calculations, a 

cure ratio of 2:1 is used, where, two molecules of resin combines with one molecule of the 

curing agent. Here the hydrogen atom of the amine groups of DETDA reacts with the epoxide 

group of EPON 862 (Figure 2.3 (c)). Since three more hydrogen atoms are present in the two 

amine groups, the resulting molecule can react with up to three more epoxide groups, starting a 

cross-linking chain between the EPON 862 molecule and the DETDA hardener (Figure 2.3 (d)). 

This process then can continue to react with the epoxide and the amine groups, making a strong 

crosslinked three dimensional network.  
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Figure 2.3: (a) Formation of EPON 862, (b) Adding of Bisphenol F to EPON 862, (c) Reaction of EPON 

862 with Curing Agent DETDA, (d) Start of Cross-linking of EPON 862 and Curing Agent 

 
(a) 

 

 
(b) 

 

 
(c)  

 

 
(d) 
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2.1.3 Carbon Nanotubes  

Carbon Nanotubes (CNTs) are hollow graphene cylindrical elongated fullerenes with 

diameter ranging from sub-nanometers to tens of nanometers and closed at their either end with 

pentagonal ring caps. The discovery of CNTs by by Sumio Iijima [34] has been of significant 

importance in the aerospace and automobile industries in particular. Depending on the 

application, selective manufacturing of CNTs is possible, using Chemical Vapor Deposition 

(CVD), Carbon Arc Discharge method, Pulsed Laser Vaporization/ Laser Ablation and others 

[35-37]. Figure 2.4 [38] shows the schematic of different possible configurations of rolled 

graphene layers. 

 

 
Figure 2.4: Schematic of Carbon Nanotubes Showing Folded Layer of Graphene 

 

CNTs exists in various topological forms by the number of the cylinders that can vary 

from single walled CNTs (SWCNTs), double-walled CNTs (DWCNTs) up to generic multi-

walled CNTs (MWNTs), depending on its fabrication process. CNTs exhibit excellent 

mechanical properties. Tensile modulus of Single Walled Carbon Nanotubes (SWNTs) has been 
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reported to be around 1TPa and a tensile strength of 100 GPa [39].  CNTs have diameters 

ranging in nanoscale and lengths that could exceed up to millimeters, provides the CNTs with 

high aspect ratio. This results in high surface area which provides an excellent reinforcement for 

the polymer matrix [40]. This has made CNTs highly desirable in structural or multifunctional 

applications. Their high strength-to-weight ratio has provides a significant advantage as nano-

fillers in modern-day composites and have been extensively incorporated in the modern day 

industries.  

Both SWNTs and MWNTs have been used as reinforcement for both thermoset and 

thermoplastic polymers (as discussed in the next section). Nanocomposites consisting of DWNTs 

with high degree of dispersion, have showed increase strength, Young’s modulus and strain 

failure with nanotube content of about 0.1 wt% [5, 41] and have also enhanced the fracture 

toughness of the baseline epoxy. Apart from mechanical properties, CNT/Polymer 

nanocomposites have also shown improvement in the thermal conductivity, by increasing the 

conductivity to 70% at 40 K and 125% at room temperature on adding 1 wt%[42] SWNT to the 

epoxy and 300 % increase  on adding 3 wt% [43]. 
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2.2 CARBON NANOTUBE REINFORCED FIBER COMPOSITES 

2.2.1 Background: 

Failure in fiber reinforced polymer matrix composites usually occurs in one of the three 

primary modes, fiber micro buckling, fiber fragmentation/fracture, matrix fracture, fiber-matrix 

interface delamination. Since the load transfer takes place through the interface region between 

the matrix and the fiber and the matrix is primarily responsible for carrying shear loads, it is very 

important to understand and improve this region for enhanced mechanical properties. Therefore, 

to improve interfacial strength, it is key to modify the polymer matrix, fiber and the interface.  

Using Raman spectroscopy, Huang et al. [44] determined the distribution of interfacial 

shear stress along a single carbon fiber in thermoplastics and hence reported interfacial 

micromechanics of carbon fiber. The linear variations of the fiber strain with the position along 

its length indicated that the stress transfer from matrix to fiber is dominated by frictional shear. It 

was also reported that the maximum interfacial shear strength of polymethyl methacrylate 

(PMMA) and polycarbonate (PC) composites, which are known thermoplastics, was much lower 

than that of carbon fiber reinforced epoxy (thermosets) based polymer matrix. The high values of 

interfacial shear stresses of thermoset polymer matrix systems were attributed to the excellent 

chemical bonding between the fiber and the matrix systems.  

In recent years, considerable effort was made to enhance this interfacial shear strength 

(IFSS) of CFRP composites. Using surface treatment to modify carbon fiber has been reported to 

increase the interlaminar Shear Strength (ILSS) [45-47]. One of the widely used methodology 

involved grafting of carbon nanotubes on glass or carbon fibers [22, 23, 27, 40, 48-50]. Coating 

CNTs on carbon fibers embedded in epoxy matrix, using single fiber fragmentation method has 
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also shown improvement in the interfacial shear strength [19]. On aligning CNTs on carbon fiber 

radially, an increase of 11% in the IFSS was recorded and on randomly aligning them an 

increase of 71% was recorded [21]. It was observed that on randomly aligning the CNTs, there 

was a high percentage of CNTs that were aligned at 45 to the principal stress directions under 

pure shear loading, which gave the higher IFSS. However, a significant drop in the ultimate 

tensile strength and modulus was also reported in their findings. On the contrary, Sharma et al. 

[51] reported an improvement of 69% in the tensile strength when CNTs were grown on carbon 

fiber. Introducing low volume fraction of about 0.25% of MWNTs in the carbon fiber-epoxy 

composites resulted in an enhancement of 27% in the ILSS and also improved the out-of-plane 

electrical conductivity. Zhao et al. [52] also grafted Polyheral oligomeric silsesquioxanes (POSS) 

on carbon fibers. Using POSS is an emerging technology for nano reinforced organic-inorganic 

hybrids, which have increased the interlaminar shear strength by almost 61%.  

Other approaches to introduce CNTs in the interfacial region between the epoxy and the 

carbon fiber have also been incorporated. One of them is to disperse regular and functionalized 

CNTs in the epoxy resin which has also been reported to significantly improve the IFSS [53-59]. 

Dispersion of CNTs in thermoset and thermoplastic resins has also shown improvement in the 

thermal as well as electrical conductivity [60, 61]. Some groups have also used carbon nanotube 

fiber to evaluate the IFSS [62-64] Bekyarove et al. [65] dispersed SWNT-COOH in epoxy to 

infiltrate carbon fiber by using vacuum assisted resin transfer modeling method to model a 

SWNT-COOH-epoxy-carbon fiber interface. On performing mechanical tests on these 

composites, an enhancement of 40% in the shear strength was recorded for just 0.5 wt% of 

SWNT-COOH. Two different groups of Tsotsis T. K. et al. and Fan Z. et al. [66-68], fabricated a 

hybrid MWNT-epoxy-glass fiber composite and reported an increase in the ILSS up to 33%. 
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Tseng et al. [69] and Cheng et al. [66] functionalized CNTs by plasma modification and prepared 

covalent-integrated epoxy composites which showed improvement in the tensile strength and the 

electrical conductivity. Godara et al. [24, 70] introduced carbon nanotubes to unidirectional 

epoxy-glass fiber macro-composite and performed single fiber push-out microindentation tests, 

which resulted in the increase of IFSS and also proved that the functionalized Double walled 

carbon nanotubes (DWNTs) are more effective than Single walled carbon nanotubes (SWNTs) 

because of the better alignment of polymer chains along the CNTs in axial direction. This was 

also validated by Barber et al. [71, 72], who proved the increase in the interfacial strength 

between single CNT and polymer when the surface of the nanotube was chemically modified. 

Improvement in the IFSS have also been reported through various other methodologies used by 

different groups on reinforced polymer composites using glass or carbon fibers embedded in 

thermoplastics, thermosets and metal matrices [73-76].  

This dissertation follows the unique methodology of carbon nanotube aerogel sheet being 

circumferentially scrolled around carbon fiber tow to improve IFSS embedded in BMI epoxy 

resin [77]. Figure 2.5 shows a transmission electron microscopy (TEM) image of MWNTs and 

2.6 shows the procedure of MWNT sheet pulled out from a forest. 

 

 
Figure 2.5: TEM images of MWNT (Courtesy: Alan G. McDiarmid Nanotech Institute, UT Dallas) 



  18 
 

 

 

 

Figure 2.6: MWNT Forest Conversion into Sheets and Assembly into Sheets a) 0.34 m Wide, 1 m Long 

MWNT Sheet, b) SEM Image of MWNT Forest Drawn into Sheet, C) SEM Image of Cooperative 90 

Rotation of MWNT Forest into a Sheet, D) SEM Image of 2-D Reinforced Structure Fabricated by 

Overlaying Four Nanotube Sheets with 45 Shift in Orientation between Successive Sheets (Zhang et 

al.[78]) 

 

 

2.2.2 Carbon Nanotube Sheet Scrolled Carbon Fiber In Polymer Composites  

Mohammed et al. [77] used drawable MWNT forest, grown using chemical vapor 

deposition (CVD), of diameters of about 10 nm with six walls. The highly oriented MWNT 

sheets were fabricated by drawing them from MWNT forest, which had a density of ~1.5 

mg/cm
3
, and a high specific strength of 144 MPa·cm

3
/g. PAN based carbon fiber with diameter 

of 5.2 m and density of 1.78 g/cm
3
 was used, with tensile strength of 5.31 MPa and modulus of 
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276 GPa. Two different epoxy materials were used, Loctite Epoxy and BMI Matrimide resin 

system.  

The MWNT sheet was then scrolled circumferentially on the carbon fiber at a wrapping 

angle  (as shown in Figure1.2) and then was embedded in the polymer matrix. This specimen 

was then subjected to fiber pull-out test and fiber push-out test to calculate the interfacial shear 

stress using the following equation: 

 

P
IFSS

dl
                                                            (2.1) 

 

where P was the applied load (pull-out or push-out), d is the fiber diameter and l is the fiber 

length embedded in the matrix. Figure 2.7 shows the pull out and push put force plotted as a 

function of displacement for neat carbon fiber embedded in epoxy as compared with the MWNT 

sheet scrolled carbon fiber embedded in epoxy. This figure clearly shows the improvement in the 

peak load on wrapping the carbon fiber with MWNT sheets.  

 

 
Figure 2.7: a) Load Vs Displacement  in Pull-Out Tests for 300 m Tow With and Without Scrolled 

MWNT, b) Load Vs Displacement Plots for Push Out Tests for Carbon Fiber Tow With and Without 

Scrolled MWNT (Courtesy: Haque MH [77]) 
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From these tests, Mohammed et al. [77] showed significant improvement in the 

interfacial shear strength when carbon fiber tows were circumferentially scrolled with MWNT 

sheet. The macroscale pull out test, using tensile testing machine showed an improvement of 

about 31% in the IFSS and the microscale push out test, using nanoindentation showed an 

improvement of 81% in the IFSS.  

This method was different from previous experiments where carbon nanotubes were 

grown or grafted on the individual carbon fiber in the following ways: 

 The conventional practice of growing CNT on carbon fiber required high temperature for 

the dissolution of catalytic particles on the carbon fiber surface, which would degrade the carbon 

fiber properties, specifically its in-plane properties. This method could be performed at room 

temperature, hence avoiding the high temperature degradation.  

 This method provided higher surface contact area between the carbon nanotube and the 

carbon fiber, generating enhanced interfacial bonding. 

 It also provides higher surface contact area between the polymer matrix and the CNT, 

hence reinforcing the matrix, and improving its load bearing capabilities.  

 This method is up-scalable compared to conventional methods. 
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2.3 MULTISCALE MODELING 

To avoid uncertainty and reduce risk in the variations in the constituent materials of 

Polymer Matrix Composite (PMC), the processing, the manufacturing process and end-use 

scenarios of performance and failure of a component, requires extensive testing, before being 

incorporated into the Design Allowable Database. This is a major limitation in using new and 

improved PMC. The development of Design Allowable Database involves analysis of multiple 

composite batches including the associated construction of large mechanical and physical 

properties. Further, expensive fabrication process of the numerous subcomponents and expensive 

testing of these components, to verify the long term performance. All the addition time and costs 

participating in these processes are heightened through complications due to large error bands in 

the properties, processing complications or tooling rework.    

To overcome these issues, Integrated Computational Materials Science and Engineering 

(ICMSE) methodology provides material development by avoiding expensive trial-and-error 

approach of material fabrication and characterization. A multiscale physics based modeling 

approach, is necessary to accurately design and study the material anisotropy. This approach 

allows analyzing the individual constituents to their basic structure and their roles in the interface 

region, and hence to accurately predict the response of PMC aircraft structures and their 

mechanical response. Figure 2.8 depicts the length scales involved in this multiscale approach, 

where, atomistic (nanoscale) simulations provide input data for the micro-mechanical response, 

which is further used as the input for a three-dimensional ply-level analysis, which includes the 

spatial variability of material properties and thereby the multi-functionality in the composite 

structure. This accounts for the ply-level mechanical properties and can be used to predict the 
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failure initiation in the aircraft structure [79, 80]. In the following chapter, the molecular 

dynamics theory, force fields available and used, the MD software used for the nanoscale 

simulations and other concepts are discussed.  

 

  

 
Figure 2.8: Length Scales Involved in the Multiscale Modeling 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  23 
 

 

2.4 MOLECULAR DYNAMICS SIMULATIONS 

2.4.1 Introduction 

Molecular Dynamics (MD) simulations are based on Newtonian mechanics to simulate 

the physical interactions of a system at the atomic level. From being used to study the 

interactions of hard spheres during the 1950’s [29] to the study of water, subsequently to 

simulate proteins and for other biological applications over the years, MD has come a long way, 

to being efficiently used to simulate and predict nano-scale atomic and molecular interactions .  

MD makes use of Newtonian equations of motions to solve the motion of every particle or atom 

in an N-particles system and hence provide the resulting physical state of the system. 

 

 
 

1 2, ,...
1,2,...,

t t t
Nt t

i i it
i

V x x x
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x


  


                              (2.2) 

 

This classical equation of motion is used in the molecular dynamic simulations to 

represent an atomic system, where the change of motion is proportional to the applied force to 

the object (Second Law). The potential energy (V) in equation (2.2), depends on the force field, 

is used to compute the internal force, Fi for any atom i, of mass mi and position xi [x
t
 =(x1, 

x2,…xN) represents the complete set of 3N atomic coordinates].    
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2.4.2 Algorithms 

The calculation of total force on each particle and subsequently the calculation of new 

positions and velocities of each atom in the molecular system is a complex procedure due to 

complexity of the potential functions. To overcome this, numerical integration methods are used 

to integrate the equations of motion and determine the updated positions and velocities of the 

atoms [81]. These algorithms use a Taylor series expansion to approximate the position and 

dynamic properties of the system. Depending on the function of the MD simulation, the 

algorithm used to run the simulation can be chosen based on the following criteria:  

 The algorithm should be able to conserve the energy and momentum of the system 

 The algorithm should be computationally efficient 

 Should allow long timestep for integration 

 Should be able to approximate the classical trajectory as closely as possible 

 

Some of the commonly used algorithms used in MD simulations are discussed below: 

 

I. VERLET ALGORITHM: In this method, the positions ‘r’ and acceleration, ‘a’ of the atoms at 

time ‘t’ along with the positions at time ‘t-Δt’ are used to calculate the new position at time 

‘t+Δt’[82]. Using the Taylor Series Expansion, position at time ‘t+Δt’ and ‘t-Δt’ can be written 

as, 

 

21
( ) ( ) ( ) ( )

2
r t t r t v t t a t t                                          (2.3) 
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2
r t t r t v t t a t t                                           (2.4) 

 

where ‘v’ is the velocity of the atoms. Taking the sum of the two equations, the updated position 

in terms of previous position and accelerations can be written as, 

 

2( ) 2 ( ) - ( - ) ( )r t t r t r t t a t t                                           (2.5) 

 

From the equations (2.3-2.5), it should be noted that the explicit computation of the 

velocities is not required. This algorithm is relatively simpler and the computation is resource 

friendly, however, the method is not very accurate [83].  

 

II. LEAP-FROG ALGORITHM: This method tries to overcome the short comings of the Verlet 

algorithm [84] [85]. And one of the ways that this algorithm uses to do so, is by explicit 

computation of the midstep velocities ‘v’ at time ‘t+(1/2)Δt’ given by equation (3.5). Even 

though this method has the advantage of explicit computation of velocities, the positions and 

velocities are calculated at different times. 

 

 
1 1

( ) ( - ) ( )
2 2

v t t v t t a t t                                              (2.6) 

 

The positions ‘r’ at time ‘t+Δt’ can be computed as,  
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r t t r t v t t t                                                  (2.7) 

 

Velocities ‘v’ at time ‘t’ are thus given by, 

 

1 1 1
( ) -

2 2 2
v t v t t v t t

    
        

    
                                    (2.8) 

 

III. BEEMAN’S ALGORITHM: Similar to Verlet algorithm, this method produces identical 

positions, but uses different formula for velocities  [86, 87]  
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This method is more accurate to calculate the velocities, and for better energy 

conservation, but comes with a higher computational cost.  

 

IV. VELOCITY VERLET ALGORITHM: This is one of the most commonly used algorithm for 

MD simulations. This method is a variant of the Verlet algorithm, but produces more precise and 

accurate positions and velocities of the atoms [88] as shown in equation 2.11 and 2.12. Here, r(t 

 t) is the position vector and v(t  )) is the velocity vector and a(t) is the acceleration vectors 

of the atoms in different time directions 
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2.4.3 Ensembles, Thermostats and Barostats 

I. ENSEMBLES 

In the terms of statistical mechanics, an ensemble average can be defined as the mean of a 

quantity that is a function of the microstate of a system. Generally, there are four different types 

of ensembles in MD simulations:  

 

a) Microcanonical Ensemble (NVE): This is an adiabatic type of thermodynamic state, 

where the Number of atoms (N), Volume (V) and the Energy (E) of the system are fixed during 

the simulation. No exchange of heat is specified in this type of ensemble, and hence it relates to 

an isolated system where the total energy of the system is conserved.  

 

b) Canonical Ensemble (NVT): In this ensemble, the Number of atoms (N), the Volume (V) 

and the Temperature (T) are specified by the user and conserved during the simulation. This type 

of the ensemble represents a heat bath, where the system is maintained in a thermal equilibrium 

at a specified temperature. A thermostat can be used to add or remove energy from the system. 

 

c) Isothermal-Isobaric (NPT): In this type of ensemble, along with the Number of atoms 

(N), the Pressure (P) and the Temperature (T) of the system are kept constant, by making use of 
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thermostats and barostats. In this case, to achieve the state of constant temperature and pressure 

within a given window, the change in the volume of the system is allowed.  

 

d) Isoenthalpic-Isobaric (NPH): This ensemble, keeps the Number of atoms (N), the 

Pressure (P) and the Enthalpy (H) of the system, constant. The enthalpy (H) of a homogeneous 

system, as shown in Equation 3.12, is maintained constant by varying the volume (V), and 

Internal Energy (U). Here p is the Pressure of the system 

 

H = U + pV                                                      (2.13) 

 

II. THERMOSTATS 

A thermostat algorithm is a modification of the Newtonian MD scheme that generates a 

thermodynamically ensemble at constant temperature. The use of thermostat can be motivated by 

either or a number of the following reasons:  

 To preserve experimental conditions. 

 Maintain realistic dynamics in the equation of motion to compute the transport qualities 

accurately. 

 To study temperature dependent processes 

 To evacuate the heat in dissipative non-equilibrium MD simulations 

 From statistical mechanics, the temperature (T) of the system is defined by the average of 

Kinetic Energies (K) of all particles [89]. For a system of N particles, the temperature of the 

system is given by: 
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                                                                    (2.14) 

 

kB is the Boltzmann’s constant, and <K> implies the average of the Kinetic Energy over an 

ensemble. Here, the average of the kinetic energy is considered since, it is difficult to maintain a 

constant temperature of the system because of the fluctuations in the atomic velocities in the 

system, throughout the simulation. Hence only the average value of the temperature of the 

system is maintained. As it is evident from Equation (3.13), the temperature of the system 

depends on the Kinetic Energy of the particles, which in turn is influenced by the velocities of 

the atoms. A common method to control an average temperature is to use velocity rescaling. 

However, this approach does not capture the correct energy fluctuations in the system. So, 

different thermostats are made use of, to facilitate the finite temperature changes in the system. 

Some of the most commonly used thermostats are discussed below: 

 

a) Berendsen Thermostat: The Berendsen thermostat [90] uses the same approach as 

velocity rescaling, but assigns a time scale for updating the velocities, and unlike the velocity 

rescaling approach, where the velocities are completely scaled to the target temperature at each 

time step. In this approach, it is assumed, that the system is weakly coupled to a heat bath at the 

desired temperature. This thermostat does not capture the energy fluctuations correctly, and faces 

the same issues as velocity rescaling.  

 

b) Anderson Thermostat: The Andersen thermostat [91] makes use of random 

collisions of molecules with an imaginary heat bath at the desired temperature, that introduces a 
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stochastic element to the temperature. The time between the collisions is randomly decided. In 

the single-particle approach, at a desired temperature, a randomly chosen particle and its velocity 

is reassigned from a random Maxwell-Boltzmann distribution. There is an alternative approach, 

where a massive collision can be used in which each velocity component of every particle in the 

system is reassigned simultaneously.  

 

c)  Nose-Hoover Thermostat: Initially developed by Nose [92] and later improved 

by Hoover [93], this type of thermostat is one of the most accurate and computationally efficient 

approach, widely used for MD simulations, for temperature control. This thermostat, uses a heat 

bath to add an artificial variable ‘𝑠’, a velocity ‘𝑠̇’ to the system and with an associated mass ‘Q’, 

which also determines the extent of coupling between the MD system and the heat bath. This 

approach does not need time scaling by s. This algorithm fails to generate a canonical 

distribution for a single harmonic oscillator. This shortcoming has led to the need for developing 

newer thermostatting algorithms.  

 

 

III. BAROSTATS 

It is often required to maintain constant temperature and pressure for simulated system. 

Thermodynamically, maintaining a constant temperature and pressure can result in fluctuating 

volume of the system. Several barostat techniques are available to achieve the desired pressure 

by readjusting the volume of the MD system. Some of the commonly used barostat techniques 

used in MD simulations are:  
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 Volume Rescaling – by rescaling the volume of the system at periodic intervals, 

the target pressure is achieved. 

 Berendsen Barostat – the pressure of the system is coupled to a “pressure bath” 

which in turn rescales the volume. 

 Extended Ensemble Barostat – Like the Nose-Hoover thermostat, this barostat uses 

an extended Lagrangian and new degrees of freedom, and couples a “pressure bath” to maintain 

the constant pressure in the MD system.  

 

2.4.4 Boundary Conditions: 

Finite systems behave very differently from that of the infinite or massive systems [94]. 

Simulating small clusters of atoms or molecules with well-defined number of constituents would 

not help in obtaining the bulk properties of macroscopic systems from MD simulations. Hence, 

the number of particles used in the MD system for simulation purposes plays a key role. 

Regardless how large system we choose with N number of particles in our simulations, it would 

still be negligible from a macroscopic point of view.  

The MD systems comprise of a very small fraction of atoms located near the boundary or 

the walls from a macroscopic stand. Therefore, in large systems, the fraction of particles near the 

walls is negligible. However, the fraction of the surface atoms in an MD system is much more 

significant, the behavior would be affected by the surface effects or the edge effects [95, 96]   

To resolve both these issues, of finite size and to reduce the surface effects, it is very 

common to use Periodic Boundary Conditions. Using periodic boundary conditions on the MD 

system, basically implies that the number of particles enclosed in our simulation box is repeated 

infinitely by rigid translation in every Cartesian direction, occupying the space, as shown in 
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Figure 2.9 [97]. Periodic boundary conditions create “image” particles in all the directions of 

periodicity and moves solitary with their “original” particle from the simulated box. When a 

particle leaves or enters the simulation region, an identical “image” particle enters or leaves this 

region, thus maintaining the same number of particles as in the MD system. This removes any 

surface effects and the positon of the box boundaries have no effect on the properties.  

 

 

 
Figure 2.9: Schematic of a System with Periodic Boundary Conditions (Courtesy: Central Michigan 

University [97] 
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2.5 FORCE FIELD POTENTIALS 

2.5.1 Introduction 

Computer simulations have evolved as a powerful tool to study the dynamics and 

structural properties of various systems. Detailed molecular structures and interactions can be 

predicted using quantum mechanics (QM) methods. However, to study large molecular systems, 

these methods required high computational costs. Hence, development of simplified 

approximations was necessary to investigate larger systems. The potential functions make use of 

Born-Oppenheimer approximation to reduce the full quantum description, to write the energy of 

the system as a product of mutually independent functions of nuclear and electron coordinates 

[98]. The nuclei of the atoms are treated as point particles which follow Newtonian dynamics. 

The position and the configuration of the electrons within the atom’s shell are ignored and the 

potential functions use the energy due to the position of the nuclei with respect to each other. 

This allows the MD simulation of large molecular systems.  The MD algorithms, as discussed in 

previous sections, use these force fields in general empirical fits to quantum mechanical 

calculations, and in certain cases provides results as accurate as the highest quantum mechanical 

calculations [98].  

A force field is a set of mathematical expressions that defines the energy of a system 

depending on the coordinates of its particles. It is based on a set of parameters entering the 

mathematical form and the analytical form of the interatomic potential energy. The parameters 

are obtained from various methods like, ab initio or semi-empirical quantum mechanical 

calculations or by making use of fitting experimental data from neutron, X-ray and electron 

diffraction, NMR, Raman spectroscopy etc. The atoms in the MD system are held together by 
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simple elastic (harmonic) forces and the force field replaces the true potentials with a simplified 

model depending on the purpose of the MD simulations. There are several force fields available 

for different kinds of systems in question for analysis, and with different degrees of complexity. 

The type of molecular system that is to be used in the simulation, decides the exact functional 

form and parameters of the potential function. But, all the force fields are based on a typical 

expression as shown in equation (2.15). 
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             (2.15) 

 

Here, kB ka are the force constants, r is the distance between two bonded atoms, ro is the 

equilibrium bond distance,  is the bond angle between two bonds, o is the equilibrium bond 

angle,  is the torsional angle,  is the phase, n defines the number of maxima or minima 

between 0 and 2, Vn is the height of the potential barrier, Vimp is the improper torsion. In this 

equation, the total energy of the system is calculated, where the first four terms refer to the local 

or intramolecular contributions from bonds stretching, angles bending, dihedral and improper 

torsional energies, and the last two terms describe the energies from the van der Waals 

interactions (in this case by means of 12-6 Lennard-Jones potential) and the Coulombic 

interaction.  

The potential functions play a critical role in molecular dynamics simulations. Defining 

the correct potential function is very crucial since, the potential functions determine the 
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acceleration of the atoms or particles, which is then used to update the positions and the 

velocities of all the atoms or particles in the system. There are many force fields available in 

literature, resourceful for simulating various types of systems.  Traditionally, force fields with 

fixed bond topologies were used to model covalent systems by defining the bonds at the 

beginning of the simulation and remain fixed throughout. Some of the common force fields used 

in such methodologies are, AMBER, OPLS, CHARM and COMPASS. The MD systems 

modeled using such force fields with their corresponding assumptions have been analyzed and 

proven to be appropriate for systems like polymers and proteins. However, these force fields are 

not adaptable to reactive systems, and they are not able to replicate the bond breakage and/or 

bond formation reactions in the MD system. So, to overcome this, reactive force fields are 

suggested to be used for material research, which allows us to study crack-formation, 

propagation and fracture. Reax Force Field (ReaxFF) is a reactive force field based on the bond 

order, developed by Adri van Duin et al. [99]. In this dissertation, three types of potential 

functions are analyzed and discussed, OPLS, FENE and ReaxFF.  
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2.5.2 OPLS 

The Optimized Potentials for Liquid Simulations (OPLS) force field was developed by 

William Jorgensen [100] and is a widely used potential function for simulating polymer 

materials[101-104]. OPLS potential function makes use of predefined information of the 

molecular structure, including both bonded and non-bonded arrangements of the atoms in the 

molecular system. The OPLS force field uses the sum of the energies from the bonded and the 

non-bonded interactions, to calculate the total energy of the system, E as shown in Equation 

(2.16) 

 

 Total bonded non bondedE E E                                                       (2.16) 

 

The energies due to the bonded interactions is usually defined as the sum of the energies 

due to the bonds, angles and dihedral. And the total energy of the system can be re-written as:  

 

  angles diTotal bonds nohedra n bon dls deE E E E E                               (2.17) 

 

I. BOND ENERGY 

The extension or compression of the bonds between two atoms and the energy associated 

with the bond stretching due to those effects, accounts for the contribution as the bond energy in 

the total energy of the system. Equation (2.18) uses harmonic potential to describes the simplest 

form of the bond energy  
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 
2

b obondds sbon K r rE                                                     (2.18) 

 

Here, Kb is the bond stiffness, r is the current bond length (at a particular timestep), and ro 

is the original bond length or the equilibrium bond length. All the bonds in the system are 

accounted for while calculating the bond energy contribution in the total energy.  

 

II. ANGLE ENERGY 

Because of the atomic movements during a MD simulation, just like how the bonds 

stretch, the angles between the atoms can change from their equilibrium configurations. The 

energy contributions due to the change in angles is described as in equation (2.19) 

 

 
2

oangleles sang KE                                               (2.19) 

 

Here, Kθ is the stiffness constant, θ is the current angle between three bonded atoms and 

θo is the equilibrium angle. 

 

III. DIHEDRAL ENERGY 

The change in the shape due to environmental and other factors, contributes to the 

flexibility and dynamic behavior of the polymers. Each possible shape is called a confirmation 

and the transitional change between these shapes is called the conformational change. In 

polymers, the conformational changes are primarily due to the complexity between the torsional 

and non-boded interactions. Due to the repulsive forces between the non-bonded interactions 

between the end atoms of the torsional unit, act as a limitation to the rotation between the 
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chemical bonds. These energy restrictions in the rotation about chemical bonds define the 

structure property of the polymer and are expressed using a cosine series expansion [100-104], as 

shown in Equation (2.20) 

 

        
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K

  



     

 

                     (2.20) 

 

Here, K1, K2, K3, K4, are constants in the series, ϕ is the dihedral angle as shown in 

Figure 2.10. 

 
Figure 2.10: Schematic of Dihedral Angle 

 

 

IV. NON-BONDED INTERACTIONS 

Non-bonded interactions act between atoms that are not linked by covalent bonds. The 

two main contributors to the energies due to non-boded interactions are electrostatic interactions 

and van der Waals interactions. The handling of electrostatic interactions is slightly more 

complicated and depends on the charges on the nuclei and the electrons of the atoms, which is 

governed by the Coulomb’s law: 
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                                                         (2.21) 

 

where, qi and qj are the magnitude of the charges, rij is the distance between them, εr is the 

relative dielectric constant of the medium in which charges are placed and εo is the permittivity 

of free space.  

However, it’s the van der Waals forces that are the major source of the energy 

contributions in the non-bonded interaction between atoms and molecules in a system. Named 

after the famous Dutch scientist, Johannes Diderik van der Waals, these forces are distance 

dependent interactions between atoms, which is the sum of the attractive and repulsive forces 

between atoms and molecules in the system. Because of these forces being short range nuclear 

forces, the influence zone for these forces to make an influence is in the range of few Angstroms. 

The attractive component of the forces, called the London dispersion forces, is a temporary 

attractive force, results when the temporary dipoles are formed when the electrons in two 

adjacent atoms occupy the required positions. Because of this action, this type of force is also 

called the induced dipole- dipole attraction. The repulsive forces, on the other hand, are affected 

by the Pauli Exclusion Principle. The theory behind the repulsive forces, if affected by the 

electrons or the nuceli is debatable, but either ways, no two atoms can get too close to each other 

without experiencing repulsive forces. Both attractive and repulsive forces contribute to the van 

der Waals forces, and are based on the interatomic distance, as shown in Figure 2.11.  
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Figure 2.11: Variation in L-J Potential with Inter-Particle Distance 

 

The empirical potentials used to define these non-bonded potentials is called the Lennard-

Jones (L-J) potentials and is expressed mathematically as:  

 

12 6

4non bondedE
r r

 


    
     

     

                                         (2.22) 

 

here, ε is the depth of the potential well, σ is the finite distance at which the inter-particle 

potential is zero, r is the interatomic distance. 

 

2.5.3 ReaxFF 

Traditional potential functions like OPLS are much simpler to use and are computational 

friendly, but they are unable to simulate chemical reactions since they lack the capability to 

simulate bond formation and bond breakage between the atoms. However, more recent potential 

functions like Reactive force field (ReaxFF), which is a bond order based force field, allows 

continuous bond breakage and formation [99], and suits more closely to simulate material 

behavior under sustained loading. This advantage is used to serve the purpose of this dissertation 

more relevantly.  ReaxFF uses the bond distance-bond order relationship on one hand and the 

bond order-bond energy relationship on the other, to simulate the proper dissociation of bonds to 
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separated atoms. Valence terms like angle and torsion, present in the force field are also defined 

in terms of the same bond orders, which when the bonds break, goes to zero. Non-bonded 

interactions between the atoms, like van der Waals and Coulombic potentials, are also taken into 

consideration in the ReaxFF force field, thereby incorporating all the interactions presents in the 

system. The ReaxFF parameters are derived from quantum chemical calculations on bond 

dissociation, reactions of small molecules, heat formation and geometry data of several stable 

hydrocarbon compounds.  

Similar to the empirical force fields like OPLS, the total energy of the system is described 

by ReaxFF as a sum of various partial energies as shown in Equation (2.23).  
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               (2.23) 

 

Each of these partial energy terms is a function of bond order, which depends on the 

interatomic distance. The dependency of Bond Order between two atoms i and j, to the 

interatomic distance between them, can be described as: 
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                                                (2.24) 

 

Here, pbo,1 and pbo,2 are the bond constants, rij is the current distance and ro is the 

equilibrium distance between the atoms i and j. From this relationship between the bond order 
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and the bond distance, it can be said that the bond order decreases exponentially as the bond 

distance between the two atoms increase, as shown in Figure 2.12: 

 

 
Figure 2.12: Schematic of Bond Order Relation with Interatomic Distance 

 

All the partial energies are governed by the interatomic distance, which in turn simplifies 

the dynamic breakage and formation of the chemical bonds by computing the bond order.  
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2.6 SIMULATION PROCEDURE 

As discussed earlier, Molecular Dynamics is a computational simulation technique which 

is used to study the motion of the atoms, using classical Laws of Physics, by allowing atoms and 

molecules to interact over a small time period. The information from the positions and velocities 

of atoms in a system over the course of a simulation, are collectively used to determine the 

statistically properties of the system. The mechanical, thermal, electrical as well as any other 

time dependent properties are determined based on the force field chosen to perform the MD 

analysis.  

A classic MD simulation basically consists of a data file and an input file. The data file, is 

made up of the initial positions and the velocities of all the atoms in the system. And depending 

on the type of molecular system, may need to include other necessary information for all the 

atoms like the force field parameters, bond, angle, charges and dihedral information, etc. 

However, there are some potential functions like the Reax-FF potentials, where only the initial 

atomic positions and velocities are required in the data file, before the start of the simulation. All 

these information from the data file is read by the input file where the user defines various 

parameters for the simulation like the total simulation run time, ensembles (discussed in detail in 

later sections), deformations etc., according to the purpose of the simulation. Figure 2.12, shows 

a general algorithm followed by a typical MD simulation, where the input file reads the data file 

and follows the following steps to perform a simulation specified by the users. 
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Figure 2.13: Algorithm of a Generalized Molecular Dynamics Simulation 

 

Generally, before the start of any simulation, the initial data file or the initial system is 

brought to its minimum energy state by iteratively adjusting the atomic positions of the system. 

Once, an energy-minimized state is reached, the system is let to undergo the user defined 

simulation, where-in, various parameters like the temperature, pressure, volume etc. could be 

changed or set to a certain value. This lets to a change in the initial position and velocities of the 

system. Forces on every atom in the system are calculated (as shown in formula 3.1) and 
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Newton’s Second Law is used to calculate the new positions and velocities of the atoms and are 

updated every timestep. 

 

 

2.7 LAMMPS OVERVIEW 

All the molecular dynamics simulations in this dissertation were performed using the 

Large Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), which was developed 

by Sandia National Labs [105]. LAMMPS is a classical MD code that allows modeling an 

ensemble of particles in a liquid, solid or gaseous state. It allows the user to model atomic, 

coarse-grained, granular, polymeric, biological and metallic systems with the help of variety of 

force fields and boundary conditions.  

LAMMPS is based on integrating Newton’s equations of motion for a collection or 

atoms, molecules or macroscopic particles that interact under different range of forces, along 

with initial and/or boundary conditions. LAMMPS keeps a track of nearby particles for 

computational efficiency, which also could be optimized to maintain the density of the particles. 

LAMMPS runs most efficiently on parallel computers using spatial-decomposition techniques.  

LAMMPS uses an input script to read the atomistic data from a data file. The data file 

comprises all the information for every single atom in the MD system, like the position 

coordinates, velocities, bonds, angles, dihedrals, charges etc., depending on the type of 

simulation and force fields specified by the user. The input file is used to set the parametrization 

factors like the ensemble, thermostats, barostats and potentials on the MD system. The input 

script is also used to perform other actions like to apply deformations on the system, make 

changes in the model, and introduce any other element and many other actions. The timestep and 
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the number of run steps specified in the input script decides the outcome of the simulation, by 

allowing how well a system is equilibrated in the conditions specified and/or desired by the user. 

The output parameters from these simulations can be stored in different files, at different time 

intervals, again to be specified in the input File. LAMMPS just outputs numbers and has no way 

of graphically analyzing the output files. There are other visualization software available that can 

read the output files from LAMMPS and provide a graphical representation of the simulation.  

 

 

2.8 OVITO 

Open Visualization Tool (OVITO) is an open source scientific data visualization and 

analysis software that is used in all the graphical representation of the MD models, in this 

dissertation. Developed by Alexander Stukowski at Darmstadt University of Technology, 

Germany [106, 107], OVITO able to read and translate the numerical output from LAMMPS into 

graphical representations and allows the user to perform visual analysis of the large scale 

atomistic simulations like, color coding of atoms, bond analysis, slicing, tracking of particles etc. 

It’s very simple software and supports multiple file formats and also can be used to export high 

quality images and animations.  
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CHAPTER 3  

MULTISCALE MODELING METHODOLOGY FOR PREDICTING COMPRESSIVE 

STRENGTH ENHANCEMENT IN CARBON FIBER REINFORCED COMPOSITES USING 

SCROLLED MWNT SHEET 

 

3.1 MULTISCALE APPROACH 

 

3.1.1 Introduction: 

To study the effect of multi-wall nanotube (MWNT) overwrapping on the mechanical 

properties of the carbon fiber reinforced polymer composites, such as compressive strength and 

interfacial shear strength, simulations were performed and verified with experimental results. A 

hierarchal multiscale approach was used to perform the nanoscale simulations   to calculate the 

compressive strength of the carbon fiber composite with and without the MWNT overwrap. The 

hierarchical multi-scale model in schematically depicted in Figure 3.1, where molecular 

dynamics (MD) was used to generate nanoscale morphology of the interface region containing 

the epoxy matrix and the scrolled MWNTs, which was then incorporated in a microscale formula 

to calculate the shear modulus of the carbon fiber reinforced composite, and finally in a 

macroscale (Argon’s) formula to predict the compressive strength of the carbon fiber reinforced 

polymer composite.  
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Figure 3.1: A Schematic Diagram Showing a Multiscale Approach to Calculate the Improvement in the 

Compressive Strength in MWNT Scrolled Fiber/Epoxy Composite 

 

The first step was to run shear deformation on the MD model of the RVE using LAMMPS 

software under different strain rates. A parametric strain rate analysis was performed from the shear 

stress-strain data output from LAMMPs from different strain rates and a power law was relation 

was invoked to interpolate the shear modulus calculated from the nanoscale simulations. The shear 

modulus of the matrix was then used in the microscale Rule of Mixtures with 50% fiber volume 

fraction to calculate the shear modulus of the carbon fiber reinforced composite. The shear modulus 

of the composite was further used in the macroscale formula of modified Argon’s formula to predict 

the compressive strength of the composite. The details of this methodology are explained in the 

following sections.  

 

3.1.2 Macromechanics: 

Earlier work by Rosen [10], which assumed extensional (transverse) and shear 

microbuckling of the fibers imbedded in an isotropic linearly elastic matrix, consistently over-

predicted the compressive strength when compared with experimentally measured values. Argon 

[108] was among the first to recognize that fiber reinforced composites made by standard 

manufacturing processes, such as VARTM or even pultrusion, have regions of fiber misalignment. 
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Argon [108], and later Budiansky [28, 109], showed that fiber misalignments present in fiber 

reinforced composites could lead to yielding of the polymer matrix during deformation. The 

yielding of the matrix would, in turn, result in loss of matrix stiffness that could eventually trigger 

fiber microbuckling and resulting kink band formation leading to final failure [110]. Consequently, 

it was recognized that the dominant compressive failure mode in continuous fiber polymer matrix 

composites is localized compressive buckling, or kinking. Argon [108] proposed a simple yet 

elegant formula for composite strength given by  

 

Y
c

o





                                                                       (3.1) 

 

where, Y is the matrix yield strength in shear, and ϕo is the initial fiber misalignment angle with 

respect to the load direction, sometimes referred to as fiber misorientation. Subsequently, a modified 

form of the Argon formula was derived that included both elastic and plastic buckling behavior as 

limiting cases [110-113],  
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where, 12cG  is the composite longitudinal shear modulus,  τY is the matrix yield strength in  

longitudinal shear, and γY is the matrix  yield strain in longitudinal shear.  
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The failure mechanism described in equation (3.2) is still a shear mode of fiber 

microbuckling, but unlike in Rosen’s elastic analysis, it is the local nature of the imperfections, 

coupled with (perfectly) plastic yielding of the matrix in shear, that results in local microbuckling 

and kink band formation. From equation (3.2), it is apparent that improvements in the compressive 

strength of the composite could be achieved by: (a) improving the shear modulus of the matrix 

surrounding the fiber through the scrolling of MWNT sheets, and (b) by increasing the matrix yield 

strain in shear through the scrolling of MWNT sheets. However, the feasibility of this concept needs 

to be verified through Molecular Dynamics (MD) simulation of the effects of scrolled MWNT 

sheets that concurrently increases matrix yield strain and matrix shear modulus, thereby making use 

of synergies that may exist between these effects.  

 

3.1.3 Micromechanics: 

For continuous fiber-reinforced composites, the shear modulus can be calculated using the 

rule of mixtures [9] which relates to the dependence of the composite shear modulus on shear 

moduli of the constituent phases and their corresponding volume fractions. Based on the RVE 

schematic shown in Fig. 3.2 (a) and (b), before and after shear deformation respectively, the 

following formula for the composite shear modulus can be derived from micromechanics:     
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Figure 3.2: Representative Volume Element Loaded in Shear a) Shear Stress Loading b) Shear 

Deformation 
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                                                            (3.3) 

 

where, G12c is the longitudinal shear modulus of the composite, Gf is the shear modulus of the 

carbon fiber, Gm is the shear modulus of the matrix (with and without MWNT), and  Vf and Vm are 

fiber volume ratio and the matrix volume fraction,  respectively.  

 

3.1.4 Nanoscale Simulations:  

A schematic of the representative volume element (RVE) in the interface region of our MD 

model is depicted in Figure 3.3(a).   The actual RVEs for baseline epoxy, one MWNT (0.94 vol%) 

embedded in epoxy, and  four MWNTs (3.76 vol%) embedded in epoxy, used in  computing 

compressive strength are  depicted in Figures 3.4(a), (b) and (c) , respectively. It should be noted 

that, unlike as shown in Figure 3.3 (a), the influence of the carbon fiber was not directly included in 

the nanoscale RVE due to length-scale issues, but was introduced through the micromechanical 
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model. After proper equilibration of the 3-D MD model, a uniform shear strain was imposed on the 

MD box at the operating temperature as depicted in Figure 3.3(a) together with periodic boundary 

conditions on the MD box. The shear stress vs. shear strain curve, as schematically depicted in 

Figure 3.3(b), was computed from the simulation for the scrolled interface region. Here, the goal 

was to use MD to obtain the matrix modulus (Gm) and the matrix shear strain at yield  ( Y ) for the 

MWNT reinforced cases, and then use these computed material properties to obtain the 

compressive strength enhancement, if any, of the unidirectional carbon composite through the 

use of equations 3.3 and 3.2, respectively.    

 
Figure 3.3: (a) MD Model of MWNT/EPON-862/Carbon Fiber Interface, (b) Virial Shear Stress versus. 

Strain Curve Indicating Shear Modulus and Plastic Strain at Yield 

 

 
Figure 3.4: Molecular Model of (a) EPON-862 DETDA (Baseline) System, (b) EPON-862 DETDA with 

One MWNT Interface System, (c) EPON-862 DETDA with Four MWNTs Interface System 
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For the MD Simulations, the open-source LAMMPS software (developed by Sandia Labs) 

[105] was used. The stress tensor for any atom, I, is given by the following formula [114], where a 

and b take on values x, y, z to generate the 6 components of the symmetric tensor: 
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          (3.4) 

 

The first term in equation (3.4) is a kinetic energy contribution for atom I. The second term 

is a pairwise energy contribution where n loops over the Np neighbors of atom I, r1 and r2 are the 

positions of the 2 atoms in the pairwise interaction, and F1 and F2 are the forces on the 2 atoms 

resulting from the pairwise interaction. The third term is a bond contribution of similar form for the 

Nb bonds which atom I is part of. There are similar terms for the Na angle, Nd dihedral, and Ni 

improper interactions that atom I is part of. There is also a term for the KSpace contribution from 

long-range Coulombic interactions. Finally, there is a term for the Nf fixes that apply internal 

constraint forces to atom I. Note that the virial stress for each atom is due to its interaction with all 

other atoms in the simulation, not just with other atoms in the group. These values of virial stresses 

for each atom in the system are used to compute the pressure of the entire system of atoms by 

LAMMPS. A symmetric pressure tensor is computed using the formula: 
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                                                    (3.5) 

 

Here, the first term uses components of the kinetic energy (temperature) and the second term 

uses components of the virial tensor that includes sum of pair, bonds, angles, dihedrals, improper, 

Kspace and fixes contributions to the force on each atom, as discussed above. Because for this work 

we are concerned only with the Cauchy’s stress induced by applied mechanical loads, thermal 

(residual) stresses were not included in the results.  

 

3.1.5 Influence of Strain Rate: 

A parametric sensitivity study on influence of the strain rate on compressive strength was 

performed where the MD models were subjected to shear deformation under different strain rates. It 

was observed that at different strain rates the models behaved differently. However, a common 

trend that was observed was that as the strain rate was reduced in the simulations, the shear modulus 

as well as the shear strain at yield was also reduced. The behavior of the pure epoxy baseline case, 

under different strain rates matched very well with the pattern followed by the experimental results 

by [113] on the same epoxy under different strain rates, albeit the experimental strain rates were 

much lower than the MD ones. Using these experimental data and the data from our MD 

simulations, a power law model was used to correlate the high strain rates of MD simulations to the 

lower experimental strain rates.  A simple power law was devised to interpolate the entire interfacial 

shear stress vs shear strain curve as a function of shear strain rate and then calculate the shear 

modulus of the matrix as shown in Equation (3.6)-3.8.   
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where, 

•

1 log *oA A A                                                             (3.7) 

•

1 log *on n n                                                                (3.8) 

 

where, A0 and A1 are determined from the intercept values and n0 and n1 are determined from the 

slope values when plotted against the corresponding normalized strain rate, 
•

* . A normalized 

strain rate is defined in equation 3.9 where 
•

refγ   is a reference strain rate selected as 0.01sec
-1

:       

 

•
•

•
*

ref
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                                                                  (3.9) 

 

The power law coefficients A and n can be obtained by finding the logarithm of Eqn. (3.7 

and 3.8) and then employing a linear regression analysis as depicted in Eqn. (3.10). The slope in 

Eqn. (3.10) provides the power law exponent n, and the intercept provides the power law 

coefficient A at a specified strain rate. The process needs to be repeated at different strain rates to 

obtain these parameters over the full strain-rate spectrum, as discussed in detail later in this 

dissertation.    

 

  log  log   log  A n                                                         (10) 
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3.2 COMPUTATIONAL MODELING DETAILS  

The reactive force field, ReaxFF, was used for all the MD simulations described in this 

dissertation, using open source software, LAMMPS. The first step was to validate the MD model of 

the EPON 862 polymer. To do so, a strain rate effect study was performed by applying shear 

deformation on the MD model of the baseline epoxy at room temperature. The results from the 

shear stress versus strain data from the MD simulations were compared with the experimental data 

and the power law was used to determine the compressive strength of the Epoxy at the reference 

strain rate of 0.01 sec
-1

. This compressive strength was used as the basis for the comparison on 

adding the MWNTs to the RVE of the epoxy system and to predict the enhancement. 

The first system that was analyzed was baseline Epon 862-DETDA polymer, with an RVE 

of dimensions 13.5 nm x 10.3 nm x 6.8 nm (Figure 3.5). For the purpose of this dissertation, this 

case of Baseline Epoxy MD model is called Case I. To apply the shear deformation on the 

molecular model of the epoxy, the following steps were incorporated for the modelling, temperature 

increase and equilibration: 

1. First the epoxy model (courtesy of Michigan Tech), was minimized for about 10 

picoseconds. This step allows the atoms to relax and achieve a state of minimum energy equilibrium 

before we could start increasing the temperature. Periodic boundary condition was maintained in the 

x, y and z directions. 

2. Once the energy of this system was minimized, the temperature of the system was slowly 

increased at an increment of 30 K every 1 picosecond until it reached 300 K.  

3. On reaching 300 K, the system was equilibrated at 300 K for about 10 picoseconds. 
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4. Uniform shear strain at different strain rates ranging from 2.43x10
13

 sec
-1 

to
 
2.43x10

11
 sec

-1
 

was applied to the equilibrated system at 300 K. 

 

 

Figure 3.5: Case I – RVE Showing MD Model of Baseline Epoxy, EPON-862, Under Uniform Shear 

Deformation 

 

The density of the baseline system was maintained at 1.19 g/cm
3
 at 300 K for an atom 

count of 102,816 atoms. A maximum shear strain of about 11-25% was applied to the baseline 

system and the resulting shear stress was computed by LAMMPS using the virial stresses. An 

important point to note here is that, for the two models, periodic boundary conditions were 

maintained in all the three directions of x, y and z. The molecular images, as shown in Figure 3.3-3.5 

were obtained using OVITO molecular graphics software [107]. For this dissertation, three different 

strain rates of 2.43x10
13

 sec
-1

, 2.43x10
12

 sec
-1 

and 2.43x10
11

 sec
-1 

were considered. The stress-strain 

values for these three cases of strain rates as computed by the MD simulations, were compared with 

the experimental results for the same epoxy system [113] at  strain rates ranging from 1.3x10
-4

 sec
-1
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to 700 sec
-1

. The shear stress vs. shear strain data from these MD simulations and the experimental 

results (as discussed in the Results section) were used to obtain the logarithmic plots for linear 

regression analysis. Finally, the variation of the power law parameters A and n as a function strain 

rate were obtained by fitting the data obtained from the logarithmic plots of stress vs strain. These 

data are in turn used in the power law (see equations 3.6-3.10) to calculate   the shear modulus of 

the matrix from the shear stress at yield and strain from the MD results.  Using these values in the 

Rule of Mixtures at a fiber volume fraction of 50% (Eqn. 3.3) the shear modulus of the composite 

was calculated. Further, using this value of the shear modulus of the whole composite in the 

modified Argon’s formula (Eqn. 3.2) the compressive strength for the baseline epoxy with 50% 

fiber volume fraction was calculated under different strain rates and at a reference strain rate of 0.01 

sec
-1

. A nominal fiber misalignment angle of 0.1 radian was assumed in all calculations.  

Once the baseline MD model was established, MWNTs were introduced to the baseline 

epoxy model. For this interface region between the epoxy and the MWNTs, the same RVE 

model of epoxy that was used to study the baseline case was used, with the dimensions of the 

epoxy as 13.5 nm x 10.3 nm x 6.8 nm. For studying the mechanical properties on introducing the 

MWNTs, two cases were studied, by introducing one and four MWNTs in the epoxy. This was 

done by displacing the atoms in the epoxy at a slow increment, until a cylindrical hole of the 

desired diameter including the van der Waal cut-off distance, was achieved. Two concentric 

carbon nanotubes were introduced in each of these holes within the epoxy, with chirality (5, 5) 

and (10, 10) with diameters 0.67 nm and 1.34 nm respectively, as shown in Fig. 3(b and c). The 

length of the MWNTs was 6.8 nm in the z-direction. Similar to the first case of pure baseline 

epoxy, periodic boundary conditions were maintained in all the three directions of x, y and z on 

introducing the MWNTs. In addition to enhancement in the mechanical properties of the CFRP 
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upon adding MWNTs to the system, a parametric sensitivity study was also conducted to study 

the influence of the wrapping angle of the scrolled MWNT sheet on the enhancement of the 

compressive strength, as depicted in Figure 3.6. It should be noted that the bias angle (α) 

represents the average orientation of the MWNT to the carbon fiber as not all MWNTs may be 

perfectly aligned along the length of the sheet,  

For this, multiple cases were analyzed. The ones reported in this dissertation are as 

mentioned in Table 3.1: 

 

 
Figure 3.6: a) MWNT Sheet Scrolled on Carbon Fiber at a Bias Angle of , b) Schematic of Nanoscale 

RVE of the Interface Region Between Epoxy-MWNT-Carbon Fiber with the Bias Angle  Between 

MWNT and Carbon Fiber 
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Table 3.1: Case Studies with Interpolation for Strain Rate Effect 

Case I Baseline epoxy model (discussed in the previous section) 

Case II Four MWNT/Epoxy Interface with  shear deformation applied 

perpendicular to the length direction of the MWNTs (3.76 volume% of 

MWNTs) 

Case III Four MWNT/Epoxy Interface with  shear deformation applied parallel to 

the length of the MWNTs ( 3.76 volume% of MWNTs) 

Case IV One MWNT/Epoxy Interface with   shear deformation applied 

perpendicular to the length direction of the MWNTs (0.94 volume% of 

MWNTs.) 

Case V One MWNT/Epoxy Interface shear deformation applied parallel to the 

length of the MWNTs – (0.94 volume% of MWNTs) 

Case VI One MWNT/Epoxy Interface with shear deformation applied  at 45 to the 

length direction of the MWNTs she(0.94 volume% of MWNTs) 

 

 

A summary of the modelling, temperature equilibration and shearing procedure for these 

different cases are provided below: 

Case II-V: Epoxy – with one and four MWNTs interface region 

1. In this case, the first step is to minimize the Epoxy model for 10 picoseconds until it reaches 

its minimum energy state. 

2. Then, the atoms in the region of the epoxy, where the MWNTs were to be placed, were 

slowly displaced, to create a cylindrical cavity (without deleting any atoms).  

3. For Case with one MWNT, one cavity of about 2.1 nm diameters and throughout the z-axis 

length was created (while considering the van-der Waal’s distance between the atoms). 
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4. And for Cases with four MWNTs, four cavities of the same dimensions (as mentioned in the 

previous step) were created in the Epoxy model. 

5. Then, the MWNTs were placed in these newly formed cavities, and the whole system of 

Epoxy-MWNTs was minimized again for 10 picoseconds.  

5. The temperature of the system was raised to 300 K similarly as mentioned in Case I, by 

slowly increasing the temperature at an increment of 30 K every 1 picosecond until 300 K was 

reached. 

6. On reaching 300 K, each system was equilibrated at 300 K for about 10 picoseconds. 

7. Shear strain deformation of same strain rates that were used for the baseline case, i.e. from a 

range of 2.43x10
13

 sec
-1 

to
 
2.43x10

11
 sec

-1
 was applied to the equilibrated system at 300 K. 

 

The density of these four cases, with one MWNT and with four MWNTs was maintained 

around 1.22 g/cm
3 

and 1.32 g/cm
3 

respectively at 300 K. The atom count on introducing one 

MWNT was increased to 104,436 and on introducing four MWNTs it was increased to 109,536 

atoms. Again a maximum shear strain of about 11-25% was applied to all these cases and the 

resulting shear stress was computed by LAMMPS using the virial stresses. For cases II and IV, 

i.e., with 90 bias angle, the direction of the shear deformation was applied in a direction 

perpendicular to the length of the MWNT (Figure 3.7(a) and (c)). For computational simplicity 

and to avoid re-modeling the MD RVE, periodic boundary conditions of the MD model along the 

x, y and z directions was used for cases III and V, with 0 bias angle. For these cases, the shear 

direction on the MD system was changed from XY to YZ direction (Figure 3.7(b) and 3.7(d)) to 

apply the shear deformation along the length of the MWNT, i.e. shear deformation was applied 

parallel to the direction of the MWNTs. 
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Figure 3.7: a) Case II – RVE showing Four MWNT/Epoxy Interface Shear Deformation Perpendicular to 

the Length of the MWNTs; b) Case III – RVE Showing Four MWNT/Epoxy Interface with Shear 

Deformation Along the Length of the MWNTs; c) Case IV – RVE Showing One MWNT/ Epoxy 

Interface 0 Shear Deformation Perpendicular to the Length of the MWNTs; d) Case V – RVE Showing 

One MWNT/Epoxy Interface with Shear Deformation Along the Length of the MWNTs 

 

For Case VI, a different approach was used to apply the shear deformation at an angle of 

45 to the longitudinal direction of MWNTin the RVE. In this case, the MWNT was placed in a 

cavity that was created at 45 to the X axis in the XZ plane and the shear deformation was 

applied in the XY direction. Figure 3.8 describes the RVE model. Figure 3.8 (a) shows the cross 
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section of the RVE, showing the embedded MWNT in the epoxy, and Figure 3.8 (b) is the top 

view of the Epoxy with MWNT at 45 to the XZ plane and the shear deformation in the XY 

plane. Similar to case IV and V, the density of this system was maintained at 1.22 g/cm
3
 with 

104,436 atoms count and a similar shear deformation as the previous cases, was applied in the 

XY direction. It was found after the MD simulation that for the 45 case, the CNT alignment 

changed slightly from 45 after the shear deformation, as discussed in the next chapter.   

 

 
Figure 3.8: a) Case VI – RVE showing one MWNT/Epoxy Interface with MWNT Embedded at 45 to the 

XZ Plane. a) Cross-Sectional Image of Case VI; b) Top View of Case VI with the Shear Deformation 

Direction at 45 to the MWNT Longitudinal Direction (45 bias angle) 
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CHAPTER 4  

RESULTS AND DISCUSSION 

For the six different cases of  RVEs under consideration, that is, baseline epoxy and epoxy 

with one and four MWNT in the interface region, and with shear deformation angles ranging from 

0, 45 and 90, the systems were subjected to a maximum shear strain of 11-25% during the MD 

simulations at T=300 K. Periodic boundary conditions were used in all cases. Different strain rates 

were applied on these systems ranging from10
13

 to 10
10

 sec
-1

, and it was observed that as the applied 

strain rate was decreased, the maximum shear strength at yield decreased significantly, as did the 

shear modulus. Figure 4.1 shows a study of shear stress vs shear strain at different strain rates for 

the baseline RVE obtained from our MD simulations and from published experimental data [113]. 

Based on this study a strain rate of 2.43 x 10
11

 sec
-1

, which is deemed low by MD standards, was 

selected as the reference strain rate for further analysis of the other RVEs as described later. 

It is important to note that typical MD-based predictions of the mechanical properties of 

epoxy models ignore the influence of the simulated strain rates. For a wide range of strain rates the 

shear modulus of Epon-862 are on the same order, and since the experimental strain rates are 

virtually impossible to achieve for fully atomistic models due to time-scaling issues, it was 

necessary to develop a linear regression model. Therefore, a simple power law was devised as 

discussed in 3.1.5 to interpolate the shear modulus calculated from the MD results, as a function of 

the shear strain rate.  
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4.1 Baseline Epoxy Model (Case I) With  Interpolation For Strain Rate Effect 

The first part of this dissertation involved verifying the compressive strength of the baseline 

carbon fiber reinforced polymer composite from the MD simulations with  that of the experimetal 

results available in the literature. To do this, shear stress deformation was applied on a nanoscale 

MD model of baseline epoxy at different strain rates ranging from 10
11

 sec
-1

 to 10
13

 sec
-1

 (Figure 

4.1). These results were then used in the power law followed by the microscale and finally the 

macroscale formula as described in the previous chapter. 

 

 

Figure 4.1: Shear Stress vs Strain at Different Strain Rates for Epon-862 at 300 K 
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These shear stress vs strain plots from MD and experimental results were then plotted in 

a logarithmic shear stress vs logarithmic strain plots as shown in Figure 4.2. From this log-log 

plot, the intercept (Ai) and the slope (ni) of the regression values for each strain rate was obtained 

and plotted against the corresponding normalized strain rate (
•

* ) as shown in Figure 4.3(a) and 

(b) respectively. The formula used to compute normalized strain rate was as discussed in section 

3.1.5, Equation 3.8, given by

•
•

•
*

ref






 . 

 

 
Figure 4.2: Log Shear Stress vs Log Strain for Epon-862 at 300 K under Different Strain Rates 
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Figure 4.3: (a) Variation of the Power Law Intercept A, and (b) Power Law Exponent n for Epon-862 

Matrix at 300 K for with their Corresponding Normalized Strain Rates 

 

The slope (A1) and intercept (A0) from Fig. 4.3 (a)   was   used to determine the power 

law coefficients A as a function of strain rate using the following formula:

•

1 log *oA A A   . 

Similarly, the slope (n1) and intercept (n0) from Fig. 4.3 (b) was used to determine the power law 

exponent n as a function of strain rate using the following formula:
•

1 log *on n n   . Once A 

and n were obtained from through fitting simulation and test data, these values were further used 

to calculate the shear modulus of the matrix (Gm) at any given strain rate, using the power law 

𝐺𝑚 = 𝐴 (
𝜏

𝛾
)

𝑛

, where the shear stress at yield,  and yield strain,  are output from the MD 

simulation as discussed in Chapter 3. 

Once the shear modulus of the matrix was determined from MD computations, we used 

this value of Gm in the microscale formula, the Rule of Mixtures (Eqn 3.3): 𝐺12𝑐
=

𝐺𝑓𝐺𝑚

𝐺𝑚𝑉𝑓+𝐺𝑓𝑉𝑚
. 

At a fiber volume fraction of 50% and using the shear modulus of carbon fiber as 5 GPa [115], 

we determine the shear modulus of the composite and eventually compressive strength of the 
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composite using the modified Argon’s formula (Eqn. 3.2) : 12

1

c
c

o

Y

G







 
 

 

, at a reference strain 

rate of 0.01 sec
-1

. The tabulated results for  the power law coefficients, yield strain and shear 

stress at yield (from MD data, shear modulus of the matrix (Power Law), shear modulus of the 

composite (from Rule of Mixtures), and the compressive strength of the composite (Modified 

Argon’s formula), for baseline carbon fiber reinforced composite are  as shown in Table 4.1. 

From these data, the compressive strength of baseline  unidirectional carbon/epoxy composite at 

the reference strain rate of 0.01 sec
-1

 was predicted to be  665 MPa, which is in reasonably good 

agreement with the experimentally observed range of 550-800 MPa for this material system [9], 

assuming a nominal 50% fiber volume fraction .  

 

Table 4.1: Compressive Strength of Baseline CFRP from MD Simulations at Different Strain Rates 

 

2.43x10
12 

/sec 2.43x10
11 

/sec 2.43x10
10 

/sec 0.01 /sec 

A= 316 302 284 115 

n= 0.3407 0.3515 0.3656 0.4961 

Y = 0.0182 0.0127 0.0127 0.0124 

Y= 88 MPa 65.4 MPa 53.8 MPa 57.8 MPa 

Gm = 5680 MPa 6091 MPa 6012 MPa 7597 MPa 

Gf = 5000 MPa 5000 MPa 5000 MPa 5000 MPa 

Vf = 0.5 0.5 0.5 0.5 

G12c = 5318 MPa 5492 MPa 5460 MPa 6030 MPa 

o = 0.1 0.1 0.1 0.1 

c = 821 MPa 619 MPa 616 MPa 665 MPa 
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4.2 Modeling Epoxy Embedded with One and Four MWNTs (Case II and IV) With 

Interpolation for Strain Rate Effect 

After establishing and verifying the MD model for the baseline epoxy, MWNTs were 

introduced in the epoxy system as discussed in Section 3.2 and shear deformation simulations 

were performed for cases II-VI. On applying shear deformation to the RVE of Epon-862 

perpendicular to the length of the MWNTs with one MWNT (0.94 vol%) and four MWNTs 

(3.76 vol%), (cases II and IV) respectively, at different strain rates, a similar trend as that of 

baseline epoxy case was observed, where the yield strength on the shear stress versus shear strain 

curve decreased with decreasing strain rate. This trend was observed for both Case II and IV and 

is shown in Figure 4.4 and 4.5, respectively. Comparing computed shear stress vs. shear strain 

data for baseline epoxy (Case I) , Case II (one MWNT) and Case IV (four MWNT) at a strain 

rate of 2.43x10
11

 sec
-1

 shows significant increase  in the slope as well as yield strength of the 

shear stress versus strain plots as compared with the baseline model (Figure 4.6).  
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Figure 4.4: Shear Stress Vs Strain Comparison for Case II RVE - Epoxy With Four MWNT, at Different 

Strain Rates at 300K 

 

 

 
Figure 4.5: Shear Stress Vs Strain Comparison for Case IV RVE - Epoxy With One MWNT, at Different 

Strain Rates at 300K 
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Figure 4.6: Shear Stress Vs Strain Comparison Between Baseline Epoxy, Epoxy With One MWNT and 

Epoxy With Four MWNT at a Strain Rate of 2.43x10
11

 /sec at 300K 

 

Since the added MWNT volume fraction is very low compared to the epoxy volume 

fraction, it was assumed that the trend of decreasing slope of the shear stress-strain curve (i.e., 

shear modulus) at lower strain rates is primarily governed by the epoxy system and was 

independent of the vol% of MWNTs.  Hence, the same values of the power law coefficients, A 

and n that were calculated for the baseline epoxy case, were used to determine the shear modulus 

of the matrix RVE with one and four MWNTs. The shear modulus and the compressive strength 

of the composite with 0.94 vol% and 3.76 vol% MWNT were computed using the multiscale 

modeling procedure as mentioned earlier for baseline epoxy.  The enhancement in the shear 

modulus and the compressive strength, for shear deformation applied perpendicular to the 

MWNT length axis, at the reference strain rate of 0.01 sec
-1

 are tabulated below in Table 4.2 

together with all of the parameters used in the multiscale model:  
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Table 4.2: Compressive Strength Enhancement Comparison on Adding One and Four MWNTs, from MD 

Simulations, at the Reference Strain Rate of 0.01 /Sec for Shear Deformation Applied Perpendicular to the 

MWNT Axis at a Strain Rate of 0.01 /sec 

 

Baseline CFRP 

Case I 

CFRP reinforced with 

Four MWNTs 

(3.76 vol%) 

Case II 

CFRP reinforced with 

One MWNT 

(0.94 vol%) 

Case IV 

A= 115 115 115 

n= 0.4961 0.496 0.4961 

Y = 0.0124 0.021 0.015 

Y= 57.8 MPa 86 MPa 72 MPa 

Gm = 7597 MPa 7875 MPa 7708 MPa 

Gf = 5000 MPa 5000 MPa 5000 MPa 

Vf = 0.5 0.5 0.5 

G12c = 6030 MPa 6116 MPa 6066 

o = 0.1 0.1 0.1 

c = 665 MPa 893 MPa 791 MPa 

%Improvement over 

Baseline Epoxy 

- 

 

34.3% 

 

19% 

 

 

From Table 4.2 it can be observed that there is a 34% improvement in predicted 

compressive strength over baseline epoxy when the carbon fiber is overwrapped with MWNT 

perpendicular to the fiber direction for a MWNT vol% of 3.76, and a 19% improvement when 

the carbon fiber is overwrapped with MWNT perpendicular to the fiber direction for a MWNT 

vol% of 0.94.   
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4.3 Study of the influence of Overwrap Angle of MWNT sheet on carbon fiber With 

Interpolation for Strain Rate Effect 

The next step was to study the influence of intermediate overwrap angle of the MWNTs 

on the carbon fiber, besides 90 overwrap angles as already reported earlier in this chapter. For 

this purpose, a 0 and 45 overwrap angle case was studied for one MWNT embedded in the 

epoxy, i.e., Case V and Case VI, as shown in Figure 3.7 (d) and 3.8. Strain rates ranging from 

2.43x10
11

 sec
-1

 to 2.43x10
13

 sec
-1

 were applied to these case and similar strain rate dependency 

was observed for both Case V and VI as the baseline case. Similar to the methodology used in 

cases, I, II and IV, a multiscale method of calculating the compressive strength of the composite 

was employed for Cases V and VI. It was observed that on applying the shear deformation, for 

case VI, the MWNT alignment had changed from the initial 45 to 47 at the end of shear 

deformation simulation under a strain rate of 2.43x10
11

 sec
-1

. First the shear modulus from the 

MD simulation was calculated using the same power law coefficients derived from the baseline 

simulations and strain rate analysis. This was followed by the application of the rule of mixtures 

to calculate the shear modulus of the carbon composite with a fiber volume fraction of 50%, and 

finally modified Argon’s formula was to predict the compressive strength of the unidirectional 

composite at the macroscale. Table 4.3 summarizes and compares the results from these 

calculations for Cases III, IV and VI at a strain rate of 0.01 sec
-1 

with the baseline CFRP case.  

Figure 4.7 compares the shear stress versus strain plots for the baseline epoxy RVE model with 

one MWNT embedded (i.e., 0.94 vol%) in the epoxy with MWNT oriented at 0, 45 and 90 

bias angles to the carbon fiber longitudinal direction, respectively. From Table 4.3 it can be 

observed that the composite compressive strength is fairly sensitive to the MWNT angle with the 
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carbon fiber longitudinal direction and that the maximum improvement in predicted compressive 

strength over baseline epoxy occurs when the carbon fiber is overwrapped with MWNT 

perpendicular to the fiber direction for 0.94 vol% of MWNT.   

 

 
Figure 4.7: Shear Stress vs Strain comparison between Baseline Epoxy, Epoxy with One MWNT under 

shear deformations at angles 0, 45 and 90 at a strain rate of 2.43x10
11

 /sec at 300 K 
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Table 4.3: Compressive Strength Enhancement Comparison On Adding One MWNT At 0, 45 And 90 

Bias Angle, at The Reference Strain Rate of 0.01 /sec 

 

Baseline 

CFRP 

 

Case I 

CFRP reinforced 

with One MWNT 

At 0 deformation 

angle 

(0.94 vol%) 

Case III 

CFRP reinforced 

with One MWNT 

At 45 

deformation angle 

(0.94 vol%) 

Case VI 

CFRP reinforced 

with One MWNT 

At 90 

deformation angle 

(0.94 vol%) 

Case IV 

A= 115 115 115 115 

n= 0.4961 0.4961 0.4961 0.4961 

Y = 0.0124 0.013 0.0135 0.015 

Y= 57.8 MPa 62 MPa 65 MPa 72 MPa 

Gm = 7597 MPa 7684 MPa 7720 MPa 7708 MPa 

Gf = 5000 MPa 5000 MPa 5000 MPa 5000 MPa 

Vf = 0.5 0.5 0.5 0.5 

G12c = 6030 MPa 6058 MPa 6069 MPa 6066 

o = 0.1 0.1 0.1 0.1 

c = 665 MPa 697 MPa 722 MPa 791 MPa 

%Improvement 

over Baseline - 4.7% 8.5% 19% 

 

From Table 4.2 and 4.3 it was established that on adding MWNTs to the interface region 

of epoxy-carbon fiber, an improvement in the compressive strength of the composite up to 19% 

with volume fraction of 0.94 % and increasing the volume fraction to 3.76% results in an 

improvement of as 34%. Next, the influence of overwrap angle at higher MWNT volume 

fraction of 3.76% was studied. Figure 4.8 shows the improvement in the shear stress versus strain 

slope over baseline epoxy case, when four MWNTs were embedded in the epoxy and shear 

deformation was applied at 0 and 90 angles to the RVE. Because of the complexity of MD 

modeling, only two cases, 0 and 90 bias angles were studied for the 3.76 volume % of 
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MWNTs. Table 4.4 summarizes the predicted   enhancement and the influence of the overwrap 

angle on the compressive strength of the CFRP when wrapped with a MWNT volume fraction of 

3.76%.  

 

 
Figure 4.8: Shear Stress Vs Strain Comparison between Baseline Epoxy, Epoxy with Four MWNT under 

Shear Deformations at angles 0 and 90 at a Strain Rate Of 2.43x10
11

 /sec at 300 K 
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Table 4.4: Compressive Strength Enhancement Comparison On Adding Four MWNT At 0, And 90 Shear 

Deformation Angles, At The Reference Strain Rate Of 0.01 /sec At 300K 

 

Baseline 

CFRP 

 

Case I 

CFRP reinforced with 

Four MWNT 

At 90 deformation 

angle 

(3.76 vol%) 

Case II 

CFRP reinforced with 

Four MWNT 

At 0 deformation 

angle 

(3.76 vol%) 

Case III 

A= 115 115 115 

n= 0.4961 0.496 0.4961 

Y = 0.0124 0.021 0.0144 

Y= 57.8 MPa 86 MPa 69 MPa 

Gm = 7581 MPa 7875 MPa 7701 MPa 

Gf = 5000 MPa 5000 MPa 5000 MPa 

Vf = 0.5 0.5 0.5 

G12c = 6026 MPa 6116 MPa 6063 MPa 

o = 0.1 0.1 0.1 

c = 665 MPa 893 MPa 763 MPa 

%Improvement 

over Baseline - 34.3% 14% 

 

From Tables 4.3 and 4.4,  it is evident that the shear modulus of the matrix and hence the 

compressive strength of the composite for cases with MWNT oriented  perpendicular to the 

carbon fiber  is higher than the 45 and 0 bias angle cases, independent of MWNT volume 

fraction. Comparing the shear modulus of the four MWNTs embedded in the epoxy matrix (Gm), 

calculated from the power law (at a strain rate of 0.01 sec
-1

), an improvement of 2.6% was 

observed with 90 overwrap bias angle over the 0 overwrap bias angle case (Table 4.6). To 

analytically verify this observation from MD simulations, a semi empirical formula based on the  

Halpin-Tsai method was used [116] to calculate the shear modulus of  Epon-862 polymer matrix 

with reinforced MWNTs. The dimensions of the RVE in consideration for the Halpin-Tsai 
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method calculations were used exactly identical to the RVE used in the MD simulations. To 

calculate the shear modulus of the matrix with four embedded MWNTs, for the two cases, i.e. 0 

and 90 overwrap bias angles, the following Halpin-Tsai formulas were used: 

 

12

(1 V )

(1 V )

m MWNT

MWNT

G
G








                                                               (4.1) 

2
23

232(1 )

E
G




                                                                         (4.2) 

 

Where G12 is the shear modulus calculated for the RVE where shear deformation 

direction is at 0 angle to the direction of the MWNTs and G23 is the shear modulus calculated 

for the same RVE but with transverse shear loading direction, i.e., shear loading direction is 90 

to the MWNTs. The other variables are calculated using the following formulas: 
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
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                                      (4.3) 

 

here, Em and EMWNT are the Young’s modulus of the polymer matrix and the MWNT respectively; 

Gm and GMWNT are the Shear Modulus; m and MWNT are the Poisson’s ratio of the polymer matrix 

and MWNT respectively [113] Vm is the matrix volume fraction and VMWNT is the MWNT 

volume fraction (Table 4.5).   

As can be observed from Table 4.6, both Halpin –Tsai and strain-rate interpolated MD 

models predict that the 90º bias angle shows the highest enhancement in shear modulus of the 

epoxy matrix in the presence of imbedded MWNTs at volume fraction of 3.76%. However, the 

Halpin-Tsai analytical model predicts a much larger (23%) improvement in the shear modulus of 

the matrix with MWNT at 90 bias angle, whereas the MD model predicts only an increase of 

3%. The discrepancy is likely due to the fact that Halpin-Tsai model is a two-dimensional 
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micromechanical model which does not account for the non-bonded interactions between the 

MWNT and the epoxy matrix.  

 

Table 4.5: EPON-862 and MWNT Properties for Halpin-Tsai Calculations under Quasi-Static Loading 

 

Epoxy 
[117]

 MWNT
 [118]

 

Volume Fraction 0.9624 (Vm) 0.0376 (VMWNT) 

Young’s Modulus (GPa) 2.56 (Em) 1050 (EMWNT) 

Shear Modulus (GPa) 0.946 (Gm) 500 (GMWNT) 

Poisson’s Ratio 0.353 (m) 0.27 (MWNT) 

 

 

Table 4.6: Comparison of Halpin-Tsai Calculations with MD Simulation Results for A Strain Rate Of 

0.01/sec 

 

G12 

(Shear Deformation at 

0 angle to the 

MWNT) 

G23 

(Shear Deformation at 

90 angle to the 

MWNT) 

 

%Improvement 

 

Halpin-Tsai Calculations 1.077 GPa 1.32 GPa 

 

22.6% 

MD Simulations 

(for Four MWNTs embedded 

in EPON-862 polymer ) 

7.7 GPa 

 

7.9GPa 

 

 

 

2.6% 
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4.4 Experimental Verification 

In this section , verification of the multiscale model is carried out by comparing the MD 

results was compared with (a)  experimental data from nanoindentation tests performed at UT-

Dallas, and (b) experimental results from three-point bending tests on MWNT wrapped carbon-

fiber/epoxy composite beams.  

(a) Nanoindentation Tests 

 Nanoindentation tests were performed at UT-Dallas on a single carbon fiber wrapped 

with CNT sheet and embedded in epoxy matrix.  Compressive modulus for the composite with 

the wrapped CNT sheet (at 0 and 45 bias angle) at different regions of the specimen were 

obtained using this method as shown in Figure 4.9 and as tabulated in Table 4.7. Oliver-Pharr 

equation [119] was used to predict the modulus of the composite in the longitudinal direction 

from the nanoindentation tests.  

 

 
Figure 4.9: Modulus Estimation from Nanoindentation Tests (Courtesy: University Of Texas-Dallas) 
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Table 4.7: Modulus from Nanoindentation Tests 

Modulus 

(GPa) 

 

Carbon fiber with 

wrapped CNT sheet at 

0 bias angle 

embedded in epoxy 

Carbon fiber with 

wrapped CNT sheet at 

90 bias angle 

embedded in epoxy 

 

 

Baseline 

 

Interphase near to fiber 

 

 

24.7±3.2 

 

13.2±1.2 

 

4.33±0.05 

Interphase near to Epoxy 

 

 

16.1±0.9 

 

7.8±2.6 

 

3.76±0.08 

 

To compare the compressive modulus from the nanoindentation tests with the MD 

results, compressive simulations were performed on the nanoscale epoxy-MWNT interface 

region with two different MWNT volume fractions (0.94% and 3.76%). Comparing computed 

compressive stress vs. strain data for the two cases of volume fraction at a strain rate of 1.0x10
10

 

sec
-1

 show significant increase in the slope of the stress versus strain plots when the volume 

fraction of MWNT is increased from 0.94% to 3.76% as shown in Figure 4.10. Using the stress-

strain data from different strain rates and applying the power law approach discussed in Chapter 

4, the modulus of the epoxy-MWNT interface region was calculated as summarized in Table 4.8 

for the actual nanoindentation strain rate of 0.001 /sec.  
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Figure 4.10: Compressive Stress Vs Strain for Epoxy with One and Four MWNTs at a Strain Rate Of 

1x10
10

 /sec at 300 K 

 

 

TABLE 4.8: Modulus of the Interface Region between Epoxy-MWNT from MD Simulations And 

Multiscale Approach Computed at a Strain Rate Of 0.001 /sec 

% Volume Fraction of MWNT in epoxy 

 

 

Modulus (GPa) 

 

0.94% 

 

13 

3.76% 

 

30 

  

Interpolating these data in Table 4.8 to 16.1 GPa measured in the nanoindetation test, the 

estimated volume fraction of MWNT at the fiber-matrix interphase in the nanoindentation tests 

was predicted as 1.45%.  
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(b) Three-point Bending Test of Unidirectional IM7/MWNT/Epoxy Composite Beam  

 The next step was to calculate the relationship between the volume fraction of MWNT 

and the modulus of the IM7/MWNT/Epoxy composite fiber. For this, a micromechanical 

approach was derived. The first step was to find the relationship between the volume fraction of 

MWNT wrapped over carbon fiber with the bias angle effect. Figure 4.11 describes the interface 

region between carbon fiber of radius Ri with wrapped MWNT (with epoxy) at a bias angle  

along the carbon fiber longitudinal direction X1. 

 

 
Figure 4.11: Schematic of MWNT Sheet Scrolled Single Carbon Fiber RVE 

 

Let Ri be the inner radius of MWNT sheet and Ro the outer radius. 

From micromechanics, assuming iso-strain applied in X1 direction to the RVE in figure 4.11, the 

total force is X1 is: 

 2 2 2

1 1 1MWNT o i F iF E R R E R                                                                (4.4) 
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where EMWNT () is the elastic modulus of MWNT sheet in X1 – Direction, EF  is the Elastic 

modulus of carbon fiber. But, the total force on the MWNT-carbon fiber interface in the X1 

direction is also given by 

2

1 1MWNT CF oF E R                                                                           (4.5) 

Equating equations (4.4) and (4.5) 

 

2 2

2 2
( ) 1

( )

i i
MWNT CF MWNT F

o o

MWNT CF MWNT MWNT F F

R R
E E E

R R

E E V E V









 
   

 

 

                                                       (4.6) 

where, VMWNT is the volume fraction of MWNT and VF is the volume fraction of carbon fiber. 

The effect of wrapping angle  (bias angle) on the modulus of the wrapped MWNT (EMWNT()) 

can be described by equation 4.7 [9] 

4 2 2 412

1 12 1 2

21 1 1 1
cos (sin )(cos ) sin

( )
MWNT MWNT MWNT MWNTMWNTE E G E E


   



 
    

  

                (4.7) 

At the lamina level, for the whole composite, that is, MWNT wrapped over carbon fiber 

embedded in epoxy matrix, the modulus of the composite was calculated using equation (4.8) 

(rule of mixtures) , where VMWNT-CF is 1.45% as calculated from the multiscale approach and the 

nanoindentation results.  

1 ( ) ( )V
comp MWNT CF MWNT CF M ME E E V                                                      (4.8) 

Eqn (4.8) provides the longitudinal modulus of the composite laminate and includes the 

volume fraction of added MWNT at a given bias angle. It was used to compare multiscale model 

predictions for a three point bending test for a laminate conducted at UT-Dallas, and a 
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relationship between the slope of the load versus deflection of the composite beam was derived 

as follows: 

 

 

Figure 4.12: 3-Point Bending Schematic 

 

2

11 11 2x x

w
M D K D

x


 


 

 

But 
2

x
x

P
M     (Clockwise   +                  0  X  L/2 

 

Therefore,                                              
2

11 2 2

d y P
D x

dx
  

2

1

112 2

dw P x
c

dx D
   
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Since,                                        

2

0
L

x

dw

dx 

 (from symmetry) 

2

1

1116

PL
c

D
   

Integrating again, 

2 3

2

11 11

(x)
16 12

PL x Px
w c

D D
     

At x = 0, w(0) = 0, giving c2 = 0 

Therefore,                                      3 2

11

( ) [4 x 3L x]
48

P
w x

D
   

 

At x = L/2,                    

3 3 3

11 11

4 3L
( ) [ ]

48 8 2 48

P L PL
w x

D D



                                                    (4.9) 

But,                      
13 3

11 11

12 21

( )1 1

12 12 1

comp

LAM LAM L L

E
D Q h b b h



 

 
     

                                           (4.10) 

 

Substitute equation (7) in (6), 

3 3

12 21

3

11 1

1

48 4 ( )
compL L

PL PL

D b h E

 




  
  
 
 

                                           (4.11) 

Defining the slope of P- as m,  
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 

 

3

1

3

12 21

3

12 21

1 3

4 ( )

1

m 1
( )

4comp

L L

L L

b h EP
m

L

L
E

b h



  

 


 





                                                          (4.12) 

 

This relationship between the slope and the modulus of the composite can directly be 

related to the added volume fraction of MWNT and its bias angle. For a specimen dimensions 

with a thickness (hL) of 0.54 mm, width (bL) of 4.82 mm and length (L) of 17. 28 mm (ASTM 

D7264), the slope of the three-point bend specimen is predicted to be m = 2.00.   This does not 

agree well with the experimentally measured slope of 8.42. The reason for this discrepancy is 

likely due to the use of the Oliver-Pharr equation for interpretation of the nanoindentation data as 

the Oliver-Pharr equation has been shown to be inaccurate for anisotropic materials.  
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CHAPTER 5  

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions: 

This dissertation develops a unique multiscale approach to predict the enhancement in the 

compressive strength of unidirectional CFRP composites at room temperature (300 K) when 

MWNTs are introduced in the interface region between the carbon fiber and the epoxy. 

Nanoscale analyses were performed, using Molecular Dynamics tool, to study the interface 

region between the epoxy and MWNTs.  A hierarchical multiscale approach was developed to 

use the nanoscale data MD as input to the microscale rule of mixtures, which finally feeds into 

the macroscale modified Argon’s formula to compute the compressive strength of the carbon 

composite, with and without MWNT. This methodology was verified by performing the same 

RVE based analysis on baseline epoxy model and comparing the calculated compressive strength 

with literature data for epoxy. A study on the influence of overwrap angle of MWNTs on the 

Carbon fiber was also performed, and three different cases of overwrap, namely, 0, 45 and 90 

were studied and compared. ReaxFF potential was used to define the force field potentials of the 

molecular model of the epoxy and MWNTs, because of its inherent ability to create and break 

bonds between atoms.  

The compressive strength calculated for the baseline epoxy case with 50% volume 

fraction of carbon fiber at room temperature (300 K) was calculated to be 665 MPa, which is in 

good agreement with the experimentally observed range of 550-800 MPa. A novel power-law 

methodology was employed to map the high MD strain rates down to lower strain rates typically 

used in quasi-static materials characterization experiments. One and four MWNTs (0.94 vol% 
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and 3.76 vol% of MWNTs) were introduced in the epoxy RVE, and an improvement of 19% and 

34.3% respectively was observed over baseline case, respectively. To study the influence of 

overwrap angle of MWNTs on the carbon fiber, a different approach was used, where the angle 

of the shear deformation was switched on the RVE of epoxy/MWNT interface region. Three 

cases of MWNT overwrap angles were compared for 0.94 vol% case, namely, 0, 45 and 90. 

With four MWNTs embedded in the epoxy (3.76 vol % case), two overwrap angles were 

compared, 0 and 90. It was observed that, with four MWNTs wrapped around carbon fiber at 

90 bias angle, the compressive strength calculated was 20% higher than the case with MWNT 

wrapped at 0 bias angle around the carbon fiber. This was verified with Halpin-Tsai 

calculations. From both the MD simulation results and the Halpin-Tsai calculations, an 

improvement in the shear modulus was observed for 90 bias angle case over the 0 bias angle 

case, for the matrix with four MWNTs embedded in the epoxy. However, the Halpin-Tsai 

analytical model predicts a much larger (23%) improvement in the shear modulus of the matrix 

with MWNT at 90 bias angle, whereas the MD model predicts only an increase of 3%. The 

discrepancy is likely due to the fact that Halpin-Tsai model is a two-dimensional 

micromechanical model which does not account for the non-bonded interactions between the 

MWNT and the epoxy matrix. Hence, maximum enhancement in the compressive strength of the 

CFRP is predicted on overwrapping carbon fiber with MWNTs at 90 bias angle. Table 5.1 

summarizes all the shear modulus of the matrix, composite and the compressive strength of the 

composite for all the case studies discussed in this dissertation. Finally, the multiscale model 

from the MD results was compared with experimental data from nanoindentation tests and three-

point bending tests on MWNT wrapped carbon-fiber/epoxy composite beams performed at UT-

Dallas.  
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Table 5.1: Compressive Strength Comparison for Cases I-VI, at the Reference Strain Rate Of 0.01 /sec 

 

Shear Modulus of 

the Matrix (Gm) 

Shear Modulus 

of the 

Composite 

(G12c) 

Compressive 

Strength of the 

Composite 

(c) 

Baseline CFRP 

(Case I) 7581 MPa 6026 MPa 665 MPa 

CFRP wrapped with 3.76 vol% 

MWNTs at 90 bias angle 

(Case II) 

 

7875 MPa 

 

 

6116 MPa 

 

 

893 MPa 

 

CFRP wrapped with 3.76 vol% 

MWNTs at 0 bias angle 

(Case III) 

7701 MPa 

 

6063 MPa 

 

763 MPa 

 

CFRP wrapped with 0.94 vol% 

MWNT at 90 bias angle 

(Case IV) 

7708 MPa 

 

6066 MPa 

 

791 MPa 

 

CFRP wrapped with 0.94 vol% 

MWNT at 0 bias angle 

(Case V) 

7684 MPa 

 

6058 MPa 

 

697 MPa 

 

CFRP wrapped with 0.94 vol% 

MWNT at 45 bias angle 

(Case VI) 

7720 MPa 

 

6069 MPa 

 

722 MPa 

 

 

 

 

 

 

 

 



  92 
 

5.2 Future Work 

Suggested future works on this methodology are as follows: 

 Modeling and analyzing four MWNTs embedded in the epoxy system at 45 bias angle (i.e., 

3.76 vol%) to the carbon fiber. 

 Running more shear deformation MD simulations at lower strain rates. 

 Changing the chirality and hence the diameter of the MWNTs and changing the number of 

carbon nanotubes from DWNTs to SWNTs or more to run a parametric study on the effect of 

the diameter and the number of tubes embedded in the epoxy. 

 Model the RVE of MWNT embedded in epoxy including the presence of voids and defects. 

 The enhancement in the electrical and thermal properties of the CFRP on being overwrapped 

with CNT sheets can also be studied through MD analysis.  

 Data from nanoscale MD simulations can be incorporated in the other microscale techniques 

like generalized method of cells (GMC) and further can be used in the macroscale finite 

element analysis.   

 A better parameterization of reactive force field can lead to more accurate predictions. 

 Using CNT diameters of about 10 nm, which match the actual diameters fabricated and used 

in the industries.  
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