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ABSTRACT 

 
 

To transfer the incredible properties, including ultrahigh tensile strength, Young’s 

modulus, and electrical conductivity of an individual carbon nanotube (CNT) into composite 

applications, the constituent nanotubes need to possess adequate alignment, interfacial bonding 

and a high CNT volume fraction. Direct incorporation of the CNT films, or buckypaper, 

materials into carbon fiber laminated structures to manufacture hybrid composites is an effective 

approach to utilize the lightweight, conductive and nanostructured nature of dense CNT 

networks for multifunctional applications of structural carbon fiber composites.  

 

This work studied the microstructure-property relationships of CNT networks when 

orientation is induced. The mechanical stretching method is shown to be scalable and effective 

for ultra-high alignment. A manufacturing technique of applying a viscous resin treatment before 

the stretching procedure is shown to allow up to 80% stretching strain and a resultant alignment 

fraction of 0.93. The resin acts as an effective load transfer media to substantially enhance the 

ductility for high stretching strain. The alignment characterization is carried out through Raman 

spectroscopy and X-ray diffraction methods that reveal the graphitic crystal structure of the film. 

The load transfer mechanisms and failure modes of aligned CNT composites are explored 

through high concentration CNT reinforced nanocomposites. Atomic resolution transmission 

electron microscopy (TEM) analysis reveals unusual CNT crystal packing and permit the 

observation of interesting structural features of the CNTs and their assemblages, including 

collapse, flattened packing, preferred stacking, folding and twisting phenomena, as well as CNT 

pullouts from bundles and the resin matrix. The intimate surface-to-surface contact areas 

between aligned and flattened nanotubes, driven by van der Waals interactions, give rise to a 

high density packing of the flattened CNTs in the nanocomposite, resembling a graphitic crystal 

material. Molecular dynamics (MD) simulations were performed through collaboration to model 

the packing structure and understand the dependence of density on the relative content of 

flattened nanotube and void space. Macroscopic modeling predictions illustrate how the 

alignment and volume fraction of the encompassed CNTs affect the stiffness of the overall 

composite. CNT thin films were integrated into carbon fiber (CF) prepreg composites to create 

hybrid composite materials with high CNT content through industry standard autoclave 



xiv 

fabrication processing. Resin bleeding along the through-thickness direction was inhibited due to 

extra-low permeability, nano/micro dual-scale flow characteristics and high resin absorbing 

capacity of the CNT thin film in hybrid composites. CNT swelling effects and resin starvation 

phenomena are studied in relation to the amount and orientation of the CNT laminates. The 

flexural three-point bending results of the random and aligned CNT/CF hybrids exhibit an 

increased resistance to catastrophic failure even under repeated loading parameters as compared 

to the CF control samples. The dramatic improvements in both in-plane and through-thickness 

electrical conductivities demonstrate potential for both structural and multifunctional 

applications of the resultant hybrid composites. 

 

Cytec Engineered Materials is greatly appreciated for their partnership and the Doctoral 

Fellowship for the support of this research project.
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 CNT Anisotropic Nature 

 

Carbon nanotubes (CNTs) have great potential as a new high performance material due to 

their high mechanical 1–8, thermal 4–8 and electrical 5–13 properties. The tensile strength for an 

individual multi-walled carbon nanotube (MWCNT) has been measured between 11 and 63 GPa 

1. However, when CNT networks are fabricated, the theoretical high strength for individual 

nanotubes is far from being attainable due to many factors; the lack of alignment in the network 

is a major factor among them.  

 

Many research groups have attempted different techniques to align CNTs in their 

networks. Some attempted methods are using filtration to orient the suspended CNTs in 

suspension 7, using argon gas flow to create flow induced alignment 14, growing the carbon 

nanotube forest using chemical vapor deposition and plasma enhanced chemical vapor 

deposition to obtain natural growth orientation 15–24, template/spinning technique to aid in growth 

orientation 25–28, melt processing methods 29,30 to achieve alignment via shear flow, 

polymerization encapsulation techniques to take advantage of electrical and thermal properties of 

aligned CNT sheets and CNT/polymer composites 31, magnetic fields to induce alignment on a 

random film 32–38, pushing a vertically-aligned nanotube “forest” down into an aligned sheet 

using shear pressing 39,40, and mechanically stretching a CNT/polymer film using the polymer as 

a load transfer media before curing of a thermoset polymer or under heating for a thermoplastic 

polymer 10–13,41–44. Of the many methods attempted, the most popular are magnetic alignment, 

spinning, and mechanical stretching. To fully utilize these methods in order to realize the 

nanotube properties, it is necessary to analyze how the network is nanoscopically and 

macroscopically modified during the processes of alignment and what are the critical conditions 

to achieve high degree of alignment.  
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A crucial intrinsic property that the random network needs to possess in order to be 

aligned is an extremely high aspect ratio of each constituent nanotube 10. The aspect ratios for 

MWNT range widely from 1,000 to 100,000+.  Large aspect ratios allowed the network to 

withstand modification, realize the properties of a single nanotube more effectively and for the 

nanotube network to reach a high degree of alignment in its nanostructure, similar to carbon fiber 

and polymer molecules2,3. Table 1-1 shows how much higher the theoretical strength of 

nanotubes is with respect to carbon fiber and steel, thus showing attractive mechanical 

opportunities of nanotube composites. 

 

1.2 Alignment and Mechanical Properties of CNT Composites 

 

The main desirable characteristics that will be discussed in this dissertation are 

mechanical properties, both strength and modulus. Because the individual nanotube’s ultimate 

axial strength (between 11 and 63 GPa) and modulus (between 1TPa and 1.4TPa) 1 cannot be 

effectively transferred into their networks and composites because of the anisotropic nature of 

carbon nanotubes, the structures are aligned to better compare with  unidirectional (UD) aligned 

carbon fiber  composites. Figure 1-1 shows the comparison of tensile strength to Young’s 

modulus of typical unidirectional carbon fiber composites that are known to have high degrees of 

alignment and high strength/modulus 12. The effort is to reach a higher position on this chart; this 

shows how aligned carbon nanotube composites can outperform carbon fiber when manipulated 

in the correct manner. Table 1-1 is showing the property comparisons between CNT fibers with 

highly aligned nanotubes with other engineering materials. It shows the alignment is crucial for 

achieving high-performance.     
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CHAPTER 2 

 

METHODS 
 

2.1 Alignment Methods 

 

Nanotubes are difficult to align because of their small sizes and a lack of effective 

methods to control of orientation 6. It has also been difficult to scale up any of the alignment 

methods listed in Section 1.1 because of long processing time or cost effectiveness 8. The 

bundling nature of CNTs also shows to be a hurdle for the alignment process because when 

ultrahigh aspect ratio nanotubes are aligned in planar form, the nanotubes connect and tangle 

together because of their waviness and agglomeration due to inter-tube van der Waals forces 7,8. 

It has been shown by Fischer and Bradshaw that nanotubes can reinforce the strength of a 

polymer composite 46. However, because it is difficult to produce composites with less than 50% 

polymer due to difficulties in polymer removal, it is problematic to create a fabrication technique 

to induce high volume loading for aligned CNTs 7,8. The following sections separate the 

alignment techniques, their major methods and possible problems encountered. 

 

2.1.1 Filtration and Drawing 

 

To induce alignment of a dispersed solution of nanotubes, a porous membrane is used to 

filter the suspension and the resulting nanotube network can either be drawn into a fiber or 

transferred to a surface as a film 8. This method of CNT used by de Heer creates alignment by 

drawing the suspension through a pore filter then transfers the aligned CNTs to a polymer 

surface 5,47. This method was also combined with the magnetic alignment method by the Smalley 

group when they created films of aligned CNTs with a high-pressure system under large (>7 

Tesla) magnetic field 36,37. This is the most popular method for well-aligned fiber creation as it 

can be scaled up to industrial use once the limitations of slow/inefficient methods are resolved 8. 
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2.1.2 Argon Gas Flow  

 

Argon gas is used on a dispersed solution of nanotubes while it is being deposited to a 

substrate. The gas flow in one direction spreads, dries and aligns the dispersion simultaneously. 

Zhang and Iijima created aligned planes of SWCNTs using argon gas flow inside a laser ablation 

reactor and studied the elastic movement of the nanotube bundles under light illumination 14. 

They showed that the bundles exhibited an elastic behavior because of the electrostatic 

interaction inside the bundles due to electronic modification inside the bundle 14. While this 

method is useful for large sample areas, the longer nanotubes may be entangled and bundled, 

thus limiting the sample to imperfect alignment 8. 

 

2.1.3  Growth Alignment  

 

It is a popular method of CNT alignment to utilize the inherent alignment that is seen 

during growth and creation of the nanotubes 15,16,18–24. Plasma-enhanced chemical vapor 

deposition has been shown to aid in the growth of aligned nanotube filaments 15. Ren et al. used 

plasma induced chemical vapor deposition which nucleates and grows nanotubes onto glass 

using nickel catalyst 15,17. Then, the plasma was used to align the CNTs on different substrates 

such as silicon, nickel, and iron-nickel-chromium alloy using a similar chemical vapor method 

18–20. Figure 2-1 shows SEM images of growth-oriented CNTs on a silicon substrate regardless of 

position which also shows how the nanotubes will only grow where the catalyst is present 19.  

 

Dry spinning to CNT yarns also uses a similar growth technique with a template 25–28. 

Zhang et al. shows in Figure 2-2 that a high-strength yarn exceeding 460 MPa can be created by 

spinning the yarn directly from the “forest” grown by chemical vapor deposition 26. It is also 

shown that the spun yarns can be tuned, braided and woven to achieve multifunctionality 

associated with multi-ply composite filaments 25,26,28. 

 

The growth method for aligning nanotubes is beneficial for high density and long 

nanotube applications as well as can be combined with other methods to create 



5 

multifunctionalities. However, the method is limited by size of CVD furnace and catalyst used 

for growth cannot be removed efficiently without the use of dispersion or centrifuging 8. 

 

2.1.4 Melt Flow  

 

When the sample application composite includes polymers, it is most efficient to 

combine the polymer/CNT mixture by melt processing the materials together. Post-processing 

techniques such as drawing and inducing polymer flow can be applied once the mixture is 

adequate. CNTs were aligned using this method by Haggenmueller et al. using poly(methyl 

methacrylate) (PMMA) dispersion  by solvent casting and melt mixing; the fibers spun achieved 

high alignment degrees and were also able to achieve high draw ratios 29. Later, Bhattacharyya et 

al. (Smalley group) used melt blending with polypropylene (PP) to draw highly aligned fibers 

that exhibit a crystalline structure 30. The melt flow method is efficient because of the composite 

inclusion in the early stages of processing; but, the fiber loading fraction is often restricted by the 

abundance of polymer materials, thus limiting the mechanical/electrical properties of the final 

composite 5. 

 

2.1.5 Polymerization Assisted Alignment  

 

The use of polymerization is a growth technique. However, it employs polymer chain 

encapsulation over the MWNT film during growth that forms a hybrid aligned structure 31. Feng 

et al. used polymerization to show increased properties such as conductivity without modifying 

chemical properties that can be useful in electronic applications 31. Figure 2-3 shows the process 

in which polymerization takes place when done in situ to keep CNT alignment. 

 

This method uses quartz as a template for the encapsulation of each MWNT. This 

technique results in increased structural order and is attractive for use in hybrid nanocomposites 

31. The thermal and electrical properties of the resulting composite are improved by increasing 

the conductivity of the polymer without changing the chemical properties 31. While this method 

is useful in electronic applications, the mechanical properties are not significantly aided which 

makes the resulting sample usage limited 5.  
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2.1.6 Fields and Current Induced Alignment  

 

Using field and currents on a sample of random CNTs aligns the sheets by taking 

advantage of the CNT’s magnetic susceptibility which rotates the individual CNTs parallel to the 

magnetic source 5. The method of magnetic alignment has been widely used and extensively 

studied by the Smalley group 32,33,36,37. They show that when the method of filter deposition is 

combined with suspension in strong magnetic fields, the field induces alignment due to the 

magnetic susceptibility of the anisotropic nanotube 37. This method uses remote magnetic action 

which reorients the nanotubes that is helpful for bridging electrodes with CNTs 8. However, there 

are many limitations of this method of alignment due to the need for >7 tesla magnetism for 

significant alignment; nanotube waviness and agglomeration also still remain unresolved issues 

with this process 7,8. 

 

Alternating current (AC) electric fields are also used to align CNTs by Chen et al. by 

applying a 5 MHz frequency electric field to a randomly oriented CNT network 34. This method 

aligns the individual nanotubes between the electrodes during the filtration/deposition of the 

CNT suspension; highly oriented networks are produced which are mainly used in electrical 

devices 8,34. Direct current (DC) electric fields are used by Kamat et al. which implements a one-

step process of orienting SWNTs in solvent; however, this technique is very sensitive to electric 

field and often results in CNT concentration near one electrode 8,38. 

 

2.1.7 Shear Pressing “Domino Pushing” 

 

Pressing the as-grown vertically aligned CNTs using a unidirectional rolling motion lays 

the CNTs down with their grown alignment. The motion of pressing is often called “domino 

pushing” because of the rolling force shown in Figure 2-4. Wang et al. grew MWCNTs using a 

chemical vapor deposition method, and then covered with a micro pore membrane which is then 

forced downwards by pressing a cylinder with a rolling motion toward one direction, and then 

the aligned sheet is peeled off of the silicon substrate using ethanol 39. This procedure is shown 

in Figure 2-4 39. The resulting aligned CNT sheet has ultrahigh density (20 times that of the 

array), electrical (20,000 S/m) and thermal conductivity (153 W/mK) due to high nanotube-to-
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nanotube interface held together with strong van der Waals forces as well as high degree of 

alignment 7.  

 

However, this method was improved by Bradford et al. when they took the aligned 

product of shear pressing of long millimeter nanotubes with a shear pressing plate and produced 

larger samples with high volume fraction composites and strengths reaching 400 MPa while 

sustaining lower processing times 40.While this method excels in creating ultra-high density CNT 

films, it is time and labor intensive and the sample size is limited to the CNT forest being pressed 

5. 

 

2.1.8 Mechanical Stretching 

 

Stretching a random network of CNTs forces uniaxial alignment along the plane of 

applied force. The method of applying uniaxial force to a CNT/polymer matrix was first applied 

by Jin et al. in 1998 by casting CNTs with a thermoplastic polymer then stretching the product to 

vary the degree of alignment within the polymer/CNT composite; the resulting alignment was 

studied using x-ray analysis to find the produced morphology 41.  

 

This method was further studied by Badaire et al. who found a correlation between 

elongation percentage and thermal/electrical property improvements (thermal: 3-4 factors larger, 

electrical: several orders larger) 48. Kim et al. studied the dispersion and alignment of CNTs in a 

gelatin film and the resulting photoluminescence and highly polarized absorption properties that 

show promise in light-emitting materials 49. Miaudet et al. showed that the principle of 

stretching/drawing a fiber is effective for inducing PVA crystallinity that increases toughness of 

the composite 42. Wang et al. combined the spinning and stretching techniques by taking an 

aligned film and further stretching 2%, 4% and 7% which showed additional straightening of the 

nanotube network which resulted in ultimate strength increases of 50%, 150% and 199%, 

respectively to elongation 43.  Dr. Liang’s group has shown that using randomly oriented 

millimeter long MWCNT networks with bismaleimide (BMI) addition and applying uniaxial 

force before resin cure orients the nanotubes in sheets through strain-induced nanotube 

interactions as shown in Figure 2-5 10–13. They have shown that there is a correlation between the 



8 

elongation percentage, aligned percent, and achieved mechanical properties  when stretch 

percent is large; when chemical functionalization is added to this process, a ultra-high tensile 

strength of 3,081 MPa and Young’s modulus of 350 GPa can be achieved because of higher 

cross-linking induced by functionalization 10–12. 

 

Recently, in 2012, Wang et al. went on to improve the method further using a matrix 

spray and stretch apparatus which resulted in record-high strength  (3.8 GPa), Young’s modulus 

(293 GPa), electrical conductivity (1230 S/cm) and thermal conductivity (41 W/mK) that are 

attributed to high aspect ratio, high volume fraction, high alignment and lowered waviness 44. 

Also, the Li et al. (Liang group) has produced modeling results of the stretch method on the 

degree of alignment using x-ray diffraction, Raman spectroscopy and electrical measurements 

which shows structural evolution of the long CNT ropes after stretching 13. The Rice University 

group developed a continuous fiber spinning method that not only had high strength of over 1 

GPa but also have high current-carrying capacity failure current density (FCD) of 107 to 109 

A/m2 which makes them excellent candidates for power transmission or electrical cables 50,51. 

 

2.2 Limitations and Challenges 

 

While there were many methods implemented and studied, the anisotropy on the 

nanoscale and its effect on alignment process have not been adequately modeled or understood 

fully 8. Efforts to further increase the scalability, multi-functionality and electrical/mechanical 

properties of neat CNT sheets and yarns as well as their composites also needed to be 

systematically investigated for potential industrial applications 5,8. To overcome those 

limitations, a fundamental understanding of the alignment processes and the mechanisms that 

occur during these alignment techniques must be investigated and modeled further to reveal 

structure-property relationships of the aligned CNT materials.  
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CHAPTER 3 

 

RESEARCH OBJECTIVES AND TECHNICAL APPROACH 

 

 
3.1 Objectives 

 

The overall goal of this research is to simultaneously improve the CNT alignment degree, 

develop a scalable alignment process, study the alignment mechanisms, improve the mechanical 

and electrical properties of the nanocomposites, and incorporate the aligned CNTs into hybrid 

composites to demonstrate aerospace-grade multifunctional materials 

 

The current studies of CNT alignment methods explained in Chapter 2 are often done on 

a small scale. Wu and Chou assessed the previous mechanical performance and testing practices. 

They found that tensile testing gauge lengths varied between 1 mm and 20 mm for very small 

aligned CNT fiber materials 6,7,52. When the gauge length is only 1 mm and the constituent parts 

can be over 1mm length, thus it is possible that the researcher is only testing the length of an 

individual nanotube, and not adequately included load transfer and multiple failure modes within 

CNT assemblies. This causes the results to be highly variable and often cause misleadingly high 

results due to small testing length.  

 

Chou et al. mentioned the current limitations of not able to grow CNT forests to ultra-

high aspect ratios which are essential for the superior mechanical, electrical and thermal 

applications 7. While Thostenson et al. noted that to scale-up nanostructured materials, the basic 

understanding of the mechanics and interactions among CNTs must be studied before the large-

scale application can be applied to the manufacturing process 6. 

 

Scalability is directly related to production rate in most CNT alignment processes. While 

magnetic field, stretching, and shear pressing and growth methods for alignment all take a 

significant number of hours to produce small testing samples. In fact, most samples are less than 

20 mm length and 5 mm width 3,43,53–55, thus, scaling up to a size that could be used in a 12 in x 

12 in standard composite panels takes orders of magnitude more time. Hence, there is a need for 
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efficient and continuous manufacturing processes of aligned CNT materials are highly desired. 

Nanocomp Technologies Inc. (Concord, New Hampshire, USA) 56 have developed methods to 

created randomly oriented CNT thin films at an industrial scalable size as shown in Figure 3-1. 

While this breakthrough in scalability is notable, the properties of the material remain low due to 

lack of orientation of the constituent CNTs. 

 

Mechanical stretching shows the most promise in terms of scalability and industrial 

composite usage. However, there are still limitations in the current practices of stretch alignment. 

The traditional method for mechanical stretching is static strain tension application done on a 

controlled mechanical testing unit as shown in Figure 3-2(a). While this method allows for 

precise control of the stretching strain, it lacks final product consistency as shown by the 

corresponding true strain along the sample gauge length being widely variable. A method for 

creating consistent samples with a small variability of true strain is shown in Figure 3-2(b) where 

the strip is continuously strained between two rollers. This technique offers a solution that allows 

the resultant sample to have the constant true strain along the length direction. Figure 3-3 shows 

how this method can be practically achieved in a laboratory setting. 

 

The objectives of this study include:  

1) Develop the scalable and continuous stretching process 

2) Produce sizable CNT samples with high degree of alignment 

3) Study alignment and packing mechanisms of aligned CNT materials 

4) Reveal microstructure-property relationships of aligned CNT materials through 

characterizing the resultant alignment degree as well as mechanical and electrical 

properties to see how the increased CNT alignment affects the composites 

5) Investigate CNT/CF hybrid composites through studying and understanding the effect 

of CNT layers on manufacturing process, quality and properties of the resultant 

composites for potential multifunctional applications 
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3.2 Resin Assisted Stretching Approach 

 

To use the continuous process noted by Figure 3-3 most effectively, the high stretching 

strain is needed to achieve high degree of alignment. To achieve this high stretching strain, 

different types of thermoset resins are used in their uncured states as a load transfer media 

between nanotubes and layers of nanotubes while the network is undergoing uniaxial force.  

 

Wang et al. recognized that when spraying an uncured BMI resin as a matrix in the layer-

by-layer composite, the load the composite was subjected to during the stretching process was 

greatly reduced due to an effective nanotube-to-nanotube lubrication for large deformation that 

the BMI resin provided because it was in its viscous and uncured state 39. Bao et al. used uncured 

Epon 862 epoxy as a load transfer media to enhance load transfers during stretching 10–12. 

Another important factor in selecting and controlling the load transfer media is the CNT weight 

and volume fraction of the resulting composite after the CNT is stretched and the final composite 

has been cured. Bao et al. created 40-42% CNT weight percent composite samples while Cheng 

et al. formulated the CNT/BMI aligned sample with 60% CNT weight percent 10,11 This increase 

in CNT weight percent along with other factors raised the tensile strength and Young’s modulus 

over three orders larger in the resultant composites. compared to the random control samples 

10,11.   

 

The current continuous stretching machine (FSU proprietary information) can be used 

with a wide variety of resin treatments. The neat and untreated CNT film can be stretched on the 

machine. The resin treated samples using either the solution-dip coating method or the prepreg 

method can also be used on the machine in a similar way, but able to achieve much higher 

strains. The robust and scalable resultant CNT films or tapes using the continuous machine is 

shown in Figure 3-4 in front of a vehicle to display the large size of the aligned CNT films. 
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CHAPTER 4 

 

RESEARCH OUTCOMES AND DISCUSSION 

 

 Through the development of using a load transfer media to further the alignment and 

processing capabilities of the CNT films, some interesting mechanisms of CNT network 

structure evolution and property improvement were studied. The stretching behaviors of resin 

treated vs. untreated films are varied.  The unique strain hardening characteristics show how the 

CNT bundles are forming and converting the structure of CNT networks as well as the resultant 

structure-property relationships. The alignment degrees of varied CNT films with different load 

transfer media and stretching strains were explored through Raman spectroscopy and x-ray 

diffraction analysis. Next, the failure mechanism, packing density and nanotube collapse of the 

highly aligned composites are examined through TEM and SEM studies. Further, the research of 

incorporating random CNT buckypaper into carbon fiber (CF) composites is shown and the new 

failure modes of CNT buckypaper/unidirectional CF hybrid composites are discussed in details. 

 

4.1 Resin Assisted Stretching and Alignment Mechanisms  

 

4.1.1 Addition of Resin Treatment to the Stretching Procedure  

 

It has been widely shown that MWNT networks can be modified via an applied uniaxial 

strain up to 30% without modification of the thin films before stretching. In this research, with 

the resin impregnation treatment, more than 30% strain has been achieved to improve alignment 

and packing of the nanotubes 57. The ductility of the CNT network largely relies on the high 

aspect ratio of millimeter long nanotubes, high waviness and locking points from residual 

catalyst nanoparticles and use of load transfer media. The original random network of CNTs has 

a low density, strength and modulus. The effect of uniaxial strain on the CNT network is 

nanostructure evolution through multiple deformation modes. The deformation modes expose the 

CNT network strain hardening parameter n value as high as 0.65 when the network is stretched 

to 40% strain, which is much higher than annealed low-carbon steel and typical polymers. The 
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alignment improvement also brings to enhance the mechanical properties with strength 

coefficient K values for the CNT network showing high K values of hardening up to roughly 450 

MPa, in the range of annealed magnesium alloys. The stretching process is highly scalable and 

the resultant materials have great potential for high-performance composite applications. 

 

The SEM images in Figure 4-1(a-d) show how untreated CNT networks can be stretched 

to 30% in Figure 4-1(d) which demonstrates the partially aligned and still somewhat loosely 

packed structure that is achieved by stretching without any treatment. The SEM images in Figure 

4-1 (e-f) show the microscale evolution of the CNT networks from 0% to 40% with the resin 

impregnation treatment. The development from random orientation to a densely packed 

microstructure is shown, with heavily bundled “ropes” and an improved alignment degree in the 

horizontal direction (the stretching direction). Figure 4-2 shows the stress-strain responses during 

the stretching process of the neat CNT network and illustrates that the procedure is highly 

repeatable and consistent. 

 

Once the uncured polymer materials are impregnated to the neat CNT sheets (treated 

sheet), the identical procedure for applying uniaxial tensile strain is used. Figure 4-2 shows the 

treated CNT sheets experienced a unique stress response with increasing strain. The two samples 

with the treatement not only were able to withstand strain up to 40% but also showed a more 

dramatic necking phenomena which suggests increased orientation and crystalization within the 

necking region. Figure 4-1(f) of the 40% stretched resin treated CNT sheet shows a dramatic 

improvement of the alignment and CNT self-assembly into large bundles. Due to the resin 

constraints used in this study, the CNT network with a resin treatment had limited plasticity that 

causes breakage after 40%. Because 40% is the maximum strain percentage consistently 

achieved in this research stage, the network was studied at this state. 
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4.1.2 Multiple Stage Stretching and Deformation Behavior Study 

 

The staged-strain deformation for the MWCNT networks is further studied through 

applying stage strains consecutentely as shown in Figure 4-3. The results show how the sample 

was initially deformed >20% as denoted by Neat Stretch #1. When the same pre-deformed 

sample was strained two additional times, denoted by Neat Stretch #2 and #3, the force dynamic 

of each consecutive strain showed a two-stage deformation feature, and the onset change force 

corresponded well to the previous maxium streching force. It is very interesting that maxium 

force applied aligns with the next deformation transition from elastic to plastic deformation. The 

high modulus of the elastic portion corresponds to not only enhancement of interactions and load 

transfer among CNTs, but also microstructure evolution to densly packed and large bundles 

along stretching direction. This microsture change due to additional alignment and self-assembly 

of CNTs through supplementary plastic deformation leads to further increases the tensile strength 

and modulus with each additional amount of strain applied. 

 

To account for the cross-sectional area decreasing and necking, true stress/strain curves 

are created based on the experimental results. True stress ( ) assumes the material volume 

remains constant and is determined by the instantaneous load acting on the actual cross-sectional 

area 58. True strain ( ) is the rate of instantaneous increase in gauge length. The following 

equations are for the constant volume assumption, true stress and true strain: 

 (1) 

 (2) 

 (3) 

where A is cross-sectional area,  is sample gauge length, P is applied load,  and  are 

engineering stress and strain 58. The true stress-strain curves for stretching the neat and polymer 

treated samples are shown in Figure 4-4(a) and it can be seen that at high deformation percentage 

there is a notable characteristic strain hardening increase in slope 59 like cold worked metals 58. 

This result indicates the stretching process also straightens the bundles and ropes of CNTs, 

resulting in closer packing, which reduces voids and porosity, thereby improving the mechanical 

properties and minimizing defects. It is noted that the true strains in Figure 4-4 are decreased by 
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about 5% based on true strain calculation: ; hence, when engineering strain is 

30%, the true strain  % 

 

4.1.3 Comparison of Strain Hardening Differences among Polymer, Metal and CNT 

Networks 

 

The nanotube networks’ structural evolution and stress-strain behaviors are similar to 

those of polymer materials 45,59,60. The stress-strain behaviors of the bilinear elastic/plastic 

deformation of the networks as shown in Figure 3-5 are similar to thermoplastic polymers during 

the drawing procedure. The difference is that the CNT sheets did not undergo a stress reduction 

after onset of necking, compared to typical polymer stretching deformation 45,59,60. This is mainly 

due to dramatic increases of CNT alignment and assembled into large bundles and the 

nanostructure of the nanotube network is slightly more brittle than that of the plastic polymers. 

The response of the CNT networks can be described as a combination of the cross-linked brittle 

polymer and the fibrillar plastic polymer stretching behaviors. The mechanism of thermoplastic 

deformation strengthening is that the alignment and crystallization of the long molecular chains 

increases toughness and strength along the alignment direction whereas metal drawing has the 

strain hardening mechanism 61. In traditional metal strengthening, cold working is used to 

deform the metal below the recrystallization temperature 61. Cold working is used by applying a 

stress greater than the yield stress to create plastic deformation and re-arranging microstructures. 

In our study, repeating the procedure results in a higher strength, lower ductility and brittle 

behavior of the material due to the creation of CNT crystalline and orientation order along the 

axial direction as shown by Figure 4-3. When tensile strain is applied to the material and necking 

begins, a complex stress distribution and concentration is induced on the material and the true 

stress-strain curve from the start of plastic deformation is approximated by the following 

relationship 61: 

 (4) 

 (5) 

 (6) 
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where K is the strength coefficient and n is the strain hardening parameter 58. A low n value 

corresponds to a poor response to cold working. A greater strength in metals corresponds to a 

larger number of dislocations while a greater strength in thermoplastic polymers denotes long 

range order and crystallization of long molecules due to the van der Waals bonds being broken 

and the polymer chains being dislocated. The n and K coefficients of the CNT network 

deformation were computed based on Figure 4-4 and are shown in Table 3. The n and K values 

for the stage strain experiment in Figures  3-4(b) shows that most of the CNT morphology 

reconstruction occurs in the first ~20% of strain, and is only slight changed using a smaller strain 

hardening coefficient while the strength coefficient K is increased using a lower amount of 

strain. The resin treated sample’s greater alignment shown in Figure 4-1 is due to the increase of 

over 160% for n values and over 200% for K values when compared with neat CNT network. A 

similar treatment process was applied to the Epon and Cytec treated CNT networks that allows 

for greater elongation and holds the treatment variations as negligible. A possible reason for the 

different resin treated samples expressing similar n values would be that both resin treatments 

allow for a similar degree of alignment, locking angles and sliding friction between the CNTs 

that caused the hardening of the network. For FCC metals, the n value is roughly 0.5 where the n 

value for BCC metals is roughly 0.15 and the typical n and K values for some materials is shown 

in Table 2 59. The n values when the neat CNT material is re-stretched is comparable to BCC 

metals, outperforms that of the baseline polycarbonate, and polymer treated strain hardening 

values are above that of FCC metals which shows an intense response to stretching deformation 

due to unusual strong self-assembly nature of CNTs 59.  

 

4.1.4 Multiple Deformation Modes   

 

4.1.4.1 Deformation due to elongation and lowered waviness 

 

This mode of the network’s deformation during the application of uniaxial strain is 

individual nanotubes and their bundles undergoing uniaxial stress at each end, and becoming 

straight and aligned to the stress vector 13. Raman shift measurements of the G-band peak are 
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known to reveal the orientation of the nanotubes 13,62,63. The measurements show that the 

scattering signal is polarized along the oriented nanotube axis. Although the Raman 

measurements are limited to the surface of the material to ~50 nm surface depth (approximately 

10-15 nanotube layers), the measurements can be considered representative of strain-induced 

orientation of the nanotubes throughout the material 9,35,62–64. The polarized Raman spectra was 

measured first with the polarization parallel to the strain-oriented direction (θ = 0̊) then 

perpendicular to the strain-oriented direction (θ = 90̊) and the G-band intensity ratios between the 

two directions was calculated as shown in Figure 4-5. The increase in the degree of alignment as 

the strain percentage increases shows that as the network is plastically deformed, the surface 

nanotubes are more aligned and show a polarized response in direction of alignment. Both the 

neat CNT and polymer treated CNT networks showed good alignment response in the Raman 

intensity ratio/alignment degree calculation. However, the polymer treated sample was able to 

achieve a higher alignment response at the same deformation levels as shown in Figure 4-5.  

 

4.1.4.2  Sliding friction along parallel nanotubes leading to straight CNTs and re-assembly into 

large bundles  

 

The sliding friction mode under tension for the CNTs under tensile strain is the axial 

translation of individual nanotubes and nanotube bundles in close enough proximity to activate 

friction forces. This mode of tension is most prominent at roughly 20% strain in the neat CNT 

network as shown in Figure 4-6(a). Here it becomes obvious that nanotubes that were once 

perpendicular to the axis of orientation are now closer to being oriented parallel to the tensile 

direction. This change in orientation causes friction between unoriented perpendicular nanotubes 

and also between co-oriented parallel nanotubes. Alignment of adjacent small bundles self-

asemblied into large bundles or crystalline bundles as shown in Figure 4-6.  

 

4.1.4.3  De-bundling and hook stretching to align CNTs  

 

There is additional tension due to bundles of CNTs either releasing from a bundle or 

reassembling into another bundle. This is most evident through examining SEM images and 
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estimating bundle size. From Figure 4-6, it is clear that the loose bundle in (a) has roughly a 

diameter of ~2µm while the bundle in (b) has a diameter of ~1µm. This reduction in bundle size 

is contributed to by not only nanotubes being peeled from the bundle but also the nanotubes 

becoming more intertwined and forming large aligned bundles. The polymer treated sample 

shows the de-bundling mechanism as seen in Figure 4-1 by the change from (c) to (d). However, 

the bundles experience a more predominant bundle sliding and relaxation rather than tightening. 

The stress leads to the de-bundled alignment along the stretching direction. 

 

While hooked CNTs/CNT bundles account for a small portion of the stress, the ultra-long 

nature of the individual CNTs results in a hook behavior. This characteristic is the planar form of 

the self-folded morphology shown in CNT fibers as shown by Lu and Chou 65. The hook tail 

diameter is shown to be inversely proportional to the amount of stress needed to modify the 

network as shown in Figure 4-7. Due to high flexiblility of CNTs, under the tension stress, the 

hooked or catalyast locked CNTs can well be aligned along the stretching direction. 

 

4.1.4.4  Self-assembly and packing  

 

Due to individual nanotubes and bundles becoming closer together, van der Waals 

attraction increases and larger bundles are reassembled to form a denser network. The 

densification of the CNT network leads to better load transfer from a decrease in void content 

and activation of strong van der Waals interaction between individual nanotubes. Figure 4-1 also 

shows the extreme densification of the bundles that occurs between 20% and 30% strains. In 

Figure 4-1, it is clear that most ropes formed in the 30% strain sample are larger than those in 

loose ropes in the 10% sample. This formation of the large rope structure is the key to 

strengthening the nanostructure by improving load transfer between nanotubes. More than 30% 

reduction in width at 30% strain also reflects the dense packing as shown in Figure 4-8. The 

shiny surface morphology seen in Figure 4-8(a) illustrates a similar optical phenomenon to the 

Raman measurements with increasing reflectivity correlated to increasing nanostructure 

alignment. It is noted that the resin-treated 40% strained sample shows less optical reflection 

than the 30% untreated sample. While the density of the resin-treated 40% sample is higher than 

that of the 30% untreated sample, the treatment and purifying stages needed for the resin-treated 
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sample caused the surface to show less reflection. Figure 4-8(b-e) shows further how the strain 

process increases the nanotube density of the network by observing cross sectional nanotube 

packing from 10% to 40% strain elongation of a polymer treated and purified sample. 

 

4.1.4.5 Catalyst locking of CNTs to enhance load transfer during stretching   

 

In the MWCNT sheet materials as they are manufactured, there are significant amounts of 

residual catalyst nanoparticles contained. This mode of tension deformation accounts for the 

individual nanotubes and nanotube ropes dragging and pulling over the imperfections during 

stretching. As seen in Figure 4-1, the nanotube bundles in the neat sample in (a) and the 

nanotube ropes in (b) are pulling and entangling with the catalyst nanoparticle indicated by the 

green squares. Another important phenomena occurring is the creation of a locking angle 

between CNTs. The locking angle is formed by the catalyst intersection point between CNTs 

causes a simultaneous imperfection and assistance for strain relaxation. The dragging friction is 

also a cause of failure in the networks due to possible stress concentration at the locking points. 

While it can be seen that there is a dramatic increase in catalyst and various particles in the 

polymer treated samples in (c) and (d), this shows how the adhesion of the polymer particles on 

the nanotube locking points causes a better alignment during stretching deformation.    

 

4.2 Resin Assisted Stretching for 60%-80% Strain 

 

With the assistance of optimized BMI and epoxy resin systems, the buckypaper can be 

stretched up to 80% strain without break due to improved temperature control. As seen in the 

SEM images in Figure 4-9, the degree of alignment of the CNT sheet can be dramatically 

improved with the resin-assisted stretching, compared to non-resin treated stretching. High 

degrees of alignment are apparent in both the 60% and 80% cases in Figure 4-9 but there is an 

apparent lowered waviness with the 80% case due to self-assembly and CNT sliding. 
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 The mechanism of strain strengthening in CNT networks was discussed in Section 4.1. 

Similarly, the metrics for strain hardening n are calculated using the true stress/true strain curves 

from the stretching procedure and are shown in Figure 4-10(a). The alignment degree calculated 

by Raman spectroscopy as discussed in Section 4.1 was calculated from the resultant films and 

the strain hardening parameter n was shown to have a positive correlation with the alignment 

degree as shown in Figure 4-10(b). The new strain hardening n values for the 60% and 80% 

stretched thin films are compared with those of traditional materials in Figure 4-10(c) and it can 

be seen that the BMI treated 80% stretched CNT film shows a strain hardening parameter of 

more than 80% higher than that of traditional metals. 

 

4.2.1 Mechanical Properties of Highly-Aligned Tapes and Composites   

 

The load carrying capabilities along the alignment direction showed significant 

improvements for both tensile strength and Young’s modulus in both the CNT tapes that have 

been purified in Figure 4-11(a) and the resultant manufactured composites of their respective 

purified tapes shown in Figure 4-11(b). It was shown that the tensile strength of the 80% 

stretched specimens was 1510±105 MPa with a Young’s modulus of 149±105 GPa along the 

CNT alignment direction. The high strength of the oriented CNTs denotes adequate load transfer 

of the CNTs in the axial direction.  

 

4.2.2 Characterization of Graphitic Crystal Packing and Degree of Alignment  

 

The alignment and packing characterizations of the 60% and 80% strain-stretched CNT 

films show the almost perfect graphitic packing and the record high degree of alignment shown. 

X-ray scattering and Raman spectroscopy analysis are used in the study. The Fourier transform 

of real atomic space information can be seen through x-ray scattering and can be used to study 

the orientation and packing of the CNT bundles 66. 2-D WAXS patterns of the epoxy treated 60% 

stretched film, the BMI treated 60% stretched aligned sample and the BMI treated 80% stretched 

film are shown in Figure 4-12 (a-c, respectively). The strong anisotropy of the films can be 

clearly observed from the distinct bright intensity (close packing peak) in its pattern and the arc-
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shaped (002) peak of the MWNTs. From the WAXS pattern, the narrow Bragg arcs from a 

strong diffraction of the (002) crystal planes of MWNTs indicate high alignment of the 

longitudinal axes of the nanotubes with respect to the incident beam 13,41. To characterize the 

long range alignment and anisotropy, x-ray counts were summed over the close-packing peak 

(CP) at the angles of 5° < 2θ < 8° as seen in Figure 4-12 (d) and at the (002) diffraction peaks at 

the high angles of 20° < 2θ < 30° as seen in Figure 4-12 (e). The dramatic increases of the 

intensity values indicated significant improvement long range order and alignment and graphite-

like close-packing. 

 

G-band Raman scattering intensity of carbon nanotubes depends on the orientation of the 

tube axis with respect to the electric polarization vectors of the excitation laser beam. Using a 

polarized laser beam and taking measurements at many angles between the preferred axis and 

VV polarization vector, one can obtain a distribution function characteristic of tube axis 

orientations, i.e., the G-band Raman intensity of an oriented CNT is proportional to cos4 θ, where 

θ is the angle between the CNT axis (in the plane perpendicular to the Poynting vector of the 

incident excitation) and the incident excitation polarization 29. We also considered the orientation 

dependence of the penetration depth since optical absorption in CNT is anisotropic 67. This may 

be described by a correction factor f abs≈1/(cosθ+Ksinθ), where θ is the angle between 

polarization vector and nanotube axis, and K=a+ /aǁ where a+ and aǁ are the nanotube absorption 

coefficients for polarizations perpendicular and parallel to the tube axis. K is believed to be in the 

range from 0 to 0.25 68. Since the tubes are axially symmetric, the distribution function has 

Gaussian cylindrical symmetry. In principle, aligned fraction f and FWHM are obtained by 

fitting the deviation from a fabs·cos4θ law. For the thin buckypaper sheets (~45 micrometers 

thick) we use a 2D model by neglecting the anisotropic optical penetration depth 37, the Raman 

intensity data were fitted to a function that describes the deviation from 100% perfect alignment 

of the material:  
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where f is aligned fraction and σ is the Gaussian standard deviation (equivalent 

FWHM= 2ln2 ). Two orthogonal measurements at θ =0 (the stretching direction) and π/2 

shown for both the BMI and epoxy treated buckypaper samples in Figure 4-9(a, b) give a ratio 

that depends on both σ and f. If σ is small, I(0)/I(π/2) gives a zero-order estimate of f. In general, 

even with Raman data taken at many θ’s, σ is obtained by fitting the deviation from a cos4 θ law 

which requires very accurate intensities.  Here, we simply used a two-dimensional distribution 

function to describe the nanotube orientation distribution in the buckypapers. Then, we can 

obtain the best fitting curve of the Raman intensity versus orientation angle. From the trend of 

the best fitting, we can see high degree of alignment of more than 80% nanotubes aligned along 

stretch direction with both the BMI and epoxy treatments at a 60% stretch ratio and more than 

90% of the nanotubes aligned along the stretch direction for the 80% stretch ratio case. The 

depth sampled by Raman scattering is greater in the weakly absorbing transverse orientation θ 

=π/2 compared to θ =0. As a consequence, I(π/2) is overestimated relative to I(0), which means 

that σ is overestimated and/or f is underestimated. The Raman intensity was much less sensitive 

to out-of-plane than in-plane misalignment when the polarized measurement was done in-plane. 

The alignment fractions from 2D and 3D models differed by only a few percent. Absolute values 

were subject to uncertainties of order ±0.05 due to large experimental error bars and the lack of 

an exact FWHM value in Raman spectra; our best estimates are 0.89 aligned fraction for epoxy 

treated 60% stretched buckypaper samples and 0.84 for BMI treated 60% stretched buckypaper 

samples as seen in Figure 4-13 (a) by fixing the FWMF value at 11.5o from the WAXS data. 

Our best estimates of an alignment fraction ( ) is 0.93 for the 80%-stretched samples is as 

shown in Figure 4-13 (a,d). That is a record high degree of alignment of CNTs in the literature, 

and very comparable to high strength carbon fiber materials 6,7,12. Such a high degree of 

alignment is essential to achieve high mechanical properties of CNT assemblies and their 

composites.   
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4.2.3 Stretch Strain-Alignment Fraction Relationship 

 

As shown in Section 4.2.2, the alignment fraction can be calculated by both x-ray 

diffraction methods 13 and Raman spectroscopy methods 63. It was also shown how the 

mechanical stretching procedure has been developed so the final stretching strain of the thin film 

can achieve up to 80% strain for reaching a high alignment fraction 69. In this research, we 

studied and established stretch strain-alignment relationship based on previous experimental 

results. To obtain the relationship, both x-ray diffraction and Raman spectroscopy measurements 

were conducted independently before the comparison. To capture the total structural evolution, 

both alignment techniques of using neat random and resin-impregnated CNT tapes were carried 

out on the evolving structure at increments between 0% and 80% stretching strains.  

 

The 2-D WAXS patterns of random 0% aligned CNT films progressing to 30%, 40%, 

60% and 80%-stretched CNT films are shown in Figure 4-14. As described in Section 4.2.2, the 

increase in the intense anisotropy of the close-packing peak and the (002) crystal peak is seen 

through the WAXS images. The resultant alignment fraction is calculated by summing the x-ray 

counts over the (002) diffraction peaks the high angles of 20° < 2θ < 30° and as shown in Section 

4.2.2 using Herman’s orientation factor in equations 8 and 9 below: 

            (8) 

                   (9)  

The x-ray alignment degree fraction are shown in Table 4-3 where it is seen that the 

maximum alignment fraction is obtained by the 80% stretched CNT case with an alignment 

fraction of 0.91. 

  

The G-band Raman scattering diffraction method of alignment calculation is carried out 

as shown in Section 4.2.2 where the measurements are taken at 10 degree increments between 

the preferred orientation direction and the parallel direction. The G-band peak signals are 
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processed and fitted to a 2-D Gaussian distribution with adequate fitting parameters as shown by 

R² values near 1 in Table 4-4. Orientation distribution functions (ODFs) are routinely used 

describe the orientation of fibers in the composite and also are used in crystalline materials 

63,70,71. The distribution of Raman G band intensity is used to designate the orientation fraction by 

examining the ratios of signal peaks as the polarization direction is deviated from during signal 

acquisition. The consequential alignment fraction calculated by Equation 7 in Section 4.2.2 and 

the unit less ODF are shown as a function of angle to the preferred axis in Figure 4-15. The final 

alignment degrees calculated by the Raman spectroscopy method are shown in Table 4-4 where 

the maximum alignment degree calculated by this method is 0.93 in the 80% stretched case.  

 

 

The Raman and x-ray alignment degree calculations vary slightly due to methodology 

advantages and disadvantages. Raman alignment degree calculations tend toward overestimating 

alignment degree due to lack of signal penetration depth, but are able to effectively capture the 

graphitic structure of the nanotube surface layers. While x-ray diffraction alignment degree 

calculations tend to underestimate the alignment degree of the network due to the interference of 

non-nanotube constituents modifying the intensity of the diffraction signals. Because of the 

strengths and weaknesses of the alignment characterization methods, it is advantageous to 

compute both alignment degrees to achieve a thorough snapshot of the internal CNT 

morphology. The alignment degrees calculated in Table 4-3 and Table 4-4 are combined and the 

resultant data is fitted using a logistic model as shown in Figure 4-16. The adjusted R² value for 

the logistic fitting is 0.976 which indicates good fitting and a reasonable model. 

 

When evaluating the best manufacturing strategy for producing scalable aligned CNT 

composites, it is necessary to observe the cost to benefit relationship between the cost of 

manufacturing (difficulty of stretching the CNT network an additional percentage) to the added 

benefit of doing so (the resultant alignment degree). Thus, the logistic fitting model leads to a 

functional relationship between the added benefit and cost. It is seen through the plateau in added 

alignment degree occurs around 60% with a function alignment degree of 0.88 as shown in Table 

4-5. Furthermore, the cost of additional stretching beyond 80% according to the acquired model 

is shown to be insignificant to the added alignment degree that it would produce. For example, 
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according to the logistic model below, stretching the film to 100% would result in a theoretical 

alignment degree of 0.93 – a miniscule 0.02 added alignment degree. The cost of the increase in 

skilled labor and time to produce such a small increase in material quality outweighs the benefit 

of furthering the perfect alignment. Therefore, for the random CNT materials we used, 50%-60% 

stretching strains can lead to a high alignment fraction of 0.84-0.88 with reasonable cost in our 

experiments.   

 

4.2.4 Preliminary Models on the Prediction of Modulus of High Loading and Highly 

Aligned CNT Composites  

 

4.2.4.1 CNT volume fraction effect on structural properties 

 

The internal morphologies of the CNT composites possess two dominating predictors: the 

constituent CNT volume fraction and the CNT orientation 7,72. Many groups have shown small 

volume fraction CNT composite with 1-3 wt.% CNTs that act as resin tougheners 2,73. However, 

high volume fraction composites are not often found above 50% - the volume fraction that is 

needed to mimic high volume fractions of structural carbon fiber composites 40. Obtaining a 

volume fraction of CNTs above 50 vol.% is difficult due to nano-scale CNT pores and capillary 

swelling effects of the CNT films as we will discuss further in Section 4.4. For example, the 

CNT films used in this study are shown to be 52.3 vol.% as shown by the thermogravimetric 

analysis (TGA) in Figure 4-17. Please note the weight loss TGA curve shown in Figure 4-17 

illustrates a CNT content of ~60 wt.% that is converted to 52.3 vol.% 

 

 The Digimat MSC software was chosen to predict the elastic features of the CNT/BMI 

fabricated composites when the volume fraction of the constituent CNTs in the composite is 

varied 74–76. Digimat-MF is a state-of-the-art multi-scale modeling technology that performs 

mean-field homogenization micromechanical models based on material components and their 

composite morphology 74–76. The modulus increases when additional volume fractions of CNTs 

are added in CNT/BMI composites can be evaluated using a Digimat-MF model as shown in 
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Figure 4-18. Table 4-6 shows the major parameters used in the model and justification for 

parameter selections.  

 

The elastic response of the CNT/BMI composites are shown in Figure 4-18 and the 

resultant Young’s modulus results are shown in Table 4-6. These extremely high structural 

stiffness results along the axial direction show the incredible predicted properties of individual 

CNTs and how difficult it is to translate those properties to the real life scenarios. The stiffness 

parameters show an increase from ~7GPa to ~136 GPa even in the random CNT case when the 

volume fraction of the CNTs is raised from 1% to 52.3% if we assume adequate interfacial 

bonding and load transfer in the nanocomposites. According to the rule of mixtures, the 

longitudinal Young’s modulus as a weighted mean of the fiber and matrix modulus can be 

expressed as: 

Ec=EfVf+EmVm (10) 

 

For IM7 carbon fiber BMI composite, when Vf=0.6, Ef=276 GPa and Em=4.6 GPa. The Ec  is 

calculated as 167.4 GPa and is shown in Figure 4-18. This value is very close to the experimental 

result provided by Cytec where the tensile 0° modulus is 162 GPa and is also shown in Table 4-

7. 

 

4.2.4.2 CNT orientation effect on structural properties 

 

The combined alignment degree logistic model from both x-ray diffraction and Raman 

spectroscopy methods as shown in Table 4-5 is applied to the Digimat-MF model that orients the 

constituent CNTs in the nanocomposite model to study the CNT alignment effect. Using these 

parameters results in even more dramatic increases in Young’s modulus than in the previous 

random case in Figure 4-18 above. The representative volume elements (RVEs) in Figure 4-19 

(a-c) serve as a visual to show the evolution of the CNT/BMI network from the random loosely 

packed structure to the more densely packed 80% stretched highly aligned network with a small 

amount of voids shown with the blue spheres. However, it is important to note that these RVEs 

shown are not representative of the high CNT loading results in the tables. For the following 
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results in Figure 4-19 (d) and Table 4-7, the CNT volume fraction was assumed constant at 

52.3% as shown in the TGA results above. The increase in orientation parameters show a surge 

in predicted axial stiffness from ~136 GPa to ~414 GPa – an extra-high structural property that 

would possibly revolutionize many composite material applications. The predicted modulus of a 

perfectly aligned CNT composite, denoted as UD-CNT, is as high as 525 GPa as seen in Figure 

4-19 (d) and Table 4-7.  This is based on the rule of mixtures equation 10, where Vf=0.523, 

Ef=1000 GPa and Em=4.6 GPa. The Ec  is calculated as 525 GPa. Such extraordinary properties 

of more than 3 times the modulus of the UD-CNT composite as compared to UD-CF is shown in 

Table 4-7 and reveals the attractive nature of CNTs and moving future technology forward relies 

on further harvesting those amazing features. While the comparison of the modeling and 

experimental Young’s modulus results contain a large differential, both model and experimental 

results show that the alignment induced stiffness increases are mostly consistent and show the 

greatest increases in structural parameters around 30% stretching strain. However, this model is 

not able to include CNT packing and self-assembly features as will be discussed in Section 4.3, 

which need to be addressed in the future research. The large difference between the modeling 

results and experimental data may be due to the multiple failure modes of low load transfer 

capability as we will show more fully by sliding failure modes in Section 4.3. 

 

4.3 Diameter Dependent CNT Collapse and Geometrically Constrained Self-Assembly and 

Packing of Flattened and Aligned CNTs 

 

Super aligned carbon nanotube (CNT) thin films and their nanocomposites have been 

developed and their mechanical properties have been widely studied. However, the load transfer 

mechanisms and failure modes of the aligned CNT composites are not well explored and 

understood. In this research, we developed super aligned CNT thin films with a CNT alignment 

fraction estimated at 0.93 as noted in Section 4.2 by a mechanical stretching process. CNT/BMI 

nanocomposite samples were fabricated using the super-aligned network with a high nanotube 

concentration (50-60 wt. %), and the high mechanical strength and stiffness were demonstrated. 

Atomic resolution TEM images were obtained and used to study the packing and failure modes 

of individual and bundles of the CNTs after the tensile tests.  The TEM analysis reveals unique 
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CNT packing and failure modes, including CNT collapse, flattened packing, stacking, folding 

and twisting phenomena as well as CNT pullouts from bundles and resin matrix. These failure 

modes clearly demonstrate that the dense self-assembled packing is due to flattened nanotube 

and high alignment degree that realizes face-to-face stacking sequences. Such unique dense 

packing is a result of strong van der Waals interactions and energy equilibria due to the large 

surface-to-surface contacts from flattened nanotubes.     

 

One technical challenge of CNT nanocomposite research is the difficulty to well observe 

and study CNT/CNT and CNT/resin molecules interactions and their microstructures at an 

atomic level. The Zhu group showed through TEM and SEM study with long length CNTs in 

fiber form that nanotube sliding existed within the fractured fiber and it indicated that the CNT 

ends clustered together, resulting in poor load transfer 54. Ruoff’s group observed by AFM how 

the fully-collapsed MWCNT deformed, twisted and collapsed which increased the flexibility of 

the nanotube 77. The Zhang group and the Glassmaker group studied cross-sectional and surface 

views of the CNTs and their bundles which indicates that nanotubes with larger diameters above 

5nm collapse during CNT synthesis and stack together, forming a dense graphitic structure with 

high surface contact 78. Recently, Cheng and coworkers studied how the flattened and layered 

CNT composites are similar to that found in nacre, nanoclays, and various flaked materials 

which aids in analysis at the first structure (nanoscale) and second structure (microscale) levels 

thorough TEM and SEM study 79. In this work, the novel resin assisted stretching method was 

used to achieve to 80% strain that produces super aligned films, similar to the process in our 

previous work 57. In this research, the fracture surfaces of the resultant films and nanocomposites 

were examined under SEM and atomic resolution TEM to understand the detailed nanostructure 

and microstructure of the highly oriented and high CNT concentration nanocomposites. 

 

The failure modes observed in conventional carbon fiber reinforced composites provide a 

useful starting point from which to understand those of the aligned CNT nanocomposites studied 

in the present work. Failure of unidirectional carbon fiber (6-7 microns in diameter) reinforced 

composites under longitudinal tensile load occurs by three typical modes: (1) brittle fracture of 

fibers, (2) brittle fracture of fibers with pullout, and (3) fiber pullout with fiber-matrix 
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debonding. Aligned CNT nanocomposites usually have telescoping failure mode and complex 

nanotube/resin interactions that dictate the tensile properties of the composites 80,81.  

 

Figure 4-20 shows the failure surface of an aligned CNT/BMI composite. In this image, a 

progressive telescoping CNT pullout, beginning with a large width of the film and tapering to 

several small bundles of CNTs, can be seen. The morphology reveals extensive CNT pullout 

from the matrix, indicating a non-brittle fracture. In conventional carbon fiber reinforced 

composites, load transfer between the fiber and matrix arises primarily from covalent bonding 

between the fiber and matrix and from friction caused by fiber surface roughness due to surface 

treatment and sizing 82. Fiber – matrix interactions are critical in these composites because there 

is no noticeable direct load transfer between the carbon fibers. In contrast, the CNT pullout 

failure mode seen in CNT composites suggests that much weaker interfacial interactions exist 

between CNT bundles and the resin matrix and that direct load transfer between CNTs is playing 

a critical role for the failure modes. Figure 4-20 (a) shows the layered structure that results from 

separation between layers during tensile loading, as well as the gradual failure of large bundles. 

This layered failure mode indicates weak bonding and load transfer between different aligned 

CNT layers, and is reminiscent of the delamination failure mode that occurs between plies in a 

conventional carbon fiber composite. Figure 4-20 (b) shows the typical telescoping failure at the 

fracture surface that leads to the CNT pullout at the tips. This type of CNT pullout structure was 

frequently observed in this work, indicating a CNT-matrix debonding failure mode and 

suggesting the CNT bundles aggregate and self-assemble during the failure process. Figure 4-20 

(c) shows the folding of CNTs and CNT bundles that results from an elastic spring-back of the 

nanotubes after mechanical failure of the composite. This indicates that some load transfer is 

occurring between the CNTs and the matrix, though clearly not enough to break the nanotubes. 

Finally, Figure 4-20 (d) shows a failure mode in the aligned CNT composite, also frequently 

observed in unidirectional carbon fiber reinforced composites 83, in which a crack propagates 

along the alignment direction and results in a separation between bundles. Again, this failure 

indicates inadequate load transfer between the reinforcement and resin matrix.  
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4.3.1 CNT Collapse and CNT/Resin Interface 

 

TEM analysis was used to study the structures of individual CNTs and their bundles at 

the atomic scale. The TEM images in Figure 4-21 were taken by focusing on tips of the CNT 

bundles shown in Figure 4-20, to further explore the interface and nanotube-to-nanotube 

interactions. Figure 4-20 (a) shows well-aligned and broken CNT bundles that have separated 

into multiple small bundles. Figures 4-20 (a, b) show that some resin remains on the surface of 

the collapsed CNTs after fracture, which indicates that relatively good resin/matrix impregnation 

and adhesion was achieved during composite fabrication. This is an encouraging result because 

resin impregnation of highly aligned nanotube samples is typically difficult to achieve. As the 

CNT density and bundle size increases with alignment, the availability and accessibility of 

porosity decreases, making it progressively more difficult to produce well-wetted composites 

84,85 . Figure 4-21 (b) also clearly shows the flattened shape taken by the CNTs that have been 

pulled out of the composite. This has also been referred to as a ‘dog-bone’-type collapse in the 

literature and linked to improved mechanical performance because of its similarity to graphitic 

carbon 86. CNT bundle sliding is evident where multiple CNTs are seen at varied angles to the 

preferred axis where they are joining as one bundle via sliding phenomenon. Elliott and 

coworkers showed that single-walled CNTs with a diameter greater than 4.2 nm are unstable 

with respect to a flattening collapse 87, though tubes with multiple walls would be expected to 

have larger critical diameters. Figure 4-21 (c) shows that within the same stack of aligned and 

bundled MWNTs, the larger diameter nanotubes, about 10 nm in this case, fully collapsed while 

smaller diameter tubes remained cylindrical. Finally, Figure 4-21 (d) shows that nanotubes of 

intermediate diameter partially collapsed and conformed to the fully collapsed, larger diameter 

nanotubes. These new observations are in agreement with previous modeling results 87. Because 

the synthesis method used to produce the tubes in the present work tends to result in 6 – 10 nm 

diameter tubes, a significant majority of the tubes observed in the TEM images were flattened. 

Production methods yielding tubes of smaller average diameter would exhibit a larger population 

of cylindrical tubes. 
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4.3.2 Geometric Constrained Self-assembling and Packing of Flattened and Aligned 

Carbon Nanotubes  

 

Dramatic increases in CNT alignment and volume fraction are two of the key 

requirements that must be met before the goal of taking optimal advantage of CNT mechanical 

properties in a nanocomposite material can be achieved. In light of this, it is difficult to overstate 

the significance of the structures shown above in Figure 4-21, and in previous work by others 88. 

Developing an understanding of, and an ability to control, the size and morphology of these 

bundles of flattened and aligned CNTs would represent an important step towards the goal of 

tailorable nanocomposite materials. Some important work in this direction has already been done 

with analytical modeling and molecular simulation 89, but experimental imaging is also of critical 

importance. Thus, additional TEM imaging, shown in Figure 4-22, was conducted to further 

investigate this phenomena. 

 

Figure 4-22 (a, b) show several relatively large domains of approximately 20 flattened, 

‘dog-bone’ CNTs stacked into a graphite-like structure. The bundles are aligned with the 

stretching direction of the CNT paper used to make the composite, and there is a visible coating 

of BMI polymer on the external surfaces of, and in some cases between, the stacked bundles. 

Also notable in these images is the consistency in tube diameters within each stack. This is 

clearly illustrated in Figure 4-22 (c) where a transition from a stack of large diameter tubes (blue 

outline) to a stack of medium diameter tubes (red outline), rather than an intermixing of the two 

sizes, can be seen. Segregating tubes by size in this manner has the effect of maximizing the 

interfacial adhesion between tubes while minimizing defects in the packing arrangement. When 

there is a continuous range of tube diameter, rather than the bimodal distribution shown in Figure 

4-22 (c), the CNTs tend to be found in order of decreasing size, as shown in Figure 4-22 (d). 

Again, this arrangement, referred to as pyramidal stacking here, maximizes the attractive overlap 

between adjacent tubes while minimizing internal voids within the stack.  

 

This preferential association of similarly sized CNTs constitutes the geometrically 

constrained self-assembly and packing that is referred to in the title. This phenomenon 

presumably initiates during the gas phase synthesis process, when the tubes have the greatest 
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mobility and, therefore, ability to encounter and pair with other tubes of similar size. The 

alignment, bundle size growth, and final stacking configuration must then come during the sheet 

stretching process, the only other time when large scale geometric changes occur within the as-

prepared CNT material. In any case, the overall thermodynamic driving force appears to be the 

energetic favorability of maximizing the attractive van der Waals interaction by maximizing the 

area of overlap between adjacent tubes. This is a very different behavior than is found in other 

materials containing ordered flakes or sheets 79. In nacre, for example, the arrangement of the 

much larger filler particles is significantly influenced by the polymer layers separating the 

platelets. Nanoclays, while of similar thickness to the CNTs studied here, tend to be charged and, 

therefore, more heavily influenced by electrostatic interactions. 

 

To validate such unique CNT packing and density properties of the super aligned CNT 

materials, the NASA research team studied and developed molecular models by using MD 

simulation and provided the results for us to compared with our experimental data 69.The 

molecular models of round and flattened CNT arrays described in this section were developed 

using molecular dynamics techniques and were used to predict densities of packed CNTs. Both 

the round and flat model simulations used DWNTs composed of a (93,0) CNT nested inside of a 

(102,0) CNT. In isolation, these DWNTs were found to have an outer diameter of 8 nm and an 

inter-wall spacing of approximately 0.34 nm, which is within the range of tube diameters 

observed in the experimental TEM images shown in Figures 4-15 and 4-16. The round CNT 

simulation used a 4x4 array of DWNTs in a periodic cell with dimensions of 31.7 x 27.5 x 5.1 

nm. The flattened CNT simulation cell contained a 2x6 array with dimensions of 23.1 x 10.2 x 

5.1 nm. In both cases the CNTs were 5.1 nm long in the axial direction, resulting in simulation 

cells containing 149,760 and 112,320 atoms for the round and flattened cases, respectively. The 

large number of atoms in these systems and the slow inter-tube relaxation processes required 

extensive equilibration runs of approximately 1.5 ns each. Further details of the MD simulations 

carried out by the team at NASA Langley are provided in our joint publication 69. 

 

The equilibrium structures of the round and flattened systems, found at a simulation 

temperature of 300K, are shown in Figure 4-23 and their densities are given in Table 4-8. Note 

that both images are shown at the same scale and accurately reflect the dramatic decrease in 
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volume and corresponding increase in density that occurs upon flattening. It can be seen from 

Figure 4-23 that the flat CNTs stack vertically to form a structure similar to graphite. The round 

CNT system flattens on the edges to form a hexagonal shape with four-layer graphite-like walls. 

This is a well-known structural deformation, known as polygonization, which balances the 

attractive van der Waals interactions with the increased strain energy that results from tube 

deformation 90,91. The two systems simulated here are composed of 0% collapsed CNTs and 

100% collapsed CNTs, establishing minimum and maximum packing densities for 8 nm 

diameter tubes. For larger diameter CNTs, the density will decrease for round CNTs and increase 

for flattened CNTs. In the limit of very large diameter CNTs, the density of flattened tubes will 

approach that of graphite because the contribution of the end-loops is independent of the CNT 

diameter. For smaller diameter CNTs, on the other hand, the density will increase for round 

CNTs and decrease for flattened tubes as the contribution of the end-loops become more 

significant. Below a critical diameter, predicted to be around 5 nm for DWNTs 92, the flattened 

CNT geometry will no longer be energetically stable and only round CNTs will be present. As 

seen in Figure 4-21 (d), partially collapsed CNTs are also found in these materials and will have 

densities intermediate between those of the 0% collapsed and 100% collapsed systems. 

 

In what follows, the computed densities of flat and round CNTs are used to gain insight 

into the void or porosity volume fraction and the relative content of round and flattened CNTs in 

the experimental CNT film systems. Figure 4-24 depicts a schematic cross section of the 

nanocomposite microstructure of a polymer infused CNT film, consisting of CNT bundles coated 

in polymer with void space between the coated bundles. Because of the tight packing of CNTs in 

the bundles observed in Figures 4-21 and 4-22, it is assumed that BMI coats the exterior of the 

bundles but does not penetrate into the bundles to wet individual CNTs. Therefore the total 

volume of the composite is composed of CNT bundles, BMI, and void space. This composition 

is represented in Equation 11, where ν is the volume fraction of the labeled component.  

 

 
(11) 
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Equation 11 may be rewritten as Equation 12 to permit estimation of the void volume fraction in 

terms of more reliably measurable masses and densities. In this expression, X is the mass 

fraction of CNTs and ρ is the density of the labeled component.  

 

 
(12) 

 

The mass fraction of CNTs was found to be 0.6 in the experimental section, and BMI has a 

density of 1.25 g/cm3. The CNT density for a mix of flat and round CNTs may be estimated 

based on Equation 13.  

 

 
(13) 

 

In the case of a pure CNT film Equation 11 reduces to Equation 14. 

 

 
(14) 

 

Using the measured densities of neat CNT film ( and the calculated CNT densities (  and 

) from Table 4-9, the void volume fraction may be computed for varying ratios of round to 

flat CNTs. It is clear from Figure 4-25 that stretching the samples decreases the void volume 

fraction and increases the fraction of flattened tubes. In fact, to achieve the total density observed 

in the 80% stretched sample (1.61 g/cm3), the volume fraction of flat CNTs must be above 0.8 if 

the sample is assumed to be fully dense, i.e. with a void volume fraction of zero. Making the 

more reasonable assumption that some void volume remains in the samples, the fraction of 

flattened tubes must be even higher. It is also interesting to note that if a void-free sample could 

somehow be prepared at the unstretched density (0.76 g/cm3), this model predicts that it would 

have to contain approximately 10% flattened tubes. The unstretched or initial random samples 

clearly contain significant void content, as shown in Figure 4-8 (a), implying the as-received 

material must contain a content of flattened tubes much higher than 10%. This is an interesting 

result relevant to the question of whether the tubes are flattened during synthesis or during the 
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stretching process. These results indicate that a significant portion of the flattening occurs during 

synthesis. 

 

 

In the case of CNT/BMI nanocomposite samples, very high measured densities were 

observed, as shown in Table 4-9. If the system is assumed to be composed of 100% flat CNTs 

and to be fully dense (0% void volume), a maximum density of 1.56 g/cm3 is predicted. 

Increasing the assumed density to that of graphite (2.26 g/cm3), a maximum composite density of 

1.71 g/cm3 is found. It is surprising that the CNT/BMI composites are found to have 

experimental densities of 1.74 and 1.81 g/cm3 in the 60% and 80% stretched case respectively. It 

is possible that this is due to the high temperature and pressure processing conditions inducing 

further assembly and packing of the CNTs during composite fabrication.  

 

4.3.3 Twisting and Folding of Flattened CNTs  

 

In addition to the tube collapse and packing phenomena discussed and analyzed above, a 

number of other interesting structural deformations were observed during the course of this 

work. For example, Figure 4-26 (a,b) shows a collapsed CNT in a twisted ribbon configuration. 

Isolated flattened CNTs are easily deformed in this manner because of the significant reduction 

in cross-sectional area relative to a cylindrical CNT and the absence of lateral support that would 

be found in a bundle. In fact, previous atomistic simulations of the stability of single- and multi-

walled CNTs showed that lattice registry effects can cause the warping and twisting that occurs 

as the nanotubes collapse due to attractive van der Waals interactions 92. This mode of 

deformation has attracted interest since the early days of CNT research 93. There is also a 

longstanding fascination in the mechanical behavior of CNTs under compression. For example, a 

combination of experimental data and modeling was used to study the buckling CNTs under 

compression. It was found that MWNT’s have a compressive strength more than double that of 

any known fiber and that applying high compressive stresses result in kinks with large degrees of 

bending 94. Other studies of the kinking phenomena in MWNTs showed that the applied stress is 

distributed among the multiple walls of the CNT 95. This load distribution mechanism should 

translate to bundles of flattened CNTs and be enhanced due to their larger contact areas and 
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improved load transfer 96. While compressive loading was not studied directly in the present 

work, the spring back process, which occurs when the tension is released from a bundle of tubes 

as it pulls out the matrix during fracture, applies a large, transient compressive load to the tubes. 

Figure 4-26 (c-e) show the stress-deformation couplings where the CNTs, bundled together as 

fibrils, were deformed and folded at the tips of many of the telescoping triangular failures 96. In 

Figure 4-26 (d,e), the reference alignment direction is shown to illustrate that the bundled CNTs 

folded away from the composite when the fibrils separated and the off-axis stresses occurred. 

The fact that the CNTs remain bundled, even after the high stress bending event, is an indication 

of the robustness of the adhesion between flattened CNTs in the bundles. 

 

4.3.4 CNT Pullout Failure and CNT/Resin Interfacial Bonding  

 

While the CNT/BMI composite tested in this work failed, in a macroscopic sense, in a 

brittle or delamination dominated manner, the TEM and SEM images revealed a very different 

fracture surface than typically found for conventional carbon fiber composites. The major failure 

mode was the pull out of individual bundles when the interfacial bonds were broken by shear 

stresses between the nanotubes and the resin matrix. Also, it is noted that this did not appear to 

occur as a single catastrophic event, but rather in a progressive, bundle-by-bundle manner until 

ultimate failure of the nanocomposite occurred 40,84,85. Figure 4-27 shows the various types of 

pullout failure observed. Figure 4-27 (a) shows several flattened stacks of varying length after 

pullout. Figure 4-27 (b) provides a closer view of a single bundle pullout and highlights the resin 

that remains on the bundle surface 84. Figure 4-27 (c) shows that a long bundle can dramatically 

telescope from a large diameter bundle composed of many CNTs to a single CNT. Intra-bundle 

sliding between CNTs is shown in Figure 4-27 (d), where a bundle between a graphitic and 

amorphous region slides along the alignment direction while staying in the flattened bundle’s 

plane. The region labeled as the graphitic region is indeed a bundle of aligned and collapsed 

nanotubes with its basal plane vertical to the sliding CNT bundles. However, the amorphous 

region demonstrates the mixture of amorphous resin and much smaller CNT bundles.  Taken 

together, these results indicate that both CNT/CNT and CNT/resin bonding are critical to the 

mechanical performance of the nanocomposite, and that they must be enhanced to enable further 

improvement in mechanical properties.  
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4.4 Incorporation of CNT Composites into CF/CNT Hybrid Structures 

 

It has now been adequately shown that CNTs possess excellent mechanical and physical 

properties 97. CNTs have been applied in composite materials as filler materials in resin matrices  

or by direct growth on fiber surfaces to improve structural, electrical and thermal properties 79. 

However, homogeneous dispersion of CNTs and fabrication of quality composites with high 

CNT and carbon fiber (CF) contents in large-scale structures remain major technological 

challenges 6. Some innovative approaches have been attempted to fabricate CNT/fiber hybrid 

multiscale composite materials. Naveed prepared carbon fiber prepreg by using a CNT/epoxy 

resin system with less than 1 wt.% CNTs. The prepreg with multi-scale reinforcements was used 

for the composite manufacturing 98. Yoo et al and Dikshit et al. 99,100 used an airbrush to disperse 

single-walled carbon nanotubes onto carbon fiber prepreg surfaces that were then used to 

fabricate composites using an autoclave process. An increase in electrical conductivity was 

observed in these samples. Wardle and co-researchers 101 succeeded in developing a transfer-

printing scheme to place vertically-aligned CNT forests with an area of around 30×20 mm2 

between two plies of fiber prepregs. The resulting hybrid composite contained an interlaminar 

architecture of aligned CNTs, leading to enhanced toughness of the composite. This was most 

likely due to either the interleaving or bridging toughening mechanism provided by the interply 

nanotubes. These methods revealed the potentials of CNT/CF interply hybrid composites. Most 

characterization of composite materials with interply CNT materials focused on the fracture 

toughness by strengthening the interface between carbon fiber prepregs. The effect of interply 

CNT materials on basic in-plane static mechanical performances is also very important for the 

structural application of these hybrid composites.  

 

In this research, we studied the manufacturing process and mechanical properties and as 

well as failure modes of CNT buckypaper/unidirectional CF hybrid composites using CF prepreg 

materials. Increasing the sample size, high CNT loading and use of high-performance resin 

matrices or prepregs are the keys to studying and demonstrating the engineering performance of 

CNT/CF hybrid composites for high-performance aerospace structural applications. Buckypaper 

(BP) presents an effective way of introducing CNTs to traditional composites, as it is a 

freestanding mat of densely-packed and entangled carbon nanotubes 102. Due to its high CNT 
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concentration, buckypaper provides great advantages to enhance electrical properties, actuation, 

fire retardancy and electromagnetic interference shielding properties in composites. Buckypaper 

can be produced in large sizes and provides ease of handling and improves safety of using CNTs 

in industrial manufacturing facilities. These features make buckypaper an excellent candidate for 

manufacturing large scale composite samples with CF prepreg to achieve high CNT loading. 

Also examining the effect of the addition of both random and aligned CNT buckypaper will 

expose how not only nanomaterials can increase the multi functionality of the composites, but 

how orientation effects the final properties of the resultant multiscale composites. 

4.4.1 Fabrication of BP/CF Interply Hybrid Composites 

 

Buckypaper’s nanoscale porous structures and large surface area resulted in a very low 

permeability relative to unidirectional carbon fiber reinforcements and carbon fabrics. This 

phenomenon presents major challenges for making high quality composites using buckypaper or 

CNT materials. Several methods were used to prepare the BP/CF interply hybrid composites to 

study the behavior of resin flow and impregnation within the buckypaper and carbon fiber layers: 

the first uses randomly oriented CNT sheets and the second implements 60% stretched aligned 

CNT buckypaper from the methods in Section 4.2 with the orientation of the CNTs in the same 

direction as the UD CF. Both methods also had two variations: the first is unmodified random or 

aligned buckypaper and the second is functionalized buckypaper. The epoxidation 

functionalization process was carried out on the BP layers with m-CPBA/CH2Cl2 to study and 

attempt to improve the interface properties between the BP and the CF due to anticipated sizing 

based weak interface properties between the nano and micro scaled layers. Table 4-10 shows the 

sample layup design. Figure 4-28 shows the manufacturing process of the hybrid composite.  

 

In the lay-up process, carbon fiber prepreg and buckypaper materials were laminated 

according to a designed stacking sequence on a steel mold. The overall lay-up sequence from the 

bottom-to-top on the mold-surface was in the following order: release film, interply hybrid 

structure made of alternating carbon fiber and buckypaper layers, peel ply, caul plate, breather 

and vacuum bagging film, as shown in Figure 4-28 (c). The assembly was finally vacuum-

bagged under a full vacuum to expel air. BP/CF hybrid composites were cured using an 
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autoclave process, shown in Figure 4-28 (e) following the CYCOM 5250-4 curing schedule. A 

vacuum was applied to the final assembly for 1h before starting the cure and vented when 

pressure reached 207 kPa. By heating and applying pressure to the assembly during the autoclave 

process, the resin in the carbon fiber prepreg was forced to flow into the adjacent buckypaper 

layer causing through-thickness impregnation. The CYCOM 5250-4 composite was cured at 177 

oC and 0.69 MPa for 6 hours, following by a post-cure process at 227 oC for 4 hours. Figure 4-28 

(a) shows the in-house made large size BP/CYCOM 5250-4 prepreg. The final sample sizes are 

noted in Table 4-10. 

 

4.4.2 Resin Impregnation Mechanisms in Autoclave Processes for Hybrid Composite 

Fabrication 

 

During autoclave processing, the predominant resin flow of the random BP hybrid 

samples occurred along the through-thickness direction of the fiber-reinforced laminates. This 

resin flow is governed by resin rheology and the through-thickness permeability of the 

reinforcement networks. In the case of the buckypaper and carbon fiber interply hybrid 

composites, resin flow occurred in both nanoscale and microscale pores during the autoclave 

process. The carbon fiber network primarily has a microscale pore structure, and the buckypaper 

layers predominately have a nanoscale pore structure, leading to large differences in 

permeability. The through-thickness permeability of buckypaper has been measured to be on the 

order of 10-19 to 10-17 m2 103. This is about four to six orders of magnitude lower than that of 

carbon fiber reinforcements with about 60% fiber volume fraction, which is approximately 10-13 

m2. In addition to the low permeability, it was observed that the buckypaper absorbed and 

retained a large amount of resin during the autoclave curing process, this was especially true in 

the aligned BP hybrid samples. This is likely caused by a strong capillary pressure for resin 

imbibition due to the presence of nanoscale pore widths ~11.66 nm in the buckypaper layer 

based on the BET test. According to the Young-Laplace equation 103, the capillary pressure is in 

the inverse proportional relationship to effective mean pore diameter. The diameter of IM7 fiber 

is 5.2 µm. The effective mean pore diameter of carbon fiber preform was calculated as 

approximately 3.5µm at fiber volume fraction of 60%, which is much higher than the nanoscale 
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radius of CNT bundles (20–50 nm for the random BP case and >50 nm for the aligned BP case) 

in the CNT network. This nanoscale pore size of the CNT sheet is most likely the cause of 

extremely high capillary pressure.  

 

In the random BP hybrid samples, the randomly oriented CNTs result in small contact 

areas between the individual CNTs and small van der Waals interactions at those junctions. The 

low viscosity resin at evaluated processing temperature could possibly infiltrate between these 

CNT contact areas leading to the swelling of the CNT layer, and further reduce the CNT/CNT 

contact area. The aligned BP hybrid panels have a larger contact area between the CNTs and 

larger van der Waals interactions. This leads to a more dramatic BP layer swelling when resin 

flows between the aligned large bundles. The larger CNT bundle size and higher CNT contact 

area of the aligned BP hybrids also result in resin entrapment within the BP layer 

 

The buckypaper imbibition behavior and swelling effects were illustrated by the increase 

in thickness during resin impregnation of the buckypaper layers under different alignment 

conditions as shown by the swelling and resin theft of the aligned BP layer in Figure 4-29 (b). 

With increasing temperature, the resin viscosity decreased and allowed the resin to infiltrate into 

the buckypaper under the combined effects of capillary forces and applied pressures. Due to 

buckypaper’s extremely low permeability, it was more difficult for resin to flow through 

buckypaper than carbon fiber layer. From the SEM observation of the testing samples, the 

thicknesses ratio of carbon fiber layer to random buckypaper layer was approximately 5:1 and 

approximately 2.5:1 for the aligned buckypaper, and thus the calculated saturated flow rate 

through carbon fiber layer was almost 2000 times faster than that through buckypaper layer, 

according to a simple estimation of one-direction flow from Darcy’s law. Resin bleeding along 

the through-thickness direction of laminates was largely inhibited by buckypaper layers in the 

random CNT case. After the buckypaper was fully impregnated, the resin bled out at the 

laminate edges especially in the random buckypaper samples and the carbon fiber layer could be 

further compacted due to the resin edge bleeding as shown in Figure 4-29 (a). The buckypaper 

selected for our research had a specific surface area of ~179.2 m2/g, which was higher than IM7 

carbon fiber with a specific surface area of ~1.4 m2/g. The high specific surface area of 

buckypaper easily led to entrapment of the absorbed resin and the resin theft could not be 
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overcome in the aligned buckypaper layers. The predominant resin flow behavior in the random 

buckypaper was in-plane bleeding from all edges and is due to the permeability difference 

between carbon fiber and buckypaper layers. In the aligned buckypaper hybrids there was 

lowered resin bleeding at the edge of these samples and where there was resin bleeding, it was in 

the direction of BP and CF alignment as will be discussed in Section 4.4.5 through c-scan 

imaging. Figure 4-29 (b) shows how the increased thickness of the aligned CNT films and the 

reduction in pore size restrains the resin flow behavior to a lowered and directional state. Due to 

an increase in capillary force between the CF and aligned BP layers, the resin was drawn into the 

BP layer and was trapped and flow was haulted. This caused voids to form in the CF layer and 

the BP layer to swell and a smaller amount of resin to bleed on the edge. 

 

4.4.3 Strong Resin Absorption of Buckypaper Layers and Intralaminar Interactions 

between Carbon Fiber and Buckypaper 

  

Figure 4-30 shows typical cross-sections observed in the hybrid composites and control 

samples. Cartoon illustrations are also added to the left of the SEM cross-section to illustrate 

varied layer thickness for the random and aligned BP cases. Defects were found to closely 

correlate to the aligned buckypaper incorporation and the resultant thickness increases that 

aligned buckypaper samples possess. The composite quality was evaluated by SEM analysis. 

Resin-starved regions and voids were found to be the most common defects in the BP/CF hybrid 

composite and especially in the case of aligned buckypaper. The resin-starvation defects were 

directly related to the high resin absorbency of the buckypaper layers, especially for the aligned 

and thick buckypaper-based hybrid laminates. A closer look at the full hybrid cross-sections in 

Figure 4-31 reveal the slight waviness of the buckypaper layers as well as a greater buckypaper 

swelling in the center layers for the aligned case where the random buckypaper layers show 

consistent thickness and low void content. From the resultant cross-sectional morphology, shown 

in Figure 4-31 (c,d), when thicker and aligned buckypaper layers are introduced, resin-starvation 

defects tended to appear within the carbon fiber laminas. This type of defect is due to stronger 

capillary forces in the buckypaper layers compared to that of the carbon fiber networks – a result 

of the even smaller nanoscale capillary radius of aligned buckypaper as compared to random 

buckypaper. The resin was absorbed into the buckypaper layer, leading to CF layer resin-
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starvation. When resin-starvation defects occurred, little resin bleeding was observed at the 

laminate edges in the alignment direction during the fabrication process.  

 

Defect formation was closely related to the resin impregnation mechanism during the 

autoclave process. As shown in Figure 4-31 (b), the resin was absorbed by the random 

buckypaper from carbon fiber layers until the buckypaper impregnation was saturated. It was 

further demonstrated by Figure 4-31 (e) that the aligned buckypaper continued absorbing resin 

even after the layer was saturated. Void defects were formed in the aligned buckypaper case due 

to the enormous capillary pressure between the layers. Meanwhile, under vacuum pressure 

during autoclave process, the volatiles in the resin were likely to start boiling and pushed more 

resin bleeding away from carbon fibers as a result of gas bubble formation and movement, also 

resulting in the creation of voids. Adequate resin bleeding is critical for bubble transport out of 

the composite laminate to reduce voids content. Low buckypaper permeability and resin-

starvation in the CF layers inhibited resin flow and bubble transport out of the composite layup.  

 

4.4.4 Composition of BP/CF Hybrid Composites  

 

The SEM images above clearly show that the composition of the constituent parts of the 

hybrids including CF, BMI resin and BP vary between the aligned, functionalized and control 

cases. The resin flow behavior also impacts the resultant volume fraction of the completed 

panels. Table 4-11 shows the density and volume fraction of the various panels and reveal 

declining density when BP is introduced to the CF and another density reduction when aligned 

BP is included. The noteworthy 5% decrease in resin content in the aligned hybrid is visible 

through voided CF laminas in Figure 4-31. If the void content of the aligned hybrid samples was 

lower and more resin was introduced, the density is assumed to be higher in this case due to 

aligned CNT bundle packing structure as shown by the TEM images in Section 4.3. The volume 

distribution of the functionalized and corresponding non-functionalized panels show similar 

composition. Although it could be expected that the functionalized and non-functionalized 

samples of the same CNT would have exactly the same composition, as is true for the random 

BP case, when the alignment is induced, the functionalized panel retains more resin content and 



43 

slightly decreased CF and BP % which can be attributed to the epoxidation reducing the resin 

flow along the aligned direction and retaining more of the resin. The volume % of BP as high as 

18.5% in the aligned hybrid is a significant achievement in the hybridization of CNTs especially 

when there is still over 40% CF content in the structure. The successful lamination of random 

and aligned BP with high BP content is promising in the endeavor of harvesting the macro-scale 

strength and manufacturability of the CF alongside the nano-scale electrical conductivity and 

toughness of the BP. When the best properties of both materials are optimized, a tailorable 

selection of multifunctional composites can be realized. 

 

 Figure 4-32 shows the dynamic mechanical analysis (DMA) response of the hybrid and 

control CF panels. The aligned BP/CF and aligned-functionalized BP/CF both show an increase 

in storage modulus at the glass transition temperature as compared with the other panels that 

exhibited more stable storage modulus, this shows the curing degree of the aligned hybrids is not 

fully matured. Because this only occurred in the aligned hybrids, the trapped resin that is 

observed with the aligned BP layer is not exposed to an adequate environment for complete 

curing due to resin entrapment and smaller pore size. However, the Tan Delta curves of the 

panels indicate that the glass transition temperature is the most increased in the functionalized 

and random BP hybrid followed by the non-functionalized aligned BP. The improved cross-

linking of the random and functionalized BP hybrid is evident and will be explored in more 

depth by the three-point bending failure nature that reveals how the cross-linking aids in 

interfacial toughness properties. 

  

 The thermogravimetric (TGA) response is shown in Figure 4-33. BMI resin 

decomposition occurs at ~450 °C, CF decomposition at ~550 ° C and CNT decomposition at 

~700 ° C. The weight loss response of the hybrid panels and corresponding CF control describe 

the composition of the panels as shown clearly in Table 4-11.  The aligned and functionalized 

panels show a lower thermal stability in comparison with the rest of the panels due to the earliest 

onset of the weight loss %. Of the hybridized panels, the aligned BP hybrid takes the longest to 

decompose under the highest temperature and may be attributed to density of the aligned BP 

layers and the highest BP content of the hybrid panels. 
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4.4.5 Quality Analysis of BP/CF Hybrid Composites 

 

Figure 4-34 shows the typical cross-sectional morphology of the well-optimized random 

buckypaper and unidirectional carbon fiber hybrid composite, longitudinally and transverse to 

the fiber axial direction. The interply hybrid structure was clearly observed in the hybrid 

composites. Both carbon fiber and buckypaper layers were fully impregnated with resin. The 

buckypaper layers were laminated between adjacent carbon fiber layers without observable resin 

rich areas due to the balanced buckypaper thickness and resin volume. 

 

An interesting phenomenon was found that the random impregnated buckypaper layer 

showed an average thickness of 20 µm, which is almost double the 10–15 µm thickness of the 

dry pristine buckypaper. The measured thicknesses of the cured buckypaper layers within the 

hybrid structures were very consistent. This suggests that the buckypaper swelled during resin 

impregnation as discussed before, acting like a carbon nanotube sponge to absorb and hold the 

resin molecules. This is most likely due to the nanoscale porous structure and large surface area 

of the carbon nanotube network. However, the average thickness of the aligned buckypaper is 40 

µm which is also almost double the dry aligned buckypaper thickness of 20–25 µm. Thus, future 

work of optimizing the aligned buckypaper hybrid structures must correct the swelling factor of 

the buckypaper in a resin flow environment.  

 

To study the consistent quality of the hybrid and corresponding control panels, C-scan 

imaging was performed to detect any voids or resin rich areas. Figure 4-35 shows each panel 

where resin rich areas are denoted by lighter green areas and void areas are shown by notably 

dark areas in the images. The C-scan images in Figure 4-35 begin by denoting a consistent and 

classic aerospace-grade quality of good adhesion between laminas in the case of the CF-control 

(a), the random-BP/CF hybrid (c) and the random-functionalized BP/CF hybrid (d) with only 

minor flaws in the random BP/CF hybrids in (c,d) due to buckypaper flow barrier properties 

noted in the previous section. There is noted horizontal resin flow orientation due to the UD-CF 

used, but resin consistency is found. The BP control shown in Figure 4-35 (b) shows patterned 

resin rich areas due to the random nature of the CNTs that do not have CF as a supporting 

structure for resin flow. The aligned hybrids shown in Figure 4-35 (e,f) show a marked resin 
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flow in the direction of alignment (horizontal) of the BP and CF. The void regions in mostly the 

center portion of the aligned hybrids panels in Figure 4-35 (e,f) are well shown by Figure 4-30 

(c) and Figure 4-31 (c,d) SEM cross-sections where void regions in the CF layers are evident by 

dark C-scan areas. 

 

The low permeability of buckypaper layers largely reduced the resin bleeding during the 

process, leading to high resin content in the hybrid composites. With the addition of the thicker 

aligned CNT layers, we increased CNT content and thus decreased the resin content in the final 

hybrid composite as shown in Table 4-11. 

 

4.4.6 Electrical Conductivity of BP/CF Hybrid Composites 

 

One of the major advantages that CNTs have is the high electrical conductivity of 

individual nanotubes that can be translated into high CNT content composites. Table 4-12 shows 

the electrical conductivities of BP/CF hybrid and control composite samples. The in-plane 

electrical conductivity in UD-CF axial direction of control sample was 94.5 S/cm. After applying 

12.8 vol% CNTs, the electrical conductivity of the random BP/CF increased to 459 S/cm. The 

random and functionalized BP/CF with the same vol% of CNTs showed a slight decrease in 

electrical conductivity of 378 S/cm. The addition of aligned BP to the CF showed an even more 

dramatic increase in electrical conductivity that reached 711 S/cm in the aligned and 

functionalized BP/CF case which is even higher than that of the BP control that possessed almost 

three times the vol% of BP.  

 

Fiber transverse direction and out-of-plane electrical conductivities of the hybrid 

composites showed even better improvements, which benefitted from both high electrical 

conductivity of buckypaper and its bridging effect to the adjacent carbon fibers. In the transverse 

direction, the random BP/CF hybrid improved electrical conductivity the most dramatically by 

almost 700 times. The aligned BP/CF hybrids did not achieve as dramatic improvements in the 

transverse direction due to their high orientation in the direction of the CF which exhibit lower 

contact-to-contact electrical properties as compared with electrical properties that are dominated 
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by nanotube tunneling. The out of plane electrical conductivity is an attractive addition to the 

multifunctional properties that the addition of the BP layer adds, where the electrical 

conductivity shows an increase of almost double in the case of the random BP/CF. Table 4-12 

ultimately shows that orientation, functionalization and BP vol% can be tailored to a desired 

conductivity in three planes. 

 

4.4.7 Flexural Properties and Failure Modes of BP/CF Hybrid Composites 

 

Figure 4-36 shows the typical three-point bending stress-strain curves of the hybrid and 

corresponding control CF composite panels. The control unidirectional CF samples showed a 

linear elastic behavior until the stress reached their maximum or peak load. Before the peak load, 

an audible cracking sound was heard due to the crack growth. Once the peak load was reached, 

the sample reached a maximum of 3 flexural cycles before the CF failed via brittle fracture and 

“V” shaped permanent deformation was imposed as shown in Figure 4-37 (a). BP/CF hybrid 

composites reinforced by both carbon fiber and carbon nanotubes exhibited a different stress-

strain profile, as shown in Figure 4-36. As the strain increased, the stress-strain curve deviated 

from the linear proportionality, and the material reacted plastically. This is likely caused by CNT 

re-orientation under bending loading and slippage at the CNT/resin interface and the BP/CF 

interface.  

 

The random-functionalized BP/CF hybrid sample, for instance, was able to withstand 10 

repeated flexural loading cycles and still was able to elastically rebound to the horizontal state as 

shown in Figure 4-37 because the predominate failure load was due to delamination between the 

BP and CF layers. The interface between the functionalized BP and CF remained strong enough 

to retain the macro-structure integrity under a non-stressed state. Table 4-13 shows the flexural 

strength and modulus results. The random-functionalized BP/CF hybrid sample possessed a 

flexural strength and modulus of 1401±40 MPa and 131±8 GPa respectively, which were very 

close to the CF composite control samples with 1763±32 MPa and 157±3 GPa values.  
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The failure modes of the hybrid composites and corresponding CF control under three-

point bending loads was studied via SEM analysis. The CF control is shown to withstand up to 3 

cyclic loadings that resulted in a brittle failure as shown in Figure 4-38. This failure cross-

sectional morphology clearly shows the CF strands broken cleanly at varied lengths which is the 

typical failure mode of carbon fiber composites.  

 

To compare, the addition of the random BP layer that exhibits a delamination failure in 

Figure 4-39 where the CF layers are broken in a brittle fashion as seen before but mixed with the 

pull-out failure of the BP layer. The BP layer does not demonstrate CNT fracture. As was shown 

in Section 4.2, CNT composite failure is due to slippage of the CNT/resin interface and is visibly 

seen through nanotubes sliding out and are left freely suspended at the fracture edge. 

 

 When the random BP was also functionalized, a more complex fracture morphology is 

revealed in Figure 4-40. Not only is an interlaminar delamination failure is seen as before in 

Figure 4-39, but the addition of the epoxidation treatment on the BP demonstrates increased 

interfacial adhesion between the BP and CF layers. Even more, cracks that propagate along the 

CF/resin layers are haulted by the BP layer because of the pore and fiber size differences 

between the CF and BP that do not allow the cracking to transmit through layers. 

 

 The aligned BP/CF hybrid failure was characterized even more dramatically by 

delamanation separation between BP and CF layers as seen in Figure 4-41. The orientation 

similarities between the aligned BP and CF that are manufactured in the same direction allows 

for cracks to propagate along the direction of alignment inbetween the layers as seen in Figure 4-

41 (a,b). However, the high void content in the CF layers due to aligned BP swelling effects 

caused the CF layer to fail more easily which is evident through the cracking and shattering of 

the CF layer in Figure 4-41 (c). 

 

 When the aligned BP was functionalized in an attempt to improve the interfacial bonding 

between the BP and the CF layer, the layers are seen to remain united after the flexural loaded 

cyclic failure as seen in Figure 4-42 (a). The BP functionalization applied to the aligned BP does 
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prove to hault cracking in a similar way to the random and functionalized BP but the aligned 

case tends to allow for transverse crack propagation more than the random BP.  

 

 It has been shown how BP layers can be integrated into CF traditional composites to 

create a new class of hybrid composites. It is the goal of these hybrid composites to increase the 

electrical, tensile and flexural properties compared to CF composites (the control samples) that 

can be manufactured on a large scale that can be realized in industrial applications. These 

nano/micro hybrid composites demonstrated how there is a new dual-scale resin flow 

characteristic due to the surprisingly high BP swelling effect in comparison to the CF in a 

pressurized resin environment. Random and aligned hybridized composites showed to have 

markedly different electrical properties along the 3 planes due to BP content and orientation 

effects. The vast improvements in both in-plane and through-thickness electrical conductivities 

when BP layersintroduced validate that the addition of the BP layer has a future for 

multifunctional composite applications. The strong CNT capillary effect in the highly-aligned 

hybrid composites absorbed and stored such a large ammount of resin that voids were found 

inside the CF layers. This new discovery has proven that to be able to overcome these nanoscale 

strong capillary absorbtion, an innovative approach must be taken to the manufacturing process 

of the hybrid composites. The resin, CNT and CF contents and multiscale resin flow during 

manufacturing must be considered in order to achieve high-quality and high-performance of the 

parts.   
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4.5 Summary 

 

In this research, we studied how exceptional properties of individual carbon nanotubes, 

such as incredible tensile strength, Young’s modulus and electrical conductivity, can be 

transferred into the macroscale of composite structures through scalable manufacturing. The 

alignment degree, interfacial bonding and CNT volume fraction are the most important factors to 

improving the overall multifunctional properties of the resultant composites. Effectively 

integrating CNTs into aerospace industrial standard carbon fiber composites was shown to be 

crucial to employ the conductive and lightweight properties of the CNT networks for near-term 

real-world applications.  

 

This work shows how the degree of CNT alignment was successfully improved with the 

use of a resin assisted stretching approach. The microstructure of the CNT networks could only 

be plastically deformed to a small stretching strain without the addition of the resin treatment 

before the strain is induced. Viscous resins used were acting as effective load transfer media to 

sustain large deformation of CNT network during the stretching process. The resin treatment 

approach was shown to dramatically improve the alignment fraction up to 0.93 under the 

condition of 80% stretching strain. The study revealed the microstructure evolution of CNT 

networks during stretching processes. To characterize and quantify the degree of alignment 

evolution throughout various stretching stages, x-ray diffraction and Raman spectroscopy 

techniques were used alongside mathematical fitting methods. These results revealed the 

graphitic crystal structure of the highly-aligned CNT films. After alignment, the load transfer 

mechanics and failure modes were explored through SEM and TEM methods that investigated 

the microstructure response to high tensile loading.  

 

More importantly, unique self-assembly and packing behaviors of flattened and aligned 

CNTs were discovered and discussed. The phenomena of CNT ‘dog-bone’ collapse and bundled 

stacking was revealed through atomic resolution TEM images that show how the underlying 

assumptions of the nanostructure must be adequate to predict the density and final properties of 

the composites that include CNTs. The TEM analysis also observed the preferred stacking 
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sequences and CNT pullout failure under large tensile loadings. Through collaborations with the 

research team at NASA resulted in a MD simulation model that shows the packing and density 

structure that is dependent on flattened nanotube content and area of void space. CNT thin films 

of 80% stretching strain were then shown how they can be integrated into carbon fiber (CF) 

prepreg composites. Hybridizing the macro-scale aerospace-grade composite laminates with high 

CNT content was carried out through standard autoclave fabrication processing. The unique 

nano/micro dual-scale resin flow properties were investigated and showed how the high resin 

absorbing capacity of the CNT buckypaper impedes the through-thickness flow rheology and 

traps resin within the nano-scale buckypaper pores. Comparing the random and aligned 

constituent CNT buckypaper laminates in the hybrid structure divulged how a larger CNT 

volume content and smaller pore size in the aligned buckypaper contributed to CF laminate resin 

starvation due to stronger capillary effects. Three-point bending properties of the hybrid 

composites were investigated and showed how the CNT/CF laminates developed a high 

resistance to ultimate disastrous failure even when the loading was cycled over ten times. The 

dramatic increase in the multifunctional properties of in-plane axial, in-plane transverse and out 

of-plane electrical conductivity was shown when buckypaper was hybridized as compared to the 

CF control samples. The increase of in-plane transverse electrical conductivity showed an 

astonishing improvement of almost 700 times the conductivity of the CF control. The 

nano/micro-scale manufactured hybrid structures show promise to increasing the tailorable 

multifunctionality of scalable composites.  
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APPENDIX A 

 

FIGURES AND TABLES 

 

 
Table 1-1 Approximate theoretical tensile strength and Young’s modulus of common high-

performance materials1 

 

 

Tensile Strength (GPa) Young's Modulus (GPa) 

Steel 1 200 

Carbon Fiber 5 300 

SWNT 200 1400 

MWNT 11-63 70-1000 

 

 

 

 

Figure 1-1 Comparison of tensile strength and modulus of unidirectional carbon-fiber reinforced  

polymer composites (CFRP), CNT-sheet/BMI composites, IMM-CFRP (Immediate  

Modulus CFRP), HS-CFRP (High Strength CFRP) and HM-CFRP (High Modulus CFRP)45 
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Figure 2-1 CNT Growth: (a) Schematics showing perpendicular alignment of nanotube growth 

regardless of substrate position (b) SEM image that shows growth of well aligned nanotubes and 

(c) SEM images showing patterned nanotube growth as a result of patterning the cobalt catalyst 

prior to growth19 

 

 

Figure 2-2 Carbon nanotube yarns being drawn and twisted during dry spinning from a nanotube 

forest26 

 

 

Figure 2-3 Preparation procedure of PANI/MWNT CNT films showing aligned MWNT films 

grown on a quartz substrate, then immersion in aniline/HCI solution which makes the CNTs 

absorb aniline, then, polymerization takes place on the MWNT surface that forms the ordered 

PANI/MWNT CNT film product 31 
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Figure 2-4 Schematics of the shear pressing method: (a) forming the aligned bucky paper, (b) 

peeling the CNT network off of the silicon substrate, and (c) peeling the aligned network from 

the membrane 39 

 

 

Figure 2-5 Schematic and corresponding SEM images of mechanical stretching to align 

nanotubes in a random MWNT sheet 11 
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Figure 3-1 Large-scale sheets of randomly oriented CNT thin films being produced at Nanocomp 

Technologies Inc. 56 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2 Fundamental principle comparing stretching in static tensile loading that corresponds 

to varied true axial strain (a), proposed continuous straining that corresponds to asymtotic true 

strain having a true axial strain limit (b) 

 

(a) (b) 
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Figure 3-3 Diagram of the proposed continuous alignment inducing process 

 

 

Figure 3-4 A 10ft long aligned CNT film manufactured at HPMI held in front of a vehicle to 

show scalable size 

 

  

Figure 4-1 SEM images of neat (a-d) MWCNT networks at strains of 0% (a), 10% (b), 20% (c) 

and 30% (d), and resin treated (e-f) MWCNT networks at strains of (e) 0% and (f) 40% where 

the strain direction in all images is lateral 
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Figure 4-1 (Continued) 

 

 

Figure 4-2 Typical mechanical stress/strain curves, and sample morphology produced by the 

MWCNT sheets being strained to 10%, 20%, and 30% and the resin treated samples strained to 

40% 
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Figure 4-3 Force-strain curves when a neat CNT network sample is strained over 20% the first 

time, allowed to relax, then placed back on the tensile machine and stretched two additional 

sequential times of at least 5% strain (dashed lines represent the maximum of the previous strain 

application and how it corresponds to the next stage of stretch) 

 

 

Figure 4-4 True stress/strain curves of drawing procedures for the initial strain of neat CNT and 

resin treated materials from Figure 4-2 (a) and true stress/strain curves for re-straining neat CNT 

material from Figure 4-3 (b) 

(a) (b) 
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Table 4-1 Strain hardening parameters for common materials 59  

Material Type n 
K 

(MPa) 

4340 Steel Alloy (tempered at 315 ̊ C) 0.12 2650 

AZ-31B Magnesium Alloy (annealed) 0.16 450 

2024 Aluminum Alloy (heat treated - T3) 0.17 780 

Low-carbon Steel (annealed) 0.21 600 

Naval Brass (annealed) 0.21 585 

304 Stainless Steel (annealed) 0.44 1400 

Copper (annealed) 0.44 530 

*Polycarbonate 0.15 10 

    * values determined experimentally 

 

Table 4-2 Strain hardening parameters for CNT networks tested in this work 

CNT Network Type and Strain % n 
K 

(MPa) 

Neat CNT - Initial strain to 23% 0.49 162.03 

Neat CNT - Re-strain 1 to 30% 0.22 310.84 

Neat CNT - Re-strain 2 to 35% 0.19 460.58 

Epon Treated CNT - Strain to 40% 0.63 272.83 

Cytec Treated CNT - Strain to 40% 0.65 304.78 
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Figure 4-5 Raman spectroscopy measurements for (a) untreated CNT network at 30% strain, (b) 

polymer treated CNT network at 40% strain, and (c) alignment degree (denoted as a fraction) 

calculated from G-band intensity ratios along parallel and perpendicular polarizations to the 

stretching direction 
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Figure 4-6 SEM images of neat MWCNT (a) and polymer treated MWCNT (b) networks at a 

20% strain where arrows indicate strain direction 

 

 

 

 

Figure 4-7 Entanglement modeling of open folded CNT stress as stress is applied to tail ends of 

CNTs 
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Figure 4-8 Surface morphology of stretched neat MWCNT networks with 0%, 10%, 20%, 30% 

and 40% strains (a). SEM cross-section images showing material density of MWCNT networks 

at strains of 10% (b), 20% (c), 30% (d) and 40% (e) 

 

 

(a) 



62 

  

 

Figure 4-9 SEM images of 60% stretched buckypaper with BMI resin treatment (a) and 80% 

stretched buckypaper with BMI resin treatment (b) 

 

 

 

 

 

Figure 4-10 True Stress/True Strain curves for stretching the BMI (to 60% and 80%) and Epoxy 

treated CNT materials to 60% (a), the resultant strain hardening parameter n vs. the alignment 

degree and the fitted model (b), and the resultant strain hardening parameter n for various metals 

(black bars), polymer (blue bar) and the BMI and epoxy treated CNT materials (red bars) (c) 

 

(b) (a) 

(a) (b) 
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Figure 4-10 (Continued) 

 

 

 

 

Figure 4-11 The typical uniaxial stress-strain cuves and correlating tensile strength and modulus 

for the purified CNT tapes (a), and the BMI composites (b) 

 

 

(c) 

(a) (b) 
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Figure 4-12 WAXS patterns of a 40% stretched aligned sample (a), an 80% stretched BMI 

treated sample (b), and an 80% stretched epoxy treated sample (c). Azimuthal scan of the 80%-

stretched samples with BMI treatment and epoxy treatment at the close-packing peak (CP) 5° < 

2θ < 8° (d) and the (002) crystal plane 20° < 2θ < 30° (e) 
 

  

Figure 4-13 Alignment Fraction analysis: Raman fitting results for all cases as a function of 

angle with respect to the alignment direction (a), Raman intensity of the epoxy treated 60%-

stretched (b), the BMI treated 60%-stretched (c) and the BMI treated 80%-stretched (d) samples 

taken with orientation parallel (0 degree) and perpendicular (90 degree) to the laser polarization 

vector 

(c) (b) (a) 

(e) (d) 

(a) 
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Figure 4-13 (Continued) 

 

 

 

Figure 4-14 WAXS patterns of the random CNT film (a), 30% stretched (b), 40% stretched (c), 

60% stretched (d) and 80% stretched (e) CNT films 

 

(b) (c) (d) 

(b) (a) (c) 

(d) (e) 
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Table 4-3 Alignment fraction results for various stretching degrees based on x-ray diffraction 

methodology 

 

Stretching (Strain %) Alignment Fraction 

0 0.00 

10 -- 

20 -- 

30 0.51 

40 0.79 

60 0.82 

80 0.91 

 

Figure 4-15 Gaussian fitting results of Raman G-band intensity as a function of angle with 

respect to the stretching direction 
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Table 4-4 Alignment fraction results for various stretching degrees based on Raman 

spectroscopy methodology 

 

Stretching (Strain %) Alignment Fraction Fitting R² 

0 0.00 - 

10 0.10 0.996 

20 0.41 0.998 

30 0.59 0.988 

40 0.79 0.994 

60 0.91 0.993 

80 0.93 0.992 

 

 

Figure 4-16 Logistic fitting function combining Raman spectroscopy and x-ray 

diffraction methodologies to show a combined calculation of resultant alignment fraction based 

on stretch strain % 
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Table 4-5 Alignment fraction results for various stretching degrees based on combined logistic 

fitting method 

 

Stretch 

(%) 

Fitted Alignment 

Fraction 

Increase of 

Alignment 

Fraction (%) 

0 0.00 
 

10 0.10 
 

20 0.39 273.93 

30 0.63 60.22 

40 0.76 21.40 

50 0.84 9.54 

60 0.88 4.91 

70 0.90 2.80 

80 0.92 1.72 
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Figure 4-17 TGA of CNT sheet showing a high CNT volume fraction 
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Figure 4-18 Digimat-MF elastic response (stress unit in Pascal’s) of CNT/BMI composites with 
CNT volume fractions from 1% to 52.3% and reference response of UD-CF 

 

Table 4-6 Predicted stiffness properties of CF and CNT composites and corresponding CNT 

model assumptions used in Digimat-MF 

 

 

Material Volume Fraction (%) Predicted Young's Modulus (GPa) 

UD-CF 60 167.4 

Random CNT 1.0 6.84 

Random CNT 10.0 27.21 

Random CNT 20.0 50.79 

Random CNT 30.0 75.54 

Random CNT 40.0 101.62 

Random CNT 52.3 135.96 

 

CNT Assumption 

Model Elastic 

Symmetry Transversely Isotropic 

Density 2.15 

Axial Young's Modulus 1000 GPa 

In-Plane Young's Modulus 81 GPa 

In-Plane Poisson's Ratio -0.2 

Transverse Poisson's Ratio 0.75 

Transverse Shear Modulus 200 GPa 

1: 1% CNT Volume 

2: 10% CNT Volume 

3: 20% CNT Volume 

 4: 30% CNT Volume 

5: 40% CNT Volume 

6: 52.3% CNT Volume 

7: 60% UD-CF 
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Figure 4-19 Representative volume element (RVE) depicting random (a), 40% stretched (b), and 

80% stretched CNT/BMI composite morphology (c) and Digimat-MF elastic response (stress 

unit in Pascal’s) of CNT/BMI composites with CNT alignment from random to 80% stretched 

and reference response of UD-CF and theoretical UD-CNT* (d) 

1: Random CNT 

2: 10% Stretched CNT 

3: 20% Stretched CNT 

 4: 30% Stretched CNT 

5: 40% Stretched CNT 

6: 60% Stretched CNT 

7: 80% Stretched CNT 

8: UD-CNT*  

9: UD-CF 

(a) 

(b) 

(c) 

(d) 

*not yet achieved 
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Table 4-7 Predicted and experimental stiffness properties of CNT composites and corresponding 

improvement percent for each improved alignment step and the corresponding unidirectional 

(UD) CNT and CF benchmarks 

 

Sample Name 

Predicted 

Young's 

Modulus 

(GPa) 

Predicted 

Improvement 

(%) 

Experimental 

Young's Modulus 

(GPa) 

Experimental 

Improvement 

(%) 

Random CNT 136 - 18 - 

10% Stretched CNT 175 28.68 - - 

20% Stretched CNT 237 35.43 76 - 

30% Stretched CNT 299 26.16 105 38.16 

40% Stretched CNT 345 15.38 123 17.14 

60% Stretched CNT 393 13.91 131 6.50 

80% Stretched CNT 414 5.34 149 13.74 

UD-CNT* 525 26.81 - - 

UD-CF 167 - 162 - 
 

* This has not yet been achieved 

 

 

 

 

Figure 4-20 Major failure modes of the aligned CNT/BMI composite: (a) gradual angled failure 

and layered separation, (b) triangular telescoping failure and CNT pullouts, (c) pullout folding, 

(d) aligned bundle separation in the perpendicular direction to that of alignment 
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Figure 4-20 (Continued) 

 

Figure 4-21 TEM images of (a) CNT bundle separation and resin adhesion, (b) collapsed CNT 

stack sliding with resin at the CNT surface, (c) diameter dependent CNT collapse, (d) varied 

degrees of CNT collapse in an aligned stacking 
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Figure 4-22 TEM images of (a) CNT flattened stacking and visible nanotube boundary with resin 

interface, (b) large bundled flattened ‘dog-bone’ stacking due to geometric constrains and 
corresponding alignment direction, (c) varied diameter stacking, (d) pyramid type flattened 

stacking for varied diameter CNTs 
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Figure 4-23 Bulk CNT systems consisting of (a) 0% collapsed round CNTs and (b) 100% 

collapsed CNTs, (c) dimensions of flat and round CNTs in isolation 
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Figure 4-23 (Continued) 

 

Table 4-8 Densities of round and flat CNT models 

System Density (g/cm3) 

Round CNTs 0.665 

Flat CNTs 1.820 
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Figure 4-24 Depiction of CNT/polymer nanocomposite microstructures with different CNT 

deformation conditions 

 

Table 4-9 Measured densities of treated and purified CNT film and CNT/BMI composites  

Stretching  

Strain  

(%) 

Measured Density  

(g/cm3) 

Areal Density 

(g/m2) 

Average Thickness 

(µm) 

CNT 

Tape 

CNT/BMI  

composite 

CNT 

Tape 

CNT/BMI  

composite 

CNT 

Tape 

CNT/BMI  

composite 

0 0.76 1.49 12.24 19.92 16.10 13.35 

20 1.22 - 26.64 - 21.84 - 

40 1.42 1.64 31.81 29.54 22.40 18.00 

60 1.54 1.74 40.85 37.53 26.50 21.57 

80 1.61 1.81 50.57 46.13 31.34 25.50 
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Figure 4-25 Volume fraction of voids at various stretching strains. Corresponding experimental 

densities of neat CNT film samples are shown on the top axis, data from Table 4-9. Lines 

correspond to assumed volume fractions of flattened CNTs in the samples 

 

 

 

Figure 4-26 TEM images of (a, b) twisted individual CNTs (c) folded CNTs from the pulled-out 

bundles, (d) bundles of folded nanotubes fractured away from the alignment direction, (e) a large 

CNT bundle folded away from the alignment direction 
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Figure 4-26 (Continued) 
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Figure 4-27 TEM images of (a) flattened CNT stacking with pullout of each stack, (b) uniform 

stacking layered pullout, (c) telescoping bundle pullout, (d) one flattened CNT stack sliding and 

pulling out 
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Table 4-10 Structural parameters of BP/CF interply hybrid composites 

Composite panel # Name Lay-up 

1 UD CF control  [UD-CF]6 

2 Random-BP control  [R-BP]6 

3 Random-BP/CF hybrid [R-BP6/CF5] 

4 Random-Functionalized-BP/CF hybrid [R-F-BP6/CF5] 

5 Aligned-BP/CF hybrid*  [A-BP6/CF5] 

6 Aligned-Functionalized-BP/CF hybrid* [A-F-BP6/CF5] 

 

Carbon fiber prepreg size 8" long, 7" wide 

Random BP size 6" by 6" square 

Aligned BP size 5" by 5" square 

 

       Carbon fiber Buckypaper

Unidirectional or fabric 

prepreg Buckypaper

 

              (a)                                                            (b) 

Mould Release film

Peel ply

Breather

Vacuum bag

Pressure plate

Vacuum

Dam

Laminate
 

(c) 

Figure 4-28 Manufacturing processes of BP/CF interply hybrid composite: buckypaper prepreg 

(a), stacking schematic of hybridization of buckypaper and carbon fiber (b), vacuum bag setup 

(c), addition of BP layers to CF prepregs (d) and the autoclave manufacturing curing setup (e)  

 

* The stretch ratio of aligned BP is 60% 
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          (d)               (e) 

Figure 4-28 (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-29 Resin flow model in autoclave processing for BP/CF interply hybrid composite 

fabrication: (a) random BP layups (b) aligned BP layups 

(b) 

(a) 
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Figure 4-30 Cross-section morphologies and corresponding cartoon illustrations of the CF-

control (a), random-BP/CF hybrid (b) and aligned-BP/CF hybrid 

 

(b) 

(a) 

(c) 
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Figure 4-31 Cross-section morphologies of random-BP/CF hybrid (a,b), random-functionalized-

BP/CF hybrid (c,d), and aligned-BP/CF hybrid (e,f), and aligned-functionalized BP/CF hybrid 

(g,h) samples 

 

(a) (b) 

(c) 

(d) 

(e) 
(f) 
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Figure 4-31 (Continued) 

 

Table 4-11 Density and volume compositition of the BP/CF hybrid composites and 

corresponding control samples 

Panel # Density (g/cm3) vol.% CF vol.% BMI vol.% BP 

CF control 1.61 67.9 32.1 0 

BP control 1.49 0 47.7 52.3 

R 1.58 53.5 32.7 12.8 

RF 1.58 53.5 32.7 12.8 

A 1.51 44 27.5 18.5 

AF 1.53 43.4 30.3 18.3 
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Figure 4-32 DMA profiles of the BP/CF hybrid composites and corresponding control samples 

(g) (h) 
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Figure 4-33 TGA profiles of the BP/CF hybrid composites and corresponding control samples in 

air 

 

     

Figure 4-34 Cross-section morphologies of random-BP/CF interply hybrid composites in (a) 

fiber axial and (b) transverse directions 

 

 

Figure 4-35 C-scan images of the CF control (a), BP control (b), random BP hybrid (c), random-

functionalized BP hybrid (d), aligned BP hybrid (e) and aligned-functionalized BP hybrid which 

show resin flow and defect areas 

(a) (b) 

(a) (b) (c) 
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Figure 4-35 (Continued) 

 

Table 4-12 Electrical conductivity of the BP/CF hybrid composites and corresponding control 

samples 

 

Panel # Name 

In-plane electrical 

conductivity [S/cm] Out-of--plane electrical 

conductivity [S/cm] 
Axial Transverse 

1 CF control 94 0.13 0.040 

2 BP control 620 620 - 

3 R 459 90 0.072 

4 RF 378 56 0.057 

5 A 541 12 0.023 

6 AF 711 14 0.016 

(d) (e) (f) 
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Figure 4-36 Typical three-point bend stress-strain curves the BP/CF hybrid composites and 

corresponding control samples 

 

 

Table 4-13 Performances of BP/CF hybrid composites and corresponding control samples 

Panel # Name 
Density 

(g/cm3) 

Tensile 

Modulus 

(GPa)* 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

1 CF control 1.61 162±28 1763±32 157±3 

2 BP control 1.49 18±2 - - 

3 R 1.58 150±8 1368±39 121±6 

4 RF 1.58 181±20 1401±40 131±8 

5 A 1.51 137±3 1353±36 118±14 

6 AF 1.53 150±11 1457±23 128±4 
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Figure 4-37 Three-point bending final morphologies for the CF-control sample after 3 cycles (a) 

and random-functionalized-BP/CF hybrid after 10 cycles (b) 

 

  

Figure 4-38 Three-point bending failure cross section of CF control. The full sample cross 

sectional failure (a) and the CF failure plane at increased magnification (b) 

(a) (b) 

(a) 

(b) 
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Figure 4-39 Three-point bending failure of random BP/CF hybrid exibiting delamination macro-

scale failure (a), visible layer differentationof BP and CF (b), and brittle and pullout failures of 

the CF and CNT (c) 

 

 

(a) 

(b) (c) 
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Figure 4-40 Three-point bending failure of random-functionalized BP/CF hybrid showing 

delamination failure (a), interply separation of BP/CF layers (b) and crack propagation behavior 

(c) 

 

 

(a) 

(b) (c) 
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Figure 4-41 Three-point bending failure of aligned BP/CF hybrid showing delamination failure 

(a), interply separation of BP/CF layers (b) and crack propagation behavior (c) 

 

(a) 

(b) (c) 
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Figure 4-42 Three-point bending failure of aligned-functionalized BP/CF hybrid showing 

delamination failure (a), interply separation of BP/CF layers (b) and crack propagation behavior 

(c) 

 

 

(a) 

(b) (c) 
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