
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2011

Short Carbon Nanotubes and Carbon
Nanofibers Composites: Fabrication and
Property Study
Ana Koo

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


THE FLORIDA STATE UNIVERSITY 
 

FAMU-FSU COLLEGE OF ENGINEERING 
 
 
 
 
 

SHORT CARBON NANOTUBES AND CARBON NANOFIBERS COMPOSITES:  

FABRICATION AND PROPERTY STUDY
 

 
 
 
 
 

By 
 

ANA KOO 
 
 
 
 
 

A Thesis submitted to the 
Department of Industrial and Manufacturing Engineering 

in partial fulfillment of the  
requirements for the degree of 

Master of Science  
 
 
 
 
 

Degree awarded: 
Summer Semester, 2011 

 
 
 
 
 
 
 
 
 

 
 



 

 

ii 

The members of the committee approve the thesis of Ana Koo defended on April  

27, 2011. 

 
 

______________________________  
Zhiyong (Richard) Liang  

Professor Directing Thesis 
 
 

______________________________  
Tao Liu  

Committee Member 
 
 

______________________________  
Chun (Chuck) Zhang  
Committee Member 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Graduate School has verified and approved the above-named committee members. 



 

 

iii 

ACKNOWLEDGEMENTS 

 

 I would like to express gratitude and appreciation to my major professor, Dr. Richard 

Liang, for his constant support, guidance, and patience over my graduate education.   

Additionally, I acknowledge Dr. Chuck Zhang and Dr. Tao Liu for agreeing to be part of my 

committee; thank you for taking the time to coach me.  My thanks to Dr. Yi-Feng Su, from the 

National High Magnetic Field Laboratory, for assisting me in an area I am still unfamiliar with.   

To all of the staff at the High-Performance Materials Institute (HPMI) my special thanks, 

particularly Dr. JG Park, Jerry Horne, and Dr. Jhunu Chatterjee, for always giving me a hand, for 

the equipment trainings and repairs, for being open to share their experience and expertise, and 

for keeping me out of trouble.  I thank my classmates and friends at Florida State for their 

encouragement and support through my graduate school life, teamwork always pays off.  Last 

but not least, I would like to express a deep appreciation to my parents, Ernesto and Analida 

Koo; and my significant other, Andre Rodriguez, for their constant sacrifice, support, and most 

importantly love.       

 

 



 

 

iv 

TABLE OF CONTENTS 

 

TABLE OF CONTENTS ........................................................................................................... IV 

LIST OF TABLES .................................................................................................................... VII 

LIST OF FIGURES .................................................................................................................VIII 

ABSTRACT............................................................................................................................... XII 

1.0 INTRODUCTION .................................................................................................................. 1 

2.0 PROBLEM STATEMENT .................................................................................................... 2 

2.1 LENGTH CONTROL.................................................................................................................. 2 

2.2 DISPERSION ............................................................................................................................ 2 

2.3 CNT-POLYMER INTERFACE .................................................................................................... 3 

3.0 MOTIVATION AND RESEARCH UNIQUENESS ........................................................... 5 

3.1 RESIN ENCAPSULATION .......................................................................................................... 5 

3.2 ACTIVE ENDS ......................................................................................................................... 5 

3.3 SHORT MWNT AND CNF COMPOSITES .................................................................................. 6 

4.0 RESEARCH OBJECTIVES.................................................................................................. 7 

4.1 CUT MWNTS AND CNFS IN THE LENGTHS OF 200 AND 500 NM............................................. 7 

4.2 CONTROLLED LENGTH DISTRIBUTIONS ................................................................................... 7 

4.3 MINIMIZE SIDEWALL DAMAGE................................................................................................ 7 

4.4 OBSERVE OPEN ENDS .............................................................................................................. 7 

4.5 NANOCOMPOSITE FABRICATION AND CHARACTERIZATION ..................................................... 8 

5.0 LITERATURE REVIEW ...................................................................................................... 9 



 

 

v 

5.1 CHEMICAL APPROACH.......................................................................................................... 13 

5.1.1 Particle Attachments..................................................................................................... 13 

5.1.2 Fluorination.................................................................................................................. 15 

5.2 PHYSICAL AND MECHANICAL APPROACH............................................................................. 18 

5.2.1 Ball milling ................................................................................................................... 18 

5.2.2 Cryogenic crushing....................................................................................................... 20 

5.2.3 Electron Beam Irradiation............................................................................................ 23 

5.2.4  Ultra-Microtome Cutting............................................................................................. 27 

5.3 SHORT CNT NANOCOMPOSITE MANUFACTURING................................................................ 31 

5.4 CRITICAL LENGTH ................................................................................................................ 32 

6.0 TECHNICAL APPROACH................................................................................................. 34 

6.1 MATERIALS .......................................................................................................................... 35 

6.2 EQUIPMENT AND SOFTWARE ................................................................................................ 35 

6.3 EXPERIMENTAL TASKS ......................................................................................................... 36 

6.3.1 Procedures.................................................................................................................... 40 

7.0 LENGTH DISTRIBUTIONS AND STATISTICAL ANALYSIS.................................... 48 

8.0 CHARACTERIZATION OF THE MECHANICAL PROPERTIES: TENSILE 

TESTING..................................................................................................................................... 51 

8.1 TENSILE STRENGTH .............................................................................................................. 55 

8.2 YOUNG’S MODULUS............................................................................................................. 59 

9.0 CHARACTERIZATION OF THE MECHANICAL PROPERTIES: DYNAMIC 

MECHANICAL ANALYSIS ..................................................................................................... 62 

9.1 STORAGE MODULUS ............................................................................................................. 62 



 

 

vi 

9.2 GLASS TRANSITION TEMPERATURE...................................................................................... 64 

10.0 CHARACTERIZATION OF FRACTURE SURFACE MORPHOLOGY .................. 69 

10.1 SCANNING ELECTRON MICROSCOPY .................................................................................. 69 

10.2 TRANSMISSION ELECTRON MICROSCOPY ANALYSIS .......................................................... 75 

APPENDIX A.............................................................................................................................. 81 

REFERENCES............................................................................................................................ 87 

BIOGRAPHICAL SKETCH ..................................................................................................... 92 



 

 

vii 

LIST OF TABLES 

 

Table 1: Summary of cutting methods.......................................................................................... 11 

Table 2: Summarized tensile test results for 0.5% SWNTs/Epoxy composite [18]. .................... 31 

Table 3: Critical length assumptions............................................................................................. 33 

Table 4: Sample plan. ................................................................................................................... 39 

Table 5: TestWorks Parameters. ................................................................................................... 44 

Table 6: DMA Parameters. ........................................................................................................... 46 

Table 7: Bath sonicator conditions. .............................................................................................. 47 

Table 8: Statistics Table of s-MWNTs and s-CNFs. .................................................................... 50 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

viii 

LIST OF FIGURES 

 

Figure 1: SWNT interface with polymer molecules [17]. .............................................................. 4 

Figure 2: Simulation of epoxy and EPI cure molecules filling into a SWNT [18]......................... 5 

Figure 3: Timeline of Cutting Patent. ........................................................................................... 12 

Figure 4: TEM images of iron oxide particle deposition [14]. ..................................................... 13 

Figure 5: Short CNTs after purification [14]. ............................................................................... 14 

Figure 6: Length distribution of cut CNTs through iron oxide particles deposition [14]............. 14 

Figure 7: AFM image of the F-SWNTs [27]. ............................................................................... 16 

Figure 8: AFM image of the cut-SWNTS [27]............................................................................. 16 

Figure 9: cut-SWNT length distribution [27]. .............................................................................. 17 

Figure 10: TEM image of short and functionalized DWNT-NH2 ................................................ 19 

Figure 11: DWNT length distribution after ball milling process [43]. ......................................... 19 

Figure 12: TEM image of short MWNT produced....................................................................... 20 

Figure 13: AFM images of spin-coated SWNTs. ......................................................................... 21 

Figure 14: SEM images showing short SWNTs according to crushing time [15]........................ 22 

Figure 15: TEM image of particle encapsulation inside a SWNT [15]. ....................................... 23 

Figure 16: Schematic of custom-made aluminum sample holder................................................. 25 

Figure 17: AFM images of ozonated SWNTs [30]....................................................................... 26 

Figure 18: Length distribution of ozonated SWNTs [30]. ............................................................ 27 

Figure 19: Cutting block preparation............................................................................................ 28 

Figure 20: Cutting block in place.................................................................................................. 28 

Figure 21: Ultra-microtome control unit....................................................................................... 29 



 

 

ix 

Figure 22: Ultramicrotome setup. ................................................................................................. 29 

Figure 23: Cryo-chamber, glass knife and diamond knife............................................................ 30 

Figure 24: Cutting tools: diamond and glass knives..................................................................... 30 

Figure 25: 200 nm cut-MWNTs. .................................................................................................. 31 

Figure 26: SEM images of fracture cross-section of SWNTs composites [18]. ........................... 32 

Figure 27: Research Tasks Flowchart........................................................................................... 37 

Figure 28: Nanocomposite mold................................................................................................... 40 

Figure 29: Nanocomposite fabrication flowchart. ........................................................................ 42 

Figure 30: Tensile test setup, MTS station. .................................................................................. 43 

Figure 31: Dog-bone samples before tensile testing..................................................................... 44 

Figure 32: Dog-bone samples after tensile testing........................................................................ 45 

Figure 33: Three point bending setup. .......................................................................................... 46 

Figure 34: p-MWNT and s-MWNT.............................................................................................. 48 

Figure 35: p-CNF and s-CNF. ...................................................................................................... 48 

Figure 36: Length Distribution - short MWNTs and CNFs.......................................................... 49 

Figure 37: Selected Stress-strain Curve of p-CNF and s-CNF (200 nm)/EPON 862 

Nanocomposites..................................................................................................................... 52 

Figure 38: Selected Stress-strain Curve of p-CNF and s-CNF (500 nm)/EPON 862 

Nanocomposites..................................................................................................................... 53 

Figure 39: Selected Stress-strain Curve of p-MWNT and s-MWNT (200 nm)/EPON 862 

Nanocomposites..................................................................................................................... 54 

Figure 40: Selected Stress-strain Curve of p-MWNT and s-MWNT (500 nm)/EPON 862 

Nanocomposites..................................................................................................................... 55 



 

 

x 

Figure 41: Strength comparison of MWNT/EPON 862 nanocomposites .................................... 56 

Figure 42: Bar Chart of MWNTs/EPON 862 Nanocomposites.................................................... 57 

Figure 43: Strength Comparison of CNF/EPON 862 Nanocomposites........................................ 58 

Figure 44: Bar Chart of CNF/EPON 862 Nanocomposites. ......................................................... 59 

Figure 45: Young's Modulus Comparison of MWNT/EPON 862 Nancocomposites. ................. 60 

Figure 46: Young's Modulus Comparison of CNF/EPON 862 Nanocomposites......................... 61 

Figure 47: Storage Modulus Comparison for MWNT/EPON 862 Nanocomposites. .................. 63 

Figure 48: Storage Modulus Comparison for CNF/EPON 862 Nanocomposites. ....................... 63 

Figure 49: Glass Transition Temperature Comparison of MWNT............................................... 64 

Figure 50: Glass Transition Temperature Comparison of CNF.................................................... 65 

Figure 51: Tan Delta Curves of s-MWNT (200 nm)/EPON Nanocomposites. ............................ 67 

Figure 52: Storage Modulus Curves of s-MWNT (200 nm)/EPON Nanocomposites. ................ 68 

Figure 53: Cut CNFs with open ends (low magnitude). ............................................................... 69 

Figure 54: Cut CNFs with open ends (high magnitude). .............................................................. 70 

Figure 55: p-MWNT nanocomposite cross section. ..................................................................... 71 

Figure 56: s-MWNT (200 nm) nanocomposite cross section....................................................... 73 

Figure 57: s-MWNT (500 nm) nanocomposite cross section....................................................... 74 

Figure 58: TEM Image of closed end of a p-MWNT. .................................................................. 75 

Figure 59: Fracture of MWNTS. .................................................................................................. 76 

Figure 60: Open end of a MWNT induced by mechanical cutting............................................... 76 

Figure 61: Interaction of CNT open end with polymer chain....................................................... 77 

Figure 62: Rupture of MWNT. ..................................................................................................... 78 

Figure 63: Fracture of MWNT...................................................................................................... 78 



 

 

xi 

Figure 64: Open ended MWNT with resin encapsulation. ........................................................... 79 

Figure 65: Tan Delta Curves of s-MWNT (500 nm)/EPON 862 nanocomposites....................... 81 

Figure 66: Storage Modulus of s-MWNT (500 nm)/EPON Nanocomposites.............................. 82 

Figure 67: Tan Delta Curves of CNF (200 nm)/EPON Nanocomposites..................................... 83 

Figure 68: Storage Modulus Curves of CNF (200 nm)/EPON Nanocomposites. ........................ 84 

Figure 69: Tan Delta Curves of CNF (500 nm)/EPON Nanocomposites..................................... 85 

Figure 70: Storage Modulus Curves of CNF (500 nm)/EPON Nanocomposites. ........................ 86 

 



 

 

xii 

ABSTRACT 

 

Carbon nanotubes (CNTs) have drawn interest for many applications since their 

discovery.  While they provide exceptional mechanical, physical and chemical properties, several 

technical barriers must be overcome before these properties can be fully used.  Some of such 

drawbacks concern length control, lack of good dispersion and poor interfacial bonding.  

Currently, CNTs such as single-walled carbon nanotubes (SWNTs) and multi-walled carbon 

nanotubes (MWNTs) and carbon nanofibers (CNFs) are produced in lengths ranging between 

several to hundreds micrometers and are usually bounded into macroscopically entangled 

networks.  This contradicts with the requirements of some applications, which in the end will 

benefit with short and highly dispersed CNTs in lengths of a few hundred nanometers or less, 

such as drug delivering and energy storage carriers.  Short CNTs (s-CNTs) and CNFs (s-CNFs) 

can enhance the mechanical properties of a composite due to the increased interaction with the 

polymer matrix, through the improvement of the interfacial bonding and resin encapsulation, 

which is possible with existing open ends of nanotubes.  Ultimately this influences the matrix’s 

properties by affecting its chain entanglements, morphology, and crystallinity in the 

nanocomposite. 

This research is a continuous effort on nanoscale cutting and characterization of s-CNTs 

and s-CNFs. Moreover, this research used s-MWNTs and s-CNFs in the lengths of 200 and 500 

nm to manufacture the nanocomposites. The mechanical properties of the resultant 

nanocomposties were characterized. The interactions of the s-MWNT and s-CNTs with epoxy 

resin matrix were observed using high-resolution SEM and atomic-resolution TEM.   The results 

were compared to nanocomposites with pristine MWNTs and CNFs.  

In the study, four case studies were explored: 1) 200 nm s-MWNT/epoxy composites; 2) 

500 nm s-MWNTs/epoxy composites; 3) 200 nm s-CNF/epoxy composites; 4) 500 nm s-

CNF/epoxy composites.  For all four cases the MWNT and CNF concentrations were 0.05 wt%, 

0.10 wt%, and 1.00 wt%, respectively. Significant mechanical improvements were observed.  

The strength of the s-MWNT nanocomposite at 1.00 wt% gave a 64% improvement compared to 

the control sample.  The highest young’s modulus was also obtained in the 1.00 wt% s-MWNT 

(200 nm) nanocomposite, and it showed an increase of 44%.  In general, the most significant 

improvements were seen with the s-MWNTs (200 nm) nanocomposites due to their smaller 
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diameters and shorter length.  Glass transition temperature was also studied.  Finally, the 

interfacial bonding and interactions of the nanotube’s opened ends with the resin matrix were 

observed through HR-SEM and atomic-resolution TEM analysis, which validated the creation of 

MWNT and CNF opened ends and the actual resin encapsulation inside the nanotubes’ hollow 

structures. 
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CHAPTER 1 

INTRODUCTION 

1.0 Introduction 

The most common applications of CNTs call for long (several to hundred microns) tubes.  

This is mainly due to that they effectively transfer loading through the composite, distributing 

stresses evenly through the polymer matrix [1].  In addition, CNTs have shown to improve 

electrical and thermal conductivity in a material [2, 3].  However, there is a need for shorter 

nanotubes in the lengths of < 1 µm.  Different applications call for different requirements in 

nanotubes, such as: diameter, layers (single, double, multi walled), pore size, and length.  For 

instance, s-CNTs in the range of 50 – 300 nm have demonstrated to be capable of being used as 

carriers for proteins or drugs from biomaterials [4-6] as well as for energy storage devices [7, 8] 

and nanocomposite fabrication [9].   

Part of this research is a continuing effort of previous works in nanoscale cutting that has 

been performed at the High-Performance Materials Institute (HPMI).  A patented mechanical 

cutting method [10] developed at the HPMI has proved successful as far as outputting 

controllable CNTs lengths with a narrow length distribution and acceptable standard deviations.  

The results and discussions on the achievements of length control can be found in other literature 

[11, 12], which will be later on referred as this proposal develops.  Although the cutting process 

itself has been studied it is still of great importance to maintain and monitor its preciseness. 

Furthermore, this research will focus on the production of s-MWNTs and s-CNFs that 

will be used in nanocomposite fabrication.  It is intended to obtain an understanding on the effect 

of s-CNTs in a polymer matrix as opposed to the usual long CNTs (l-CNTs) nanocomposites.  In 

addition, it is of great interest to observe that the cutting method is able to open the ends of the 

tubes and moreover to examine if the resin indeed accessed the tubes and if so, what is the real 

effect of the mechanical interlocking that theoretically has been discussed in other works.  All of 

these possibilities will be furthermore discussed in the next sections.   
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CHAPTER 2 

PROBLEM STATEMENT 

2.0 Problem Statement 

CNTs have attracted much attention for many applications since their discovery.  In terms 

of mechanical properties, nanotubes are among the strongest and most resilient materials known 

to exist in nature [13].  Although they have many unique mechanical, electrical and thermal 

attributes, several technical drawbacks must be overcome before such properties can be fully 

used.   

 

2.1 Length Control 

One of such drawbacks concerns length control.  Current CNTs are typically synthesized 

with lengths in the range of micrometers and are bound into macroscopically entangled ropes or 

networks.  This contradicts with the requirements of many projected applications for short and 

highly dispersed CNTs with lengths of a few hundred nanometers or less [14].  With the current 

demand of the production of short carbon nanotubes, strong interests in structural modification of 

these have been searched in order to develop hybrid materials such as foreign materials (proteins 

or drugs) that can be encapsulated inside a carbon nanotube and surface-functionalized nanoscale 

structures [15].     

 

2.2 Dispersion 

CNTs tend to create bundles and therefore dispersion problems must be addressed.  The 

ends of the CNT, being chopped in oxygenated environments, are hydrophobic.  Similarly the 

sidewalls, which comprise the vast majority of the nanotube, are highly hydrophobic.  This 

hydrophobia represents a major challenge when it comes to manipulation and dispersion.    

Sample preparation, for length quantification purposes, has shown to be of great issue when 

attempting to characterize the short CNTs.  After the cutting process is performed, the short 

CNTs are placed in a suspension.  When this suspension is observed in the scanning electron 

microscope (SEM) and in the atomic force microscope (AFM) short nanotubes can be seen but 

they overlap each other and therefore it creates difficulty and inaccuracies in the quantification of 
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the lengths.  If these short CNTs can be evenly dispersed, minimizing nanotube overlapping, 

then the length analysis can become easier to achieve.   

Moreover, dispersion in a nanocomposite is one of the basic requirements needed to 

achieve an effective reinforcing effect.  In traditional nanocomposite manufacturing dispersion is 

the most fundamental issue encountered.   Ideally, CNTs must be uniformly dispersed to the 

level of isolated CNTs individually coated with polymer.  This is imperative in order to achieve 

efficient load transfer to the CNT network.  This also results in a more uniform stress distribution 

and minimizes the presence of stress concentration centers.  The effects of poor dispersion can be 

seen in a number of systems when the CNT loading level is increased beyond the point where 

aggregation begins.  This is generally accompanied by a decrease in strength and modulus [16]. 

 

2.3 CNT-polymer interface 

Due to the arrangements of the hexagonal ring without dangling bonds the sidewalls of 

CNTs are rather un-reactive.  Like C60 fullerene, fullerene caps of CNTs are known to be more 

reactive than cylindrical CNT walls, and therefore certain reagents can more readily react with 

the caps.  Unfortunately, this does not have a significant impact on the chemistry of CNTs due to 

the relatively small proportion of the caps available in the structure [9].  This characteristic of 

CNTs (SWNT in particular) difficults the achievement of a strong interfacial bonding and 

therefore an effective load transfer between the CNTs and polymer matrix.  

CNTs have a smooth surface and therefore it is a challenge to obtain a good interfacial 

bonding.  Short nanotubes can remarkably improve a composite’s properties given the increased 

interaction in the matrix.  This is due to that short CNTs can permeate by forming an inter-

nanotube connective pathway through the matrix at exceeding small volume fractions.  This can 

influence the polymer’s properties by affecting its chain entanglements, morphology and 

crystallinity [17].  As a result, the composite exhibits stronger and tougher features that would be 

expected on the basis of the properties of the isolated CNT.     

As shown in Figure 1 the interface appears smooth and slippery.  This computer-generated 

image shows how single-walled nanotubes (in yellow) bundle together when used as the 

reinforcing element of a composite material.  The nanotubes are depicted at the interface with the 

polymer polyethylene (individual polymer molecules are shown in different shades of blue).  The 

surfaces of nanotubes are atomically smooth, so their interactions with the polymer matrix are 
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weak [17]. 

 

           

Figure 1: SWNT interface with polymer molecules [17]. 

 

As it has been brought up earlier, open ends are wanted in this research.  For this 

particular research’s purpose, there are two main reasons of wanting opened ended nanotubes: to 

allow the resin to penetrate the CNT and form an inter-connective pathways that can possibly 

interlock mechanically the nanotube to the polymer matrix and to provide active ends.  Active 

ends can be obtained with chopping CNTs, this allows a larger quantity of ends of nanotubes 

available to interact with the polymer molecules which can lead to the polymer molecules 

encapsulation and finally the mechanical lock on the polymer molecules inside the nanotube.  

This phenomenon will be explained in more detailed as the progress of this proposal continues. 

Finally, applications to short CNTs have not been fully researched.  Many reports have 

been published using CNTs as filler materials.  The CNTs are usually raw and in the lengths of 

micrometers to millimeters. Depending on the research group, some vary either the nanotube 

type, CNT loading, and type of resin.  Many applications in literature discuss biomaterials and 

drug delivery vehicles for short CNTs.  However this research will focus on another route: short 

CNT nanocomposite fabrication and properties testing.   
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CHAPTER 3 

MOTIVATION AND RESEARCH UNIQUENESS 

3.0 Motivation and Research Uniqueness 

It is intended to obtain open ends, shortening CNTs removes the caps at the ends during 

sectioning.  The general idea behind open ends has two main purposes.   

 

3.1 Resin Encapsulation 

The resin molecules can fill into the CNT so that in the CNT/epoxy mixture, partial resin 

molecules are inside the tubes and partials are outside.  Both of the epoxy molecules inside the 

tubes and outside the tubes could form chemical bonding during curing as shown in Figure 2.  

This provides extra bonding between the CNT and the resin, therefore enhancing the interfacial 

region between the resin and the CNT. 

 

 

Figure 2: Simulation of epoxy and EPI cure molecules filling into a SWNT [18]. 

 

3.2 Active Ends 

By chopping the CNTs more active ends are obtained.  Consider an individual long 

MWNT (raw, uncut and untreated) measuring 1,040 nm lengthwise.  Let us assume the raw 

MWNT has two open ends.  Now, assume that by any mean the MWNT is chopped into four 

sections of 260 nm in length.  Comparing these two scenarios there is one MWNT with two open 
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ends as opposed to four shorter MWNTs with eight open ends.  This means that in the second 

case we have six times more active ends available for interaction with the polymer matrix.   

 

3.3 Short MWNT and CNF composites 

In order to fabricate CNT-polymer nanocomposites, the formation of a stable tube-

surface polymer interface is crucial.  In this case, the surface of MWNT tends to be similar to 

graphite, and chemically inert.  Therefore, surface modification treatments are sometimes needed 

so that efficient CNT-polymer interactions can be established.  In this context, the creation of 

CNTs covalently bonded with a foreign atom with the hexagonal network such as nitrogen or 

boron (also known as chemical functionalization) could lead to creating a stronger interface 

interaction.  Thus, it is possible to enhance the interfacial bonding between CNTs and the 

polymer matrix with the aid of short CNTs which chemically reactive ends. 

As previously discussed, CNTs have a smooth surface which presents a challenge as far 

as dispersion and interfacial bonding.  Functionalization has been suggested to be one of the 

most effective methods in improving the surface properties of CNTs so that a composite’s 

potential could be fully utilized [18].  Another approach that has been widely discussed is CNT 

cutting.  There are different types of sectioning methods including chemical to physical 

treatments or a combination of both (see Error! Reference source not found. in Chapter 5).  

Therefore, this research will focus on the production of short CNTs and the associated properties 

enhancements that are expected to occur.  The uniqueness of the fabrication of short CNT 

composites is that the CNTs are short and their lengths of cut are statistically controlled.  This 

means that a cutting method has to be developed in order to target specific lengths.  In addition, 

there is little literature information about short CNT composites.  Certainly, it has been widely 

researched the effect of different CNTs in different polymer matrices however, the CNTs used 

are in the lengths of micrometers to millimeters. 

 

 

 

 

 

 



 

 

7 

CHAPTER 4 

RESEARCH OBJECTIVES 

4.0 Research Objectives 

4.1 Cut MWNTs and CNFs in the lengths of 200 and 500 nm 

The first objective of this research will deal with the development and improvement of a 

mechanical cutting method in order to obtain short CNTs with statistically controlled length and 

open ends.  We will use the patented technique of microtome cutting process developed at HPMI 

[10]. This method is a physical approach in which the MWNTs and CNFs are cut with a 6 mm 

diamond knife’s edge, more details on the cutting method will be discussed later on. The targeted 

lengths is 200 nm and 500 nm based on cutting efficiency.    

   

4.2 Controlled length distributions 

In a previous Undergraduate Honors Thesis work [11] length distributions of the cut 

CNTs  can be  obtained.  After the mechanical cutting method was performed Scanning Electron 

Microscopy (JEOL JSM-7401F Field Electron Scanning Electron Microscope (SEM)) images 

were acquired in order to proceed image analysis to obtain the length quantification.  Moreover, 

it is essential to keep the cutting process in a stable state in order to produce repeatable cutting 

results 

 

4.3 Minimize sidewall damage 

Sidewall damage was also discussed in the undergraduate honors thesis, no significant 

sidewall damage was observed after the chopping process.  However, sonication process is 

needed to dispense chopped CNTs.  It was been previously observed that high power and long 

sonication time leads to worm-eaten like sidewall occurrences, which diminishes the promising 

rich chemistry at the ends of the caps.  

 

4.4 Observe open ends 

Open ends of CNTs have been clearly observed through SEM analysis of the cutting 

process [11, 12].  In this research, we will use atomic-resolution Transmission Electron 
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Microscopy (TEM) to further observe the open end existing and interactions with the resin 

molecules in the resultant nanocomposites.   

 

4.5 Nanocomposite fabrication and characterization 

Short CNT composites were prepared and tested.  It is desired to get a baseline of the 

mechanical properties of short CNT composites, compared with the control samples of pristine 

CNT nanocomposites. The mechanical properties of the resultant nanocomposites were studied 

to reveal the effects of CNT lengths, open ends, and CNT concentration. 
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CHAPTER 5 

LITERATURE REVIEW 

5.0 Literature Review 

 CNT cutting methods can be classified into two major approaches: physical including 

mechanical and chemical techniques.  However, some approaches involve the combination of 

both.  Mechanical cutting is induced by ball milling or sonication, the use of diamond particles as 

abrasive, or cryogenic crushing, mixing blades, etc.  The general concept in mechanical cutting 

involves bond-breaking occurrences due to the high friction developed between the balls, 

diamond particles, or blades.  In the case of sonication the breaking of the walls occur due to 

high vibrations.  These processes, however, often involve difficulties in separating CNTs from 

the additives and impurities such as amorphous carbon produced.  Moreover, they typically do 

not have lengths shorter than several hundreds of nanometers.  Other physical approaches, such 

as high-energy beam or irradiation methods also can be used for cutting CNTs, but those 

methods usually are costly.    

On the other hand, CNTs can be chemically cut by partially functionalizing the CNTs 

with chemical agents, for example, with fluorine.  Then, the functionalized carbon will be driven 

off the sidewall with pyrolysis treatment at high temperature or oxidation in acid.  This will leave 

behind chemically cut nanotubes.  However, this method tends to result in nanotube ends that 

have intractable aggregates and significant weight loss of CNTs.  A combination of mechanical 

and chemical cutting of CNTs is the ultrasonically induced cutting in an acid, such as HNO3.  In 

this case, ultrasonic vibration leads to shock waves that attack the surface of the tubes, creating a 

defective point.  Subsequent attack at the point of damage by the acid cuts the nanotube.  But 

cutting long CNTs to short segments leads to a significant loss of material (usually 50% or 

higher) and some long CNTs will still remain in the sample [9]. 

A list of the different types of cutting approaches has been compiled in order to have an 

idea of the diversity of the methods that have been already developed.  Further detailed 

discussion of the state-of-the-art cutting methods is presented later. 
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Chemical methods 

 Oxidation [19, 20] 

 Particle attachments (Fe2O3, NiO) [14, 21] 

 Acid (nitric, sulfuric, etc.) [22-24] 

 Fluorination, pyrolysis, plasma fluorination and defluorination [25-27] 

 

Physical and mechanical methods 

 Two roller mill [28] 

 Shear milling [29] 

 Electron beam [30, 31] 

 Diamond particles [32-34] 

 Ultra sonication [23, 35-38] 

 γ-irradiation [39] 

 Mixing blades [40] 

 Atomic Force Microscope (AFM) tip [41] 

 Ball milling (ceramic balls, steel balls – cryo crushing) [15, 42-46] 

 Nano-knife [47] 

 Current flow through metal wire [48, 49] 

 Ultra-microtome with diamond knife [12] 

 

A summary table of the most popular cutting methods reported in literature and patents is shown 

in Table 1. 
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Table 1: Summary of cutting methods. 
Method Brief Description Disadvantage 

Chemical Techniques     

Acid cutting Uses high concentration of acids - Small diameter CNTs (< 1 nm) 

Fluorination 
Chemical fluorination followed by 
pyrolisis 

- No length control towards a 
specific length 

Mechanical Techniques     
Ultrasonication - Mechanical defects 
  - Introduces worm eaten ends 
  

Standard intermolecular procedure 
for CNT dispersion particles which 
breaks interactions  - Poor length control 

Electron beam cutting Low energy focused electron beam 
- Induces hinge-like effects and 
local deformation 

Mechanical milling and  Solid state process with diamond  - Kinks were observed 
grinding balls - Bond breaking occurrences 

 

As seen in Table  1 all of the methods have some disadvantages.  One of the major 

differences between the mechanical cutting method by an ultra microtome (method used in this 

research) and other methods in literature is the ability to control the lengths of cut.  Indeed, many 

methods will cut CNTs however the researcher is usually not able to control what length the 

CNTs will be.  Also, many methods claim to cut the CNTs however neither length distribution 

nor relevant basic statistics such as standard deviation and range are disclosed or statistically 

quantified.   

On another category, cutting patents have been reported since 1995 [50].  The United 

States Patents Office has received at least 49 patents in regards to CNT cutting as of April, 2011.  

Most of these patents are a variation of different combinations of the approaches mentioned 

earlier.  Figure 3 shows a timeline of the development of cutting mechanisms from 1995 up until 

2011.  The US Patent in the year 2006, highlighted in bold, is HPMI’s cutting patent [10], which 

is used in this research.     
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Figure 3: Timeline of Cutting Patent. 
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5.1 Chemical Approach 

5.1.1 Particle Attachments 

A study conducted in 2008 involved cutting CNTs by chemical reactions in solid-state 

[14].  The experimentation consisted on the deposition of iron oxide (Fe2O3) particles on the 

CNTs, shown in Figure 4 (a), which generated a chemical reaction between them.  The CNTs 

were subjected to annealing at 450 °F for 2 hours.  After this treatment nanoparticles in the range 

of 5 to 20 nm were observed agglomerated in the sidewalls, as shown in Figure 4 (b).  

Furthermore, the annealing treatment continued and the original long CNTs (approximately 10 

µm) became shorter.  However, nanoparticles were still observed in the sidewalls and at the ends 

of the CNTs.  It was also observed that iron particles were encapsulated inside the CNTs, which 

leads to the appearance of open ends.   

 

 
Figure 4: TEM images of iron oxide particle deposition [14]. 

(a) Long CNTs with iron oxide particles deposited. 
(b) CNTs after annealing treatment. 

 

Finally, the cut CNTs were dilute in HNO3 for purification purposes as shown in Figure 

5.  The purification was successful since it got rid of the iron oxide particles.  However, since the 

purification involved nitric acid, the step induced additional cutting in which the lengths were 

not controlled.   

 

 

 

a b 
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Figure 5: Short CNTs after purification [14]. 

 

The length quantification resulted in nanotubes with an average length of 300 nm, as 

shown in the length histogram in Figure 6. 

 

 
 

Figure 6: Length distribution of cut CNTs through iron oxide particles deposition [14]. 

 

 The process showed to achieve lengths of 300 nm with no apparent graphitic structure 

damage.  In addition, the researchers were able to get rid of the induced impurities and 

nanoparticles by acidic treatments and achieving the cut with a material loss of 15%, which is 
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outstanding given the fact that the material loss is usually around 50% for CNT purification [9].  

No issues in dispersion were mentioned, in fact the group claimed that the cut CNTs were 

observed to be dispersible in water.  However, some disadvantages can be seen.  It was shown 

that 300 nm lengths were obtained however this was not the target length setup before cutting.  

The process proved to cut CNTs at 300 nm but there is no apparent length target and therefore no 

length control.  In addition, there was no discussion as to how the length quantification took 

place and other important statistics were not mentioned, such as standard deviation.  

 

5.1.2 Fluorination 

 Gu et al. developed a widely cited fluorination method for cutting SWNTs.  The SWNTs 

were produced and put in a furnace were they where washed out with helium at a controlled 

temperature. The fluorinating reagent was a gaseous mixture of helium and diluted F2, which was 

flowing over the SWNTs samples at a controlled flow rate during the reaction process.  The 

fluorinated SWNTs (F-SWNTs) were produced by controlling the conditions of the fluorination.  

The flow rates of F2 and helium were adjusted so that in the final gas mixture the concentration 

of F2 was ∼1%.  The temperature of the fluorination reaction was controlled at 50 ± 5 °C for 

approximately 2 h.  The F-SWNTs were then pyrolyzed in an argon atmosphere to temperatures 

up to 1000 °C.   

 For length quantification purposes, AFM measurements were carried out.  The 

functionalized SWNTs (F-SWNT) were dispersed in an aqueous surfactant solution (1% sodium 

dodecyl sulfate) with ultrasonic assistance.  A typical AFM image of the F-SWNTs (before the 

pyrolysis) is shown in Figure 7. 
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Figure 7: AFM image of the F-SWNTs [27]. 

 

Images of the cut-SWNTs were also collected, as shown in Figure 8.  By looking at the 

AFM images, the shortening of the SWNTs after the pyrolysis is obvious.    

 

                                                  

Figure 8: AFM image of the cut-SWNTS [27]. 

 

 The length distribution of the cut-SWNTs is shown in Figure 9.  According to the AFM 

measurement, the average length of the cut-SWNTs bundles is ∼40 nm, with ∼80% of them 

shorter than 60 nm.  In contrast, most of the F-SWNTs are longer than 1 µm as previously shown 

in Figure 7. 
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Figure 9: cut-SWNT length distribution [27]. 

 

 Although the mechanism of the cutting is not clear yet, the researchers believe that it is 

related to the distribution of the fluorine atoms along the sidewall of the SWNTs.  The group 

concluded that the fluorine atoms tend to arrange around the circumference of the nanotube and 

form band-like fluorinated areas along the nanotube’s sidewall.  Since the fluorine atoms are 

localized in certain regions along the SWNTs sidewall and left certain lengths of the SWNTs 

intact, one would expect that the pyrolysis would only affect the fluorinated part of the SWNTs 

and leave behind the intact parts of the SWNTs, resulting in the cut, short SWNTs.  The unique 

short lengths of the cut SWNTs will lead to specific reactivity on the ends and on the interior 

surface of the nanotubes.  Effective methods of sorting the cut-SWNTs to specific lengths will be 

required, this represent a major disadvantage of this cutting approach. 
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5.2 Physical and Mechanical Approach 

 

5.2.1 Ball milling 

There are different ball milling techniques to shorten CNTs.   Fonseca et al. used a 

milling apparatus (Pulverisette model, Fritsch) [43].  This equipment grinds the CNTs through 

impact and friction by which the mortar (where the sample was originally placed) vibrates 

electromagnetically and the grinding material transfers the vibrations to the grinding ball.  At the 

beginning, the grinding of the coarse particles was achieved by the impact effect of the grinding 

ball.  Next, the fine particles became powder-like through the continuous friction by the tumbling 

motion of the grinding ball as the vibrations subside.  The impact energy of the grinding ball was 

adjustable, allowing it to be adapted to the sample being treated.   

Two types of purified CNTs were used: MWNT (NC-3100) and DWNT (NC-2100), 

purchased from Nanocyl, SA.  The average inner/outer diameters of the MWNT and DWNT 

were 5/10 nm and 2.5/2.8 nm, respectively.   CNT raw powder (for each case) was weighted at 

3.4 g and placed in a mortar of the ball milling apparatus containing a bowl.  The system was 

vacuumed down to 0.01 mbar, using a primary vacuum pump.  The reactant gas was NH3, it was 

introduced and kept at 1,2 bars during the ball-milling process.  Finally, the system was 

vacuumed again down to 0.01 mbar and then opened to air.  The ball-milling effect on the 

nanotubes was analyzed by TEM.  To prepare grids, 1 mg of sample was dispersed in 2 ml of 

ethanol, followed by 2 min sonication.  Finally, a drop was deposited and covered on a Cu/Rh 

grid, the grid was dried at open air. 

 For the DWNT case, the milling time was set from 1 to 32 hrs.  After a given milling time, 

the process was interrupted, the system was evacuated and then opened to air for a 50 mg sample 

extraction.  Afterwards, the system was evacuated, the NH3 pressure was re-established and the 

milling was resumed for a given time.  According to the TEM analysis, after 1 hr of ball milling, 

the DWNT are shortened but many long and thick bundles remain, along with short nanotubes.  

After 2–4 hrs of milling, the length and thickness of the bundles decrease progressively.  On the 

samples milled for 8 hrs, long bundles of DWNT are not observed any more.  The sample milled 

for 16 hrs is made of only short nanotubes.  Finally, after 32 hrs of milling, only short nanotubes 

of about 50 nm are observed, together with some rare long ones, up to 500 nm.  The sample also 

contains short nanotubes, the shortest being of about 10 nm, as shown in Figure 10. 
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Figure 10: TEM image of short and functionalized DWNT-NH2 
produced by 32 h of ball milling in the presence of ammonia [43]. 

 

 A length distribution curve of the DWNT milled 32 hrs in the presence of 1.2 bar of 

ammonia is shown in Figure 11.  The length quantification was performed through the analysis 

of 50 to 100 TEM pictures of each sample.  This paper did not provide specifics as to how the 

quantification took place, either if it was by visual inspection or with an automated software, it 

was not mentioned.  It was concluded that the nanotubes length distribution curve is monomodal. 

 

              
 

Figure 11: DWNT length distribution after ball milling process [43]. 

  

Similarly, the cutting of the MWNTs was performed.  The milling time was set from 1 to 

120 h, but only the later was considered in the work, as seen in Figure 12.  The average MWNT 

length after the treatment was found to be 300 nm. 
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Figure 12: TEM image of short MWNT produced  
by 120 h of ball milling in ammonia [43]. 

 

 

5.2.2 Cryogenic crushing 

 In this study, the SWNTs were obtained from Iljin Nanotech (ASP-100F) [15].   Small 

diameter CNT powder was obtained from CNI Co. (601B).  50 mg of CNTs, alone or mixed with 

1mL of isopropanol, was placed on a cryogenic crushing vessel.  The cutting process was 

performed using Cryogenic Sample Crusher (Model JFC-1500, JAI Co., Ltd.).  The total 

crushing time for each batch was varied from 10 to 60 min.  After the crushing process, the 

vessel was placed in tap water flow to elevate the vessel temperature.  In case of using 

isopropanol as a crushing medium, the product in isopropanol was filtered through 0.1 µm 

alumina membrane and dried at 50 °C overnight. 

 The lengths of CNTs after cryogenic crushing were observed through AFM and SEM.  

The AFM samples were prepared as follows.  Raw and shortened samples were dispersed in o-

dichlorobenzene using ultra-sonication, and then centrifuged at 5000 rpm for 10 min.  The upper 

part of the centrifuged solution was spin-coated at 2000 rpm for 30 s on a polished silicon 

substrate.  For the preparation of SEM samples, the solvent for the sonication was ethanol and 

the solution was settled down rather than using a forced centrifuge.  Then, the upper part of 

solution was drop-dried on a polished silicon substrate.   
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 The cutting efficiency was confirmed by AFM images shown in Figure 13.  The 

shortened lengths of CNTs were determined to be less than 500 nm after 30 min crushing.  The 

original length was approximately 2 µm.   

 

            
Figure 13: AFM images of spin-coated SWNTs. 

(a) Untreated SWNTs, (b) After 30 min of cryo-crushing [15]. 
 

The SEM images are shown in Figure 14, the different images were taken at different 

times in order to see the cutting progress.  The nanotube lengths decrease with crushing time 

increase.  An interesting observation is that the lengths in SEM images look longer than those 

from the AFM.  The researchers attributed it to the existence of entangled tubes due to less 

efficient dispersion in ethanol and less efficient separation from large aggregated particles. 
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Figure 14: SEM images showing short SWNTs according to crushing time [15]. 

 

 In addition, TEM images were also analyzed and it was seen the doping potential of the 

short SWNTs provided that open ends were obtained after the cutting process.  Figure 15 shows 

a nice capture of the encapsulation of a foreign material. 
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Figure 15: TEM image of particle encapsulation inside a SWNT [15]. 

 

 

5.2.3 Electron Beam Irradiation 

Electron beam irradiation with moderate fluences of approximately 1016–1017 electrons 

per cm2 is used for controllable, bulk-scale cutting of SWNTs [30].  The effectiveness of high-

energy electron irradiation in cutting SWNTs is dependent on the nature of the sidewall.  While 

pristine nanotubes are very stable under irradiation conditions, ozonated SWNTs combined with 

a moderate fluence of electrons resulted in bulk-scale cutting of nanotubes.   

The experiment consisted in two main parts: ozonolysis and alkylation.  Raw SWNTs 

were ozonated by dispersing purified the SWNTs in perfluoropolyether (PFPE) solvent at a 

concentration of 3.25 g/L.  Ozone was generated by passing an oxygen stream through an ozone 

generator (Ozone Services OL80) yielding an approximate ozone concentration of 3.7 wt%.  The 

ozone was bubbled through the SWNT suspension for not more than 2 hrs to avoid carbon loss 

and selective etching and to also minimize the formation of hazardous ozonide byproducts.  

After the ozonolysis, the system was purged with oxygen gas for 30 – 60 min.  The suspension 

was then transferred to a separation funnel and the SWNTs were extracted into ethanol allowing 
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the PFPE to be removed.  A 50:50 mixture of hexane and ethyl ether was then added to the 

ethanol/SWNT dispersion to induce sedimentation.  The mixture was left to settle and then 

filtered through a 0.2 µm PTFE membrane, washed with ether, and vacuum dried. 

The alkylation was done in order to ease length measurements according to a recently 

developed length analysis protocol [51].  The SWNTs were functionalized with dodecyl groups. 

20 mg of each SWNT sample was reductively alkylated with dodecyl chains using a Birch type 

reaction in a lithium/ammonia environment.  The liquid sample was then dispersed on mica 

sheets. 

The electron beam (e-beam) source used in this study is a pulsed linear accelerator 

(LINAC) that generates a high-energy (3x106 eV) beam of electrons in a high vacuum chamber. 

The pulse rate can be adjusted from 25 to 250 pulses per second (pps).  Each pulse generates a 5 

microsecond-long packet of electrons.  The accelerating cavity receives high-power 3 GHz 

microwaves that are generated by a magnetron and propagated.  Voltage gradients created by the 

electromagnetic standing wave exert a downward force on the electron packets such that they are 

accelerated to several MeV. 

Figure 16 shows a schematic of the system.  First, the electron beam passes through an 

aluminum foil before contact with the nanotubes.  Then, a nitrogen stream is introduced at the 

top of the holder and pushed through a distributor for uniform delivery without disturbing the 

SWNT bed.  Finally, the nitrogen stream passes through the SWNT bed and porous frit and out 

the bottom of the holder. 
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Figure 16: Schematic of custom-made aluminum sample holder  
used for the e-beam irradiation [30]. 

 

Changes in the length and structure of the SWNTs were evaluated by AFM techniques. 

Figure 17 (a) shows an AFM image of the ozonated SWNTs prior to irradiation. Figure 17 (b) 

and Figure 17 (c) show AFM images of the same ozonated SWNTs after 15 min of irradiation.  

These images illustrate distinct changes in the lengths of SWNTs after irradiation.  Length 

changes were calculated by evaluating AFM data using SIMAGIS software [51].   
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Figure 17: AFM images of ozonated SWNTs [30]. 
(a) Before (b) and (c) after 15 min of e-beam irradiation  

Fluence of 2.5 x 1016 e–/cm2
 

 

The length distribution of the cut SWNTs could be controlled by adjusting the irradiation 

fluence.  The average length of the cut nanotubes was 65 nm with 85% of the nanotubes shorter 

than 100 nm.  Histograms are plotted for the ozonated SWNTs and each irradiated sample.  The 

histograms reveal significant shifts in the SWNT length population.  Initially, the ozonated 

SWNTs have a broad length distribution, as shown in Figure 18 (a).  After irradiation, the sample 

yields a shorter distribution, depicted in Figure 18 (b).  The final cut nanotubes resulted in an 

average length of 65 nm.  The distributions showed that 85% of the sample had 100 nm long 

SWNTs.  In addition, 55% of the sample was found to be below 50 nm. 
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Figure 18: Length distribution of ozonated SWNTs [30]. 
(a) Before and (b) after 15 min of electron irradiation time. 

 

5.2.4  Ultra-Microtome Cutting 

 In 2006 a mechanical cutting approach was developed at HPMI [10] [11] [12]. This 

method is the one that has been used in this research.  The method consists of a mechanical 

mechanism that successfully cuts fibrous materials with a 6.0 mm cryo-diamond knife.  The 

sample preparation consists of 25-30 layers of buckypaper stacked together with water in 

between, the sample is frozen in order to achieve a solid cutting block as shown in Figure 19.  

The dimensions of the cutting block can be up to 1.8 cm x 0.8 cm x 0.3 cm. 
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Figure 19: Cutting block preparation. 

 

Once the cutting block is frozen, it is ready to be cut.  The block is placed in a chuck 

located inside the cryogenic chamber of the ultra-microtome (Leica, UC6 with an FC6 cryo 

chamber), as shown in Figure 20.  The chuck is screwed to the arm of the ultra-microtome thru a 

torque limiting screw; this ensures that the cutting block will not move (rotate) as the cutting 

takes place. 

 

 

Figure 20: Cutting block in place. 

 

 The arm of the ultra-microtome is precise and sensitive.  Therefore, extreme care has to 

be considered when operating the equipment.  The arm, which moves up and down when cutting, 

is controlled by a mechanical motor that either approaches or retreats the diamond knife with 

respect to the sample holder (chuck).  The motor is controlled by the control panel, Figure 21, 

which is connected to the ultra-microtome. 
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Figure 21: Ultra-microtome control unit. 

 

 Figure 22 illustrates the entire cutting setup.  The setup includes a liquid nitrogen dewar, 

the controls, a cold chamber, the power supply, and the ultra-microtome itself.  The ultra-

microtome is connected to a liquid nitrogen dewar, used to cool the chamber for cryo-sectioning.   

   

        

Figure 22: Ultramicrotome setup. 
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The cutting takes places inside the chamber, shown in Figure 23, and therefore the cutting 

tools, shown in Figure 24, are placed inside the chamber.  Additionally, the ultra-microtome is 

connected to the control screen and a power supply, which enables the user to use different sets 

of lights to perform the cutting.   

 

                                 

Figure 23: Cryo-chamber, glass knife and diamond knife. 

 

        

Figure 24: Cutting tools: diamond and glass knives. 

  

This cutting approach has proof itself successful [11].  CNTs lengths of cut can be 

selected according to one’s choice, therefore length control is an available option as opposed to 

all other cutting approaches that have been discussed so far.  Length distributions have been 

obtained [11, 12, 18] with this process.  In previous works SWNT, MWNT and CNF were cut, as 

seen in Figure 25.  MWNT and CNF were cut into 200 nm and 500 nm lengths.  It was shown 

that for the 200nm-MWNT the obtained length was 315 nm with a standard deviation of 163 nm.  
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Similarly for the 500nm-MWNT the average length obtained was 549 nm with a standard 

deviation of 275 nm.   

 

 

Figure 25: 200 nm cut-MWNTs. 

 

5.3 Short CNT Nanocomposite Manufacturing 

It has been shown an increase in Young’s modulus and tensile strength for 20% and 7%, 

respectively with cut SWNT-reinforced nanocomposites at 0.5 wt% [18].  Samples were 

prepared with 0.5 wt% SWNTs and epoxy resin (EPON 862).  The composite was manufactured 

into dumbbell or dog-bone shapes following ASTM D638 standards.  A summary of the results 

is shown in Table 2.  

 

  Table 2: Summarized tensile test results for 0.5% SWNTs/Epoxy composite [18]. 

  Neat Resin *p-SWNTs/Epoxy cut-SWNTs/Epoxy 

Young's Modulus 2.0 ± 0.1 2.3 ± 0.21 2.4 ± 0.12 

Tensile Strength 72.6 ± 2.3 71.5 ± 2.1 77.6 ± 2.4 
*p-SWNTs: pristine SWNTS. 
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SEM images of the fracture surface were obtained.  For the p-SWNT/epoxy composite, it 

was observed that the nanotubes tend to bundle, forming large-diameter aggregations, as seen in 

Figure 26 (a) and (c).  In addition, CNT pullout was reported in the p-SWNT composites.   

 

 

Figure 26: SEM images of fracture cross-section of SWNTs composites [18]. 
(a) p-SWNTs/Epoxy Composite - low magnification 

(b) cut-SWNTs/Epoxy Composite - low magnification 
(c) p-SWNTs/Epoxy Composite - high magnification 

(d) cut-SWNTs/Epoxy Composite - high magnification 

 

On the other hand, cut-SWNTs appeared to have a better bonding and dispersion in the 

epoxy resin, as shown in Figure 26 (b, d).  Therefore, it was concluded that short CNTs can 

improve the interfacial bonding and dispersion in SWNT reinforced polymer composites. 

  

5.4 Critical Length 

For this particular research, the target lengths chosen were 200 and 500 nm.  The reason 

for this selection is related to the optimum length required in order to achieve a good 
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reinforcement effect.  The critical length, lc, was determined, assuming the numerical values 

shown in  Table 3 [1, 52]. 

 

 Table 3: Critical length assumptions. 

Nanotube Type 
τ              

(MPa) 

σ              

(GPa) 

D              

(nm) 
Di             

(nm) 

SWNT 50 50 0.8 - 

arc-MWNT 50 50 10 2 

CVD-MWNT 50 10 25 1 
 

The critical length can be calculated with: 

 

Equation 1 

Where, 

τ = interfacial shear stress 
σf = CNT strength   
D = outer diameter 
Di = inner diameter 

 

The calculated critical length for a CVD-MWNT is about 100-500 nm. The same concept 

is applied for CNFs. Therefore the length selection is close to the critical length based on the 

critical length concept.  
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CHAPTER 6 

TECHNICAL APPROACH 

6.0 Technical Approach 

There are two main parts of this research: 

1. Length distribution and control  

a. MWNTs and CNFs were used.  

b. The lengths of the cut were 200 nm and 500 nm, these lengths were selected 

according to the critical lengths calculated in Equation 5. 

c. Imaging techniques of both SEM and TEM were used to characterize the chopped 

MWNTs and CNFs, prove the appearance of open ends, and claim resin 

encapsulation.  

d. Length distributions and overall process statistics were studies in order to validate 

the actual length distributions with most nanotubes falling in the lengths of 200 

and 500 nm, which are target lengths chosen. 

 

2. Short nanotubes composite fabrication 

a. Nanocomposite were fabricated at different CNT loading levels.  

b. Study of the encapsulation of the resin inside short CNTs. 

c. Mechanical properties characterization 

 Tensile properties 

 Storage modulus 

 Glass transition temperature 

d. Imaging analysis of composite fracture surface using SEM and TEM 

 Cross section overview 

 Defects type, failure modes 

 Dispersion 

 Open ends 

 Resin entrapment 
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6.1 Materials 

The MWNTs (FloTube 7000, Lot #: IVA-090617-17) were used in this study were 

obtained from CNano Technology Ltd.  In addition, CNFs (PR-19-XT-HHT) were purchased 

from Pyrograf Products, Inc.  EPON® resin 862 and safelease #30 (waterbased P.T.F.E. mold 

release agent) were acquired form Miller-Stephenson Chemicals Co., Inc.  An aluminum mold 

was fabricated in order to make the nancomposites, an ¼” rubber cord was placed in the faced 

area. Through this entire research DI water was used. Acetone and isopropanol were used to 

clean all containers and equipment prior to any experiment, in addition it was also used as 

solvents when storing s-MWNTs and s-CNFs as well as to store the thin sections for TEM and 

SEM analysis.  TEM grids of lacey carbon (Type A), 300M, copper grids were purchased from 

Ted Pella, Inc.   

 

6.2 Equipment and Software 

A high temperature vacuum furnace (MTI corporation, GSL-1700-60X) was used to 

purify (remove surfactant) the buckypapers.  The ultra-microtome chopped the MWNTs and 

CNFs and to prepare the 50 nm thin sections for TEM characterization.  The cutting tools used to 

cut the MWNTs and the CNFs were diamond knives, purchased from two different vendors 

(Diatome, size 3, 45° angle, types cryo and ultra and from SPI Supplies, 6.0 mm, 45° angle, 

types D and W). Several of these knives were sent to the manufacturer to get re-sharpened, a 

process that can take place infinitely amount of times as long as the knife is not broken.  The s-

MWNTs and s-CNFs were dispersed into EPON® resin 862 with the aid of a Three Roll Mill 

(EXAKT - type No. 80E/0194, Norderstedt, Germany).  Following the mixing process a 

hydraulic press (Carver, Inc. Model 3851-0, S/N 43000-1263) was used to cure the 

nanocomposite.  A laser cutter machine (Engraving System Support, Inc. – ULS-M300) cut the 

nanocomposite piece into dog-bones and strips for further mechanical and imagining analysis.   

The mechanical analysis consisted on testing rectangular strips samples with a DMA 

2980 (TA Instruments, Inc.), the software used to input parameters and testing conditions was 

Thermal Analysis.  Universal Analysis was later on used in order to proceed with the data 

analysis.  Dog-bones samples were tested with an MTS machine (MTS Insight 



 

 

36 

Electromechanical – 1 kN standard length load cell).  The software used to control parameters 

was TestWorks4, from MTS.   

For imagining analysis two types of electron microscopes were used: JEOL JSM-7401F 

Field Electron Scanning Electron Microscope (SEM) and JEOL JEM-ARM200F Transmission 

Electron Microscope (TEM).  A sputter coater (Polaron Quorum Technologies, SC7640) was 

used to gold coat the samples for SEM imagining, in order to aid contrast. A bath sonicator 

(Elmasonic P) was used to disperse the s-MWNTs and s-CNFs for SEM analysis, and the 50 nm 

sections used for TEM imaging. 

 

6.3 Experimental Tasks 

The research tasks were been planned out and it is illustrated in the flowchart in Figure 

27.   
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Figure 27: Research Tasks Flowchart. 

  

 Additionally, a sample plan was conducted in order to reveal material parameter-

performance relationships of the resultant nanocomposites.  Table 4 illustrates the sample and 

experiment plan and experiments; each experiment was designed to be repeated three times.  
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The variable factors were: 

 

1. Filler type:  

 MWNT 

 CNF 

2. Weight %:  

 0.05  

 0.10 

 1.00 

3. Length (nm):  

 200 

 500 

 

The responses were: 

1. Strength 

2. Young’s Modulus 

3. Glass transition temperature 
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Table 4: Sample plan. 
Material Weight % Length (nm) 

0.05 200 
0.10 200 
1.00 200 
0.05 500 
0.10 500 

s-MWNT 

1.00 500 
0.05 200 
0.10 200 
1.00 200 
0.05 500 
0.10 500 

s-CNF 

1.00 500 
0.05 10,000 
0.10 10,000 
1.00 10,000 
0.05 10,000 
0.10 10,000 

p-MWNT 

1.00 10,000 
0.05 150,000 
0.10 150,000 
1.00 150,000 
0.05 150,000 
0.10 150,000 

p-CNF 

1.00 150,000 
Neat Epoxy 0 N/A 

p-MWNT: pristine MWNT 
p-CNF: pristine CNF 

 

 The nanocomposites were manufactured in a 6.35 cm x 7.72 cm x 2.54 cm aluminum 

mold.  Each piece that comes out of the mold was cut into different shapes (dog-bones and strips) 

and dimensions that were used for the different property testing procedures and electron 

microscopy characterization.   

Figure 28 shows a schematic of dog-bone samples for tensile and strips for three point 

bending tests. 
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Figure 28: Nanocomposite mold. 

 

6.3.1 Procedures 

6.3.1.1 MWNT and CNF chopping 

MWNT and CNF buckypaper were cut into 4 mm x 5 mm strips.  Each strip was laid on 

top of each other with DI water between layers, a total of 30 layers were stacked together.  These 

were frozen in order to create a rigid cutting block.  This sample preparation method was 

developed in order to cut a high concentration of MWNTs and CNFs (buckypaper).  It would not 

be possible to cut CNTs directly from a single buckypaper layer.  A 6 mm diamond knife was 

used as a cutting tool.  Details on this chopping process can be found in section 5.2.4.  The final 

stage in this process results in s-MWNTs and s-CNFs suspended in acetone.  In this thesis s-

MWNTs and s-CNFs are also referred to as s-fillers. 



 

 

41 

6.3.1.2 Nanocomposite manufacturing 

 The nanocomposite manufacturing starts by collection the s-fillers.  The vial containing 

the s-fillers was placed in a hot plate at 48° C (just below boiling point) in order to evaporate the 

acetone.  The dry powder remained and it was weighted in accordance to the three s-filler 

concentrations.  For the three cases these were the weights used: 

 0.05 wt% s-filler: 5 mg s-fillers + 10 g epoxy 

 0.10 wt% s-fillers: 10 mg s-fillers + 9.995 g epoxy 

 wt% s-fillers: 100 mg s-fillers + 9.905 g epoxy 

 The epoxy was also weighted following the ratios previously mentioned.  The epoxy 

itself was mixed with curing agent W in the conventional ratio of 10:2.64 (by weight).  The two 

parts were mixed in a beaker and stored in a plastic container sealed with a lid.  The container 

was stored in a freezer, ensuring minimal airflow and therefore preventing the epoxy to harden.  

The s-fillers were added to the epoxy and hand mixed with a metal spatula. 

 A three roll mill machine was used to disperse the s-fillers into the epoxy.  The rolls were 

thoroughly cleaned with Kim wipes and acetone, before use, in order to ensure that the 

nanocomposite is as clean of impurities as possible.  Calibration was also programmed prior to 

use.  Gap sizes were kept to its minimum limit were Gap 1 = 5 µm and Gap 2 = 8 µm, ensuring 

that the mixture would flow towards the front tray.  The s-filler/epoxy mixture was placed in Gap 

1 and the machine was started.  The s-fillers were agglomerated and the gaps between the rolls 

crushed these aggregations, dispersing the MWNTs and CNFs evenly through the whole mixture.  

Once the mixture reached the front tray it was placed back in Gap 1 for it to continue to the next 

pass.  This mixing process took 45 minutes until the mixture was smooth in color, texture, and 

consistency and until no “black dots” (aggregation) were seen in the rolls.  Once the mixture was 

evenly dispersed it was collected and placed in the aluminum mold, which had a dry light layer 

of mold release laid up, within the rubber cord. 

 The aluminum mold was placed in the bottom plate inside the hydraulic hot press.  A flat 

top aluminum piece was placed on top of the mold, sandwiching the composite, making sure the 

rubber cord would not stick out due to the heat. The following conditions were set for curing: 

 Pressure = 1 ton  

 Temperature = 350 ˚C 

 Time = 3 hours 
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After 3 hours the mold was removed and set aside for it to cool until it reached room 

temperature. 

 Gently, the nanocomposite was removed from the mold with the aid of tongue depressors 

and a razor.  The next step was to cut the rectangular shaped (with dimensions of 6.35 cm x 7.62 

cm x 0.10 cm) nanocomposite into dog-bone shapes and rectangular strips.  The equipment used 

to cut the nanocomposite was a laser cutter.  The dog-bone samples followed ASTM 

D3039/3039M (Tensile Properties of Polymer Matrix Composite Materials, 2006) for random-

discontinuous fiber orientation.  The rectangular strips used for flexural tests were cut and tested 

according to ASTM D790-03 (Flexural Properties of Unreinforced and Reinforced Plastics and 

Electrical Insulating Materials).  A flowchart of the nanocomposite fabrication is shown in Figure 

29. 

 

 

Figure 29: Nanocomposite fabrication flowchart. 
A – B: Hand mix s-fillers with epoxy 

C: Mixing process with three roll mill machine 
D: Mix is placed in aluminum mold and put in hot press for curing stage 

E: After curing stage 
F: DMA strips ready for three-point bending test 
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6.3.1.3 MTS Insight ® Electromechanical Testing System 

 A 1-kN load cell MTS machine was used in order to perform the tensile testing.  This test 

method determines the in-plane tensile properties of polymer matrix composite materials. To use 

this protocol, the composite material forms are limited to continuous fiber or discontinuous fiber-

reinforced composites in which the laminate is balanced and symmetric with respect to the test 

direction.  This research considers the nanocomposite as discontinuous fiber-reinforced 

composites.  A thin flat strip of material, in this case a nanocomposite, having a constant 

rectangular cross section was mounted in the grips of the MTS and monotonically loaded in 

tension while recording load.  The tensile testing setup is shown in Figure 30. 

 

 

Figure 30: Tensile test setup, MTS station. 
(A) Close up showing the dog-bone sample with tabs (in yellow) 

(B) MTS load cell 
(C) Complete MTS test station 

 

 



 

 

44 

The strain was monitored so that the stress-strain response of the material could be 

obtained, from which the ultimate tensile strength and strain and modulus of elasticity were 

derived.  The parameters set in TestWorks4 are given in Table 5. 

 

Table 5: TestWorks Parameters. 
Data acquisition rate 20 Hz 
Initial nominal strain 0.5 (mm/mm)/min 
Nominal gage 16.43 mm 
Sample thickness 1.55 mm 
Sample width 5.57 mm 

 

Note that the nominal gage, thickness, and width varied from sample to sample, the 

values shown in Table 5 are an average, just to give a general idea of the dimensions. 

 Due to some slippage (between the grips of the MTS and the sample itself) observed in 

the first runs of the experiment, G-10 tabs were attached to both ends of the dog-bone samples, 

as seen in Figure  31 and Figure  32.  The ends of the dog-bones and the layer of the G-10 that 

interacted with the sample’s surface were sanded in order to create roughness.  This roughness 

allowed a better interaction between the sample’s surface and the G-10 tabs.  J-B weld epoxy 

was used to glue the grips onto the sample.  All samples broke around the middle as shown in 

Figure 32. 

 

 

Figure 31: Dog-bone samples before tensile testing. 
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Figure 32: Dog-bone samples after tensile testing. 

 

6.3.1.4 Dynamic Mechanical Analysis (DMA) 

A DMA 2980 (TA Instruments) was used in order to perform DMA sample testing.  The 

test mode selected was three point bending.  A bar (or strip) of rectangular cross section rests on 

two supports and is loaded by means of a loading nose midway between the supports, as shown 

in Figure 33.  The behavior of the nanocomposite is monitored as the temperature is increased.   
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Figure 33: Three point bending setup. 

 

Table 6 shows the parameters and sample dimensions input in Thermal Advantage. 

 

       Table 6: DMA Parameters.   

Shape Rectangular 
Dimensions (l x w x t) 20 mm x 3.9 mm x 1.5 mm 
Amplitude 15 mm 
Pre-load force 0.010 N 
Force track 125% 
Temperature ramp/single frequency Ramp 5.00 °C/min to 300 °C 

 

Note that the dimensions slightly vary from sample to sample, the dimensions presented 

in Table 6 are an average used to give a general idea of the samples’ dimensions. 

 The properties obtained with the three point bending were storage modulus and glass 

transition temperature.  The software, Universal Analysis, was used to overlay all of the curves. 
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6.3.1.5 Imaging Analysis: SEM and TEM 

 The cross section of each sample was examined in the SEM.  The sample was fractured 

in liquid nitrogen in order to ensure a cleaner fracture surface.  Due to the low conductivity of 

the nanocomposites, the samples were gold coated with a sputter in order to aid contrast.  With 

the SEM dispersion was checked, as well as failure modes such as nanotube pull-out and voids in 

the nanocomposites.  High (x 20,000) and low magnification (x 5,000) images were taken with a 

voltage of 10.0 kV.  

 TEM images were obtained using a newly installed atomic-resolution TEM at FSU.  The 

sample preparation consisted in sectioning the nanocomposite with the ultra-microtome with 

diamond knives.  Contrary to the usual methodology used in HPMI when cutting samples, these 

nanocomposites were chopped at room temperature.  A key challenge was to cut thin sections 

(50 nm) and place them in the TEM grid.  The ultra-microtome provides an optical lens, which 

has its limitations.  The thin sections at 50 nm cannot be seen with the optical microscope, 

making the sample collection extremely challenging.  An approach that was pursued consisted on 

chopping multiple 50 nm sections and placing them in a vial with IPA.  The vial was placed in a 

mild bath sonication in order to disperse the sections.  The conditions set for the sonication bath 

are shown in Table 7. 

 

     Table 7: Bath sonicator conditions. 
Time  5 min 
Power 30% 
Frequency 37 kHz 
Mode Sweep 
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CHAPTER 7 

LENGTH DISTRIBUTION AND STATISTICAL ANALYSIS 

7.0 Length Distributions and Statistical Analysis 

After the MWNT and CNF cutting processes, the SEM images of the samples were 

obtained.  Figure 34 and Figure 35 are images of MWNT and CNF, respectively, before and after 

the cutting process. The length data was collected by manual measurements. As shown in Figure 

35, the sample lengths are normally distributed, centered at the averages of 315 nm and 549 nm, 

for the MWNT case; and 382 nm and 748 nm, for the CNF cases of the cut samples. The process 

proved to be in a state of statistical control; which means that the equipment and methodology 

used to chop the MWNTs and CNFs is effective in order to produce batches at specific lengths.   

 

 
Figure 34: p-MWNT and s-MWNT. 

(A) p-MWNT; (B) 200 nm s-MWNT; (C) 500 nm s-MWNT 

 

 
Figure 35: p-CNF and s-CNF. 

(A) p-CNF; (B) 200 nm s-CNF; (C) 500 nm s-CNF 
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Figure 36 shows the probability distribution histogram of the four cases.   

 

 

Figure 36: Length Distribution - short MWNTs and CNFs. 

  

Figure 36 shows that the narrowest length distribution (smallest standard deviation) was in 

the batch of 200 nm s-MWNTs, followed by the 200 nm s-CNFs batch.  A similar trend is noted 

for the 500 nm lengths of cut in which the 500 nm s-MWNT batch displayed a slimmer 

distribution compared to the 500 nm s-CNFs. Therefore, the 200 nm length provides a better 

length control than a longer length, in this case 500 nm.  The reason behind this occurrence is 

explained by the fact that CNTs are flexible by nature, if a longer length is attempted there is 

more room for large cut length variation because the CNTs have more chance to flex when the 

initial strain from the knife’s edge starts cutting, eventually leading to the rupture of the 

sidewalls.  On the contrary, with a shorter length selected the CNTs will move less when the 

initial shear of the knife occurs and the initial bending is less likely to occur.  
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Table 8 shows the statistics, average, and standard deviation, pertaining to the histograms 

shown in Figure  36.  A though analysis on length distribution and statistical analysis has been 

discussed previously [11]. 

 

  Table 8: Statistics Table of s-MWNTs and s-CNFs. 

Batch 
Average Length 

(nm) 

Standard 

Deviation 

Uncut MWNT 1,040 750 
s-MWNT: 200 nm 315 163 
s-MWNT: 500 nm 549 275 

Uncut CNF 7,800 17,850 
s-CNF: 200 nm 382 231 
s-CNF: 500 nm 748 360 
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CHAPTER 8 

CHARACTERIZATION OF THE MECHANICAL PROPERTIES: 

TENSILE TESTINGS 

8.0 Characterization of the Mechanical Properties: Tensile Testing  

  Tensile testings were performed with a 1 kN MTS system.  Each type of sample was 

tested 3 times and an average was calculated in order to accurately represent the obtained 

strength and young’s modulus.  The samples made with p-MWNTs and p-CNF serve as the 

control sample; this is the baseline for property comparison through this thesis.  Moreover, the 

properties of EPON 862 have been tested and included in the analysis for comparison purposes.   

Selected stress-strain curves of the tensile tests are shown in Figure 37 and Figure 38.  As 

mentioned earlier in this section, three samples per case were tested.  In order to construct these 

graphs the selection consisted on choosing the curves with highest tensile strength for each case.  

Therefore, the stress-strain curves shown in Figure 37 and Figure 38 represent the one with high 

tensile strength out of the 3 test samples for each case.  
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Figure 37: Selected Stress-strain Curve of p-CNF and s-CNF (200 nm)/EPON 862 
Nanocomposites. 
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Figure 38: Selected Stress-strain Curve of p-CNF and s-CNF (500 nm)/EPON 862 
Nanocomposites. 

 

Both figures show the stress-strain relationship and the ultimate strength at break.  Also, 

it is important to note that a few samples had some slippage.  This can be seen around the 2% 

strain in the 0.05 wt% p-CNF sample as well as in the 3% strain of the 0.05 wt% s-CNF (500 

nm).  As discussed in previous sections, tabs were attached to all samples and overall they 

provided a good grip between the dog-boned shaped samples and the clamping device from the 

MTS, however there are still some slippage took place.  For the MWNT nanocomposites case 

similar curves were obtained as shown in Figure 39 and Figure 40.  For these cases the selected 

curves chosen where the ones with the highest stress.  
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Figure 39: Selected Stress-strain Curve of p-MWNT and s-MWNT (200 nm)/EPON 862 
Nanocomposites. 
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Figure 40: Selected Stress-strain Curve of p-MWNT and s-MWNT (500 nm)/EPON 862 
Nanocomposites. 

 

8.1 Tensile Strength 

Figure  41 shows a comparison of tensile strength between p-MWNTs, s-MWNTs (200 

nm), and s-MWNTs (500 nm)/EPON 862 nanocomposites.   
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Figure 41: Strength comparison of MWNT/EPON 862 nanocomposites 

 

 It is clear that the highest tensile strengths were achieved by the s-MWNT (200 nm) case, 

particularly the sample containing 1 wt% of s-MWNT at 200 nm of length which displayed a 

strength of 96.82 MPa. This case showed a 64% improvement compared to the 1 wt% p-MWNT 

nanocomposite which displayed a stress of 45.47 MPa.  In general, the highest results were 

achieved with the batch containing 200 nm s-MWNTs.  The difference between 500 nm s-

MWNTs was small but at least a slight difference was observed.  It is believed that the 200 nm in 

length MWNTs showed better improvements because the epoxy molecules had less distance to 

travel once inside the hollow MWNTs.  Because the distance was smaller it is more likely for the 

epoxy molecules to actually get inside the tubes, all the way in, until reaching the other opened 

end, forming the mechanical interlocking system that was expected to occur.  Also the 200 nm 

MWNTs provide more active open ends to interact with resin matrix.   On the other hand, the 

500 nm s-MWNTs showed good results as well, compared to the nanocomposites made with 

pristine MWNTs and CNFs.  Finally, the two cases were compared to the control group: p-

MWNTs. A significant increase is observed which is a clear indication that the s-MWNTs, 

regardless of length, have positive impact on the tensile strength.   
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Some research in regards to the enhancement of the mechanical properties of 

nanocomposites claim that longer CNTs are better [1].  While this in fact is true, s-CNTs can 

also provide better interfacial bonding due to their short lengths which allow the epoxy 

molecules to penetrate the hollow structure to inter-lock CNTs in the resin matrix.  It is a matter 

of a tradeoff actually.  P-CNTs are long and carry the load more efficiently, but lack a good 

interfacial bonding and dispersion. S-CNTs are significantly shorter but their shortness allow for 

an outstanding interfacial bonding and interactions with resin matrix.  In addition, due to the 

reduction in length, dispersion is more uniform and easier to carry out.  Both requirements, 

length and interfacial bonding, are highly significant factors for the overall nanocomposite 

performance.  This research was designed with the purpose of proving such improvements 

focusing on interfacial bonding, sacrificing length.  Figure 42 gives a visual representation of the 

improvements seen in the various samples. 

 

 

Figure 42: Bar Chart of MWNTs/EPON 862 Nanocomposites. 

 

 Yet again, the improvements in strengths obtained with s-MWNTs can be observed.  In 

accordance to Figure  41, the highest achievements were obtained in the case were 200 nm s-

MWNTs in lengths were used, and there is a slight difference between these and the 500 nm s-

MWNTs.  Both cases displayed improved strength compared to the control group. 
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 A similar analysis was done for the CNF case.  Figure 43 shows a comparison between the 

control sample, p-CNFs, at the three weight %, and the two types of s-MWNTs nanocomposites.  

 

 

Figure 43: Strength Comparison of CNF/EPON 862 Nanocomposites. 

 

 For this case an increase in strength was observed but it was not as significant as the one 

observed in the MWNT case.  Also, it should be noted that at 0.05 wt% s-CNF (500 nm) showed 

a higher strength when compared to the s-CNF (200 nm) at the same weight %.  This can be 

attributed to the fact that 0.05 wt % is a very small concentration of s-CNF and therefore it is 

hard to convey an exact behavior at this level of concentration.  A 19.32% improvement was 

seen at 0.05 wt% of s-CNF (500 nm), this was the highest one achieved among all CNF 

nanocomposites.  The second highest improvement of 13.60% was obtained in the 

nanocomposite made with s-MWNT (200 nm) at a concentration of 0.10 wt%.  It is not clear 

why this occur but it is known that there is a lot of variability in the CNFs nanocomposites due to 

the large variation of lengths when the CNFs are raw.  As expected, this variability is carried 

along when the CNFs are chopped, and therefore to the characterization of the properties of the 

nanocomposites fabricated with these.  This variability in length was discussed when the 

statistical analysis of the chopping of the CNFs was studied.  Nevertheless, the addition of s-

CNF (regardless of length) showed a slight improvement in tensile strength when compared with 
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the p-CNF samples.  This in fact supports the assumption of a good interfacial bonding between 

the s-CNFs and the matrix.  Figure  44 shows a bar chart comparing the increases on tensile 

strength obtained with the s-CNFs reinforcements. 

 

 

Figure 44: Bar Chart of CNF/EPON 862 Nanocomposites. 

 

 As seen in Figure 44 the biggest improvement contribution is at 1 wt% using s-CNF (500 

nm), as stated earlier.  The s-CNF cases (both: 200 and 500 nm) showed a higher growth from 

low concentration to the highest concentration.  

 

8.2 Young’s Modulus 

  The Young’s moduli values of the samples were also calculated based on the 

experiments.  Figure 45 shows the increase in Young’s modulus of the MWNT nanocomposites 

as a function of weight % increase. 
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Figure 45: Young's Modulus Comparison of MWNT/EPON 862 Nancocomposites. 

 

 In Figure  45 it is clear that young’s moduli increase with MWNT concentration.  An 

interesting observation is at 0.05 wt% in which p-MWNT displayed a slightly higher Young’s 

modulus, approximately 5%, when compared to the 0.05 wt% s-MWNT (500 nm) 

nanocomposite.  However, overall an increasing trend appears to occur.  The highest 

improvement is seen in the 1 wt% s-MWNT (200 nm) nanocomposite at 44%.  The second 

highest improvement is seen in the 1 wt% s-MWNT (500 nm) at 30%.   

 Similarly, the Young’s moduli of CNF/EPON 862 nanocomposites were obtained.  Figure 

46 shows the Young’s modulus as a function of CNF concentration.   
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Figure 46: Young's Modulus Comparison of CNF/EPON 862 Nanocomposites. 

 

 In this case, the highest improvements were seen in the s-CNFs (500 nm).  A significant 

jump is observed, particularly from the control sample (p-CNF) to the s-CNF (200 nm) 

nanocomposites.  However, there did not seem to be a significant difference by varying the 

lengths of the s-CNFs.  At a high CNF concentration some saturation was seen.     
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CHAPTER 9 

CHARATERIZATION OF THE MECHANICAL PROPERTIES:  

DYNAMIC MECHANICAL ANALYSIS 

9.0 Characterization of the Mechanical Properties: Dynamic Mechanical Analysis 

 Three-point bending tests were carried out in order to study the flexural properties of the 

nanocomposites with increasing temperature.  For each case 9 samples were prepared and tested 

(excluding neat EPON 862, 3 samples were tested for this case), 3 samples per data point are 

seen in the figures in this section.  From the three-point bending two important properties were 

observed: storage modulus and glass transition temperature.  In this chapter the storage modulus 

will include a brief discussion since the young’s modulus has been previously discussed in detail.  

 

9.1 Storage Modulus 

The storage modulus was obtained from the three-point bending test mode using the 

DMA.  The Young’s modulus of the nanocomposites was obtained with the MTS, as it has been 

previously discussed.  The main difference between the storage modulus and the Young’s 

modulus is the testing modes.  The storage modulus is measured in a dynamic setting in which a 

load is applied to the sample (in this case the nanocomposites), while maintaining the strain 

constant.  The phase lag between stress and strain is measured.  On the other hand, the Young’s 

modulus is the rate of change (or slope) of the straight portion of the stress-strain curve and it is 

measured in a static testing setting.  The storage moduli for the nanocomposites were very 

similar to the Young’s modulus obtained from the tensile testing.  This in fact validates that both 

systems gave close results for both modulus.  Figure 47 and Figure 48 show the effect of MWNT 

and CNF concentration on the storage modulus.  Finally, the typical DMA curves can be found 

in Appendix A.   
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Figure 47: Storage Modulus Comparison for MWNT/EPON 862 Nanocomposites. 
 

 

 

Figure 48: Storage Modulus Comparison for CNF/EPON 862 Nanocomposites. 
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9.2 Glass Transition Temperature 

Figure 49 and Figure 50 illustrate the relationship between glass transition temperature (Tg) 

as a function of weight percentages of both MWNT and CNF cases.  

 

 

Figure 49: Glass Transition Temperature Comparison of MWNT. 
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Figure 50: Glass Transition Temperature Comparison of CNF. 

 

 The glass transition temperature is defined as the temperature at which loss tan δ reaches 

its maximum.  The Tg indicates a phase change of the material from glassy to rubbery state.  

Unfortunately it is hard to convey the trends of the Tg from these experiments.  However there 

are some possibilities that are important to point out.  Part of the reason for which this behavior 

occurred can be due to possible variations in sample preparation and cross linking density due to 

variation of processing parameters and dispersion during the nanocomposite fabrication.    

When a polymer reaches its Tg its molecules chains move and therefore the polymer 

becomes soft, negatively affecting the mechanical properties of the composite around its Tg.  

Due to the large surface area that nanotubes have the resin molecular mobility can be potentially 

limited.  This in fact is expected to increase the Tg of a composite material when adding CNTs to 

resins [53].  However, there is some controversy among reports [54].  Some researchers have 

provided data in which the Tg actually decreases with increasing CNT concentration and vice 

versa.  The decrease in Tg has been attributed to the interference effect of CNTs in the curing 

stage.  Such interference occurs mainly because the CNTs have about the same dimension as the 

resin molecules and therefore their size interferes with the resin molecular crosslinking formation 
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which is a high factor determining the final properties of the nancocomposite.  This means that 

there is less crosslinking density and therefore the Tg of the resultant composites is decreasing.     

Park et al. discussed that the diameter or size of the nano-fillers affects the Tg [55]. Small 

diameters nanotubes, such as SWNTs, affect the curing behavior of resin dramatically as well as 

results in the decrease of resin molecular crosslink density, because of the high surface area. This 

further degrades the Tg of nanocomposites. Larger diameter nano-fillers, such as MWNT, have a 

smaller surface area, and the MWNTs, in this case, cannot block the crosslink of resin molecular 

chains significantly during curing.  Therefore, these have a minor impact on the curing behaviors 

of the resin.  Meanwhile CNFs, for example, with even larger diameter, are still in the nanoscale 

dimensions, and they are thought to retard the mobility of the resin molecular chain as well. This 

could result in a slight Tg increase of nanocomposites compared to that of neat resins. 

The study conducted by Park et al. involved the addition of nanoparticles into a resin 

system.  This report claimed that the concentration of nanotubes with a smaller diameter has a 

strong impact on curing behaviors of resins. Moreover, the Tgs decrease significantly with the 

increase of nanotube loading. However, when the nanotube loading became too high it resulted 

in poorer tube dispersion and the curing behavior changes again. Poor tube dispersion generates 

tube bundles which have large a diameter but small surface area. These nanotube bundles have 

less impact on the formation of resin molecular crosslink during curing. Thus, the Tg of the 

nanocomposites starts to show an increase. 

In summary, nanotubes with different diameters and concentrations have different effects 

on the Tg of the resultant nanocomposites. The effect of nanotubes with small diameters is that 

nanotubes have a higher surface area and they significantly change curing behaviors and 

decrease density of resin molecular crosslink. Therefore, it results in a decrease of the Tg in the 

nanocomposites. However, the effect of nanotubes with large diameters is that the nanotubes 

have a relatively small surface area, and thus they cannot disturb the formation of crosslink in the 

resin significantly. Also, nanotubes retard the mobility of the resin molecular chain. Therefore, 

with the addition of these nanotubes, the Tg of nanocomposites is higher than that of the neat 

resin. 

The experiments performed in this thesis showed that for the p-CNF nanocomposites  a 

positive correlated effect is seen on Tg as a function of CNF concentration.  For the p-MWNT 

case there seemed to be an increase but at 0.1 wt% a decrease was observed and then again an 
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increase for the 1.00 wt% case.  Also, it should be noted that in general at low concentration the 

effect is hard to notice but at higher concentration an increase in Tg was observed.  Nevertheless, 

a more in depth study needs to be done in this area.   

Figure  51 shows the tan delta curves of the neat EPON, p-MWNT, and s-MWNT (200 

nm) nanocomposites at the different concentrations.   

 

Figure 51: Tan Delta Curves of s-MWNT (200 nm)/EPON Nanocomposites. 

 

Figure 51 shows two cases in which the Tg decreased slightly and both cases were with 

nanocomposites using s-MWNT (200 nm).  Other than those two cases, the Tg increased when 

compared to neat EPON 862.  The highest Tg recorded was approximately 160 °C, and this 

pertained to the sample containing p-MWNTs at 1.00 wt%.  Similarly, Figure  52 shows and 

storage modulus curves.   
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Figure 52: Storage Modulus Curves of s-MWNT (200 nm)/EPON Nanocomposites. 

 

 The storage modulus showed a significant improvement with the addition of MWNTs 

(pristine and short).  Figure 52 illustrates typical curves and it can be seen that a big improvement 

has been achieved, especially at 1.00 wt% s-MWNT (200 nm) which was recorded to be 

approximately 3806 MPa.  All nanocomposites prepared with s-MWNT (200 nm) showed an 

improvement when compared to the p-MWNT at the same weight %. Therefore, a much clear 

trend shows a positive correlation between MWNT concentration and storage modulus in 

addition to the improvements seen when using s-MWNT and opposed to p-MWNT.  This in fact 

is validates the basic hypothesis that s-MWNT actually enhanced the interfacial bonding between 

the s-MWNTs and the resin system. The results of the CNF/EPON nanocomposites show similar 

trends, which can be seen in Appendix A.    
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CHAPTER 10 

CHARACTERIZATION OF FRACTION  

SURFACE MORPHOLOGY 

10.0 Characterization of Fracture Surface Morphology 

 Fracture morphology of s-MWNT/epoxy and s-CNF/epoxy nanocomposites were 

studied.  All samples showed a good dispersion and a minimal amount of agglomeration when 

examined under the SEM.  TEM images showed open ends and resin molecules encapsulation.  

The next two sections will show the different images at different magnifications. 

 

10.1 Scanning Electron Microscopy 

 Short CNFs were examined prior to manufacturing the nanocomposites.  Figure  53 and 

Figure 54 show open ends in s-CNFs at low and high magnification, respectively. 

 

 

Figure 53: Cut CNFs with open ends (low magnitude). 
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Figure 54: Cut CNFs with open ends (high magnitude). 
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Figure 55 shows the cross section of a nanocomposite fabricated with raw MWNTs.  

 

Figure 55: p-MWNT nanocomposite cross section. 

(a) 0.05 wt% at low magnification  (b) 0.05 wt% at high magnification 
(c) 0.10 wt% at low magnification   (d) 0.10 wt% at high magnification 
(e) 1.00 wt% at low magnification   (f) 1.00 wt% at high magnification 
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 At 0.05 wt% sample few MWNTs were seen, as expected.  In addition, as the wt% 

increases more MWNTs are present, especially at 1.00 wt%.  Dispersion seemed to be even and 

MWNT agglomeration was rare.  However, it Figure  55f some voids were observed.  It also 

shows that interfacial bonding is poor, therefore leading to debonding at the MWNT/matrix 

interface.  Moreover, some holes were present which indicated a possible second type of failure 

mechanism, nanotube pullout.  Finally, it seemed apparent that the three roll mill effectively 

dispersed the MWNTs.  Figure 55e shows very good dispersion even at the highest concentration 

of MWNTs. 

 Figure 56 and Figure 57 show low and high magnification SEM images of the s-MWNTs 

samples at 200 nm and 500 nm, respectively.  Since the difference in lengths is not very much 

there was not a significant visual difference.  Both figures show an even dispersion of the s-

MWNTs, which is expected.  By shortening the lengths dispersion was much easier to carry out 

and fewer passes in the three roll mill were needed, reducing the time needed for mixing. Figure 

55b, Figure  55d, and Figure  55f (higher magnification) show very good entrapment of the 

MWNT/epoxy composite.  As opposed to the p-MWNTs fewer voids were observed and the 

interfacial bonding seemed to have improved.  It was not observed any sort of nanotube pullout 

or debonding.   
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Figure 56: s-MWNT (200 nm) nanocomposite cross section. 
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Figure 57: s-MWNT (500 nm) nanocomposite cross section. 
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10.2 Transmission Electron Microscopy Analysis 

 The TEM images were used to validate two main arguments: open ends and resin 

encapsulation.  However, in order to show a MWNT with a closed end (as grown, raw, and 

pristine) Figure 58 was obtained. 

 

 

Figure 58: TEM Image of closed end of a p-MWNT. 

 

Figure 59 shows how the resin molecules start to come inside the hollow structures of a 

cut MWNT.  The “vanishing” of the multi-wall layers is an indication that the MWNT was 

actually chopped, leaving an open end which allows the resin molecules to get inside. 
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Figure 59: Fracture of MWNTS. 

 

Figure  60 shows a cut section.  The cut is not a clean cut, it has gradually fractured or 

ruptured. The open end can be clearly seen as well as the epoxy resin having more interaction 

with the ending of the graphene layers.  An interesting observation is that there may be some sort 

of shear or deformation, possibly induced by the mechanical cutting process which indeed 

involves high shear forces that are the actual responsible of cutting the CNTs. 

 

 

Figure 60: Open end of a MWNT induced by mechanical cutting. 
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Figure  61 illustrates the graphene layers tearing off and gradually wrapped by resin 

molecules. This actual shot of the graphene seems to show shear strips right at the deformation 

zone, possibly induced by cutting stresses.  Similarly to the previous figure, the cut is not a clean 

and cut, but more like a rupture. 

 

 

 

Figure 61: Interaction of CNT open end with polymer chain. 

 

 Figure 62 and Figure 63 shows more open ends, particularly that the open ends are active in 

which molecule chains are attached.  This behavior enabled the nanocomposites made with s-

CNTs to have the enhanced interfacial bonding when compared to the p-MWNT/EPON samples. 
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Figure 62: Rupture of MWNT. 

 

 

 

Figure 63: Fracture of MWNT. 

 

Figure  64 shows a more detailed view of epoxy molecules inside the inner hollow 

structure of a cut MWNT.  The open end is active which means that it allows the resin molecules 

to attach and therefore creating a better interfacial bonding between the MWNT and the epoxy 

matrix. 
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Figure 64: Open ended MWNT with resin encapsulation. 
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CHAPTER 11 

CONCLUSION 

11.0 Conclusion 

 The main purpose of this research was to study the effects of length and open end of 

chopped MWNTs and CNFs on nanocompoistes’ microstructures and properties.  The main 

advantage of using MWNTs and CNFs in this study is the large diameter, which allows an easier 

resin encapsulation.  Moreover, a mechanical cutting method provided statistically controlled 

lengths at 200 nm and 500 nm of the cut MWNTs and CNFs , and also the appearance of opened 

ends.  S-MWNTs and s-CNFs proved to be able to enhance the mechanical properties of the 

resultant nanocomposite due to the increased interaction with the polymer matrix, through the 

improvement of the interfacial bonding and resin encapsulation, which is created with open ends.   

This has shown to influence the matrix properties by affecting its chain entanglements, 

morphology, and crystallinity in the nanocomposite. 

This work comprised four case studies: 1) 200 nm s-MWNT/EPON nanocomposites; 2) 

500 nm s-MWNTs/EPON nanocomposites; 3) 200 nm s-CNF/EPON nanocomposites; 4) 500 nm 

s-CNF/EPON nanocomposites.  Significant mechanical improvements were observed.  The 

tensile strength of the s-MWNT at 1.00 wt% gave a 64% improvement compared to the control 

sample.  The highest young’s modulus was obtained in the 1.00 wt% s-MWNT (200 nm) 

composite, as well, with an improvement of 44%.  In general, the most significant improvements 

were seen with the s-MWNTs (200 nm) nanocomposites.  The glass transition temperature was 

also studied.  Large variations of Tgs were observed. No concrete conclusions could be drawn 

from the experiments done in this work. This is caused primarily due to multiple factors, 

including processing parameters, nanotube types and dispersion quality.     

Finally, the interfacial bonding and interactions of the MWNT and CNF’s opened ends 

with the resin matrix were observed through HR-SEM and atomic-resolution TEM analysis, 

validating opened ends and the actual resin encapsulation inside the hollow structures.
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APPENDIX A 

DYNAMIC MECHANICAL ANALYSIS 

 

Figure 65: Tan Delta Curves of s-MWNT (500 nm)/EPON 862 nanocomposites  
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Figure 66: Storage Modulus of s-MWNT (500 nm)/EPON Nanocomposites. 
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Figure 67: Tan Delta Curves of CNF (200 nm)/EPON Nanocomposites. 
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Figure 68: Storage Modulus Curves of CNF (200 nm)/EPON Nanocomposites. 
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Figure 69: Tan Delta Curves of CNF (500 nm)/EPON Nanocomposites. 
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Figure 70: Storage Modulus Curves of CNF (500 nm)/EPON Nanocomposites. 
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