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ABSTRACT 

Polymeric materials exhibit a viscoelastic (time-dependent) behavior, which is 

characterized using creep, stress-relaxation, and dynamic mechanical analysis (DMA) 

tests at different temperatures. Nanoindentation techniques are non-destructive and 

only require a small sample to perform experiments. While instrumented indentation 

has enabled high-throughput measurement of many mechanical properties for bulk 

and thin-film polymer samples such as elastic modulus, hardness, and creep 

compliance, there is no available technique to accurately extract the temperature-

dependent viscoelastic properties using nanoindentation. On the macro-scale, DMA 

can measure damping factor (tanδ) for viscoelastic solids and glass transition 

temperature (Tg) can be readily determined from temperature-dependent 

tanδ measurements. This thesis attempts to find correlations between nanoindentation 

creep and impact tests to the macroscale viscoelastic properties measured via DMA. 

For this purpose, epoxy nanocomposites with different types and loadings of 

multiwalled carbon nanotubes (MWCNTs) were fabricated and characterized.  
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Scanning electron microscopy (SEM), thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), and Raman spectroscopy were used to assess carbon 

nanotube quality, dispersion state, and epoxy curing. Modulus, hardness, and strain 

rate sensitivity were measured at elevated temperatures using nanoindentation and 

compared to DMA results.    
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Chapter 1: Introduction 

1.1 Motivation 

Dynamic mechanical analysis (DMA) is the conventional technique to characterize 

the viscoelastic properties of materials. In DMA, a sinusoidal stress (strain) is applied 

to the sample while the output strain (stress) is measured. There is a phase lag 

between the stress and strain due to the materials viscous nature. Tangent of this 

phase lag angle is defined as the material’s damping.  

The Tg of a polymer is the temperature at which it goes from a hard, glass-like state to 

a softer and more viscous state. Polymers are used at temperatures above or below 

their glass transition temperatures to take advantage of certain properties. Accurate 

measurement of the Tg of polymer-based systems is crucial in that the operation 

temperature of such materials must be maintained in accordance to their Tg. DMA can 

readily measure this temperature by identifying the temperature at which the damping 

(tanδ) has a maximum. 

Nanoindentation techniques are non-destructive and only require a small sample to 

perform experiments. While instrumented indentation has enabled high-throughput 

measurement of many mechanical properties for bulk and thin-film polymer samples 

such as elastic modulus, hardness, and creep compliance, there is no available 

technique to accurately extract the temperature-dependent viscoelastic properties 

using nanoindentation. Many researchers have worked to find correlations between 

the DMA and nanoindentation tests due to the advantage of a smaller sample size 

needed for nanoindentation testing. Nano-DMA, as an analogous test method to 

macro-scale DMA, was introduced in many instrumented indentation systems. This 

module works on the same basis as macro-DMA, where the application of a 
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sinusoidal load induces a phase-shifted sinusoidal indentation depth response. Nano-

DMA has, however, found little success to either reproduce or accurately measure 

viscoelastic properties of polymers due to its complex measurement nature, non-

linearity, and high noise levels in the phase lag measurements. 

Analysis of nanoindentation creep tests (nano-creep) was introduced to determine 

tanδ from nanoindentation tests.[1-3] Nanocreep involves recording the depth while 

maintaining a constant nanoindentation load. The phenomenological method of 

determining tanδ is based on quasi-static nanocreep tests and, therefore, may not be 

a reliable and accurate way of measuring tanδ, which is a dynamic property. 

Moreover, while stresses in DMA tests are limited to linear viscoelastic regime, 

nanocreep test is usually conducted under nonlinear viscoelastic or viscoplastic 

regime. Using spherical tips instead of sharp Berkovich tips may alleviate this issue. 

On the contrary, nano-impact test (the decaying response of an energized indenter 

impact on the sample) can be used to extract viscoelastic properties of polymers. This 

test, similar to DMA, is dynamic and does not require any specific calibration.  

This thesis attempts to find correlations between nanoindentation creep and impact 

tests measured using a spherical tip to the macroscale viscoelastic properties 

measured via DMA. Epoxy nanocomposites were chosen for this purpose due to their 

distinct viscoelastic behavior and Tg. Both DMA and nanoindentation techniques 

were utilized to characterize the mechanical and viscoelastic properties of polymeric 

and carbon nanotube (CNT) epoxy nanocomposite systems at elevated temperatures.  

For this purpose of thesis, well-dispersed nanocomposites were fabricated.  
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1.2 Materials and Processing 

1.2.1 Carbon nanotubes 

Carbon nanotubes (CNTs) were first discovered by Iijima in 1991 [4] and have since 

been widely researched. The structure of a CNT can be visualized by rolling a 

Graphene sheet (carbon atoms in a planar honeycomb arrangement), the properties of 

which are determined by their size, chirality (rolling angle), and whether they contain 

single or multiple shell(s). The singular rolled tube is known as a single walled carbon 

nanotube (SWCNT) and multiple rolled tubes within one another make up a multi-

walled carbon nanotube (MWCNT).  

The general geometry and structure of CNTs can be visually characterized using a 

variety of methods. Among the most common are Transmission Electron Microscopy 

(TEM) and Scanning Electron Microscopy (SEM). 	

Carbon nanotubes experience van der Waals forces that hold nanotubes together, but 

also cause the formation of nanotube bundles [5]. These bundles form aggregates, 

which could be detrimental to the properties of the matrix they are used in. Such 

aggregates are formed during CNT synthesis and entrap catalyst particles that are 

used for CNT growth. Carbon nanotubes also contain defects in their crystalline 

structure. In order to assure that the CNTs being used in this study were as pure and 

free from defects as possible, graphitized CNTs were utilized. Graphitization of CNTs 

is the high temperature annealing of CNTs to remove defects and impurities [6]. 

Two of the most important factors in achieving the desired properties in CNT 

composites are good dispersion and bonding between the CNTs and polymer [7]. The 

dispersion and bonding in CNT nanocomposites can be achieved by a variety of 

chemical and mechanical methods.  
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1.2.2 Chemical Dispersion 

Chemical dispersion can be achieved with the help of CNT surface modifiers 

(surfactants). Carbon nanotubes have a smooth and non-reactive surface that does not 

interact with most solvents. Surfactants are amphiphilic molecules that can aid the 

dispersion of CNTs in various solutions. They have a hydrophilic polar head group 

and a hydrophobic tail group. The type of surfactant (cationic, anionic, nonionic, 

zwitterionic) is based on the head group charge [8]. For example, Triton X-100  

(which has many chemical names including t-Octylphenoxypolyethoxyethanol) is a 

non-ionic surfactant used for the dispersion of CNTs in aqueous solutions and can 

potentially enhance the bonding of CNTs to epoxy matrices[9, 10]. The surfactant 

forms a weak bond to the outer surface of CNTs and allows for the dispersion of 

CNTs and separation of bundles into individual CNTs. Figure 1 depicts how a 

surfactant attaches to the outer walls of the CNTs.  

 

Figure 1: Left to Right - Surfactant on the walls of a CNT (side view); Surfactant on 
walls of a CNT (cross section view); Triton X-100 molecular formula 

	
The right amount of surfactant is needed to get the best dispersion. This amount is 

called the critical micelle concentration (CMC). Micelles are the self-organization of 

the surfactant molecules into small bundles. The CMC is the point at which the 

surfactant can adequately coat the tubes to disperse the bundles into individuals 

without forming micelles in the solution. An amount less than the CMC will not result 
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in a good dispersion and leave bundles in solution. Concentrations higher than the 

CMC will cause more bundles to form in the dispersion.[10]  

Another surface modification of CNTs is known as the functionalization. There are 

different types of functionalization including defect, covalent, and non-covalent 

functionalization [11]. Carboxyl functionalized MWCNTs were used in this thesis. 

CNTs are oxidized to remove impurities, which in return leaves defects on the tubes 

in the form of -COOH groups [11]. Carboxyl groups alleviate van der Walls attraction 

between CNTs that cause bundling and can form covalent bonds to epoxy matrices. 

	

Figure 2: Depiction of -COOH groups on the tube ends of a CNT 

	
The carboxyl groups that form on the CNTs are most commonly on the open ends, 

more so than the outer walls, due to the higher concentration of defects on the ends. 

These defects make for a better reactivity with the oxidation process. [5]  

While the functionalization of the CNTs can improve bonding of the CNTs with the 

epoxy matrix, it is unclear if that bonding will cause issues with the final curing of the 

nanocomposite and resulting mechanical and viscoelastic properties.  

	

1.2.3 Mechanical Dispersion 

Mechanical dispersion includes a variety of methods including bath sonication, tip 

sonication, shear mixing, ball milling, and many others[12-14]. The methods utilized 

in this thesis includes shear mixing, tip sonication, and centrifugation.  
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Shear mixing draws the solution into a mixing head and pushes the solution through a 

narrow space between rotor and stator walls, shearing CNTs into uniform particles. 

The shear mixing does not damage CNTs, but will only break their agglomerates 

down into a uniform size. Once these agglomerates are broken down, the shear 

mixing process cannot aid in further dispersion and individualization of nanotubes. 

Product of shear mixing contains bundles of CNTs that can be hundreds to thousands 

of entangled CNTs.  

Ultrasonication is needed to complete the dispersion of CNTs in solution. Tip 

sonication allows for a more focused and direct form of sonication. The tip sonicator 

has three major parts namely generator, converter, and probe/horn. Tip sonication is a 

direct form of sonication, where the probe is inserted directly into the solution. The 

probe vibrates while the tip expands and contracts during operation. The amount of 

expansion and contraction of the tip is the amplitude of sonication. [15] This process 

creates the cavitation that is indicative of the sonication process. The cavitation 

bubbles creates a high-energy stress wave upon bursting that break down and unzips 

nanotubes from their bundles. When dispersed, nanotubes can re-bundle if not 

stabilized. 
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Figure 3: Tip sonication system 

	
Bath sonication is more of an indirect form of sonication where the sample is placed 

inside a water bath. The outer walls of the water bath cover a generator that causes the 

sonication energy. Bath sonication is less powerful than tip sonication but is a 

technique that can process larger sample sizes and is less likely to damage nanotubes.  

Bath sonication, will not produce the best CNT dispersion possible. The sonication 

energy is strong enough to break up some CNT bundles, but not enough to fully 

individualize them (unless over extended periods of time and for very dilute CNT 

solutions). However, it can prevent separated nanotubes from re-agglomerating while 

causing minimal damage to the CNTs. 	

Both types of sonication cause damage to CNTs. Studies have shown that longer 

sonication times are beneficial to dispersion[16]. Intense sonication, however, causes 

too much damage and leaves CNTs unusable. A characterization step is required to 

check CNT dispersion in solution and ensure that they are not damaged. More 

information is provided in 2.3.1Raman Spectroscopy. 
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1.3 Nanocomposites 

Nanocomposites processed and tested in this thesis are known as two-phase 

composites. Two-phase nanocomposites usually consist of a nano-reinforcement 

phase (CNTs in this case) and a matrix (epoxy in this case). There are also multiple-

phase composites, which can include a third addition for reinforcements. Many 

researchers have, for example, looked into three phase composites that consist of 

carbon fibers and epoxy, with CNTs to reinforce the matrix.[7, 10, 17-19]  

Mechanical and viscoelastic properties of polymers are very desirable for many 

applications. The addition of CNTs can enhance many of these properties. This 

enhancement usually depends on the degree of dispersion, CNT-epoxy bonding and 

processes used for dispersion. 

Because of the many different ways researchers are dispersing CNTs into polymer 

matrices, there have been varying and, sometimes conflicting, studies in mechanical 

and viscoelastic properties of the resulting nanocomposites. Researchers have used 

various solvents, surfactants, mechanical dispersion methods, and processes to 

disperse CNTs. One such variation is the dispersion of CNTs in a resin, a 

resin/solvent solution, hardener, or directly into the mixed resin/hardener mixture 

[20]. Variations on top of that are whether or not CNTs are chemically modified 

during or before the dispersion process as well as the type of CNTs used [21-24]. 

Moreover, depending on their synthesis method, CNTs can have different properties. 

Therefore, the best dispersion processes are the ones that achieve the best properties 

of the nanocomposites 
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1.4  Test Methods 

1.4.1 Nanoindentation 

Instrumented nanoindentation can be used to evaluate various material parameters 

using the collected data from load and depth of indentations on material surface. One 

of the most popular methods for analyzing nanoindentation load-depth data to extract 

elastic modulus and hardness values is the Oliver and Pharr method [25, 26]. The 

depth-load data plot from a single indentation can give a lot of insight about the tested 

material properties. 

	

Figure 4: Typical load vs. displacement nanoindentation data 

 
The plot in Figure 4 is a representative nanoindentation load-depth plot. There is a 

loading period, a dwell period at the maximum load, an unloading period and 

sometimes a dwell for thermal drift correction. Dwell at maximum load is intended to 

eliminate any viscoelastic response upon unloading. Constant force data (creep data) 

can be also analyzed to acquire viscoelastic properties.[1] Many authors have 

explored and compared nano/micro- to macro-scale techniques for measuring 
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viscoelastic properties of materials[2, 3, 27-32]. The slope of the unloading curve can 

be correlated to stiffness of the material following Oliver and Pharr analysis:[25, 26]  

Er =
1
2

π
A
S       (1) 

Where, S is slope of the unloading curve, A is contact area and Er is the reduced 

modulus of the material. There are different methods that correlate indentation depth 

to contact area, A. As shown in the example plot of Figure 4 and Figure 5, different 

depths can be used for this purpose; hr, hc, and hmax, refer to the depth of the 

remaining impression in the sample, the depth of the contact circle, and the depth 

beneath the free surface, respectively. Usually contact area is calibrated as a function 

of indentation depth by performing nanoindentations at different depths on a material 

of known properties and back calculating the contact area. The indentation profile of a 

spherical indenter, like the one used in the nanoindentation characterization, is shown 

in Figure 5. The spherical indenter, in this case, was used because it can be used to 

study the plastic-elastic transition.[33] 

	

Figure 5: Sample indentation of spherical indenter tip 

	
The Elastic modulus of the material can be calculated using the following:  

1
Er

=
(1− vs

2 )
Es

+
(1− vi

2 )
Ei         

(2) 
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The indenter properties needed for this formula are the modulus, Ei, and Poisson’s 

ratio, vi. The spherical indenter was made out of diamond, and the material properties 

can be found. Es and vs correspond to the sample’s elastic modulus and Poisson’s 

ratio. For polymeric samples, the second term in the above formula is very small 

compared to the first one and can be neglected. Poisson’s ratio for all of our samples 

is very similar. We therefore report the Er values here instead of the Es.   

We adopted the analysis of Gray et al. [3] to extract viscoelastic properties from the 

nanoindentation creep data. The creep data is collected from the dwell period at the 

maximum load during an indentation test. This particular analysis uses the indentation 

creep data to get an exact fit using the following equation. 

 
D(t)−D(0) = A ln(Bt +1) 							(3)	

	
D(t) is the indentation depth during the dwell period, D(0) is the depth at the onset of 

creep, and t is the time. The NanoTest 600 program then uses the best fit to the data to 

extract the constants A and B. The strain rate sensitivity parameter, A/d(0), can then 

be calculated. The strain rate sensitivity parameter is the ratio between the time 

dependent deformation and the deformation encountered while initially loading the 

sample.[1] Gray et al [3] studied correlations between the strain rate sensitivity from 

nanoindentation tests and tanδ from DMA tests for various polymers, both at room 

temperature and elevated temperatures. They concluded that there is a correlation 

between the strain rate sensitivity and the tan delta at room temperature and that the 

high strain rate sensitivity values and low B values were only observed in the vicinity 

of glass transition temperature[3]. The correlation of strain rate sensitivity parameter 

and tanδ, observed by Gray et al. [3] were determined to be linear. It has also been 

concluded that the strain rate sensitivity parameter is an efficient way to look at glass 
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transition temperature deformation during elevated temperature testing[1]. Therefore, 

the strain rate sensitivity for nanocomposites would be compared later in this thesis to 

the tanδ measurements extracted from the DMA method, Chapter 5: Correlation 

of DMA and Nanoindentation.  

Nano-impact testing can also be used to extract viscoelastic properties. In this method 

of testing, the indenter is backed away from the sample and then accelerated towards 

it. The indenter impacts the sample and the depth-time data is collected. The 

oscillations collected from the impact and subsequent “bouncing” of the indenter 

against the sample can be used as a visual or if analyzed as quantitative comparison of 

dynamic damping.  

1.4.2 The NanoTest System 

A Nano Test 600 was used in this study. A full background of the particular system, 

set up, and calibration is detailed in the following section. The Nano Test 600 is a 

pendulum based nanoindentation machine developed by Micro Materials Ltd. United 

Kingdom.  

The system is placed inside a thermally insulated cabinet. This cabinet serves to 

reduce air turbulence that would upset the pendulum and provides a thermally 

controlled environment. 

At the heart of the NanoTest system is a pendulum that can rotate on a frictionless 

pivot, Figure 6. A coil is mounted at the top of the pendulum; with a coil current 

present, the coil is attracted towards a permanent magnet, producing motion of the 

diamond tip towards the sample and into the sample surface. The displacement of the 

diamond tip is measured by means of a parallel plate capacitor. One plate of which is 

attached to the diamond holder. When the diamond moves, the capacitance changes, 
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and this is measured by means of a capacitance bridge.  

	

Figure 6: Schematic of the NanoTest 600  

1.4.3 Elevated Temperature Testing 
	
The NanoTest system can perform nanoindentation and impact testing at elevated 

temperatures. The only difference between the original setup and thermal testing 

setup are the additions of the indenter/heat shield and the heated sample stage block. 

The image in Figure 7 shows the setup of the NanoTest system for elevated 

temperatures. 
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Figure 7: NanoTest system setup for thermal testing 

	

	
Figure 8: Schematic of the heating block used for thermal testing. Reproduced from M. 
Tehrani [34] 

	
The samples are attached to the heating block using thermal cement. This ensures 

uniform heating throughout the sample and its surface. The sample holder block can 

be heated separately from the indenter tip. The indenter tip is attached to a heat shield. 

The heat shield is to keep any heat from affecting the rest of the system. 

Thermocouples were placed on both the indenter tip and the sample heating block to 

determine actual temperatures vs. temperature readout during a heating cycle. This 

Heating	
Block	

Heated	Indenter	

Heat	
Shield	
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data was used during the current experimentation to determine what temperatures the 

indenter tip and sample hot stage should be set to. 

1.5 Dynamic Mechanical Analysis 

1.5.1 Viscoelasticity 

Elastic materials store all of the energy from the loads applied to them and will return 

to their original shape when the load is removed. A viscous liquid has no defined 

shape and will continue to deform under load. Viscoelasticity is the combination of 

properties for an elastic solid and viscous liquid. When undergoing deformation, a 

material may exhibit viscoelastic characteristics. The viscoelasticity of a material is 

observed through both viscous and elastic responses to deformation. Viscoelastic 

materials are very useful for the applications of damping and shock absorption.  

Viscoelastic materials exhibit time dependent stress and strain. Two of the main 

characteristics observed with viscoelastic materials are creep and stress relaxation. In 

the case of viscoelastic creep, strain can increase over time with a constant stress. A 

viscoelastic material will return to its original shape after the stress has been removed 

but will retain a memory of the stress applied for an amount of time. If the material is 

held at constant strain and elevated temperature, the stress will begin to decrease. This 

phenomenon is known as stress relaxation. 

Viscoelasticity can be measured in two different ways; transient and dynamic. Most 

viscoelastic characterization techniques are transient and include creep and stress 

relaxation comparisons[35]. Dynamic viscoelastic characterization includes the 

application of a stress or strain cyclically over time; DMA. DMA is most commonly 

used to characterize the thermo-mechanical response of polymeric samples.  
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The moduli that are calculated from DMA are referred to as the Storage Modulus and 

Loss Modulus. The ratio of the loss modulus to the storage modulus is known as the 

tanδ. The tanδ, refers to the damping ability of the material and is simply the tangent 

of phase lag angel between stress and strain. Storage and loss moduli are the ratio of 

stress amplitude to strain amplitude multiplied by cosδ  and sinδ,  respectively. The 

peak of the tanδ curve will also be used to measure the glass transition temperature. 

1.5.2 Viscoelastic Measurements from Instrumented Indentation 

There are many different methods to study the mechanical and viscoelastic properties 

of nanocomposites, with some being at the macro- level and others being at the nano- 

level of characterization. Differing results by various research groups have resulted in 

differing opinions on the correlation of macro- and nano- characterization methods.  

This thesis was put together to explore the relationship between two different 

methods. DMA uses larger sample sizes that are manipulated using clamps and forces 

to characterize the various properties. Nanoindentation is method that uses a much 

smaller sample to measure viscoelastic properties of materials. A very small indenter 

is used to apply a force and measure the material response during loading, unloading, 

and using impact. Because of the very small area of sample that is needed to perform 

nanoindentation tests, this method will be the nano- testing performed on the CNT 

nanocomposite samples.  

The DMA test method setup uses a strain rate and constant frequency, during a 

temperature ramp, to measure the viscoelastic response at high temperatures. The 

nanoindentation test method will also be tested at similar temperature to those of the 

DMA to get a comparison. The glass transition temperature, by method of 

tanδ measurements, and the storage modulus from both test methods will be used as 

the comparison between the two methods.  
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To achieve the goal of the test comparisons, reproducible nanocomposite had to be 

fabricated. There are many different ways to make CNT nanocomposites, and many 

different types of CNTs that can be used. Every dispersion process and all of the 

materials that can be used will ultimately play a factor in the final properties of the 

produced nanocomposite. The processing methods described in this thesis were 

decided based upon best dispersion method, and not necessarily best measured 

properties. 
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Chapter 2: Nanocomposite Characterization and Processing 

2.1 Materials 

Two different types of CNTs were utilized in the following experimentation. All 

CNTs were graphitized to a 99.9% purity and COOH-functionalized. The 

graphitization removes all amorphous carbon and catalysts, leaving the CNTs with a 

99.9% purity. The defect functionalization is then performed, most likely using 

mixtures of nitric and sulfuric acids. MWCNTs were purchased from Nanostructured 

& Amorphous Materials Inc. (NanoAmor). The aspect ratio of carbon nanotubes have 

been shown to play a role in the mechanical properties of nanocomposites[36]. Two 

aspect ratios of CNTs were tested to determine which CNTs gave the higher 

improvement of properties. 

	

Referred 

to as 
Length 

Outer 

Diameter 

Inner 

Diameter 
Aspect Ratio 

Long ~50 µm 8-15 nm 3-5 nm ~5000 

Short 10-20 µm 50-80 nm 5-15 nm ~300 

 

Table 1: Dimensions of graphitized COOH-MWCNTs from NanoAmor. 

Experimentation using different aspect ratios of CNTs and at different concentrations 

in the nanocomposite, was used to determine the most repeatable and greater increase 

in all measured properties. The final samples, representing the most repeatable results 

and increase in properties, were then utilized in the final mechanical tests. 

The COOH-functionalization was desired to improve the covalent bonding of the 

CNTs with the epoxide groups in the polymer matrix. This bonding improves stress 
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transfer from the matric to CNTs, when the nanocomposite is subjected to mechanical 

loads.  

The graphitization removes all amorphous carbon and catalysts, leaving the CNTs 

with a 99.9% purity. The defect functionalization is then performed. The only defects 

that should be seen in the CNTs are the COOH- functional groups used for bonding. 

 

The aspect ratio of carbon nanotubes (the ratio of length to diameter) have been 

shown to play a role in the mechanical properties of nanocomposites [36]. The aspect 

ratios of the CNTs are listed in Error! Reference source not found.. Two aspect 

ratios of CNTs were tested to determine which CNTs gave the higher improvement of 

properties. Those samples were then used to compare the nano- and macro- test 

methods of nanoindentation and DMA. Some studies have determined that CNTs with 

a higher aspect ratio can lead to an increase in the Young’s Modulus of a CNT 

nanocomposite. [36] It is unclear how this would affect the dispersion of the CNTs in 

epoxy, the cure rate of the epoxy, and the bonding of the CNTs with the epoxy. For 

the same dispersion, CNT-polymer interfacial bonding, and identical quality CNTs, 

higher aspect ratio CNTs are supposed to be more effective in improving properties of 

polymer. The CNTs are COOH- functionalized at different aspect ratios, which could 

cause significant differences in processing and result in different mechanical 

properties than expected. 

Different solvents were tested for CNT dispersion and compatibility with the epoxy. 

Ethanol, acetone, tetrahydrofuran (THF), and dichloromethane (DCM) were among 

the solvents tested for dispersion and effect on the two epoxies tested. The main 

concerns were CNT dispersion in solvent, yield after centrifugation, CNT dispersion 

in the epoxy, and effect of the solvent on epoxy curing and properties. There were two 
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different epoxies that were tested with the solvents to determine which would be 

better for the final application.  

EPON 815C resin with Epikure 3282 hardener was the first epoxy choice. EPON 

815C is a low viscosity bisphenol A based resin. The low viscosity of the resin is 

what made it appealing for the process of making samples. The addition of CNTs to 

the resin makes it very viscous and more difficult for further processing. Epikure 

3282 is a hardener made from a modified aliphatic amine adduct. The hardener is 

used in cases where a fast cure rate at room temperature is needed. The recommended 

EPON:Epikure mix ratio is 100:20 parts by weight.  

Aeropoxy PR2032 is a medium viscosity resin containing a diphenylolpropane 

(bisphenol A) and a multifunctional acrylate. The hardener used was Aeropoxy 

PH3670, which has a pot life of four hours and will cure with the resin fully at room 

temperature, but takes an extended amount of time. The recommended mix ratio of 

Aeropoxy resin to hardener is 100:27 by weight. Aeropoxy properties are listed in 

Table 2. 

	

Table 2: Mechanical properties of Aeropoxy PR2032 and PH3670. (PTM&W) 

	

2.2 Sample Processing 

A master solution will be made with the desired amount of solvent and CNTs. CNTs 

will be mixed with the solvent at a 1:1 mg/ml ratio. The mixture was stirred using an 

PR2032	with	PH3670 ASTM	Method
Mix	Ratio 100:27	By	Weight	or	3	to	1	By	Volume PTM&W
Pot	Life 4	Hours D2471
Tensile	Modulus,	GPa 17.58 D638
Flexural	Modulus,	GPa 17.31 D790
Glass	Transition	Temperature 97.78	C TMA
*Modulus	values	were	derived	with	A	10	Ply	Laminate,	Hand	Lay-up,	Style	181	Glass	Fabric,	55%	Glass	Content
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IKA shear mixer at the 25000 rpm for a total of 5 minutes and further dispersed using 

tip sonication in an ice bath (2 seconds on, 2 seconds off) for a total energy of 

0.5kJ/mg of CNTs at 44% amplitude. The high-energy intensity of the tip sonication 

increases the temperature of the solution and can evaporate of the solvent. Therefore, 

an ice bath is needed during the tip sonication processing.  The shear mixer breaks up 

large bundles of the CNTs. It is only effective until the CNTs are broken down into a 

micron-sized regime, then tip sonication needs to be used for further de-bundling and 

dispersion. This break down and separation is important for the surfactant to bind to 

the outer walls of the tubes and allows the particles to uniformly disperse throughout 

the solvent. The quality of CNT dispersion in the solution can be tested by adding a 

droplet of the solution to a clean beaker with new solvent. If the CNTs are well 

dispersed in the solution, the solution should spread evenly in the unmixed solvent 

and no CNT aggregates will be observed.  

The CNT/solvent solution will be centrifuged at 2000 rpm for 10 minutes. The 

supernatant will be decanted and will contain evenly dispersed CNTs while the 

bottom contains bundled CNTs that were not dispersed. To determine how much of 

the original amount of CNTs were successfully dispersed, the bottom part of the 

centrifuged solution will be collected and allowed to dry out in the oven. The 

resulting residue will be weighed to determine the amount of CNTs in the top 

solution.  

The final yield of CNTs that are uniformly dispersed will be used to determine the 

amount of solution needed to achieve the desired CNT weight for the composite 

samples. 
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A drop of the uniformly dispersed and separated solution can be dried on a glass slide 

and used for the final Raman test. If those CNTs are proven to be relatively 

undamaged, the solution can be used in the epoxy samples.  

There were two concentrations of CNT nanocomposites fabricated. The CNT 

dispersion and their effects on the overall properties of the tested samples determined 

the two concentrations. The 1wt% concentration is enough to get good mechanical 

property enhancements, while still being easy to disperse evenly in the matrix. 

Anything over 1wt% increases the amount of CNT agglomerations. Any 

concentration below 0.3wt% would have too minimal effects on the properties of the 

nanocomposites. Therefore, it was determined that the two concentrations would be 

0.3wt% and 1wt% CNTs in epoxy. 

The epoxy resin will be mixed at a 100:27 weight ratio to the hardener. The resin is 

Aeropoxy PR2032 and the hardener is Aeropoxy PH3670. This amount of epoxy will 

fill up about 2 cuvette tubes and make multiple test samples.  

The following table shows the calculated amount of CNTs needed to get the correct 

loading (weight%) per sample. The yield of CNTs uniformly dispersed and the 

amount of CNT per volume of solution will be used to determine the correct amount 

of CNT solution to add to each sample. 

 CNT solutions for the 0.3wt% and reference samples will be diluted with DCM so 

that the volume of all solutions is equivalent to that of the 1wt% sample.  This amount 

will be different for every master solution and based off of the amount of unbound 

CNTs collected. 

The CNT solution will be added to the resin. The resin solution is mixed using a 

solvent removal system, custom built for this procedure. The system uses bath 

sonication and compressed air with a propeller mixer to remove the solvent more 
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efficiently while mixing the solution. While the solvent is being removed by the 

system, the jar containing the solution will be placed in a bath sonicator. This extra 

step will ensure that the CNTs keep their dispersion in the epoxy as the solvent is 

being removed. A more detailed description on the solvent removal system is 

described in a section below and a visual image is included in Figure 12. 

Once the solvent has been completely removed, the solution will be moved to the 

vacuum to degas. The resin solution will be kept under bell jar vacuum for 1 hour to 

ensure excess bubbles created during mixing and any remaining solvent is removed. 

The hardener can then be added to the resin solution and mixed using a glass stir rod. 

The resin solution must be cool when the hardener is added in order to keep the epoxy 

from curing too quickly before all steps are complete. The solution is degassed under 

vacuum for an additional 20 minutes. This ensures as many bubbles as possible are 

removed from the epoxy/CNT slurry before it is poured into the cuvettes.  

By pouring, the epoxy mixture will be added to cuvette tubes, with care taken not to 

introduce new bubbles into the solution. Using the vacuum oven, the cuvettes will be 

degassed for about 30 minutes. The CNTs add more viscosity to the mixture and 

make it harder to remove all voids in the sample caused by bubbles. Once all bubbles 

are removed, the samples will be left at room temperature for 48 hours to cure. After 

the 48-hour cure period, the epoxy samples can be heated at 60C for 1 hour to finish 

off the first cure step.  

A post cure process of the samples is needed to finish the epoxy curing (crosslinking) 

process and completely solidify the samples. The cuvette container must be removed 

from the sample before the post cure process to prevent deformation caused by the 

cuvette material. The only samples not removed from the cuvette during this final 

cure process are the samples being used for nanoindentation. It is very important to 
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not allow anything, including fingers or tools, to touch the surface that will be used 

for nanoindentation. Any change in the surface will affect the results. Therefore, those 

samples remain in their cuvette covering until they are to be tested. The samples will 

be moved to the oven and baked for 4 hours at 80 °C.  Once cooled down, the samples 

can be cut to different sizes using a precision sectioning saw; Buehler Isomet 4000. 

The samples are cut length wise, with the flat sections on the wall of the cuvette being 

used for the nanoindentation tests and the middle sections for the DMA. Small parts 

of the samples will be broken to study under SEM. The SEM images are another 

characterization procedure being used to determine uniform dispersion.  

	

Figure 9: Image of samples cut from cuvette 

2.3 Characterization 

2.3.1 Raman Spectroscopy 

CNT structures were characterized using Raman spectroscopy. Raman spectroscopy 

can readily determine the crystalline structure of CNTs and the amount of damage 

that is inflicted upon the CNTs due to ultrasonication by comparing the initial and 

final CNT structures. It also determines, qualitatively, the amount of 

functionalization. Pristine CNTs were analyzed using Raman and once the dispersion 
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process of the CNTs in DCM was completed, CNTs were dried out and analyzed 

again. 

Raman spectrum of carbon nanotubes is unique and exhibits radial breathing mode 

(RBM), D, and G peaks that are fingerprint of CNTs. The radial breathing mode 

(RBM) can give a description on the size and type of the CNT being characterized. It 

is located at the beginning of the spectrum between 75 and 300 cm-1. The RBM is 

known to be inversely proportional to the CNT diameter.[37] The two other modes 

will be important in this case to observe the effects of the tip sonication and 

functionalization on the CNT dispersion. The Raman disorder (D) band is around 

1330 cm-1 and the graphitic (G) band is around 1580 cm-1.[37] The most common use 

of these bands in conjunction with CNT characterization is the G/D ratio. The ratio of 

intensities between these two bands is indicative of CNT crystallinity. There is also 

another band that can be seen in some of these spectrographs between the 2500 and 

3000 cm-1 place. That band is known as the G1 band, is usually appears at about twice 

the D band wavelength and is a property of graphite and nanotubes. This value is 

present even for defect free nanotubes. It is important to note that the y-axis units are 

arbitrary.  
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Figure 10: Raman spectrum of "Long" CNTs 

	
The spectrograph in Figure 10 is the Raman spectrum of the Long CNTs as received 

and after dispersion. For the pristine CNT results, the CNTs were mixed, as received, 

in DCM and a drop was dispersed onto a glass slide for the characterization. The D 

and G band are very close in intensity and can be indicative of a high defect amount. 

We believe that these defects are mostly in the form of COOH- functional groups. 

During the functionalization process, COOH- groups are added to the sidewall and 

ends of CNTs.   

The tip sonication step subjected CNTs to a total energy of 0.5 kJ/mg at 44% 

amplitude. Such energy level is considered somewhat high and can damage CNTs. It 

was important that the CNTs in solution were still functional and not too damaged, 

otherwise the desired properties that were to be achieved through the nanocomposite 

process would not be met.  

The Long CNTs that went through the tip sonication dispersion were also 

characterized using Raman with the resulting spectrograph compared to the pristine 

CNTs in Figure 10. The G band is considerably higher in intensity than the D band, as 

compared to the earlier pristine CNT spectrum. While we expected the 
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dispersed/centrifuged nanotubes to exhibit a similar or slightly decreased crystallinity 

(IG/ID) compared to that of pristine ones, they showed a much higher level of 

crystallinity (IG/ID= 3.5). These results prove that the CNTs are crystalline, however, 

functionalized CNTs were mostly in the form of large aggregates that were separated 

using the centrifugation step. It is not clear from Raman, how much damage the 

sonication step has caused. 

 

Figure 11: Raman spectroscopy of "Short" CNTs 

	
The Raman spectrum of the pristine Short CNTs is shown in Figure 11. A very similar 

G/D band ratio is observed for the short CNTs. The D and G bands are very close in 

intensity. The D band intensity is indicative of the COOH- functionalization of the 

CNTs. Both plots exhibit a 2D band around 2700 cm-1. This peak is indicative of CNT 

dispersion and doping. A better dispersion and less functionalization result in an 

increase of 2D peak intensity. CNTs exhibited a sharp 2D peak after processing that 

reveals they are very well dispersed and/or functionalized CNTs have been removed 

from the solution.  
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2.3.2 Evaporation Device 

Evaporation of the solvent from the resin is a vital step in the CNT dispersion process. 

The solvent must be fully evaporated from the resin for the best epoxy cure and the 

CNTs must be able to retain a good dispersion in the resin. To that end, an 

evaporation device was built as shown in Figure 12. The setup involves a heated 

sonication bath to enhance solvent evaporation, and ultrasonication to prevent 

agglomeration of the dispersed CNTs as the solvent is being evaporated. The device 

involved an impeller that was designed to mix the solvent and the resin continuously. 

A lid, containing two side holes and a hole for the impeller, was used to seal off the 

jar containing the resin and solvent mixture. One of the holes was used to allow 

compressed air into the system while the solvent gas was expelled from the second 

hole. The whole system was designed as a very efficient solvent evaporation setup.  

 

 

Figure 12: Evaporation system 

Compressed	
Air	In		

Evaporated	
Solvent	Out	
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2.3.3 Thermogravimetric Analysis & Differential Scanning Calorimetry 

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

were employed to study the effect of solvent and CNT on epoxy curing and verify 

weight fractions of different phases and impurities in the samples. This test can be 

performed in both inert or air atmospheres and provides a mass-temperature profile 

with distinct mass loses for each constituent. For example, when performed in air, 

solvents are evaporated at their boiling temperature, amorphous carbon burns at ~300 

°C, crystalline nanotubes at ~600 °C and the stable residue weight is the metal 

catalyst. DSC is a programmed measurement of heat absorption/rejection and can 

give insight into different exo- or endo-thermic processes, e.g., curing, that take place 

at different temperatures. 

As explained earlier, in one of the dispersion methods, CNTs were dispersed in a 

solution with the aid of surfactants and subsequently centrifuged to collect large 

aggregates. TGA was first used to determine how much of the surfactant remained in 

the solution and how much was collected with aggregates during the centrifugation 

step. Later, a combination of TGA and DSC was used to determine if there was any 

remaining solvent in the epoxy system, if the epoxy was fully cured before testing, 

and to verify the CNT or impurity content in samples.  

The non-ionic surfactant, Triton X-100 was shown to successfully disperse CNTs in 

different solvents. A solution of ethanol and Triton X-100 was made with the desired 

amount of solvent, surfactant, and CNTs. CNTs were mixed with the solvent at a 1:1 

mg/ml ratio. The surfactant was mixed at a dispersant to CNT ratio of 2:1. After the 

centrifugation step, the top portion of the solution, containing the bound, small 

bundles, and individual nanotubes were collected and the remaining leftover was 

dried out, at room temperature, and weighed. The weight of agglomerated and 
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unbound CNTs along with its TGA analysis, determined the amount of well-dispersed 

CNTs, as well as surfactant content remaining in the master solution.  

As shown in Figure 13, almost all of the surfactant remained in the solution and very 

little was collected at the bottom of the centrifuge vial. This is proven with 

Thermogravimetric Analysis (TGA) performed on a powdered CNT sample. In this 

TGA analysis, the sample is heated, in air, at a constant rate of 10°C/min, from room 

temperature to 850°C, while recording the mass. The Triton X-100 evaporates at a 

much lower temperature compared to the temperature at which CNT burn.  

 

Figure 13: TGA analysis of CNTs dispersed with Triton X-100 

The TGA data in Figure 13 shows that the CNTs make up about 93wt% of the un-

dispersed CNT collection. The same amount of surfactant is added to both solutions, 

causing a higher concentration of Triton X-100 to remain with a lesser yield of CNTs 

after the centrifugation step. It was later shown that Triton strongly affects epoxy 

curing and therefore, the option to disperse CNTs with this surfactant was not further 

pursued. 
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DSC was used to determine the cure cycle of the Aeropoxy. It was imperative that the 

samples were fully cured before final testing. The samples were going to be tested at 

elevated temperatures and if the full cure was not reached, it would affect the results. 

TGA was used to verify the weight percent of CNTs in epoxy and whether there is 

any solvent remained.  

 

Figure 14: DSC/TGA of Aeropoxy, Aeropoxy processed with DCM, and Aeropoxy with 

1wt% short CNT 

An Aeropoxy sample with DCM evaporated from it was also prepared. The heat flow 

data in Figure 14 shows a gradual increase from about 100°C to 375°C. This 

exothermic reaction shows that the epoxy sample is still curing. It was determined 

from this data that a longer cure was needed. The final samples were then cured for 4 

hours instead of the original 2 hours. It is evident, from this DSC curves that both 

CNTs and DCM affect curing behavior of the epoxy. At about 400°C another reaction 

is happening in the epoxy mixture. This is the point at which the epoxy is starting to 
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degrade. The final testing and the glass transition temperature are around 100°C. 

Therefore, DSC curves at higher temperatures is not discussed here.  

It can be also clearly seen that that there is no weight loss around 40°C, i.e., DCM 

boiling point. More specifically, almost no weight loss occurs before 150°C. The 

DCM does seem to have an effect on the Aeropoxy and will also be shown with 

Dynamic Mechanical Analysis.  

 
While the functionalization of the CNTs are predicted to improve bonding of the 

CNTs with the epoxy matrix, it is unclear if that bonding will cause issues with the 

final curing of the nanocomposite and resulting mechanical and viscoelastic 

properties. Some researchers have determined that the functionalization of CNTs does 

not effect the final curing of the epoxy. 

 

Figure 15: TGA data of neat Aeropoxy, Aeropoxy with DCM, and 1wt% short CNTs 

Figure 15 is a zoomed in image of the TGA data for the same samples used in Figure 

14. CNTs have a much higher temperature of evaporation making TGA a good 

characterization method to see how much CNT is in the final epoxy samples. The 
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1wt% sample has a little more than 1wt% CNTs remaining in the sample after the 

epoxy has been evaporated away.  

2.3.4 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was used to visually determine CNT dispersion 

within the epoxy. The samples were fractured and coated with a few nanometers thick 

layer of carbon. CNTs can be seen in the SEM image in Figure 16. CNTs shown in 

this figure have been pulled out of the epoxy, showing a relatively weak interfacial 

bonding with the epoxy. Judging by their size, short CNTs are individually dispersed 

and bundles were not observed. 

 

	

Figure 16: 1wt% Short sample - SEM image shows close up CNTs in the matrix 
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Figure 17: SEM image of 1wt% long COOH-CNT in epoxy 

	
The 1wt% samples are shown in Figure 17 and Figure 18. The bright tubular structures 

are CNT bundles. It does not appear from these images that there are any large 

aggregates in the samples and the CNTs appear to be well dispersed.  

	

Figure 18: SEM image of 1wt% short COOH-CNT in epoxy 
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Figure 19: SEM image of 0.3wt% long COOH-CNTs in epoxy 

The SEM images of the 0.3wt% samples in Figure 19 and Figure 20 also don’t show 

any aggregation of CNTs. The samples appear to have fairly well dispersed CNTs 

throughout the epoxy. 

	

Figure 20: SEM image of 0.3wt% short COOH-CNTs in epoxy 
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Chapter 3: Dynamic Mechanical Analysis 

Dynamic Mechanical Analysis (DMA) tests were performed on a Q800 DMA from 

TA Instruments. Sample sizes were 25 x 10 x 1.5mm (+/- 0.1 mm). The precision of 

the Buehler Isomet 4000 saw allowed for samples to meet these very tight 

requirements. The settings for the DMA testing are represented below, in Table 3. 

Clamp Three Point Bending 
Module Multi-Frequency Strain 
Method Temperature Ramp 

Frequency 1 Hz 
Strain 0.10% 

Static Force 0.02 N 
Force Track 125% 

Ramp 5 °C/min 
Temperature Range Room to ~140 °C 

Table 3: DMA settings used in the measurements 

The settings are for a single frequency and strain rate with a temperature ramping rate 

of 5 °C/min. A three point bending clamp was used, where a rectangular sample sits 

on two ends and is subjected to a cyclic force in the middle portion.  

Glass transition temperature was extracted from the peak of the tanδ curve. Multiple 

pieces were characterized from each sample. Q800 DMA was calibrated before each 

run. 	

3.1 Solvent Choice 

For an effective dispersion in the final nanocomposite, CNTs had to first be dispersed 

in a solvent, subsequently mixed with the epoxy, followed by solvent removal and 

final curing. It is important to choose a solvent that not only disperses CNTs well, but 

also is compatible with the epoxy system and can be readily evaporated (has a low 

boiling temperature). To test the solvent compatibility, two epoxy samples were 

made. One was the reference epoxy made per the standard curing protocols. The 

second sample was the same epoxy resin that was mixed with some solvent. The 
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solvent was evaporated using the developed setup and cured following the identical 

procedure as that of the reference sample. The two samples were then tested using 

DMA to verify solvent-epoxy compatibility. 

A few different solvents were tried including tetrahydrofuran (THF), ethanol, acetone, 

dichloromethane, and a few others. Some were ruled out based on their dispersion 

abilities in the solution, while others were ruled out based on their degrading effects 

on the epoxy. Dispersion was tested by visually inspecting the spread of a drop of 

CNT-solvent solution in a beaker containing pure solvent. Formation of visually 

identifiable particles was considered a “bad dispersion” while spreading of this dark 

solution in the same manner as ink would spread in water would be considered a 

“good dispersion”.  Stability of CNT-solvent dispersion over night was also inspected. 

One of the solvents that showed good dispersion and was evaporated from EPON 

epoxy and tested using DMA was THF. The results of those tests are shown in Figure 

21. The storage modulus of the neat EPON sample is much higher, however, the glass 

transition temperature is lower compared to the sample containing THF in the pre-

cured state.  

 

Figure 21: DMA results of EPON with evaporated THF 
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CNT solutions were centrifuged and decanted. The amount of CNTs in the decanted 

part was used as a quantitative measure for dispersion, i.e., yield. Acetone and ethanol 

were determined to be the best dispersive solvents for the purpose of testing and had a 

small effect on DMA properties of the EPON. EPON has a short curing time at room 

temperature, which proved to be an issue. The process used here needs multiple 

degassing steps and EPON samples could not be fully degased before curing. An 

epoxy with a longer gel/cure time was selected. Aeropoxy, as mentioned earlier in 

Materials, is a medium viscosity resin with a much longer gel/cure time than the 

EPON. Aeropoxy has been studied by our group and used as matric in carbon fiber, 

carbon nanotube and other nanoparticle composites.[1, 18, 19, 38-42] Aeropoxy 

epoxide groups can interact with CNT functional groups to form covalent bonds. 

 

Figure 22: DMA comparison for EPON and Aeropoxy 

	
As shown in Figure 22, the two different epoxies have different mechanical properties 

before any material is added to the matrix. The Aeropoxy has a lower damping than 

EPON, however, it has a higher glass transition temperature. The next step was to add 
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the “good” CNT dispersive solvents to the Aeropoxy, evaporate it off and monitor its 

effect on the DMA properties of Aeropoxy. The DMA comparison is shown in Figure 

23.  

Acetone and Ethanol with the surfactant, Triton X-100, were shown to be good 

dispersants. However, once the DCM was tested, the yield ended up being 

comparable or better than that of acetone or ethanol with surfactant. The comparison 

in Figure 23 shows that acetone and ethanol/surfactant affect Aeropoxy properties 

more than DCM or ethanol do. Triton significantly hinders crosslinking 

polymerization evident by the DMA data. 

 

Figure 23: Solvent in Aeropoxy comparison 

	
Ethanol without the surfactant had little to no effect on the Aeropoxy, however, the 

surfactant is needed to achieve a good dispersion of CNTs in solution and a high yield 

(after centrifugation). DCM also had a relatively small effect on the damping, but a 
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small decrease in storage modulus was observed. These results are also shown in 

Figure 24. Based on these results, DCM was chosen as the solvent choice.  

All reference epoxy samples were processed with 200 ml of DCM, similar to the 

amount required for processing of CNT samples. 

 

Figure 24: DMA of Aeropoxy with DCM and Ethanol/Triton evaporated 

	

3.2 Characterization 

DMA was performed on different samples containing the different aspect ratio and 

concentration of CNTs. The DMA overlay for these samples is shown in Figure 25. As 

expected, DMA responses for all samples are very similar, which is why it is 

imperative to have very repeatable and consistent samples. Care was taken to keep all 

the processing and testing conditions identical to prevent any errors. 

Multiple samples from each configuration tested. It is important to note that the 

comparison shown further in the DMA characterization method for different types of 
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samples is to define a baseline for macro- testing, as well as determine the CNT 

samples to be compared across the two methods.  

Different aspect ration CNTs are supposed to improve the properties differently. In 

addition to a good dispersion, CNTs should form a strong bond to epoxy for an 

effective stress transfer.[1] Castillo et al. [43] did a comparison of different types of 

multiwalled carbon nanotubes and their effects on mechanical properties and glass 

transition temperatures of nanocomposites. The authors determined that higher aspect 

ratios of CNTs had a lower percolation threshold. [43] The same trend, up to a certain 

aspect ratio threshold, was observed by Li et al. [44] Tehrani et al. found that CNTs 

bond to Aeropoxy (a commercial epoxy) and increase both modulus and hardness, 

while decrease damping.[1, 18, 38, 41, 45] The increase in linking of the CNTs with 

the polymer matrix lowers the ability of the epoxy chains to move. [1]  

 

Figure 25: DMA overlay of all final nanocomposite samples 

	
The next DMA plot in Figure 26 shows a very close overlay of the results for two 

different pieces cut from the same sample. Samples were also re-made and 



	42	

reproducible DMA results were achieved. This proves that the processing was 

repeatable for multiple pieces and was also an indicator of a good dispersion of the 

CNTs in the epoxy.  

 

Figure 26: DMA Results for two pieces of the 1wt% long sample. The comparison shows 
the uniformity of CNT dispersion in one sample. 

	
For 0.3 wt% samples, the plots in Figure 27 show an improvement in storage modulus, 

an increase in glass transition temperature, and an increase in damping. There doesn’t 

seem to be much of a difference between the two CNT types. The long CNTs show 

slight improvement over the short CNT samples.  
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Figure 27: DMA comparison of 0.3wt% CNTs in Epoxy with different dimensions. 

	
The same type of comparison can be made for the 1wt% samples, results for which 

are plotted in Figure 28. There is an improvement in storage modulus and an increased 

damping in the samples containing 1wt% of CNTs over the neat sample. However, 

the increase in properties is less than that of the 0.3wt% samples. The long CNT 

samples also seem to show a slightly higher improvement in damping than the short 

CNTs.  
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Figure 28: DMA comparison of 1wt% CNTs in epoxy with different dimensions. 

	
As mentioned earlier, the 1wt% samples did show improvement in properties, but not 

as increased of an improvement as the 0.3wt% samples. The next comparison was 

made between the same CNT types, but at different concentrations. The comparison 

between the different loadings of the long CNTs are shown in Figure 29 along with the 

neat epoxy results. The 0.3wt% shows an increase in glass transition temperature as 

well as an increase in damping compared to the neat epoxy sample. The 1wt% sample 

shows an even higher increase in damping, but no increase in glass transition 

temperature. There is also an increase in storage modulus for both CNT samples; 

however, the 0.3wt% has a greater increase in storage modulus than the 1wt%. 
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Figure 29: DMA comparison of long CNTs at different concentrations in epoxy 

	
The same type of comparison can be made for the short CNTs at different 

concentrations and is shown in Figure 30. There is a slight increase in damping 

potential and storage modulus for both concentrations of CNT addition, when 

compared to the neat epoxy sample. The same trend that was shown in the long 

samples carries into the short samples. The 0.3wt% samples had an increase in glass 

transition temperature, while the 1wt% showed a negligible increase in glass 

transition temperature. The 0.3wt% also showed a higher increase in storage modulus 

than the 1wt% sample.  

The fact that a higher amount of CNTs (1 vs. 0.3) or higher aspect ratio CNTs are not 

improving the storage modulus as expected is usually attributed to an ineffective 

stress transfer to CNTs at higher loadings and formation of bundles that can be 

detrimental to mechanical properties.[1] CNTs can also interfere with polymer curing 

and effect of improvement and curing cannot be easily distinguished. SEM results 

show a good dispersion of CNTs in the matrix, however, individual CNTs sticking out 
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observed SEM micrographs are indicative of a weak binding between polymer and 

CNTs. Raman results also showed that the processing eliminated some of the 

functionalized CNTs that could be potentially improving CNT-polymer bonding. This 

would have been at the expense of having CNT aggregates in the samples that may be 

detrimental to properties. The second hypothesis (interference with curing) was tested 

by analyzing the curing behavior of epoxy in the presence of CNTs using the DSC 

method presented in Chapter 2. DSC results, too, showed some effect on epoxy curing 

but didn’t either prove or disprove this hypothesis. More testing needs to be 

performed to rule out the effect of CNTs on Aeropoxy curing. For the sake of this 

work, we are more interested in comparing nanoindentation and DMA results of 

different samples. 

 

Figure 30: DMA comparison of the short CNTs at different concentrations in epoxy 

The DMA results of all samples show an interesting trend. All CNT samples have an 

expected increase in properties. There is an overall increase in storage modulus, 

damping, and glass transition temperature. The long CNTs had a greater increase in 

storage modulus and damping, but little increase in glass transition temperature. The 
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0.3wt% concentrations for both CNT dimensions have a higher storage modulus than 

the 1wt% samples, but differ on the increase in damping potential. The damping 

potential is much higher in the 1wt% sample with long CNTs.  
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Chapter 4: Instrumented Indentation  

Nanoindentation and nanoimpact tests were performed on two different sets of 

samples: i) the neat Aeropoxy sample (with evaporated DCM) and ii) the Short 

0.3wt% sample. It was determined from the DMA testing that the Short 0.3wt% 

samples had the most desirable increase in properties and dispersion. All tests were 

performed using a diamond spherical indenter (5 µm in diameter) with the heat shield 

and samples mounted on the heating stage block.  

4.1 Nanoindentation 

Samples were tested starting at 25°C and then heated up and tested at 90, 95, 100, 

105, and 110°C. The 90-110 ranges were to ensure that tests captured the data in the 

glass transition temperature zone for comparison with DMA values. The 25°C, room 

temperature, testing was to get a baseline of data for both samples without heating. 

Our initial experiments involved testing over the 25-120 °C at 10 °C intervals. Sample 

response was very different than expected due to the prolonged heating periods at 

each testing temperature. It was therefore decided to only perform the tests between 

90-110 °C. 

For the elevated temperature tests, the maximum depth was set to go no further than 

700 nm. The spherical tip that was employed had a conical shape terminated in a 

sphere in the last 750 nm of the cone, therefore, going past that depth would get 

inaccurate results. The 700 nm depth was met, however, during the dwell period at 

maximum load (100 s), the indenter continued to penetrate deeper, giving a higher 

maximum depth. To our experience this can slightly affect hardness results and to a 

greater extent give inaccurate reduced modulus values. For the sake of comparison, 
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these results are acceptable. The hardness-temperature data from the nanoindentation 

testing is shown in Figure 31.  

 

Figure 31: Hardness data from nanoindentation tests at elevated temperatures for neat 
and Short 0.3 wt% samples 

	
There is a trend in the hardness versus temperature data for neat sample, as shown in 

Figure 31. This could be an indicator of the glass transition temperature. In the DMA 

testing, it was determined that the Tg of the Neat sample with DCM sample to be 

99°C and the Tg of the Short 0.3wt% sample to be 103°C. CNT samples have a higher 

hardness at all measured temperatures. Hardness values were expected to decrease 

rapidly in the 90-110 °C range, however both samples harden with increasing the 

temperature. Neat sample, however show a peak around its Tg.  
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Figure 32: Depth vs. Load data for the neat with DCM sample 

	
 

 
Figure 33: Depth vs. Load data for short 0.3wt% sample 

	
The plots shown in Figure 32 and Figure 33 represent the load-depth data for different 

samples and collected at various temperatures.  

The nanoindentation creep data can be used to extract the strain rate sensitivity 

parameter. The dwell period at maximum hold can be used to show the creep data. An 

example of the data collected from CNT and Neat samples at 25 °C is shown in Figure 
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34. The NanoTest software used a best-fit to the creep data and determined the 

constants A and B, as mentioned earlier in 1.4.2. 

The A constant is then used to calculate A/d0 (d0, being the initial depth at maximum 

load), the strain rate sensitivity parameter. This parameter has been studied as a tool 

to observe the glass transition temperature [1-3] and is used later as a comparison to 

tanδ measurements from DMA analysis. 

	

Figure 34: Creep data with a best fit line shown for CNT and Neat samples at 25C 

	

4.2 Nanoimpact  

The Nano Test 600 has the capability to perform nano-impact experiments. Impact 

tests were used to evaluate the damping ability of a neat Aeropoxy sample and a short 

0.3wt% CNT sample. DMA measures the viscoelastic damping while nanoimpact 

depth-time data contains information on dynamic hardness of the sample, which has 

contributions form visco-plastic damping. Similar to nanoindentation tests where the 

unloading response is largely elastic, the bouncing off portion of the nanoimpact test 
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should be elastic and viscoelastic. It is hypothesized that if this data is analyzed 

carefully, damping parameters can be extracted. This was not tested in this thesis. 

The data in Figure 35 shows the data collected from the nano-impact tests that were 

performed on each sample. Samples were tested at 25°C and 50°C. It can be seen that 

the neat samples and CNT samples do have minor changes in damping behavior at 

different temperatures, but it is not visually large enough of a difference to make any 

conclusions about temperature effects. The difference is, however, large enough 

between the Neat and CNT samples to come to a conclusion. It appears that the 

sample with CNTs have a higher damping ability. This is supported by the quicker 

decay of the oscillations seen in Figure 35 for the CNT samples. Further numerical 

analysis of this data is required to interpret the data. 

	

Figure 35: Representative nanoimpact tests on neat epoxy and CNT nanocomposite 

Chapter 5: Correlation of DMA and Nanoindentation 

Nanoindentation and nano-impact tests were performed at elevated temperatures. 

Results of these tests are compared to that of DMA tests to see if a correlation can be 
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made. These data points were compared against each other for both numerical values 

and thermo-mechanical trends. The data in Table 4 and Figure 36 shows the reduced 

modulus collected from nanoindentation data. It can be compared to the storage 

modulus results collected using DMA on the same samples, shown in the plot in 

Figure 36. The maximum storage modulus results from DMA for the samples were 

2.828 GPa and 3.03 GPa for Neat and CNT samples, respectively. In both analysis 

methods, the samples containing CNTs had a higher room temperature modulus than 

the samples containing no CNTs. Nanoindentation modulus values are similar to 

those measured using DMA above Tg, however, nanoindentation modulus does not 

follow the typical decreasing trend with increasing temperature. It can be concluded 

that surface of sample continues to cure, evident by both increase in hardness and 

modulus above 90 °C. 

Room temperature properties for samples that had been heated up to 110 °C were 

measured using both nanoindentation and DMA. While post-heat samples showed 

slight change in DMA measurements, nanoindentation revealed severe degradation of 

properties on the surface.  

Temperature Neat  - 
Nanoindentation 

Standard 
Deviation 

CNT - 
Nanoindentation 

Standard 
Deviation 

25C 3.977 GPa 0.186 4.089 GPa 0.333 
25C – Post Heat 3.303 GPa 0.334 3.367 GPa 0.373 

90C 0.062 GPa 0.003 0.066 GPa 0.007 
95C 0.081 GPa 0.004 0.072 GPa 0.005 
100C 0.080 GPa 0.003 0.068 GPa 0.004 
105C 0.077 GPa 0.005 0.069 GPa 0.018 
110C 0.073 GPa 0.005 0.073 GPa 0.006 

Table 4: Reduced Modulus results from nanoindentation data - tabulated 
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Figure 36: Nanoindentation Reduced Modulus compared to DMA Storage Modulus as a 

function of temperature 

	
Another comparison between the two instruments is the tanδ data. Using the creep 

data from nanoindentation and the tanδ collected from DMA, the correlation 

mentioned in Gray et al.[3] can be verified. As such, strain rate sensitivity parameter 

is linearly proportional to tanδ . Collected data values are shown in Table 5. The 

highlighted numbers are the maximum from each test. The tanδ peak is at the glass 

transition temperature, as shown earlier in DMA data. From the full data set given in 

DMA, the Tg for the Neat and CNT sample are approximately 99°C and 103°C, 

respectively. Based on plot of Figure 37, strain rate sensitivity parameter cannot be 

correlated to damping measured by DMA by any relationship. Moreover, strain rate 

sensitivity does not follow a similar trend, as the tanδ. We believe this is due to 

sample surface degradation at elevated temperatures. 
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Table 5: A/d(0) from nanoindentation and tanδ  data from DMA 

	

 

Figure 37: Graphic representation of A/d0 and tan delta comparison 

	
Tanδ is not only an indicator of Tg, but also measures the damping ability of a 

material. From the DMA data, samples containing CNTs had a higher viscoelastic 

damping ability, compared to the sample without CNTs. This trend is also proven to 

be true by the nano-impact testing. The oscillations show a better viscoplastic 

Temperature Neat - A/d0 CNT - A/d0 Neat - tan delta CNT - tan delta
25	C 0.0787 0.0807 0.0406 0.0373
90	C 0.1371 0.0773 0.3862 0.2587
95	C 0.0592 0.0451 0.5238 0.4115
100	C 0.0376 0.0322 0.5649 0.5735
105	C 0.0339 0.0299 0.4752 0.5893
110	C 0.0414 0.0246 0.3176 0.4592
25	C	-	Post	Heat 0.0585 0.0804 	--------- 	----------
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damping ability in the sample containing CNTs, when compared to the neat Aeropoxy 

sample.  

The data from DMA and nanoindentation can be compared and corroborated in some 

of the mechanical and viscoelastic properties. More samples could have been tested 

and a greater range of temperatures other testing parameters performed. Most 

importantly, samples have to be tested in an inert atmosphere where their surfaces are 

protected from degradation by oxidation.  
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Chapter 6: Future Work 

The type of CNTs, concentrations, and method of dispersion all played a role in the 

mechanical and viscoelastic properties of the samples. There are many other 

processing parameters that need to be optimized for an effective CNT-epoxy 

integration. It would be interesting to elucidate the role of processing on elimination 

of functionalized CNTs (confirmed by Raman).  

All final samples were made within the span of a week and all from two master 

batches of solution. This insured that all samples were prepared under the best 

identical lab conditions possible. It will be worthwhile to systematically investigate 

the effect of both intensity/duration of air exposure, temperature and humidity during 

processing and after samples are cured, on the core and surface properties of the 

nanocomposites. For example, preliminary testing determined that any moisture 

would significantly affect the dispersion of CNTs. If moisture plays that big of a role, 

it would be interesting to see what temperature does for different polymer and solvent 

combinations. We also observed severe surface degradations due to elevated 

temperatures, but to a much lower degree for samples tested using DMA. Such 

degradations need to be understood and minimized in order for nanoindentation 

results to be consistent with the bulk properties. One possible approach would be to 

perform nanoindentation in an enclosure filled with an inert gas. 

Other parameters have been shown to make a difference in nanocomposite properties. 

These include epoxy types, solvents, surfactants, and order of mixing. Our 

understanding is that developing standardized methods to prepare nanocomposite 

samples will be the corner stone to much of the research being done pertaining to 

these types of nanocomposites. 
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Finally, further characterization of CNT morphology and structure would be 

beneficial to learn more about these composites. In this study, only thermo-

mechanical and calorimetric studies were conducted, but electrical properties are also 

important to gain an understanding of dispersion and connectivity of CNTs in the 

matrix.  

Overall, more experiments and simulations need to be performed to fully understand 

nanocomposites and correlate their nano- to macro- mechanical properties.   
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