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ABSTRACT

Processing and Evaluation of a Carbon Fiber/Epoxy Composite Reinforced in the 

Interlaminar Region with Carbon Nanotubes and Nanofibers

by

Grace Mary Rojas

This study demonstrates that introducing Carbon Nanotubes (CNTs) and Vapor 

Grown Carbon Fibers (VGCFs) into the interlaminar region of a carbon fiber/epoxy 

composite can enhance the resistance to delamination of the material. Delamination is a 

critical failure mode of laminated composites, materials widely used for aerospace 

applications, and previous work demonstrated that CNTs can be used to address this 

problem. In this thesis a new method to increase resistance to delamination is proposed. 

The approach consists of using VGCFs and CNTs simultaneously so that a synergistic 

effect in the enhancement of the mechanical properties of the composite is obtained. The 

nanocomposites were created using a spraying technique, followed by a Vacuum Assisted 

Resin Transfer Molding (VARTM) process. A maximum toughness increase of 51% 

with respect to the un-reinforced material was obtained when 0.025 wt% VGCF and 

0.025 wt% CNT were combined, a result attributed to synergism occurring between the 

nanomaterials.
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CHAPTER 1 

INTRODUCTION

In this thesis a new technique to enhance delamination resistance of a carbon 

fiber/epoxy composite was developed. The composites were reinforced in their 

interlaminar region with Vapor Grown Carbon Fibers (VGCFs) and Carbon Nanotubes 

(CNTs), such that when both nanomaterials were used simultaneously, a synergistic 

effect in the mechanical properties of the composite was obtained.

Fiber reinforced polymer (FRP) composites, such as carbon fiber/epoxy 

composites, have excellent mechanical properties in the direction of the fiber, but are 

susceptible to delamination due to poor through-thickness mechanical properties. 

Delamination, the separation of the laminas of the composite, decreases the strength and 

stiffness of the composite and can eventually lead to the total failure of the material. 

Because FRP composites are typically used as structural materials in aerospace 

applications, it is important to address the issue of delamination.

Common techniques used to delay delamination often decrease other mechanical 

properties of the composite. For example, stitching the carbon fibers can enhance 

resistance to delamination, but this often decreases tensile and compressive strength of 

the composite. Carbon nanotubes are considered to be excellent reinforcements due to 

their small size and extraordinary mechanical properties, and recent work by has proved 

that introducing these nanomaterials in the interlaminar region of the composite can 

increase the resistance to delamination of FRP composites. Because nanotubes can be
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used in small amounts, they are not expected to decrease other desirable mechanical 

properties of the composite, so using nanotubes to reinforce FRP composites is an 

attractive alternative to solve this problem.

In this work two different nanomaterials (VGCFs and CNTs) were used to 

reinforce the interlaminar region of the composite; this was done to determine if the two 

reinforcements would act synergistically to enhance the mechanical properties of the 

composite. Synergism between two components occurs when their combination 

produces a greater enhancement in a certain property than the sum of the individual 

effects obtained when each component is by itself. One of the immediate opportunities 

of having a synergistic effect is that less material is required to enhance a desired 

property, which translates into lower costs of manufacturing, and lower weight of the 

final part. Additionally, understanding synergistic behaviors in nanomaterials is of 

interest for the nanotechnology field because it can provide an additional design tool to 

create advanced materials. By combining different nanomaterials, new synergistic 

interactions that are driven by the nanoscale size of the materials can occur, opening a 

window of opportunity to create systems with new properties and multifunctionality.

The nanomaterials selected for this research (VGCFs and CNTs) were introduced 

into the composite using a spraying methodology followed by a Vacuum Assisted Resin 

Transfer Molding (VARTM) process. The spraying methodology consists of dispersing 

the nanomaterials in a solvent, spraying this solution on the carbon fiber, and evaporating 

the solvent such that only the nanomaterials remain on the carbon fiber. The advantage 

of using this process is that the nanomaterials are not mixed directly into the resin, which 

could lead to high viscosities of the polymer and therefore create problems during
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processing of the composite. Additionally, this methodology allows placing the 

nanomaterials only where they are needed, so that flexibility of design is allowed.

Resistance to delamination of the composites was measured using the Short Beam 

Shear (SBS) and the Double Cantilever Beam (DCB) tests. Although the SBS test was 

unable to quantify the reinforcement effect of the nanomaterials in the composite, the 

DCB test showed that an increase in toughness is observed when CNTs and/or VGCF are 

introduced in the interlaminar region of the composite. Results show that the maximum 

increase in toughness of the composite is obtained when 0.025 wt% VGCF and 

0.025 wt% CNT (with respect to the weight of a carbon fiber ply) are introduced in the 

interlaminar region of the composite. This enhancement in the properties was attributed 

to a synergistic effect between the VGCFs and the CNTs. It is proposed that the VGCFs 

reinforce the matrix of the composite while the CNTs reinforce the interphase of the 

composite, leading to the synergistic effect observed in the results.

The structure of this thesis is as follows: Chapter 2 presents a background section 

on several topics relevant to this thesis. The chapter begins by reviewing the properties of 

carbon fiber epoxy composites, which is the specific composite evaluated in this thesis. 

The concept of delamination is then introduced, and different ways to measure resistance 

to delamination are presented. The chapter then explains how delamination can be 

avoided by the use of carbon nanoconstituents, and reviews previous research done in the 

area. Finally, the concept of synergism is explained, and several examples of synergistic 

effects observed in polymer nanocomposites are discussed.
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Chapter 3 describes the materials used to manufacture the VGCF/CNT carbon 

fiber/epoxy composites evaluated in this thesis, and presents and discusses the 

characterization results obtained for such materials.

Chapter 4 shows the procedures used to create the nanocomposites evaluated in 

this thesis, such as the spraying methodology and the VARTM process. Additionally, 

dispersion analysis of the nanofibers during processing is presented, and the results of the 

quality control analysis of the final composites are discussed.

In Chapter 5, the mechanical properties of the composites are evaluated using the 

Short Beam Shear (SBS) and the Double Cantilever Beam tests.
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CHAPTER 2 

BACKGROUND

A composite can be defined as a material that consists of two or more physically 

or chemically different components separated by an interface (1). Composites are 

characterized by having unique final properties which are not exhibited by any of the 

constituents when they are by themselves. Composite materials are all around us, both in 

nature and in human-made objects. A seashell, for example is made of calcium 

carbonate bricks and mortar-like protein layers, making a structure which is very strong, 

hard and tough (2). Bone is another example of a natural occurring composite, in which a 

hydroxyapatite matrix is reinforced by cellulose fibers in order to create a lightweight 

structure that has good mechanical properties under tension and compression (3). There 

are also many synthetic composites made by combinations of polymers, ceramics and 

metals; which create unique materials that can be used for many aerospace and 

commercial applications.

This thesis focuses on evaluating the properties of carbon fiber/epoxy reinforced 

composites, materials widely used for aerospace applications. The structure of this 

chapter is as follows. First, the properties of Fiber Reinforced Polymer (FRP) composites 

are reviewed, focusing on epoxy/carbon fiber composites. Then, the concept of 

delamination (one of the most critical failure modes in laminated composites) is 

introduced, focusing on why delamination occurs, how resistance to delamination is 

measured, and what techniques are used to address this problem. Because the focus of
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this thesis is to improve resistance to delamination of epoxy-composites by using carbon 

nanotubes and nanofibers, part of this chapter will review previous work done in the area 

of epoxy matrices reinforced with these nanomaterials. Additionally, a discussion on 

how nanotubes can be used to reinforce FRP composites will be presented. Finally, the 

concept of synergism between different nanofillers is explained and previous work in 

polymer composites where such behavior was observed is discussed.

2.1. Fiber Reinforced Polymer (FRP) Composites

A Fiber Reinforced Polymer (FRP) Composite is a thermoset or thermoplastic 

matrix reinforced by a fiber (4). In aerospace and other structural applications, FRPC 

composites offer the advantage of combined strength and stiffness with low weight 

(compared to conventional metals or un-reinforced polymers), and the additional 

advantage that other desirable properties can be tailored depending on the final 

application of the material (4).

In this thesis we will evaluate carbon fiber/epoxy composites, which are materials 

widely used for aerospace applications. This section reviews the properties of each of the 

components in a carbon fiber/epoxy composite.

2.1.1. Carbon Fiber/ Epoxy Composite Constituents.

2.1.1.1. Carbon Fiber

Carbon fiber is a type of advanced fiber used widely as a reinforcement element 

in FRP composites due to their high specific stiffness and strength (5). Carbon fibers
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have a turbostatic structure, shown in Figure 2.1, which is similar to that of graphite 

crystals but the packing of the layer planes is more irregular (6). When the carbon layers 

are in a preferential direction, the strength in this direction is very high. During 

processing of carbon fibers, alignment of the carbon layers is induced, resulting in a fiber 

with great strength and stiffness in the axial direction (1).

Carbon Fibers can be produced from three different precursors: polyacrylonitrile 

(PAN), pitch or rayon, which can be spun and carbonized into a fiber (7). The properties 

of carbon fibers depend strongly on the manufacturing method and vary from supplier to 

supplier (5). For example, PAN carbon fibers, which counts for 90% of the all the carbon 

fiber produced, have higher tensile and compressive strengths than pitch or rayon fibers, 

but their modulus is lower than pitch fibers. PAN carbon fibers are also the least 

expensive type of fibers. Pitch fibers have higher modulus, lower electrical resistivity 

and higher thermally conductivity than PAN and rayon fibers (4). Typical values of 

tensile properties of different carbon fibers are given in Table 2.1.

Figure 2.1 . Structure of carbon fiber (6).
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Table 2 .1 . Axial tensile properties of carbon fibers (8)

Precursor Tensile Strength (GPa) Tensile Modulus (GPa) Elongation at break (%)
PAN 2.5-7.0 250-400 0.6-2.5

Mesophase pitch 1.5-3.5 200-800 0.3-0.9
Rayon -1.0 -50 -2.5

After the fibers have been produced, they need to be converted into some type of 

preform that facilitates handling and creation of composites. Carbon fibers are typically 

supplied in tows, which are bundles of fibers than can contain from 400 to 320,000 

filaments per tow. Tows can be used in their continuous form to produce composites 

directly (as in filament winding), or to create preforms such as a prepeg sheet or a carbon 

fiber fabric (5).

Prepegs are rolls of sheets of unidirectionally oriented fibers preimpregnated with 

a partially cured resin (4). During manufacture of a composite, different prepreg layers 

are laid-up in the desired configuration, and they are then cured under temperature and 

pressure (1). This method is widely used to create stiff and strong laminates with 

controllable, predictable results. Fabrics, on the other hand are tows that have been 

woven using a specific 2D or 3D configuration. The fabric layers are laid up in the 

desired configuration and then a resin can be infused through the fabric by different 

processes, such as Vacuum Assisted Resin Transfer Molding (VARTM) and Resin 

Transfer Molding (RTM) (1), methods which will be discussed in more detail in Chapter 

4. The advantage of using fabrics, compared to using two layers of non-woven fibers, is 

that they have good drapability (so they can be used to create parts with complex 

curvature) and are easier to lay-up during the manufacturing process. Also, although tow 

crossovers in woven fibers lead to a decrease in the mechanical properties of the 

composite, they provide excellent damage tolerance (5).
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2.1.1.2. Epoxy Matrix.

To be able to exploit the high stiffness and strength of the carbon fibers, it is 

necessary to bond them with a matrix material (5). The matrix not only protects the fiber 

from its surroundings, but it also transfers the load to the fibers and determines the 

maximum service temperature of the composite (because the fibers are refractory 

materials) and durability (4). Additionally, it stabilizes the fiber in compression, increases 

toughness of the composite by exhibiting plastic deformation and provides out-of plane 

properties to the laminate (5).

Matrix materials can either thermosetting or thermoplastic (4). Epoxies, which 

are the matrix of interest for our research, are thermoset materials which are widely used 

to create FRP composites. Epoxies are characterized by having an epoxide group in their 

chemical structure. The most common epoxy resins are glycidyl ethers of alcohols or 

phenolics, in which Diglycidyl ether of bisphenol A (DGEBA) represents greater than 

75% of the resin used in industrial applications (9); the chemical structure of this polymer 

is presented in Figure 2.2.

Figure 2. 2. Structure of DGEBA resin, which represents greater than 75% of the resin used in industrial 
applications (9).

To obtain a network structure, epoxies are mixed with curing agents, such as 

organic amino or acid compounds, that react with the epoxy and hydroxyl groups 

between adjacent groups (1). This reaction is shown schematically in Figure 2.3.
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Figure 2. 3. Curing mechanism of Epoxy resins (9). The peroxide groups react with the amine groups to 
create a polymer network.

A very large percentage of high-performance polymer matrix composites are 

made with epoxy matrices (1). In particular, epoxy is the standard material for aerospace 

(5) due to its low cost and combination of excellent characteristics such as good 

mechanical properties, low shrinkage, no volatiles emitted, good chemical resistance, 

good adhesion to fiber reinforcement, thermal stability at a wide temperature range, and 

good resistance to moisture. Additionally, they are commercially available in a wide 

range of compositions and they can be easily processed in a great variety of ways. The 

limitation of these materials is that they have limited ductility and have reduced hot/wet 

strength performance (10).

Epoxy resins are typically introduced into the fiber by a prepreg process or by an 

infusion process such as VARTM or RTM. The VARTM technique was the preferred 

method used in this study because it is a low cost process that yields good quality parts.

2.1.1.3. Fiber-Matrix Interface

The properties of FRP composites depend on the matrix and the fiber properties; 

however, they also depend very strongly on the interface between these two components 

(1). The interface is the region (volume) of transition between the fiber and the matrix.
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In the case of carbon fiber/epoxy composites, the interface is usually taken to be the 

three-dimensional boundary between the resin (including the sizing) and the fiber surface 

(4,11). A sizing is a polymer coating that promotes compatibility between the matrix and 

the fiber (5).

The interface is critical for controlling composite properties because this is where 

the interaction between matrix and fiber occurs (4). For example, high modulus 

composites require adequate adhesion between the fiber and the matrix, while the tensile 

strength is determined by the load transfer capability between the matrix and fiber. Both 

these properties are controlled by the interface. Other properties, such as interlaminar 

shear strength (ILSS) and transverse tension, are matrix-dominated failure modes that, in 

order to be maximized, need the interface to be stronger than the bulk matrix. (5).

The interactions between fiber and matrix can occur through three main 

mechanisms: mechanical interlocking; chemical bonding between the fiber and the

matrix, and van der Waals bonding between the fiber and the matrix (12). Figure 2.4 

shows a schematic representation of such mechanisms.

Matrix

Fiber

Matrix

Fiber

Matrix

Fiber

(a) (b) (c)

Figure 2. 4. Schematic representation of the main mechanisms for interactions between the fiber and the 
matrix: (a) mechanical interlocking, (b) chemical bonding, (c) van der Waals interaction (4).
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Because carbon fiber has low reactivity and a very smooth surface, obtaining a 

strong adhesion with the matrix by means of the interactions mentioned above is not easy 

(1). Surface treatments, such as oxidation and application of sizings, are techniques that 

have been widely used to overcome this problem. Oxidation of the fiber can be 

performed with gases, chemicals or electrolytical processes and is done to introduce 

chemically active sites, in which the polymer can graft, a process which results in 

increased adhesion with the matrix (5). Additionally, oxidation eliminates any impurities 

present in the surface of the fiber and increases fiber rugosity, thereby promoting 

interlocking interactions with the matrix (4). Sizings, or polymer coatings, are generally 

applied on the fibers to improve fiber wetting and adhesion, while still retaining 

compatibility with the bulk polymer (5). Sizings also have the function of protecting the 

fiber surface during manufacture and handling, binding the fibers in a tight bundle so that 

they are easier to process, and reducing static electricity (4). The chemistry of sizings is 

generally proprietary and difficult to obtain from the manufacturer, but for carbon 

fiber/epoxy composites two common types are epoxy resin and poly(vinyl alcohol) 

(PVA) (11).

2.1.2. Mechanical properties of carbon fiber/epoxy composites.

The overall properties of composite structures depend on the properties of the 

individual components (fibers, matrix, and the interfacial region connecting them) as well 

as on the processes and methods used to fabricate the finished structures (4). In general 

carbon fiber/epoxy composites are characterized by having enhanced mechanical 

properties in the direction of the fibers (which are summarized in Table 2.2), excellent
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corrosion resistance and fatigue strength, and low weight. The combination of these 

properties makes epoxy/carbon fiber composites ideal for applications in the aerospace 

industry (1).

Despite the great mechanical properties of carbon fiber epoxy composites in the 

direction of the fibers, these materials are weak in the direction perpendicular to the fiber 

(z-axis direction) because these are matrix-dominated properties instead of fiber 

dominated properties. Major factors determining the z-axis properties are the fracture 

toughness of the resin and the interfacial properties between the fibers and the matrix 

(13).

Table 2. 2. Mechanical properties (in the longitudinal direction) of some unidirectional carbon 
fiber/epoxy composites with 62% fiber volume (1).

Property AS HMS Celion 6000 GY 70
Tensile Strength (MPa) 1850 1150 1650 780
Tensile Modulus (GPa) 145 210 150 290-325
Tensile Strain to Fracture (%) 1.2 0.5 1.1 0.2
Compressive Strength (MPa) 1800 380 1470 620-700
Compressive Modulus (GPa) 140 110 140 310
Compressive Strain to Failure (%) - 0.4 1.7 -
Flexural Strength (4 points) (MPa) 1800 950 1750 790
Flexural modulus (GPa) 120 170 135 255
Interlaminar Shear strength (MPa) 125 55 125 60

The poor mechanical properties in the z-direction causes these composites, as well 

as many other laminated composites, to be susceptible to delamination, which consists of 

separation of their laminas or plies in the direction parallel to their plane. The topic of 

delamination will be covered in more detail in the next section.

2.2. Delamination of Laminated Composites.

As mentioned previously, laminated composites have great mechanical properties 

in the direction of the fiber reinforcements; however, they are weak on the direction
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perpendicular to the fibers. The lack of mechanical properties in the out-of-plane 

direction can cause delamination, or separation of the laminates, which is considered to 

be the most critical failure mode of laminated composites. Although delamination itself 

does not lead to catastrophic failure of the composite, it can weaken the material by 

decreasing its strength and stiffness, and can eventually lead to its total failure (14,15,16). 

Figure 2.5 shows a schematic representation of delamination in a composite.

Delamination

£

Figure 2. 5. Schematic representation of delamination in a composite. Delamination is the separation of 
the laminas of the composite.

In this section two common methods for quantifying resistance to delamination 

will be presented. Additionally, several techniques used to improve resistance to 

delamination of laminated composites will be discussed, focusing on describing how 

nanotubes and nanofibers can be used to achieve this goal.

2.2.1. Measuring Resistance to Delamination.

Because laminated composites are increasingly being used in structural 

applications, it is vital to predict their failure behavior so that that design parameters can 

be created (14,16). It is very difficult to analyze all the failure modes that occur in a 

composite; however, a conservative approach involves studying only the worst case 

scenario, which is delamination of the composite (17). Delamination can be predicted by
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two different methodologies: using mechanics of materials or using fracture mechanics 

(16,18).

The mechanics of materials approach is based on determining the delamination 

resistance of the material, a property that is quantified by the value of the interlaminar 

shear strength (ILSS). Among the several methods used to determine ILSS, the Short 

Beam Shear (SBS) has been one of the most popular ones because of its simplicity of 

testing and low sample preparation costs (16,18,19).

In the fracture mechanics approach, the material is fractured under Mode I, Mode 

II or Mode III openings, shown in Figure 2.6, and the delamination failure criterion is 

based on the strain energy release rate, which characterizes the toughness of the material 

(5). From the three fracture modes mentioned above, the lowest toughness failures are 

obtained for Mode I cracks, so the critical energy release rate value obtained for this 

condition (G/c) has been widely used to characterize the toughness of a composite 

laminate (4). The Double Cantilever Beam (DCB) specimen is commonly used to 

measure the Mode I interlaminar fracture toughness and is specified by ASTM D5528-01 

(20).

(c)(a)

Figure 2. 6. Schematic representation of the three modes of crack opening: (a) Opening mode or Mode I, 
(b) Sliding mode or Mode II, (c) Tearing mode or Mode III. (21)
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Both the SBS and the DCB tests were used in this research to characterize 

resistance to delamination of the composites. These methods and will be described in 

more detail in Chapter 5.

2.2.2. Improving Resistance to Delamination.

The most common techniques used to address the problem of delamination 

involve developing tougher resins or adding toughening agents to the resin, as well as 

using adhesive interleaving, creating 3D-reinforced composites (by braiding, weaving or 

stitching the fibers), and improving fiber sizings (16). However some of these 

approaches can often sacrifice other desirable properties of the composites (13). For 

example, adding toughening agents such as rubber particles in the composite can increase 

toughness of the material, but it lowers the Young modulus, glass transition temperature 

and tensile strength of the epoxy. Similarly, using through-thickness reinforcements can 

increase resistance to delamination, but compressive and tensile strength are reduced 

when compared to unstitched laminates (16).

Due to the sacrifice in properties that occurs with the current techniques, 

researchers have been looking for other ways to improve the z-axis properties of 

laminated composites. With the development of new nanomaterials with enhanced 

mechanical properties, a new solution has been proposed for this problem (13,22). 

Because nanomaterials can be used in small amounts to obtain an increase in the 

properties, it is expected that their use will not affect greatly other properties of the 

composites. In the following sections we will review how two types of carbon 

nanomaterials, nanotubes and nanofibers, have been used to enhance the properties of
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epoxy matrices and how this concept can be translated into using nanotubes to create 

fiber reinforced composites with enhanced resistance to delamination.

2.3. Epoxy Nanocomposites

Because carbon nanotubes and nanofibers have unique mechanical, physical, 

optical, electrical and thermal properties, there is increased interest in introducing these 

materials into some form of matrix in order to create nanocomposites (23,24). 

Particularly interesting is the use of nanotubes and nanofibers as reinforcements for 

epoxy polymers because these matrix materials are widely used in commercial and 

aerospace applications. In this section we will review the properties of nanotubes and 

nanofibers, as well as the mechanical properties of epoxy matrices reinforced with these 

materials.

2.3.1. CNT/Epoxy Composites

Since the discovery of nanotubes by Iijima in 1991 (25), much effort has been 

invested in studying this new carbon form. Nanotubes have remarkable mechanical 

properties, very high thermal conductivity and variable electrical conductivity, which 

depends on the diameter and chirality of the tube (26). Although all the properties of 

nanotubes are worth discussing, we are particularly interested in using nanotubes as 

reinforcements in polymer composites, so in this section we will focus on reviewing the 

mechanical properties of nanotubes and their composites.

Carbon nanotubes can be visualized as rolled graphene sheets, with cylindrical 

hexagonal lattice structure, closed at the end with fullerene caps (26,27). The remarkable
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strength and stiffness of carbon nanotubes is due to the covalent in-plane carbon bonds, 

one of the strongest in nature, which form their structure (28). Other factors that greatly 

increase the mechanical properties of the nanotubes are: i) their tubular shape, which 

eliminates the presence of sharp edges that could act as crack initiators; and ii) the 

alignment of the bonds in the axial direction, which maximize the mechanical properties 

of the nanotubes (29,30).

Depending on the processing conditions, two main types of nanotubes can be 

formed: single-walled nanotubes (SWNTs), or multi-walled nanotubes (MWNTs)

(27,31). SWNTs are individual cylinders of diameters between 0.4 to 4 nm (26) and 

length up to centimeters (32). MWNTs, on the other hand, are a collection of several 

concentric graphene cylinders (29,30) with diameters ranging from 1.4 to 100 nm (26) 

and lengths in the order of tens of microns (32). In MWNTs the separation between each 

layer is approximately 0.34 nm, which is almost the same as the graphite interlayer 

spacing (28). Figure 2.7 shows the structures of these two types of nanotubes.

(a) (b)

Figure 2. 7. (a) 3D model of a SWNT, which can be visualized as a rolled graphene sheet with cylindrical 
hexagonal lattice structure closed at the end with fullerene caps; (b) 3D model of a MWNT, consisting of a 
collection of several concentric graphene cylinders (33).
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SWNTs are considered to be the ultimate carbon reinforcement (28,34). 

Experimental and theoretical studies show that the modulus of SWNTs is greater than 

1 TPa (32) while its tensile strength ranges from 100-600 GPa (30). MWNTs have 

similar Young modulus as SWNTs, but their tensile strength is lower, ranging from 11 to 

63 GPa (35), possibly due to higher number of defects present in the outer shells of the 

nanotubes (29). Additionally, because the shells of MWNTs are weakly bound to one 

another by Van der Waals forces, they can slip and rotate relative to each other in the 

presence of load, resulting in an internal failure that deteriorates the mechanical 

properties of the nanotube (36,37).

The efficiency of fillers in polymer composites depends strongly on the size and 

aspect ratio of the fillers (38). Carbon nanotubes an have extremely high aspect ratio, 

which can be as high as 10,000 (30), and a very large specific surface area (surface area 

divided by the mass of the nanotube). Having this large surface area is beneficial for the 

reinforcement effect of the fiber because it acts as an interface for stress transfer. While 

SWNTs can have surface areas up to 1300 m2/g, MWNTs can only reach 200 m2/g, so 

they are considered less efficient than SWNTs in the stress transfer process (39).

The combination of the properties mentioned above (high strength, high stiffness, 

and very high aspect ratios) plus the very low density of nanotubes (~1.3 g/cm3) make 

these materials, especially SWNTs, ideal carbon reinforcements for polymer matrix 

composites. This has become the most promising application of nanotubes in the 

composites field (32). Recently, much research has been focused on introducing carbon 

nanotubes in epoxy matrices because this polymer is widely used in aerospace and
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commercial applications (40,41,42). By using nanotubes, advanced epoxy composites 

with high strength, low weight and multifunctionality can be created (40).

Ajayan and coworkers (43) were the first to report the manufacture of a nanotube- 

reinforced epoxy matrix. In their work no quantitative measurement on the mechanical 

properties of the composite was made. However, they showed evidence of alignment of 

the nanotubes in the matrix due to shear forces created with a diamond knife.

In 1998, Schadler et al. (12) were the first to evaluate the mechanical properties of 

a MWNT-epoxy composite. By introducing 5 wt.% of MWNT in the epoxy matrix, they 

observed an increase of almost 20% in the elastic modulus of the composite under 

tension, while the modulus increased by 24% when the sample was in compression. The 

difference in the tension and compression behaviors was attributed to the fact that in 

tension the nanotubes can pull out of the matrix, limiting the load transfer between matrix 

and reinforcement. On the other hand, when nanotubes are under compression the load 

transfer is more effective because it occurs through buckling and bending of the 

nanotubes, as determined by Raman experiments.

Other researchers have investigated the effect of adding nanotubes in epoxy, and 

the results are divergent (41). While some groups have found that nanotubes decrease or 

barely increase the mechanical properties of the final composite with respect to the neat 

resin (44,45,46), others have reported enhancement in the properties (47,48,49, 50,51,52, 

53). The difference in the published results can be attributed to several factors: 

dispersion of the nanotubes in the composite, load transfer between matrix and filler (12, 

32,36,39,54,55), type of nanotubes used (SWNT vs. MWNT) and stiffness of the matrix.
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These effects will be discussed in more detail because many of these factors play an 

important role in this research.

a) Effect of dispersion.

In order to fully take advantage of the reinforcing effect of carbon nanotubes, 

dispersion of the single nanotubes into the polymer matrix must be achieved (55). A 

homogeneous dispersion of nanotubes allows load transfer to occur between the polymer 

and the nanotube and also promotes a more uniform stress distribution in the composite. 

However, obtaining dispersion of CNTs (especially SWNTs) is one of the many 

challenges faced by researchers working in this field (24, 29). Nanotubes are typically 

produced in tangled mats that are difficult to separate (29), and when these materials are 

introduced into a polymer system, the entangled configuration usually persists, resulting 

in poor dispersion of the nanotubes. The presence of agglomerated nanotubes in a 

polymer can often act as stress concentrators in the composite, which deteriorate the 

mechanical properties of the material. It is therefore imperative to eliminate 

agglomerates and to disperse and distribute nanotubes evenly in the matrix in order to 

achieve maximum mechanical properties.

Barrera (24) has explained, however, that even when good dispersion is achieved 

and there are no nanotube agglomerates present in the polymer matrix, dispersion of 

SWNTs is generally in the form of bundles rather than in the form of single nanotubes. 

Bundles are ropes of tens or hundreds of tubes organized in a hexagonal pattern that form 

as a result of the strong intermolecular Van der Waals forces between the nanotubes (26, 

31). During composite processing, these bundles are very difficult to separate because
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they are insoluble in most solvents. Additionally, the bundles are not easily penetrated by 

the resin (39), so when a force is applied they can break by shearing along the axis of the 

rope, causing failure between nanotubes at stresses much below the intrinsic capability of 

a single nanotube (30). As a result, the mechanical properties of composites reinforced 

with nanotubes bundles are not as high as expected.

Different procedures have been reported in the literature to improve dispersion of 

nanotubes in an epoxy matrix, including high shear mixing (47,39,55,56), ultrasonication

(12.44.48.53.57.58.59), use of surfactants (49), chemical functionalization

(39.55.54.36.57.59.60), polymer wrapping (56), or a combination of these techniques.

b) Effect of ability to transfer load.

Dispersion of the nanotubes in the matrix is not the only requirement that needs to 

be met in order to take full advantage of the excellent properties of carbon nanotubes. 

Equally important is the need to efficiently transfer the load from the polymer to the 

nanotube, so that the loads are shared between the two components, often resulting in 

improved mechanical strength (32).

Nanotubes have an atomically smooth surface, which inhibits the ability to 

achieve interfacial bonding with the matrix and limits load transfer between the two 

components (54). When load is applied, nanotubes are pulled out of the matrix instead of 

being fractured, precluding further load transfer with the matrix (36,37). If the bonding 

between the nanotube and the matrix is not improved, no benefit in the mechanical 

properties of the composite will be observed, and even worse, nanotubes could actually 

weaken the properties of the composite (45).
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A technique that has been successfully used to increase load transfer between 

nanotubes and polymeric matrices is functionalization. Functionalization consists of 

attaching functional groups to the ends or sidewalls of the nanotubes by means of 

chemical reactions (26). The functional groups provide multiple bonding sites to the 

polymer matrix so that the load can be transferred to the nanotubes, resulting in better 

mechanical properties of the composite (32,37). Functionalization also aids in dispersing 

the nanotubes in the polymer matrix because they increase the solubility of the nanotubes 

in the solvents used for processing (37,39).

In the case of epoxy/nanotube composites, Zhu et al. (36) showed that dispersion 

and bonding of nanotubes can be improved by using an acid treatment process followed 

by fluorination, which creates end-tip and sidewall functional groups in the nanotube. In 

their research, SWNT with and without functional groups were introduced into an epoxy 

matrix using 1 wt% of the nanotubes. While the composites created with un- 

functionalized SWNTs did not have much effect in the mechanical properties of the 

composite (5% increase in the elastic modulus, and 4 % decrease in the tensile strength), 

the composites with fluorinated nanotubes showed an increase of 30% in elastic modulus 

and 14% in the tensile strength. Miyagawa et al. (60) also used fluorinated nanotubes to 

reinforce an epoxy matrix and found that the storage modulus increased up to 20% by 

adding only 0.3 wt% of the nanotubes. The increase in modulus was achieved without 

sacrificing the impact strength of the composite.

In another work, Zhu and collaborators (36) show that fully integrated nanotube 

composites can be created by introducing amino-terminated functional groups in the 

nanotubes. The amino groups can react with the epoxy matrix during the curing process
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to create covalent bonds, making the nanotube a part of the network structure rather than 

a separate reinforcing agent. Using 1 wt% of the amino-functionalized SWNTs resulted 

in an enhancement of the elastic modulus and tensile strength by 31% and 24%, 

respectively. Using a higher loading of nanotubes (4 wt%), they obtained similar 

enhancements for the tensile strength, but the modulus increased 68% with respect to the 

neat resin. Wang and collaborators (59) also used amino-functionalized SWNTs to create 

nanocomposites, and they were able to improve the storage modulus by 25% with the 

addition of only 0.5 wt% of the functionalized nanotubes.

Liu et al (57) evaluated the effect of adding pristine nanotubes vs. functionalized 

nanotubes in a rubbery (low degree of cross-linking) and a hard epoxy (high degree of 

crosslinking). They found that a significant increase in stiffness and strength can be 

obtained with 1 wt% of functionalized tubes due to good dispersion and strong interfacial 

bonding. Additionally, they observed that toughness of the epoxy reinforced with the 

functionalized tubes increased by 50% with respect to the neat material.

The main disadvantage of performing chemical modifications to the nanotube, 

such as side-wall functionalization, is that the intrinsic properties of the nanotubes can be 

significantly modified (26). Odegard (61) modeled nanotube/polymer composites and 

determined that functionalization can degrade the macroscopic elastic stiffness of the 

composite. An alternative is to use non-covalent functionalization, such as polymer 

wrapping, which allows dispersing and increasing the interfacial bonding of the 

nanotubes without affecting its intrinsic properties (59). The problem of this technique is 

that the polymer wraps ropes rather than individual tubes, and as mentioned previously, 

these ropes have lower mechanical properties than the individual tubes .
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Subramanian et al. (56) demonstrated that wrapping SWNT with polyvinyl 

pyrrolidone (PVP) can result in increased dispersion of the nanotubes and enhanced load 

transfer between the matrix and the reinforcement. Tensile testing of their composites 

showed that using 0.2% of SWNT wrapped with PVP can create a 28% increase in the 

elastic modulus with respect to the neat resin, while using 0.2 wt% SWNT without PVP 

actually decreased the modulus in 3%. In the case of composites with 0.5 wt% SWNT 

with or without PVP, the modulus increased by almost 40%. The tensile strength of 

composites was less affected by the addition of nanotubes, and a maximum increase of 

7% was obtained for the 0.5 wt% SWNT/PVP system.

Recently, Moniruzzaman et al. (47) were able to prepare SWNT/epoxy 

nanocomposites with covalent bonding between the matrix and the filler without the use 

of functionalization in the nanotubes. This was achieved by using a high shear mixing 

process followed by a heat treatment of the mixture before the cure agent was added. 

Using only 0.05 wt% they achieved 17% improvement of the flexural modulus and 10% 

increase in the flexural strength. The improvements were attributed to good dispersion of 

the nanotubes and grafting of the epoxy resin to the SWNTs by an esterification reaction.

c) Effect of type of Nanotubes.

The third issue that can affect the mechanical properties of epoxy/nanotube 

composites is the type of nanotube used to make the composite. As mentioned 

previously, MWNTs are not as strong as SWNTs, so the maximum strength achievable 

with SWNTs is greater. (29). Additionally, using MWNTs as reinforcements may not 

allow exploiting their maximum strength because non-uniform axial deformations can
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take place inside the MWNT (45). When a stress is applied to a MWNT/polymer 

composite, only the outer layer of the MWNTs is truly loaded. In order to achieve 

maximum mechanical properties in the composite, this load needs to be transferred to the 

inner layers of the nanotube. However, weak Van der Waals forces link the layers of the 

MWNT together, so the inner shells are free to rotate and slip relative to each other when 

load is applied, making the load-transfer process from the outer to the inner shells 

inefficient (12). As a result, the mechanical properties of MWNT composites can 

eventually deteriorate, so MWNTs can be considered less efficient as mechanical 

reinforcement than SWNTs (39).

However, using MWNTs has the advantage that these materials can be more 

easily dispersed than SWNT. As mentioned previously, SWNTs are very difficult to 

separate due to strong intramolecular forced between them. These attractive forces are, 

in part, consequence of the large specific surface area of the nanotubes, which depends on 

the diameter and the number of sidewalls of the nanotube (39). Because MWNTs have 

larger diameters than SWNTs and a larger number of concentric walls, their specific 

surface area is lower, resulting is lower attractive forces and therefore better 

dispersability. In summary, there is a compromise between dispersability and reinforcing 

potential that must be considered when using MWNT or SWNT.

In an extensive study, Gojny et. al. (39) studied the effect of using different type 

of nanotubes on the mechanical properties of epoxy matrix composites. They evaluated 

SWNT, DWNT, MWNT as well as amino-functionalized DWNT and MWNT and found 

that adding 0.5 wt% of functionalized DWNT in the epoxy matrix resulted in the best 

improvements in tensile strength (10%), modulus (15%) and fracture toughness (43%).
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They attributed these results to better dispersion of the CNTs in the matrix, as well as to a 

better integration of the filler to the matrix.

d) Effect of type of matrix.

Ci et al. (41) argues that another reason for the disparity of results published in 

literature is the stiffness of the matrix. He explains that carbon nanotubes in a soft matrix 

can significantly enhance the mechanical properties, while the effect is less evident in 

stiffer matrices. Their experiments show that adding 0.5 wt.% MWNT can double the 

tensile strength and triplicate the modulus of a rubbery epoxy, while only a 5% increase 

in the tensile strength and none in the modulus is obtained for a hard epoxy. In a similar 

work, Bai (51) studied stiff and rubbery epoxy polymers reinforced with 1 wt% MWNTs, 

and found that in the first case the tensile strength improves by 105% with respect to the 

blank epoxy, while for the second case the improvement is only 10%. In both cases, the 

modulus doubled with respect to the blank material. Allaoui et al. (52) also demonstrated 

that the modulus of a rubbery epoxy matrix can be doubled by using 1 wt% MWNT, and 

quadrupled when using 4 wt%.

The reason for this behavior has already been explained by Barrera (24). Because 

hard epoxy matrices have elongations to failure significantly lower than those expected 

for nanotubes, much of the potential reinforcement of the nanotubes is discarded and the 

ultimate stress of the fiber is given by Of (e) rather than by Figure 2.8-b shows the 

stress-strain diagram for such composite systems. On the other hand, for soft or rubbery 

epoxy matrices with elongations to failure similar to that of nanotubes, the nanotubes can 

use their maximum strength to reinforce the composite (as seen in Figure 2.8-a), resulting
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in a substantial increase in the mechanical properties of the composite with respect to the 

neat resin. This explains why rubbery epoxy matrices show increased mechanical 

properties when nanotubes are added, while hard epoxy matrices are less affected the 

addition of the nanotubes.

Omax =50-150 GPa

E= 1 TPa

Matrix: 
1-2% elong.

(b)

Fiber

Composite

Matrix

Figure 2. 8. (a) Stress-strain diagram for a typical composite system in which matrix and fiber have 
similar strains to failure, (b) Stress-strain diagram for a composite system in which the matrix has 
substantially less strain to failure than the fiber reinforcement (24); in this case, much of the potential 
reinforcement of the fiber is discarded.

2.3.2. VGCF/Epoxy composites.

Although carbon nanotubes have been widely used due to their inherently great 

properties, it has been shown that there are many challenges that need to be solved in 

order to fully exploit the great mechanical properties of these materials. Additionally, the 

costs of carbon nanotubes, especially SWNTs are still high and they are difficult to 

produce in large scale. As a result of these limitations, many researchers opt to use 

carbon nanofibers, such to reinforce epoxy polymers. Carbon nanofibers have larger 

dimensions than carbon nanotubes, so they are easier to process into a polymer matrix. 

Additionally, nanofibers have larger supply worldwide and are more economic than

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

nanotubes, making feasible the possibility of creating nanocomposite systems in a larger 

scale (30). However, these materials have lower mechanical, thermal and electrical 

properties of nanotubes, so the cost and benefit of using these materials must be 

considered depending on the desired application (29). Different types of nanofibers are 

available, and they vary according to how the graphene layers are organized. For 

example, they can be arranged as concentric cylinders, nested truncated cones, bamboo 

structures, or stacked coins (29). Vapor-grown carbon fibers (VGCFs), a specific type of 

nanofiber, was one of the nanoreinforcements used in this work, so this section will be 

focused on reviewing the properties of this material.

VGCFs, such as the ones manufactured by Applied Sciences Inc (Cedarville, 

OH), are a type of carbon nanofiber similar to MWNTs, since its structure consists on 

graphitic networks in concentric cylinders. However, they are larger than nanotubes, 

with outer diameters in the range of 50 to 200 nm and inner diameter between 30 and 90 

nm. Their length can vary from 50 to 100 microns, resulting in an aspect ratio of 100 to 

500 (30). The strength and stiffness of VGCFs varies according to their manufacture 

method, but in general their properties are lower than that of nanotubes due to a larger 

amount of defects present in their structure, larger size, and larger surface area (30). 

Applied Sciences Inc., a manufacturer of VGCF, reports that the tensile strength of their 

VGCFs is 7 GPa, while the modulus is 600 GPa (62).

Several researchers have evaluated the mechanical properties of VGCFs/epoxy 

composites. Choi et al (63) reinforced epoxy resins with different weight percentages of 

VGCF and found that the maximum increase in properties was obtained when adding 5 

wt% VGCF, resulting in an increase of 84% in modulus and 9% in tensile strength when
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compared to the neat resin. Lafdi et al. (64) used VGCFs with different surfaces 

treatments to reinforce an epoxy matrix. They compared a neat fiber, a heat treated fiber 

and a functionalized fiber and found that the maximum enhancement in the modulus was 

obtained with the functionalized fibers, which gave up to 2.5 times the neat resin 

properties. They attributed the increase in properties to a better adhesion between the 

nanofiber and the matrix. Pervin et al. (65) investigated VGCF/epoxy composites and 

found that the flexural modulus and strength increased steadily with the carbon fiber 

content. The maximum improvement was found for 4 wt% VGCF content, which 

resulted in 27% improvement in flexural modulus and 17% increase in flexural strength.

In summary, it has been shown that the addition of CNTs and VGCFs can result 

in enhanced mechanical properties of epoxy composites. This knowledge has recently 

started to be used in solving other problems, such as delamination of FRP composites. In 

the next section this topic will be covered in more detail.

2.4. FRP composites reinforced with carbon nanomaterials.

As mentioned at the beginning of this chapter, delamination is a critical type of 

failure that occurs in laminated composites. In the previous section it was shown that 

CNTs and VGCFs can be used as nanofillers to effectively reinforce epoxy matrices. 

Because z-axis properties of composites are mainly dominated by the matrix properties, 

nanotubes and nanofibers can be used to efficiently enhance the matrix of fiber reinforced 

composites in order to improve their z-axis properties. In this section, we will discuss 

how the addition of small amounts of carbon nanoreinforcements in a FRP composite can
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lead to an enhancement in the through-thickness properties of the composite, resulting in 

composites least susceptible to delamination (29).

Different approaches have been used to manufacture FRP composites reinforced 

with carbon nanotubes or nanofibers. One way is to mix the nanoreinforcements directly 

into the resin, using techniques such as sonication, high shear mixing etc, and then infuse 

this nano-modified resin into the fiber by conventional methods. Gojny et al. (66) 

manufactured epoxy/glass fiber composites reinforced with 0.3 wt% amino- 

functionalized DWCNT. They dispersed the nanotubes in the epoxy using a calendaring 

technique, and infused this resin into the fiber using a VARTM process. The 

nanocomposites showed a 20% increase in the ILSS with respect to the un-reinforced 

composite. Zhou et al (67) modified an epoxy matrix by dispersing 2 wt% VGCF by 

ultrasonic mixing method and infused it in the carbon fiber using a VARTM process. 

The composites showed an increase of 22.3% in flexural strength and 7.87 % increase in 

failure strength.

Another methodology that has been widely used in the literature, is the creation of 

prepegs with nano-modified resin. The procedure consists of dispersing the 

nanoreinforcements in the resin and then spreading it into the fibers, followed by a 

stacking of the different nano-modified prepeg layers and a curing process. Koo et al. 

(10) use this approach to created epoxy/carbon fiber composites reinforced with 2 wt% 

VGCF and studied the mechanical properties of such materials. Their results show that 

some properties barely increased (Mode II fracture toughness by 6%, flatwise tension 

strength by 2 %, Short Beam Shear Strength by 9% ) while others decreased (Mode I 

fracture by 54%, flexural strength by 5%). Yokozeki et al. (68) manufactured prepregs
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of carbon fiber and epoxy resin filled with stacked-cup morphology carbon nanotubes 

and observed that fracture toughness of the composites created with these prepregs 

improved by 40% when adding 5 wt% or 12 wt% of CNTs. They attributed the increase 

of toughness to an anchorage of the matrix cracking due to the presence of the nanotubes.

Although the direct mixing and the prepeg methodologies have proven to be 

effective ways to create FRP composites with enhanced mechanical properties, there are 

certain disadvantages that must be discussed. When nanotubes or nanofibers are 

introduced into the resin, they dramatically increase its viscosity (69). This can lead to 

infusion problems such as void formation, dry spots or incomplete filling on the part. 

Another problem is that there can be filtration of the nanomaterials when they are passing 

through the fibers, such that the final part is not homogeneously reinforced with the 

nanofibers. All these issues can create defects in the part that can deteriorate the 

mechanical properties of the final composite rather than enhance them.

Due to the processing problems faced in the procedure mentioned above, several 

researchers have tried to put the nanotubes on the fiber reinforcement rather than in the 

matrix; the composite can then be manufactured using conventional infusion methods 

without having to worry about high viscosities of the resin. One way to modify the fiber 

with nanoreinforcements is by growing nanotubes on them. Thostenson et al. (70) used a 

CVD process to grow nanotubes on a carbon fiber and showed that single-fiber epoxy 

composites made with nano-modified fibers have increased interfacial shear strength 

compared to unmodified fibers. In a recent work Veedu et al. (22) showed that growing 

carbon nanotubes on a SiC cloth can lead to enhanced fracture toughness of the laminated 

composite (up to 350% using 2 wt% MWNTs).
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Although this approach seems to be a promising solution to create composites 

with enhanced z-axis properties, there is a size limitation to the composites that can be 

made up to date. Most of the composites used with this technology is still limited to lab- 

scale production, and obtaining sizes that can be used for real applications will take more 

research efforts and additional investment.

Kim et al. (69) developed an alternative method that enabled creation of bigger 

composites, while avoiding the processing problems described in the first approach. This 

technique consists on dispersing the nanotubes in a solution that is sprayed on the fiber 

reinforcement. Once the solvent evaporates, the nanoreinforcements are covering the 

fiber, and composites can be created by a conventional infusion process. Using this 

methodology Zhu et al. (13) observed up to 45% increase in the interlaminar shear 

strength (ILSS) of a glass fiber/vinyl-ester system by reinforcing the midplane of the 

composite with only 0.015 wt% SWNTs (with respect to the final weight of the 

composite). The enhancement of the interface properties was attributed a combination of 

different effects: matrix toughening, fiber-bridging, and reinforcement of the matrix due 

to the presence of the carbon nanotubes.

The main advantage of this method is that cost-effective nano-reinforced 

composites can be created. Because nanotubes are not mixed in the fiber, the infusion 

problems observed with the first method are avoided. Additionally, the technique adds 

flexibility of design, in such way that the nanofibers can be added only where they are 

needed. Zhu (13) points out that this coating method makes it possible to create 

composites without modifying the processing conditions which industry currently used so 

that the technology transfer between industry and research institutions is more feasible.
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Due to the ease of processing and capability of creating large composite samples, the 

spraying methodology was selected as the manufacture method of the composites 

evaluated in this thesis.

In the next section a crucial point for this work will be discussed. It has already 

been shown by other researchers that nanoreinforcements can be used to enhance z-axis 

properties of composites; in this thesis new approach to promote enhancement of such 

properties is proposed, but by using even lower amounts of nanoreinforcements. This 

can be achieved by combining different nanoconstituents, VGCF and CNTs, in such way 

that they act synergistically to enhance the mechanical properties of the composite. 

Synergism between two components occurs when their combination produces a greater 

enhancement in a certain property than the sum of the individual effects obtained when 

each component is by itself. The next section will be focused on the concept of 

synergism between fillers, and several cases in which such behavior was observed will be 

presented.

2.5. Synergistic Effects in Nanofillers.

It is widely known that when certain fillers or additives are combined into a 

polymer, a synergistic effect in the enhancement of a property of the resultant material 

can occur. For example, when two different types of antioxidants (chain breaking 

antioxidants and peroxide decomposers) are mixed into a polymer, a co-operative 

interaction between the additives can lead to a greater anti oxidant effect (71); this type of 

behavior is known as a synergism. Synergistic behaviors are advantageous because a
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smaller quantity of material is required to produce enhancements in the properties of the 

materials, thus enabling creation of materials with enhanced properties at a lower cost.

With the arrival of nanotechnology, new nanomaterials with excellent properties 

are constantly being developed, and new synergistic interactions are expected to occur 

when such nanomaterials are used as additives in polymers. Several researchers have 

already reported evidence of synergistic interactions between different nanomaterials in 

the enhancement of electrical, thermal and mechanical properties of polymers.

Cortes et al. (72) showed that when VGCFs and copper are combined in a 

thermoplastic matrix, a lower percolation threshold is obtained than in the case when the 

polymer is filled with either of the individual components. Tibbets et al. (73) also 

demonstrated that a synergistic effect in the enhancement of the electrical properties of a 

thermoplastic matrix can be obtained when combining glass fiber and VGCFs.

Peeterbroek et al. (74) evaluated the thermal and flame retardant properties of 

ethylene-vinyl-acetate (EVA) polymers filled with organo-modified clays and MWNTs. 

They observed that a synergistic enhancement in the properties can be obtained when the 

two nano-fillers are added simultaneously. Similar results were observed by Beyer (75), 

who also studied flame retardancy of EVA polymer filled with MWNTs and organoclays. 

Several authors also report that nano-fillers can be combined with traditional microsized 

flame retardants to create synergistic enhancements in the resistance to flammability (76, 

77).

Jia et al. (78,79) studied the mechanical properties and tribological behavior of 

epoxy resin filled with different nanofillers, and observed that organo-modified
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montmorillonite combined with spherical silica exhibits a synergistic effect on 

toughening and reinforcing the epoxy polymer simultaneously.

These are just some examples that illustrate the idea of synergism between 

nanofillers. The purpose of this thesis is to use evaluate the mechanical properties of 

carbon fiber/epoxy composites reinforced with both VGCFs and CNTs, so that new 

composite materials with enhanced properties can be produced cost-effectively. Due to 

the high price of CNTs and the difficulty of dispersing these materials into composites, 

using smaller concentrations is an attractive alternative that could solve many of the 

current issues related to working with carbon nanotubes.
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CHAPTER 3 

M ATERIALS

This chapter describes the materials used to manufacture the VGCF/CNT carbon 

fiber/epoxy composites evaluated in this thesis. First, the properties of the materials used 

in this research are presented, and the reasons for selecting such materials are discussed. 

Then, the characterization results of these materials are presented and analyzed.

3.1. Properties and selection of materials.

Epoxy/carbon fiber composites are materials widely used in aerospace due to their 

excellent mechanical properties, low weight, resistance to corrosion, ease of manufacture 

and relatively low price. However, these materials can delaminate very easily because 

they have poor through-thickness mechanical properties. Carbon nanotubes and 

nanofibers have excellent mechanical properties, extremely high aspect ratios and 

nanometer size, properties which make these materials ideal for reinforcing polymer 

composites. In this work two different carbon nanomaterials, CNTs and VGCFs, were 

used to improve the z-axis properties of epoxy/carbon composites used for aerospace 

applications. This section describes the properties of each of the components used to 

manufacture the nanocomposites and discusses why such materials were selected.
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3.1.1. Carbon Fiber.

Carbon fibers are materials used in aerospace applications due to their high 

stiffness, high strength and low weight. They are usually combined with a polymer 

matrix, such as epoxy, to create advanced composites. In this thesis two different types 

of woven carbon fibers were used as fiber reinforcements. The first one is the Thomel® 

T-650/35 309NT 3K PAN-based carbon fiber, manufactured by Cytec Carbon Fibers 

(Greenville, SC). This carbon fiber was selected because of its wide use in aerospace 

applications; however, due to a worldwide shortage of carbon fiber it was not possible to 

use the same material through the extent of this thesis, so another commercially available 

carbon fiber was used. The second carbon fiber used was the Magnamite® G/Primed 

Sized IM7GP 6K PAN-based carbon fiber, manufactured by Hexcel Corporation. This is 

also a woven carbon fiber used extensively in aerospace applications. Properties of both 

fibers are summarized in Table 3.1; for practical reasons we will refer to these carbon 

fibers as T-650 and IM7.

Table 3 .1  Properties of the T-650 and IM7 PAN-based carbon fibers used to make the epoxy/carbon fiber 
composites (80,81).

Properties T-650
Carbon Fiber

IM7
Number of filaments 3000 6000
Weave Style 8H Satin 5H Satin
Fabric Thickness - 0.23 mm
Tensile Strength, Ultimate 4550 MPa 5150 MPa
Elongation at Break 1.75% 1.9%
Modulus of elasticity 241 GPa 276 GPa
Density 1.77 g/cm3 1.7-1.8 g/cm3
Sizing type Epoxy compatible sizing (proprietary) Epoxy sizing (proprietary)
Sizing content 0.5% - 1.6% weight 0.1-3.5% weight
Melting Point - 3600 °C

3.1.2. Epoxy Resin.
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Epoxy resins are typical polymer resins used in advanced composites because 

they have good mechanical properties, low shrinkage, good chemical resistance, good 

thermal stability, and good moisture resistance. Additionally, they are easy to process 

and have a low cost. Many types of epoxies can be found in the market, depending on 

the desired application. In this thesis an epoxy resin and cure agent system commonly 

used for aerospace applications (Epon 862/Cure W) was selected for creation of the 

nanocomposites. The advantage of using the Epon 862/Cure W System is that the resin 

has low viscosities and very long working life, which make this system versatile and easy 

to process (82). Commercial Bisphenol F epoxy resin (Epon 862) and cure agent 

diethyltoluenediamine (Cure W) were manufactured by Hexion Specialty Chemicals, Inc. 

(Houston, TX). The matrix of the composites is obtained by mixing Epon 862 and Cure 

W using a ratio of 100/26.4 parts by weight. The chemical structures of both materials 

are shown in Figure 3.1. When the cure agent reacts with the epoxy polymer, a cross 

linking reaction occurs, resulting in a thermoset polymer with low moisture absorption, 

high elongation and good performance characteristics (82).
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Figure 3. 1. Chemical structures of (a) Epon 862 (Bisphenol F epoxy resin), and (b) Cure W 
(diethyltoluenediamine) (83).

3.1.3. Carbon nanomaterials.
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Carbon nanotubes and nanofibers are materials widely used for reinforcing 

polymer matrices due to their excellent mechanical properties and small size. Carbon 

nanomaterials such as VGCFs and CNTs have been used by other researchers to reinforce 

epoxy matrices; in this work, such nanoreinforcements are used to enhance the z-axis 

mechanical properties of carbon fiber/epoxy composites. Specifically, VGCFs and CNTs 

are combined in order to evaluate if a synergistic effect in the enhancement of the 

mechanical properties of the composite occurs. In this section we will review the 

properties of the specific CNTs and VGCFs used in this thesis.

3.1.3.1. Carbon Nanotubes (CNTs).

Depending on the manufacture method, carbon nanotubes can be created as 

single-walled (SWNTs) or multi-walled nanotubes (MWNTs). SWNTs are the ideal 

carbon reinforcements, but they are expensive and hard to disperse in a polymer matrix 

because of strong attractions between the tubes. On the other hand, MWNTs are easier to 

process and less expensive than SWNTs, but they are also less effective as carbon 

reinforcements. In order to enable creation of large scale composites reinforced with 

nanotubes, a compromise between the cost of the nanotubes and their mechanical 

properties must exist. The XD-grade nanotubes manufactured by Carbon 

Nanotechnologies Inc. (Houston, TX), consist of a mixture of Single-, Double- and Few- 

Wall Nanotubes (SWNT, DWNT and FWNT) that offers a desirable balance between 

price and properties of the nanotubes. For this reason, the XD-nanotubes were selected 

as one of the nanoreinforcements used in this study. An additional reason for using this 

material is that, because different nanotubes are combined in this mixture, there is
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potential for synergism to occur between the nanotubes. From this point on, we will refer 

to the XD-nanotubes simply as CNTs.

It is widely recognized that functionalization of nanotubes can lead to better 

dispersion of these materials into a polymer matrix. Additionally, functionalization can 

lead to better adhesion of the nanotube to the matrix, resulting in enhanced mechanical 

properties of the composite. This thesis evaluates the effect of functionalizing the 

nanotubes on the mechanical properties of the carbon fiber/epoxy composite, therefore 

composites with both the as-received and functionalized CNTs were manufactured.

Functionalization was performed using the procedure described by Peng et al. 

(84). This method allows linking the sidewall of carbon nanotubes to amine terminated 

groups, which can lead to enhanced mechanical properties of the epoxy matrix (36). The 

functionalization reaction is presented in Figure 3.2.

OH
HO

O
1

OH

-co,
H2C

OH

Cl

n h2c 6h 10c h 2c 6h )0nh2

Figure 3. 2. Chemical reaction used to prepare amine functionalized nanotubes (84). The dicarboxylic 
acid (1) is heated to generate a peroxide (2) which is attached to the sidewall of the nanotube (3). The 
carboxylic groups are reacted with thionyl chloride and with a terminal diamine to generate the amine 
functionalized nanotube (5).

3.1.3.2. Vapor Grown Carbon Fibers (VGCFs).
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Two types of VGCFs were provided by Applied Sciences Inc. (Cedarville, OH): 

PR-24-LD-PS, which will be called VGCF-PS throughout this work; and PR-19-LHT- 

XT, which will be called VGCF-XT. VGCF-PS was the initial reinforcement choice 

because this nanofiber grade is pyrolytically stripped so that no polyaromatic 

hydrocarbons (PAHs) remain in the surface of the fiber. A surface without impurities 

will result in better bonding to the matrix and therefore better mechanical properties of 

the composite However, according to communications with the manufacturer, the 

particular batch used in this project was heat-treated without being stripped of PAHs, 

resulting in a rigidized material that was difficult to disperse. Due to these problems a 

new nanofiber grade (VGCF-XT) was selected. VGCF-XT is a nanofiber that has been 

heat-treated in order to graphitize any chemically vapor deposited carbon present on the 

surface of the fiber and to remove iron catalyst from the sample (62). This procedure 

also leads to better mechanical performance of the nanofibers. Additionally, the VGCF- 

XT nanofiber grade was manufactured using a debulking method that eliminates large 

agglomerates from the material and allows getting better dispersions of the nanofibers 

(Error! Bookmark not defined.). Properties of both nanofibers are presented in Table

3.2. In the next section the characterization results obtained for nanotubes and nanofibers 

used in this thesis are presented.

Table 3. 2. Properties of the VGCFs supplied by Applied Sciences, Inc. (62).

Sample VGCF-PS VGCF-XT
Product Name PR-24-LD-PS PR-19-LHT-XT
Diameter (nm) 60-150 100-200
Length (pm) 30,000-100,000 30,000-100,000

Iron content (ppm) <14,000 <14,000
PAH content (mg PAH/g fiber) <1 <1

3.2. Characterization of Nanomaterials.
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Nanomaterials such as carbon nanotubes and carbon nanofibers are increasingly 

being used in applications in which advanced electrical, mechanical and thermal 

properties are required. Because of this increased used, many research institutions and 

companies are focusing on manufacturing, purifying and chemically modifying these 

nanomaterials to maximize their properties. Every manufacturing source has its own 

procedures to create a specific material, so there can be great variability between the 

quality, morphology, and properties of the products available for research and 

commercial purposes. This variability demands a close scrutiny of the nanomaterials 

before they are used for real applications, so having a well characterized material 

becomes an important step when doing research in nanotechnology (85).

In this section the characterization results of the nanomaterials used in this thesis 

are discussed. The microstructure of the as-received materials was examined with 

Scanning Electron Microcopy, while their purity was evaluated using Thermal 

Gravimetric Analysis. The functionalization of nanotubes was corroborated using Raman 

Spectroscopy, Thermal Gravimetric Analysis and Fourier Transform Infrared 

Spectroscopy.

3.2.1. Scanning Electron Microcopy (SEMs)

The microstructure of the carbon materials used in this study was examined by 

Scanning Electron Microcopy using a FEI XL-30 Environmental Scanning Electron 

Microscope (ESEM) under high vacuum. The samples were mounted on aluminum SEM 

holder pucks using double-sided carbon tape. Compressed air was used to assure there
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were no loose powders or fibers in the SEM chamber. Images were taken using a 30 KV 

beam and 3.0 spot size.

Figures 3.3 to 3.6 show micrographs obtained for the different carbon 

reinforcements used in this project. The first aspect that must be noticed is the difference 

in the sizes of the different carbon reinforcements: Conventional carbon fibers have 

diameters in the range of several pm, VGCFs have diameters close to hundreds of nm, 

and nanotubes have diameters close to 1 nm and bundle sizes of about 10 nm (29).

Another noticeable difference between the carbon reinforcements is the 

agglomeration of the as-received form of the fibers. While conventional carbon fiber is 

typically processed as tows (groups of well aligned and organized carbon fiber 

filaments), VGCFs and nanotubes are manufactured as entangled masses. Nanotubes in 

particular have very high aspect ratios and very strong interactions between them, 

causing the nanotubes to pack in bundles of tubes instead of remaining as individual 

fibers. These bundles are very difficult to separate during processing, representing one of 

the many challenges faced by researchers working with such materials (24). VGCFs on 

the other hand, have larger sizes than CNTs and are not packed as bundles, so they are 

much easier to disperse than CNTs. However, these materials tend to form agglomerates 

or “dust-bunnies” during their manufacture; such agglomerates can be clearly identified 

in Figure 3.4.

In the case of VGCF-PS the agglomeration of the nanofibers is much higher than 

those in VGCF-XT material. The reason for this higher agglomeration is that, as 

communicated by the manufacturer, the VGCF-PS batch received was defective and 

therefore difficult to disperse. VGCF-XT, on the other hand, was produced using a new

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

debulking method which allows the fibers to disperse more easily. By comparing Figure 

3.4-a and Figure 3.5-a it is possible to observe that VGFC-XT are more separated and 

have smaller agglomerate size than the YGCF-PS nanofiber.

A n  V Sp'.i 
M l  (1 kV  3  0

(a) (b)
Figure 3. 3. SEM micrographs of IM7 carbon fiber at two different magnifications: (a) 1,000X and 
(b) 10,000X. The diameter of a carbon fiber is approximately 6 pm.

(a) (b)
Figure 3. 4. SEM micrographs of VGCF-PS nanofibers at two different magnifications: 
(a) 1,000X and (b) 50,000X. The diameters of the VGCFs range between 60 and 150 nm, according to the 
manufacturer. The material shows agglomeration or “dust-bunnies”, as indicated by the arrow.
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Figure 3. 5. SEM micrographs of VGCF-XT nanofiber at two different magnifications: (a) 1,000X and 
(b) 50,OOOX. The diameters of the VGCFs range between 100 and 200 nm, according to the manufacturer. 
The material is less agglomerated than the VGCF-PS material.

(a) (b)

Figure 3. 6. SEM micrographs of XD-nanotubes at two different magnifications: (a) 1.500X and (b) 
50,000X. The nanotubes are highly bundled; the diameters of the bundles are in the range of several nm.

3.2.2. Thermal Gravimetric Analysis (TGA).

Because nanotubes and nanofibers are commonly produced using metal catalysts, 

the as-received materials often contain metal residues that lower the purity of the 

materials. As-received nanotubes can have metal catalyst contents that go up to 40 wt%. 

This can create different problems in the composite. The first problem is that the 

reinforcing capability of the nanofibers is decreased because catalyst are not good 

reinforcements; the second issue is that metals have higher densities than carbon
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nanomaterials, so the weight of the final part can be significantly increased if an un

purified material is used. Finally, metals can interfere with the chemistry of thermoset 

polymers and therefore affect their final properties, especially mechanical properties (29). 

It is therefore important to determine the amount of metal catalyst in the nanotubes and 

nanofibers before using them as reinforcing agents.

To determine the purity of the as-received CNTs and VGCFs, a Thermo 

Gravimetric Analyzer (STD 2960 Simultaneous DTA-TGA, TA Instruments) was used. 

A small amount of sample (from 4 mg to 8 mg) was placed in a platinum pan and heated 

under an air atmosphere (100 cc flow) from room temperature to 900 °C at 5 °C/min, 

while the weight of the sample was recorded as a function of temperature. This 

procedure bums the nanofibers leaving oxidized iron as a residue, so the original metal 

content of the material can be calculated from the residual weight value.

Figures 3.7 to 3.9 show the thermograms obtained for the as-received CNTs, 

VGCF-PS and VGCF-XT, respectively. For each material, two samples were analyzed in 

order to check reproducibility in the measurement. Because the residual material is 

assumed to be Fe2 0 3 , the original iron content in the samples corresponds to 70% of the 

residual weight obtained after the TGA procedure. Table 3.3 summarizes the TGA results 

of each nanomaterial; it is observed that the values of iron content of the VGCFs are 

higher than those reported by the manufacturer. It is possible that drifting of the weight 

caused by the TGA apparatus is causing an experimental error that generates higher 

values than expected. The values of purity obtained for these materials should be revised.
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Table 3 .3 . TGA results of CNTs, VGCF-PS and VGCF-XT under air. The iron content corresponds to 
70% of the weight residue.

Sample Average Residue Content (wt %) Average Iron Content (wt %)
CNT 9±1 6

VGCF-PS 7±2 5
VGCF-XT 15+2 11
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Figure 3. 7. TGA mass loss of as received XD carbon nanotubes under air. The residue content is 9%.
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Figure 3. 8. TGA mass loss of as received VGCF-PS under air. The residue content corresponds to 7%.
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Figure 3. 9. TGA mass loss of as received VGCF-XT under air. The residue content is 15%.
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In the case of functionalized nanotubes, additional TGA analysis was performed 

to calculate the degree of functionalization of the nanotubes. Functionalization can aid in 

the dispersion and bonding of the nanotubes in the polymer matrix, resulting in better 

load transfer and better mechanical properties. It is therefore important to determine the 

degree of functionalization of the nanotubes so that the mechanical behavior of the final 

composite is understood.

The degree of functionalization was determined with the same equipment 

mentioned above, but using argon (85 cc flow) instead of air to prevent the burning of the 

nanomaterials. The sample was heated from room temperature to 800 °C at 5 °C/min and 

the weight of the sample was recorded as a function of time. The resulting thermogram is 

shown in Figure 3.10. Knowing that the functional group weighs 265 g/mol, and 

assuming that the weight loss during TGA (presented in Table 3.4) is only attributed to 

the loss of the functional group, the degree of functionalization was found to be 1 

functional group every 52 carbon atoms.

Table 3. 4. TGA results of XD-NH2 under argon. The weight loss corresponds to the mass of the 
functional groups removed during heating.

Sample Weight loss ( % )
Run 1 29.0
Run 2 28.8

Average 28.9
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Figure 3. 10. TGA mass loss of CNT-NH2 under argon. During heating all the functional groups are 
removed from the nanotubes, resulting in a weight loss of 29%.

3.2.3. Raman Spectroscopy.

Raman Spectroscopy has proven to be an excellent tool to characterize carbon 

nanotubes, which have unique features that distinguish them from other type of carbon 

forms (86). The characteristic bands of CNTs are the Radial Breathing Mode (RBM), the 

D-band and the G-band. The RBM appears at -200 cm '1 and is indicative of tube 

diameter. The D-band (-1300 cm '1) is a disorder-induced mode or sp3 mode that can be 

used to determine presence of defects, amorphous carbon or functional groups in the
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sidewall of the nanotube. The G-band, occurring around 1600 cm '1, is due to the 

tangential C-C stretch when the atoms are sp2-hybridized (85, 86, 87, 88).

The Raman spectra of as-received and functionalized XD-grade nanotubes were 

obtained using a Renishaw Micro-Raman System 1000 with rotating stage and a 633-nm 

laser source. For each sample, the spectra of 3 different spots were obtained within the 

range of 100 to 3100 cm '1, and the median of the measured spectra was reported as the 

representative spectrum. This procedure allows elimination of spurious spikes in the 

Raman spectra (85). Results for the as-received and functionalized nanotubes are 

presented in Figure 3.11.
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8000  as received CNT

§ 6000 
<s

4000

2000

0 500 1000 1500 2000 2500 3000

Raman shift (cm'1)

Figure 3.11. Representative Raman spectra of the as-received nanotubes (CNT) and amino-functionalized 
nanotubes (CNT-NH2). Note increase of D peak in relation to G peak for functionalized tubes vs. as- 
received tubes.

The intensity of the D-band relative to the G-band can be used as qualitative 

measurement of the degree of functionalization of the XD nanotubes. When
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functionalization occurs, the aromatic framework of the nanotubes is disrupted, so that 

the relative intensity of G peak decreases while that of the D peak increases (87). 

Therefore, the D/G ratio increases when nanotubes are functionalized. Table 3.5 presents 

the D/G ratio of the nanotubes before and after functionalization and shows that the 

values are larger for the case of functionalized nanotubes, proving that this materials are 

indeed functionalized.

Table 3. 5. Raman results for the as-received and functionalized nanotubes. Note increase of D/G ratio for 
functionalized vs. as-received tubes.

Sample D/G Ratio Raman Shift (D peak) Raman Shift (G peak)
CNT 021 1320.49 cm ' 1575.39 cm'1
CNT-NH2 0.29__________1317.76 cm'1___________ 1578.09 cm'1

3.2.4. Fourier Transform Infrared Spectroscopy (FTIR).

Raman Spectroscopy was used qualitatively to determine if the nanotubes were 

functionalized. Further verification of functionalization can be done by using FTIR 

spectroscopy, which allows determining which chemical species are attached to the 

surface of the nanotubes. FTIR spectroscopy was performed using a Thermo Nicolet 

Nexus 870 FTIR system with an attenuated total reflection ATR accessory, which 

enhances the small bands of weakly absorbing samples. Although pristine CNTs do not 

show any important features in the infrared spectra, the use of an ATR accessory is a 

useful tool for determining the attachment of functional groups to the sidewall of the 

CNTs (84). Small quantities of the carbon nanotube acid derivative and amine derivative 

(structures 3 and 5 in Figure 3.2) were placed in the diamond window of the 

spectrometer, and the spectra were collected using the ATR accessory.

Peng et al. (84) developed the functionalization procedure that was used in this 

research, and in their work they report a thorough characterization of the different species
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obtained during the functionalization reaction. In this work we compared the obtained 

FTIR spectra (shown in Figure 3.12 and Figure 3.13) with those reported by Peng and 

found very good agreement between the results, indicating that the functionalization 

occurred according to their procedure.

The spectrum of the acid-derivative nanotubes (structure 3 in Figure 3.2) is shown 

in Figure 3.12. The peaks in the 2800-3050 cm '1 region are characteristic of C-H stretch, 

while the large peak at 1690 cm '1 corresponds to the acid-carbonyl stretching mode. The 

1548 peak is probably due to C=C stretching mode of the carbon nanotubes activated by 

sidewall attachment (36). The peak at 1408 cm"1 can be assigned to the C-H bending 

mode, and the broad peak at 1151 cm '1 corresponds to the C-O stretching mode.
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Figure 3.12. FTIR-ATR spectra of acid derivative CNTs (CNT-CH2CH2COOH).

The FTIR-ATR spectrum of the final amino functionalized nanotubes (structure 5 

in Figure 3.2) is presented in Figure 3.13. The bands at 2902 cm"1 and 2841 cm '1 

correspond to the CH stretches of the CH2 groups; these features are greatly enhanced 

with respect to the previous spectrum because attachment of additional methylene groups

(b)
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occurred during the reaction. The weak band occurring around 3400 cm '1 is due to NH 

stretching, while the peak at 1625 corresponds to NH2 scissor. The 1722 cm '1 peak can be 

assigned to carbonyl C =0 stretching mode, and that at 1442 cm '1 is due to CH 

deformation (84).
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Figure 3. 13. FTIR-ATR spectra of amine derivative CNTs (CNT-R-NH2). The peaks corroborate amine 
functionalization of nanotubes.

The TGA, Raman, and FTIR-ATR results are proof that the amino- 

functionalization was achieved, resulting in carbon nanotubes with a degree of 

functionalization of 1 functional group every 52 carbon atoms. These nanotubes are 

expected to be easier to process than as-received materials, possibly leading to enhanced 

mechanical properties of the composite. In the next chapter the methodology used to 

process the nanocomposites will be explained.
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CHAPTER 4 

COMPOSITE PROCESSING

Previous work by Zhu et al. (13) demonstrated that the interlaminar shear strength 

(ILSS) of glass fiber/vinyl ester composites can be increased up to 45% by using a 

spraying methodology that introduces as little as 0.015 wt% of SWNTs in the midplane 

of the composite. In this work, the spraying approach described in Zhu’s work will be 

used to create carbon fiber/epoxy composites, but with the difference that two different 

nanoreinforcements will be used to determine if a synergistic effect occurs when these 

materials are combined.

This chapter describes the procedures used to create the nanocomposites evaluated 

in this thesis. The chapter is divided as follows: First, results from a preliminary 

dispersion analysis of the nanofibers in the carbon fiber are presented. This analysis was 

done to determine the best spraying condition before manufacturing the real composites. 

Second, the spraying methodology used to introduce the nanoreinforcements in the 

interlaminar region of the composite is explained, and the analysis of the dispersions 

obtained after the spraying process is presented. Finally, the infusion process used to 

manufacture the composites is described, and the quality analysis of the composites is 

discussed.

4.1. Preliminary Dispersion Analysis.

Before creating the VGCF/CNT carbon fiber/epoxy composites, different 

dispersion studies were performed to determine the best spraying condition. The
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dispersion studies were divided into two parts: Wetting experiments and spraying

experiments. Each of these experiments is explained in more detail in the following 

sections.

4.1.1. Wetting experiments.

To evaluate wetting of the nanomaterials in the carbon fiber, dipping experiments 

were performed using different VGCF-PS solutions. Several criteria were considered for 

solvent selection. First, the solvent had to be relatively safe to the operator since the 

spraying process generates a large amount of volatiles that, even when the operator is 

fully protected, can be harmful. Another important criterion was that the solvent needed 

to be evaporated easily so that no residue is left by the time of infusing the panel. 

Residual solvent in the fiber preform could turn into a void in the composite during 

infusion, which could result in deterioration of the mechanical properties of the material. 

Another important characteristic of the solvent is that it must not deteriorate the 

properties of the epoxy-sizing of the carbon fibers. The sizing acts as a compatibilizer 

between the matrix and the fiber and is responsible for many of the good mechanical 

properties of laminated composites. Taking all these aspects into account, the following 

solvents were selected: ethanol, tetrahydrofurane (THF) and ethanol/toluene (80/20 in 

volume). Previous work (13) reported that a solution of SWNT in ethanol/toluene 

sprayed on glass fiber resulted in enhanced mechanical properties of the final composite; 

for comparison purposes this solvent was included in the dispersion studies. However, 

similar results are not expected because the nanotubes used in this thesis as well as the 

fiber reinforcement used are different from those used by Zhu. Additional systems
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studied included adding a small amount of the epoxy resin to the solvents mentioned 

above; this was done to increase adhesion of the nanomaterials to the carbon fiber.

For each system, 100 mg of VGCF-PS were sonicated in a 40 KHz bath for 30 

minutes in 100 ml of solvent. In the case of systems with toluene, the tubes were first 

sonicated in toluene for 20 minutes and then ethanol was added and mixed for 10 more 

minutes. Table 4.1 shows the systems used to evaluate wetting of VGCF solutions.

Table 4 .1 . Systems used to evaluate wetting of VGCF-PS solutions.

System Ethanol Toluene
Composition

THF Epoxy VGCF-PS
Al 100 ml - - - 100 mg
A2 100 ml - - 1 g 100 mg
B1 80 ml 20 ml - - 100 mg
B2 80 ml 20 ml 1 g 100 mg
Cl - - 100 ml - 100 mg
C2 - - 100 ml 1 g 100 mg

T650 carbon fiber coupons of approximately 2.5 cm in x 2.5 cm and 0.3 g were 

immersed in the solution for 3 seconds and then dried under a heat lamp. These samples 

were observed under the SEM to analyze dispersion and wetting; results are presented in 

Figure 4.1

Several observations can be made based on the results presented in Figure 4.1. 

The systems in which epoxy resin was added to the solutions resulted in lower numbers 

of nanofibers spread on top of the carbon fiber, a result that could be attributed to less 

wettability of the solution in the carbon fiber. The following mechanism is proposed 

regarding the relationship between the number of nanofibers on the surface and 

wettability of the solvent: If the solution has good wettability in the carbon fiber fabric, 

then the droplet of solution will spread more into the substrate and more nanofibers will
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be able to attach to the carbon fiber. This mechanism is shown schematically in Figure

4.2.

(e) (f)

Figure 4. 1. SEM micrographs obtained after dipping carbon fiber coupons in different solutions made by 
dispersing VGCF in the following solvents: (a) ethanol, (b) ethanol with 1 g epoxy, (c) ethanol/toluene 
(80ml /20 ml), (d) ethanol/toluene (80ml /20 ml) with 1 g epoxy, (e) THF, (f) THF with 1 g epoxy. The 
systems with best wetting are (a) and (e).
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Figure 4 .2 . Effect of wetting in attachment of the nanofibers in the carbon fiber. Good wetting leads to 
more nanofibers deposited on the carbon fiber.

Because THF and ethanol showed the best results in the wetting experiments for 

VGCF, these solvents were used to perform wetting experiments for CNT solutions. The 

SEM images in Figure 4.3 show that CNT/ethanol and THF/ethanol systems are very 

similar: They both have poor dispersion of nanotubes with large agglomerates in the 

surface of the carbon fibers. Table 4.2 shows the systems used to evaluate wetting of 

CNT solutions.

Table 4. 2. Systems used to evaluate wetting of CNT solutions.

Composition
System Ethanol THF CNT

D1 100 ml - 100 mg
El 100 ml 100 mg
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Figure 4 .3 . SEM micrographs obtained after dipping carbon fiber coupons in different solutions made by 
dispersing CNT in the following solvents: (a) ethanol, (b) THF. There is no significant difference between 
the two systems: both show poor dispersion of the nanotubes on the carbon fibers.

The wetting results are only qualitative and served as a basis for deciding which 

solvent could be used to create the nanocomposites. However, because these results are 

not representative of the type of dispersion obtained with spraying, additional 

experiments were done to determine the best solvent for the spraying process.

4.1.2. Spraying Experiments.

The same solutions prepared for the dipping tests were used for evaluating how 

each of these systems sprays over the carbon fibers. Stripes of approximately 23 cm x 

8 cm were sprayed with each of the solutions. The spraying was done so that each 

sample was sprayed 10 times from left to right at a relatively constant speed. Spray tests 

were also done for solutions with CNT and CNT/VGCF, using ethanol as a solvent. 

SEM was used to analyze dispersion of the nanofibers after the spraying process. The 

spraying procedure was done using a Paasche air-brush under a ventilated hood.
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Figure 4. 4. SEM micrographs obtained after spraying carbon fiber coupons with different solutions made 
by dispersing VGCFs in the following solvents: (a) ethanol, (b) ethanol with 1 g epoxy, (c) ethanol/toluene 
(80ml /20 ml), (d) ethanol/toluene (80ml /20 ml) with 1 g epoxy, (e) THF, (f) THF with 1 g epoxy. The 
system with best surface coverage and dispersion is (a), in which ethanol was used as the solvent.
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Results of the spraying experiments for the VGCF solutions are presented in 

Figure 4.4, which shows similar results to those observed in the wetting experiments: the 

samples sprayed with the ethanol/VGCF solution and the THF/VGCF solution resulted in 

a larger number of nanofibers spread on top of the carbon fiber, while the systems in 

which epoxy resin was used resulted in poor surface coverage. It is clear from the images 

that ethanol gave the best results since larger amounts of nanofibers were deposited in the 

carbon fiber, probably due to a better dispersion of the nanofibers in the solvent. Poor 

dispersion of the nanofibers in the solvent could be leading to precipitation of the 

material in the bottom, so that when the spraying is done, only the solvent with a low 

amount of nanofiber is sprayed, likely resulting in lower surface coverage.

It is important to notice that a large number of agglomerates are present in all the 

samples sprayed with VGCF. In order to break these agglomerates, a high shear mixing 

process that consists of mixing the VGCF/solution for five minutes with a homogeneizer 

was used. For comparison purposes the high shear mixing was used in only 

ethanol/VGCF, since this solution gave the best results for both the wetting and the 

spraying tests.

Figure 4.5 shows the sprayed system with and without the high shear mixing 

process; it can be observed that the amount and size of the agglomerates in the sample 

without high shear mixing are much larger than the ones observed in the sample that was 

high shear mixed.
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(b)

Figure 4. 5. SEM micrographs of systems sprayed with VGCF/ethanol: (a) without high shear mixing 
process (500X and 1,500X magnifications), (b) with high shear mixing process (500X and 1,500X 
magnifications). Note the lower number of agglomerates or “dust-bunnies” in the system where high shear 
mixing was used.

The spraying experiments were also done for the CNT and CNT/VGCF systems. 

The results, presented in Figure 4.6 and Figure 4.7, are consistent with the results 

observed previously: the best dispersion and lower agglomerate sizes were obtained by 

dispersing the nanomaterials in ethanol or in THF.
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(c)

Figure 4. 6. SEM micrographs obtained after spraying carbon fiber coupons with different solutions made 
by dispersing CNTs in the following solvents (a) ethanol (500X and 8,000X magnifications), b) THF 
(500X and 8,000X magnifications), (c) 80 ml ethanol/ 20 ml toluene (500X and 8,000X magnifications). 
The best dispersion and lower sizes of agglomerate were obtained when ethanol or THF were used.
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(c)

Figure 4. 7. SEM micrographs obtained after spraying carbon fiber coupons with different solutions made 
by dispersing CNTs and VGCFs in the following solvents (a) ethanol (500X and 8.000X magnifications), 
b) THF (500X and 8.000X magnifications), (c) 80 ml ethanol/ 20 ml toluene (500X and 8.000X 
magnifications). The best dispersion and lower sizes of agglomerate were obtained when ethanol or THF 
were used.
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In conclusion, dispersing the CNTs and VGCFs in ethanol and using a high shear 

mixing procedure is the approach that leads to better dispersion of the nanofibers in the 

system. Additionally, ethanol has a combination of other good properties that make it the 

ideal candidate for using as a spraying media: it is relatively safe to the user, does not 

damage the sizing, evaporates very easily and has a low price. In the next section the 

manufacturing process of the nanocomposites will be explained in more detail.

4.2. Processing of CNT/VGCF Carbon Fiber/Epoxy Composites.

In this section the manufacture process of the nanocomposites is described. First, 

the detailed procedure used for spraying the nanotubes on the fiber is presented. Second, 

the different configurations used to create composites are discussed, and the dispersion 

analysis of the sprayed carbon fibers are presented. Finally, the VARTM procedure used 

to create the composites is explained and the results of the quality control analysis of the 

panels are shown.

4.1.3. Incipient wetting.

The incipient wetting procedure was first developed by Kim et al. (69) and was 

used by Zhu et al. (13) to create composites with enhanced resistance to delamination. 

The method consists of spraying a solution of CNTs and/or VGCFs onto the carbon fiber 

ply, followed by evaporation of the solvent. This process was used to create different 

types of composites depending on where the nanomaterials were sprayed: on the

midplane, on several layers above or below the midplane, or on all the layers. The
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procedure used to spray one interlayer (the region between two carbon fiber plies) of the 

composite was the following:

i) A single ply of carbon fiber was weighed and the amount of nanoreinforcement 

to be sprayed was calculated and weighed depending on desired composition. For 

example, if a single ply weighed 20 g and we wanted to create a 0.1 wt% composite, then 

20 mg of nanofibers would be sprayed on the fibers.

ii) The nanomaterials were mixed in ethanol using a 0.1 mg/ml concentration. 

The solution was dispersed with a homogenizer for 5 minutes, followed by bath 

sonication (40 KHz) for 30 minutes. The high shear mixing (homogenizing) step breaks 

the large agglomerates present in the solution, while the bath sonication further disperses 

the nanomaterials in the solvent. In case of composites in which CNTs and VGCFs were 

combined, both materials were simultaneously mixed in ethanol and dispersed in the 

solution using the procedure described earlier.

iii) The solution was sprayed with a Paasche air brush on one side of each of the 

two plies that make up the interlayer desired to be reinforced. For example, if 20 mg of 

nanofibers were sprayed, each ply would have 10 mg sprayed on one side. The spraying 

process is illustrated in Figure 4.8 for one carbon fiber ply.

iv) The samples were let dry overnight or until all solvent was evaporated.
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Figure 4. 8. Incipient wetting process (69). The nanofibers suspended in the solvent are sprayed onto the
carbon fiber; when the solvent evaporates, the carbon nanofibers remain on the carbon fiber.

4.1.4. Composites Configuration.

The first composites created using the spraying procedure were those in which the 

nanomaterials were introduced only in the midplane. The reason for reinforcing only the 

midplane is that during mechanical testing (Short Beam Shear test) of the composite, the 

shear stresses are maximum in this region. By adding the nanoreinforcements only where 

they are needed, i.e. in the place of maximum stress, the properties of the composite were 

expected to be enhanced while minimizing the amount of reinforcement needed to 

achieve this goal.

In order to make composites reinforced only in the midplane, 12 layers of carbon 

fiber were laid up in as shown in Figure 4.9, and only the two layers forming the 

midplane were sprayed with nanoreinforcements. Different compositions were analyzed, 

as indicated in Table 4.3. It is important to notice that such compositions are based with 

respect to the weight of only one carbon fiber ply without resin, and not with respect to
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the final weight of the composite. After the fiber was laid up as indicated in Figure 4.9, 

the composites were manufactured using a VARTM process.

layer 7 -  sprayed side facing down

12
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4
3
2
1
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>\ V 1

t
t - -

L r *■ 1
J ~ /

. I

_ ■ _ 
1

In

I t

layer 6 -  sprayec side facing up

Figure 4. 9. Representation of the composite lay-up used for T650 carbon fiber. The sprayed plies were 
placed in the midplane of the composite (positions 6 and 7), with the sprayed sides facing each other.

Table 4. 3. Composition of T650/epoxy composites reinforced with CNTs and VGCFs in the midplane.

Composite name Carbon Fiber Total No. layers Layers sprayed

Blank T650 12 None

0.05 wt% VGCF T650 12 Midplane 
(6 and 7)

0.1 wt% VGCF T650 12 Midplane 
(6 and 7)

0.05 wt% CNT T650 12 Midplane 
(6 and 7)

0.1 wt% CNT T650 12 Midplane 
(6 and 7)

0.05 wt% VGCF 
0.05 wt% CNT/ T650 12 Midplane 

(6 and 7)

0.1 wt% VGCF 
0.1 wt% CNT/ T650 12 Midplane 

(6 and 7)
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Other configurations were used besides reinforcing only the midplane of the 

composite. This was done because during the Short Beam test, fracture did not occur in 

the midplane of the composite, which is a necessary condition that must occur in order to 

be able to quantify the value of the Short Beam Shear Strength (SBSS). These results 

will be explained in more detail in Chapter 5. The other configurations evaluated in this 

thesis were: spraying 3 layers above and 3 layers below the midplane, and spraying all 

the layers in the composite. The composites were manufactured using the EM7 carbon 

fiber because, as mentioned in the Materials section, it was not possible to use the same 

material (T650 carbon fiber) for all the experiments due to a worldwide shortage of 

carbon fiber. IM7 composites were reinforced with VGCF-XT instead of VGCF-PS for 

reasons already explained in Chapter 3.

Table 4.4 summarizes the compositions evaluated for the IM7 system. The 

spraying procedure was the same as mentioned previously, but it had to be repeated 

several times until spraying six layers that were laid up as indicated in Figure 4.10. It is 

important to notice that composites created with T650 fibers had only 12 layers of carbon 

fiber, while those with IM7 carbon fiber had 16 layers. The reason for this is that IM7 

carbon fiber is thinner than T650 and in order to get SBS specimens with the required 

thickness more plies had to be used.
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Figure 4.10. Representation of the composite lay-up used for IM7 carbon fiber. Three layers above and 
below the midplane were sprayed in both sides with the nanomaterials.

Table 4. 4. Composition of IM7/epoxy composites reinforced with CNTs and VGCFs 3 layers above and 
below the midplane.

Composite name Carbon Fiber Total No. 
layers Layers sprayed

Blank IM7 16 None

0.1 wt% VGCF IM7 16 above/below 
midplane (6 to 11)

0.1 wt% CNT IM7 16 above/below 
midplane (6 to 11)

0.025 wt% VGCF/ 
0.025 wt% CNT IM7 16 above/below 

midplane (6 to 11)
0.05 wt% VGCF/ 
0.05 wt% CNT IM7 16 above/below 

midplane (6 to 11)

To study the effect of adding nanoreinforcements in all the layers of the 

composite in the mechanical response of the composites during the SBS test, several 

composites with all the layers sprayed were created. The compositions of these systems 

are shown in Table 4.5.
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Table 4. 5. Composition of T650/epoxy and IM7/epoxy composites reinforced with CNTs and VGCFs in 
all the layers.

Composite name Carbon Fiber Total No. layers Layers sprayed

0.1 wt% VGCF-PS T650 12 All Layers

0.1 wt% VGCF-XT IM7 16 All layers

The last set of experiments evaluated how functionalization of the nanotubes 

affects the mechanical properties of composite. The composites were reinforced only in 

the midplane; Table 4.6 summarizes the compositions of these composites.

Table 4. 6. Composition of IM7/epoxy composites reinforced with functionalized CNTs and VGCFs in the 
midplane.

Composite name Carbon Fiber Total No. layers Layers sprayed

Blank IM7 16 None

0.1 wt% c n t -n h 2 IM7 16 Midplane 
(8 and 9)

0.025 wt% VGCF/ 
0.025 wt% CNT-NH2 IM7 16 Midplane 

(8 and 9 )

4.1.5. Dispersion Analysis.

Using the spraying procedure described above, T650 carbon fibers and IM7 

carbon fibers were sprayed with VGCF and/or CNTs at different concentrations, as 

indicated in Table 4.3 to Table 4.6 in the previous section.

To evaluate the quality of the nanoreinforcement dispersion, SEMs images of a 

selection of sprayed fibers were taken after the ethanol was completely evaporated. For 

comparative purposes, the following systems were analyzed:
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a) For T650 carbon fiber:

• 0.1 wt% VGCF-PS

• 0.1 wt% CNT

• 0.05 wt% VGCF/0.05 wt% CNT 

b) For IM7 carbon fiber:

• 0.1 wt% VGCF-XT

• 0.1 wt% CNT

• 0.025 wt% VGCF-XT/0.025 wt% CNT

• 0.1 wt%CNT-NH2

• 0.025 wt% VGCF-XT/0.025 wt% CNT-NH2;

The results of the dispersions obtained for the T650 fiber are shown in Figure 

4.11. The VGCF system showed good dispersion of the nanofibers in the fabric; 

however, there are some small agglomerates in the sample that can be observed clearly in 

the low magnification image of the VGCF system. CNTs, on the other hand, had larger 

agglomerate sizes than VGCF, as seen in the lower magnification SEM of Figure 4.11-b. 

A thin layer of nanotube bundles covering the carbon fiber and some small size 

agglomerates can be observed at higher magnification. The images of the system in 

which VGCF and CNTs are combined are presented in Figure 4 .11-c. In general, the 

combined system has both features observed for the individual system, that is, presence 

of large agglomerates and presence of some better dispersed VGCF fibers.

The results of the dispersions obtained for the IM7 carbon fiber are shown in 

Figure 4.12. The VGCF system showed the best dispersion of the three cases, while the 

CNTs appeared to be highly agglomerated. In order to improve dispersion of CNTs,
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functionalization of the nanotubes was performed according to the procedure developed 

by Peng et al. (84) procedure. Detailed characterization of the functionalized tubes is 

presented in Chapter 3.

(c-1) (c-2)

Figure 4. 11. T650 carbon fibers sprayed with (a) 0.1 wt% VGCF-PS, (b) 0.1 wt% CNT, (c) 0.05 wt% 
VGCF-PS and 0.05 CNT wt%. VGCF show better dispersion than CNTs and lower number of 
agglomerates. Some areas of the CNT sprayed fiber (b) show good dispersion of the nanotubes, which 
make a thin layer of bundles on top of the carbon fiber (indicated by an arrow).
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Figure 4.13 and Figure 4.14 show the dispersion of the functionalized tubes when 

they are used by themselves, and when they are combined with VGCF-XT. In general it 

can be seen that dispersion is greatly improved with respect to the un-functionalized 

nanotubes. Additionally, the agglomerate size is greatly reduced. Another important 

point is that, according to the manufacturer, the VGCF-XT material is dispersing much 

better than the VGCF-PS thanks to a new debulking method.

One characteristic observed in all cases in which CNTs were sprayed on the 

carbon fibers, with or without functionalization, is that the carbon nanotubes appeared to 

be attracted to the carbon fiber. Evidence of this behavior is shown in Figure 4.15. 

Although the nanotubes are highly agglomerated, those tubes that are in the surface of the 

agglomerate seem to “reach” to the carbon fiber, indicating a possible attraction. This 

type of behavior could be beneficial for improving load transfer between the carbon fiber 

and the nanotube and for making strong interfaces. The best case scenario occurs when 

the nanotubes are completely dispersed on top of the carbon fiber, as seen in the SEMs of 

the functionalized tubes sprayed on the IM7 carbon fiber.
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Figure 4. 12. IM7 carbon fibers sprayed with (a) 0.1 wt% VGCF-XT, (b) 0.1 wt% CNT, (c) 0.05 wt% 
VGCF-XT and 0.05 wt% CNT. VGCFs are better dispersed than CNTs, which are mainly in the form of 
large agglomerates.
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(c) (d)

Figure 4. 13. SEM micrographs of IM7 carbon fibers sprayed with 0.1 wt% CNT-NH2: (a) 200x 
magnification, (b) 5,000x magnification, (c) 20,000x magnification, (d) 20,000x magnification but at a 
different location. Functionalization results in a better dispersion of the nanotubes and smaller agglomerate 
sizes, when compared to un-functionalized systems.
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(a) (b)

(c) (d)

Figure 4 .14. SEM micrographs of IM7 carbon fibers sprayed with 0.025 wt% CNT-NH2 and 0.025 wt% 
VGFC-XT: (a) 200x magnification, (b) 5,OOOx magnification, (c) 10,OOOx magnification, (d) 20,000x
magnification. Functionalization results in a better dispersion of the nanotubes.

(a) (b)

Figure 4.15. Examples of CNTs agglomerated “reaching” to the carbon fiber.
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4.1.6. Vacuum Assisted Resin Transfer Molding (VARTM).

The VARTM process is a composite manufacturing technique in which vacuum is 

used to draw a liquid resin through dry fibers that are laid on a flat surface (89). 

VARTM is becoming popular because it is a clean and safe way to make high 

performance composites at low-cost. Because of its low operating pressures, tooling 

costs are greatly reduced, making VARTM a very popular processing method that 

promises to replace other costly processes used for aerospace and commercial 

applications (4). One of the main disadvantages of the VARTM process is that, because 

it is mostly a manual process, quality of the part is highly dependant on the operator 

experience and is based on trial-and error. Additionally, the fiber volume fractions of the 

composite manufactured by VARTM are lower than those obtained by other higher- 

pressure processes such as autoclave or Resin Transfer Molding (RTM), resulting in 

composites with lower mechanical properties.

The VARTM process used in this research was set-up as follows:

First, the surface of the metal table (which is also called tool) used to lay-up the 

fibers was cleaned thoroughly with acetone to remove any residues from previous 

infusions or dirt from the environment. After the table was cleaned, tacky-tape was 

placed on the perimeters of the table. Tacky tape is an adhesive strip that bonds the bag 

to the surface and provides a vacuum seal (5).

After the tape was placed, a mold release agent was applied in the surface of the 

tool; this prevents the final part from sticking to the tool. Once the mold release was dry, 

the layers were stacked up using a 0790° balanced and symmetric configuration. A 

0790° configuration means that if the first layer was placed with its preferential fiber-
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orientation parallel to one edge of the table, then the second layer would be placed with 

its preferential fiber-orientation perpendicular to it, etc. A balanced lay-up means that 

there is the same number of 0° and 90° layers. A symmetric lay-up means that the lay-up 

is symmetric with respect to the midplane (90). In the case of T650 composites, 12 layers 

were used to create the composites, so the final configuration corresponded to 

(0/90/0/90/0/90/90/0/90/0/90/0). Because IM7 is a thinner fabric, 16 layers were used to 

make panels with similar thickness to those made with T650.

Once the fibers fabrics were laid-up, a peel ply was placed on top of the carbon 

fibers, and on top of this a resin infusion media or Scrimp® was placed. The peel ply is a 

porous fabric that allows the resin to pass through it, but does not stick to the final part 

(91). Once the panel is cured this fabric can be peeled easily, allowing fast removal of 

the bag from the part. The peel ply also adds texture to the surface it covers; this 

sometimes is desired for applications where bonding of pieces will be performed and 

additional mechanical interlocking is needed. A Scrimp® is a highly permeable 

distribution medium that allows the resin to flows preferentially across the surface and 

simultaneously through the preform thickness, enabling large parts to be fabricated in a 

short time (92).

The infusion line (silicone tubing) connects the resin reservoir to a metal spiral 

that is placed on the edge of the stacked carbon fibers. This spiral serves as the channel 

that distributes the resin through the width of the panel. The vacuum line, which is also 

silicone tubing, was placed on the opposite side of the table and was connected to the 

vacuum trap, which is attached to the vacuum pump. The vacuum trap collects any 

excess resin that comes out of the part, keeping it from reaching and damaging the pump.
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The vacuum line is connected to the part by a piece of peel ply that is placed under the 

stacked carbon fibers. This allows the vacuum to be pulled from under the sample, and 

therefore forces the resin to flow from the Scrimp® to the bottom of the sample. All the 

materials used for the VARTM process were obtained from Airtech International, Inc. 

(Huntington Beach, CA)

Once the layers and tubings are in place, a vacuum bag is placed on top of this 

lay-up and is adhered using the tacky-tape. Once good seal is obtained, vacuum is 

applied and a vacuum check was performed once all the air was removed from the 

sample. A leak detector was used to find any possible leaks, which could introduce voids 

in the part and damage the composite. A degassing process that consisting on heating up 

the resin to 250 °F (121 °C) and placing it under vacuum for 10 minutes was performed 

to remove any bubbles from the resin which could form voids in the part. Once the resin 

was degassed, the infusion process was performed, by letting the vacuum pull the resin 

through the fiber fabric. Figure 4.16 and Figure 4.17 show a schematic representation of a 

typical VARTM set-up from different points of view.

Vacuum bag

Laminate

Vacuum line

Infusion line

Re sin re s ervoir Vacuum pump
with trap

Figure 4. 16. Schematic representation of a VARTM set-up (side-view). The resin is pulled through the 
dry laminate with aid of the vacuum pump, and the part cures to make a final composite (Adapted from 93).
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Vacuum
Line

Carbon Fiber

Scrimp®

Metal spiral wire 
(resin distributor)

Infusion Line

Figure 4.17. Schematic representation of a VARTM set-up (top-view). The resin is pulled through the 
dry laminate with aid of the vacuum pump and the part cures to make a final composite.

The composites in Table 4.3 and Table 4.4 were fabricated at the National 

Composite Center (NCC) in Dayton, OH. The procedure was set up to make 3 panels at 

the same time to ensure that all samples had similar processing conditions. This 

configuration is shown in Figure 4.18. The curing cycle consisted of infusing the resin at 

121 °C (250 °F), curing at 121 °C (250 °F) for 2 hours, and post curing for 2 hours at 177 

°C (350 °F).

T650/epoxy panels with nominal dimensions of 30 cm (12 in) x 30 cm (2 in) x 4.6 

mm (0.18 in) were manufactured using 12 plies of carbon fiber stacked in a (0,90) 

balanced and symmetric lay-up. IM7/epoxy panels with nominal dimensions of 30 cm 

(12 in) x 30 cm (2 in) x 4.0 mm (0.15 in) were manufactured using 16 plies of carbon 

fiber.
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Vacuum line Excess resin

Carbon fiber 
composite

Infusion line Tape
Figure 4. 18. Picture of the VARTM process at the Nationals Composite Center (NCC) during curing. 
Three samples were infused at the same time in order to assure consistency between the panels.

The composites indicated in Table 4.5 and Table 4.6 were prepared in the 

Composites Lab at Rice University. As seen in Figure 4.18, only one panel was made 

during each process. The curing cycle consisted of infusing the resin at 80 °C (176 °F), 

curing at 121 °C (250 °F) for 2 hours, and post curing for 2 hours at 177 °C (350 °F).

Vacuum line

Infusion li

Composite

Figure 4. 19. Picture of VARTM process at the Rice Composites Lab. Only one sample could be 
manufactured during the infusion process.
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4.2. Quality Control -  C-scan

After the panels were manufactured, the quality of the composites was analyzed 

using ultrasonic inspection. One of many ultrasonic methods is the C-scan, which can 

detect defects larger than a fiber diameter size and is typically used for flat lamina 

composites (5). In this research C-scan was used specifically to verify repeatability of 

the panel’s quality and to detect any possible flaws or voids in the final part.

Figure 4.20 illustrates the typical set-up used to inspect a composite laminate with 

a C-scan. The test consists of immersing the sample in a coupling medium, such as 

water, and applying a high frequency signal through a focused transducer that scans the 

sample. Any place where there is a difference of acoustic impedance, such as voids and 

defects, will partially reflect the signal, which is then detected by the transducer and 

serves as a means to detect differences in the quality of the sample (94).

Transducer Composite

C-Scan Tank

Water as the Coupling Agent

Figure 4. 20. Schematic representation of C-scan set up (95). The sample is immersed in a coupling 
medium and a transducer scans the composite to detect any defects in the part.

The C-scan measurements were done at the Materials and Manufacturing 

Directorate of the Air Force Research Laboratory using a high-resolution ultrasonic 

scanning system. All the T650 composites were scanned using a frequency of 9.5 dB,
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while the IM7 composites were scanned using a frequency of 7.5 dB. The difference in 

scanning frequency is due to the difference in thickness of the composites.

As mentioned previously, some composites were manufactured at NCC using a 

set-up that allowed creating 3 panels at the same time, while others were manufactured at 

the Rice Composites Lab. Table 4.7 and Table 4.8 indicate in which run each of the 

panels was created.

Table 4 .7 . Place and run in which each of the T650-based composites was manufactured.

Base Composite Name Run

Blank
0.1 wt % VGCF sprayed in all layers NCC 1

T650/Epoxy

0.1 wt % CNT sprayed in midplane 
0.05 wt% VGCF/ 0.05 wt% CNT sprayed in midplane NCC 2

0.1 wt % VGCF sprayed in midplane 
0.05 wt %  CNT sprayed in midplane NCC 3

0.1 wt% VGCF/ 0.1 wt% CNT sprayed in midplane 
0.05 wt % VGCF sprayed in midplane NCC 4

Table 4 .8 . Place and run in which each of the IM7-based composites was manufactured.

Base Composite Name Run

Blank 1
0.1 wt % VGCF sprayed above and below midplane NCC 5

0.1 wt % CNT sprayed above and below midplane 
0.025 wt% VGCF/ 0.025 wt% CNT sprayed above and below midplane 

0.05 wt% VGCF/ 0.05 wt% CNT sprayed above and below midplane
NCC 6

IM 7/Epoxy
Blank 2 Rice 1

0.1 wt % CNT-NH2 sprayed in midplane Rice 2

0.025 wt% VGCF/ 0.025 wt% CNT-NH2 sprayed in midplane Rice 3

0.1 wt % VGCF sprayed in all layers Rice 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

Figure 4.21 shows representative c-scans of each of the runs used to create the 

T650 based composites, i.e., those indicated in Table 4.7. The c-scans of the panels 

created in the first run (i. e. NCC-1) show that the quality of the panel is homogeneous 

through the sample, and that comparatively speaking the resin content is high (indicated 

by red and white colors). On the other hand, the C-scans of the panels created in the 

second and third runs (NCC-2 and NCC-3) showed defects (indicated by yellow color). 

On one hand, NCC-2 shows that the middle of the sample has defects, possibly voids, 

while the rest of the sample has good overall quality; on the other hand, NCC-3 shows 

that the defects are located in the top portion of the sample, while the rest has good 

quality. This behavior was unexpected since all the parameters were kept constant for 

each run. However, it was not within the scope of this work to optimize the VARTM 

process, and due to time limitations it was not possible to repeat the panels until they all 

had the same overall quality. Therefore only the areas that had good quality were used 

for mechanical analysis. In the case of NCC-2, only samples cut from the top and bottom 

of the sample were collected, while for NCC-3 samples were collected from the bottom 

of the composite.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(a) (b)

(C)

Figure 4. 21. C-scans of the T-650 composites: (a) Representative c-scan of NCC-1 run; good quality of 
the panels is observed in all the sample as indicated by red and white colors (b) Representative c-scan of 
NCC-2 run; voids are present in the middle region of the panels (c) Representative c-scan of NCC-3 and 
NCC-4; voids are present in the top region of the panels.

The IM7-based composites, i.e. those indicated in Table 4.8, were used to create 

specimens for SBS and DCB testing. Because DCB specimens require having an initial 

delamination in the specimen, a 25 jam thick Teflon® insert was placed in the midplane 

of the composite. The c-scan is black in the area in which the insert is present, as shown
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in Figure 4.22. The region of the panel that does not have an insert shows good quality as 

indicated by predominant red and white colors. It is particularly interesting to notice that 

the composites created at the Rice Composites Lab resulted in similar quality as those 

manufactured at NCC.

0 10 20 30 40 50 60 70 80 90 100

Figure 4. 22. C-scan of composites: (a) Representative of NCC-5 and NCC-6 , (b) Representative of Rice 
1, Rice 2 and Rice 3. Black upper region indicates location of insert.

In conclusion, c-scan analysis is an important step that assures that the specimens 

selected for mechanical testing have the same quality. In the next chapter the mechanical 

properties of the composites will be evaluated to determine the effect of the 

nanoreinforcements in the resistance to delamination of the composite.
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CHAPTER 5 

MECHANICAL PROPERTIES OF COMPOSITES

As mentioned in section 2.2.1, delamination properties of fiber reinforced 

polymer (FRP) composites can be characterized by measuring the interlaminar shear 

strength of the material (using the Short Beam Shear test), or by determining the 

toughness of the composite (using the Double Cantilever Beam test).

In this chapter, the mechanical properties of the VGCF/CNT Carbon Fiber/Epoxy 

composites are presented. The purpose of these experiments are: first, to determine if by 

introducing nanomaterials in the composite an enhancement of the delamination 

resistance is achieved; and second, to evaluate if the combination of VGCF and CNTs 

leads to a synergistic effect in the enhancement of the mechanical properties of the 

composite. In the first section of this chapter, the results obtained for the Short Beam 

Shear test are presented and discussed. The second section presents and discusses the 

results obtained for the Double Cantilever Beam test.

5.1. Short Beam Shear (SBS) Test.

In the past, the short beam shear (SBS) method was widely used to determine 

interlaminar shear strength (ILSS) of composite materials; the test is particularly popular 

due to its simplicity of testing and low sample preparation costs, and therefore is 

commonly used for quality control and as a screening tool. The SBS test, which is shown 

schematically in Figure 5.1, consists of subjecting a rectangular composite sample to a
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three point bend test with a span-to depth ratio set to induce interlaminar shear failure 

(96). The span is typically a short distance so that shear stresses are promoted while the 

bending stresses are minimized, thereby creating an interlaminar fracture along the 

midplane of the composite (15,97). Figure 5.2 illustrates the shear and bending stress 

distributions during a 3-point bend test.

Delamination in the midplane

Span

Front View

b

Side View

Figure 5. 1. SBS test configuration. The specimen in form of a beam is loaded in three point bending. 
The upper cylinder moves while the lower two remain fixed in position. Fracture should occur by 
delamination in the midplane of the composite (19).

max compressive stress

- no tensile or compressive stress
M
M0>

J3o
3 bending stress

max tensile stress

max shear stress
M
M
9)

J9w
3 shear stress

(a) (b)
Figure 5. 2. Stress distribution during 3-point bend configuration: (a) shear stress and (b) bending stress. 
In the middle of the specimen the shear stresses reach a maximum value, while the bending stresses are 
nonexistent. In the SBS test, the shear stresses are maximized while the tensile stresses are minimized. 
Adapted from (98).
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A typical load-displacement curve obtained from a SBS test is shown in 

Figure 5.3. From this plot, the maximum failure load Pmax can be determined and the 

short beam shear strength (SBSS) can be found using the following expression, which is 

derived from the classical beam theory:

0.75 P
SBSS = ------- 2*2- (equation 1)

bh

where b is the specimen width and h is the thickness. This expression is derived from 

assuming that a parabolic stress distribution occurs and that fracture occurred in the 

midplane of the specimen (19).

i i
Pmax (delamination occurs)

T3

Displacement

Figure 5.3 . Schematic representation of a Load-Displacement curve obtained during SBS test. Adapted 
from (97). The sample is loaded until it fractures by delamination; at this moment the load drops abruptly. 
The maximum value of load is used to calculate SBSS.

Because equation 1 is valid only if fracture occurs in the midplane of the 

composite as a result of shear stresses, it is very important to verify that fracture occurred 

in the midplane; this can be done using optical microscopy. Because the stress gradient 

may not necessarily be very severe in the midplane of the composite, fracture can occur
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within neighborhood of the midplane, in the weakest point of the sample; this should also 

be verified using optical microscopy.

There are several limitations on the SBS test that have drawn the composites 

community to question the validity of this testing method for determining ILSS (99). 

These uncertainties are reflected in the title of the standard, which states that the test 

measures the “short beam shear strength” (SBSS) of composite materials, rather than the 

ILSS (97, 99).

The first drawback of the SBS method is that the test configuration violates the 

main assumptions used to derive the theoretical equations that rule the test. The SBS 

analysis method is based on the elementary beam theory, in which two assumptions are 

made: i) the length of the specimen is much larger than its width, and ii) the material is 

homogeneous, isotropic, and obeys Hooke’s law for a simple-one dimensional stress state 

(99). According to the ASTM standard, the length of the specimen is only four times its 

thickness and twice its width, which violates the first assumption mentioned above. The 

second hypothesis is also violated because laminated composites cannot be considered 

homogeneous since the ply interfaces and the lamina properties are not the same (99).

A consequence of having non-homogeneous properties in a laminated composite 

is that the shear stress distribution is no longer parabolic throughout the sample. Instead, 

the distribution is parabolic only within each layer of the composite, with a discontinuity 

in the slope occurring at each ply interface. In this case, the strength depends on the 

stacking sequence of the fibers and the maximum shear stress does not necessarily occur 

in the midplane of the composite, making the SBS test invalid to calculate ILSS of the 

composite. Such behavior is schematically represented in Figure 5.4. Therefore, it is
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important to verify that the fracture occurred in the midplane of the composite, so the 

assumption that the maximum stresses are in the middle of the sample remains true. 

(15,19,96,)

i / h

Stress
1.5 2.0 Distribution

Figure 5 .4 . For a 0/90 laminate material the stress distribution will be parabolic within each layer, but a 
discontinuity in slope will occur at the ply interfaces (99).

One final disadvantage of the SBS test is that shear strains cannot be measured 

using this test and therefore neither a shear modulus nor a stress-strain curve can be 

obtained, making this data useless for design purposes (15, 96, 97).

Regardless of all these problems, the SBS test is still widely used by industry and 

research institutions, mainly due to its simplicity and low costs. Recently, Adams (97) 

proposed slight modifications to the ASTM method that should render the test more 

accurate when testing interlaminar shear of a material. Specifically, he suggests that in 

order to obtain consistent shear fracture, a span-to-thickness ratio of 6 to 8 should be used 

rather than the ASTM standard ratio of 4, and a loading cylinder of 1 in. diameter rather 

than the 0.25 in. cylinder suggested in the standard. However, he points out that certain 

areas should be further investigated in order to obtain complete acceptance of this method 

by the composites community. Some of these recommendations were used in this thesis 

in order to get more accurate results.
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5.1.1. CF/Epoxy composites reinforced in the midplane.

The T650 composites reinforced in the midplane with CNTs and/or VGCFs were 

the first samples to be evaluated using the SBS test. The results obtained for these 

composites have been published in a recent paper by the author of this thesis (100).

To prepare the SBS specimens, the composite panels manufactured with the 

VARTM process were cut using a diamond saw. Nominal dimensions of the samples are 

54.6 mm (2.15 in), 6.4 mm (0.25 in) and 4.6 mm (0.18 in). Care was taken to cut 

samples from areas that had similar quality according to the C-scan results presented in 

section 5.3. After the samples were cut, edges were polished to assure that no defects 

were present in the sample.

All specimens were tested using a MTS Sintech 65/G machine with a 300 lb load 

cell. The span was set to 44.5 mm (1.75 in) and the loading rate was 5.1 mm/min (0.2 

in/min). Between 10 and 15 samples were tested for each panel and the fractured 

specimens were analyzed using optical microscopy to verify if fracture occurred in the 

midplane of the composite.

Table 5. 1 summarizes the results obtained for the SBS test of the T650 

composites with and without nanoreinforcements in the midplane region. An interesting 

difference in the fracture behavior of the composites was observed: In the case of un

reinforced samples, the majority of the specimens fractured in the midplane, as observed 

by optical microscopy, while none of the samples reinforced with VGCFs and/or CNTs 

fractured in the midplane; this behavior is shown in Figure 5. 5. Additionally, it can be 

noticed that for the reinforced composites, fracture occurred mostly in the region below 

the midplane of the composite. As seen previously in Figure 5. 2, the tensile stresses due
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to bending are not zero below the midplane, so it is possible that the reinforced samples 

are not fracturing only due to pure shear, but also due to bending.

In this thesis it is postulated that a reinforcing effect of the nanomaterials in the 

midplane of the composite leads the fracture to occur in an un-reinforced region of the 

specimen. However, because fracture occurred in a layer other than the midplane, the 

values of SBSS obtained can not be used to quantify the reinforcement effect of the 

nanomaterials on the composite

Table 5. 1. SBS test results of T650 composites reinforced in the midplane. SBSS is the Short Beam 
Shear Strength of the samples that fractured in the midplane.

Sample
No.

samples
crushed

No. samples 
delaminated

No. 
fractures in 

midplane

No. fractures 
below 

midplane

No. samples 
above 

midplane

SBSSU
(MPA)

Un-reinforced 1 12 8 (between 
layers 6-7)

4 (between 
layers 3-4) 0 36±1

0.05 wt% 
VGCF 0 9 0 9 (between 

layers 4-5) 0 N.A

0.1 wt% 
VGCF

0 10 0 9 (between 
layers 4-5)

1 (between 
layers 7-8) N.A

0.05 wt% CNT 1 10 0 10 (between 
layers 4-5) 0 N.A

0.1 wt% CNT 0 9 0
8 (between 
layers 4-5) 
1 (between 
layers 5-6)

0 N.A

0.05 
wt%VGCF/ 

0.05 wt% CNT
1 10 0

6 (between 
layers 5-6) 
4 (between 
layers 3-4)

0 N.A

0.1 wt % 
VGCF/

0.1 wt% CNT
l n r , ™ ___________. . .

1 11 0 11 (between 
layers 4-5) 0 N.A

SBSS was calculated using equation 1, using the values of Pmax obtained from those samples that 
fractured in the midplane.
2 N.A= fracture did not occur in the midplane, so SBSS can not be calculated.
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Figure 5. 5. Photographs of two fractured samples after SBS test: (a) un-reinforced sample fractured in 
midplane, (b) reinforced sample fractured below the midplane.

It is difficult to know what the role of the nanomaterials is in the mechanical 

behavior of the composite without performing a detailed modeling analysis of the system; 

however, several changes can be done experimentally to force the fracture of the 

nanocomposite to occur in the midplane. Once this happens the SBSS of the material can 

be calculated and the effect of the reinforcement can be quantified.

In order to obtain fracture of the reinforced composites in the midplane two 

different configurations were used. The first configuration consisted on reinforcing the 

midplane of the composite as well as three layers above and three layers below the 

midplane. The second configuration consisted on reinforcing all the layers of the 

composite. If the composite is indeed reinforced in the regions where the nanomaterials 

are introduced then reinforcing all or some of the layers close to the midplane should 

result in a fracture in the midplane. The next two sections cover the results of the SBS 

tests obtained for such composites.
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5.1.2. CF/Epoxy composites reinforced above and below the midplane.

The carbon fiber/epoxy composites reinforced above and below the midplane 

(from layer 6 to layer 11) were manufactured using an IM7 carbon fiber, as discussed in 

section 5.2.2. Because IM7 panels were thinner than the T650 panels, the nominal 

dimensions of the specimens were set to 35.6 mm (1.4 in) x 6.4 mm (0.25 in) x 3.8 mm 

(0.15 in). These dimensions assured that fracture occurred due to delamination rather 

than by crushing or bending, as determined by optical microscopy. All specimens were 

tested in a MTS load frame model 312.21 with a 5 Kip (2268 kg) load cell using a 30.5 

mm (1.2 in) span and a loading rate of 1.27 mm/min (0.05 in/min). Between 10 and 15 

samples were tested for each panel, and the fracture mode of each specimen was 

evaluated using optical microscopy.

Table 5.2 summarizes the SBS test results obtained for the IM7 composites 

reinforced above and below the midplane. The results indicate that the un-reinforced 

samples fractured preferentially in the midplane while the reinforced samples did not. 

Once again, because fracture did not occur in the midplane, the effect of reinforcement 

due to presence of nanomaterials cannot be quantified. However, the results show an 

interesting difference between the fracture behavior of the composites reinforced in the 

midplane and those reinforced in several layers around the midplane. While the samples 

reinforced only in the midplane delaminated below the midplane, the samples reinforced 

above and below the midplane failed mainly by crushing.

The second column of Table 5.2 indicates the number of fractures that occurred 

due to crushing. By calculating the percentage of crushed samples with respect to the 

total number of tested samples, it can be observed that crushing failures increase
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remarkably when the nanoreinforcements are present in the sample. This result is 

presented in Figure 5.6.

Table 5. 2. SBS test results of IM7 composites reinforced above and below the midplane. SBSS is the 
Short Beam Shear Strength of the samples that fractured in the midplane.

Sample
No.

samples
crushed

No. samples 
delaminated

No. 
fractures in 

midplane

No.
fractures

below
midplane

No. samples 
above 

midplane

SBSSU
(MPA)

Un-reinforced 1 9 6 (between 
layers 8-9)

2 (between 
layers 6-7)

1 (between 
layers 9-10) 53±1

0.1 wt% VGCF 4 6 2 (between 
layers 8-9)

1 (between 
layers 6-7) 
1 (between 
layers 7-8)

2 (between 
layers 9-10) 
1 (between 
layers 5-6)

54±1

0.025 
wt%VGCF/ 

0.025 wt% CNT
3 7

1 (between 
layers 8-9)

4 (between 
layers 6-7) 
2 (between 
layers 7-8)

0 53

0.05 wt%VGCF/ 
0.05 wt% CNT 5 5 0 1 (between 

layers 6-7)
4 (between 
layers 9-10) N

0.1 wt% CNT 

1 .

7 2 0 0
1 (between 
layers 9-10) 
1 (between 

layers 11-12)

N

1 SBSS was calculated using equation 1, using the values of Pmax obtained from those samples that 
fractured in the midplane.
2 N= fracture did not occur in the midplane, so SBSS can not be calculated.
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Un-reinforced 0.025 
wt%VGCF/0.025 

wt% CNT

0.1 wt% VGCF 0.05 
wt%VGCF/0.05 

wt% CNT

0.1 wt% CNT

Figure 5. 6. Percentage of IM7 samples reinforced above and below the midplane that failed by crushing. 
Notice that introducing nanoreinforcements increases the number of samples that crush.

Stinchcomb et al. (99) evaluated the mechanical properties of graphite polyimide 

composites using the SBS test, and their results show that some samples fail by crushing 

while others fail by shear. C-scan analysis of their samples showed that shear failure 

occurred in the specimens with poorer quality, while the specimens with good quality 

failed preferably by microbuckling (crushing) or a combination of shear and 

microbuckling. This result provides explanation for the behavior observed in Figure 5.6: 

the un-reinforced samples are weaker than the composites with VGCF and/or CNT, 

which is why the former ones fail by delamination while the last ones fail by crushing.
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Several authors (15,96,99,101) explain that when multiple failure modes occurs in 

a SBS sample, the failure process is so complex that the fracture does not depend only on 

the interlaminar shear strength but also on the other stresses applied, making this test 

invalid .

5.1.3. CF/Epoxy composites reinforced in all layers.

In a final attempt to obtain fracture in the midplane of reinforced composites 

during SBS test, two composites were created in which all the layers were reinforced. 

One of the samples was a T650 based composite reinforced with 0.1 wt% VGCF, while 

the other was an IM7 based composite reinforced with 0.1 wt% VGCF. C-scan analysis 

showed that the IM7 composite with all layers sprayed had a large amount of voids. 

Because the quality of the part was not comparable that of other IM7 composites, the 

results of the SBS test obtained for this material were not considered in this thesis.

The T650 composite reinforced in all layers was evaluated using the testing 

conditions presented in section 5.1.1. The results of the test are presented in Table 5.3, 

and they show similar results to what was observed in the previous cases: no fracture 

occurred in the midplane. By comparing Table 5.1 and Table 5.3 it can be seen that in 

the case in which nanoreinforcements were introduced in the midplane the fracture 

occurred preferentially between layers 4 and 5; however, when all layer are reinforced the 

fracture occurs between layer 5 and 6 which is just below the midplane. This result 

indicates that fracture moves towards the midplane as expected; however, for reasons 

already mentioned, the SBSS could not be calculated for this composite.

The results of these last experiments lead the author of this thesis to question the 

applicability of the SBS test to measure the strength of the CNT/VGCF composites.
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Besides being a test that has been criticized by the composites community for a long 

time, the validity of the test seems to depend on many variables such as processing, 

strength of the material, conditions of the test, among other already reported in the 

literature (96-99). Because the SBS test results could not be used to evaluate the effect of 

adding nanoreinforcement in the mechanical properties of CF/epoxy composites, a 

different test was used to characterize the mechanical properties of the composite. In the 

next section the Double Cantilever Beam test is introduced.

Table 5 .3 . SBS test results of T650 composites reinforced in all the layers. SBSS is the Short Beam Shear 
Strength of the samples that fractured in the midplane.

Sample
No.

samples
crushed

No. samples 
delaminated

No.
fractures

in
midplane3

No.
fractures

below
midplane

No.
samples
above

midplane

SBSS1,2
(MPA)

T650 
0.1 wt% 
VGCF

2 8 0
7 (between 
layers 5-6) 
1 (between 
layers 3-4)

0 N

1 SBSS was calculated using equation 1, using the values of Pmax obtained from those samples that 
fractured in the midplane.
2 N= fracture did not occur in the midplane, so SBSS can not be calculated.
3 Note that for T650 composites midplane is between layers 6-7 while for IM7 composites is in between 8-9

5.2. Double Cantilever Beam (DCB) Test.

DCB test is a method used widely to evaluate resistance to delamination, and is 

based on the procedure described by ASTM D5528-01. As mentioned in section 2.2.1, 

the DCB test is based on the fracture mechanics approach and is used to determine the 

Mode I interlaminar fracture toughness of the composite (20). This test is particularly 

useful for evaluating the composites manufactured in this work, because the sample is 

forced to fracture in the midplane of the composite, which is where the nanomaterials
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have been placed. This allows measuring only the effect of the nanoreinforcements in the 

mechanical properties of the composite, without having to worry about fracture occurring 

in an un-reinforced region of the sample.

This section describes the DCB test, and has been divided in three parts: the first 

part explains the background of the DCB test, the second part describes the experimental 

procedure of the DCB test used to evaluate the IM7 composites, and the third part 

presents and discusses the results obtained for the DCB tests.

5.2.1. Background.

The DCB specimen consists of a rectangular composite sample containing a non

adhesive insert on its midplane, which creates an initial delamination in the material. 

Hinges are attached to the specimen in such way that when load is applied, the crack 

propagates by a Mode I opening mode. The opening displacement is controlled, while 

load is recorded by the machine and the delamination length is measured by the operator. 

Figure 5.7 shows the DCB specimen and test configurations.

Figure 5. 7. Double Cantilever Beam (DCB) specimen and test configurations (102). A rectangular 
sample with an initial delamination is fractured under Mode I loading.
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An initial loading is applied to obtain the fracture toughness values of the sample 

when it fractures from the insert. The sample is then unloaded and reloaded, to obtain the 

fracture toughness values from the pre-cracked sample. In both cases, the load- 

displacement curve is obtained while the instantaneous delamination values are recorded 

for the load-displacement point where it occurred. Figure 5.8 shows a schematic 

representation of the load-displacement curves obtained during DCB testing.

(® Initiation Values 

•  Propagation Values

VIS
/  NL

Displacement

(a)

Displacement

(b)

Figure 5. 8. Schematic representation of a typical load-displacement curve obtained during DCB testing: 
(a) Curve obtained during initial loading (testing from the insert), (b) Curve obtained during re-loading of 
the sample (testing from pre-cracked sample). The initiation point NL, VIS and MAX/5% are indicated in 
the curves (103).

After the raw data are collected, a data reduction analysis is performed using the 

values of crack length and its correspondent load P  and displacement S  values. The data 

analysis consists of determining the initiation and propagation values of the fracture 

energy, G/c- From these values, a Delamination Resistance Curve (R-curve) is 

constructed, which is characteristic of the fracture behavior of the material (20). Figure 

5.9 shows a schematic R-curve.
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Other
Initiation
Points

Lowest Initiation Point 
(Lowest value among 
NL. VIS. Max/Co+5° o 
from inseit or precrack)

a C rack Length, ao

Figure 5. 9. Schematic resistance-curve (R-curve) with GIC value for initiation and for propagation 
versus observed crack length, a (103).

The initiation and propagation values of the R-curve can be determined using the 

following procedures:

a) Initiation Values (20, 103):

The initiation values of the R-curve can be determined by several techniques: 

using the deviation from linearity (NL) approach, by visual observation (VIS) or by 

means of the 5% offset/Maximum load method (5% Max).

The deviation from linearity method consists of assigning the initiation value of 

G/c to the point of the load-displacement curve when deviation of linearity occurs. This 

point can be determined by drawing a straight line from the origin, but ignoring any 

initial deviations due to take-up of the loading system.

The value of initiation obtained by the visual method corresponds to the point 

when delamination is visually detected to grow from the insert. This detection can be 

done using a magnifying lens, a mirror or a microscope. For brittle matrix composites, 

such as the materials used in this research, the VIS value is the same as the NL value.
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The 5% Offset/Maximum Load (5%Max) value corresponds to the point of the 

load-displacement point at which the compliance has increased by 5% of its initial value. 

This value should be compared with the maximum load value of the load-displacement 

curve, and whichever occurs first should be reported as the 5% Max value. For all these 

cases, the initial delamination length, ao, is the distance between the load line and the tip 

insert; the crack length for the initiation values from the precrack is the distance between 

the load-line and the tip of the precrack, ap . If the NL initiation value is greater than any 

of the propagation values, then no valid initiation value may be reported.

b) Propagation Values:

The Gic propagation values can also be calculated by different methods, such as 

the Modified Beam Theory (MBT), the Compliance Calibration Method (CC) or the 

Modified Compliance Calibration Method (MCC). Although these techniques do not 

differ by more than 3.1%, the MBT method yields more conservative results, so we 

decided to use this approach to calculate the value of Gic for our composites (20).

According to the beam theory, the strain energy release rate of a double cantilever 

beam specimen is the following:

„  3 P S
G, -  —— (equation 2)

2 ba

where P is the load, 8 is the load point displacement, b is the specimen width and a is the 

delamination length. Equation 2 is valid if the beam is assumed to be clamped at the 

delamination front; however, this is not true in practice since the beam can actually rotate 

at the delamination front. In order to account for the rotation that occurs during loading, 

the MBT method proposes to treat the DCB as if it had a longer crack length, a+A (104).
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The value of A can be determined experimentally by plotting the cube root of 

compliance, where compliance is the ratio between displacement and applied load, vs. 

delamination length. A linear fit of the data can be obtained using the least squares 

method, and A corresponds to the absolute value of the intercept of this line with the x 

axis as shown in Figure 5.10. This plot is constructed with the loads and displacements 

values corresponding to the visually observed delamination onset on the edge and all the 

propagation values (20)

VIS

Crack length (a)

Figure 5.10. Linear fits used to correct the Modified Beam Theory (MBT) (103). The intercept A is found 
by plotting the cubic root of compliance vs. crack length.

By using this correction, the Mode I interlaminar fracture toughness is given by 

the following expression (20):

r  -  3PS
~ 2b(a + |A|) (equation 3 )

And the modulus E y is the following:

_ 64(a + |A|) P (equation 4)
O . U  3
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In this work the initiation values of Gic are denominated as Gic-i while the 

propagation values are named Gic-P.

5.2.2. Experimental Procedure.

The DCB test was performed according to ASTM Standard D 5528-01 (20). Only 

IM7 panels were evaluated using this method since DCB specimens of the T650 panels 

could not be fabricated due to lack of material.

DCB specimens were cut from the panels using a diamond saw. The composites 

manufactured at NCC had an average thickness of 3.8 mm, while the ones manufactured 

at Rice Composites Lab resulted in a sample 3.6 mm thick. Nominal dimensions were 

127 mm (5 in) x 25.4 mm (1 in) x 3.8 mm (0.15 in) or 3.6 mm (0.14 in), depending on the 

panel studied. Initial delamination length was 63.5 mm (2.5 in) and the hinges used to 

apply load were 12.7 mm (0.5 in) long.

To help detecting delamination by visual inspection during testing, the edges of 

the samples were coated with a thin layer of typewriter correction fluid. The hinges were 

then mounted in the sample using an epoxy adhesive and the specimen was then placed in 

an oven at 70 °C for 2 hours; which allowed to dry the adhesive and to eliminate any 

moisture present in the sample. A total of 5 samples were tested for each panel.

Once the sample and the epoxy glue were dry, the specimen was mounted in the 

grips of the loading machine, a MTS load frame model 312.21 with a 5 Kip (2268 kg) 

load cell. The mechanical test was performed in two steps: initial loading to create a 

precrack on the specimen and reloading.
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a. Initial Loading: The first value of Gic obtained from delamination growth 

from the insert can be considered a generic interlaminar fracture toughness. These values 

were obtained by loading the specimen at a constant rate of 1.27 mm/min (0.05 in/min) 

while the load, displacement, position of delamination and point of visual delamination 

were recorded. The loading was stopped after the crack had propagated from 3 to 5 mm 

and the specimen was unloaded at a crosshead speed rate of 25 mm/min; then, the 

position of the precrack on both edges of the specimen was marked.

b) Reloading: Pre-cracking the sample using the procedure mentioned above 

eliminates a resin pocket that is typically formed in the tip of the insert. When the 

delamination propagates through or around this pocket an artificial value of Gic at 

initiation is measured. By creating a precrack this problem is overcome, however this 

value of Gic is a measure of delamination through a damaged material, and not a generic 

material property (14). Reloading of the sample was done using the same constant 

crosshead speed of 1.27 mm/min (0.05 in/min) as the initial loading. However, the test 

was not stopped until fracture of the specimen occurred. Once again, the load, 

displacement, position of delamination and point of visual delamination were recorded. 

The crack was monitored using a magnifying lens. The initiation values Gic-i and 

propagation values Gic-P were calculated using the methods described in section 6.2.1. 

The R-curve was constructed from all the initiation and propagation values.

It is important to mention that during the DCB beam, a “stick-slip” crack 

propagation behavior was observed. This behavior is represented in Figure 5.11, and is 

characterized by a sudden propagation of the crack, followed by periods of crack arrests 

(103, 105, 106). Although the reasons for this type of behavior are not fully understood,
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some authors attribute it to the weave structure of the woven composite (107,108). 

Smiley et. al have attributed this behavior to a transition between ductile and stable-crack 

growth (109). Because this stick-slip behavior was observed during our DCB testing, 

only the load, displacement and crack length data of a series of propagation and arrest 

points could be recorded. In this case, two values of the propagation values of Gic were 

calculated using the MBT approach: an initiation value, Gic-P (initiation) and an arrest value, 

Gic-p (arrest).

Displacement

Figure 5.11. Schematic force-displacement curve obtained during a DCB test in which “stick-slip” 
behavior is observed”. The propagation points are indicated with a letter “p”, while the arrest points are 
indicated by the letter “a”. (103)

5.2.3. DCB Test Results.

This section presents the results obtained for the DCB tests. Representative load- 

displacement curves of each of the samples are shown in Figure 5.12 and Figure 5.13. 

Because the composites with un-functionalized nanotubes were created at NCC, while the 

ones containing functionalized nanotubes were manufactured at the Rice University 

Composites Lab, the results of each of these sets of composites will be analyzed 

separately. Although the c-scans reveal that the quality of the composites is very similar;
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it is possible that the material properties vary slightly due to the different processing 

conditions, therefore a blank panel was made for each set of composites, and the 

reinforced composites were compared with their respective blanks.

Un-reinforced 
0.1 wt% VGCF
0.025 wt% VGCF / 0.025 wt% CNT 
0.05 wt% VGCF / 0.05 wt% CNT 
0.1 wt% CNT

£  10

0.6 0.8 1 
Displacement (in)

Figure 5.12. Representative load-displacement curves obtained for the IM7 precrack composites 
manufactured at NCC. Note the stick-slip behavior.
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Blank

0.1 wt% CNT-NH2
14 - 0.025 wt% VGCF / 0.025 wt% CNT-NH2

12 -

■o
(0o
- I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Displacement (in)

Figure 5.13. Representative load-displacement curves obtained for the IM7 precrack composites 
manufactured at Rice Composites Lab. Note the stick-slip behavior.

The load-displacement curves of the pre-cracked composites obtained during the 

re-loading procedure show a stick-slip behavior, characterized by a gradual rise in load 

followed by a sharp decrease caused by crack propagation. The NL, 5% Max, and VIS 

initiation points were found to be equal, and correspond to the point in which the initial 

part of the curve looses its linearity and reaches a maximum load value. The same 

behavior was observed for the samples that delaminated from the insert; i.e., the NL, 5 % 

Max, and VIS initiation points were the same due to the shape of the load-displacement 

curves obtained during initial loading. The Gic-i(fr0m insert) and G ic-i(p re -c ra ck ) were calculated 

using the MBT method. Because the Gic values at initiation are similar to those at 

propagation, it is questionable to report an R-curve.
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The propagation values Gic-p(arrest) and GiC-P(initiation) were also determined using the 

MBT method. The values of load, displacement, and crack length were obtained from 

the initiation and arrest points of the load-displacement curves. The GiC-P(mitiation) values 

are higher than the Gic-P(arrest) ones; this result was expected because the loads at the 

initiation points are always higher than those at the arrest points. However, in both cases 

the Gic values were independent of the crack length, so an average for Gic-P(initiation) and 

Gic-P(arrest) were calculated.

In the next sections, the results of the DCB tests of the IM7 composites reinforced 

with VGCF and/or CNT are presented and discussed. The discussions are separated in 

two parts; First, the result analysis of the composites reinforced with as-received 

materials will be presented. Second, the results obtained for the composites reinforced 

with functionalized materials will be discussed. As mentioned previously, these two sets 

of composites were manufactured in different locations and therefore they will be 

analyzed separately.

5.2.3.1. Composites reinforced with as-received materials.

Table 5.4 summarizes the results obtained for the DCB test of the composites 

reinforced with as-received materials. The propagation and initiation values obtained for 

each specimen were averaged, and the error in the measurement corresponds to the 

standard deviation of the averaged values. For comparison purposes, the relative change 

of the properties of the reinforced composites with respect to the un-reinforced material 

was calculated; the results are presented in Table 5.5.
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Table 5 .4 . GIC values obtained for IM7 composites manufactured at NCC.

Initiation Values Propagation Values Modulus

Composition
Gic-i

insert
Gic-i

pre-crack
Gic-p

initiation
Gic-p

arrest Ejf
(GPa)(KJ/m2) (KJ/m2) (KJ/m2) (KJ/m2)

Blank 0.42 ± 0.04 0.60+0.07 0.51 ± 0.02 0.40 ± 0.02 78 ±3
0.1 % CNT 0.49 ± 0.07 0.49 ± 0.02 0.54 ± 0.01 0.39 ± 0.02 83 ± 6

0.05 % VGCF/ 
0.05 %  CNT 0.54 ± 0.02 0.6 ± 0.1 0.56 ± 0.04 0.42 ± 0.04 77 ± 6

0.1 % VGCF 0.57 ± 0.01 0.56 ± 0.07 0.60 ± 0.04 0.40 ± 0.01 83 ± 6
0.025 % VGCF/ 
0.025 % CNT 0.64 ± 0.01 0.51 ±0.09 0.58 ± 0.05 0.46 ± 0.02 79 ± 2

Table 5. 5. Relative change in properties of IM7 composites manufactured at NCC with respect to un
reinforced composites.

Sample
AGic-i
Insert
(%)

AGic-i
Pre-crack

(%)

AGic.p
Initiation

(%)

AGic.p
Arrest

(%)

AEif
(%)

0.1 wt% CNT 17.8 -17.0 4.4 -1.3 7.5
0.05 wt% VGCF / 0.05 wt% CNT 27.5 2.5 8.9 6.1 -1.4

0.1 wt% VGCF 33.6 -4.1 14.1 0.4 6.3
0.025 wt% VGCF / 0.025 wt% CNT 51.1 -14.8 13.6 14.1 -1.9

Several conclusions can be drawn from the trends observed in the table above. 

First, it is noticed that G ic - i ( f r0m insert) increases when VGCFs and/or CNTs are introduced 

into the composite; a maximum increase of 51 % with respect to the un-reinforced sample 

is observed for 0.025 wt% VGCF / 0.025 wt% CNT system. This result could be 

indicative of synergism between the two reinforcing components.

Table 5.5 also suggests that Gic-i(pre-crack) decreases or barely increases when 

VGCF and/or CNTs are added; however, as seen in Table 5.4, the scatter in the values of 

Gic-i(from insert) was large, resulting in values that are similar if the error is taken into 

account. The large scatter in the data is due to the nature of the woven composite since 

toughness can vary when the crack is within or away from interlaminar resin pockets 

(20). This significant larger scatter was not observed for Gic-i(from insert) values because all
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samples have a similar resin rich area in front of the insert, so the conditions in which the 

crack propagates for each specimen are similar.

The values of Gic-p(initiation) showed a maximum increase of 14% for both the

0.1 wt% VGCF and 0.025 wt% VGCF / 0.025 wt% CNT composites; these results are 

consistent with the behavior observed for the values of G i C-i(from insert)- Similarly, 

Gic-p(arrest) showed a maximum increase of 14% with respect to the un-reinforced sample 

when 0.025 wt% VGCF / 0.025 wt% CNT were added into the composite.

In conclusion, the 0.025 wt% VGCF / 0.025 wt% CNT composite resulted in 

increased toughness of the composite for the initiation and propagation values. In 

contrary, the composite that showed the least enhancement in properties was the 

composite reinforced with 0.1 wt% CNT, possibly due to poor dispersion of the 

nanotubes in the composite.

In order to understand the results obtained from the DCB tests, the fracture 

surfaces of each of the samples were evaluated using Scanning Electron Microscopy 

(SEM). The samples were analyzed using a FEI XL-30 Environmental Scanning 

Electron Microscope (ESEM) under high vacuum and were coated with gold in order to 

assure proper conductivity of the sample. Images were taken using a 30 KV beam and 

3.0 spot size.

Figure 5.14 shows the fracture surface of the un-reinforced composite, while 

Figure 5.15 to 5.18 show fracture surfaces of the reinforced composites. Because the 

systems reinforced with both VGCFs and CNTs show similar characteristics, only the 

SEM images of the 0.025 wt% VGCF / 0.025 wt% CNT composite are shown.
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The first general result that must be noticed from the SEM images is that the 

fracture surfaces of any of the reinforced samples show an increased roughness when 

compared to the un-reinforced sample. This is an indicative of enhancement in the 

toughness of the material. When the material becomes tougher it is able to absorbe more 

energy and deform plastically, which is seen as a rough surface in the SEM micrographs. 

These images are consistent with the numerical results presented previously, in which 

increased toughness is observed for the composites reinforced with VGCF and/or CNTs.

A . « V  '.p o t M .njii L>'.- 
i() (i kV 'i 0 ‘ .()(K»x ‘ ■ I

(a) (b)

Figure 5.14. SEM micrograph of the un-reinforced composite fracture surface: (a) l,000x and (b) 5,000x. 
Notice the lower roughness of the composite when compared to the composites reinforced with 
nanomaterials.

The difference between the fracture surfaces of the different reinforced 

composites is related to the level of dispersion of the reinforcement in the sample. The 

system with pure VGCF (Figure 5.15) shows good dispersion of the single fibers in the 

composite, which is why the values of GIC are among the maximum obtained among all 

the composites. This increased toughness is reflected in a rough surface when compared 

to the un-reinforced sample. The reinforcing effect of the VGCFs seems to be purely due 

to an increase in the toughness of the matrix, since there is no evidence of the nanofibers 

attaching to the interphase of the carbon fiber.
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(a) (b)

Figure 5.15. SEM micrograph of the 0.1 wt% VGCF composite fracture surface: (a) lOOOx and (b) 5000x. 
Notice enhanced roughness of the fracture surface when compared to the un-reinforced composite.

The system with pure CNT (Figure 5.16) shows large agglomerates of nanotubes 

with some regions where good dispersion is achieved (Figure 5.17). It is believed that 

the nanotubes that have been well-dispersed on the carbon fiber improve the interphase 

region between the matrix and the fiber, resulting in an increased toughness of the 

composite.

(a) (b)

Figure 5. 16. SEM micrograph of the 0.1 wt% CNT composite fracture surface (poor dispersion): (a) 
lOOOx and (b) 5000x. Notice poor dispersion of the nanotubes in the composite and fiber pull-out of 
nanotubes from the matrix.
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Figure 5. 17. SEM micrograph of the 0.1 wt% CNT composite fracture surface (good dispersion): (a) 
5000x and (b) 20000x. Notice well dispersed nanotubes attached to the carbon fiber. It is proposed that the 
carbon nanotubes reinforce the interface of the composite while the nanofibers reinforce the matrix, leading 
to a synergistic behavior in the enhancement of toughness of the composite when both materials are 
combined.

In the case in which both nanomaterials are combined (Figure 5.18) there is a 

mixed behavior: the nanotubes are poorly dispersed while the nanofibers are better 

dispersed. While the nanofibers are reinforcing the matrix of the composite, the 

nanofibers can additionally reinforce the interphase between the fiber and the matrix, 

which could be the explanation for the synergistic effect observed in the 0.025 wt% 

VGCF / 0.025 wt% CNT composite. At this point only a proposed mechanism of 

synergism is presented, so further analysis must be done in order to understand why and 

under which conditions a synergistic behavior is observed when combining VGCF and 

CNTs.
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(a) (b)

Figure 5 .18. SEM micrograph of the 0.025 wt% VGCF / 0.025 wt% CNT composite fracture surface: 
(a) lOOOx and (b) 5000x. Notice enhanced roughness of the fracture surface when compared to the un- 
reinforced composite.

Finally, it must be noticed that both VGCFs and CNTs were pulled out during the 

DCB beam test. This is evidenced in Figure 5.19 in which the SEM image shows that a 

single VGCF is de-bonded from the matrix, while the bundle of nanotubes have been 

pulled out during fracture and fallen on top of the fracture surface.

(a) (b)

Figure 5.19. Evidence of fiber-pull out of the nanoreinforcements from the matrix: (a) a single VGCF is 
being pulled out of the matrix, (b) CNTs are pulled out of the matrix and then fall on top of the surface.
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In order to overcome the dispersion and load transfer problems (fiber-pull out) a 

chemical functionalization of the nanotubes was performed, as described in Chapter 3. 

This functionalization introduces amino groups in the sidewall of the nanotube, 

increasing dispersability of the tubes in the solvent used for spraying and compatibility 

between the nanotube and the matrix. It has already been shown that dispersion of the 

nanotubes improves when functionalization is performed. The next section discusses the 

mechanical properties of the composites created with functionalized tubes.

5.2.3.2. Composites reinforced with functionalized materials.

The composites reinforced with functionalized nanotubes were created in the Rice 

Composites Lab, and for comparison purposes only 3 systems were studied: an un- 

reinforced sample, a 0.1 wt% CNT-NH2 sample, and a 0.025 wt% VGCF /  0.025 wt% 

CNT-NH2 sample. The last composition was chosen because, as seen in the previous 

section, this composite showed the best enhancements of toughness. The purpose of 

evaluating these composites is to determine if by using functionalized nanotubes the 

toughness values could be enhanced even further.

The results of the DCB test for the composites reinforced with functionalized 

tubes are presented in Table 5.6. The relative change of the properties with respect to the 

un-reinforced composites are presented in Table 5.7.

Table 5.6 . GIC values obtained for IM7 composites manufactured at Rice Composites Lab.

Initiation Values Propagation Values Modulus

Composition
Gic-i

insert
(KJ/m2)

Gic-i
pre-crack
(KJ/m2)

Gic.p
initiation
(KJ/m2)

Gic-p
arrest

(KJ/m2)

Eif
(GPa)

Blank-R 0.56 ± 0.04 0.5110.07 0.58 10.05 0.47 10.04 7 9 1 7
0.1 %CNT-NH2 0.61±0.2 0.6010.04 0.5810.01 0.4410.02 7 7 1 5
0.025 % VGCF/ 

0.025 % CNT-NH2 0.63 ± 0.07 0.6810.02 0.7210.05 0.4910.02 9 0 1 4
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Table 5. 7. Relative change in properties of IM7 composites manufactured at Rice Composites Lab with 
respect to un-reinforced composites. The values in parenthesis are calculated with respect to the IM7 blank 
at NCC, while the values without parenthesis are with respect to the blank manufactured at the Rice 
Composites Lab.

Sample
AGic.i
Insert

(%)

AGic-i
Pre-crack

(%)

AGic.p
Initiation

(%)

AGic.p
Arrest

(%)

AEn
( % )

0.1 wt% CNT-NH2 

0.025 wt% VGCF / 0.025 wt% CNT-NH2

8.7
(45.2)
11.5

(50.0)

16.9
(0)

35.6
(13)

0.9
(13.7)
23.6

(41.1)

-9.5
GO)
1.8

(22.5)

-1.8
(-1.2)
14.9

(15.4)

Figure 5.20 shows the fracture surface of the composite reinforced with 0.1 wt% 

CNT-NH2. It can be observed that fiber pull-out was significantly reduced in this 

composite when compared to the un-functionalized system. This behavior can be 

attributed to better bonding of the nanotubes to the matrix, which promotes fracture of the 

nanotubes rather than their pull-out. Better bonding of the nanotubes to the matrix was 

expected to result in better load transfer between the two components and better values of 

toughness; however, this was not the case. The values of toughness obtained with or 

without functionalization are similar, so no benefit from using the functionalized 

nanotubes is observed.

(a) (b)

Figure 5. 20. SEM micrograph of the 0.1 wt% CNT-NH2 composite fracture surface: (a) lOOOx and
(b) 50,000x. Notice absence of nanotube pull-out, indicating good bonding to the matrix.
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One problem that arises when comparing the results from Table 5.5 and Table 5.7 

is that the composites were made at different locations, which means that different 

materials and equipments were used for manufacturing the composite. Because VARTM 

is a process that depends strongly on the specific set-up used to create a panel, it is 

possible that differences in the properties can arise due to the processing differences. 

Although c-scans reveal that the quality of the panels are similar, there can be other 

differences such as degree of crosslinking, resin content, etc. which can be affecting the 

final properties of the composite. In order to better understand the effect of 

functionalization of the nanotubes in the toughness of the composite, more studies should 

be performed.

Although only two panels with functionalized nanotubes were evaluated, it can be 

observed that the composite in which 0.025 wt% VGCF and 0.025 wt% CNT-NH2 were 

combined resulted in the best toughness enhancements. These results are in agreement 

with those found for the systems reinforced with as-received materials, in which a 

synergistic effect appears to be leading to enhanced properties of the composite.

It is interesting to notice that the improvements in toughness were achieved even 

when poor dispersion of the nanomaterials was observed, suggesting that agglomerates 

could be acting as toughening agents.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

CONCLUSIONS AND FUTURE WORK

This research evaluated the processing and mechanical properties of carbon 

fiber/epoxy composites reinforced with Vapor Grown Carbon Fibers (VGCFs) and 

Carbon Nanotubes (CNTs). The following conclusions summarize the findings of this 

thesis:

1. Epoxy/carbon fiber composites with enhanced resistance to delamination 

(toughness) can be created by introducing VGCFs and CNTs in the interlaminar region of 

the composites. The nanocomposites were manufactured using a spraying methodology 

followed by a Vacuum Assisted Resin Transfer Molding (VARTM); this process was 

found to be successful for manufacturing relatively large composite panels with good 

quality.

2. A maximum toughness increase of 51% with respect to the un-reinforced 

composite was obtained when 0.025 wt% VGCF and 0.025 wt% CNT (relative to the 

weight of a carbon fiber ply) were introduced in the interlaminar region of the composite. 

This enhancement in the properties is attributed to a synergistic effect between the 

VGCFs and the CNTs. It is proposed that the VGCFs reinforce the matrix of the 

composite while the CNTs reinforce the interphase of the composite, leading to the 

synergistic effect observed in the results.

3. A composite with enhanced toughness was created even when poor dispersion 

of the nanoreinforcements in the composites was observed. This suggests that the 

agglomerated nanomaterials could be acting as toughening agents in the composite.

4. The introduction of nanoreinforcements in the midplane of the composite 

caused failure of the SBS specimens to occur away from the midplane, suggesting that
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the nanomaterials are strengthening the midplane. Because failure did not occur in the 

midplane of the composite the SBS test was not able to quantify the reinforcement effect 

of the nanomaterials, so other mechanical test (Double Cantilever Beam test) was used to 

evaluate the mechanical properties of the composites. The DCB test was found to be an 

effective test to measure the resistance to delamination of composites reinforced in the 

midplane with VGCFs and CNTs, because the fracture is forced to occur in this region; 

that is, the DCB is able to isolate the midplane of the composite.

Future work should focus on corroborating the synergistic effect that occurs when 

VGCF and CNTs are combined, and in elucidating its mechanism. Additionally, 

composites reinforced with other amounts of VGCFs and CNTs should be evaluated, so 

that the optimal conditions that maximize the mechanical properties of the composite are 

determined.

The role of the nanomaterials dispersion on the properties of the composites 

should be further evaluated. Other solvent systems which provide enhanced dispersion of 

the nanomaterials on the carbon fiber should be analyzed so that a relationship between 

dispersion and toughness of the composite can be established.

In order to understand the role of the nanoreinforcements in the mechanical 

response of the composite during SBS test, future work should include performing 

mechanical modeling of the system.

The effects of functionalizing the nanotubes in the properties of the composite 

should be further investigated, since the results presented in this research were not 

conclusive. Additionally, panels reinforced with functionalized VGCFs should be 

manufactured and evaluated.
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