
ABSTRACT 

STAHL III, JAMES JOSEPH. Shear Pressed Aligned Carbon Nanotubes and their use as Composite and 
Adhesive Interlayers. (Under the direction of Dr. Alexander Bogdanovich and Dr. Philip Bradford). 

The following studies utilize shearing force to consolidate and re-orient multi-walled carbon 

nanotubes (MWCNT) into a shear pressed sheet (SPS) preform. Carbon nanotube (CNT) array growth 

and shear pressing angle are studied to improve the quality of SPSs. Heat assisted vacuum infusion is 

used to form a nano-composite from the SPS preform, and mechanical properties are characterized 

and compared between non-functionalized and functionalized nano-composite tensile specimens. A 

novel functionalization technique is applied which rinses SPSs with an acidic wet chemical oxidation 

treatment of H2SO4 and KMnO4 in order to add sidewall carboxyl groups to the CNTs. This is shown to 

impart hydrophilicity to the SPS and improves composite modulus by 62%, strain-to-failure 42% and 

failure stress 113%.  

Composite laminates and joints are vulnerable to shearing forces which cause delamination 

in the former and failure in the latter. Damage is initiated and propagated at defects and free edges 

often due to high peel stress, which is much higher than the shear stress and functions as a tensile 

opening of the joint just as in Mode I delamination failure of laminate composites. In order to resist 

failure it is necessary to improve the strain-to-failure of the interphase where a crack propagates 

without sacrificing strength or modulus of the material, thus toughening the material without 

impacting the rigidity of the composite.  

Due to the similarity between peel stress/strain and Mode I delamination, the initiation 

fracture toughness of a double cantilever beam (DCB) test should provide a good indication of peel 

toughness at a joint free edge. Many studies have explored the possibility of improving Mode I 

fracture toughness (GIC) of a composite through locally incorporating a tough material into the 

interlaminar interphase; this material is termed an interleaf. Common interleaf categories are 



toughened adhesive, disperse particle, disperse fiber, short fiber nonwoven, and continuous fiber 

nonwoven. A SPS falls into a short fiber nonwoven and is studied as a non-infused, infused, and 

infused functionalized interleaf in unidirectional carbon fiber composites for GIC improvement over 

non-interleaved samples. As with traditional interleaving studies it is possible to decrease 

delamination fracture toughness as well as increase, and the reasons for either are not always clear.  

While the SPS interleaves are promising to resist delamination, the scatter of the results make it an 

unreliable method of improvement. While these studies showed significant variability in effect of the 

interleaf, given the correct morphology of the SPS and precise measurement during the DCB testing 

it is possible to improve fracture toughness significantly with all SPS interleaves. 

A unique fabrication method is used to incorporate the SPS interleaves into lap joint and 

double strap joint geometries using a prepreg lay-up fabrication similar to forming the DCB specimens. 

This allowed study of the use of the SPS interleaf as an adhesive layer without the need to develop a 

SPS adhesive film that would not fail prematurely due to poor adhesion to cured composite panels. 

Results showed that improvement in GIC is not directly translated into improvement in joint strength. 

Lap joints showed a higher relationship between GIC than double strap joints likely due to the 

specimen geometry that results in the adhesive layer of lap joints failing in tension rather than shear.  
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1 INTRODUCTION 

It has long been understood that adhesive bonding of composite joints, when properly 

designed, provides a structure stronger than the original and is superior to mechanical joining 

methods. Consider lap joints and double strap joints, both of which are designed to measure the 

strength of a joint in shear. The failure of the joint is initiated and propagated at the free edge, 

however, the initial failure is not as much a function of the shear stresses and strains as it is a result 

of a peel stress that occurs as a result of transverse strains in the adherends and overlaps. The peel 

stress at the free edge is much higher than the shear stress and functions as a tensile opening of the 

joint just as in Mode I delamination failure of laminate composites. Shear stress is therefore 

comparable to Mode II delamination. As the fracture propagates so does the peel stress, which 

maintains a near constant value. Due to the similarity between peel stress/strain (which could be 

termed peel toughness) and Mode I delamination, the initiation fracture toughness of a double 

cantilever beam (DCB) test should provide a good indication of peel toughness at a joint free edge. 

The common methods for alleviating this peel stress are to absorb it through strain with a 

ductile adhesive with a high strain-to-failure or to distribute the localized stress over a larger area 

through joint and adhesive edge geometry. These methods are chosen as it is thought that the peel 

stress is too high for any material to withstand, and thus some amount of peel strain will occur, at 

which point either the adhesive strains or the joint fails. The problem with ductile toughening of the 

free edge is that ductile materials typically have a reduced modulus and thus a loss of rigidity of the 

joint is incurred. This means that the ideal adhesive material must have a high modulus to withstand 

as much peel stress as possible, but also a high strain to failure in order to undergo some peel strain 



 

2 

as a result of the stress. This points to carbon nanotubes which have shown experimentally and 

theoretically high modulus and strain to failure; properties which, if transferred to a composite 

adhesive film, could provide a superior adhesive with the necessary stiffness and strain-to-failure to 

withstand peel stresses/strains and maintain joint integrity. 

Furthermore, strains within a joint or composite are difficult to measure and often must be 

calculated from external measurements. The piezoresistive nature of carbon nanotubes allows for the 

possibility of correlating resistance change to strain within the adhesive or interphase, in conjunction 

with improving the strength of the joint. 

The following work presents an extensive review of the literature pertaining to the above 

topics in Chapter 2. Chapters 3-4 may be considered as preliminary experiments that support studies 

of interleaved composite delamination in Chapter 5 and composite joint failure in Chapter 6. Chapter 

3 seeks to produce an ideal anisotropic carbon nanotube (CNT) preform and studies the properties of 

the CNT composite produced from an infused preform. In this chapter a novel form of functionalizing 

the CNTs within the preform with carboxyl groups while maintaining CNT aspect ratio and alignment 

is introduced. Chapter 4 studies various morphologies and configurations of CNT preform interleaves 

and their effects on Mode I fracture toughness (GIC). Furthermore, the chapter studies the influences 

of certain test parameters and data processing methods on values obtained for GIC. Chapter 5 utilizes 

the lessons learned from Chapters 3-4 in order to produce an ideal interleave to enhance the GIC of a 

CFRP laminate and incorporates a fractographic study of the delamination surface. Chapter 6 builds 

on the knowledge from the other chapters to produce laminate composite joints modified with CNT 

preform interleaves, which are studied using adhesive joint tensile test methods. 
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2 LITERATURE REVIEW 

A review of the literature is presented that explores CNT composites, Mode I delamination, 

CNT interleaving, and the addition of nanotubes to composite joints to relate to peel stress/strain 

absorption in a joint. Additionally, there is a review of piezoresistivity of carbon nanotubes and CNT 

networks, and the piezoresistive relationship to strain sensing in composites. Focus is kept primarily 

on multiwall carbon nanotubes (MWCNT) with alignment and high aspect ratio, and on high volume 

fraction nanotube epoxy composites. 

2.1 CHARACTERISTICS OF LONG MULTIWALL CARBON NANOTUBES, ALIGNED CARBON 

NANOTUBE ARRAYS, AND CARBON NANOTUBE COMPOSITES 

Carbon nanotubes show unique properties which vary based on number of walls, tube 

geometry and chirality, aspect ratio, orientation, etc, and are often a result of nanotube growth. It is 

important to have some understanding of these properties and characteristics in order to see how 

they change as a structure/network of CNTs, or when they are transferred to a polymer matrix. The 

primary factors when looking at the transfer of CNT properties to a matrix are aspect ratio, 

orientation, and volume/weight fraction. There are several good reviews of multiwall carbon 

nanotubes and their composites [1–5] for some general information. 

2.1.1 Carbon nanotubes grown by chemical vapor deposition 

Carbon nanotubes come in a wide variety of configurations and morphologies, which were 

determined by and large by the nanotube growth method or conditions. Short nanotubes can be 

defined as less than 10 µm and long nanotubes are usually 100 µm up to several millimeters. This 
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corresponds to an aspect ratio greater than 1000 to characterize long nanotubes. Single wall carbon 

nanotubes (SWCNT) are often the most desired for their superior properties and highest aspect ratio 

potential due to small diameters, however they are the most difficult to grow with CVD. Next are 

double wall nanotubes (DWCNT) which are similar in properties to SWNT but are significantly easier 

to grow. Nanotubes with more than 2 walls are designated multiwall carbon nanotubes (MWCNT or 

MWCT) and can have 10’s of walls. MWCTs are the most cost effective and often the longest 

nanotubes, and as a result of length currently offer a higher aspect ratio than other nanotubes. 

Chemical vapor deposition (CVD) is a popular method for producing a large number of aligned 

nanotubes with a high aspect ratio (heights up to 5 mm have been reported). CVD offers a method 

for growing carbon nanotubes with a high yield, length, uniformity, alignment, and purity, and [6] 

offers a good review of the growth process. Ideal nanotubes grown for an epoxy composite system 

would have a high aspect ratio, be perfectly straight or uniform along the entire length, and be highly 

aligned. Many aspects of CVD growth can be controlled in order to achieve these properties. Inoue et 

al developed a growth process that uses an FeCl2 catalyst powder in a low pressure CVD system of 

acetylene and hydrogen at high temperatures to produce millimeter long aligned CNT arrays on a 

quartz substrate [7]. Nanotube diameters from this growth process range from 30-50nm with this 

process, which is large compared to SWCNT, but due to the high length still have an extremely high 

aspect ratio. 

MWCNT are most often grown in CVD furnaces in an array or forest, which is a vertically 

aligned structure of nanotubes. CNTs grown in this manner, although highly aligned, are not perfectly 

straight, and often possess a wavy or helical appearance [8]. The high aspect ratio and high degree of 

alignment are desirable for anisotropic properties. Liu and Cowley state that nanotubes are either 
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helical or non-helical and describe a selected area electron diffraction (SAED) characterization for 

determining d-spacing of nanotube walls and helical angle of MWCNTs [9].  

Figure 2.1 shows a few different chiralities of nanotubes along with the resulting helix angle, 

and how the helix angle of the carbon structure of CNTs can result in a “waviness” that is characteristic 

of CVD grown CNT arrays. It is suggested that the growth kinetics and catalyst properties can produce 

pentagon-heptagon (P-H) defects in nanotubes which enhance the helicity of the nanotubes and 

result in a tighter coil [10]. Although there are other more complex structures possible as in [11], they 

are not common and are often highly specialized for a specific purpose. This study will look at long 

MWCNT which are characterized as straight, wavy, or helical, with wavy and helical structures being 

synonymous.  

Fe transition metals are commonly used as the catalyst for CNT growth, although there are 

other catalysts with different growth characteristics that produce different CNTs. They are reviewed 

along with their effects on nanotube growth in [15]. There is a strong correlation between the size of 

the catalyst particle and the growth temperature to the outer diameter of the MWCNTs grown, with 

smaller catalyst particles and lower temperatures resulting in smaller nanotube diameters [16,17], 

which help to produce nanotubes with maximum aspect ratios and arrays with maximum surface area. 

The authors in [18] show that a balance between carbon feed gas and catalyst density must be 

reached in order for CNTs to grow to their maximum height without terminating prematurely. Ohashi 

et al show that the growth process can be mediated with hydrogen gas, which at higher 

concentrations will maintain catalyst activity, but can result in higher amounts of amorphous carbon 

walls with defects and curly morphologies, whereas low concentrations produce much longer and 

straighter nanotubes [19]. 
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Figure 2.1 – Select images depicting the helical nature of carbon nanotubes and the resulting “waviness” that arises in 
aligned carbon nanotube arrays from changes in helix angle of the carbon structure. [12][13][14] 

It is important to judge the actual strengths and mechanical properties of carbon nanotubes 

in order to predict the resulting composite properties. Although theoretical values for nanotubes are 

high, this is not reflected fully in experimental measurements, thus experimental values could be used 

as a minimum strength of reinforcement. An experimental study evaluated the properties of single-

walled nanotubes and found similar values to Min-Feng Yu et al with tensile strength from 13-52 GPa 

and Young’s modulus between 320-1470 GPa [20]. The key difference is a lower strain to failure with 

values between 1.1-5.3%. Another paper experimentally calculates the Young’s modulus and tensile 

strength from the failure of MWCNT ropes made from aligned CVD grown arrays as 450 GPa and 3.6 

GPa, respectively [21]. These lower values are attributed to defects resulting from CVD grown 
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nanotubes as evidenced by a low thermal conductivity, which the authors say indicates “substantial 

amounts of defects.” Low strain-to-failure could also be a result of the test method.  

Failure mode of multi-walled nanotubes is much debated as to how the concentric tube walls 

interact with each other, as well as the outer wall with a composite matrix. Several papers show sword 

in sheath failure where inner tubes are pulled out from the outer tube wall indicating low shear 

strength between walls. This is recorded experimentally for arc discharge grown MWCNTs in [22], 

which give outer wall MWCNT tensile strengths between 11-66 GPa, Young’s modulus of 270-950 GPa 

and a strain to failure between 10-12%, although it is unclear if strain to failure values are affected by 

sword-in-sheath failure. However, in [23] the authors theorize failure of the inner tubes fracturing and 

sliding apart without damaging the outer tubes, which is typically not shown. A molecular dynamics 

simulation by Liew et al predicts the more likely mechanisms of outer wall fracture preceding any 

inner wall failure, which would allow the outer wall to slide some distance before load was transferred 

to the inner walls and look like sword-in-sheath failure [24]. Additionally the model shows that the 

modulus deviates from linearity at approximately 6% strain and that MWCNT yield strain occurs at 

24%. 

Electrical resistivity and conductivity has been measured by several authors for single 

nanotubes with Kaneto et al measuring 1000-2000 S/cm for multi-walled nanotubes [25]. This is 

reduced by an order of magnitude when measuring the overall properties of an as-grown CVD array 

which shows a resistivity of 0.009 Ω*cm, although this could be high because of some additional 

contact resistivity [26]. Electrical conductivity will be discussed in more detail in the sections 

concerning piezoresistivity. 
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2.1.2 Carbon nanotube high volume fraction and/or aligned epoxy and polymer composites 

Composite materials are usually described in terms of the matrix component and the 

modifying component, which is usually a fiber or a particle. Commonly there are metal matrix 

composites (MMC), ceramic matrix composites (CMC), carbon-carbon composites (CCC), and the most 

widely used polymer matrix composites (PMC) which will be discussed in more detail as they are the 

most relevant to this body of work, particularly epoxy matrix composites. [3,27,28] are some good 

reviews of the literature concerning carbon nanotubes in composites. Concerning carbon nanotube 

composites, discussion will be focused on routes to fabricate composites with high CNT alignment and 

high volume/weight fraction, load transfer to the matrix material and methods to achieve improved 

transfer through chemical bonding, and effects on overall tensile strength, Young’s modulus, fracture 

toughness, and strain-to-failure characteristics. 

2.1.2.1 Fabrication and processing methods for CNT nanocomposites 

High volume fractions comparable to the ~60vol% of reinforcing fibers used in high strength 

composites are critical for achieving the maximum utilization of the fiber reinforcement. Several 

processing challenges exist for both low and high volume fraction composites. A summary of 

challenges for low volume fraction processing is found in [29], which will help to provide insight as to 

why those methods do not translate well to high volume fraction and nanotube alignment. 

Concerning high volume fraction CNT composites, one must have a dense network of 

nanotubes and a method to infuse them. One route to achieve infusion is to use a low viscosity resin, 

which is obtained by resin design, elevated processing temperatures, or solvent dilution. Often a 

specific resin system is used in combination with a modified infusion method based on a traditional 

composite manufacturing method. 
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A common method to form a dense CNT network is to form a buckypaper, which is a 

nonwoven tissue of CNTs that were dispersed in solvent, at which point the solvent is filtered out 

leaving a dry tissue composed of randomly oriented CNTs, as in [30–33]. At this point a matrix is 

infused with the buckypaper to form a prepreg or a composite film. Matrix materials are often 

modified to achieve the lowest possible viscosity for infusion into a CNT structure, the most common 

of which are solvent dilution [30,34] or heated infusion [31,35]. Chechenin et al describe the various 

forms of these methods, potential problems or compromises that must be made, and how they might 

most effectively be implemented [35]. First there is solvent dilution, which may be added to one 

component before mixing or directly to the mixed epoxy. The authors state that concern must be 

taken for the solvent modifying the surface energy of the resin and physical properties of the 

composite, and that viscosity is more readily altered with an additive. The second of the two methods 

deals with heating the resin to reduce viscosity. Obviously, the primary compromise from heating the 

resin is that polymerization rate will increase and has the possibility of making the resin unworkable. 

One method to minimize this is to heat the monomer and curing agent separately and then mix when 

they are heated. The other proposed method is to heat the substrate or mold instead of the resin, 

which should work well for thin reinforcement with high thermal conductivity. It is this last method 

that the authors propose is best suited to infuse CNT arrays [35]. 

In work by Boncel et al a diverse sample of thermoplastic resins are studied for their ability to 

infiltrated CVD grown arrays with a focus on the relationship of the Hildebrand solubility of the CNTs 

to the matrix material, and it was found that infusion into the array was possible if within 5 MPa1/2 to 

20.8 MPa1/2 measured for MWCNTs, despite viscosities of over 5e5 cP [36]. An additional finding 

indicates polystyrene cannot fully penetrate into the array after 20wt% is reached, at which point 

voids begin to appear in the composite. 
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Wang et al achieved wt% between 28 and 39% with composite buckypaper with a storage 

modulus increase of 492% at 31 wt%, which is actually well below what is predicted by the rule of 

mixtures and is attributed to poor load transfer between SWNT bundles and the matrix [30]. Ashrafi 

et al use a modified VARTM technique to infuse SWCNT buckypapers, preloading an exact amount of 

resin on top of the buckypaper placed in the vacuum bag rather than drawing the resin through the 

structure as is typical. Another method in this paper is also a hot press method whereby the 

buckypaper is wet with resin and then placed in a hot press at elevated temperature for a set period 

of time and then cured. The VARTM method produced a much better infusion which correlated well 

with improved composite properties [37]. Further modification to the VARTM method with a focus 

on molds and release agents instead of vacuum bagging is explored by Lopes et al [38]. The advantages 

are primarily cosmetic for the composite and an attempt to reduce waste by reusing the mold. 

Concerning diluting the matrix material with solvent, Dassios and Galiotis discovered that 

although CNT wetting increased with increasing solvent concentration, actual void space within the 

epoxy composite also increased, with no more than 50% solvent/matrix solution required to achieve 

a nonporous structure [34,39]. The authors do show that acetone improves the wetting of CNT arrays. 

Solvents are also frequently used to consolidate CNT structures as in [40]. 

Alignment of CNTs in the matrix are assumed to be as important in nanocomposites as in 

traditional composites. Alignment of nanotubes is often measured by using X-ray diffraction [32,41–

43] and is achieved or improved through stretching [41,44] or drawing [45,46], magnetic field [47–

49], electric field [50–53], shear mixing [54,55], or during CVD growth. A comprehensive review of 

aligned carbon nanotube composites was written by Goh et al [56] and a review by Di et al discusses 

the dry-processing routes for aligning carbon nanotubes [57]. Many studies show that CNT alignment 

increases anisotropy for all properties, specifically increased modulus, tensile strength, and electrical 
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conductivity [58] in the fiber direction and a decrease in those same properties normal to the fiber 

direction. In a simulation study of SWCNT it is predicted that the high degree of alignment of 

nanotubes results in a much improved Young’s modulus which steadily increases to over 300GPa with 

nanotubes longer than 500nm and 25% volume compared to random alignment. However an 

improvement in shear modulus is seen with random alignment [59]. 

Despite an overall orientation and alignment of a nanotube network, misalignment can be 

introduced from nanotubes that lack perfect linearity, as with helical or wavy nanotubes. In a paper 

by Bradshaw et al [60] it is predicted that waviness (defined as a ratio of amplitude to wavelength) 

shows very little effect on composite modulus in the direction of the nanotube orientation, but 

increasing effect on the E22 and E33, which is confirmed experimentally in [61]. Furthermore, this effect 

is much smaller with randomly oriented nanotubes. However, in [62] the authors show a different 

model that predicts a dramatic loss in modulus if the angle of the wave of the nanotube is greater 

than 20° from the longitudinal axis, and Shao et al show an approximate 60% decrease in both the 

bulk and shear moduli with increasing CNT waviness [63]. Cebeci et al show good agreement between 

models that account for CNT waviness and the modulus measured for 20 vol% CNT composites [43]. 

Other theoretical work shows a decrease of close to 30% in modulus for a CNT helical angle of 5° [13]. 

Additionally, CNT conductivity of helical nanotubes is predicted to be lower than for straight 

nanotubes [64]. 

The most basic route to produce aligned CNT composites is to capitalize on the alignment 

achieved during CVD growth. The idea is to infuse the arrays, or forests, with resin either before or 

after the array is consolidated depending on the desired volume fraction while maintaining the array 

structure. With no consolidation of the CNT forests when used as-grown the volume fraction if infused 

with resin is typically between 1-2%. Resin infusion into arrays generally relies on capillary driven 
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wetting with the best results that maintain CNT spacing and alignment achieved when the capillary 

force is competing against gravity, i.e. the array is inverted and lowered into a pool of low viscosity 

matrix material as in [43,61,65]. Garcia et al show good wetting of small CNT arrays (10’s of µm 

diameter) with less than 200cP epoxy resins with alignment maintained and minimal array 

contraction. Even some surface wetting of the array to a depth of 80µm was achieved with a 

conductive epoxy with a viscosity of 200,000-500,000cP, which could suggest a limited ability for an 

array to infuse with a prepreg resin. The contraction seen becomes a factor for larger arrays and 

results in large voids if the array is on the scale of cm2 due to the CNT attachment to the substrate 

[65].  

Mechanical consolidation of an array prior to resin infusion is often used to increase the 

volume fraction of CNTs in the composite. Wardle et al consolidate the array before infusion by 

squeezing the sides of an MWCNT array to increase the volume fraction to 0.20 and then infused as 

before with the addition of heat applied to the epoxy “pool” to further reduce viscosity [66]. The 

authors claim that the CNTs are wet along the entire 1mm length of the nanotube, although there are 

a large number of voids and imperfections still present. A later paper uses the same densification 

method, but achieves better infusion quality by reducing the resin viscosities as low as 8-12 cP [67]. 

Another paper uses the same method and shows that the densification of the CNT forest may actually 

improve alignment, which is maintained during infusion [43]. 

Another route to impart or maintain alignment in the CNT array and to consolidate the 

structure is to use a shear force to flatten an array, toppling the CNTs as one would dominos. The 

earliest example of this appears to be in [58] where authors use a shear force on the surface of 

buckypaper by wiping the CNT thin film with a sheet of Teflon. This method only resulted in a well 

aligned surface structure of the array, but did not result in uniform realignment through the array 
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thickness. Wang et al use a method they term “domino pushing” which involves using a curved surface 

drawn across the top of a MWCNT array to flatten the structure and create an aligned buckypaper 

[14], which could more accurately be termed an aligned tape or sheet, as buckypaper suggests 

random orientation. Bradford et al use a shear press to apply linear force at a 35° angle to 

manufacture the same CNT structure, which is termed an aligned CNT preform and is used to 

manufacture a composite structure using a solvent diluted epoxy [68]. The resulting preform had a 

25x reduction in thickness and a CNT inclination angle of 3°. Bradford et al further showed that by 

adding a 5% strain to draw the infused sheet prior to full cure, alignment of CNTs was enhanced and 

waviness reduced with the result of a 50% increase in elastic modulus. In [35] the authors infuse the 

vertical CNT array and then attempt a process similar to shear pressing to change the alignment to 

horizontal. In the paper the new alignment is 30° and the thickness is reduced by 60%, which is far 

inferior to realignment and densification prior to infusion. 

Taking advantage of Wan der Waals interactions between CNTs, certain CVD grown arrays can 

be drawn into webs or roving of aligned nanotubes. [69] offers a comprehensive review of the subject. 

These webs can be layered into an aligned CNT tissue or tape that resembles a buckypaper and then 

infused with low viscosity resin. Cheng et al use a modified VARTM method with heated epoxy resin 

to reduce viscosity to 50 cP and around 0.1 Pa of vacuum and achieve a maximum wt% of 8.1 [45], 

however the infusion resulted in resin rich films on either side of the infused sheet which accounted 

for close to 60% of the composite volume, very similar to the resin rich layers found in [31]. Ogasawara 

et al managed to use this technique to produce an epoxy prepreg with 100 plies of CNT reinforcement 

achieving a 31.3 wt% (21.4 vol%) prepreg composite [70]. The cured specimen achieved a modulus of 

50 GPa, but much lower tensile strength than other researchers despite the more than 2x increase in 
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modulus. This is attributed to the extremely low failure strain (0.37%) which could be a result of 

manufacturing the test specimens.  

Other researchers have used a spraywinding approach to spray resin onto each drawn CNT 

sheet as it is wound onto a winder, [46,71–75]. Wang et al achieved very high mechanical CNT 

composite properties with this method with a volume fraction of 65%, tensile strength of 1980 MPa, 

and a modulus of 129 GPa, which suggests that the upper limit for mechanical properties are achieved 

at a 65% volume CNTs as 78% showed slightly lower values [71]. Modification of the spray winding 

technique with the addition of drawing the CNT after it is pulled from the array, then spraying BMI as 

the matrix material achieved a tensile strength and Young’s modulus of 3.5 and 266 GPa, respectively, 

demonstrating the significant improvement seen from reducing the waviness of the CNT 

reinforcement [76]. 

The drawn CNT webbing or roving can further be processed into a yarn with the application 

of twist to improve the mechanical properties enough that the yarn can further be processed into a 

composite with higher volume fractions [73,77–79]. Bogdanovich and Bradford were able to 

manufacture an epoxy infused braided CNT yarn with a volume fraction of approximately 40% [80].  

2.1.2.2 Properties of CNT composites: mechanical and electrical properties 

A comprehensive table of CNT composite properties exists in the review by Spitalsky et al [2]. 

Composite properties are often predicted for the longitudinal direction of the reinforcement by the 

rule of mixtures. Slightly more complex matrix calculations are introduced in basic composite theory 

to more accurately predict the effects of the anisotropic properties of the fiber reinforcement. Some 

papers suggest that at higher strains (>2%) CNT reinforcement deviates from the rule of mixtures 

[81,82]. As in other works, Shokrieh and Rafiee point out that traditional models do not capture the 
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micro and nano scale interactions and thus will overestimate the composite properties [83,84]. The 

deviation from linearity at higher volume fractions suggests a critical volume percent after which no 

improvement in composite properties is seen. In later work they develop a model that accounts for 

multi-scale interactions and the effects of CNT length, orientation, agglomeration, curvature 

(waviness), and dispersion on mechanical properties [85]. Zare and Garmabi offer a review of the 

current state of modeling CNT composite moduli [86]. 

Effective load transfer between nanotubes and matrix is critical for maximum composite 

properties. The most basic methods for achieving this are high aspect ratio with length approaching 

infinity to utilize the maximum van der Waals forces, aligned nanotubes to load the composite along 

the reinforcement to take advantage of the anisotropy of the reinforcement, and chemical bonding 

between the CNTs and the matrix. One source predicts a critical aspect ratio for SWNT of 300 [87], 

which (with some deviation) is supported by other models [88,89]. Tsuda et al specify that MWCNTs 

can be treated as short fibers provided their length is on the order of several hundreds of micrometers 

[89]. In [90] short nanotubes show no improvement in fracture toughness, as compared to the neat 

epoxy, and longer nanotubes with an aspect ratio 17x higher show a GIC improvement of 130%. The 

authors go on to show a roughening effect of the fracture surface due to the presence of nanotube 

reinforcement as well as fiber pull-out (less with longer CNTs) which is also attributed to be a 

toughening mechanism, similar to work in [91] which thoroughly describes the fracture surface of low 

volume fraction CNT composites. In a later paper higher aspect ratio CNTs show improved tensile 

strength, fracture toughness, conductivity and Young’s modulus, but a drop in strain at break of 10% 

[92]. Interestingly, Wang et al show no significant mechanical improvement between MWCNT 

composites of different nanotube lengths with similar aspect ratios, however the increased length 

does promote electrical and thermal conductivity [74]. This result suggests a critical aspect ratio for 
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mechanical properties, but also suggests that thermal and electrical conductivity for aligned CNT 

composites are governed by the total contact area or number of contact points between CNTs, which 

will increase with increasing length. 

 

 

Figure 2.2 – Fracture surface images for low volume fraction (left) and high volume fraction (right) aligned CNT composites, 
with a high volume fraction image of the fracture surface parallel to reinforcement (center) [45] 
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In all composites failure occurs at the weakest point, which is usually at an interface unless 

the reinforcement is weaker than the interface between fiber and matrix. In [93] the authors use TEM 

to observe fracture characteristics of spray wound CNT composites. The authors observe that loads 

from 0-45 MPa in disordered CNTs results in fracture at the location of the metallic catalyst, which are 

located at bends and defects in the nanotubes, at 45-95 MPa this behavior changes to interfacial 

debonding between CNT and matrix, between 95-110 MPa CNT sword-in-sheath failure and interfacial 

debonding along aligned CNTs are observed, and at 110MPa the sword-in-sheath failure seems to 

change to CNT breakage and fiber pullout as indicated by a much shorter broken CNT length. This is 

interesting as it suggests the failure strength for certain defects and that catalyst, bends, and 

misalignment of CNTs may all be considered defects in CNT composites. 

Typically, fracture surfaces are used to discern between brittle failure and ductile failure, with 

ductile failure corresponding to improved fracture toughness. As in the images seen in Figure 2.2 the 

fracture surfaces show more surface roughness with the addition of nanotubes, suggesting a 

transition from brittle to ductile fracture. 

2.1.2.3 Effect of CNTs on the matrix material 

When fabricating CNT composites one of the assumptions concerns the matrix material, 

which is that the matrix cures into the same properties as it would in bulk. One paper shows different 

cure behavior for two types of functional CNT composites at only 1 wt% of CNTs compared with the 

bulk resin and suggests that the locally non-disperse nanotubes can reduce molecular mobility and 

disrupt cure kinetics and reaction stoichiometry, although the overall degree of cure is unaffected 

[94]. 
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In [95] a carbon nanofiber mat was shown to decrease crosslinking efficiency at higher wt% 

(up to 5.41%). Kausch et al show that crosslink density in epoxy resins is related to the mode I fracture 

toughness, with low fracture toughness values seen at low molecular weights between crosslinks [96]. 

In one MD simulation it is shown that cross-linking density has little effect on residual stresses near 

the resin-graphene interface, although there do appear to be some fluctuations at the peak stress 

within 1 Angstrom of the interface [97], which becomes more relevant as fibers are closer together 

and volume fraction increases. Zhou et al observe a loss in Tg of 17° and a decrease in decomposition 

temperature from the addition of 0.4wt% of MWCNTs to epoxy, which they attribute to a lower 

crosslink density [98]. Contrary to that, Abdalla et al show an increase in Tg for functionalized CNTs in 

epoxy matrix and suggest the MWCNTs restrict molecular mobility and result in an increased crosslink 

density [54], a result that is confirmed in [31] which further shows that certain functional groups 

added to CNT sidewalls may also effect the molecular mobility through chemical bonding to CNT 

surfaces.  

Work by Wong et al show that failure strain of low wt% short MWCNT polystyrene and epoxy 

composites is reduced to 1.2%, with brittle fracture observed around the nanotube characterized by 

“radiating hackles” [99]. However, other work suggests that the hackle pattern is characteristic of 

ductile fracture [100]. Yeh et al show that a randomly oriented MWNT/epoxy nanocomposites have a 

failure strain that approaches 2% from 6% as wt% decreases from 5 to 0, respectively [101]. In [80] 40 

vol% composites with moduli ranging from 14.2-23.9 GPa showed less than 2% strain to failure using 

modified epoxy matrices with strain to failures ranging from 3.6-89.3%. The theory for this 

phenomenon presented by the authors is similar to the results of previous works mentioned which 

describe reduced molecular mobility of the epoxy molecules due to the presence of CNTs, which 

creates a brittle matrix and effects crosslink density and the Tg, as well as other properties. In part II 
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to the previous work DMA analysis confirms the theories stated in part I, and further cites that 

reduced chain mobility of epoxy molecules can increase the number of defects present during cure 

and result in a brittle matrix, regardless of initial matrix properties [102]. It is shown that increasing 

the cure time close to maximum by reducing temperature helps to negate the reduced molecular 

mobility of the epoxy molecules and results in improved composite properties [103].  

One interesting phenomenon has shown up concerning strain-to-failure and its relationship 

to functionalized nanotubes. It seems that certain functionalizations of CNT side walls will reduce the 

strain-to-failure to the now expected <2%, however others result in a maintained or only slightly 

reduced strain-to-failure of the epoxy resin. One example of this is found in [33]. Numerous other 

examples of high volume fraction CNT composites with a failure strain less than 2% exist in the 

literature [72,77]. 

2.1.2.4 CNT-matrix interface and CNT array functionalization 

Load transfer between epoxy and matrix is essential in any composite, and concerning the 

interface between CNTs and polymer matrices the results are decidedly mixed. As carbon nanotubes 

are similar to carbon fiber reinforcement, past literature concerning carbon fibers suggests that 

chemical bonding with the matrix is important to achieve maximum composite properties.  Desai and 

Haque provide a good review of the subject of the polymer-CNT interface [104]. Laurie and Wagner 

show the real time fracture of a SWCNT bridging a defect in an epoxy matrix and suggest that the 

fracture of the CNT with no apparent pull-out from the matrix indicates good interfacial strength 

[105]. Adhesion and wetting quality of resin systems to CNTs is decidedly mixed. In one instance 1-2 

wt% of nanometer length MWCNTs were mixed with polystyrene and showed good wetting of CNTs 

after fracture. A lower wt% (0.1 wt%) mixture of CNTs dispersed into an epoxy matrix also showed 
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good wetting and no pull-out from microtoming a cross-section, suggesting good adhesion as well. 

The paper suggests that the good adhesion is from mechanical interlocking rather than any bonding 

to the CNT surface [99]. One review of coiled carbon nanotubes suggests that mechanical interlocking 

of highly coiled and aligned CNTs would adequately transfer composite loading to the CNTs, even if 

good adhesion at the CNT-matrix interface is not present [106].  

Work in [107] shows improved mechanical properties with different surface functionalized 

CNTs, as well as Raman data that suggests that a compressive strain exists on the CNT reinforcement 

and that functionalization improves adhesion between the CNTs and the epoxy matrix. Cheng et al 

show either broken or pulled-out CNTs along their fracture surfaces indicating both good adhesion 

and wetting [45], despite no functionalization of the CNTs. 

Functionalization of CNT sidewalls occurs in many forms and for different purposes as 

described in the review by Sahoo et al [108]. For interactions and dispersion with epoxy it is mostly of 

interest to generate fluorine or carboxyl groups on sidewalls. One such method involves mixing short 

CNTs in acids. Another common method is plasma functionalization, primarily with CF4 or O2 plasmas. 

The results are the addition of fluorine to CNT sidewalls for CF4 and hydroxyl, carbonyl, and carboxyl 

groups for O2. 

It is unclear whether the nanotube functionalization impacts composite properties favorably 

due to better or uniform dispersion in the matrix, from improved interface with the matrix, or from a 

combination of the two. In a paper by Abdalla et al the authors cite better dispersion in carboxyl 

functionalized nanotubes compared to fluorinated nanotubes and cite sources that describe 

mechanisms in which both functional groups can interact with epoxy molecules during cross-linking 

[94]. This concept is later illustrated in [109] which specifies that the mechanical improvements seen 

are predominantly due to the molecular dispersion of the matrix and the nanotubes. The authors in 
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[110] report better dispersion for carboxyl functionalized nanotubes, but also show negative 

attributes from the functionalization, such as higher CNT surface roughness, waviness, and loss of 

length that are characteristics of CNT degradation. This shows up in the Mode II adhesive fracture test 

results with the CNT addition reducing the fracture toughness by about 35%. 

Kim et al show better composite properties with Ar/O2 plasma treated –COOH functionalized 

MWCNTs compared with just the acid functionalized nanotubes [111], even maintaining a higher 

strain-to-failure over the other tested composites at 1 wt%. This raises an interesting element of 

further modifying the functional group after it is added to the CNT sidewall to generate better 

interaction between the resin and CNT. Pereira et al showed better mechanical properties of carboxyl 

functionalized buckypaper when treated with ethanol versus hexane solvent [31]. 

While functionalization is shown to aid in CNT composite processing, dispersion in the matrix, 

and interaction between the matrix and CNTs, there is often some amount of damage to the nanotube 

as a result of chemically modifying the tube walls. Kim et al show that oxidation of MWNT sidewalls 

under strong acid conditions can damage the CNT structure and crystallinity, which can reduce 

composite mechanical properties, raise the percolation threshold and decrease conductivity [112]. 

Garg and Sinnott show with molecular dynamics simulations of single walled nanotubes functionalized 

with methylene groups that the compressive strength is reduced by about 15% [113]. Gojny et al show 

a slight decrease in tensile strength from the addition of 0.1 wt% of DWCNT that changes to no change 

with amine functionalization and improvement with 1 wt% addition of the functionalized CNTs [114]. 

The other interesting feature of this paper is the decrease in fracture strain by 1% with 1 wt% addition 

of nanotubes, suggesting a critical concentration at which the matrix becomes embrittled. In a later 

work, Gojny et al show that conductivity decreases dramatically with amine functionalization due to 
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nanotube damage, however this effect seems to disappear at wt% higher than 1.5 [115]. Other studies 

show little or even negative improvement in mechanical properties with functionalization [116,117]. 

PVA functionalized nanotubes mixed in 2.5 wt% of matrix showed a 5% increase in Young’s 

modulus and an 80% reduction in strain-to-failure compared to non-functionalized CNTs, which 

suggests that the lower strain-to-failure is a better indication of CNT-matrix adhesion, at least with a 

glassy polymer that has a very high strain to failure (>0.60) [118].  

In one paper, plasma polymerization was used to deposit acrylic acid and polyacrylic acid onto 

the surface of MWCNTs, at which time a low volume fraction composite was made and tested. 

Improvements in impact strength is attributed to better dispersion in the matrix [119] rather than 

improved chemical bonding between the matrix and CNTs. 

Evidence seems to indicate that functionalization of CNTs will primarily improve dispersion 

and homogeneity in the matrix at low volume fractions. No studies have been found that show results 

of functionalization at higher volume fractions of aligned CNTs which eliminates the need to improve 

dispersion. There are also no studies where van der Waals interactions from high aspect ratio 

nanotubes are compared with a functionalized CNT surface, however early work with carbon fibers 

shows the importance of chemical bonding between the reinforcing fiber and the matrix in order to 

produce a fully realized material.  

2.2 INTERLEAVING OF COMPOSITE LAMINATE AND ADHESIVE INTERFACES 

2.2.1 Delamination and adhesive failure of carbon fiber reinforced polymer composites and joints 

Composite properties are severely degraded from high interlaminar stresses or strains near 

free edges, adhesive and mechanically bonded joints, notches, or “barely visible damage” most often 

resulting from “drop weight impact” or a manufacturing defect, and other areas where composite 



 

23 

geometry and/or material property variations take place. These sites of high strain result in initiation 

points for “secondary” stresses resulting from in-plane tensile or compressive loads that propagate 

damage through the composite. Comprehensive reviews and analyses of these failure modes of 

composites and bonded joints are found in the literature. The author refers you to the excellent 

compendium by Bogdanovich and Sierakowski [120], review papers and one book [121] on composite 

bonded joints [122–124], delamination resistance [125–128], and a book on composite interfaces by 

Kim and Mai [129] for background knowledge of the topics discussed. 

Damage propagates through composites in three modes: mode I (tensile opening), mode II 

(in-plane shear), and mode III (tearing). Test methods attempt to isolate one of these modes in order 

to study the fracture mechanics, however it should be stated that all test methods are to some extent 

mixed mode (I/II), with a preferred mode dominating and mode III generally making a negligible 

contribution [128]. For the purposes of this review focus is applied to mode I testing and failure as it 

closely relates to the peel stress that initiates failure at a free edge in composite joints. 

It is also prudent to discuss adhesive joints in composites and their failure, particularly with a 

focus on lap-joints, double lap-joints, and double strap joints. It is widely accepted that these joints 

when stressed in tension experience shear stress and peal stress as depicted in Figure 2.3, and this is 

similar for lap joints. As depicted the peel stress at the joint edge is much higher than the shear stress. 

This results in a high peel strain which initiates failure of the joint rather than the shear strain. The 

comparison between delamination and adhesive failure is that the shear stress is obviously related to 

Mode II fracture toughness, and peel stress is related to Mode I. It could be said that DCB test would 

accurately simulate the peak peel stress and strain at the joint edge, thus the Mode I initiation fracture 

toughness for an adhesive interleaf should give an indication of the behavior of that interleaf at a joint 

edge. The common method to alleviate this edge failure is to distribute the edge peel stress through 



 

24 

joint or adhesive geometry, such as with a fillet, or to add ductility through a higher strain-to-failure 

to the adhesive so that the peel strain is absorbed [130–132]. The problem arises from the fact that 

higher strain to failure usually involves a lower modulus material, meaning a sacrifice in rigidity of the 

joint. Thus the ideal adhesive would have a high modulus and high strain to failure so that the 

maximum stress and strain is resisted. 

 

Figure 2.3 – Shear and peel stresses along half of a double strap joint 

2.2.2 DCB Testing and Data Processing 

Mode I fracture testing is most commonly conducted with a double cantilever beam (DCB) 

test. Calculations made from the recorded load and displacement values are recorded at specific crack 

propagation values and used to calculate the energy release rate, GI. Beam theory, compliance 

calibrations, area method, and correction factors are used for data processing to calculate GIC. It is 
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important to note that fracture toughness values are dependent on specimen geometry and size, and 

thus are not material properties [128]. The method of data processing has a large impact on the GIC 

values as the paper by Rikards et al shows when four methods and two correction factors are used to 

calculate the fracture toughness of two glass fiber specimens with different surface treatment. 

Depending on which data processing method is used, either surface treatment studied could show 

greater improvement than the other [133]. In certain instances testing conditions may rule out the 

use of a data processing technique. For example, compliance corrections become inaccurate for 

unstable initial crack propagation while beam theory is somewhat oversimplified and is almost never 

used without some sort of correction [134]. One of the compliance calibrations is Berry’s method, first 

proposed in a study of delamination in glassy polymers, PMMA and PS [135], and now listed as one of 

three data processing methods for fracture toughness in the DCB standard as the “Compliance 

Calibration” method.  

DCB testing is often performed using unidirectional reinforced composites as this is the 

simplest system to provide anisotropic stiffness to reduce beam flexure. O’brien points out that early 

tests uncovered problems of delamination branching with angle plies if they bordered the 

delamination plane [127], thus the use of zero degree unidirectional laminates, or laminate structures 

with zero degree laminates at the midplane. In [128] one of the conclusions is that only unidirectional 

laminates may use beam theory to calculate GIC, and all other structures must solve for compliance 

by fitting experimentally or by the area method.  

Critical energy release rate, GIC, is either reported as the initial fracture toughness, GICinit, 

which is the toughness observed at the time of initial delamination, or the propagation fracture 

toughness, GICProp, which is the stabilized value of fracture toughness as the delamination grows. For 

the rest of this work it will be attempted to use the designation GICi for the initiation value and GICp for 
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the propagation value. The split is due to a debate whereby GIC should be a stable and constant value, 

but actual testing shows this is not the case, thus the question of reporting the initiation value or a 

stabilized value reached after some undefined amount of propagation. In a review by Davies et al 

[136] it is stated that GICp was often the favored value to report during the first decades of DCB testing. 

However, unidirectional composites present a phenomenon termed “fiber bridging” when 

delaminated using the DCB testing procedure, which can become the dominant toughening 

mechanism as fracture length is increased. According to sources cited by Davies et al fiber bridging 

greatly influences fracture toughness propagation, results in non-intrinsic material values for fracture 

toughness, and is a mechanism rarely seen in laminates [128,136]. An R-curve that steadily increases 

or increases to a threshold is a sign of fiber bridging, particularly if the beam arms are suitably long to 

factor out effects from crack tip rotation and large deflections [128,137]. As fiber bridging is an artifact 

of the test method and is not seen in real world applications, emphasis is shifted to reporting GICi.  

In some papers, promoting fiber bridging is cited as the reason for improvement in fracture 

toughness [137,138] despite the fact that it is a testing anomaly. In a paper comparing fiber surface 

treatments and the effect on fracture toughness fiber bridging was observed in one specimen but not 

the other, but statistically equivalent GICi values are observed. It is surmised that fiber bridging was 

enough to compensate for poor fiber/matrix adhesion that should result in lower delamination energy 

[133]. Some papers have gone so far as to cut or dissolve bridging fibers in order to observe true 

fracture toughness values which can reduce the fracture toughness several times the value seen when 

fiber bridging is present [139]. Other papers attempt to introduce a fiber “bridging law” [140,141], 

whose authors concluded that within their set of experiments the proposed bridging law is a material 

property, but must be obtained experimentally. These results are confirmed in sources cited by [141]. 

Most fiber bridging calculations are based on studies of bridging present in fiber reinforced cements, 
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however in [142] a method is proposed to account for fiber bridging in carbon fiber reinforced 

composites, among other composites. Szekrenyes and Uj conclude that no correction is needed for 

GICi, but must be used for GICp due to the poor agreement when processing the data when using the 

well-known beam methods [141].  

Understanding the assumptions used in data manipulation is a key component for 

understanding DCB test results. For instance, the beam arms are assumed to be perfectly rigid, 

however for certain composite systems, especially thin composites, a high amount of flexure makes 

this an invalid assumption and a correction factor must be applied [143,144]. This flexure can also 

enhance any rotational effects resulting from misalignment of the adhesively bonded load devices, 

however this is also accounted for in the correction factor proposed by Williams et al[143] and used 

in the ASTM standard [145]. The other correction factor that is often applied accounts for the added 

stiffening from using end blocks. This effect is not seen with piano hinges and is often negligible in 

loading blocks. Another assumption is that nonlinear effects are negligible, which is appropriate for 

the specimen geometries as specified in the DCB ASTM test standard [146]. Hashimi et al provide an 

excellent explanation of various data processing methodologies (linear and non-linear area, 

compliance, beam theory, and correction factors) and their limitations and sources of error [134] with 

the consensus that area methods show the highest scatter in data. 

One of the more significant sources of error in fracture toughness testing is the measurement 

of the pre-crack or initial delamination length, a0, and the consequent delamination length, a. 

Delamination length is the distance from the point of loading to the point of delamination, which may 

not be uniform on both specimen edges if the delamination front is non-linear. This value is also 

difficult to record as the crack propagation must be recorded every millimeter and thus is a significant 

source of human error, especially if the crack is unstable and “jumps” rather than grows steadily.  
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Another area of discussion concerns the pre-crack in DCB specimens and the effect it has on 

the initial fracture toughness. Round robin tests showed that as starter film thickness decreased, so 

did GIC, until a threshold was reached, which is below 15µm [136]. It is widely accepted that the thicker 

starter film results in a resin rich region at the point of crack initiation, which artificially increases the 

fracture toughness. As such, the ASTM standard selects a hybrid method where a thin starter film is 

used for the pre-crack, and a value for GIC is recorded initially. At this time the specimen is unloaded 

and then reloaded, allowing a GIC measurement to be taken for the now pre-cracked specimen, with 

a requirement that both values be reported. According to the standard the initial loading should result 

in crack propagation of 2-3mm before unloading. In the paper by Stevanovic et al it is indicated that 

the initiation fracture toughness of 2-5mm pre-cracked specimen compared with an un-cracked 

specimen is higher, with the conclusion being that fiber bridging can show an artificial toughening 

increase greater than that observed by a resin rich region of the release film [147]. One other 

conclusion of the paper is that when an error is made when fabricating the DCB specimen with a 

starter film, pre-cracking will reduce the standard deviation of GIC. It is assumed by this author that 

this is because the poor manufacture of the starter film results in a resin rich region, which introduced 

the high variability in results. If this is avoided the results should be consistent. In a paper by Czabaj 

and Ratcliffe [148] a thorough study of starter cracks in CFRP delamination is conducted, comparing 

12.5µm thick Teflon film and fatigue pre-cracking. The authors conclude that the pre-crack method 

provides stable crack propagation while the Teflon insert results in an artificially high initial failure 

load, after which both methods yield similar results, i.e. the Teflon insert artificially increases GICi and 

fatigue pre-cracking results in consistent and stable initiation values. As such it seems that the ASTM 

standard should be followed but with fatigue pre-cracking instead of steady displacement induced 

cracking as in the actual test. 
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2.2.3 The effect of interleaves on delamination mode I fracture toughness 

Improving the delamination fracture toughness is achieved by either preventing crack 

initiation or by arresting crack propagation. This is done by improving the toughness of the matrix 

resin or reducing the stress/strain concentration at the point of failure [126]. According to Challenger 

et al. [125] a tougher resin system does not always translate into a tougher composite, as the 

micromechanics of failure and the fiber matrix interface must all be taken into account. Furthermore, 

tougher resin systems typically incur a weight penalty and/or a reduction in stiffness. As with adhesive 

joints, toughening is either increased by increasing modulus or increasing strain-to-failure. Increasing 

strain-to-failure has practical limits as it typically involves a more ductile material with a lower 

modulus and at some point the material will show a noticeable sacrifice in rigidity, which results in a 

reduced weight-saving potential. A solution to this problem is to add a toughened interleaf to the 

interlayer region where delamination occurs, thus minimizing the sacrifice in stiffness by reducing the 

amount of stiff matrix material replaced with toughened material Specific interleaves will be discussed 

in a later section. 

 

Table 2.1 provides a summary of GIC percent change of carbon based interleaves compared to 

non-interleaved samples from the literature, which highlights the variability as to the effectiveness of 

the interleaving method. In some instances two values are given for fracture toughness. This indicates 

that a different resin system was used when fabricating the composites. From the table it is apparent 

that resin system and compatibility to the reinforcing fibers and interleaves is an important 

consideration that can dramatically influence the results. 
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Table 2.1 – Mode I fracture toughness change for fiber reinforced interleaves. Red values in parentheses are negative. 

Interleaf 
Material 

Fiber 
diameter 

(nm) 

CNT 
Length 
(µm) 

Basis 
Weight 
(g/m2) 

Wt%/ 
vol% 

Thick
-ness 
(µm) 

Control 
Fracture 

Toughness 
(J/m2) 

Improvement over 
non-interleaved 

(%) 

Cit-
ation 

GICi GICp GICi GICp 

Nonwoven 
Carbon Tissue 

Prepreg 

  7 11 (Vf)  227  (5.3)  [149] 

Nonwoven 
Carbon Tissue 

Prepreg 

  8   227  (0.4)  [149] 

Nonwoven 
Carbon Tissue 

Prepreg 

  9   227  7.9  [149] 

Nonwoven 
Carbon Tissue 

Prepreg 

  10   227  28.2  [149] 

Nonwoven 
Carbon Fiber 

150  10 7-13 (Vf) ~100 200 520 50 0 [150] 

Nonwoven 
Carbon Fiber 

150  20 7-13 (Vf) ~100 200 520 55 28 [150] 

Nonwoven 
Carbon Fiber 

150  30 7-13 (Vf) ~100 200 520 73 (9.3) [150] 

Nonwoven 
Carbon 

Nanofiber 

50  10 7-13 (Vf) ~100 200 520 55 (1.9) [150] 

Nonwoven 
Carbon 

Nanofiber 

50  20 7-13 (Vf) ~100 200 520 57.5 28.8 [150] 

Nonwoven 
Carbon 

Nanofiber 

50  30 7-13 (Vf) ~100 200 520 (2.5) (3.8) [150] 

Electrospun 
Polysulfone 

230   1 (wt%)  310  58  [151] 

Electrospun 
Polysulfone 

230   3 (wt%)  310  161  [151] 

Electrospun 
Polysulfone 

230   5 (wt%)  310  181  [151] 

Aligned CNT 
array 

 60    210 380 (2.3)* 152 [152] 

Electrospun 
PEK-C 

450   0.44 
(wt%) 

40 151  64.9  [153] 

Electrospun 
PEK-C 

750   0.44 
(wt%) 

40 151  51  [153] 

Electrospun 
PEK-C 

950   0.44 
(wt%) 

40 151  59.6  [153] 

CNTs grown 
on GF 

     1270
** 

2120 63 76 [154] 

CNTs grown 
on S glass 

     705  33.3  [155] 

           



 

31 

           

CNTs grown 
on CF 

     570  43.9  [155] 

Prepreg 
adhesive 
interleaf 

     249 459 (13) (18) [156] 

Prepreg CNT 
adhesive 
interleaf 

 short  0.5 
(wt%) 

43 249 459 (8) (17) [156] 

Prepreg fCNT 
adhesive 
interleaf 

 short  0.5 
(wt%) 

122 249 459 18 (5) [156] 

Polyester/Car
bon hybrid 

1*** 

9-13  20  180 395/
300 

850/ 
1190 

6/ (17) (32)/ 3 [138] 

Polyester/Car
bon hybrid 

2*** 

13  20  170 395/
300 

850/ 
1190 

1/ 25 (41)/ 2 [138] 

Carbon*** 7  10  70 395/
300 

850/ 
1190 

(60)/1 (82)/(24) [138] 

Polyester 
1*** 

14  13  120 395/
300 

850/ 
1190 

59/ 25 18/ 27 [138] 

Polyamide*** 59  21  100 395/
300 

850/ 
1190 

(19)/38 (41)/5 [138] 

Electrospun 
Nylon 6,6 

    25 473  4.9  [157] 

Nonwoven 
carbon tissue 

  10   227  (5)  [158] 

CNT coated 
nonwoven 

carbon tissue 

 1-5 10 15 (wt%)  227  35  [158] 

Chopped 
aramid 

  67  90-
270 

   46 [159] 

Chopped 
glass fibers 

  335  30-
700 

   16 [159] 

PCL 210     223 547 87 37 [160] 

PVDF 542     223 547 1 (11) [160] 

PAN 607     223 547 (10) (13) [160] 

Aligned CNT 
array 

 90   ~65 210  61  [161] 

Aligned CNT 
array 

 90   ~65 331  31  [161] 

O2 plasma 
CNT 

buckypaper 

 short 1.2  ~12 203 284 22 46 [162] 

O2 plasma 
CNT 

buckypaper 

 short 1.6  ~16 203 284 13 45 [162] 

O2 plasma 
CNT 

buckypaper 

 short 2  ~23 203 284 8 (4) [162] 

fCNT 
buckypaper 

 10-50    340  17  [163] 

           

Table 2.1 Continued 
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fCNT 
buckypaper 

  .0065  140 430 580 26 51 [164] 

Electrospun 
Nylon 6,6 

    10-
12 

 250  214 [165] 

Electrospun 
CNT/Nylon 

6,6 

 0.1-10  5 (wt%) 10-
12 

 250  290 [165] 

CNTs grown 
on glass 
fiber*** 

 20    210/
270 

380/ 
1190 

(33)/15 32/ 100 [166] 

CNTs grown 
on glass 
fiber*** 

 6    210/
270 

380/ 
1190 

(55)/90 (50)/89 [166] 

*Paper reports GIC inconsistently between table and what is plotted. Values are taken from plot as first point on plot for 
initiation, and stable growth for propagation values. 
**Initiation fractures are 2mm different ‘a’ values, which artificially increases the difference between the specimens 
***Values given are for 2 different resin systems 
 

Interleaving materials fall into several categories as depicted in Figure 2.4. The first is the 

addition of a “toughened adhesive” or resin layer different from the matrix resin, which possesses 

improved toughness compared with the typically more brittle matrix material. Often times this 

interleaf would be a thermoplastic resin, which due to the high viscosity could not penetrate into the 

fiber reinforcement, but had desirable ductile toughness that was superior to the epoxy resin. 

Addition of the more ductile interleaf would ideally add improved toughness at the failure interface, 

without sacrificing composite properties such as strength and rigidity. In [167] a carbon fiber/PEEK 

composite is used, PEEK being a thermoplastic resin system, and both the effect of varying the testing 

strain rate and the interlayer thickness are studied. In this instance the PEEK resin is used as an 

interleaf of 50µm and 100µm, with the thicker interleaf showing an improvement in fracture 

toughness. A similar study by Hojo et al. used a “self-same” epoxy interleaf to observe the resin rich 

interlayer thickness effect on interleaf reinforcement and found small improvements for the GIC and 

larger improvements for the propagation values until a change in crack propagation (Δa) of 30. The 

most interesting characteristic is the resin-rich interleaf shows “stick-slip” behavior, rather than 

steady crack growth as with the interfacial failure in the non-interleaved composite with an interlayer 

Table 2.1 Continued 
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thickness of 15 µm. Additionally, the authors assert that for mode I toughening, the toughness of the 

interlayer and not the thickness is the critical factor [168] (interestingly this is not the case for mode 

II toughening).  

In order to minimize the reduction in rigidity a minimum of ductile material should be added 

to the laminate interlayers, which corresponds to the interleaf thickness. Sela et al show 2.5-7x 

improvement in GIC for adhesive thicknesses between 40-700 µm, respectively. A threshold in 

toughness appears to be reached at 260 µm indicating optimal adhesive thickness below that value 

and greater than 100 µm, although 100 µm is the stated optimal value for an interlayer thickness 

[169]. Furthermore, this paper shows that the higher the interleaf thickness, the more the data must 

be corrected, presumably due to the absence of an interlayer thickness parameter in DCB calculation 

methods. These results correlate well with the modelling analysis by Penado [170], which expands on 

the work of Kanninen [171,172] to include shear deformation and consequently material and 

dimensional properties of the adhesive layer, i.e. the interleaf. The work shows a plateau for strain 

energy release rate vs. adhesive thickness after 100 µm, with an increasing effect of adhesive 

thickness to strain energy release rate as the adhesive modulus increases [170]. The work concludes 

by reminding of the “importance of considering both the elastic foundation and shear effects, which 

can be significant for short cracks, thick adherends, or composite materials.” 

In [173] a resin interleaf resulted in an improvement of GIC by 25%, with an additional 

improvement of 25% with the incorporation of CTBN modifier into the Epon 828. An interesting 

assertion is made in this work that fiber bridging is suppressed by the addition of the interleaf and 

that the toughening seen by the interleaved specimens still shows improvement over the baseline, 

despite the loss of the toughening from fiber bridging. This is unusual since several sources have 

stated that GIC is unaffected by fiber bridging which only affects GIProp, as stated, for example, in [142]. 
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In this work GIC appears to be synonymous with GICi. In similar work by Ozdil and Carlsson [174] a UD 

graphite/epoxy composite is modified with a rubber epoxy interleaf and an amorphous thermoplastic 

interleaf, both of which come in films of set thicknesses. The films are stacked in an attempt to study 

the effect of interleaf thickness on GIC. The author sites poor adhesion between multiple plies of 

adhesive resulting in reduced fracture toughness. This is somewhat unusual as the adhesive 

interleaves show good adhesion and improved fracture toughness when only a single layer is used 

(243 J/m2 to 326 J/m2 for 59 µm thick thermoset and 1184 J/m2 for 16 µm thick thermoplastic), 

suggesting an inability of the adhesive to bond with itself. A more plausible explanation is an error in 

specimen construction. It should be noted that specimens are pre-cracked 5 mm before GIC values are 

calculated in this study. For the test that showed sufficient adhesion for delamination, no statistical 

difference is seen between interlayer thicknesses, with the greatest improvement seen for a 16 µm 

thick interlayer. 

 

Figure 2.4 – Illustration of interleaf categories as seen in the literature 
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The next category is “dispersed particle” which incorporates a tough particulate (usually a 

rubber) into the adhesive resin and uses this as an interleaf. The work by Stevanovic et al. [175] shows 

2-3 times GIC improvement depending on weight concentration(between 3.5-15%) of 

polyacrylonitrile-butadiene-styrene (ABS) particles. The authors site two other papers with similar 

rubber toughened interleaves, one which shows similar improvement, the other only moderate (40%), 

indicating the variability and complex toughening mechanism of interlayer modification. In this work 

good bonding between the ABS particles and the resin matrix allowed the crack to propagate through 

the ductile particles and diffuse the propagation energy, resulting in a more ductile fracture of the 

interleaf and a higher fracture toughness. This shows the importance of adhesion between 

reinforcement and matrix. 

Malkin et al. [176] use a DuoMod toughening agent in an interesting ‘saw tooth’ interleaf 

reinforcement in an attempt to create a gradual transition between the brittle composite matrix and 

the ductile toughened interleaf. This method showed a 34% increase in GICi and illustrates an attempt 

to mediate the strain mismatch between different materials that can result in the initiation point of 

delamination. This is done by gradually increasing the ratio of the fracture front in contact with the 

interleaf. 

“Dispersed fiber” interleaf category is similar to dispersed particle in that it is a resin modified 

with a low concentration or volume fraction of material, however the added material is fibrous. 

Interleaves of this type are typically composed of randomly dispersed and oriented short fibers. One 

key aspect of any type of fibrous interleave is a characteristic pointed out in [177], which specifies the 

fibers in the interleave should possess a smaller diameter than the composite reinforcing fibers. It 

should be noted that low volume fractions of dispersed nanotubes would fall into this category, but 

are discussed later in the review. 
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The remaining two categories are both nonwoven fabrics, the first is composed of short fibers 

and the second of continuous fibers. Both nonwovens typically are isotropic with slight anisotropy in 

one direction as a result of the manufacturing take-up process, which may or may not be present in 

laboratory specimens. Short fiber nonwovens can include chopped glass, carbon, thermoplastic, or 

high performance polymer fibers, short carbon nanofibers, or carbon nanotubes (buckypapers). Often 

mats are manufactured using a slurry method whereby fibers are mixed with solvent and spread on a 

surface until the solvent has evaporated. At this point the nonwoven is placed directly between 

prepreg laminates and cured, infused with resin and partially cured and placed as a prepreg or film 

adhesive composite interleave between prepreg laminates, or layered between dry fibers or fabric in 

a wet-lay sequence or vacuum infused with resin. 

Seung-Hwan et al. infused short fiber carbon tissue with resin and partially cured it to form a 

prepreg before adding it as an interlayer in a unidirectional CFRP. Improvement was not seen until 6 

layers of interleaf were added, with 1 layer actually resulting in a 5% loss in GIC. When improvements 

were seen they were modest at 28%, and matched the delamination toughness of a pure interleaf 

composite manufactured by stacking carbon tissue interleaves [178]. In [179] 300 nm PBI electrospun 

nanofibers reinforce an epoxy matrix and it is found that fracture toughness and Young’s modulus of 

the composite increase with increasing fiber volume fraction (studied up to 15%) and that GIC is 

greater when the crack propagation direction is transverse to the dominant fiber direction (in this 

case the machine direction for nonwoven fabrics). 

 In [150] carbon nanofiber mats of different area densities and fiber diameters (80 and 150 

nm) were used as a short fiber nonwoven interleave. The results showed improved fracture toughness 

with all carbon nanofiber reinforcement of approximately 50% for initial toughness. Basis weight 

seemed to play a role in improving propagation fracture toughness with the middle area density for 
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the tested interleaves of 20 gsm achieving significantly higher values than the other densities. This 

would seem to correlate with volume fraction, which as with nanotube composites shows a critical 

value for maximum properties at low volume fractions. Regarding fiber diameter, the only comparison 

in this work is for mode II fracture toughness, but it does show that as the interlayer thickness 

increases past 50 µm the smaller diameter shows improved toughness.  

However, small fiber diameter seems to have little effect on the scale of several hundred 

nanometers. In [153] 450-950 nm electrospun carbon fiber interleaves showed very little difference 

in GIC, but still resulted in a 60% improvement over the control. Interlayer thickness varied due to 

differences in fiber diameter for the interleaves, which had more of an effect on fracture toughness 

than the fiber diameter, as peak toughness has reached for an interlayer thickness of 70 µm. The 

authors also note that the thinner diameter reinforcement resulted in more stable crack propagation, 

which supports the theory of small diameter fibers (high surface area) resulting in a distributed stress 

concentration. It seems that the smaller the fiber diameter the higher the degree of change in fracture 

toughness, suggesting that surface area of the interleaf is of importance for improving GIC. 

Continuous fiber nonwoven interleaves (the final category) are predominantly electrospun 

fibers of micron or nanometer size diameter. A review of electrospun nanofibers for enhancing 

composite materials includes a section on interface reinforcement is a good summary of the literature 

[180]. An excellent point is made in this paper that the goal of many fibrous interleaves is to reduce 

the stress concentration which typically initiates delamination, and that this cannot happen with poor 

fiber-matrix adhesion, or rather interleaf-matrix adhesion. The paper by Kuwata and Hogg [138] 

compares nonwoven interleaves of carbon, thermoplastic, and ‘hybrid’ materials with fiber diameters 

of approximately 12 µm (except for a polyamide which is ~50 µm) and compares the fracture 

toughness using two different resin systems, which illustrates the importance of interleaf and resin 
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compatibility. For example, PE interleaf shows almost no improvement with the vinyl ester (VE) resin 

system, but greater than 50% improvement with the epoxy system. The other example shows that 

carbon interleaves result in a significant decrease in both initiation and propagation GIC values, but 

maintain both as compared to the non-interleaved with the VE system. This is especially important as 

it indicates that adhesion to carbon fibers appears to be the most temperamental, and often result in 

reduced delamination energy if fiber-matrix adhesion is low. Another example of this is observed by 

Zhang et al. when only the electrospun interleaf that is miscible with the surrounding matrix, and 

therefore provides good interleaf-matrix adhesion, shows any increase in fracture toughness [160]. 

Sihn et al. used electrospun thermoplastics with CNTs mixed into the polymer solution to 

show improved delamination resistance under tensile loading when the material was used as an 

interleaf [181]. A hybrid approach by [151] used an electrospun membrane of PSF as an interleaf to 

achieve modest improvement in fracture toughness at 1 wt% and 181% improvement at 5 wt%, 

seemingly pointing to the aspect that more ductile material results in improved fracture toughness. 

Interestingly this study uses a phase separation technique on PSF films to create a dispersed particle 

interleaf for a direct comparison between fiber and particle morphologies, with fiber morphology 

yielding a toughness improved by 32-50% over the particles. Hamer et al. created Nylon 6,6 resin 

doped with 5% MWCNT and electrospun it into nonwoven interlayers [165]. The CNTs improved the 

propagation fracture toughness of the Nylon 6,6 by 25%. 

The use of thermoplastic reinforcement often results in improved fracture toughness. 

Combined with the high surface area from electrospinning thermoplastic micro and nano fibers should 

result in better interleaf reinforcement with less material and weight/stiffness penalty than using 

thermoplastic based adhesive reinforcement. In [157] an acoustic emission (AE) device was used to 

monitor crack propagation within the DCB specimen, which showed that an electrospun Nylon 6,6 
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interleaf reduced the number of AE events, thus demonstrating that stress and strain levels within the 

delamination front remained relatively constant. This indicates that the stress/strain field distribution 

was much steadier for the interleaved specimen. 

When studying the interleaf it is always of interest to see how the interleaf effects the crack 

propagation. In [159] the interleaf is placed 20mm away from the edge of the starter crack and shows 

steady GIC values up to the point when the interleaf is encountered for all specimens, at which point 

the average GIC is taken over the length of the feature and taken as the propagation value. The data 

shows that fibrous reinforcement of glass and aramids improve fracture toughness compared with a 

decrease seen for nylon particles. This is interesting as a polyimide film, which should be similar to 

nylon, showed the largest improvement in GICp. The paper concludes that the fibrous structure 

provides ‘by design fiber bridging’ which improves toughness as compared to particle reinforcement.  

2.2.4 CNT Interleaves for enhancing the interphase/interface 

CNT reinforcement is typically involves dispersed fiber interleave toughening with low volume 

fractions (~0.01) of short CNTs mixed with resin and added as the interleaf material or even the 

composite matrix. Focus in this section will fall to higher volume fraction CNT structures, preferably 

composed of aligned and/or long MWCNT, which fall into a short fiber nonwoven interleaf 

classification. One additional method of interface enhancement is to grow nanofibers on a fabric 

surface, such as in the paper by Wicks et al. [154] and then infuse the structure with resin, thereby 

generating multi-scale reinforcement with CNTs aligned perpendicular to the fiber surface. This 

showed around 70% improvement in GICi, but is characterized as low volume fraction reinforcement 

(0.01-0.02). The downside of this approach is best illustrated in [155,182], which showed that the 

degradation of the reinforcing fibers from growing nanotubes on the surface often had more of a 
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negative effect than any CNT reinforcement had positive. However, in [166] CNTs were grown on 

alumina fibers as alumina is unaffected by high temperatures and observed mixed results, depending 

on the definition of GIC initiation used (5%, NL%, and VIS), improvement was as high as 33%, and close 

to 100% for propagation values. 

A similar reinforcing configuration (nanotube alignment perpendicular to the fiber surface) is 

achieved through transfer of a vertical CVD array to the surface of a dry fabric, at which point multiple 

layers of fabric are added with CNT arrays between and the entire structure is infused with low 

viscosity resin as in [164,183,184]. This process has the advantage of no loss of structural integrity of 

the reinforcing fiber from the CNT growth process, and can be used on any type of reinforcing fibers, 

as growth directly onto fibers is limited by and large to glass and carbon fibers. 

Another hybrid approach is to manufacture a nonwoven prepreg interleaf with micro and 

nanofibers to assist with a reduction in stress concentration by creating a gradient in stress and strain 

properties of the interleaf. In [158] a carbon fiber and CNT nonwoven was infused with PEO to make 

an interleaf. The nonwoven that had the CNTs coating the carbon fibers compared with plain carbon 

fibers showed improvement in GICi and significant increase in GICp, raising a question as to the 

importance of alignment of CNTs respective to the fiber surface. As before the carbon tissue resulted 

in a decrease in fracture toughness compared to the non-interleaved composite. Arai et al compared 

carbon nanofiber interleaves with MWCNT interleaves and found that the nanofiber resulted in no 

initial fracture toughness improvement and no or negative change in propagation toughness, as 

compared to the MWCNT interleaf which resulted in an increase in both [185]. 

Garcia et al. transfer 60-150 µm aligned CNT arrays to the surface of a CFRP prepreg while 

maintaining alignment in an attempt for nanofibers to bridge the residual resin interlayer during 

infusion. Although it appears alignment is lost when the additional prepreg plies are added and the 
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composite is cured, the 60 µm tall interleaf showed a dramatic 150% improvement with the 150 µm 

tall interleaf only showing a 50% improvement [152]. The authors conclude that shorter nanotubes 

that are slightly longer than the interlayer thickness will result in effective and efficient nanofiber 

bridging that should show further improved fracture toughness due to improved alignment 

throughout the interleaf. Although not a DCB delamination test, the authors in [184] use a similar 

process with arrays as tall as 500 µm and show that the interlayer produced is compressed to 50 µm 

with the CNT array interleaf and that the resin impregnation has a gradient, with only partial 

infiltration in the middle of the array as in the illustration in Figure 2.5 . Length of CNTs when CNT 

reinforcement is perpendicular to composite ply interfaces is further shown to be an important factor 

as demonstrated in [183]. Maximum CNT interlayer properties are achieved with the shortest arrays 

studied (100 µm), although all interlayer thicknesses are approximately the same despite CNT length 

and it is assumed that the middle of the array is compressed with no maintained alignment. In almost 

identical work to Garcia et al, Falzon et al [161] transfer CNT arrays to a prepreg surface maintaining 

vertical alignment before composite fabrication, and show that GICi increases by 31-161%. Resin 

infusion through the array thickness (100 µm) appears good and some alignment is maintained. A 

small amount of heat to lower the prepreg resin viscosity and make a tacky surface, and weight is 

applied to the arrays when applied to the prepreg laminate in order to attach well to the prepreg 

surface so that the substrate can be removed.  

 

Figure 2.5 – Schematic illustration of composite interphase without and with a CNT interleaf [184] 
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Blanco et al suggest that toughening seen in Mode I DCB testing is a result of CNT pullout 

either from the matrix or through sword-in-sheath failure [186]. If these are the only toughening 

mechanisms, then only propagation toughness and Mode II toughness will improve as the CNTs would 

act as bridging fibers and barriers to shear crack propagation. 

As in many composite studies, functionalized nanotubes often show a significant increase in 

delamination fracture toughness as the mechanical property transfer between the fiber 

reinforcement and the matrix is improved. In a paper by Sager et al [156] 0.5% by weight CNTs and 

functionalized CNTs were mixed into a neat EPON 862 resin and partially cured to form prepreg 

interleaves. The authors also used a neat resin interleaf that followed the same curing schedule as the 

resin with added CNTs. Despite the low volume fraction of CNTs, this paper illustrates several points 

that are relevant. The first is that the addition of a partially cured prepreg interleaf of the same epoxy 

resin slightly decreases the initiation GIC and significantly decreases the propagation GIC. The second 

is that the neat resin interleaf and the un-functionalized CNT resin interleaf show no difference in GIC 

values except a wider data scatter, which for the GICi value results in a slightly higher mean fracture 

toughness. The third aspect is that thickness of the interlayer is not taken into account when 

interpreting fracture toughness, although it is reported. This is a factor as the functionalized CNT 

interleaf is 3x the thickness of the non-functionalized interleaf (129 µm versus 43 µm, respectively) 

and could account for the statistically insignificant 18% increase over the non-interleaved panel and 

a more significant increase of 36% over the neat epoxy interleaf, which has a thickness of only 28 µm. 

This change in thickness could account for all of the variation seen in the GIC values, and is thus 

inconclusive as to the benefits of functionalization. 

Similar to CNT composite studies mentioned earlier, Williams et al treated MWCNTs with 

oxygen plasma in order to functionalize the CNT walls [162]. The CNTs were then added to the surface 
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of a prepreg to act as an interlayer modification. Initiation fracture toughness showed small 

improvements with increased variability with increasing CNT area density. Densities below 2 g/m2 

showed improved propagation toughness as a result of dramatically increased fiber bridging from 

diverting the crack “away from the midplane” where it propagates erratically in the intralayer of the 

composite. The oxygen functionalization served the purpose of suspending CNTs in ethanol as a 

processing step to make a CNT “ink” as the interleaf material, and it is unclear if there was any effect 

concerning CNT-matrix adhesion as a result of the plasma treatment. The results rather seem to 

indicate a reduced ability to reinforce delamination as CNT content increases. A related study sprays 

a functionalized CNT solvent onto the laminate interface as an interleaf and shows similar results with 

a 17% improvement [163], again with functionalization serving the purpose of better CNT suspension 

in solvent. 

Another study used carboxyl functionalized MWCNTs to form a buckypaper interleaf and 

observed the effect of a partial interleaf (20mm) versus a full interleaf that went all the way to the 

back edge of the DCB specimen (50mm). Length of the buckypaper was found to have no effect until 

the crack propagated past the length of the buckypaper, where propagation toughness returned to a 

value similar to non-interleaved specimens. Overall, the inclusion of the buckypaper resulted in an 

improvement in initiation and propagation GIC’s of 26% and 22%, respectively [164]. 

2.2.5 Carbon nanotubes and adhesive bonding of composites and composite joints 

Since DCB testing only simulates the peel strain in adhesive joints, with interleaves 

representing an adhesive layer, it is important to observe effects of altering the adhesive in actual 

composite joints, particularly in lap joints and double strap joints, as the failure characteristics are 

similar to those seen in interleaved DCB tests. Similarly to DCB test results, adhesive joint tests do not 
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produce a material property as results are dependent on joint geometry, and as such caution should 

be exercised when comparing separate experiments. Reviews and background data for adhesive joint 

design and failure can be found in [120–123,187–189]. 

The most common test method of adhesive strength is the lap joint. Most adhesives fail in 

shear, however because of adherend flexure a large tensile strain at the edge of the joint initiates 

failure through a peal stress. Double strap joints (DSJ), sometimes referred to as “double doublers” 

help to reduce this peal strain making failure closer to pure shear failure. The joint itself is a symmetric 

version of a double lap joint. The edge tensile strain generates a secondary force promoting the 

initiation and rapid failure of the joint and is similar to Mode I delamination and occurs at the free 

edge of the joint. Aside from joint geometry the other two parameters that are important to consider 

are adhesive thickness and overlap length. Due to non-uniform shear stress across the adhesive (high 

stress at the edge and low stress near the middle) increasing the overlap length past a critical length 

will not add any additional strength to the joint as it only adds to the low stress length of the joint. 

This invalidates the common shear stress calculation specified in ASTM standards to divide the 

maximum load by the bonded area of the joint.  

 

Figure 2.6 – A tapered adherend as a proposed method to reduce peel stress and fabricate a strong joint [190] 



 

45 

It is the ability to withstand or absorb this high stress at the free edge that will improve the 

strength of the joint. Hart-Smith in much of his work specifies various methods in order to distribute 

the peel strain, such as the tapered edges seen in Figure 2.6, or from an adhesive with a ductile zone 

near the joint free edge to absorb the strain [130,131,190]. The tapering of the strap was shown to 

be the most effective method for improving joint strength in [191]. An additional consideration 

touched on in this paper is the thickness of the straps used for adhesive testing. The thicker that straps 

the more rigid the material and the higher peel stress transferred to the free edge of the joint, thus if 

the strap is too thin the strap will fail prematurely, however if too thick then the peel stress will be 

too high for any material to absorb and no joint improvement will be seen. 

In the literature survey by Silva et al [192] two papers are cited that propose a unique adhesive 

architecture that incorporates a region of ductile adhesive at the free edges and a stiff adhesive in the 

middle of the lap joint overlap, the theory being that the ductile material will absorb the high stress 

at the edge while the stiff adhesive will maintain the rigidity of the joint. It is theorized that this 

configuration works best if the stiff adhesive has a larger overlap area than the ductile adhesive. Silva 

and Lopes [193] are able to test this theory experimentally and show an improvement in failure load 

of the brittle adhesive of 112% when a thin layer of ductile material was added to the edge. However, 

the ductile adhesive that modified the brittle adhesive layer showed a higher failure load when used 

by itself. Additionally, there is a lower limit as far as ductility is concerned for modifying the free edge 

as the most ductile adhesive actually reduced the strength of the hybrid joint. Between the values of 

shear modulus, shear strength, and shear failure strain presented for the adhesives, the shear 

strength is 3-5x lower than the others and together with the low shear modulus might represent 

properties below the lower limits of ductile toughening. This suggests that the further gains in 

strength of a joint from adhesive bonding would require high modulus, high strength material in 
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addition to a high strain to failure, or a material that has a ductile gradient such as could be designed 

by varying the volume fraction in a nanocomposites of carbon nanotubes. 

As mentioned before, an assembly of carbon nanotubes with an adhesive matrix could 

provide the perfect material due to the theoretical high modulus of the composite and high strain-to-

failure observed in the nanotubes. Carbon nanotubes have already been proposed as dry adhesives 

taking advantage of van der Waals interactions as presented in the review by Jeong and Suh [194] and 

in [195] and offer superior aspect ratio, adhesive strength, and shear adhesion than the polymeric 

counterparts. However, the adhesive strength is directional and vulnerable to peel stresses, and is 

thus not suitable for a permanent adhesive. One interesting approach that should be mentioned is to 

use two CNT arrays as opposite adhesive surfaces creating a van der Waals Velcro system [196]. The 

paper discusses the advantages of CNT geometry, primarily straight versus entangled, when looking 

for ideal adhesion, and find that some amount of random growth often seen during growth 

termination of arrays provides a better probability of CNT-CNT contact and improves van der Waals 

adhesion. The authors don’t mention it, but this process also offers a possible method for improving 

array density by pressing two vertical arrays together. 

Bonded joints should benefit from carbon nanotubes in much the same way as a laminate 

interface, as the failure stresses are similar. Many studies modify an industrial adhesive with dispersed 

nanotubes in order to improve the shear modulus. As with epoxy/CNT interleaves the CNT wt% is 

usually around 1% or lower and can show similar mechanical improvements in the joint when used as 

an adhesive [110]. It is more beneficial to observe adhesive modification with higher wt% of CNTs, 

long CNTs, and/or aligned CNTs. Unfortunately, all of these features of CNT additives are difficult to 

process into an adhesive due to the typically much higher viscosity compared to a normal epoxy resin.  
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Other studies mix MWCNTs into an epoxy adhesive and use that to form a joint. For instance, 

in [197] up to 5wt% was mixed with an epoxy adhesive and improved the strength in a lap joint by 

46% from 13MPa using the overlap region as the normalizing area. Meguid and Sun modify an 

adhesive with low aspect ratio nanotubes from 0-15wt% and show the ultimate shear stress on a lap 

joint is improved for 5wt% or less, after which adhesive interface and bulk adhesive failures begin to 

dominate over cohesive and properties decrease [198]. Similar observations are seen in [199–201], 

where increased CNT content begins to effect adhesion to the adherends. Randomly dispersed 

MWCNTs in adhesive epoxy showed a reduction in adhesive properties as wt% increased from 1-5% 

in [202]. The fracture surface showed increasing brittle failure with increasing CNT content, suggesting 

some embrittlement of the adhesive, since interfacial bonding between CNTs and the matrix 

appeared good and was not the cause of failure. Burkholder et al show that addition of MWCNTs over 

1% seems to negatively impact the adhesive interface and results in adhesive failure [110]. In regards 

to adhesive bonding, a silicon carbide ceramic matrix showed good adhesion with an epoxy resin 

modified with 3% MWCNTs [203], with the author suggesting better compatibility between the Si-C 

matrix and MWCNTs as one reason for improved joint strength. Conflicting results are presented in 

[204] where reduction in failure strength of lap joints is observed for 1 wt% CNTs and minimal 

improvement seen for 2-4 wt%. Additionally, the 4 wt% shows a much reduced fatigue resistance. A 

recent study shows a reduction in adhesive lap joint strength up until 3 wt% of CNTs, then at 5 and 10 

wt% the lap shear strength starts to recover and approach the values seen with less than 1 wt% 

MWCNT additive [205]. This suggests a change in toughening mechanisms between low 

concentrations and high concentrations of nanotubes. 
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2.3 PIEZOELECTRIC PROPERTIES OF CARBON NANOTUBES AND CARBON NANOTUBE NETWORKS 

AS RELATED TO STRAIN 

Carbon nanotubes are piezoresistive as their resistivity can change with structural 

deformations of strain and fracture through stress. These piezoelectric properties are ‘transferred’ to 

epoxies and adhesives from the addition of conductive carbon nanotubes at low percolation 

thresholds and promise improved functionality, in addition to increased mechanical properties. One 

such application is the sensing of strain and failure directly within a joint or interphase, as current 

technology only allows for strain sensing externally, necessitating calculation of strains within the 

interphase. Li et al [64] offers a good review concerning the use of CNT composites as sensor 

elements. 

Falvo et al attempt to measure the piezoresistivity of a single MWCNT using an AFM tip to flex 

the nanotube perpendicular to the fiber axis. The paper illustrates the importance of eliminating the 

effect of contact resistance when measuring electrical properties as the authors measure a resistance 

of 85kΩ across 500nm [206] and show a much greater change due to changing contact resistance (well 

over 100%) compared to that seen from pure nanotube deformation (<0.5%). This is the primary 

conclusion of the authors and further experiments will include a 4 point resistance measurement in 

order the factor out the contact resistance. It is the contact resistance between nanotubes that result 

in the piezoresistive properties of a nanotube network, as will be discussed later. A similar 

consideration is the contact resistivity between the CNT network and the anode for measuring 

resistance change. Rosca and Hoa use a low amp current pretreatment to decrease the resistivity in a 

CNT adhesive bonded joint as they observed that the oxide layer between CNTs and the metal 

contacts could be broken down and provide a more consistent measurement [204]. 



 

49 

Carbon nanotubes are known to be anisotropically conductive, with higher conductivity along 

their length. By measuring electrical resistance parallel and perpendicular to CNT orientation and 

accounting for tube-tube junctions and contact resistances in CNT arrays, Yang et al calculates that 

intrinsic electrical conductivity is 6-10x greater along the nanotube length [207]. This is interesting as 

graphene sheets are cited as having a difference between in-plane and out-of-plane conductivities of 

1000x [208], where in-plane would correspond to along the nanotube length. This suggests that 

electron conduction only occurs on the surface of the nanotubes, unless a defect or damaged portion 

of the CNT allows access to the inner tube(s). This is confirmed by Villeneuve et al who used AFM to 

measure the electrical conductivity across the open end of a MWCNT and found a sharp drop when 

passing over the inner cross section of the nanotube [209]. 

2.3.1 Electron transport and conductivity in carbon nanotubes and carbon nanotube networks 

There are two primary mechanisms for conduction through CNTs and CNT composite 

networks; either ballistic or diffusive conduction along, through, or between carbon nanotubes. Yang 

et al shows research and citations that support the theory that diffuse transport occurs in MWCNTs 

as ballistic transport only occurs in perfectly metallic nanotubes, and long nanotubes are typically not 

perfectly metallic due to the introduction of defects [207]. In fact, MWCNTs are typically semi-metallic 

disordered conductors [210].The ballistic mechanism operates with quantum tunneling whereby an 

electron moves between conductive fibers as long as the separation is no more than a few 

nanometers. According to calculations tunneling will only occur at distances less than 1.8nm [211–

213], but can vary the contact resistance from 102-1016kΩ [214]. Ballistic conduction could be 

described as an elastic process where an electron moves through a sample in a coherent manner 

maintaining all of its phase information in the wave function. The diffuse mechanism is electron 
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hopping where an electron jumps to a new energy band through an electron-electron or electron-

phonon collision in an inelastic process. Generally, hopping and tunneling may be considered the 

same as far as overall resistivity, unless the system is being considered at a quantum level, and it 

appears that the two terms are often used interchangeably when studying percolating CNT networks. 

Unless otherwise specified ‘tunneling resistance’ will refer to both tunneling and hopping behavior. 

Carbon nanotubes have a very low percolation threshold in polymer matrices and thus only 

require a small amount to show conductivity in a previously non-conductive system. An excellent 

review of percolation threshold and conductivity in CNT composites is conducted in [215], describing 

correlation of certain properties to alignment, aspect ratio, dispersion, etc. [216] shows that 

percolation threshold of randomly oriented 100µm long MWCNT is reached with an addition between 

0.5%-1.0% by weight. Short multi-wall nanotubes of 20µm dispersed and aligned in epoxy by shear 

mixing show a percolation threshold of only .005wt% [217], showing the effect of alignment on 

percolation. A follow-up paper shows very similar levels with the percolation threshold actually 

decreasing with increased aspect ratio of the nanotubes, which the authors attribute to shorter 

nanotubes higher mobility in the bulk to form networks [218]. Other studies show that increasing 

alignment will increase the percolation threshold and that a maximum gage factor for strain sensing 

is reached below an orientation of 30° when considering tunneling resistance as the dominant 

mechanism of resistance change [219]. Unfortunately, most studies show that tunneling resistance 

dominates at volume fractions close to the percolation threshold with little work looking at the 

dominant mechanisms at high volume fractions where the CNT network approaches the minimum 

contact resistance. 

Most studies for strain sensing use the classical method of sensing strain by correlating with 

a piezoresistance change, however the addition of a circuit would be a limiting factor for small strain 
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gages. Many authors propose the use of spectral methods, such as Raman spectroscopy. The 

principles here are much the same as with measuring orientation with XPS in that the intensity of a 

characteristic peak on the spectrum correlates with the nanotube orientation. According to [220] the 

G’ band peak is most intense for aligned CNTs and shifts when the nanotubes undergo intrinsic strain. 

There is also a D’ band peak whose intensity indicates the number of defects present in nanotubes 

and could correlate with intrinsic damage of a CNT during strain. The limiting factor in this type of 

measurement is that it is exclusive to in-plane measurements (2D). 

Essentially, changes in resistivity of a CNT network are due to (1) intrinsic resistivity of the 

CNTs which changes due to mechanical deformation or (2) variation in the overall CNT network due 

to factors such as changes in tunneling or hopping distance, an increase or decrease in contact points, 

or orientation of nanotubes. Oliva-Aviles et al attempt to calculate the contribution of intrinsic 

deformation CNTs to the resistive change seen in a CNT network [221]. The authors do this by 

calculating the change in resistance that is expected from only CNT deformation and omit the network 

contributions, then the results are compared to experimental results to determine the percent change 

accounted for. The comparison is made between aligned 0.5wt% CNT composites and shows that 

intrinsic CNT resistivity only accounts for ~5% of the resistance change seen in the experimental 

results. As volume fraction of CNTs increases and the network becomes denser, it makes sense that 

network effects will show an increasing contribution to the piezoresistive change, so at higher volume 

fractions intrinsic CNT contribution becomes negligible. This is contrary to models presented in [211] 

which studies only the resistance change due to CNT deformation. The interesting result is observed 

when looking at a nanotube with 30° off axis orientation to the strain direction. The sensitivity to 

strain is reduced by 30% indicating that the higher degree of alignment in the composite the more 

sensitive to strain the CNT is. No resistance change is observed for a perpendicular orientation.  
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Carbon nanotube networks, when aligned, show a high degree of anisotropy.  According to 

[58] anisotropic electrical resistivity of MWCNTs sheets is explained by a much higher intrinsic 

conductivity of the nanotube than inter-tube contact conductivity. Thus, transverse to the CNT fiber 

axis many more contact points must be crossed than in the parallel CNT direction resulting in a much 

higher resistance. This is in addition to the anisotropy of the nanotubes themselves. 

As contact and tunneling resistance between nanotubes is a key in the conduction of 

electricity through the CNT network it is important to understand how structural changes effect it. In 

[222] the authors use spark plasma sintering on buckypaper to reduce the contact resistances within 

the structure by compression and theoretically from a fusion of junctions as a result of the high 

temperature at regions of high resistance (junctions) where current crosses during the sintering 

process. Kang et al used a high temperature annealing process on a SWCNT buckypaper and improved 

the conductivity by more than 10x [223].  

Common behavior in piezoresistive CNT networks is predicted to be a linear increase in 

resistance with increasing tensile strain, and the opposite behavior down to a minimum under 

compressive strain. Decrease in resistance from compressive behavior is attributed to increasing 

number of contact points in the network [224]. Loyola et al use a metallic network model and shows 

negative resistance change for the inter-tube resistance component in tension for randomly oriented 

nanotube buckypapers [225]. 

Unlike most work with networks of carbon nanotubes which show a positive change in 

resistance with increasing strain[226,227], Abot et al observe piezoresistance with a 4 point probe 

measurement and report a negative parabolic trend that reaches a minimum and transitions to a 

linear positive trend before failure in dry CNT yarns as in Figure 2.7 [228]. The authors explain this 

phenomenon by describing two competing and opposite resistance change mechanisms; the first is 
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decreasing resistance as contact resistance decreases as a result of the deformation of the yarn 

according to the Poisson’s ratio. This tightens the structure of the yarn until a maximum number of 

contacts are made and resistance reaches its minimum. The second is the increase in resistance 

resulting from elongation of the yarn which is also a function of the electrical Poisson’s ratio. This 

suggests a higher sensitivity to compressive forces rather than tensile, and a different mechanism 

besides tunneling and intrinsic piezoresistivity of individual carbon nanotubes.  

Increase in contacts and smaller hopping/tunneling distances due to compressive forces are 

the proposed method of piezoresistivity in carbon fiber composites as in [229].  

 

Figure 2.7 – Negative piezoresistivity of dry CNT yarn [228] 

 In comparison, a separate study analyzes the piezoresistance of a CNT yarn embedded 

between plies of a glass fiber composite. The authors describe the behavior as “fairly linear” although 

it appears that there is significant nonlinearity, especially at ~.15% strain where the trend changes to 

negative [230], as seen in Figure 2.8. Additionally, when observing the resistance behavior at higher 
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strains this nonlinearity disappears and the trend seems to be logarithmic with a sharp increase at the 

point of failure.  

 

Figure 2.8 - Piezoresistivity of embedded CNT yarn [230] 

Pre-stretching a CNT yarn sensor element has been shown to eliminate any initial negative 

resistance change [231]. This would, in effect, pre-compress the CNT network and achieve maximum 

conductivity right from the start. A similar study observes the embedded CNT yarn during 3-point 

bending tests with yarn placed between the bottom two plies and top two plies in order to observe 

both tension and compression regimes [232]. The tensile behavior is close to linear with a gage factor 

just over 1. The compressive regime shows negative piezoresistance up to 0.85% strain at which point 

behavior shows a sharp negative drop before following an exponential increase. An additional 

observation of hysteresis was observed for cyclic loading and unloading, which may be a result of 

accumulated damage, similar to the study in [233]. One interesting statement made by the authors is 

that CNT deformation will not occur due to the drastic change in modulus between the MWCNTs and 

the matrix, thus resistance change is solely due to network deformations. As such, this should be true 
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for all CNT polymer/epoxy composite systems. One study used cyclic tensile to compressive loading 

and showed a higher drop in resistance from compressive forces than tensile which resulted in gradual 

decrease in initial resistance [234]. 

 

Figure 2.9 – Micrographs (left) of damage accumulation in interply region of composite and the resulting resistance change 
as detected by CNT network (right) [233] 

Another aspect of integrating CNTs into a polymer matrix is to sense damage as well as strain. 

Abot et al use a CNT thread stitched through the laminate layers of a composite and show a sharp rise 

in resistance with the onset of delamination [235]. The downside to this method is that the CNT thread 

cannot detect the entire interlayer thus the detection sensitivity is dependent on the density of the 

stitch points. Work by Lim et al showed excellent correlation between the total count of acoustic 

events, which are cracks, in the failure of CNT conductive adhesive in lap joints and the resistance 

change, suggesting that total damage could be indicated by the resistance change in the joint [236]. 

This was only true for cohesive failure, however. Images in Figure 2.9 show the damage propagation 

in the delamination region of a composite along with a plot  which shows the resistance change 
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observed as a result of microcracking, and then as a result of delamination. This plot correlates well 

with other resistance data recorded as in Figure 2.8. 

Often sensitivity of the CNT strain gage shows that the gage factor decreases with increasing 

volume fraction and alignment when studied at low volume fractions [237]. Randomly oriented 

MWCNT sensors were studied up to 15wt% in [238] and also showed the same decrease in sensitivity 

at higher weight percent for both tensile and compressive loading. Rein et al look at anisotropic 

buckypapers of MWCNT and SWCNT with the single wall papers having double the volume fraction 

(16.5vol%) [239]. The results show a doubling of the gage factor for the SWCNT sheets, which suggests 

either higher sensitivity due to some property difference between SWCNT and MWCNT, which would 

be intrinsic behavior, or some effect of the higher volume fraction adding sensitivity from changing 

network geometry. Furthermore, Lu et al show that CNT composite gage factor decreases until 10 

wt%, but then climbs to a maximum around 20 wt% [240]. This same trend is seen in [223] with SWCNT 

buckypaper, although there are no measurements between 10 and 100 wt%. Additionally, even 

though there is a reduction in gage factor for a 10 wt% buckypaper the strain sensing almost perfectly 

matches the laser sensor used as the control measurement. 

One interesting aspect of carbon nanotubes is the effect of chirality on piezoresistivity and 

gage factor. Depending on the nanotube chirality, the nanotube shows either metallic or semi-

conducting behavior. Moreover, specific semi-conducting chiralities show negative piezoresistance 

while others and metallic chirality shows positive [241,242], thus if multiple chiralities exist in a CNT 

network resistivity change of different nanotubes could cancel each other out and reduce the gage 

factor as in Figure 2.10. Even though this is based on a study of SWCNTs, it applies to MWCNTs as they 

share the same chiralities and conduction only depends on the outermost wall, thus the MWCNT 

could be modelled for electrical conductivity by a large diameter SWCNT. 
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Figure 2.10 – effect of chirality on piezoresistivity for individual chiralities (left), combined uniform distribution of metallic 
and semiconducting chiralities (right), and combined change in gauge factors (center)  [241] 

Also observed in Figure 2.10 is the resistance change resulting from a parallel network of an 

equal distribution of chiral SWCNTs, and it is apparent that a negative trend occurs initially. This is 

explained by the behavior of the metallic CNTs which dominate the behavior due to lower resistance 

and the closing of a secondary band gap. Semi-conducting nanotubes do not contribute significantly 

until 2.5% strain [241]. Presence of various chiralities can be determined from certain peaks across a 

UV-vis-IR spectrum, with peak intensities allowing for a calculation of the percent of each chirality in 

a CNT network [242]. The authors further show experimentally that piezoresistive behavior is 

dominated by the highest conducting nanotubes even at low concentrations. These nanotubes can be 

eliminated by ‘electrical breakdown’ where a high voltage is passed through the structure, generates 
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heat as a result of increasing current and degrades the higher conductive nanotubes as they increase 

in temperature the most. An additional consideration is that the experimental set-up of the authors 

is such that the resistance is measured across a distance of 1µm meaning current does not need to 

transfer between nanotubes and can travel from electrode to electrode on one nanotube [242]. 

2.4 CONCLUSION 

Infused carbon nanotubes provide the possibility of improving delamination resistance and 

joint strength, in addition to an ability to sense strain and damage within the toughened regions. In 

all aspects carbon nanotubes have shown mixed results concerning desired areas of improvement, 

but overall results are promising and should be explored for high aspect ratio, high volume fraction, 

and aligned carbon nanotubes.  

Little work has been done in the area of high volume fraction CNT composites, with even less 

work done on aligned nanotubes, and even less on extremely high aspect ratio CNTs. Processing a 

nanocomposites is difficult and the following considerations must be made: 

 Even low viscosity resin systems must be diluted with solvent or heated to reduce 

viscosity further for infusion into aligned CNT preforms, and if using solvent then solvent-

nanotube interactions must be considered. 

 The highest mechanical properties of a CNT composite involved highly aligned, high 

aspect ratio, high volume fraction MWCNTs, and nanotubes straightened through an 

additional drawing mechanism. 

 Debate exists about surface functionalization of CNTs and whether it is necessary to 

transfer stresses/strains between the nanotubes and the matrix, but past results with 

carbon fibers suggest that it is. Research suggests that significantly high aspect ratio of 
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reinforcement reduces and perhaps eliminates the need for chemical bonding at the CNT-

matrix interface. 

 High strain-to-failure is important to maintain when integrating CNTs into a composite, 

but cure behavior and molecular mobility are influenced by the presence of nanotubes in 

the matrix and might create a more brittle interface and reduce strain-to-failure. Cure 

processing speed, cure temperature, and surface functionalization may help to mitigate 

or eliminate a reduction in strain-to-failure. 

If a composite material with a high strain-to-failure and high modulus can be produced then 

it could function as an interleaf to improve delamination fracture initiation, which should indicate an 

ability to withstand higher peel strain in a composite joint if used as an adhesive. The initiation fracture 

toughness value in DCB testing of highly aligned CNT interleaves show promising results, although 

challenges exist as with composite manufacturing. When testing interleaves with a DCB test the 

following should be taken into account: 

 Specimen geometry and preparation are extremely important for achieving accurate and 

repeatable results. Pre-cracking and fracture behavior, especially fiber bridging, are just 

a few details that must be considered when interpreting test results. 

 Data processing must also be considered as a variable, as each method could produce a 

different result from the other. As such it is important to understand the basis and 

assumptions of each process. 

 The highest improvements in GICi were for CNT interleaves with nanotubes aligned normal 

to the laminate interface or to the reinforcing fiber surface. When unaligned, increasing 

the volume fraction of nanotubes decreased fracture toughness, possibly from a 

reduction in interfacial strength. 
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Ideally, a prepreg interleaf could be developed, and given the right resin system could 

function as an adhesive for bonding joints. Manufacturing of the adhesive prepreg film would share 

the same challenges as manufacturing a CNT composite, with an increased focus on reducing adhesive 

viscosity as it will typically be higher than a standard epoxy resin. The key aspect is maintaining the 

toughening characteristics of the delamination interleaf with the added requirement of adhesive 

strength being greater than the failure load of cohesive failure. When transitioning to joint testing 

from DCB testing, one must keep in mind the following: 

 Peel stress is not mechanically controlled as in the DCB test. It is primarily governed by 

joint geometry. One must balance the thickness of the adhesive straps so that they are 

not too thin as to fail before the joint or adherends, but not too thick such that they 

generate a peel stress that no adhesive can withstand. 

 Adhesive geometry at the free edge has a large impact on failure load, and must therefore 

be controlled. 

 Adhesive strength must be greater than cohesive failure load in order to observe the 

effects of toughening the adhesive. 

 There is almost no work with high volume fraction aligned carbon nanotubes as an 

additive in an adhesive system, and none with high aspect ratio CNTs. 

If nanotubes can be added to a resin system the electrical conductivity is high enough and the 

percolation threshold so low that it is easy to add conductivity to a matrix. Additionally, nanotubes 

show intrinsic piezoresistivity and network piezoresistivity, both of which can correlate with strain 

and/or damage within a joint or interlayer, which would allow for direct strain sensing of a polymer 

system. Below are some considerations when considering a piezoresistive CNT system: 
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 Studies show that intrinsic deformation of CNTs only contributes a small percentage to 

piezoresistance, even if perfectly straight and perfectly aligned in the strain direction. 

 Nanotube chirality can change the resistive behavior from positive to negative. 

 Metallic nanotubes dominate the initial resistance behavior due to higher conductivities. 

 Network deformations govern piezoresistive changes and include contact resistances, 

tunneling/hopping, and possibly orientation due to nanotube anisotropy. 

 Some evidence indicates a transition between piezoresistive mechanisms between low 

volume fraction and high volume fraction nanotubes, thus a different mechanism might 

provide a higher gauge factor at high volume fractions. 

Very little work has been done with ultra-high aspect ratio aligned carbon nanotubes for the 

purposes of improving composite and joint interfaces, as an additive to adhesive resins, or as a 

piezoresistive strain sensor, however much of the evidence suggests that all areas could benefit from 

the CNT reinforcement. Improving the modulus of a material while allowing a high strain-to-failure is 

the only way to improve adhesive joints further with known joint geometries. Carbon nanotubes offer 

that potential. 
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3 CNT PREFORM FABRICATION AND CHARACTERIZATION: PRELIMINARY 

STUDIES 

3.1 BACKGROUND 

In order to produce an ideal consolidated structure of shear pressed CNTs, it is first necessary 

to study the morphology and alignment of the CNTs within the as-grown array. The ideal array would 

possess uniform morphology from the base of the array to the top and be composed of perfectly 

straight nanotubes with as small a diameter as possible to increase the aspect ratio for load transfer.  

Furthermore, the consolidation process of the arrays (shear pressing) requires further 

optimization to explore the effects of shearing angle, consolidating force, and shear path (linear or 

parabolic). 

Following consolidation of the array structure it was necessary to infuse the SPS with a resin 

in order to form a composite prepreg to be used as a reinforcing element in laminate structures and 

adhesive joints. This would require a low viscosity resin that could wet the SPS, as well as vacuum to 

minimize voids within the infused structure. 

In order to optimize transfer of mechanical properties between the carbon nanotubes and 

the matrix resin two functionalization options were explored in order to add various oxygen functional 

groups to the nanotube sidewalls. Hydroxyl, carboxyl, and carbonyl groups are known to react well 

with amine side groups, as in dye chemistry, and should provide strong chemical bonds between the 

diamine epoxy and the functionalized nanotubes. 

Several experiments were used to find the desired growth conditions, shear press angle, 

method of infusion, and functionalization technique, as well as to preliminarily explore electrical 

resistivity of infused SPS for possible strain sensing applications.  
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3.2 CARBON NANOTUBE ARRAYS: INFLUENCES OF GROWTH CONDITIONS ON CNT AND ARRAY 

MORPHOLOGIES 

Carbon nanotubes (CNTs) were grown in house using a metallic catalyst of Iron (II) Chloride 

(FeCl2) in a chemical vapor deposition (CVD) furnace. Initial conditions studied were the effect of 

temperature (760oC and 810 oC) and concentration of catalyst (1 g and 2 g). The carbon source was 

acetylene gas dissolved in acetone fed at a rate of 600 sccm. Atmosphere was regulated by a chlorine 

and argon line flowed at 100 sccm and an additional argon line flowed at 300 sccm. Growth time was 

varied between 2.5-20 minutes to study the growth rate, which was found to be an approximate rate 

of 100 µm/min up to a maximum height of approximately 2.1 mm, at which point growth terminated, 

or perhaps slowed to a rate that approximates no growth. Some CNT sheets were post-treated at the 

growth temperature with the chlorine and argon flows for an additional period of time, usually 5 or 

10 minutes, in order to remove excess amorphous carbon and Fe catalyst from the array and 

substrate. This can improve intermolecular attraction between the carbon nanotubes and promote 

release from the substrate. Carbon nanotube arrays were characterized using scanning electron 

microscopy (SEM) and some additional calculations were made to determine array densities from 

weight and volume measurements. 
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Figure 3.1 – SEM images of CNT arrays grown at 760°C and 810°C. 

Observations from the SEM images seen in Figure 3.1 illustrate the different nanotube 

morphology over the height of the array. Nanotube structure is that of an extended helix as shown in 

Figure 3.2 and modeled in papers such as [13]. This occurs due to defects in the CNT structure, thus 

the higher the waviness the more defects are present, which act as failure initiation sites. Additionally, 

there are what appear to be close to perfectly straight CNTs mixed into the dominant helical 

morphology. It is observed that there are approximately 3 different regions of different helix  
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Figure 3.2 – Graphic of CNT helical structure and characteristic measurements. 

angles and amplitude moving from top to bottom of the CNT array. These do not necessarily 

correspond to the color coding, but can be seen in Figure 3.1 as the changes in morphology create 

different areas of light and dark up the height of the array. As the nanotube growth occurs from the 

substrate up, indicated by the presence of catalyst observed at the base of the array after growth, the 

top of the array represents the characteristics of the nanotubes at the beginning of growth. Using 

Image J software the nanotube diameter (mean sampling of 6), helix wavelength (mean sampling of 

3), and helix amplitude (mean sampling of 3) were measured every 100 µm starting at 100 µm from 

the base of the nanotube array up to the 1500 µm, as the total height of the array is slightly less than 

1600 µm. The ratio of wavelength to amplitude is a relative indicator of how linear the nanotubes are 

with higher values approaching linearity, i.e. how straight a nanotube is. These are depicted in Figure 

3.3, with color indicating a relative presence of straight CNTs based on difficulty of finding them in the 

image, with red indicating none found, blue indicating moderate difficulty, and green that it is easy to 
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find straight CNTs. These regions closely resemble the 3 regions of differing morphology seen in the 

SEMs of Figure 3.1. 

 
Figure 3.3 (a-d) – Mean data of sampled CNT diameter (a), wavelength (b), amplitude (c) and wavelength/amplitude (d) at 

regular intervals along the CNT height, or rather the array thickness. Color denotes presence of straight CNTs, with red 
indicating none, blue indicating some, and green indicating a significant presence. 

The graphs in Figure 3.3 suggest that a change in CNT morphology occurs once the array is 

taller than 500 µm, at which point the nanotube diameter increases and the centerline of the 

nanotubes becomes increasingly nonlinear. As perfectly straight and oriented nanotubes with 

uniform morphology and small diameter are desired, it appears that ideal array height when 

fabricating SPS is approximately 500 µm. It is also apparent that CNT growth is much more turbulent 

at the top and base of the CNT array, meaning growth changes upon initiation and termination of the 

reaction. Controlling constant reaction conditions from start to finish are critical to produce consistent 

CNT morphologies. Ideal CNT morphology occurs between heights of 900 – 1300 µm. At the given 
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growth conditions an array must be between 400 – 600 µm to produce CNTs with a majority of straight 

morphology. 

Table 3.1 – Array height and density change with varying growth temperature and amount of catalyst 

Growth 
Temperature (°C) 

Catalyst 
Weight 

Array 
Height (µm) StDev 

Array Density 

(µg/mm
3
) StDev 

760 1g 873 79 66.48 6.7 

760 2g 889 89 95.55 7.9 

810 1g 1021 79 47.41 7.4 

810 2g 1433 89 22.39 4.8 

  

Furthermore, a low array density would allow for the shear pressed sheet to approach a 

reduced angle of alignment from the xz-plane and result in lower intermolecular shearing forces 

between CNTs during reorientation towards the horizontal. Thus a lower array density would produce 

a closer to 0° unidirectional preform and decrease possible defects from CNT shear forces. Two growth 

parameters were adjusted in order to produce a lower density array: growth temperature and amount 

of catalyst in the system. Growth time was constant at 10 minutes and involved no post-treatment in 

chlorine atmosphere. The results are depicted in Table 3.1 and show that the lowest array density is 

achieved at a higher growth temperature and increased catalyst concentration. Additionally, growth 

rate is also observed to increase with increasing growth temperature and catalyst concentration. 

However, due to the conflicting trends for catalyst amount between low and high growth 

temperatures, no clear conclusion could be drawn as to catalyst effect on array density, thus an 

economical decision was to use 1 g of catalyst and increase the growth temperature.  

3.3 SHEAR PRESSING OF CNT ARRAYS 

Shear pressing of CNT arrays into shear pressed sheets (SPS) was performed with either a 

manual linear shear press (MP) or an automated shear press (AP) as depicted in Figure 3.4 and Figure 
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3.5, respectively . A linear shear path was chosen for the automatic shear press in order to match the 

path of the manual shear press, and to remove any variability in consolidation due to different array 

heights or starting height of the press. The manual shear press used a shearing angle of 33° and was 

consolidated using the maximum force possible using hand strength. It was found that the use of wax 

weighing paper provided a good transfer medium as the pressed array was easily transferred to the 

paper during the shear process, and then would readily release from the weighing paper. This is 

depicted in Figure 3.4. The MP was often used in interleaf fabrication due to the speed of operation. 

No distinct difference was found in quality of the SPSs when compared to the linear regime of the AP. 

 
 

 
Figure 3.4 – Shear pressing process for manual shear press. 
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Figure 3.5 - Automatic shear press with a graphic illustrating the process of shear pressing CNT arrays. SEM images to the 
right show the cross section of an array before (top) and after (bottom) shear pressing. 

For the AP in Figure 3.5 angles of 10°-50° were studied using consolidation forces of 100-500 

N. Quality of the arrays was evaluated through surface observation, with a smooth uniform surface 

indicating optimal shearing force and array consolidation and compressive force vs. displacement 

curves at different shearing angles. Using the arrays listed in Table 3.1 as samples, shearing angles of 

10°, 30°, and 50° were visually assessed and evaluated with force curves as seen in Figure 3.6. 

The ideal force curve would appear exponential, possessing a smooth transition by introducing 

minimal force during the re-orientation of the nanotubes, then a rapid increase as the preform is 

consolidated to the maximum level. For a 10° shearing angle all samples show this ideal trend, 

however upon visual inspection there are defects in the SPS surface due to the horizontal plate sliding 

extensively over the preform creating defects. It should be noted that the parabolic path that the 

automatic press is capable of provides the ideal loading regime and produces a SPS free of surface 

defects provided the starting location of the vertical plate is in contact with the array and the ratio of 

the vertical traverse to array height (vertical traverse slightly higher than array height) is correct and 

the same for every array. By increasing the angle of shear it is apparent that arrays grown at 810°C 
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are relatively insensitive to the change in shearing angle, however 760°C arrays begin to show 

irregularities at 30° which are further exacerbated at 50°. The irregularity, or rather difficulty, in shear 

pressing an array correlates well with the density of the structure, as comparing the information in 

Table 3.1 and the trends seen in Figure 3.6 indicates that arrays with lower densities are more 

uniformly shear pressed. 

 
Figure 3.6 – Compressive force curves for CNT arrays grown under different growth conditions at different shearing angles: 

10°, 30°, and 50°. 
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A growth condition of 810°C using 1 g of catalyst was selected to find an optimal shearing 

angle. Three growth runs were conducted and arrays were randomized in order to remove the effects 

of growth location and small changes in between growth runs. No noticeable difference was observed 

for shear angles between 15°-40° at 200 N of consolidation as seen in Figure 3.7, so an angle of 25°-

35° was used depending on the consolidation force; higher force required a higher angle to minimize 

defects from the top plate sliding over the surface until the desired force was reached. This allowed 

arrays grown at 810°C to be pressed with either the automatic press or the manual press. 

 
Figure 3.7 – Compressive force curves at different shearing angles on CNT arrays grown at 810°C using 1 g of catalyst. 

3.4 INFUSION OF SPS INTO CNT NANOCOMPOSITES 

Due to the requirement of low viscosity for infusion into SPSs two options were explored to 

bring the viscosity of low viscosity resins below 100 cP. The first is a solvent assisted infusion and 

involves diluting the resin system with 50% by weight acetone, infusing the SPS, and then allowing the 

acetone to evaporate during a low temperature cure in a vacuum oven. The second option was to use 

a heat assisted infusion which heats the resin to a desired temperature before infusing the SPS in an 

elevated temperature environment to prevent the resin from cooling. 

Two resin systems were used to infuse the SPS, both chosen for long pot-life and low viscosity: 

(1) Epon™ 862 bisphenol-F epoxy resin with Epikure™ W aromatic amine curing agent and (2) Epotek® 
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301-2 adhesive resin system composed of bisphenol-A epoxy and diamine hardener. All infusions were 

heat assisted and conducted in a vacuum oven. Epon 862 resin with Epikure W curing agent is a 

commonly used epoxy in the literature and has a good amount of cure kinetics and viscosity data 

provided by the manufacturer and researchers. This data shows that a 45 minute pot-life is still 

achieved when the resin temperature is increased to 100°C, which lowers the viscosity from 2500-

4500 cP down to <100 cP. The Epotek resin has a room temperature viscosity of 225-425 cP and a pot 

life of 8 hours. Unfortunately, there is little viscosity or cure data thus some preliminary experiments 

are conducted to determine optimal infusion conditions.  

As the resin has a dynamic cure between 80-200°C, and curing at 80°C takes 3 hours, there is 

the possibility to further lower the resin viscosity by heating to 80°C or less while still maintaining a 

suitably long pot life. Resin was heated in a microwave oven to the desired temperature at which 

point the resin container was placed on a hot plate to hold the temperature constant, and viscosity 

was measured using a DV-E rotary viscometer. Room temperature resin viscosity was confirmed to be 

265 cP, well within the range of manufacturer specifications. Using the same rotary attachment as for 

the room temperature measurement, viscosity of the resin heated to 60°C was measured to be 62 cP, 

which was checked periodically and shown to stay below 100 cP for over 1 hour.  

Acetone infusion was compared with heat assisted infusion using the Epon 862 resin. For 

solvent assisted infusion 50% by weight of acetone was mixed with the Epon 862 system and a water 

dropper was used to apply the resin to the top surface of a shear pressed sheet composed of 1500 

µm long CNTs. At the same time a second batch of resin was prepared and heated to 80°C and applied 

to a SPS that had also been heated to the same temperature. Both infused specimens were placed in 

a vacuum oven at 80°C for 30 minutes under vacuum using CAT 5 filter paper as a breather 

material/release film. After the allotted time the specimens were removed from the oven and allowed 
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to cool while in a partially cured state. Specimens were cut to be 1-2 mm wide then cured according 

to manufacturer’s instructions under light pressure between two pieces of Teflon film. The specimens 

(4 per sample) were then bonded to tabs with Henkel Hysol® EA 9309.3NA epoxy adhesive and tested 

as in Figure 3.8 with a Shimadzu EZ-S tensile tester with a 100 N load cell at a displacement rate of 0.1 

mm/min. 

  
Figure 3.8(a-b) – SPS composite test specimens (a) and tensile test (b). 

Figure 3.9 shows that the presence of the SPS enhances the modulus of the resin using both 

infusion methods, however the result is much lower than rule of mixtures would predict. Without 

including CNT waviness and chirality, this is most likely due to lack of optimization of either infusion 

process which produces a nanocomposite without maximum consolidation, alignment, or volume 

fraction. What is apparent is that the heat assisted infusion produces a material with better 

properties, thus will be used as the method of choice to study the properties of the SPS 

nanocomposites. 
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Figure 3.9 – Stress vs. Strain curves for pure Epon 862 resin, acetone assisted and heat assisted infused SPS 

The optimized heat assisted resin infusion of SPS was carried out by applying a thin coating of 

the desired resin, which had been degassed and heated to a desired infusion temperature, to the SPS 

that was preconditioned in a vacuum oven heated to a temperature equivalent to that of the resin. 

Numerous layers of CAT5 filter paper were added to the top of the wet SPS to act as breather along 

with a thin steel plate for weight. The whole structure was then placed under vacuum at an elevated 

temperature to promote infusion into the SPS and remove voids in the nanocomposite. After 15 

minutes the assembly was removed, the filter paper was changed out, and the structure was placed 

in a hot press under light pressure in order to remove excess resin to remove excess resin. Once the 

resin had partially cured, the nano-prepreg was removed and cut into 1-2 mm wide strips to be used 

for tensile testing with CNT orientation along the length. Cut specimens were then placed between 

Teflon films and cured in the hot press under light pressure. Laser cut tabs were applied using Henkel 
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Hysol® EA 9309.3NA epoxy adhesive as depicted in Figure 3.8. Tests used a constant strain rate of 0.1 

mm/min and are included and discussed in section 3.6. 

3.5 ELECTROMECHANICAL BEHAVIOR OF SPS COMPOSITES 

One possible application of SPS sheets is as a piezoresistive material. The high anisotropy of 

the conductive element in the composite is favorable for creating resistance change by through 

unidirectional loading along the CNT alignment. Limited research has been conducted on high volume 

fraction CNT composites as the focus typically lies on low volume fractions close to the percolation 

threshold to utilize the sensitivity of the disperse network to changes in strain. The closest related 

work involves straining of infused CNT yarns, which display both positive and negative resistivity 

changes with increasing strain. 

In order to characterize the nanocomposite, SPS tensile specimens infused with Epon 862 

resin were fabricated, which had a volume fraction of approximately 25% based on weight 

measurements and reported densities for the resin and multi-walled CNTs. Silver epoxy is used to 

bond the tabs laser cut from 400 grit sandpaper and resistance wires as shown in Figure 3.10. Gauge 

length of the specimens is 7 mm and thickness and width of each specimen is recorded. Loading rate 

is kept at 0.1 mm/min as in other tests. Resistance is measured with an Agilent 34420A multimeter at 

a frequency of 10 Hz. Tensile loading is performed as described in section 3.4. 

The results are summarized in Figure 3.11 and show scattered results for both tensile 

properties and piezoresistive properties. Trends of the resistivity change appear to follow similar 

paths but along different orientations of an x-axis. A very small change in resistivity response to strain 

occurs initially, however half of the specimens show an instantaneous high change in resistivity past 

a certain point, which is shown by changing the scale of axis in Figure 3.11c compared to Figure 3.11a. 
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Normally, this large change would be associated with some amount of damage within the specimen 

and only occur near the point of failure, however specimen 1 shows this change at the midpoint of a 

steadily increasing stress vs. strain curve, thus no significant damage should be present as it would 

cause failure in the brittle composite. No explanation for this behavior is theorized at this time. 

 
Figure 3.10 – SPS composite tensile specimen for 2 point probe piezoresistive measurements. 

The large amount of noise seen in the resistivity curves is most likely due to changes from the contact 

resistance of the attached electrodes. As such a second test is conducted by mounting a specimen to 

the surface of a large fiberglass composite coupon and a 4 point probe method is used to record 

resistance data as shown in Figure 3.12. The SPS was infused with resin as in SPS composite testing, 

with individual specimens cut from the B-stage cured SPS prepreg. The SPS prepreg was then 

transferred and cured directly on the fiberglass coupon under light pressure per the manufacturer’s 

instructions. Two samples of 3 specimens (each specimen was cut from the same infused SPS) were 

fabricated from SPS infused with both resin systems: Epon 862 and Epotek 301-2. The Epon SPS 

contained 1500 µm CNTs and the Epotek contained 500 µm long CNTs. Electrodes of copper foil were 

bonded to the SPS composite after light sanding with 400 grit sandpaper. The region was then wiped 
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clean with ethanol and silver epoxy was used to bond the foil to the prepared location. Wires were 

then soldered to the electrodes to provide 4 point measurement of resistance, which was used to 

calculate the change in resistivity of the SPS composite as strain was increased. The coupon is tested 

on an MTS Landmark servo hydraulic 250 kN test system at a loading rate of 4 mm/min, and strain 

data is collected with a Micro Measurements 320 Ω strain gauge. 

 

 
Figure 3.11(a-c) – SPS composite tensile resistivity change with applied strain (a) and respective stress vs. strain curves (b). 

(c) is graph (a) with a different y-axis scale. 
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Figure 3.12 – 4 point probe resistance measurement of mounted SPS composite. 

Results of both tests are shown in Figure 3.13. The noise of the curves is dramatically reduced, 

however it is clear that the behavior of resistance change is still inconsistent, despite the fact that all 

specimens within a sample were fabricated from the same CNT array. In particular, it appears that the 

shorter CNTs are more prone to opposite piezoresistive behaviors. This is most likely due to the 

increased number of intertube contacts with shorter nanotubes as the path of least resistance (along 

the CNT length) is shorter. With longer nanotubes electrons are able to skip a large number of contact 

points before the current must migrate to a new nanotube. Opposite piezoresistance is most likely 

due to the influence of chirality of the CNTs, which is shown to result in different piezoresistances in 

[242]. It is possible that the growth method of the CNTs produces regions of different chiralities 

depending on distance to the wall of the tube furnace, as molecular flow and diffusion into the arrays 

is slightly different. Another influence might occur from the slight draw that occurs when transferring 

the prepreg to the surface of the fiberglass composites. This has been shown to have a large effect on 

electrical properties of aligned CNT composites [226]. As this process is inconsistent between 

specimens it could account for the variability within samples. 
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Figure 3.13(a,b)  – Resistivity measurements for Epon 862 infusion (a) and Epotek 301-2 infusion (b). 

As it stands it appears that piezoresistance of high volume fraction CNT composites is not 

consistent enough to proceed with further testing using the material as a strain sensor. Additionally, 

the mechanisms of resistance change are not fully understood and would require an extensive study 

to isolate each variable to determine their contribution to piezoresistivity of the dense CNT network.  

3.6 FUNCTIONALIZATION 

In order to improve transfer of strain from matrix to the carbon nanotubes it is necessary to 

add functional groups to the sidewalls of the CNTs to promote strong chemical bonds with the matrix. 

Only the Epotek resin was used to study the effects of functionalization as both resin systems are 

diamine based and should react similarly with the chosen functional groups. Oxygen functional groups 

would be ideal as they have been shown to form chemical bonds with amines, as in dye chemistry of 

organic fibers. It is important for the functionalization process to have no negative impact on the 

advantageous properties of the SPS, particularly the high aspect ratio and anisotropy of the CNTs. 

Traditional wet processes mix nanotubes in an oxidizing bath at elevated temperature using an acidic 

compound and an oxidizing agent. This damages the CNT structure causing a drastic reduction in 

tensile properties, and often results in “cutting” the nanotube into smaller segments. [243] provides 

a good review of the chemistry of carbon nanotubes that includes common methods of adding 
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functional groups, where functional groups are attached along the nanotubes, and 

advantages/disadvantages of the various methods. 

Oxygen plasma functionalization optimized for MWCNTs is shown in [244] to preferentially 

add hydroxyl groups to CNT arrays. Using the exact procedure used by Stano et al CNT arrays are 

treated in O2/CF4 plasma in a capacitive coupled dielectric barrier discharge atmospheric pressure 

plasma system. The custom-built system consists of two parallel Cu plate electrodes (60 × 60 cm 2), 

with a spacing of 3 cm. The plasma was operated by a 4.8 kW audio frequency power supply at 1.67 

kHz. All treatments were carried out for 5 min in 1.0% oxygen + 1.0% CF4 +98% helium gas mixture 

(by mass). After treatment the arrays are immediately shear pressed and infused with resin. 

Acidic wet chemical oxidation is also studied as it is the most likely to generate sidewall 

functional groups to the CNTs according to [243]. A novel wet oxidation method was adapted from 

the process described in [245], which was used on disperse nanotubes, in order to add functionalized 

groups to the CNTs within the SPS without sacrificing alignment or aspect ratio. Taking advantage of 

the structural stability of the SPS it is possible to rinse the preform with liquid without sacrificing CNT 

alignment of the structure. SPS are placed on top of a quartz Buchner funnel which is drawing vacuum, 

as depicted in Figure 3.14. The SPS are then alternately rinsed with 10% H2SO4 and 1N K2MnO4 for 30-

45 minutes. SPSs were rinsed with liberal amounts of DI water in order to remove K2SO4 and MnSO4. 

It was observed that there was also a small amount of brown particulate on the SPS, which is assumed 

to be the insoluble MnO2, despite the absence of any applied heat. The SPSs were rinsed with 

concentrated HCl to form MnCl, which was then rinsed out of the structure with DI water. The SPSs, 

still on the funnel, were placed in a vacuum oven at 50°C for approximately 15 minutes to dry, at 

which point they could easily be removed then infused with resin. 
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Figure 3.14 – Acidic wet chemical oxidation set-up. 

Functionalization of the SPS is initially evaluated by using a water contact angle measurement 

with a 3 µL droplet of DI water on what was the top of the CNT array as well as the bottom. 

Measurements are taken from images captured from a video at times of 0, 1, 5, 10, and 15 seconds. 

Figure 3.15 shows representative images of contact angles 1 second after wetting the surface of the 

SPSs. 3 measurements are averaged for each image using ImageJ software and are summarized in 

Table 3.2. These results show that both functionalization treatments are effective at adding 

hydrophilic functional groups to the CNT structure, and indicate that the plasma treatment is possibly 

more effective due to the much lower and uniform contact angles on both sides of the SPS. The acidic 



 

82 

treatment is more effective on the surface of the SPS that the oxidants are applied to, suggesting that 

the rinsing procedure is not optimized to produce uniform functionality. 

 

Table 3.2 - Mean Contact Angle 3uL DI water 

Specimen 

Time (s) 

0 1 5 10 15 

Non-Funct. Top 154 156 151 146 141 

Non-Funct. Bottom 102 100 81 76 72 

Acid Top 41 39 32 28 26 

Acid Bottom 80 75 66 66 61 

Plasma Top 39 29 17 5 0 

Plasma Bottom 30 23 15 0 0 

 

 

 
Figure 3.15 – Contact angle at 1 second after wetting for non-functionalized SPS (a), acid functionalized (b), and plasma 

functionalized (c). 

In order to evaluate the effect of functionalization on strain transfer between the CNTs and 

resin SPS are infused with Epotek 301-2 resin system heated to 80°C in a microwave, at which point 

excess resin is removed and the structure is  consolidated and partially cured. Then the prepreg 

nanocomposite is cut into 1-2 mm wide strips for tensile testing with CNTs aligned in the direction of 

loading, and then fully cured and bonded to tabs as in section 3.4. Thickness and width are recorded 

for each specimen with a minimum of 3 specimens per sample. Gauge length is 7 mm and the 

displacement rate is 0.1 mm/min. Results are summarized in Table 3.3 and Figure 3.16 and show that 
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both functionalization methods are effective in improving the failure stress and strains, however the 

plasma functionalized SPS shows very low improvement in modulus, while the acid functionalization 

produces a nanocomposite with 62% improved modulus and 113% improvement in failure stress. This 

is unusual as the contact wetting of the plasma treated SPS suggested the presence of more oxygen 

functional groups, but the absence of chemical bonding is apparent from the lack of increase in 

material modulus. One possible explanation is that the plasma treatment mostly creates adsorbed 

functional groups that are not chemically bonded to the CNT sidewalls, which explains the much 

improved wetting and minimal improvement to modulus. Another possible explanation is that the 

carboxyl functional groups from the acid treatment are more reactive than the hydroxyl groups from 

the plasma treatment and are able to react more effectively with the epoxy resin amine groups.  

Table 3.3 – Summary of SPS composite tensile testing. 

Sample 
Max Modulus 

(GPa) 
Max_Force 

(N) 
Max_Stress 

(MPa) 
Max_Strain 

(%) 
Break_Force 

(N) 
Non-
Functionalized 5.843 13.72 91.18 2.12 11.62 
Acid 9.483 29.26 194.42 3.00 29.25 
Plasma 6.352 19.92 132.07 3.23 19.84 

 
 
 

 
Figure 3.16 – Stress vs. Strain curves for SPS composite specimens. 
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The increased stress and strain of the plasma functionalization suggests that the treatment 

merely functionalized CNT tips rather than sidewalls. The increased modulus of the acid treatment is 

evidence of sidewall functionalization and chemical bonding between those functional groups and the 

epoxy resin. 

3.7 CONCLUSIONS 

CNT arrays grown in this CVD furnace show a different morphologies with different growth 

conditions and at different heights within the arrays. Higher temperature growth produces arrays with 

uniform helix angles along the entire CNT lengths and results in a lower density array. Lower array 

density is shown to increase the range of acceptable linear shear pressing angles with no difference 

in quality between 15-40°. Although parabolic loading to shear press the array negates the impact of 

array morphology, the height of the array introduces too much variability into the loading scheme 

and would not be appropriate for producing equivalent SPS until additional control parameters are 

added to the program. 

The competing mechanisms of electrical conductivity through the SPS network result in 

unpredictable piezoresistive behavior. It is recommended that experiments be formed to isolate these 

conduction mechanisms in order to understand the electron movement through the dense CNT 

network. 

Heat assisted infusion of the SPS produces stronger CNT composites than solvent assisted and 

lacks the chemical variability from interactions with residual compounds within the arrays. 

Functionalization methods can impart hydrophilic functional groups which may aid in improving resin 

infusion. Wet chemical processing resulted in improved CNT composite mechanical properties more 

so than plasma functionalization. This is because plasma functionalization resulted in addition of 
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functional groups to CNT ends and acid functionalization was able to add sidewall functional groups. 

Sidewall functionalization is necessary to transfer strain along the nanotube length in SPS composites. 

SPS growth, fabrication, and infused properties are shown to be suitably optimized to 

continue study of material by incorporation into a composite laminate system. 
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4 SPS INTERLEAVES FOR ENHANCING MODE I FRACTURE TOUGHNESS: 
PART I PRELIMINARY STUDIES 

4.1 BACKGROUND 

It has been known for several decades that overall strength of composite laminates and their 

joints critically depend on their ability to resist the initiation and propagation of delamination caused 

by interlaminar stresses/strains which may reach very high values in the vicinities of free edges, 

corners, open holes, joint bondlines, junctures with stiffeners and other structural features where 

sharp geometry change and/or step-wise material property variation take place. If the composite 

laminate’s resistance to interlaminar stresses is insufficient, delamination can propagate deep into 

the structure and ultimately result in catastrophic structural failure. Comprehensive analyses and 

reviews of the origins of delamination initiation, growth and structural consequences can be found in 

numerous publications, such as extensive bibliography compendium [120] and review papers 

dedicated to free edge effect [246,247], composite bonded joints [123,124], bolted and mechanically 

fastened joints [122]. The other well-known concern is so-called “barely visible damage” which may 

be initiated by an incidental drop weight impact, bird strike, ice, hail, stone hits, etc. Typically this kind 

of localized damage starts with matrix cracks which then advance to composite interfaces and initiate 

delamination. The subsequent unrestricted delamination growth under in-service loads (e.g. quasi-

static tensile, compressive and flexural ones with often superposed vibrational forces) may result in a 

catastrophic structural failure if the interface does not provide sufficient natural fracture toughness 

and/or if there are no additional delamination arresting features embedded.  

Among most popular means used in the early works for arresting delamination were thin 

toughened interleaves placed between composite plies. Those were either covering large areas or 



 

87 

were localized in the form of narrow strips; a comprehensive review of those works can be found in 

[126]. Various materials have been attempted, including toughened specialty thermoset adhesive 

films (those showed highest degree of success), thermoplastic films (with widely varying success), and 

various fiber-reinforced (glass, aramid, carbon) interleaves (with often surprising results showing in 

some cases even negative effect on the laminate fracture toughness). A review of interleaves is 

conducted in section 2.2. It is believed that new technological developments of nano-scale reinforced 

interleaves will open new avenues for the interface enhancements of laminated composite structures.  

One principal effect anticipated from embedding high volume fraction CNT reinforced 

interleaves is that the localized interlaminar strain gradients can be substantially reduced, potentially 

by generating complex transitional composite interphases with the purpose of providing gradual 

transition of elastic properties; that is achieved by gradually varying the orientation of reinforcing 

nano-scale elements and their volume fraction.  

The other anticipated effect of embedded CNT-reinforced interleaves is that their own 

fracture toughness should be far beyond that of a regular prepreg resin matrix due to a huge surface 

area of CNTs and relatively large energy required to break them individually. When an initial crack tip 

faces a CNT-reinforced “barrier”, it can either advance through that dense mesh of CNTs (which would 

probably result in a branching of the crack into great number of much smaller cracks) or to deviate 

from its initial path and propagate somewhere around the interleaf. Both these scenarios should 

result in much higher energy release rate than in the “baseline” case of delamination propagating 

through the host matrix interphase. Yet, it is far from obvious how strong the quantitative effect of 

thin CNT-reinforced interleaves will be on macroscopic delamination growth which is commonly 

studied via DCB tests. 
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This chapter attempts to elucidate some aspects of the general nano-reinforced interleaf 

concept. The interleaf material is fabricated from CVD vertically grown CNT arrays by the shear-

pressing method originally introduced in [68]. The shear pressing is realized here on a specialty 

automated device which allows one to delicately control the CNT array alignment, volume fraction 

and the resulting shear-pressed CNT sheet (SPS) thickness. The produced thin dry SPS can be placed 

(prior to the prepreg lamination step) within some region between composite plies and, over the 

course of laminate manufacturing, it becomes integral to the part. Under this scenario, the SPS is 

expected to become partly or fully impregnated by the resin already contained in the prepreg plies; 

the impregnated SPS interleaf and prepreg plies are then co-cured in one processing step. 

Alternatively, the SPS may be pre-impregnated with some other suitable resin, then be partially cured, 

embedded between prepreg plies and fully cured along with them.  Experimental results obtained 

here in the course of conventional double cantilever beam (DCB) testing of carbon/epoxy laminated 

composites with different SPS interleaves embedded at the mid-surface between two halves of an 

even ply laminate include traditional microscopy and SEM images of the fractured DCB samples, and 

Mode I energy release rate (ERR) values which were generated via several conventional DCB data 

reduction methods.  They are compared to respective baseline laminate data. 

Testing parameters such as initial a0 (beam arm length), specimen thickness (h) rate of 

displacement, and calculation methods are studied in order to assess their impact on the testing 

results. 
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4.2 MATERIALS AND METHODS 

4.2.1 Carbon nanotube arrays 

Carbon nanotubes (CNTs) were grown, as specified in section 3.2, using 1 g of a metallic 

catalyst of FeCl2 in a chemical vapor deposition (CVD) furnace. System pressure was held at 3 Torr and 

temperature was 810oC. The carbon source was acetylene gas dissolved in acetone fed at a rate of 

600 sccm. Atmosphere was regulated by a chlorine and argon line flowed at 100 sccm and an 

additional argon line flowed at 300 sccm. Growth time was either 5, 10, or 15 minutes which yielded 

arrays with thicknesses/heights of approximately 500, 1000, and 1500 µm, respectively. CNT arrays 

were post-treated at the growth temperature with the chlorine and argon flows for an additional 5 

minutes in order to remove excess amorphous carbon and improve CNT intermolecular adhesion. 

4.2.2 Double cantilever beam specimens 

Composite panels were fabricated from a uni-directional carbon fiber prepreg laminate with 

a UP3325 TCR resin matrix and 50k SIGRAFIL C® C30 T050 EPY continuous tow carbon fiber filaments. 

All panels were constructed with a [0o]n lay-up, where n is the number of plies used. In these studies 

n = 2, 6, 8, or 10. In order to confirm fiber volume fraction of the cured composite panels, density was 

measured using a combination of the density gradient method found in ASTM standards C729-10 

[248] and D1505-10 [249] and found to be 1.454g/cm3, which corresponds to a volume fraction of 

42%. Assuming 5 void percent would bring the calculated fiber volume fraction to be 47%, which is 

within the manufacturer’s specifications. ASTM D3171-11 [250] was used to measure the constituent 

content of the composite by taking weight measurements of a composite sample before and after 

burning off the matrix material, thereby obtaining the weights of all the components and allowing for 

a fiber volume fraction calculated to be 49%, yielding close agreement with the density measurement. 
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This confirmed that fabrication of the composite panels was conducted in a manner that produced a 

material that matched the manufacturer’s standards. 

CNT interleaves were transferred to the tacky prepreg surface with CNT alignment parallel 

with the carbon fiber reinforcing fibers. This is shown in Figure 4.1. Waste Kevlar roving was used to 

mark the location of each interleaf in order to cut DCB specimens that contained a single interleaf 

across the entire width.  

 

Figure 4.1 – Composite fabrication of interleaved specimens for DCB testing. 

All panels were cured in a vacuum bag with a hydraulic hot press at a temperature of 290°F 

(143°C) for 2 hours under 45 psi, per the manufacturing instructions. Composite panels were then cut 

with a diamond blade wet tile saw into specimens of the desired width. Cut specimens were then 

sanded on each edge using up to 400 grit wet/dry sandpaper. The specimens were then rinsed in 

water with mild soap and allowed to dry in a convection oven at 80°C. The edges were then painted 
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with white enamel spray paint and marked according to the ASTM standard [145] so that data points 

were recorded every 1 mm of crack propagation for 10 mm, and then every 5 mm after that. 

A sample 10 ply DCB specimen is shown in Figure 4.2. Specimen geometric parameters are as 

follows: a0 = initial crack length (initial length of the beam arm), ah = length of the hinge, Δamax = 

maximum change in crack length, L = specimen length, b = specimen width, and h = specimen 

thickness. Δa will refer to the change in crack length, which is also referenced as crack propagation. 

CNT interleaves are placed at the end of the 12 µm Teflon starter film with steel hinges bonded to the 

CFRP using Henkel Hysol® EA 9309.3NA epoxy, which was rapid cured according to Henkel instructions 

at 82oC for 1 hour. 

 

Figure 4.2 – 10 ply DCB specimen geometry. 

Specimens were tested on a QTest 5 tensile tester using a 1000 lb load cell with hydraulic 

clamps. A fixed clamp grips the specimen on the bottom hinge and the top clamp moves at a constant 

displacement and measures the applied load. Values of displacement and load are recorded once the 

crack propagates past a certain increment. 

Figure 4.3 depicts how the interlaminar region of a laminate composite is modified by the 

incorporation of an interlayer. Due to the high viscosity of the prepreg layer there is still a resin rich 
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interphase between the interleaf and CFRP. Failure within this region occurs along what is referred to 

as either the “Fiber” interface or the “Composite” interface, or at the “Interleaf” interface. 

Additionally, failure within the interleaf occurs due to CNT failure or failure of the “Nanotube” 

interface. 

 

Figure 4.3 – Illustration of the composite interlayer characteristics with interleaf incorporation. 

Various CNT interleaves with in-plane dimensions of 25 x 25 mm were added to the middle 

layer of the composite plies and are illustrated in Figure 4.4. The number denotes the approximate 

length of the CNTs present in the interleaf: 500 µm, 1000 µm, and 1500 µm. Four interleaves are 

composed of SPSs that were pressed using the MP, with the fifth being an as-grown CNT array with 

CNT orientation still vertical, thus denoted with a “V”, at the time the CNTs are transferred to the 

prepreg surface. Much of the initial alignment is lost during cure, however the low volume fraction of 

the CNT array (approximately 1%) might allow for better infusion of the resin into the interleaf from 

the resin rich interlayer of the prepreg laminate. The interleaf labelled “D500” uses two, or double, 

500 SPS fabricated so that the Teflon precrack terminates between the two interleaves, thus forcing 

crack propagation through the interleaf. 
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Figure 4.4 – Graphic representations of CNT interleaves and incorporation of at the end of the pre-crack (a0). 

Additionally, one study was conducted as to the effect of infusing the SPS with Epon 862 low 

viscosity resin that had been degassed and heated to 80°C prior to incorporation as an interleaf in the 

hopes of providing better strain transfer to the CNTs. Resin was added to the 1500 interleaf once it 

had been transferred to the prepreg surface. The entire prepreg was placed in a vacuum oven for 15 

minutes in order to promote infusion into the SPS and reduce void content. Excess resin was then 

blotted off with filter paper, the top plies were added, and the composite was cured as specified 

earlier in this section. 

4.3 DATA PROCESSING 

Due to the nature of the DCB specimen geometry, significant error can be introduced during 

load vs. displacement measurements due to misalignment in the bonded hinges and anomalies arising 

from imperfect loading of the specimen into the test fixture clamps. As such all raw data is zeroed 

using the flexural modulus of the specimen beam arms, which follows a linear trend up to the point 

of crack propagation. Figure 4.5 illustrates the method used. Slope from the linear region before initial 

crack propagation is used to extrapolate the y-intercept corresponding to the load axis. The data is 

then adjusted so that this y-intercept intersects with the origin. Naturally, this same method could 

also be used to adjust the displacement instead of the load by extrapolating the x-intercept, however, 

displacement of the tensile tester is held constant during specimen loading and the load value is what 

changes. While there may be unrecorded displacement changes as the test fixture is not perfectly 
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rigid, it was seen to be appropriate to zero the value that was seen to change upon clamping the 

fixture to the DCB hinges. Load and displacement values are presented on separate graphs as average 

values at different points of propagation. 

 
Figure 4.5 – Figure illustrating the mechanism used to zero load vs. displacement curves. 

During testing a hand-held magnifying glass is used to monitor the propagation of the crack 

tip. Load and displacement values are recorded at the point when the crack tip reaches or passes a 

given marking. Fracture toughness, or resistance to delamination, of the material is calculated using 

equations based on the strain energy release rate of a perfectly clamped and rigid double cantilever 

beam (referred to as beam theory or ‘BT’), as in Equation 4-1. 

𝐺𝐼 =
3𝑃𝛿

2𝑏𝑎
 

Equation 4-1 where: P = load, δ = load point displacement, b = specimen width, a = delamination length. 

Due to the imperfect nature of testing and the DCB specimens various methods of data 

reduction are used based on experimentally determined relationships between material compliance 

and delamination length. And it is well known that the result may strongly depend on the chosen 

method of DCB test data reduction. Numerous methods are known, ranging in their complexity from 

the basic one-dimensional strength of materials isotropic cantilever beam bending analysis under 
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concentrated load, to more sophisticated beam on elastic foundation analyses, and further to 

numerical methods of anisotropic 3D elasticity and fracture mechanics. Several influential factors 

have been identified in the literature: (a) anisotropy of the composite beam material, particularly its 

low transverse shear modulus; (b) “non-rigid clamping” boundary conditions in the region ahead of 

the crack tip; (c) actual surface loading distribution produced by the piano hinge, T-tab, rectangular 

block or other test setup and the distance between resulting force and the deflection measurement 

point; (d) fiber bridging effect. Some of them, such as (a) and (c), can be resolved by relatively simple 

theoretical means while the others, like (b) and (d), require much more involved theoretical 

approaches. The recommended data reduction methods are achieved through the following 

equations referred to as a modified beam theory (MBT), a compliance calibration (CC), and a modified 

compliance calibration (MCC), respectively. 

𝐺𝐼 =
3𝑃𝛿

2𝑏(𝑎 + |∆|)
 

Equation 4-2 Modified Beam Theory  

𝐺𝐼 =
𝑛𝑃𝛿

2𝑏𝑎
 

Equation 4-3 Compliance Calibration 

𝐺𝐼 =
3𝑃2𝐶

2
3⁄

2𝐴𝑏ℎ
 

Equation 4-4 Modified Compliance Calibration 

These equations essentially add a correction factor to reduce the reported fracture toughness 

of the material. MBT adds additional length to the delamination length, a, with the term |∆| to correct 

for rotation that may occur at the delamination front, and CC and MCC each use a least squares plot 
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of the compliance and delamination length (in the case of MCC this is normalized by specimen 

thickness) to reduce the data with parameters n and A, respectively. Ideally, these calculations are 

unaffected by variations in testing parameters, such as strain rate, or specimen geometries, such as 

initial delamination length and specimen thickness. 

In order to determine if all data reductions are experimentally equivalent and insensitive to 

test methods and specimen geometries specified in [145] a series of tests are conducted on baseline, 

B, samples with varying strain rate, h, and a0, which are then processed using beam theory and the 

three data reduction methods and compared with each other and various interleaved samples. Strain 

rate is varied between 2 mm/min and 4 mm/min for 6, 8, and 10 plies, thickness is adjusted by varying 

the number of plies in the composite (2, 6, 8, and 10), and a0 is adjusted from an average of 35 mm 

to an average of 65 mm for 10 ply specimens. 

4.4 RESULTS AND DISCUSSION 

Figure 4.6(c-g) illustrates the impact of varying specimen thickness and data reduction 

method on the mode I delamination resistance. It is apparent that all three data reduction methods 

yield similar results for 10 ply baseline samples. Also apparent is the slight upward trend of the 

delamination resistance characteristic of fiber bridging, meaning initiation values are more reliable 

indicators of baseline GIC is the propagation values are artificially increased. MBT serves as a direct 

reduction of the BT shifting the R-curve (delamination resistance curve) down. CC results behave the 

same as MBT initially but begin to deviate as Δa increases, resulting in a lower slope and a steady-

state in GIC. MCC produces a similar curve to the MBT reduction with a slight amount of smoothening 

at initial Δa values. This may result in the MCC method ‘hiding’ characteristic trends at initiation, while 
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CC may hide trends during propagation. This aspect is best seen when observing the 2 ply curves for 

Figure 4.6 (d-g) which shows that CC method does the best to maintain the original shape of the BT 

curve at initiation. Propagation values are consistent with 8 ply and 10 ply showing nearly identical 

propagation curves. It is possible that thinner samples are more sensitive to variations in delamination 

resistance, which might be a factor for interleaved specimens. As expected for decreasing specimen 

thickness Figure 4.6(a-b) show increasing change in displacement and decreasing initiation and 

propagation loads. What is unexpected is the dramatic increase in displacement required to instigate 

delamination. 

Varying strain rate shows little effect on the recorded fracture toughness values as shown in 

Figure 4.7(a-f), however the crack tip propagates significantly faster at the higher strain rate, thus a 

strain rate of 2 mm/min is necessary for samples with higher thicknesses. Load data is the most 

variable with different strain rates, but there does not seem to be a definitive trend as the recorded 

load is increased at higher displacement rates for the 2 ply sample but decreased for a 10 ply sample. 

Changes are within the standard deviation, so it is likely the effect is due to specimen variation. 

For the comparison of fracture toughness of specimens with a short (S) beam length (a0 = 35) and long 

(L) beam length (a0 = 65) baseline samples and 500 SPS interleaf samples were also tested. The results 

in Figure 4.8 show a dramatic difference between short and long a0 with short crack length showing 

double the GIC of the long specimens. It is unclear why the longer beam arm has such an extreme 

effect as the load and displacement values should adjust to compensate for the increase in the a and 

produce the same fracture toughness values. It seems that the compliance change is not proportional 

to beam length, thus doubling the beam length nearly halves the fracture toughness.  
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Figure 4.6 (a-g) – displacement (a), load (b), beam theory GIC (d), MBT GIC (e), CC GIC (f), MCC GIC (g) versus crack 

propagation for baseline samples of different plies/thicknesses, and comparison of data reduction methods on GIC for a 10 
ply baseline (c). 
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Figure 4.7 (a-f) - displacement (a), load (b), beam theory GIC (c), MBT GIC (d), CC GIC (e), MCC GIC (f) versus crack propagation 

for baseline 6, 8, and 10 ply samples at 2 mm/min rate of displacement (solid line) and 4 mm/min (dotted line). 

The interleaved specimens show conflicting results, as the S500 sample shows a region of 

significant fracture toughness increase between Δa of 5-10 mm, and L500 only shows a maintained 

fracture toughness that decreases from the baseline after Δa of 10 mm. Interestingly the long 

specimens show steady-state load values at propagation compared with the short beam which show 

a gradual decrease in load during crack propagation. What’s more is that the small toughening peak 

is completely eliminated by the MCC data reduction, adding more evidence that this reduction 

method may hide interleaf toughening characteristics close to initial delamination.  
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Judging from the samples tested up to this point it appears that a standard beam theory 

calculation compared to the CC data reduction values is sufficient to observe the toughening effect of 

an interleaf, particularly close to the initial propagation region of Δa = 1-10 mm.  

 
Figure 4.8 – Displacement (a), load (b), BT GIC (c) and CC GIC (d) versus crack propagation for short (a0 = 35 mm) and long (a0 

= 65 mm) initial delamination length for baseline, “B”, and 500 SPS interleaved samples. 

Testing of the CNT interleaves showed some improvement in delamination resistance at 

initiation for all interleaf types except the D500 configuration, most likely due to the absence of resin 

as seen in fracture surface images, which allowed for propagation through the interleaf between the 

weak adhesive interfaces of the two SPS. The vertically oriented interleaf shows the highest fracture 

toughness improvement followed by the 1000 and 500 SPS interleaves, respectively. Interestingly, 

there is no improvement in delamination loads, in fact a decrease in most interleaves is seen in Figure 

4.9a, and only barely significant improvement in displacement. This suggests that the toughening 

effect is of the interleaves is due to some aspect of the crack path that is altered by the presence of 
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the CNTs. A look at Table 4.1 and Table 4.2, which show the percent improvement over the baseline 

GIC as calculated using beam theory and the CC method, respectively, shows that fracture toughness 

is improved by the CNT interleaves within the first two millimeters of crack propagation, at which 

point certain interleaves begin to show a decrease in improvement. Comparing the two tables it 

seems that the data reduction dampens the improvement of the interleaves.   

Table 4.1 – Percent improvement over non-interleaved baseline using beam theory calculation. 

Crack 
Propagation, 
Δa 500 1000 1500 Double Vertical 

1 -11.5 1.1 23.4 -20.4 -3.1 

2 -25.5 28.9 3.1 -37.4 59.1 

3 -23.7 22.8 -5.4 -53.9 45.8 

4 -23.2 22.0 -5.5 -48.1 64.1 

5 -21.3 20.7 -2.8 -53.1 92.5 

10 -28.2 4.0 -20.2 -63.2 72.4 

15 -25.4 6.4 -19.4 -52.9 86.9 

20 -26.3 0.9 -20.8 -43.5 54.3 

25 -25.8 6.3 -18.1 -19.6 71.7 

30 -23.4 4.5 -14.8 -14.7 31.5 

 

Large deviations in the calibration parameters are observed as |∆| shows a range of 2.77-

119.84, n = 0.91-3.07, and A = 19.28-100.23, which may explain the variation in results when 

comparing beam theory to the data reduction methods. Beam theory and CC equations are easily 

compared as beam theory is equivalent to the CC equation if n = 3, thus fracture toughness can be 

reduced to 1/3 the value simply from the data reduction. As the DCB test does not account for 

thickness of the interleaf, or deviations of the crack path from the midplane it is possible that these 

are unknowingly adjusted for in the compliance corrections. Although the standard test method is 

followed, it is likely necessary that for interleaved specimens an average correction factor should be 

determined from the control specimens and used for all interleaved calculations. 
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Figure 4.9 – Data for baseline and CNT interleaves. Displacement (a), load (b), BT GIC (c) and CC GIC (d) versus crack 

propagation.  

 2 ply specimens were chosen to test the effect of infusing a SPS prior to its incorporation as 

an interleaf. From Figure 4.10 it is clear that all the effects are negative, except with the CC data 

reduction which shows the infused interleaf, denoted by an ‘I’, has improved fracture toughness over 

the non-infused SPS. Again, this is most likely due variations in the correction parameter. Contrasted 

with the thicker composites, the 2 ply samples show a dramatic initial improvement of the baseline 

over interleaved specimens. The 10 ply samples show this trend for the interleaved specimens rather 

than the baseline. At this point it is unclear as to the significance of this or if it is merely a testing 

artifact. 
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Table 4.2 - Percent improvement over non-interleaved baseline using CC calculation. 

Crack 
Propagation, 
Δa 500 1000 1500 Double Vertical 

1 -3.2 -1.4 20.0 -28.8 -19.4 

2 -25.3 32.1 8.4 -40.9 37.5 

3 -14.9 27.5 -0.2 -53.3 34.9 

4 -13.1 25.3 -0.7 -47.6 43.7 

5 -10.5 24.8 -0.1 -51.5 69.3 

10 -18.5 7.7 -17.6 -62.2 41.5 

15 -19.8 4.7 -20.8 -53.1 55.3 

20 -20.6 -0.5 -22.1 -44.6 26.2 

25 -20.1 5.0 -19.3 -18.5 40.7 

30 -17.9 3.4 -16.1 -15.0 15.3 

 

 

 
Figure 4.10(a-d) – 2 ply displacement (a), load (b), GIC (c), and CC GIC (d) versus displacement curves. ‘I’ denotes that the 

interleaf is infused with Epon 862 resin. 
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New sample sets of Baseline, 500, D500, and V500 were fabricated from two composite 

panels. Baseline tests showed consistent results but the interleaved specimens showed significant 

differences between the two samples as seen in Figure 4.11 and comparison between Table 4.3 and 

Table 4.4 shows the effect of data reduction on the contribution to fracture toughness of the interleaf. 

Improvement seen for the 500 interleaf is dramatically reduced. Looking at the range of the correction 

factor n, and in fact all the data reduction correction parameters, provides some insight as to the 

reason for this change. Using beam theory the value of n is 3 for both baseline and interleaved 

specimens. However, using CC n ranges from 0.91-3.07 for all samples studied in this chapter. Similar 

large ranges are seen for the other data reductions, but those values are not directly comparable to 

the uncorrected beam theory.  

  

 
Figure 4.11 – Comparison data for repeat samples of 500, D500, and V500 interleaves. Dotted lines are 1st sample sets from 

Figure 4.9. Displacement (a), load (b), BT GIC (c) and CC GIC (d) versus crack propagation. 
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Table 4.3 – Repeat sample percent improvement Beam 

Theory 

Crack 
Propagation, 
Δa 500 D500 V500 

1 64.7 -0.1 0.8 

2 34.9 -5.8 -7.8 

3 22.7 -11.2 -8.1 

4 26.3 -9.0 -2.9 

5 34.6 -8.5 15.6 

6 22.1 -12.5 14.1 

7 40.6 -20.7 33.1 

8 21.2 -23.4 32.1 

9 20.3 -20.8 37.4 

10 19.3 -19.9 40.0 

15 22.8 -23.4 44.1 

20 12.1 -17.8 -1.1 

25 4.6 -0.4  

30 -1.0 -14.5 20.0 

 
Table 4.4 - Repeat sample percent improvement CC. 

Crack 
Propagation, 
Δa 500 D500 V500 

1 30.7 -15.7 -12.0 

2 13.1 -16.8 -12.6 

3 4.1 -18.2 -11.8 

4 5.8 -17.2 0.8 

5 13.1 -16.0 23.6 

6 3.2 -19.5 22.5 

7 19.6 -28.9 45.6 

8 2.8 -31.2 46.0 

9 1.8 -29.3 52.9 

10 0.4 -28.7 55.3 

15 -2.4 -35.3 51.3 

20 -10.8 -30.9 -9.8 

25 -16.4 -13.9  

30 -20.7 -27.7 27.2 

In order to observe the interleaf effect it is likely necessary to use a common correction for 

interleaved and non-interleaved samples, rather than an experimentally determined correction 

parameter for each specimen. Until a set procedure for this is determined it is necessary to present 

and analyze uncorrected and compliance corrected results for interleaved materials. 

An additional feature of note is the improvement in toughening effect of the 500 interleaf, 

which is significantly higher when calculating with simple BT. Upon calculation with CC reduction the 

improvement is substantially reduced. However, a 30% improvement is still present at initiation. This 

suggests that the 500 interleaf may have the most toughening effect at crack initiation than any of 

the other interleaves. It is unclear what factor changed between the two data sets that resulted in the 

improvement of the SPS interleaves, however, this could illustrate the high variability of array growth.  

As seen in the characterization of electrical resistance of the SPS in section 3.5, significant variability 
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can exist within different regions of the CNT array that result in different properties. As such, arrays 

grown at different times may exhibit even further variation in CNT morphological properties that 

manifest as variability in SPS mechanical properties. 

4.5 CONCLUSION 

SPS interleaves can provide significant Mode I fracture toughness improvement, however that 

improvement is primarily found close to crack initiation. All testing parameters have little impact on 

GIC values, with the exception of beam length. It is unknown why this parameter had an impact on the 

DCB results as beam arm modulus was more than sufficiently rigid to negate the need for any 

correction factor. Initial CNT alignment transverse to the delamination plane generates a significant 

toughening effect for propagation values, however the SPSs show much better values at crack 

initiation, specifically one sample set of 500 SPS interleaves. Additionally, data reduction method is 

important and while each method produces fracture toughness values that may be compared across 

studies, it is important to compare the unreduced data with a study in order to observe possible 

effects of the interleaves that may get hidden by the data reduction. 

As with traditional interleaving studies it is possible to decrease delamination energy release 

rate as well as increase and the reasons for either are not always clear.  While the SPS interleaves are 

promising to resist delamination, the scatter of the results suggests that the test method is not 

precise/accurate enough to observe that effect consistently. 
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5 SPS INTERLEAVES FOR ENHANCING MODE I FRACTURE TOUGHNESS: 
PART II 

5.1 BACKGROUND 

Composite properties may be severely degraded due to high interlaminar stresses raised near 

free edges, open holes, notches, bolts, fasteners, ply drops, stiffener connections, overlap ends in 

adhesive joints, and other structural cases of this kind. Those high “secondary” interlaminar 

transverse stresses may initiate delamination which, if not arrested, can propagate through the 

structure and result in a catastrophic failure. In addition, various incidental impact events may cause 

so-called “barely visible damage” that, in turn, can initiate delamination. Obviously, it is hardly 

possible to prevent delamination initiation due to its random nature, but arresting delamination is 

commonly considered a much more feasible approach. Various type interleaves locally embedded 

between laminate plies in susceptible sites of composite structure showed high efficiency for this 

purpose, see review [126] for example. In addition to toughened thermoset and thermoplastic 

adhesives and films, many known interleaves were reinforced with chopped fiber mats, veils, woven 

and knitted fabric preforms. Among more recently developed interleave reinforcements are 

electrospun nanofiber mats, nanotube buckypapers and vertically grown uncompressed/ compressed 

nanotube arrays. Importantly, all of the previously used carbon nanotube (CNT) interleaves had 

random morphology owed to their processing methods that did not involve any CNT alignment 

means. Contrary to that, novel CNT interleaves used in this work are fabricated with the use of new 

controlled alignment processing method, called “CNT array shear pressing”.  

It should be noted that, as the literature reveals, interleaving composite laminates as the 

method of delamination growth prevention has not been always successful, and many published 



 

108 

research results are contradictory. Besides, convincing explanations of the nature of observed “high 

effect”, “moderate effect” or “negative effect” of interleaving are rarely found in the literature. In 

fact, the previously studied interleaved composites were so diverse in their materials (particularly in 

the interleaf structural morphologies), thicknesses and mechanical properties (such as fracture 

toughness, failure strain, stiffness), that it is often difficult to find a common ground for their 

comparison. Besides, significant variations are seen in the specimen geometry, test setup, data 

collection and reduction procedures, as well as in certain intrinsic effects (the well-known “fiber 

bridging” for example). The broad variation of results is no different for nanofiber reinforced 

interleaves or CNT reinforced interleaves, although some previously reported experimental data are 

promising [152,161].  

This section uses an optimized form of DCB testing utilizing the knowledge gained from the 

previous chapters. CNT arrays are grown to a height close to 500 µm that have been post treated in a 

chlorine/argon atmosphere in order to enhance interactions between CNTs within a SPS and produce 

CNTs as straight as possible with regular helix angle. DCB beam length is extended to 70 mm to 

produce conservative values of fracture toughness, which is calculated using compliance calibration 

(CC) reduction. As-is, or “dry” SPS interleaf is compared with infused SPSs which use a low viscosity 

adhesive resin in order to promote infusion and prevent adhesive failure at the interleaf interface. 

Additionally, functionalized SPSs are utilized as infused interleaves in order to observe the effects of 

improved strain transfer between the CNTs and resin on Mode I fracture toughness. Optical 

microscope and SEM fractography are employed in order to further the understanding of toughening 

mechanisms of the interleaves.  
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5.2 SHEAR PRESSED CNT INTERLEAF FABRICATION 

Vertically aligned arrays of multi-walled CNTs were fabricated in-house using chemical vapor 

deposition (CVD) onto a quartz substrate. Growth conditions used 1 g of iron (II) chloride catalyst in 

an argon and chlorine atmosphere at 810°C with acetylene gas dissolved in acetone as the carbon 

source, and flowed at rates of 395 sccm, 5 sccm, and 600 sccm, respectively. Note that in this growth 

procedure the chlorine flow is pure chlorine rather than a chlorine and argon mixture as in previous 

chapters. Array height is relatively uniform across the growth surface, but can vary in the direction of 

gas flow up to ±100 µm from the height at the middle of the array. CNT arrays with height of ~500 µm 

were grown by choosing specific growth time of 5 minutes. A post treatment with the carbon feed 

gas turned off (Ar/Cl atmosphere) for 10 minutes helped to remove excess amorphous carbon for 

improved interaction amongst the CNTs and for their improved interaction with the resin in the case 

of infused interleaves. This was found to be a critical step as fracture toughness previously showed 

negative to no change with arrays that received no post-treatment. 

CNT arrays with dimensions of 25 x75 mm or 25 x 25 mm are then pressed using the manual 

shear press so that CNTs are aligned along the length of the newly formed SPS. 

5.3 DCB SPECIMEN FABRICATION 

Composite samples were fabricated with ten plies ([0°]5S lay-up) of unidirectional carbon fiber 

prepreg (50K Sigrafil carbon fibers impregnated with TCR UF3325 epoxy resin). Five different 

laminates are compared with a minimum of three specimens tested per sample: (1) “Baseline”, a non-

interleaved laminate, (2) “Dry”, which is interleaved with an as-is SPS that is free of resin, and (3) 

“Non-functionalized”, which is the non-functionalized SPS infused with a low viscosity resin, (4) “Acid”, 



 

110 

which is an infused SPS functionalized using the wet chemical method of an acid activated oxygenation 

reaction, and (5) “Plasma”, which is an infused SPS functionalized with the plasma method. Methods 

for functionalizing SPS are provided in section 3.6. Functionalized specimens were immediately added 

as infused interleaves following the functionalization method. Non-functionalized and Dry interleaves 

are 75 mm long and functionalized SPS are 25 mm long due to current size limitations of the 

functionalizing process. The samples may be further abbreviated to ‘B’, ‘D’, ‘N’, ‘A’, and ‘P’ 

respectively.  

For the infused samples the low viscosity resin used is Epotek 301-21. The resin infusion was 

performed after a 5-ply prepreg stack was assembled and the SPS was transferred to the top prepreg 

surface. At that point the resin was heated to 90°C in a microwave to decrease the viscosity to <65 cP 

and spread in a thin layer over the SPS and prepreg surface. The 5-ply prepreg panel with attached 

infused SPS was then placed in vacuum at room temperature for 10-15 minutes to promote better 

resin infiltration into the SPS. After that excess resin was removed from the SPS and the remaining 5 

prepreg plies were added on top. In this way, either a “dry” or an “infused” SPS interleaf was 

integrated at the mid-surface of the laminate between top 5 and bottom 5 plies of prepreg (as 

depicted in Figure 5.1). The laminate lay-up was allowed to rest for a period of 24 hours under a steel 

plate in order to allow the infused SPS to partially cure so as to maintain its shape under curing 

pressure. The direct contact between the epoxy adhesive and the epoxy prepreg matrix should allow 

for some chemical crosslinking between the two materials so as to avoid an additional failure 

interface. Little information concerning the molecular structure of the prepreg epoxy, so compatibility 

                                                           

1An attempt was made to fabricate a sample with a pure resin interleaf in order to observe the effective contribution of the 

ductile resin to the infused interleafs, however the low viscosity of the resin system resulted in a dramatic change in fracture 
toughness with minor changes in fabrication techniques that did not affect the properties seen in the other specimens. As 
such this sample was omitted due to the inability to fabricate a consistent sample. 
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of the two systems is assumed based on the overall material type of epoxy and the reactivity of 

epoxide groups to the diamine hardener in the Epotek 301-2 resin system. Composite samples were 

then cured in a hot pressed vacuum bag that simulates conventional autoclave processing at a 

pressure of 45 psi and a temperature of 144°C for a period of 2 hours per the manufacturer’s 

instructions. At the beginning of cure both the carbon fiber prepreg and the infused SPS interleaf are 

at a B-stage cure which should allow for additional formation of crosslinks between the two 

structures. The Epotek 301-2 epoxy specifies a dynamic curing range between 20°C -200°C, with a 

cure at 80°C taking 3 hours. What’s more is the degradation temperature of the cured resin is 360°C 

with only 0.01% material weight loss shown at 200°C. As such, the prepreg epoxy and Epotek 301-2 

both fully cure using the prepreg cure conditions, and the Epotek resin will not suffer any property 

loss as a result of overcuring. 

ASTM D5528 standard [145] was used when preparing composite samples for DCB testing. 

Specimens were cut into strips using a wet blade diamond saw and their edges were sanded smooth 

with 400 grit wet sandpaper. Importantly, the ‘B’ specimens were cut from the same panel as the ‘D’ 

specimens; this eliminates some processing variability between different material samples which will 

be mutually compared as there can be no contamination of the infusing resin into the baseline 

interlayer. White spray paint was applied to one edge of the DCB specimen in order to better observe 

crack propagation. The edge of each specimen was then etched every 200 µm using a laser cutter to 

allow for precise measurement of crack propagation. Two steel hinges with 28.5 mm length and 1.5 

mm thickness were symmetrically bonded to the sample surfaces using Henkel Hysol® EA 9309.3NA 

epoxy, which was rapid-cured according to Henkel instructions at 82°C for 1 hour. A detailed 

schematic of the DCB test specimen is shown in Figure 5.1 with the specimen properties recorded for 

each specimen. Here, ‘L’ denotes the specimen length, ‘b’ width, ‘h’ thickness, ‘a0’ the initial precrack 
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length, ‘Δamax’ the maximum length of delamination crack, and ‘ah’ the length of the hinge. An a0 of ~ 

70 mm was used in order to achieve an a/h ratio of ~10, and a width of ~22 mm was used, which more 

closely met the ASTM standard recommended specimen geometry [145]. The initial delamination 

length was precisely measured on each test specimen. The ultimate crack length Δamax was in the 

range of 85-95 mm. A starter crack was induced using 12-µm thick Teflon film. 

 

Figure 5.1 - DCB Specimen schematic 

  

5.4 EXPERIMENTAL 

Mode I fracture toughness testing was conducted at a constant rate of displacement of 0.25 

mm/min on a QTest 5 tensile tester using a 250 lb load cell and 80 psi of clamping force. The smaller 

load cell allows for more precise detection of the applied load. As mentioned, DCB testing followed 

[145], but with some minor deviations. One of them was not to introduce a fatigue precrack prior to 

the start of data collection. Due to the observed fiber bridging effect in the control specimens during 

preliminary tests, even the 2-mm long precrack could have added some toughening side effect (which 

was noted in [147]), thus significantly affecting the sought principal toughening phenomenon due to 

the presence of a SPS interleaf. 



 

113 

The other deviation from the ASTM standard involves the methodology applied in this work 

for the recording and processing of experimental data. Figure 5.2 shows the experimental set-up used 

to record the crack propagation with an accuracy of 200 µm. For steady-state propagation, load and 

displacement data were recorded for every 1mm of crack propagation. For instantaneous 

propagation, data were recorded to the nearest 200 µm crack extension, at which moment the 

applied displacement level was paused in order to mark the current crack location (i.e. the current 

crack length ‘a’). Any additional crack propagation during the paused displacement stage was also 

recorded, as some additional energy could still be released (though at a slower rate than under a 

linearly increasing displacement regime). The camera was repositioned if necessary. 

To study the fracture path and delamination characteristics a dual approach was used utilizing 

traditional microscopy with a Motic and field emission SEM on a FEI Verios 460L. Microscopy was used 

to view the fracture path on the unpainted opposite side of the specimen and both fracture surfaces 

of the tested specimens. SEM samples were prepared by cutting a small cross-section sample (~2 mm 

thick and 10 mm long) from the undamaged composite panel at the crack tip and polishing the edge 

up to 2000 grit wet sandpaper. This allowed for an undamaged view of the interleaf cross-section to 

evaluate the quality of resin infusion into the sheet. Once the cross-section was viewed the sample 

was fractured manually in a manner that imitated DCB loading. This allowed for a clean view of the 

fracture cross-section. 

Fracture toughness was calculated from beam theory (Equation 4-1) and compliance 

calibration (Equation 4-3) methods. Load, displacement, and propagation values were timestamped 

to the nearest second to ensure accurate recording of the results. For instances of instantaneous 

propagation, load and displacement values are taken from the moment before propagation and the 

value for crack propagation used the value of a after propagation. 
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Figure 5.2 - Experimental set-up (left) and sample image used to record Δa (right). 

In an attempt to observe the changes in the strain field at the crack tip as a result of the 

inclusion of the SPS, digital image correlation (DIC) was used on individual specimens for baseline, dry, 

and infused samples. The edge of the DCB specimen was sanded and painted white as with the other 

specimens. After which an airbrush was used with black paint to create random black spots that 

covered approximately 50% of the edge. Images captured every second during the DCB tests of the 

DIC specimens and were processed for principal strain fields omitting the precrack from the field of 

analysis.   

As in section 4.3 load vs. displacement curves were all adjusted to ‘zero displacement – zero 

load’ position, so that the slope of the curve at the initial loading stage (which indicates the flexural 

modulus of the beam arms) intersects with the coordinate origin of the plot. This makes all results 

free from the test setup variation, and particularly from a possible variation in the hinges, specimen 

clamps, or errors in zeroing the load. Mode I critical strain energy release rate, GIC, values were 

determined for all conducted tests according to “Compliance Calibration” (CC) method (a.k.a. 

“Berry’s” method). All data reduction techniques recommended by the ASTM standard [145] were 

used and mutually compared. No distinct differences between the results were found, however the 
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CC method afforded the luxury of GIC calculation before and after instantaneous propagation and 

showed the least variation for the ‘B’ specimens.  

An additional consideration is the location of the effective load applied through either the 

blocks or the hinges. In the case of the blocks the load at the center of the block is distributed 

uniformly onto the beam arm, making the effective load at the center of the block as expected. In the 

case of the hinge, the load is applied at one end of the bonded surface resulting in a decreasing 

transfer of stress into the beam arm from the loading point to the edge of the beam arm. This shifts 

the location of the effective load transferred to the beam arm back an unknown distance, increasing 

a0 a small amount from how it is defined for fracture toughness calculations. As of this date, this 

author knows of no paper that discusses this particular difference between load blocks and hinges 

and the effects on toughness, however it could be theorized that since a0 is actually greater than 

measured, then the toughness values reported for hinges are actually smaller and would require a 

simple correction factor based on the hinge geometry. 

5.5 RESULTS AND DISCUSSION 

The SEM images in Figure 5.3 are taken at the center of the composite interleaves before 

testing. Figure 5.3a shows that no prepreg resin has reached the center of the interleaf as the CNTs 

are compact but dry. Note that apparent lack of alignment is most likely a byproduct of sanding the 

composite surface. The infused samples show that resin has penetrated into the center of the 

interleaf, although there are still a significant number of nano-voids present. Oddly, the plasma 

functionalized interleaf, P, shows the poorest quality of infusion, despite showing the lowest contact 

angle in section 3.6. This would suggest that water contact angle is not an appropriate test to predict 

infusion quality of epoxy resin. Figure 5.3c shows the presence of clean brittle fracture of the CNTs 
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and matrix which further enhances the evidence that there is a strong chemical bond between the 

CNTs and resin. 

 
Figure 5.3(a-d) – Cross-sectional images of the center of the D (a), N (a), A (c), and P (d) interleaves. 

Figure 5.4 shows representative load vs. displacement curves for specimens of each interleaf. 

Infused interleaves show large differences in characteristic curves due to large load drops that occur 

irregularly during the test. It is clear that the B sample shows characteristic stick-slip delamination 

behavior from the regular jagged shape of the load curve. Crack jumps are typically 2-5 mm for the 

non-interleaved specimens. The N and D samples illustrate that the CNTs exhibit a smoothening of 

the load curve. 
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Figure 5.4(a-b) – Representative load vs. displacement curves for B, N, D (a), A, and P (b) samples. 

Figure 5.5a shows the compound of all fracture toughness results for all specimens tested; 

this well illustrates the observed data scatter. It has to be pointed out that in this work, unlike in 

traditional DCB test data collection and reduction (where GIC values are calculated at specific values 

of Δa), data were collected in a manner that allowed high precision monitoring of each actual crack 

advancement step and, subsequently, measuring with high accuracy each actual crack length 

increment Δa, rather than assuming equal consecutive increments. Obviously, this data collection 

approach makes it more difficult to visually recognize each data set corresponding to some individual 

specimen when all the data sets are shown on one plot. Also, mutual comparison among different 

materials becomes cumbersome. To overcome these problems, the data set for each sample was 

further represented by a best fit polynomial trendline at the point of R2 convergence which closely 

represents the trends seen in each data set, as shown in Figure 5.5(b-f). Using the trendlines made it 

possible to (i) calculate the GIC at equal crack length increments identical for all of the specimens and 

(ii) conveniently compare results obtained for all samples. Notice also that the infused samples show 

much higher scatter than the baseline or D interleaved samples. This is most likely due to the complex 

delamination path that will be discussed later in this section. 
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Figure 5.5(a-h) – R-curves for all samples (a) with best fit polynomial trendlines at the point of R2 convergence for all (b-c), 

baseline (d), non-functionalized (e), dry (f), acid (g), and plasma (h) sample sets. 

Table 5.1 compares the percent difference in GIC values of interleaved laminates to the B non-

interleaved laminate; green color indicates an increase while red color indicates a decrease. In the 

case of D laminate the highest effect of GIC increase of 61.4% is seen for the by the 7 mm point along 

the trendline. The gradual rise up to this point closely matches the trend of the infused N sample; 

after that it reduces gradually to 0 at ~25-mm crack length, and then becomes increasingly negative 

up to the final 50-mm crack length recorded in these tests. This gradual decline in toughness 

compared to the baseline, in the authors’ opinion, is likely due to the inherent GIC increase with the 

crack growth for B laminate due to fiber bridging competing with the toughening effect of the D 

interleaf. Fiber bridging is well documented in the testing of unidirectional composites; it typically 

results in substantial “artificial” increase of Mode I fracture toughness [128,137,251]. The roll that 
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fiber bridging plays, if any, in the toughening of the interleaved samples is dependent on the fracture 

path, and will be studied using fractography. 

Table 5.1 - Percent improvement over the non-interleaved baseline sample. 

  Infused 

Δa Dry 
Non-

Funct. Plasma Acid 

0.2 -4.9 75.8 63.9 100.3 

1 13.1 84.6 62.6 93.2 

2 30.5 92.8 61.2 85.2 

3 43.1 98.5 60.0 78.2 

4 51.8 102.2 58.9 71.9 

5 57.4 104.3 57.8 66.2 

6 60.4 104.9 56.9 61.1 

7 61.4 104.5 56.0 56.6 

8 60.7 103.1 55.1 52.5 

9 58.8 101.0 54.1 48.8 

10 55.9 98.4 53.2 45.5 

15 33.7 80.4 47.3 32.9 

20 10.7 61.3 38.4 25.2 

25 -5.9 46.1 25.1 20.3 

30 -14.6 36.7   

35 -17.0 33.4   

40 -16.0 35.4   

45 -14.6 41.2   

50 -15.3 49.1   

 

N type laminates show significant improvement in the GIC values for the whole range of crack 

length. Interestingly, as Table 5.1 shows, the resin-infused interleaf yields non-monotonic variation of 

the GIC improvement with crack length with a trend that closely resembles that of the dry SPS. The 

initial value is 75.8%, then it grows up to the peak of 104.9% for 6-mm crack length, and after that 

decreases similarly to the case of dry CNT interleaf; though it is still a positive 46.1% when the effect 

of dry interleaf turns zero. The minimum of 33.4% is reached for 35-mm crack, and after that another 

increase of the GIC improvement starts. We do not have explanation of these peculiarities at this point, 
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although as an upward trend in an R-curve is indicative of composite fiber bridging, it is possible that 

the initial upward trend for both D and N samples indicates the presence of nanofiber bridging. 

 
Figure 5.6 – Schematic of how fracture surfaces are analyzed. 

Optical microscopy is conducted on the fracture surface of the test specimens as in Figure 5.6. 

Images are taken with a0 on the left side of the fracture surface. Figure 5.7 is a representative image 

of a D fracture surface, and shows a probable propagation path through and beside the CNT interleaf 

based on the characteristics. As the majority of the fracture surface shows black areas on symmetric 

surfaces it is a safe assumption that the delamination path travels through the D interleaf causing 

fracture or pull-out of CNTs on both surfaces. Additionally, there is a small region with a dark CNT 

surface and a glossy grey surface (although the gloss is difficult to see in the image). This suggests that 

it is also possible for the crack path to deviate outside the interleaf along the interface of the interleaf 

or even into the resin interphase. An example of fiber interfacial failure is observed in Figure 5.8 for 



 

121 

the N interleaf. While there is still propagation through the interleaf, there is also deviation out of the 

interleaved region and into the ply interfaces, which most likely is one of the reasons for improved 

fracture toughness of the infused samples. A and P fracture surfaces share similar characteristics with 

N interleaves. 

 
Figure 5.7 – Fracture surface of representative D specimen with schematic of representative crack path based on fracture 

surface characteristics. 

 
Figure 5.8 - Fracture surface of representative N specimen with schematic of representative crack path based on fracture 

surface characteristics. 



 

122 

SEM images provide micro characteristics of the interleaved fracture surfaces. Figure 5.9 

shows the cross-section of both fracture surfaces at a0 for D and N samples. It is clear that CNTs are 

present on both fracture surfaces confirming CNT failure and propagation through the SPS. Figure 5.9c 

shows a chaotic surface of long CNT pull-out, along with distinct interleaf, resin interphase and 

composite regions that result due to the poor infusion of the viscous prepreg resin into the compact 

SPS. Comparing to the N interleaf it is clear that the chaos of the fracture surface is enhanced by the 

presence of the infusing resin. 

 
Figure 5.9(a-d) - SEM of D (a,d) and  N (b,e) near initiation. Scale arrow denotes propagation direction. 

 Figure 5.10 compares all four interleaved fracture surfaces. It is clear that the fracture surface 

of the functionalized interleaves is dramatically different from the non-functionalized SPSs. 

Functionalization results in a clean, regular fracture surface when propagated through the interleaf. 

Regular short CNT pull-out between 5-10 µm is present in both A and P interleaves. This type of failure 
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is similar to that of fiber reinforced composites with a brittle ceramic matrix, which suggests that the 

matrix resin is embrittled by the presence of the CNTs as described in [102]. If the epoxy matrix is 

behaving as a brittle material it explains why fracture toughness is not improved by functionalizing 

the nanotubes that are shown in section 3.6 to improve stress/strain transfer between CNTs and 

matrix, specifically for the A interleaf. Brittle matrix toughness is governed primarily by fiber pull-out 

and slippage. As bonding between the fiber and matrix increase the fracture toughness decreases 

[252]. As Lamon describes it is necessary to have debonding between the fiber and matrix otherwise 

catastrophic failure propagates through the reinforcing fibers. It is also possible that the matrix is 

embrittled by the presence of the nanovoids due to imperfect infusion as seen in Figure 5.3. Thus the 

matrix material is behaving as a porous ceramic-like material. 

 
Figure 5.10(a-d) – Micro scale SEM images of D (a), N (b), A (c), and P (d). Scale arrow denotes propagation direction. 
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Figure 5.11 shows a close up of CNT pull-out from 3 representative specimens. Acid and 

Plasma interleaves showed similar pull-out characteristics so only an Acid fracture surface is depicted. 

It is clear that the non-functionalized show long and chaotic CNT pull-put, but the functionalized 

surface is very regular and consists of short CNT lengths of approximately 5-10 µm. 

 
 Figure 5.11(a-f) – Approaching nano scale SEM of D (a,d), N (b,e), and A (c,f) interleaves near initiation. Scale arrow 

denotes propagation direction. 

DIC results in Figure 5.12 show different strain fields for all specimens. At this time results are 

purely qualitative in interpretation. Baseline specimens show a large area of stress concentration that 

reaches into the beam arms behind the crack tip as well as in front. Propagation of the crack seems 

to occur as the strain in the beam arms is transferred into the crack tip. The dry specimen shows 

similar characteristics, however the strain at propagation is diffused along the interleaf resulting in a 

longer strain field consisting of lower concentrations at the crack tip after propagation. The infused 

specimen seems to show a uniform circular strain field at the crack tip with all strain concentrated at 

the tip and little strain transferred back into the beam arms. What’s more is that the strain field seems 

to remain relatively constant before and after propagation. These results are preliminary, but they 
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are clear evidence that DIC could be a useful tool to interpret the mechanisms of energy release as 

the crack propagates. 

 

 

 
Figure 5.12 – DIC image capture before propagation (left) and after propagation (right) for baseline (a), dry (b) and infused 

(c) specimens. 
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5.6 CONCLUSION 

SPS interleaves are shown to have a significant improvement on Mode I fracture toughness 

of CFRP laminates. This improvement, that was not observed in Chapter 4, is most likely due to the 

precise and accurate testing, as well as a change in CNT morphology that resulted from a difference 

in chlorine concentration during growth, and the addition of a longer post-treatment that cleaned 

residual amorphous carbon and excess Fe and catalyst which would reduce intermolecular 

interactions between CNT and matrix. Infusing the interleaf with a low viscosity resin prior to 

integration with the laminate composite further enhances the toughening abilities of the SPS. DIC 

might offer some insights into the specific mechanisms, however a larger sample must be used before 

any conclusions are made based on the results. Interestingly, the functionalized SPS show a decrease 

in fracture toughness despite the Acid sample showing improved strain transfer when tested as a CNT 

composite. This behavior is explained by the presence of nanovoids and embrittlement of the epoxy 

as a result of the high volume fraction of the CNT preform, which now behaves similar to a brittle 

ceramic material. 

The steady-state propagation of the crack with the SPS interleaves suggests that the CNT 

preform might also resist catastrophic failure and potentially, improve fatigue resistance as well as 

fracture toughness. SPS tend to show highest toughening improvement within the first 10 mm of crack 

propagation and often much closer to the initiation values. This could result in the ability to absorb 

the peel strains near the free edges of composite joints and improve the failure loads of the joints. 
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6 CNT INTERLEAVING OF ADHESIVELY BONDED COMPOSITE JOINTS 

6.1 BACKGROUND 

Failure of composite joints is typically associated with shearing stress within the joint. Basic 

shear strength of an adhesive is determined with a lap joint specimen, however, imbalance of the 

joint typically results in loading the adhesive in tension rather than shear. A double strap joint achieves 

a balanced structure and results in a purer form of shear failure. Mode I fracture is thought to mimic 

the peeling force at the free edge of the joints and initiates failure due to the exceptionally high 

stresses resulting from the peel strains at the edge of the joint. The toughness improvement seen in 

the previous chapter suggests that modification of the adhesive layer of a joint could improve the 

joint strength. Real world fracture toughness is a result of a combination of the 3 shearing modes. 

Even with evidence of CNT reinforcement improving Mode I fracture toughness there is no guarantee 

of improvement in a real world system due to the contribution of the other failure modes, thus it is 

necessary to test a composite joint. 

6.2 EXPERIMENTAL 

Two composite joints are fabricated to test the influence of SPS modified adhesive layer on 

the failure strength of the joint. As the objective of the study is to observe the shear strength of the 

modified adhesive rather than the adhesive strength to CFRP, SPS are infused with low viscosity resin 

and then incorporated into a prepreg layup and co-cured. SPS are located in what would normally be 

an adhesive interlayer bonding cured composite adherends, and will be referred to as the adhesive 
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interlayer or SPS adhesive. Specimens cut from the layup possess the same geometry as lap and 

double strap joints. The co-curing eliminated the need to find a low viscosity resin (needed for 

infusion) that bonds well with CFRP panel. Both joints were tested on an MTS 2000kN load cell with a 

2000 psi hydraulic clamping force at a strain rate of 0.1 mm/min and a gauge length of 240 mm. 

Specimen width was approximately 22 mm. CNT alignment is parallel to the direction of loading. 

6.2.1 Lap joints 

SPS are fabricated as specified in Chapter 4 and are composed of 1500 µm long CNTs in a 25 

x 25 mm array. SPS were used as-is, like the Dry samples from earlier chapters. Test methods were 

modeled after methods from [253–255], as the specimen geometry incorporated tabs in order to 

eliminate effects from grip misalignment observed in lap joint samples specified by the standards. 

Fabrication followed the process seen in Figure 6.1, beginning with a [0°]8 layup of carbon fiber 

prepreg with a 1500 µm long CNT SPS placed between two 12 µm thick pieces of Teflon film. The 

prepreg layup was cured in a vacuum bag layup under 45 psi pressure at 290°F for 2 hours. At which 

point the structure was removed and cuts were made to a point when the Teflon film was visible using 

a diamond blade circular table saw, allowing for tabs to be removed and producing a lap joint. 

Sample 4 specimens were tested without the SPS and are referred to as Baseline (B) and 3 

specimens were tested with a dry SPS at the plane of failure equivalent to an adhesive layer and are 

referred to as Dry (D).  
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Figure 6.1 – Lap joint fabrication and specimen dimensions 

6.2.2 Double strap joints (DSJ) 

SPS are fabricated as specified in Chapter 5. DSJ are fabricated from unidirectional carbon 

fiber prepreg in a [0°]16 lay-up as seen in Figure 6.2. Two straps were fabricated from 4 plies of the 

prepreg and two adherends were fabricated from 8 plies. A small portion of the blue protective film 

was then removed in order to place 1 x 3 in SPS that contain 500 µm long CNTs onto the tacky surface 

of the straps. Resin infusion into the interleaf followed the same procedure as in section 5.3 For the 

infused samples the low viscosity resin used was Epotek 301-2. The resin infusion was performed after 

a 5-ply prepreg stack was assembled and the SPS was transferred to the top prepreg surface. At that 

point the resin was heated to 90°C in a microwave to decrease the viscosity to <65 cP and spread in a 

thin layer over the SPS and prepreg surface. The 5-ply prepreg panel with attached infused SPS was 

then placed in vacuum at room temperature for 10-15 minutes to promote better resin infiltration 

into the SPS. After that excess resin was removed from the SPS and the remaining 5 prepreg plies 

were added on top. The laminate lay-up was allowed to rest for a period of 24 hours under a steel 

plate in order to allow the infused SPS to partially cure so as to maintain its shape during cure. The 
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prepreg layup was cured in a vacuum bag layup under 45 psi pressure at 290°F for 2 hours. Specimens 

were cut using a wet tile saw with a diamond blade. 

 
Figure 6.2 – DSJ prepreg lay-up and fabrication. 

Figure 6.3 shows the examples of the cured and cut DSJ. Edges of the joints were carefully 

filed down to create a flat surface while taking care not to damage the adherend at the free edge. Due 

to some shifting during cure and error during the lay-up it was possible for some slight misalignment 

of the straps as is also shown in Figure 6.3. This could cause premature failure of adhesive edge. The 

effect was mitigated in most cases by filing the edges, however in most cases there was some 

alignment up to 1 mm. On all but one specimen this appeared to have no effect as both straps failed 

at the same instant. 
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Figure 6.3 – DSJ geometry and strain gauge locations.  

Two Micro-Measurements 350 ohm strain gauges with a 2.1 gauge factor were mounted at 

the center of the DSJ specimens, one on the adherend and the other on the strap. Specimens were 

mounted in the test fixture as shown in Figure 6.4. Five specimens are tested for each sample. Samples 

consist of a Baseline (B), which contains no SPS at the adhesive interface, and Infused (I), which 

contains an infused SPS between the straps and adherends. 

 
Figure 6.4 – DSJ test set-up. 
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6.3 RESULTS AND DISCUSSION 

Observing Table 6.1 it appears that there is a slight reduction in failure loads and 

displacements by incorporating a dry SPS as an adhesive layer. This is consistent with results from DCB 

testing in Chapter 4 which showed a reduction in fracture toughness for the same interleaf. This 

implies that Mode I delamination, or peel failure, is the dominant failure mode in lap joints. This is 

consistent with what is written in the literature [122]. Interesting to note is that the DCB results 

indicated a 20% improvement in initial fracture toughness, which should correlate with failure of the 

joint as the joint fails instantaneously and should not be dependent on propagation toughness. This 

suggests that the contribution of the other modes of failure contribute to the reduced properties of 

the SPS modified interface compared with the Baseline. 

Table 6.1 – Lap joint test data at point of failure. 

 Displacement (mm) Load (kN) 

Baseline 0.435 ± 0.074 9.538 ± 0.847 

Dry SPS 0.376 ± 0.012 8.474 ± 0.308 
 

 The double strap joints, which should fail in a purer form of shear failure consistent with Mode 

II fracture toughness, also show results that correlate with the Mode I DCB tests.The Infused SPS, 

which is identical to the Non-functionalized sample in Chapter 5, shows similar improvement in the 

joint over the Baseline sample in DCB testing. Unfortunately, the more than 100% increase seen in 

the DCB tests is not directly translated to the DSJ failure loads, which show no statistically significant 

improvement based on standard deviations and only a 4.5% increase of the mean failure load. 

Contrasting with the lap joint results, this suggests that failure of the DSJs is not dominantly governed 

by Mode I peel stresses, and that Mode II fracture toughness is more likely to contribute significantly 

to strength of the joint. 
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Interestingly the leg and strap strain-to-failures show a reduction with the incorporation of 

the Infused SPS, which suggests an increased modulus of the adhesive layer consistent with 

preliminary infusion tests in Chapter 3. There could also be a slight effect of increased thickness of the 

failure interlayer due to the presence of the infused SPS. Thus a tougher interlayer does not 

necessarily translate into a stronger joint. 

Table 6.2 – Double strap joint test data at point of failure. 

 
Peak Load 

(kN) 

Grip 
Displacement 

(mm) Grip Strain % 
Peak Leg 
Strain % 

Peak Strap 
Strain % 

Baseline 32.6 ± 1.37 0.990 ± 0.038 0.420 ± 0.011 0.306 ± 0.056 0.204 ± 0.061 

Infused 34.1 ± 1.79 1.135 ± 0.068 0.473 ± 0.028 0.283 ± 0.004 0.188 ± 0.025 

 

6.4 CONCLUSION 

Despite significant improvement in Mode I fracture toughness, no such improvement is 

observed in single lap or double strap joints. While peel failure does seem to dominate for lap joints, 

the contribution of other shearing forces at failure significantly reduces the effect of the SPS adhesive 

layer. DSJ show even less influence of improved GIC with the addition of the SPS, suggesting that the 

joint failure is governed by other forms of fracture toughness. 
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7 CONCLUSION 

Ideal CNT structure in a SPS would be perfectly straight with a low number of walls. 

Fabrication of the SPS is more readily facilitated by a CNT array having low density or by utilization of 

a parabolic loading scheme. Higher growth temperatures produce CNT arrays with consistent 

structure and lower CNT density. Past ~600 µm of array growth CNT morphology may deviate farther 

from linear. 

Heat assisted infusion of the SPS produces stronger CNT composites than solvent assisted and 

lacks the chemical variability from interactions with residual compounds within the arrays, however 

it seems that nanovoids are still present in the composite which reduces the properties of the matrix 

and the composite overall. A novel method of wet chemical processing showed the process was 

effective in adding hydrophilic oxygen functional groups to the sidewalls of CNTs which improved the 

mechanical properties of the infused SPS. Unfortunately, due to the embrittlement of the epoxy 

matrix the functionalized interleaf does not improve fracture toughness as much as the non-

functionalized SPS. 

With proper interleaf fabrication, infusion, CNT structure, array growth, and testing it is 

possible to improve the Mode I fracture toughness of a composite laminate by more than 100% over 

a non-interleaved composite. Additionally, the toughening effect of the SPS appears to be strongest 

near the crack initiation point, and might also help to resist catastrophic delamination. Data reduction 

method can have a significant influence on observed toughening of the interleaf, thus it is important 

to compare the unreduced data within a study in order to observe possible effects of the interleaves 

that may get hidden by the data reduction. As with traditional interleaving studies it is possible to 

decrease delamination energy release rate as well as increase and the reasons for either are not 



 

135 

always clear.  While the SPS interleaves are promising to resist delamination, the scatter of the results 

make it an unreliable method of improvement. 

Changing chlorine concentration during growth and/or the addition of a longer post-

treatment on CNT arrays seem to be necessary to produce SPS interleaves that show significant 

toughening effects. Mode I failure simulates peel strain seen near the free edge of adhesive joints, 

but improvement in GIC does not necessarily translate into improved joint strength due to the complex 

failure of the combined modes of failure.  

7.1 FUTURE WORK 

Additional work should focus on fabrication of an ideal SPS. This involves studying the CVD 

growth of nanotube arrays in order to control the array density and the CNT structure, which should 

be perfectly linear with a small diameter (low number of walls). Functional groups on CNT sidewalls 

are necessary to fully transfer matrix strains to the CNTs, so the method of wet chemical 

functionalization introduced in this work should be studied in more depth so that it can be optimized. 

Additional chemical treatments could also be explored using the same method in order to add other 

chemical groups besides hydroxyl, carbonyl, and carboxyl groups. An additional option to using the 

Buchner funnel to rinse the SPS is to use a chemically resistant plastic mold and inject the pressed 

structure with the chemical treatment, as in Figure 7.1. This could be accomplished by utilizing the 3D 

printers at NCSU and printing a custom designed polypropylene mold that could apply shearing force 

to collapse the array and then apply the functionalization in one step. An alternative technique that 

could be explored with modification to the CVD furnace is fluorination, which can be applied in situ at 

the end of array growth. The fluorine groups could serve as valuable precursors for additional wet 
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chemical treatments to add depth to the number functional groups possible. Functionalization opens 

several avenues of research as the different chemical side groups along sidewalls can add a wide 

variety of diverse properties and applications to the SPS. 

 
Figure 7.1 – Custom polypropylene mold for simultaneous shear pressing and wet chemical CNT functionalization. 

In order to fabricate a CNT composite with fully realized properties it is necessary improve 

the infusion process. This is most likely achieved by reducing the viscosity of the resin further and 

using pressure to push resin into the array to eliminate nanovoids, which are still present with vacuum 

assisted infusion. This would involve using resin transfer molding with the CNT preform contained in 

the mold. Injecting the heated resin using high pressure should allow for a void free nanocomposite. 
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This may also be done using an autoclave by performing a heat and pressure assisted VARTM infusion 

within the autoclave. This would also be an interesting avenue of study for optimized infusion of a 

SPS. The other promising avenue is that would work well utilizing the molds fabricated for 

functionalization is in situ polymerization. This has the advantage of incorporating tougher polymer 

matrix systems that only polymerize with certain reaction conditions such as applied heat or UV light. 

Until the reaction is initiated by the required conditions viscosity of the system is low and there is 

ample time for infusion. 

Once the infusion of the SPS is optimized it is possible to study the mechanisms of the 

electrical conductivity through the dense and aligned CNT network. This study would need to account 

for poisson effects of the matrix deformation as it is transferred to the individual CNT and alters the 

spacing, alignment and contact resistance between CNTSs, all of which can alter resistivity of the 

material, possibly in opposite ways. Alignment can be monitored using X-ray diffraction. Chiral effects 

also need to be accounted for, which necessitates a minimum number of tube walls as each wall can 

have a different chirality. Conduction and piezoresistive behavior of the CNT is determined by the 

most conductive chirality in the CNT networks regardless of CNT concentration, and conduction along 

CNTs is dictated by the outermost wall unless the end caps of the CNTs are opened, which opens the 

possibility of ballistic conduction through the center of the nanotube. The difficulty of multiple walls 

is that characterization methods for determining chirality of nanotubes will detect the inner walls as 

well.  

The infused SPS is only useful if it can be incorporated into a composite or a joint following 

infusion. This means that a partial B-stage cure is necessary to fabricate a SPS prepreg material. This 

would involve a special resin that retains surface reactivity after the partial cure in order to bond well 

in a laminate lay-up, or ideally, be used as an adhesive film in composite joints. This might involve 
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formulation of a new low viscosity polymer or epoxy adhesive material and an optimized procedure 

for B-stage curing. 

Until the appropriate resin system is developed it is possible to use the Epotek 301-2 system 

used in the previous studies to infuse the SPS and fabricate laminate joints as in Chapter 6 or end 

notch flexure specimens to study Mode II failure resistance. It would be useful to incorporate a more 

detailed DIC study into Mode II and joint failure studies. Additionally, as the SPS interleaves show 

potential at resisting catastrophic delamination, they may also improve fatigue resistance, and as 

literature studying the mechanisms of fatigue resistance is somewhat lacking in the literature, this 

study might be particularly useful and beneficial to the research community. 

It is clear that many research avenues exist from the results shown in the previous studies. 

Initial and extensive studies to produce ideal nanotube arrays for reinforcement by studying growth, 

functionalization methods, infusion optimization, and development of an appropriate adhesive resin 

are all separate research projects that should preclude all other studies and can be performed 

concurrently. Once all are optimized and understood it is then possible to move on to electrical 

characterization, DIC of delamination toughness, joint strength, and fatigue resistance, and the 

numerous additional avenues opened by the diversity of functional groups added to CNTs within the 

SPS. Overall, it is a rich avenue of research that would deepen the understanding of CNT growth, micro 

and nano-scale composite failure and fatigue resistance, conductivity of an aligned high volume 

fraction CNT network, and CNT functionalization chemistry. These studies were just the beginning. 
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