[bookmark: _GoBack]Adhesives with nanoparticles

Ambrose C. Taylor, Imperial College London, UK

Author Information:
Dr. Ambrose Taylor
Department of Mechanical Engineering
South Kensington Campus
Imperial College London
London SW7 2AZ
United Kingdom
Tel +44 (0) 20 7594 7149
Fax +44 (0) 20 7594 7017
E-mail a.c.taylor@imperial.ac.uk
Website www.imperial.ac.uk/MEnanomaterials  




Abstract:
The increased commercial availability and the reduced prices of nanoparticles are leading to their incorporation in polymers and structural adhesives. This chapter outlines the principal types of nanoparticles, and the methods that may be used to disperse the particles in a polymer matrix. It discusses how nanoparticles can alter the mechanical properties (e.g. stiffness), electrical properties (e.g. conductivity), functional properties (e.g. permeability, glass transition temperature), and fracture performance of thermoset polymers. The effect of nanoparticles on joint performance is also discussed. 
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[bookmark: _Toc195442833]58.1.1 Nanotechnology
It can be argued that nanotechnology is not new, as the use of nanoparticles to alter the properties of materials is not a recent development. For example, the late Roman (4th century AD) Lycurgus cup is on display in London at the British Museum. This cup is made of cut glass, and looks green in reflected light, but appears red when light is shone through it. This effect is due to the light being scattered by the colloidal dispersion of gold and silver nanoparticles, which are about 70 nm in diameter, in the glass. Another example is carbon black, as used currently in millions of car tyres and printer cartridges per year, which is composed of particles of size 20 nm and above. However, this material was first produced 3500 years ago in China as lamp black. 

Nanotechnology has become a hot topic in science and engineering in recent years. One of the definitive points in the history of nanotechnology came in a lecture by Richard Feynman, in 1959, entitled ‘there is plenty of room at the bottom’ (Feynman 1959). In this lecture, Feynman highlighted the potential of working at a micro- or nanoscale, and discussed the problem of manipulating and controlling things on a small scale. He issued a challenge to scientists (and engineers) to work at very small scales, and this challenge is now being taken up.

So what is nanotechnology? Nanotechnology could be defined as the combination of existing technologies with the ability to observe and manipulate at the nanometre (10-9 m) scale (Hay and Shaw 2001; Harper 2003). The question is then, why is there so much interest in nanotechnology now? It is linked to (a) the expanding ability to synthesise nanometre-scale materials, and (b) the availability of the tools which enable the imaging of structures at this scale. Thus it is now possible to characterise how nanoparticles are dispersed and start to understand why the observed effects occur, something that was not possible for the Romans. As the limits of the nanoscale, say at scales of less than 20 nm, are approached then different effects, such as quantum effects, become more significant. 

A major concern with the use of nanoparticles is their potential toxicity. Care must be taken not to repeat the health problems caused by exposure to asbestos. Stories of potential catastrophe such as Michael Crichton’s book ‘Prey’ and Prince Charles’ ‘grey goo’ speech have not helped the perception of nanoparticles and nanotechnology (Radford 2003). Hence manufacturers are approaching this new technology cautiously. Studies are underway to assess the health effects and some results have been published, e.g. (Lam et al 2004; Warheit et al 2004; Brown et al 2007), but as yet there is no real agreement on the real dangers to health due to inhaling nanoparticles. It must be borne in mind that the nanoparticles in cured adhesives are not free in the atmosphere, but are bound into a matrix. Recent studies indicate that even during fracture of a nanoparticle-modified epoxy material only a few nanoparticles are released into the atmosphere. In contrast, nanoparticles are produced in large quantities by the combustion of fossil fuels, and millions of tonnes of nano- and submicron-particles are already in use by various industries including in paints and toiletries. 

[bookmark: _Toc195442834]58.1.2 Nanoparticle reinforcement
Five basic characteristics of particulate fillers were defined by Rothon and Hancock (Rothon and Hancock 1995). These remain true whether the particles are micro- or nanoparticles:
1. What properties are being sought?
2. What deleterious changes may also occur and can they be tolerated?
3. How easy is the filler to handle and how might it affect processing?
4. Are any special additives needed?
5. What is the true cost of using the filler, is it justifiable and are there more cost-effective alternatives?

Rothon and Hancock observed that it is widely assumed that fillers are cheap and that polymers are expensive (Rothon and Hancock 1995). Conversely, for nanoparticles it is widely assumed that nanoparticles are expensive and that polymers are cheap. This is not necessarily the case. As the nanoparticle manufacturing industry expands, nanoparticles are increasingly available in large (i.e. tonne) quantities. The prices of expensive nanoparticles such as carbon nanotubes are also being reduced. The price of nanoparticles varies greatly with the type as well as with the purity of the material. For example, silica nanoparticles supplied dispersed as a masterbatch in epoxy cost about $20 per kilogram (Nanoresins 2008), and core-shell rubber nanoparticles similarly dispersed cost approximately $12 per kg (Kaneka 2008). Nanoclays can cost as little as $7 per kg (SigmaAldrich 2008). However, a kilogram of carbon nanotubes cost between $400 and $98,000 in Autumn 2009 (CheapTubes 2009). 

Nanoparticles are, by definition, very small. It must be noted that the interparticle distance for nanoparticle-modified polymers is also very small, especially at high volume fractions. These factors may affect the interaction between a particle and its neighbours, or between a particle and the polymer surrounding it, or may affect the structure of the polymer itself. Hence the properties of a particle-modified polymer may vary depending whether nanoparticles or microparticles are used. 

The addition of nanoparticles can be simply a marketing tool, as the performance benefit which they provide could often be obtained using conventional fillers at a much lower cost. However, some very successful applications that rely on the small size of nanoparticles have been shown, for example the addition of ceramic nanoparticles to transparent coatings gives improved scratch resistance without loss of transparency. Nanoparticles have also been used in sporting goods, for example carbon nanotubes in tennis racket or bicycle frames, and ski poles which use a glass fibre composite with silica nanoparticles.

[bookmark: _Toc195442835]58.2 Nanoparticles
[bookmark: _Toc195442836]58.2.1 Nanoparticles definition
The common definition of a nanoparticle is that it has at least one dimension in the nanometre range. Indeed, the term ‘nano’ has virtually replaced ‘sub-micron’, even when the latter is more appropriate. A search of the scientific literature published in the last 5 years yields more than 60,000 per year which mention ‘nano’, but less than 3,000 papers per year which mention ‘sub-micro’ (of which almost a third mention ‘nano’ as well). Nanoparticles are characterised by a large surface area to volume ratio. They can be made from a wide range of materials - metallic (e.g. gold, silver), ceramic (e.g. silica, alumina, layered silicates, silicon carbide), or organic (e.g. carbon black, rubber particles, graphene, carbon nanotubes and nanofibres). Due to the small size of nanoparticles, the numbers present in nanoparticle-modified materials are enormous. For example, there are approximately 1017 individual particles in 1 kg of 20 nm silica nanoparticles. 

As many nanoparticles are smaller than the wavelength of light (about 400 - 700 nm), they appear translucent when added to a translucent polymer. A consequence of this is that they are too small to be seen using optical microscopy, but can be imaged by high-magnification techniques, such as transmission electron microscopy (TEM), atomic force microscopy (AFM) and field emission gun scanning electron microscopy (FEGSEM). The structure of nanoparticles can also be characterised using X-ray diffraction or other techniques (Wang 2001). Because the particles are so small, it is not normally possible to measure their mechanical properties, and hence these are assumed to be the same as for the bulk material, or equal to those of a similar material. For many applications, such as the prediction of the mechanical properties of nanoparticle-modified materials, this appears to be a reasonable assumption.

As with micron-sized fillers, the particle shape and aspect ratio are important in determining the properties of nanoparticle-modified materials, such as stiffness, flow characteristics, tensile strength etc.. The aggregation and dispersion of the particles are also important, and may also affect the properties. Nanoparticles can be classified by their shape, as equi-axed (e.g. spherical), rod-like and plate-like. These classes will be discussed in turn. 

[bookmark: _Toc195442837]58.2.2 Equi-axed nanoparticles
Most equi-axed nanoparticles are spherical, but irregular particles are also available. The common particles are metallic (e.g. gold, silver), ceramic (e.g. silica, alumina, titania), or organic (e.g. rubber particles, fullerenes). The ceramic particles are typically prepared by sol-gel or flame-spraying methods; silica and alumina are commonly used with adhesives, see Fig. 58.1. Rubber particles are typically core-shell particles, with a soft core and a hard shell of a polymer such as poly(methyl methacrylate). 

Adhesion_fig1
Figure 58.1: Transmission electron micrograph of silica nanoparticles in epoxy. (Courtesy S. Sprenger).

[bookmark: _Toc195442838]58.2.3 Nanotubes and nanofibres
The rod-like nanoparticles which are commonly discussed in the scientific literature are carbon nanotubes. Carbon nanofibres (CNFs), which have a larger diameter, are also available. They are cheaper and are available in much larger quantities than carbon nanotubes. Ceramic nanotubes (e.g. zirconia, tungsten disulfide) or whiskers (e.g. silicon nitride, silicon carbide, alumina) can also be used. 

Carbon nanotubes were first reported by Iijima (Iijima 1991; Iijima and Ichihashi 1993), and are effectively sheets of graphite rolled into tubes. They are produced by chemical vapour deposition (CVD), electric arc, or laser ablation processes (Harris 1999; 2009). These techniques produce nanotubes with different lengths, straightness, purities, and degrees of entanglement. Hence the nanotubes require purification to remove the amorphous carbon that is also produced, typically by heating them in a mixture of nitric and sulfuric acid (Gojny et al 2003). CVD is becoming the most popular method for producing relatively large quantities of nanotubes relatively cheaply. In this technique the nanotubes are grown on a ceramic substrate, rather like the bristles of a brush. The length of the nanotubes can be controlled, and they have a relatively low degree of entanglement. 

There are two principal types of carbon nanotubes. Firstly, single-walled nanotubes (SWNTs) have a single graphene layer rolled into a tube typically 1-2 nm in diameter, with hemispherical end caps (Iijima and Ichihashi 1993; Tjong 2006). Secondly, multi-walled nanotubes (MWNTs) are comprised of a number of co-axial graphene tubes, each with an end-cap. The outer diameter of a MWNT is typically 3-10 nm. Under tension, only the outer layer of a MWNT carries the load as the van der Waals forces between the layers are too weak to transfer stress to the inner layers (Lau et al 2004). Variants such as double-walled nanotubes (DWNTs) are also available. The length of nanotubes varies significantly, but they can be as long as several millimetres (Chakrabarti et al 2006). Hence nanotubes can possess very large aspect ratios. Their modulus has been measured to be up to 1 TPa, with strengths of up to 150 MPa (Demczyk et al 2002), although they are rather flexible normal to their axis (Saito et al 1998). However, it is difficult to adhere the tubes to a matrix, and hence surface treatments are used to activate the surface, which can weaken the tubes. The electrical properties of nanotubes vary from metallic to semi-conducting depending on their chirality.

Vapour-grown carbon nanofibres do not have such a high aspect ratio as carbon nanotubes, and have more defects. However, they are significantly cheaper and available in much larger quantities. The nanofibres are typically 50-200 nm in diameter and 30 to 100 µm long (Green et al 2006; Zhou et al 2007), as shown in Fig. 58.2. 

Adhesion_fig2
Figure 58.2: Scanning electron micrograph of carbon nanofibres in an epoxy matrix, showing fractured surface. (Courtesy J.H. Lee).

Ceramic whiskers have been produced for many years, as reported by Gordon, though their use in epoxies seems to be limited (Gordon 1978). However, aluminium borate whiskers have been combined with thermoset polymer matrices by Liang and co-workers (Liang and Hu 2004; Tang et al 2007). Ceramic nanotubes have been produced by coating carbon nanotubes with silicon carbide (Morisada et al 2007). Silicon carbide nanofibres, which can be about 40 nm in diameter with lengths of up to several hundred microns, have also been produced (Zhu et al 2002; Bechelany et al 2007). 

[bookmark: _Toc195442839]58.2.4 Plate-like nanoparticles 
A range of plate-like nanoparticles have been used with polymer matrices, including layered silicate nanoclays (e.g. montmorillonite), graphite and α-zirconium phosphate. Generally these particles are comprised of stacks of platelets which are intercalated or exfoliated by the polymer during processing. The resulting morphology is typically described as ‘particulate’ (or ‘conventional’), ‘intercalated’ or ‘exfoliated’, as identified by wide-angle X-ray scattering (WAXS). These microstructures are shown schematically in Fig. 58.3 for a nanoclay-modified polymer. In an intercalated microstructure, polymer chains enter the galleries between the platelets and increase the measured spacing (Schadler 2003). For an exfoliated nanocomposite, the platelets are pushed further apart, and the spacing becomes too large to measure using WAXS. Note that an exfoliated structure may be described as ‘ordered’ or ‘disordered’, as shown in Fig. 58.3, but the fully disordered exfoliated structure is relatively rare. For a particulate structure, the particles remain unchanged.

Adhesion_fig3
Figure 58.3: Microstructures of nanoclay-modified polymers. 

Nanoclays (e.g. montmorillonite, hectorite) are layered silicates with a structure of stacked platelets similar to that of mica. The platelet thickness is approximately 1 nm and the lateral dimensions of the plates can vary from 30 nm to tens of microns. Hence the platelets have a high aspect ratio. The layers have a regular van der Waals gap in-between them, called the ‘interlayer’ or the ‘gallery’ (Alexandre and Dubois 2000). These nanoclays are hydrophilic, and hence are typically surface-treated using long chain alkylammonium compounds to make them organophilic. The stacks of platelets can be readily delaminated by organic molecules to form an intercalated or exfoliated structure. 

Natural graphite has also been used. A combination of chemical and thermal treatments can generate exfoliated graphite platelets with a thickness of 20 to 100 nm. Here the graphite is intercalated by an acid treatment, followed by exfoliation by a thermal shock at a temperature of around 600°C. The platelet diameter is in the order of 10 µm, and hence these platelets have a high aspect ratio (Yasmin and Daniel 2004; Yasmin et al 2006b). 

[bookmark: _Toc195442840]58.2.5 Other nanoparticles
Carbon black is mostly an aciniform (grape-like cluster) particulate, which is produced by the incomplete combustion of oil. The current worldwide production is 8.1 million tonnes per year. It is very common as a pigment in inks and toners, and as a functional filler in tyres and rubber products (ICBA 2008).

[bookmark: _Toc195442841]58.3 Manufacturing using Nanoparticles
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To obtain the best properties from a nanoparticle-modified polymer, it is considered that the nanoparticles should be well dispersed, and each particle should be properly wetted by the polymer. If agglomerates are formed instead, these can act as defects resulting in a reduction in performance rather than any enhancement. This is a major challenge when preparing adhesive formulations. 

Dispersing nanoparticles is difficult due to their high surface area and incompatability with the matrix polymer. Generally, a surface treatment or compatabiliser is required, and once agglomeration occurs it is very difficult to break up the agglomerates. Hence particles which are supplied pre-dispersed in a resin (e.g. Nanopox from Nanoresins, or the MX range of core-shell particles from Kaneka) are popular with formulators. However, there is no guarantee that this good initial dispersion will remain after subsequent processing. For example, the addition of a liquid rubber, which phase-separates during curing, to some systems can cause the nanoparticles to agglomerate (Mohammed 2007; Hsieh et al 2010). Although it is normally assumed that good dispersion is required, small agglomerates do not necessarily adversely affect the performance of such systems. 

Assessing the quality of the dispersion of nanoparticles is difficult, as the techniques which can identify particles at the nanoscale such as AFM and TEM involve lengthy specimen preparation. Only a very small volume of the sample can be studied using these techniques, and hence the results may not be representative of the material as a whole. Alternatively, X-ray diffraction can be used, as this technique can analyse a larger volume. However, the data do not characterise how well the particles are dispersed. It is normally suggested that dispersion should be assessed at three size scales – (a) optically, (b) by scanning electron microscopy, and (c) by transmission electron microscopy. If the results from all three techniques indicate a good dispersion of nanoparticles, then it is fairly safe to assume that this is the case. Many authors agree that using optical microscopy is useful to investigate the dispersion of nanoparticles as it highlights the presence of agglomerates, e.g. (Hackman and Hollaway 2006; Brooker et al 2008), although individual nanoparticles will not be visible. Quantitative methods to assess dispersion, using the greyscale of images or by a quadrat method, are being developed (Brooker et al 2010). 

It should be noted that even small volume fractions of nanoparticles involve huge numbers of nanoparticles and very small interparticle distances. Shaffer and Kinloch (2004) point out that: 
‘One major difficulty with small diameter nanotubes is that they become increasingly difficult to wet. By trivial estimation, even a 1 vol% loading of single-walled nanotubes ensures that all of the polymer molecules are within one radius of gyration (say 5 nm) of a nanotube. This result implies that complete wetting of high loading fractions of single-walled nanotubes will be difficult, at least by conventional means, and that even more modest concentrations may be brittle and hard to process due to the constraint of the matrix.’ (Shaffer and Kinloch 2004)

The chemical functionalisation of the nanoparticles’ surface can help improve dispersion, as it can reduce agglomeration, and can also improve the bonding between the particle and the matrix (Gojny et al. 2003; Kathi and Rhee 2008). 

[bookmark: _Toc195442843]58.3.2 Mixing
If nanoparticles are supplied well-dispersed in a polymer, then simple mixing is often enough to blend the particles into an adhesive formulation, e.g. (Kinloch et al 2005). Low-shear mixing is also sufficient for well-compatabilised systems, as the thermodynamics of these materials can ensure a good dispersion. However, if nanoparticles are supplied as an untreated powder they will generally be agglomerated, and these agglomerates must be broken down during processing. Low-shear mixing alone will not break up these agglomerates. High-power dispersion methods, such as high shear mixing and sonication, are the easiest methods to improve the dispersion of nanoparticles in polymers (Xie et al 2005). 

In a multi-component system such as a structural adhesive, the polymer component into which the nanoparticles are introduced does not generally cause a noticeable difference in the final morphology (Hackman and Hollaway 2006; Brooker et al. 2008). However, the morphology may be dependent on the cure time and temperature; plus the temperature, time and shear rate used for mixing. 

For carbon nanotubes, Fiedler et al. report that the size and shape of the impeller and the mixing speed control the dispersion. Intensive stirring of MWNTs in epoxy resin can achieve a relatively good dispersion (Fiedler et al 2006). However, reagglomeration occurs due to frictional contacts and elastic interlocking mechanisms (Schmid and Klingenberg 2000). SWNTs have a greater tendency to reagglomerate than MWNTs, and hence higher shear forces are required to achieve a reasonable dispersion.

High-shear mixing can be achieved using a range of techniques. Hackman and Hollaway (2006) compared low-shear mixing to the use of a grinding media mill, filled with 2 mm diameter glass beads. Green et al. compared low-shear mixing to high-shear generated by extrusion of a nanoparticle-modified epoxy resin through a small orifice (Green et al. 2006). In both cases the high-shear method gave better dispersion. Glass beads have been shown to break down agglomerated nanoclay particles to form a uniform material. However, although neither work evaluated the dispersion at the nanometre-scale using microscopy, differences could be seen at the micro-scale (Hackman and Hollaway 2006). 

A three-roll mill (or calender) has been used by Yasmin et al. to disperse nanoclay in epoxy (Yasmin et al 2003; Yasmin et al 2006a), and by Gojny et al. to disperse nanotubes in epoxy (Gojny et al 2004). This method is commonly used to disperse microparticles in polymers (Fiedler et al. 2006). As it is not a continuous process, the material was collected and fed back into the mill after each pass. The authors assumed that the dispersion was achieved (a) by the shear forces generated between the dispersing the particles as smaller tactoids, and (b) by the combined shear and diffusion processes facilitating the separation and penetration of polymer between the clay platelets (Yasmin et al. 2003; Yasmin et al. 2006a). This process requires a relatively viscous material, and hence is suitable for higher loadings of nanoparticles. According to Fiedler et al. (2006), a major advantage of this method is that it allows the efficient manufacturing of larger quantities of nanocomposites, as the nanoparticle-modified polymer requires only minutes of processing. By comparison, low-shear methods may require processing times of hours. 

[bookmark: _Toc195442844]58.3.3 Sonication
Sonication uses an ultrasonic bath or probe to apply sound energy to a liquid which contains particles. Many authors combine sonication and mixing, especially when using probe sonicators as the power is directed into only a small volume, and the low shear forces do not generally ensure that all of the polymer passes through this volume. The combination of probe sonication with high-speed mixing has been reported to be a relatively successful way to disperse nanoparticles. This technique has been used with nanoclays in epoxy resin (Zunjarrao et al 2006) and in polyimide (Gintert et al 2007). It has also been used with carbon nanotubes in epoxy (Sandler et al 1999). 

The very localised introduction of energy from probe sonication leads to a considerable amount of damage, including buckling, bending, dislocations and rupture of carbon nanotubes (Lu et al 1996; Fiedler et al. 2006). It will also cause local heating of the sample, and hence if sonication is undertaken with a curing agent or initiator present it may be necessary to cool the sample to prevent premature curing (Lu et al. 1996). The use of an ultrasonic bath reduces the energy density and alleviates some of these problems, but the time taken to achieve a reasonable dispersion is much greater (Brooker et al. 2008).

The processing time can affect the size of nanoclay agglomerates (Lam et al 2005). However, the d-spacing (the distance between the nanoclay platelets) was unaffected by the sonication time, and hence exfoliation of the nanoclay could not be achieved using sonication. Gintert et al. also found that sonication was an important step in breaking up nanoclay agglomerates (Gintert et al. 2007). 

[bookmark: _Toc195442845]58.3.4 Alignment
The properties of composites are generally improved by the alignment of the fibres, although this does produce an anisotropic material. It is also possible to align nanoparticles. This is generally achieved by physical means, for example by application of a force, cutting, extrusion or drawing, e.g. (Ajayan et al 1994; Baik et al 2005). Alignment can also be achieved using the application of magnetic or electric fields, with carbon nanotubes e.g. (Chen et al 2001; Martin et al 2005), and with layered silicates, e.g. (Koerner et al 2005). For more information on the alignment of carbon nanotubes, and their dispersion, see the review by Xie et al (2005). 

[bookmark: _Toc195442846]58.4 Properties of Nanoparticle-Modified Polymers
[bookmark: _Toc195442847]58.4.1 Mechanical properties
The addition of high modulus particles increases the modulus of a polymeric material, independent of the particle size; although the stiffening effect may be higher for particles with larger aspect ratios. There are many theoretical models available to predict the modulus of particle-modified polymers, such as the Halpin-Tsai and Mori-Tanaka models, e.g. (Ahmed and Jones 1990). These models have been shown to broadly apply for nanoparticle-modified polymers, e.g. (Kinloch and Taylor 2006), see Fig. 58.4, though more accurate predictions can be obtained by finite element modelling (Sheng et al 2004). The true aspect ratio of the particles, the degree of their alignment, and some idea of the strength of adhesion between the particle and the polymer matrix, are required for accurate predictions. However, the elastic properties of nanoparticles can not generally be measured, and hence are almost unknown. This includes nanoclays such as montmorillonite (Vanorio et al 2003). This absence of modulus data is because the small particle size makes it impossible to perform reliable measurements. Hence, most authors assume that the properties (e.g. modulus, density) of the nanoparticles are equal to those of the bulk material, or of a similar material. 

Adhesion_fig4
Figure 58.4: Relative modulus (composite modulus divided by matrix modulus) of epoxy polymer modified with nanoclay. Experimental data are shown as points, predictions using various theoretical models are shown as lines. (Adapted from Kinloch and Taylor (2006)).

Examples of the stiffening effect that may be obtained using nanoparticles include the addition of 3% carbon nanofibres (CNF) to an amine-cured epoxy polymer (Zhou et al. 2007), which gave a 19% increase in modulus when were added. This was accompanied by an increase in the tensile strength and a reduction in the strain to failure. These changes are typical of nanoparticle-modified epoxies. Generally the stiffness is increased; the strain to failure and the tensile strength may be increased or remain the same. However, when small diameter particles are used, for example 20 nm diameter silica nanoparticles, then the tensile strength remains unchanged. By comparison, the addition of hard microparticles tends to reduce both the strain to failure and the tensile strength.

[bookmark: _Toc195442848]58.4.2 Functional properties
The high aspect ratio and low permeability of plate-like nanoparticles should provide good barrier properties when the particles are aligned and incorporated into thin films, by creating a tortuous path for diffusion (Hackman and Hollaway 2006; Sorrentino et al 2006). Numerical predictions show that the permeability reduction is governed by the product a.Vf, where a is the platelet aspect ratio and Vf is the volume fraction (Gusev and Lusti 2001). Epoxy films which were highly filled with nanoclay have been shown to have low oxygen permeability, up to 3 orders of magnitude lower than that of the unmodified epoxy (Triantafyllidis et al 2006), see Table 58.1. The rate of diffusion of acetone into epoxy is also reduced by the addition of nanoclay (Chen and Curliss 2001), although these data did not reach saturation and so it is not possible to compare the equilibrium uptakes. 

Table 7.1: Oxygen permeability data for films of epoxy and nanoclay-modified epoxy. (Adapted from (Triantafyllidis et al. 2006)).

	Clay film composition
	Clay film thickness (mm)
	Epoxy-clay film thickness (mm)
	O2 permeability (cm3.ml/m2day)

	Epoxy
	-
	0.20
	98.9

	Epoxy-montmorillonite
	0.060
	0.11
	≤0.1

	Epoxy-montmorillonite
	0.035
	0.10
	0.97

	Epoxy-fluoroectorite
	0.065
	0.14
	1.2




The fire resistance of nanoparticle-modified polymers has been studied, but most work has concentrated on thermoplastics. This has generally shown that the addition of nanoclays, and nanotubes, can improve the fire resistance, e.g. (Gilman 1999; Gilman et al 2000b; Beyer 2002). A significant amount of work has been performed using various thermoset polymers modified with nanoclays, including epoxy, vinyl ester, cyanate ester and polyimide, e.g. (Gilman et al 1999a; Gilman et al 1999b; Gilman et al 2000a). Tests using cone calorimetry showed that the addition of 10% of silicate reduced the peak heat release rate by up to 50%, and increased the mass of char residue formed. However, the onset time was also often reduced, probably due to presence of the surface treatment. 

The thermal degradation behaviour of nanoclay-modified epoxy has been studied, and is closely linked to the fire performance. Nanoclay has little effect on this behaviour, and may even reduce the temperature at which degradation starts due to the relative instability of the surface treatment (Brnardic et al 2008). The addition of carbon nanofibres to an amine-cured epoxy polymer had no effect on the decomposition temperature of epoxy (Zhou et al. 2007), but single-walled nanotubes have been shown to degrade the thermal stability (Puglia et al 2003). 

The effect on the glass transition temperature, Tg, of the addition of nanoparticles is dependent on the type of nanoparticles used and the interaction between the particles and the polymer (Becker and Simon 2006). The Tg can shift to a higher temperature than that of the unmodified polymer, e.g. (Messersmith and Giannelis 1994; Kinloch and Taylor 2006; Bugnicourt et al 2007). This may be due to a high interaction between the particles and the polymer, which may also locally change the properties of the polymer network. For example, the Tg of a polyurethane (PU) adhesive was increased from 32°C to 62°C by the addition of 5% of functionalised nanoclay (Dodiuk et al 2006). Where polymer chains are intercalated between silicate platelets, then the silicate may constrain the polymer, hence increasing Tg (Kinloch and Taylor 2006). Bugnicourt et al. (2007) reported that Tg increased from 161 up to 180°C for an amine-cured epoxy modified with silica nanoparticles. They also noted that the poorer the dispersion, the lower the impact of the addition of silica on the magnitude of the tan δ peak and Tg. However, other tests showed no effect of the addition of silica nanoparticles (Bugnicourt et al. 2007; Johnsen et al 2007; Hsieh et al. 2010). Reductions in the glass transition temperature have also been reported, e.g. (Kornmann 1999). These reductions may be due to the surface treatment degrading during curing (Wang et al 2000), or by enhanced free volume in the interphase between the particle and the matrix. 

Carbon nanotubes have been shown to increase the rate of the curing reaction of epoxies (Yin et al 1993; Puglia et al. 2003). This effect arises from the surface chemistry of the nanotubes (Shaffer and Sandler 2006). However, barium titanate nanoparticles did not affect the curing behaviour of epoxy cured using diamino diphenyl methane (DDM) (Chandradass and Bae 2008). 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The use of nanoparticles with a diameter less than that of the wavelength of light allows transparent particle-modified materials to be produced. In practice, the particles do reduce the optical transparency compared to the unmodified matrix due to differences in the respective refractive indices. For example, the light transmittance of epoxy modified with 25 nm diameter silica particles was greater than that for epoxy modified with particles of 540 to 1520 nm (Naganuma and Kagawa 2002). However, using the smaller particles does give transmittance of 80 to 90% of the unmodified matrix value.

It is reported that the addition of nanoclays to epoxy will also reduce the coefficient of thermal expansion (CTE) of the epoxy polymer, as the CTE of the ceramic particles is less than that of the polymer (Wang et al. 2000). For example, the CTE of epoxy below Tg can be reduced from 77 to 63 μm/m°C by the addition of 3% of nanoclay (Chen and Curliss 2001). However, the addition of nanotubes has been shown to have no significant effect on the CTE (Salinas-Ruiz 2009). 

[bookmark: _Toc195442849]58.4.3 Electrical properties
Alternating current (AC) impedence spectroscopy has been used to measure the conductivity of an amine-cured epoxy modified with multiwalled carbon nanotubes (MWNTs) (Sandler et al 2003). The conductivity increased as a function of the MWNT weight fraction, see Fig. 58.5. There was an increase in conductivity of about two orders of magnitude, from 10-9 to 10-7 S/m, when 0.001 wt% of nanotubes was added. There was a further increase to above 10-3 S/m for loading fractions of greater than 0.005 wt%. This increase in conductivity suggests that an infinite network of percolated nanotubes starts forming above 0.001 wt%. The authors also state that comparison with the direct current (DC) conductivity of the composites gave identical results. A similar transition in conductivity occurs for carbon black, but more than 1 wt% of carbon black is required (Sandler et al. 1999; Sandler et al. 2003), see Fig. 58.5. 

Adhesion_fig5
Figure 58.5: Conductivity versus filler content for aligned multi-walled carbon nanotubes, entangled nanotubes and carbon black particles in epoxy. (Courtesy M. Shaffer). 

The addition of layered silicates to epoxy resin improves the surface discharge endurance of the polymer, considerably increasing the time before electrical breakdown occurs (Montanari et al 2005). The addition of non-conducting silica or alumina nanoparticles will reduce the conductivity of the polymer (Cao et al 2004). Layered silicates have been shown to increase the electrical breakdown strength and breakdown time (Imai et al 2006), see Fig. 58.6. This indicates that these materials may have potential applications for electrical insulation materials. 

Adhesion_fig6
Figure 58.6: Insulation breakdown time for conventionally-filled (50 vol% silica microparticles) epoxy, and this epoxy with added nanoclay under constant AC voltage (10kV, 1kHz). (Adapted from (Imai et al. 2006)).

The thermal conductivity of epoxy modified with carbon nanotubes has been investigated (Gojny et al 2006). The authors reported that the thermal conductivity increased slightly with nanotube content, although the changes are very small compared to the changes in electrical conductivity. 

[bookmark: _Toc195442850]58.4.4 Fracture toughness
It is well-established that microparticles can increase the fracture toughness of thermoset polymers in mode I loading, e.g. (Moloney et al 1983; Kinloch and Taylor 2002). Indeed, this is the basis of most structural adhesives, which have a rubber or thermoplastic particulate toughening phase, often combined with co-tougheners. These particles may be preformed, or may be formed by phase-separation of an initially-soluble polymer during curing. Inorganic particles such as glass or mica also provide a toughening effect, though the increases in toughness are generally lower than for rubber-toughening. In addition, hybrid formulations which combine rubber and glass particles have been shown to give high toughness. 

The addition of nanoclay particles to epoxy has been shown to increase the toughness. The fracture energy of vinylester/epoxy systems containing 5 wt% nanoclay was increased more than two times compared to the unmodified polymer (Karger-Kocsis et al 2003). There was no significant effect of the type of the surface treatment used on the nanoclay. Increasing the amount of nanoclay above 5 wt% reduced both the fracture toughness and fracture energy. Kinloch and Taylor compared the toughening effect due to the addition of layered silicate nanoparticles (nanoclays) with that due to similar microparticles, in this case mica (Kinloch and Taylor 2003; 2006). They reported higher fracture toughness values for the mica microparticles than for the nanoclays, see Fig. 58.7. They also showed that the fracture toughness was dependent on the weight fraction of nanoclay, with maximum toughness being achieved at between 1 and 5wt % of nanoclay. The fracture toughness was also dependent on type of nanoclay used, and hence on the surface treatment and the resulting morphology. The addition of layered silicates does not always increase, and may reduce, the fracture toughness, for example with thermoset acrylic systems (Tarrant 2004). 

Adhesion_fig7
Figure 58.7: Fracture toughness of unmodified epoxy, mica microparticle-modified and nanoclay-modified epoxy versus content of layered silicate. Note ‘viscosity limit’ indicates maximum silicate content before particle-modified resin becomes too viscous to cast (Adapted from Kinloch and Taylor (2006)).

Spherical nanoparticles have also been used to toughen epoxies. Ragosta et al. increased the fracture toughness, KC, of tetrafunctional epoxy cured with 4,4-diaminodiphenyl sulfone (DDS) from 0.5 to 1.2 MPam1/2 using 10 wt% of silica particles (Ragosta et al 2005). The particles were between 10-15 nm in diameter. It has also been shown that the addition of 13 nm diameter alumina particles increased the fracture toughness of epoxy, cured using a cycloaliphatic amine, from 0.5 to 1.2 MPam1/2 using 11 vol% of alumina (Wetzel et al 2006). Similarly, the addition of 11 vol% of 300 nm diameter titania particles increased KC to 0.85 MPam1/2. 

The addition of silica nanoparticles increased the fracture toughness of an anhydride-cured epoxy from 0.59 to 1.42 MPam1/2 when 20 wt% of nanoparticles were added (Kinloch et al. 2005). These toughness values are equivalent to fracture energy, GC, values of 100 and 460 J/m2 respectively, see Fig. 58.8. In addition, 4 wt% of silica nanoparticles was sufficient to almost triple the fracture energy of the unmodified epoxy, to 290 J/m2. The toughening mechanisms involved have been discussed by Johnsen et al. (2007). Zhang et al. and Rosso et al. also reported toughness increases due to the addition of similarly-sized silica nanoparticles (Rosso et al 2006; Zhang et al 2006).

Adhesion_fig8
Figure 58.8: Fracture energy versus content of silica nanoparticles in epoxy and rubber-toughened (9% CTBN) epoxy. (Adapted from Kinloch et al (2005)). 

The toughening mechanisms of silica nanoparticle-modified epoxy have been identified as plastic shear-yielding, and debonding of the polymer from the nanoparticles, followed by plastic void-growth of the epoxy (Hsieh et al. 2010). The toughening mechanisms of crack pinning, crack deflection, and immobilised polymer around the particles have all been discounted (Johnsen et al. 2007).

Micron-sized rubber particles toughen polymers by cavitating, hence relieving the constraint in the plastic zone at the crack tip. The matrix is then able to deform, absorbing energy by dilation and shear banding, thus giving an increased toughness. However, nanometre-sized rubber particles are thought not to cavitate, because the triaxial stresses required for cavitation are too high. Theoretical models predict that there is a minimum size below which rubber particles will not cavitate (Lazzeri and Bucknall 1993; Dompas and Groeninckx 1994). This diameter is predicted to be approximately 50 nm (Kody and Lesser 1999). This lack of cavitation of small rubber particles has been observed experimentally. For example, no cavitation was observed with carboxyl-terminated butadiene-acrylonitrile (CTBN) rubber particles which were 200 nm in diameter, but cavitation was seen with micron-sized CTBN particles (Chen and Jan 1992). 

However, cavitation was observed using 200 nm diameter core-shell latex particles comprised of a methacrylated butadiene-styrene copolymer (MBS) with a poly(methyl methacrylate) (PMMA) shell in a piperidine-cured epoxy polymer (Azimi et al 1996b). Nano-sized core-shell rubber particles have also been reported to increase toughness (Liang and Pearson 2009). Liang and Pearson showed that the addition of 100 nm core-shell particles increased the fracture toughness of a piperidine-cured epoxy to 3.1 MPam1/2. Although no toughness was reported for the unmodified epoxy, similarly-cured material has a fracture toughness of between 0.9 and 1.2 MPam1/2 (Oba 1999; Kawaguchi and Pearson 2003). In earlier work, the toughening effect of 200 nm MBS core-shell particles were compared to 1, 10 and 100 μm diameter CTBN particles (Pearson and Yee 1991). The fracture toughness was very dependent on particle size, and that small particles are more efficient in producing a toughening effect than large particles. 

The largest increases in toughness have been reported for so-called ‘hybrid’ materials, which combine rubber and nanoparticle-modification of the epoxy. For example, the addition of silica nanoparticles to a rubber-toughened epoxy, using 9 wt% of CTBN, increased the toughness from 1.11 to 2.19 MPam1/2 when 15 wt% of nanoparticles were added (Kinloch et al. 2005). These toughness values are equivalent to fracture energy, GC, values of 440 and 1480 J/m2 respectively, see Fig. 58.8. Synergistic increases in fracture toughness (Liang and Pearson 2009), and in impact strength (Zeng et al 2007) have also been reported. Synergistic toughening has previously been reported for rubber-toughened epoxy with micron-sized glass beads, for example by (Kinloch et al 1985; Azimi et al 1996a). Increases in toughness have also been observed when nanoclay is added to rubber-modified epoxy, but there is not such a strong synergistic effect in this case (Liu et al 2004).

[bookmark: _Toc195442851]58.4.5 Fatigue performance
Nanoparticles have been shown to improve the fatigue performance of thermoset polymers. Wetzel et al. (2006) measured the fatigue crack propagation (FCP) rate, da/dN, versus the stress intensity factor range, and showed that this relationship follows the classic Paris-Erdogan law. These fatigue curves are shifted towards higher stress-intensity values as the nanoparticle content rises. At the same time, the gradient decreases. They reported that the gain in FCP resistance of alumina-modified epoxy nanocomposites (10 vol%) is comparable to the reinforcement achieved by rubber particles in epoxy, as was demonstrated using small amounts of rubber (5-10 phr CTBN) (Karger-Kocsis and Friedrich 1992), and is similar to that using 15-20 vol% of glass microspheres (Sautereau et al 1995). In contrast to such traditional modifiers, the authors point out that the benefits conferred by nanoparticles are neither at the expense of modulus nor of strength. 

Silica nanoparticles have been shown to significantly improve the cyclic-fatigue behaviour of an anhydride-cured epoxy polymer, increasing the range of applied stress-intensity factor at threshold, ΔKth, see Fig. 58.9 (Blackman et al 2007). The nanoparticles also increased the fracture toughness, KC. The fatigue data followed the modified Paris law. Similarly, the addition of 200 nm diameter rubber particles increases fracture toughness and improves fatigue resistance (Azimi et al. 1996b). The fatigue data followed the classic Paris-Erdogan law. The use of 200 nm MBS particles in place of 1.5 μm CTBN particles resulted in about one order of magnitude improvement in fatigue resistance. A synergistic effect between CTBN rubber particles and silica nanoparticles has also been shown in fatigue, with the maximum increase in the fatigue threshold value being recorded using 9 wt% of rubber and 9 wt% of silica (Sohn Lee 2009). 

Adhesion_fig9
Figure 58.9: Logarithmic crack growth rate per cycle, da/dN, versus logarithmic range of applied stress-intensity factor from cyclic-fatigue tests for unmodified epoxy and silica nanoparticle-modified epoxy. (Courtesy J. Sohn Lee).

The addition of carbon nanofibres (CNF) to an amine-cured epoxy polymer significantly increased the number of cycles to failure, as measured using fatigue stress versus number of cycles to failure (S-N) curves (Zhou et al. 2007).The fatigue life went through a maximum at 2 wt% CNF, although only two specimens were used for each combination of stress level and CNF loading. 

A reduction in crack growth rate per cycle has also been shown for an epoxy system with the addition of up to 0.5 wt% of carbon nanotubes (Zhang et al 2007). The authors attributed this effect to pullout of the nanotubes that bridge across the crack opening. 

Though there are data available which show how nanoparticles can change the fatigue performance of adhesives, there are no data which quantify the durability (i.e. the resistance to an environment such as water) of these materials when used as adhesives. However, it is likely that nanoparticle-modified adhesives will perform as conventionally-filled adhesives. 

[bookmark: _Toc195442852]58.4.6 Peel and lap shear performance
The modification of a polyurethane (PU) adhesive using nanoclays was tested by Dodiuk et al. (2006), using adhesive joints made with aluminium-alloy adherends. The incorporation of functionalised nanoclays into PU improved the lap-shear strength by up to 195%. The functionalised nanoclays also gave higher peel strength than the unmodified PU. Increases of up to 40% were measured, but one of the nanoclays gave almost no change in the peel strength. 

The lap-shear strength of carbon-fibre composites bonded using an epoxy adhesive was increased by 45% with the addition of 5% of MWNT (Hsiao et al 2003). However, the locus of failure was also altered - from interfacial for the control specimens to cohesive for the nanotube-modified materials. 

Climbing drum peel and lap shear tests were performed using aluminium-alloy substrates, with a model rubber-toughened epoxy film adhesive (Gilbert et al 2003). The adhesive was modified with 5 or 10 wt% of either 50 nm diameter alumina nanoparticles or alumina nanofibres with a diameter of 2-4 nm and an aspect ratio ranging from tens to hundreds. Both of the nano-modifiers increased the peel and shear strength. However, the more successful modification was the addition of 5% of alumina nanoparticles, which increased the peel strength of the adhesive by 50%, and the lap-shear strength by 15%. 

The lap shear and 180° peel test performance of very soft acrylic adhesives modified with nanoclay or silica nanoparticles  were improved by the addition of nanoparticles (Patel et al 2006). The addition of 6 wt% of nanoclay or 50wt% of silica increased the peel force by about 40%. 

Sprenger and co-workers used a room-temperature curing rubber-toughened epoxy adhesive with a Tg of 70°C (Kinloch et al 2003; Sprenger et al 2003; 2004). The addition of only 4 wt% of 20 nm diameter silica nanoparticles doubled the fracture energy, from 1200 to 2300 J/m2. The addition of the nanoparticles also increased both the lap-shear and peel strength, as shown in Fig. 58.10. 

Adhesion_fig10
Figure 58.10: Lap-shear and roller peel strength for hybrid (nanosilica and rubber-modified) epoxy. (Adapted from Kinloch et al (2003)).

[bookmark: _Toc195442859]58.5 Conclusions
Nanoparticle-modified polymers are being extensively researched, and a great deal of work has been done to produce nanoparticles. These nanoparticles are now commercially available in kilogram or tonne quantities, and at reasonable prices ($10s per kilogram). Hence, nanotechnology and nanoparticles are beginning to be applied in commercial products. It is anticipated that nanoparticles will be increasingly used in structural adhesives. Their application will continue to expand as their availability increases, and hence as their cost decreases.

The dispersion of nanoparticles in polymer matrices can be difficult, and agglomerates can remain even after aggressive processing. These may have a significant detrimental effect on the properties of the material. For this reason, pre-dispersed nanoparticles, available as a masterbatch in a polymer, are attractive. However, these particles can agglomerate during processing or curing, so there is no guarantee that a good dispersion will be obtained in the final material. 

Nanoparticles have been shown to improve the structural and functional properties of thermoset polymers. However, in many cases similar increases can be obtained using micron-sized particles, especially for structural properties. High aspect ratio particles, such as carbon nanotubes or nanoclay, can give significant improvements in functional properties. Examples include electrical percolation at very low particle volume fractions and increases in barrier properties. 

It is perhaps the synergistic effect of combining nanoparticles with existing technology based on micron-sized particles that is the most exciting area at present. For example, the fracture toughness and peel performance of adhesive joints can be improved by combining silica nanoparticles and rubber microparticles. Hierarchical materials like these, and patterned arrays of nanoparticles, appear to be the future developments in this field. 
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