Effect of functionalization of carbon nanotubes  on the dynamic mechanical properties of nanocomposite


D. Kaka1, J. Rongong2, A. Hodzic3, C. Lord4
1 Department of Mechanical Engineering, University of Sheffield, Sheffield, S1 3JD, UK. 1Department of Manufacturing, University of Koya,  University Park, ​Danielle Mitterrand Boulevard, Koysinjaq, Koy45, Kurdistan, Iraq. Email: diyar.kaka@koyauniversity.org 
2Department of Mechanical Engineering, University of Sheffield, Sheffield, S1 3JD, UK.                   Email: j.a.rongong@sheffield.ac.uk 
3Aerospace Research Institute, The School of Materials, Faculty of Engineering and Physical Sciences, The University of Manchester, Manchester, M13 9PL, UK. 
Email: alma.hodzic@manchester.ac.uk 
4Department of Mechanical Engineering, University of Sheffield, Sheffield, S1 3JD, UK.                  Email: c.lord@sheffield.ac.uk, 
Abstract
This paper presents the dynamic mechanical properties of nanocomposites comprising PEEK and single wall carbon nanotubes at a range of temperatures and strain level. The effects that functionalization of the nanotubes have are investigated experimentally under different loading conditions. It is shown that the presence of nanotubes increases the stiffness and reduces the ductility of the material in every zone. At low temperatures, the ductility is reduced to such an extent that the material strength is reduced. At higher temperatures, the increased stiffness means that the materials are able to resist higher loads. Functionalization of the nanotubes accentuates the increase in stiffness and reduction in ductility because of the strengthened bond with the matrix. Results indicate that untreated nanotubes allow slip which reduces stiffness and increases loss factor – particularly at higher amplitudes.
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1. Introduction
The discovery of carbon nanotubes by Iijima in 1991 has caused great interest in the composite materials field, with researchers attempting to harness the outstanding mechanical properties of nanotubes by creating nanocomposite materials [1].

In the last decade, the fabrication of polymer nanocomposites has contributed to the development of the technology of advanced composite materials. One type of nanocomposite can be made by adding carbon nanotubes to a polymer matrix. The nanotubes have the form of hollow fibres with diameters of a few nanometers. Strong bonds between the carbon atoms give them exceptionally high stiffness and strength. In addition, nanotubes typically have low density and display high thermal and electrical conductivity. However, because of the cost and complexity for the manufacturing processes involved, there are currently few industrial applications using nanocomposites [2]. Nanotubes cannot simply be mixed into a composite – they will form unwetted agglomerations. Considerable effort has been expended in the composites community to find processes to disperse nanotubes and then to ensure that the matrix adheres to them. 
Poly ether ether ketone (PEEK), which is a semi-crystalline thermoplastic polymer, has excellent thermal and chemical stability, high stiffness and strength, and good resistance to impact and fatigue. Its stiffness is frequently improved by adding long and short carbon fibres. More recently, researchers have also added carbon nanotubes to enhance the properties of PEEK. This can increase stiffness but may reduce the material damping [3,4]. Diez-Pascual et al. [5] added carbon nanotubes to PEEK and  noted an increase in strength and stiffness but a decrease in toughness and ductility. 
Key challenges that need to be overcome are to disentangle and disperse the nanotubes (as they tend to agglomerate) and to maximise the adhesion between the matrix and the nanotubes [6]. Ramana et al. [7] enhanced the dispersion of CNTs in epoxy chemically by modifying the surface of the nanotubes. They found improvement in the strength and Young’s modulus in comparison with unmodified CNTs in epoxy. 

Functionalization of the CNTs is thought to increase the contact and hence adhesion between the fibre and the matrix. For example, functionalisation with polysulfones was shown to increase toughness and stiffness of a CNT/PEEK composite [5]. 
It is known that the nature of the interface zone between CNTs and the matrix is critical to the performance of a nanocomposite. The mechanical behaviour depends on the transfer of load from the matrix to the fibre, which relies on mechanical interlocking, chemical bonding, and van der Waals forces between the fibre and the matrix. Interfacial slippage and weak load transfer can cause reduced stiffness and strength [8, 9]. Jiang et al. [10] worked on the interphase zone between the CNT/polymer experimentally and theoretically, considering the Van der Waals forces. They demonstrated the interphase zone between the CNT/polymer had a significant effect on the mechanical properties of the composite. Also, they observed that the interface between the CNT/polymer improved the stiffness at small strain rates. However, this improvement was reduced at large strain rates. It has been shown that weak bonding can increase the interface slip therefore increase the damping [11]. 
Few researches have attempted to predict the interface zone properties between the CNT and the polymer in nanocomposites. This is due to the unsuitability of measurement methods caused by the complexity of the small size of the interface zone and the CNT diameter. Barber et al. [12] used a pull out test (extracting the fibre from the matrix) to find the force required to separate a CNT from polyethylene-butene, and hence calculated the shear stress.
Numerous experimental works have been conducted to determine the dynamic mechanical behaviour of PEEK reinforced with randomly oriented nanotubes. The interests in these properties are due to the need for materials with high strength, high stiffness and high damping in applications such as aeroplane parts [3]. 
The aim of this study is twofold. Firstly, to investigate the effects that the addition of CNTs have on the dynamic mechanical properties of a high performance thermoplastic polymer over a wide range of temperatures, frequencies and strain rates. Secondly, to investigate the effects of functionalization of CNTs on the nanocomposite’s mechanical properties.
2. Materials and processing
2.1 PEEK

Test specimens were prepared from granulated PEEK (Victrex type 450G) using injection moulding. The PEEK granules were first dried for 120 minutes at 150°C then placed in the injection moulder (Thermo Scientific Haake Minijet 2). Melting was carried out at 400°C, and a pressure of 550 bar was applied to inject the melted PEEK to a mould heated to 200°C. After injection, the mould was allowed to cool to ambient temperature over approximately 3 minutes.

2.2 Nanocomposites of CNT-PEEK

The nanocomposites were obtained as sheets of PEEK reinforced with 0.5 wt% carbon nanotubes. Two nanocomposite types were investigated: one containing functionalized nanotubes (referred to here as f-CNT-PEEK) and one containing standard nanotubes (referred to as unf-CNT-PEEK). Preparation of the nanocomposite sheets was conducted by the Institute of Mechanics of Materials and Geostructures S.A., as described in detail by Michelis and Vlachopoulos [13]. The process involved mixing CNTs with PEEK using a reciprocating mixer-reactor for disentanglement, dispersion and attraction of CNTs onto the PEEK grains and resulted in sheets of thickness 0.6 mm. Note that the CNTs were assumed to be randomly aligned in these sheets as the final stage described by Michelis and Vlachopoulos, involving film stretching to align the nanotubes, was not carried out. Test specimens used in this work were prepared by cutting the sheets into small pieces and then using injection moulding in the same way as would be employed for plain PEEK. 
2.3 Transmission Electron Microscopy (TEM)

The nanocomposite specimen was placed into epoxy (DDSA plus CY212 and BDMA) moulds and cured at 60°C for two days.  Sections were produced using a Reichart Ultra microtome with a diamond knife at 85nm. These were collected onto coated copper grids and viewed in an FEI Tecnai 120 Biotwin TEM at an accelerating voltage of 80kV.  Images were recorded using a Gatan 600 CW digital camera. Figures 1 and 2 show TEM images of unfunctionalized and functionalized carbon nanotubes dispersed in PEEK. From the TEM images, it can be observed that the nanotubes were reasonably well-separated but tended to agglomerate in some areas. Also, it can be seen that the functionalised CNTs are thicker than unfunctionalized ones. This is because of chemical treatment of the CNTs.  
2.4 Scanning Electron Microscopy (SEM)

SEM images were obtained from fractured surfaces of test specimens.  The equipment used was FEI Inspect F. The specimens were first coated with gold using a sputter coater (Emscope SC500A). Images showing the fracture surfaces of specimens (from tensile failure) are presented in Figure 3. A close-up view is also presented in Figure 4. Here, it can be seen that the nanotubes (visible as think black lines) are well dispersed, randomly orientated and not particularly straight. 
3 Testing of Mechanical Properties

3.1 Tensile tests

Dog-bone shaped specimens with dimensions of 4 mm width, 2 mm thickness and 28 mm gauge length were used. Specimens were tested to failure in uniaxial tension using a hydraulic test machine. The tests were carried out at 25°C, 125°C and 160°C (approximately the glass transition temperature). Results are presented in Figures 5-7. As might be expected, all specimens become more flexible as the temperature increases. Ductility also rises dramatically – with all specimens exceeding 20 mm without failure at 160 (C. This behaviour relates to the properties of the matrix. It can be seen that f-CNT-PEEK is consistently the stiffest material; however it is also the least ductile. This is particularly evident when the matrix is in the glassy regime at 25°C.  It is also noticeable that unf-CNT-PEEK is stiffer than plain PEEK. At 25°C, the plain PEEK is by far the most ductile and resists higher load than the PEEK reinforced with CNTs. At the higher temperatures, the increased ductility of all the specimens means that the stiffer nanocomposite materials resist higher loads than the neat PEEK. 
The explanation suggested here for these results is as follows:

1. The nanotubes bond to the matrix with functionalization increasing the level of adhesion.

2. The high stiffness, small size, curvature and random orientation of the nanotubes raise severe strain gradients within the matrix: the more efficient the bond, the more severe this gradient. At low loads, this results in high stiffness. As the load increases, the strain multiplication effect causes local strains in the matrix to reach failure which lead to matrix cracks.
3. Nanotubes that are not functionalized allow a certain amount of slip at the interface at lower loads. The overall effect of many localised slip areas is to distribute loading more evenly, reducing the local strains in the matrix. This increases ductility.

4. As the temperature is increased, the matrix becomes more flexible and is able to accommodate significant local strain without failing. Additionally, higher temperature also improves the adhesion for the untreated nanotubes.
To evaluate the validity of these explanations and to provide additional experimental results, a series of tests was conducted using DMA equipment.
3.2 Dynamic mechanical analysis

The prepared specimens were used to investigate dynamic mechanical properties for both kinds of nanocomposites. In this case, a Metravib Viscoanalyser VA2000 system was used. Prismatic shapes were cut from the dog-bone specimens to fit within the tension-compression grips on the test machine. For each test, the force required to produce a sinusoidal displacement at a given frequency and amplitude was measured. Temperature-frequency dependent behaviour and strain dependent behaviour were evaluated.
3.2.1 Temperature-frequency dependent behaviour 
The specimens were tested over a range of frequencies and temperatures sufficient to capture their full viscoelastic behaviour. Starting at room temperature, testing was repeated at 5 (C intervals up to 230 (C with adequate time provided between each step to allow the specimen to reach a stable temperature.  At each temperature step, the Young’s modulus and loss factor were obtained at a dynamic strain of 0.001 and at discrete frequencies of 1, 1.78, 3.16, 5.62, 10, 17.8 and 31.6 Hz. By applying a temperature-shift factor based on the Williams-Landel-Ferry (WLF) equation, it was possible to collapse the results into the easily accessible master curve form showing that both PEEK and the nanocomposites displayed thermorheologically simple behaviour. Additionally, it shows that temperature-frequency behaviour is dominated by the matrix: addition of the nanotubes does not change the material dramatically at a molecular level. The shift curve in this case was,
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 is the temperature. The shifted data points are presented in Figures 8 and 9.
The results in Figure 8 show that the presence of nanotubes tends to increase the modulus of elasticity over the temperature range, with functionalized nanotubes having a greater effect. A comparison of Young’s modulus values obtained from the tensile test and the DMA master curve is presented in Table 1. The table clearly shows that the properties obtained from the two different characterisation methods are very close – giving confidence in their reliability.

The loss factor data in Figure 9 shows that while the curves are generally similar, there are some small differences between the materials, particularly around the transition. The unf-CNT-PEEK material has slightly higher loss. This is consistent with the explanation that this material allows limited slip between the nanotube and matrix when loaded.
3.2.2 Strain sweep test
Tensile testing indicated that changes in the nanotube/matrix bond may occur as loading increases. To investigate this observation further, testing using the DMA equipment was conducted over a range of dynamic strain amplitudes.  The test equipment and specimen dimensions were the same as used for the temperature-frequency tests. Testing was carried out at 1 Hz while the dynamic strain was increased in steps from 10-4 to 10-2. Results, showing Young’s modulus and loss factor at two different temperatures, are presented in Figures 10 and 11. The tests carried out at room temperature, presented in Figure 10, show that an increase in dynamic strain amplitude causes a drop in Young’s modulus and an increase in damping for all the materials. This result is not unusual in this type of test on polymers. What is interesting to note is that the f-CNT-PEEK is stiffer than the other two materials – as observed in the other tests – and that unf-CNT-PEEK has higher loss. These results are consistent with the understanding that functionalization bonds the nanotube to the matrix while a small amount of slip (and hence friction loss) can occur on the interface between the matrix and plain nanotubes. When the tests were run at 160°C, with the material in its transition zone (see Figure 11), the results are slightly different, but also consistent with the explanations proposed.
The improved adhesion at elevated temperature means that the modulus for the unf-CNT-PEEK is closer to that of f-CNT-PEEK rather than that of the matrix alone. Importantly though, it can be seen that as the strain amplitude increases, the curve for unf-CNT-PEEK drops closer to that of the matrix while the f-CNT-PEEK curve does not. Over the same amplitude range, the loss factor for unf-CNT-PEEK rises above that for the matrix. This is evidence to support the idea that while temperature increases adhesion, untreated nanotubes will tend to break away and slip more as the strain amplitude rises.
3.3 Crystallisation effects

CNTs in reinforced PEEK inhibit homogeneous and increase heterogeneous crystallisation of PEEK, leading to numerous nucleation sites around CNTs, and potential stress concentration zones. The presence of CNTs at lower temperatures (25°C) promoted the initiation of microcracks under the applied stress at the boundaries between CNTs and the neighbouring spherulites leading to the lower ultimate strength and strain to failure. As the temperature during the tests in this work increased, free energy in the system and the viscosity were also increased, leading to the higher strain to failure.

At the glass transition temperature (Tg), viscosity was significantly increased and the applied stress was transformed into the polymer chain motion rather than the crack initiation around the boundary zones. Stress was then applied to the bulk of PEEK-CNT system and CNTs acted towards the polymer chain arrest leading to the seemingly higher stiffness at Tg, without promoting stress concentration zones.

It was shown that the addition of carbon fibers into PEEK stimulated nucleation and growth of crystallites perpendicular to the surfaces of the fibers and significantly affects the mechanical properties. The transcrystalline zones improved the adhesion between the fibres and the matrix and influenced the mechanical properties [18, 19].  Although CNTs provide heterogeneous nucleation sites for PEEK crystallisation, the formation of a well-developed CNT network imposes important restrictions on polymer chain diffusion and crystal growth, which slows down the crystallisation process leading to lower Tc values for CNT modified PEEK [20].

In other work, it was shown that compatibilised CNT modified PEEK samples displayed lower crystallisation temperatures and degree of crystallinity, which was ascribed to the combination of a nanoconfinement effect and the incorporation of an amorphous polymer miscible with the matrix which perturbed its crystallisation [2]. Hence, further work is required to investigate the influence of the functionalising agent on the crystallisation of CNT reinforced PEEK in this work.
4. Conclusions

The work reported in this paper set out to investigate the dynamic mechanical properties of nanotube-enhanced PEEK over a wide range of temperatures. A number of interesting observations and conclusions can be made. These are listed below.

1. Addition of nanotubes to PEEK increases the elastic modulus but reduces ductility. When the matrix is in its glassy zone, this leads to early failure. When the matrix is in the transition zone, it increases strength.
2. Functionalization of the nanotubes increases the adhesion with the PEEK matrix. If the matrix is very stiff, this appears to induce high local strains in the matrix leading to early failure.

3. If the nanotubes are not functionalized, there is evidence of slip at the interface – particularly at higher load levels – which provides additional friction damping.  It also appears that this slip behaviour provides a mechanism to reduce high localised strains in the matrix.
SEM and TEM images show that the manufacturing processes achieved adequate dispersion – a key parameter in nanocomposite manufacture. Consistency in findings between the three types of test provide evidence for their reliability and justification for the conclusions made.
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7. Figures
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Figure 1: TEM images of unf-CNT-PEEK.
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Figure 2:  TEM images of f-CNT-PEEK.
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Figure 3: SEM images of failure surface of unf-CNT PEEK and f-CNT-PEEK respectively.
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                                                                             Figure 4: SEM close-up image of unf-CNT-PEEK showing nanotubes.
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                                       Figure 5: Tensile tests at 25°C with loading rate 0.6 mm/min.
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Figure 6: Tensile tests at 125°C with loading rate 0.1 mm/min.
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Figure 7: Tensile tests at 160°C with loading rate 0.2 mm/min.
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Figure 8: Shifted Young’s modulus values for plain PEEK and nanocomposites at the reference temperature of 165 (C.
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Figure 9: Shifted loss factors for plain PEEK and nanocomposites at the reference temperature of 165 (C.
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Figure 10: Complex modulus from strain sweep test at 25 °C. 
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Figure 11: Complex modulus from the strain sweep test at 160 °C.
8. Tables

	Temperature
	PEEK
	unf-CNT-PEEK
	f-CNT=PEEK

	
	Uniaxial
	DMA
	Uniaxial
	DMA
	Uniaxial
	DMA

	RT 
	3.39
	3.58
	3.70
	3.66
	3.76
	3.81

	125 (C
	2.88
	3.18
	3.12
	3.30
	3.11
	3.34

	160 (C
	1.13
	1.11
	1.10
	1.10
	1.10
	1.16


Table 1: Young’s modulus obtained from uniaxial tests and DMA.
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