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Abstract
Nanocomposites, based on linear low density polyethylene matrix (mLLDPE), produced by metallocene catalysts, and  reinforced with multi-walled carbon nanotubes (CNTs) have been prepared and studied by scanning electron microscopy, differential scanning calorimetry, dynamic mechanical analysis, dielectric relaxation spectroscopy (DRS)  and tensile-electrical testing. The thermomechanical performance as well as the electrical properties of the prepared materials have been thoroughly studied, and compared to LLDPE/CNT nanocomposites, with the matrix produced by conventional catalysts. It has been proved that the polyethylene matrix type plays a decisive role in the macroscopic behaviour of the nanocomposites under investigation.
1.
Introduction
Linear low density polyethylene (LLDPE) is one of the most widely used thermoplastics, related to a variety of applications. LLDPE is a copolymer of ethylene and an α-olefin or diene. The comonomers employed are mostly butene, octene and 4-methyl-pentene-1. The individual molecules are short chain branched, while branch length and frequency depend on the type and amount of comonomer [1]. LDPEs polymerized by metallocene catalysts (mLLDPE) are of lower density, and  have a narrow molecular weight distribution, with a short branching along the molecular chains at even distances. Therefore, mLLDPEs  are expected to have have several advantages over zLLDPEs (prepared by Ziegle-Natta catalysts), such as strength, optical properties, narrow molecular weight distribution and low extractables.
In the present work, a comparative study between zLLDPE and mLLDPE, as matrix materials reinforced with multi walled carbon nanotubes (MWCNTs) has been performed. Experimental methods, as scanning electron microscopy (SEM), tensile testing, dynamic mechanical analysis (DMA), and DRS were employed. A more homogeneous series of nanocomposites has been produced, based on mLLDPE, exhibiting an improved mechanical enhancement compared to the one obtained for zLLDPEs. The Young’s modulus of all materials investigated was described by micromechanics models, well established in the literature. The research findings are encouraging, offering new evidence about  the more advantageous thermomechanical performance of the mLLDPE/CNT nanocomposites.

2. Materials
The type of mLLDPE used as matrix material for the nanocomposites under  investigation, is based on octene comonomer,  kindly  supplied by Flexopack SA, Athens, Greece. The density is 0.902  g/cm3, the melt flow index (MFI) was measured at 190 8C at a load of 2.16 kg to be 1 according to ASTM-D1238-65T. Multi-walled carbon nanotubes (MWCNTs) provided by Aldrich with in average, the outer diameter of 10
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1 nm, the inner diameter of   4.5
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 0.5nm and 3-6 μm in length.  Five percentage contents of MWCNTs were studied namely 2, 4, 6, 8 and 10 % per weight. The pure matrix was also studied. Melt mixing of MWCNT’s with the mLLDPE material was performed with a Brabender mixer. The temperature was 140 °C and the rotation speed of the screws was 40 rpm. Hereafter, the materials were compression molded at 130 °C, using a thermo-press and a special mould of 1.5 mm thickness. The viscoelastic and mechanical properties of the mLLDPE/nanocomposites were compared to those of zLLDPE/nanocomposites studied in a previous work [1].
3.
Results and Discussion
In Figure 1, representative SEM  fractured surfaces of  mLLDPE/8wt.%CNT nanocomposites in (a) and zLLDPE/8wt.%CNT in (b), are shown. The mLLDPE/8wt.%CNT exhibits a uniform and fine CNTs dispersion, with average diameter 12nm, equal to the nominal outer diameter of CNTs. In addition, a good adhesion mLLDPE-CNTs can be identified, since no pull-out effect can be detected. 
Regarding zLLDPE nanocomposite, a rather rare and non-uniform distribution of CNT agglomerates is observed. In addition, agglomerates, having in average diameters between 50 and 90 can be seen. 
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Figure 1. SEM pictures of fractured surfaces of: (a) mLLDPE/8%CNT, (b) zLLDPE/8%CNT.
In Figure 2, the real part of complex conductivity (σ′) as a function of frequency  for mLLDPE/CNT nanocomposites, measured at room temperature, is illustrated. From this plot, the typical response of an insulating material, namely  a frequency dependent conductivity, is exhibited by mLLDPE and for the nanocomposites with CNT content up to 2wt%. At higher CNT loadings, the conductivity plateau is appeared. 
The shift from the insulating to the conducting phase, the so-called percolation threshold (pc), is described by the well known equation from percolation theory   σ΄=A(p-pc)t  where A is the dc conductivity, p is the volume fraction of the filler, and t is a critical exponent related with the dimensionality of the percolative network [1]. 
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Figure 2. Real part of conductivity against frequency, measured at room temperature for mLLDPE/CNT nanocomposites.

The percolation threshold (pc) for mLLDPE/CNT nanocomposites was found equal to  1 vol.% (2.3wt.%),   while parameters A and t were found equal to 147  S/m  and 3.23 respectively.
To analyze the electrical properties, the Takeda’s model [2] has been employed. Following this model,  the contact resistance is due to the tunneling effect of a small region of matrix material inside the gap at the CNTs contact points. It was considered that there are two types of conductive paths, namely the overlapping contact between two CNTs (type I) and that between two neighboring CNTs, close enough to permit electrical tunneling (type II). Hereafter, the electrical conductivity of a polymer/CNT nanocomposite, for the two type mechanisms, is given by the following expression:


[image: image5.wmf]c

N

if

M2M

IM1/2

2M

i

i

N

M21/2

σξv

4

=1+  

σ3λσ

4t(2)

texp

4

(2)

l

m

h

h

l

em

pf

sf

éù

æö

êú

ç÷

èø

êú

+

êú

êú

ëû

                                                             (1)
Where i=I, II, and  
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 is the electrical conductivity of the nanocomposite, 
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 is the electrical conductivity of the matrix material, vf     is the CNTs volume fraction, lN is the average CNTs length, h is Planck’s constant, m is the electron mass, φ    is the potential barrier height, and  
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 expresses the inter-nanotube matrix region thickness, and is assumed to be given by 
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, where α,β are constants to be fitted. To take into account the curvature and waviness that characterize the CNTs, parameter λ in equation (1) is the ratio 
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 being the effective nanotube length, defined as the minimum distance between the two ends of the wavy effective CNT. In addition, parameter ξ is given by:
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Utilizing equations 1 and 2 on account of  the experimental data of the electrical conductivity σc   at a frequency of 10 Hz, and considering the average CNTs length equal to 4.5 μm (the average value provided by the producer), then  the CNTs effective length and parameter λ were evaluated. The parameter λ value was estimated equal to 3 and therefore the effective nanotube length was equal to 1.5 μm. Considering that the average outer diameter D of CNTs is about 10 nm, the CNTs aspect ratio  lN/D   was estimated to be equal to 150.
Table 1: DSC results

	      Material     


	 Tg           ΔCp              Tm         ΔΗ*m      crystallinity         

(°C)     (cal/g °C)      (°C)        (J/g)          xc (%)                                                                                                 
	
	
	
	

	  mLLDPE
  mLLDPE/2%CNT            

  mLLDPE/4%CNT

  mLLDPE/6%CNT

  mLLDPE/8%CNT

mLLDPE/10%CNT

zLLDPE

zLLDPE/2%CNT

zLLDPE/4%CNT

zLLDPE/6%CNT

zLLDPE/8%CNT

zLLDPE/10%CNT

zLLDPE/15%CNT


	   -26.6         1.52          103.0       51.5          18.7                

   -27.8        1.57          103.5       52.63         19.0                

   -30.9        1.61          103.8       56.38         20.4                

   -29.8        1.63          105.7       51.2           18.6                

   -32.9        1.42          100.4       55.45         20.0                

   -30.4        1.60          100.0       55.61         20.1                

   -29.0        1.23          126         71.87          26.0

   -27.0        1.24          127         83.77          30.3

  -19.0         1.38          127         89.27          32.3

  -24.0         1.66          125         80.28          29.1

  -34.0         1.42          126         85.45          31.0

  -5.0           1.35          125         79.0            28.6

  -8.0           1.38          127         81.82          29.6
	
	
	
	


(*) normalized to the polymer fraction

The DSC results of the nanocomposites under investigation are comparatively  summarized in Table1. From these results it is reveaaled that the Tg of mLLDPE/CNT nanocomposites is not affected by CNTs, whereas the Tg of zLLDPE/CNT increases by CNT content. Heat of fusion (crystallinity) slightly increases with CNT content. The large number of short branches hinders crystallization of linear parts in mLLDPE/nanocomposites. In  zLLDPE/CNT materials a crystallinity increment is exhibited due to the heterogenous    distribution of branches. The ΔCp increment (with the exception of 8%) reveals that more polymeric chains participate in the glass transition, consisting an evidence of mLLDPE-CNTs interaction. In addition, the melting point is not affected by CNTs.

The elastic properties of the LLDPE/CNT nanocomposites are shown in Table 2. From this table, the higher mechanical enhancement for the mLLDPE/CNT nanocomposites is postulated, in comparison with the CNT nanocomposites based on the zLLDPE matrix.
Table 2: Mechanical properties of the CNT nanocomposites examined
	      Material     

	        Young’s     Modulus         Yield             Failure         Yield     Failure
      Modulus     Increment       stress            stress           strain          strain
      (MPa)          (%)                 (MPa)           (MPa)            (%)            (%)

	
	

	mLLDPE
mLLDPE/2%CNT
mLLDPE/4%CNT
mLLDPE/6%CNT
mLLDPE/8%CNT
mLLDPE/10%CNT
zLLDPE
zLLDPE/2%CNT

zLLDPE/4%CNT
zLLDPE/6%CNT
zLLDPE/8%CNT
zLLDPE/10%CNT
zLLDPE/15%CNT
	                  205         -             3.86/5.3          22.7            16.0            1036
           261        27.3          3.77 /5.5         16.7            14.7          1187
           302        47.3          3.23/5.8          18.1            10.1            788
           350        70.7          5.13/7.5          23.2            20.1            708
           363        77.1          5.41/7.8          18.2            16.3            638  
           410        100           6.0 /8.5           11.9            20.5            468
          335          -                   5.6             22.7              12.0         1125  

          430         28.3              6.8             16.7              8.4             874

          472         41                 7.0             18.1             10.3            871

          477         42                 7.5             23.2             10.0            915

          500         49                 8.0             18.2              12.0           682

          600         79                 9.7             11.9              7.7             445

          548          64                10.5            10.7              11.5           275
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The master curves of storage modulus E΄ (Figure 3), reveal the reinforcing effect of CNTs on mLLDPE.  At high frequencies, the storage modulus of the mLLDPE/CNT nanocomposites is higher than that of the matrix, but with no monotonic differences between them. At the terminal zone, the storage moduli of the nanocomposites are higher than that of the matrix, with slight differences at the various CNT loadings. In addition, the curve slope of the mLLDPE nanocomposites is lower enough than that of the matrix, denoting  a weaker frequency dependence of the storage modulus of the nanocomposites. This can be attributed to the existence of a strong local structure, i.e. a filler-filller or filler-polymer network.
Figure 3: Master curves of storage modulus of the mLLDPE/CNT nanocomposites
To analyze the reinforcing effect of CNTs on the mLLDPE matrix, several semi-empirical equations, established in the literature [3] were employed. One of the simplest form for the composite’s modulus Ec is given by the equation:
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 Ec, Ef and Em are the Young's moduli of the composite, the CNTs and mLLDPE matrix correspondingly and vf is the CNTs volume fraction. Parameter η0 is an orientation efficiency factor, treated as a fitting parameter, and η1 is given by:


[image: image14.wmf]m

1

ff

3E

[ /]

1    with   

 /2Eln(v)

Tanhld

ld

a

ha

a

-

=-=

                                                             (4)
The longitudinal modulus, as developed by the Halpin -Tsai equation [3] is given by:
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with   
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 being  a parameter expressing the reinforcement geometry. In addition, a modified version of the Halpin-Tsai-Kardos model is also been employed: 
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where w1, w2 are the percentage contributions of the longitudinal and transverse direction of CNTs to the nanocomposites stiffness.  The Young’s modulus values, as calculated by equations 3, 5 and 6, are plotted in comparison with the experimental results in Figure 4. 
In spite of the good correlation with the experimental data, it is revealed that totally different parameter values can give the same result. This effect is related with the fact that the models were initially introduced for conventional composites. Therefore, we extended our analysis with a micromechanics model  by Odegard etal. [4]. The elastic stiffness tensor of the composite is given by:
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A detailed description of this model is presented in [1,4]. In Figure 5, the Young’s modulus calculated by equation 8, is illustrated in comparison with the experimental data, revealing  a good approximation. For this model, the elastic properties of CNTs (treated as orhotropic materials) are: E1=20 GPa, E2=E3=0.38 GPa, G23=1.1 GPa, G12=18 GPa and ν23=0.4. The aspect ratio, required in the analysis was taken equal to 150, which is the same value with that in the electrical conductivity model.
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Figure 4: Comparison of experimental and theoretical values of Young’s modulus, for three different micromechanics models.
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Figure 5: Comparison of experimental and theoretical values of Young’s modulus, by Odegard’s model.
4.
Conclusions
DRS experiments showed that the percolation threshold of the nanocomposites is about 2.5 wt. %, revealing a good CNTs dispersion.The obtained mechanical enhancement is attributed to the matrix type mLLDPE, which was proved to be more effective, compared to the conventional LLDPE. The effective fiber micromechanics model was proved to work well and predict the materials enhancement. The geometrical features of CNTs employed, were evaluated by the model simulation of electrical conductivity results. mLLDPE/CNT nanocomposites result in an optimization of the thermomechanical and electrical properties. Therefore, they constitute a new alternative for LLDPE/CNT nanocomposites. 
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