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Abstract: Melt blending of polyolefin/carbon nanotube (CNT) composites always leads to serious 

agglomeration of CNTs and hence inferior properties. Thus, well dispersed CNTs within matrix are 

urgently required during processing. In this work, effective breakage of CNT agglomerates was 

achieved by solid-phase die drawing at a temperature below but near to the melting temperature of the 

matrix. Experimental results indicate that the incurred extensional stress provides a high orientation 

degree on the PP matrix and consequently helps rupture CNT agglomerates, leading to improved AC 

conductivity by ~ 5-6 orders in magnitude. The reduced agglomerate ratio, the altered CNT networks 

(3D→2D) and the improved interfacial morphology between CNT and matrix are suggested to be 

responsible for the viscoelasticity variation of the composite melt and the improved property of 

PP/MWCNTs composite. The initial loss of tensile ductility by the incorporation of MWCNTs is 

recovered by nearly 100% which was attributed to the low agglomeration rate and improved interfacial 

morphology. This paper provided the potential inspiration for the melt blending of polymer melt and 

CNTs.  

Keywords: Polypropylene; Carbon nanotubes; Dispersion; Solid phase orientation.  

1. Introduction  

Carbon nanotubes (CNTs) are sp2-hybridized carbon allotrope with a theoretical mechanical strength 

of ca.150, high electrical conductivity of 105-106 S·cm-1 (for single walled CNTs), excellent thermal 
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conductivity (2,000-6,000 W·mK-1) and negligible thermal expansion, low density (0.8-1.8 g·cm-3) 

and high aspect ratio (>103), which makes CNTs attractive in reinforcing polymer matrices to develop 

functional composites [1-10]. Polyolefin polymers, such as polypropylene (PP) and polyethylene (PE), 

are usually insoluble in majority of organic solvents at room temperature, such as ethanol, 

methylbenzene and N, N-Dimethylformamide etc, and thus their incorporation is often achieved by 

melt compounding process.  

However, due to the large aspect ratio of CNT and poor wetting ability between CNT and matrix, 

seriously aggregated CNTs are presented in the matrix [5]. In this case, a large amount of interfacial 

defects may be induced owing to the poor interaction between CNT and matrix. Previously works 

reported that a small dosage of CNT tended to enhance the mechanical performance of the prepared 

composites [6, 11-17]. Increasing the content of CNT to a critical value, however, deteriorated 

mechanical property was revealed [17, 18]. This percolation threshold of CNTs in improving the 

physical properties of PP/CNTs composites under the circumstances of no compatibilizer was reported 

as 0.3 wt% [15] and under the circumstances with compatibilizer was less than ~1.5 wt% [18]. But the 

value is strongly determined by material formula, processing technique and adopted equipment [19, 

20]. In order to obtain a good electrical conductivity, however, much more than the critical percolation 

CNTs are used in real production. Therefore, it is important to find a technique way which can break 

up effectively the aggregates and to achieve a good dispersion of CNTs. 

 One of the most used methods is to disperse CNTs in a suspension prior to their incorporation in 

polymers. Usually, chemical solvents are adopted based on chemical manipulation. In this process, 

chemical surface modification of CNTs is required; however, the solvents commonly include acids, 

coupling agents and surfactants etc. It was found that they are positive in reducing agglomeration 
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degree and hence improving the electrical conductive property while inferior or somewhat improved 

mechanical property was found [4, 21]. Such solution-evaporation compounding method is not feasible 

for PP or PE materials. Therefore, in order to reduce the usage of chemical solvents and facilite the 

concept of green manufacturing, melt blending becomes the most applicable route to produce 

polyolefin/CNT composites, especially from the mass-production standpoint.  

To achieve a good dispersion of CNTs as individual nanotube into matrix by melt mixing is not so 

easy because the involved interactions between macromolecules and CNTs (mainly induced by 

electrons from π bonds of CNT and covalent bonds of macromolecules) are much lower than the 

interactions between CNT and CNT (mainly induced by the π-π interaction). The tendency to form 

agglomerate increases with the increasing of CNT concentration. Such agglomerates at microscopic 

scale are very difficult to destroy during shear flow [18]. Therefore, special techniques dedicated to 

improve CNT dispersion in the matrix melt state are necessary [22, 23].  

The extensional flow stress has been proven to be more effective in dispersing agglomerates 

compared with the shear flow stress [24-26]. At least, such melt flow stress field orients the individual 

CNT along the flow direction [27]. The mechanism of CNT dispersion into matrix during melt 

compounding was acknowledged as the rupture of big agglomerates (a bulk phenomenon) and the 

erosion of CNTs into matrix at interfacial layer (a surface phenomenon) [28].  

 At the rubber-like state of matrix, applying a tensile stress on it has been proved to be effective in 

the breakage of CNT aggregates. Xiang et al. [29] and Gorrasi et al. [30] reported the effects of both 

uniaxial and biaxial solid-phase orientation on mechanical and electrical properties of PE/CNTs 

composites. They found that the disentanglement of CNT agglomerates in the solid phase orientation 

process exhibited a positive effect on the mechanical properties and had a negative effect on the 
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electrical conductivity, which was consistent with other works [21, 31]. Just recently, Yang et al [32] 

reported the deteriorated mechanical property of PP/CNTs which prepared by solid phase orientation 

and they claimed that the tensile stress field in the die-drawing process can vastly improve the 

dispersion of the CNTs in the matrix. The weak interaction between the CNT and the matrix is fatal 

for the final mechanical property of PP/CNTs.  

In addition, positive effect of the network evolution of CNT within PP matrix on the acquired 

electrical conductivity was possibly observed [33-37]. As a result of the phase orientation of matrix 

under the rubber-state, minor electrical anisotropy was found according to Guo’s conclusion [33, 34]; 

meanwhile, better dispersed CNT and hence increased conductivity was demonstrated. However, by 

our knowledge, no conclusion has been proposed to quantify the improved degree of CNT dispersion 

within matrix for such uniaxial or biaxial stretching process. 

The reason we pay much attention on the processing property of CNT is for producing conductive 

polymer composites (CPC) by taking the advantage of its large aspect ratio, therefore understanding 

the evolution of the CNT network during processing is acknowledged to be quite necessary [38-47]. 

Whether a good dispersion of CNTs within matrix is obtained or not and how to achieve it is the first 

question when we decide to produce CPC. Normally, the organization of network can be related to 

reformation of (i) the local contact regions between the CNTs, (ii) to the orientation degree of CNTs 

induced by melt flow [7] and (iii) to the content of CNTs. Nevertheless, the disappointing dispersion 

of CNT often causes inferior property of its composites [41].  

Thus, this work investigated the efficiency of solid-phase drawing on the dispersion of CNTs, 

looking for a potential method to well incorporate CNTs into polymer melt from the standpoint of 

industry. A twin-screw extrusion was used to mix the PP matrix and CNTs powder at 210°C and 
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100rpm. Solid-phase die drawing was performed to stretch the PP/CNTs billets at a temperature below 

but near to the melting point of matrix. Special attention was paid to the evolution of CNT agglomerate 

and its network within the PP matrix. Tensile and electrical properties of the prepared PP/CNTs were 

examined as the indices to characterize the dispersion degree of filled CNTs. The rupture mechanism 

of CNT agglomerates during die drawing was evaluated by microscopes and Fiji ImageJ program. By 

measuring the rheological, interface-morphology and thermal properties of the prepared composites, 

improved properties were relatively achieved. Although the final performance of the composites is not 

perfect, but this work gives inspiration for people making CNTs composites.  

2. Experimental details  

2.1 Materials  

The polypropylene homopolymer (INEOS 100-GA03) is used as a typical polyolefin matrix in this 

work. This PP presents a high tensile strength, a density of 0.91 g·cm-3 and a melt flow rate (MFR) 

of 3 g·10min-1 (230°C, 2.16 kg). Multiwalled CNTs (MWCNTs) with a density of 1.85 g·cm-3, an 

outer diameter of less than 8 nm and an average length of 10-30 μm were used as-received from 

Time-Nano Co. Ltd., China. In addition, a small dosage of polyethylene glycol (PEG, Mw=400 

g۰mol-1, Sigma Aldrich) was used as the homogenizing agent and surfactant to modify MWCNTs. 

2.2 Sample preparation and characterization  

Preliminary measurement reveals the resistance of PP/MWCNTs extrudate strand with 3 wt% 

MWCNTs loading is beyond the detectable range (> 108 ohm). When increasing the content of 

MWCNTs to 6 wt%, the extruded strand then becomes obviously conductive. Therefore, the amount 

of MWCNTs is selected as 3, 6 wt% to form enough agglomerates for subsequent investigation of 

rupture efficiency of die drawing process on agglomerates. A co-rotating twin screw extruder (PRISM 

TSE 16 TC, L/D=15) was used to melt compound the mixtures of PP, MWCNTs and PEG (1.5 wt%) 
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with a temperature profile of 175, 200, 210°C from zones 1 to 3 and a screw speed of 100 rpm. The 

PP/MWCNTs extrudate strand was cooled in a water bath and pelletized. The granules were dried fully 

using a convection oven at 85°C for 8 hours. Flat sheets of PP/MWCNTs with a thickness of ca. 1.2 ± 

0.04 mm were hot compressed at 215°C and cut into strips with a geometrical size of 20 mm (width) 

× 200 mm (length). The die drawing process was performed using a uniaxial tensile apparatus with a 

heated die at 153°C and a crosshead speed of 1000 mm·min-1. Flat steel shims, 0.15 mm thick, were 

used to attain a slit outlet. In this case, a uniaxial stretching ratio of ~ 10 (i.e. SR10) was achieved for 

the stretched billet with a final thickness of ca. 0.143 ± 0.005 mm.  

Optical transmission microscopy (Aigo GE-5), confocal laser scanning microscopy (Olympus OLS 

4000 LEXT), polarizing light microscope (PLM, Nikon ECLIPSE Ni), and scanning electronic 

microscopy (SEM, Hitachi SU8010) were used to evaluate the dispersion state of the MWCNTs within 

the PP matrix. Transmission electron microscopy (TEM H-800, Hitachi) was used to detect the 

MWCNTs morphology. Here, optical microscopy was used to examine the large-scale MWCNT 

agglomerates. Calculations of the area ratio of MWCNT agglomerates to well dispersed PP/MWCNTs 

were made using Fiji. The original image resolution was 13651024 (corresponding to an area of 

6.644.98 mm) at a conversion rate of 206 pixels·mm-1. The images were analyzed using the Fiji 

image processing package. Grayscale thresholding was used to segment the foreground agglomerates 

from the background matrix, and particle analysis provided the area of each separate agglomerate. 

Well dispersed particles cannot be distinguished from the background in these optical images, we omit 

particles below 23.5 μm2 (the area of an individual pixel area) from the analysis (A well dispersed state 

could be inferred from a lack of agglomerates).  

Thermal property was measured using the DSC instrument (TA Discovery) under the conditions 
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of flowing nitrogen atmosphere for two heating-cooling cycles in the range of ‒90-250°C with the rate 

of 10°C·min−1. The AC conductivity was tested across a wide frequency range of 10-1-107 Hz by using 

a dielectric spectrometer (CONCEPT50) at room temperature. Tensile properties were measured using 

Instron 5568 with a tensile velocity of 50 mm·min-1 at room temperature. Tensile bars were cut from 

sheets with a thickness of 1.2 mm in accordance with ISO37-T4.  

3. Results and discussion  

3.1 Morphology characterizations 

Morphological analysis is fundamental and critical for evaluating the dispersion of MWCNTs within 

PP matrix. It is found that poorly dispersed nanotubes are visualized in the optical microscope as dark 

particles, as shown in Figs. 1A-D. By thresholding these agglomerates (as described in the 

experimental section) we can measure the ratio of the poor dispersed and isolated large agglomerates. 

The agglomerate area ratio, AR, is defined as Σ (Pixelparticle)/Σ (Pixelimage) and is calculated using Fiji. 

An aggregate is divided into many units by pixel grids. The visible particle area of it is then estimated 

by the summary pixel unit (Fig. 1F). Results show that a high ratio of visible agglomerates (up to AR 

~ 27.5%) is observed for PP/MWCNTs-6wt%, decreasing to ~ 18.2% after the die drawing and 

remelting process. The AR for PP/MWCNTs-3wt% decreases slightly from 16.4% to 13.6%.  

The size distribution of the agglomerates was statistically calculated with a bin size of 500 μm2. The 

cumulative counts of CNT agglomerates indicates that the quantity of small size agglomerates of 

MWCNTs increases slightly following die drawing, as shown in Figs. 1G-1H. For example, the 

fractions of agglomerates with an area below 1000 μm2 are ~90.3 and ~89.9% for the samples with 3 

and 6wt% loading, respectively. However, by means of the die drawing and remelting process, such 

fractions are raised to ~92.6 and ~91.6%, respectively. This is due to a reduction in the quantity of 
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large agglomerates, i.e. large agglomerates are broken up into smaller ones by the die drawing process. 

In addition, the cumulative count reaches ~100% at the particle sizes of 12,000 and 14,000 μm2 for the 

sample with 3 and 6 wt% loading, respectively, decreasing to 8000 and 12,000 μm2 after die drawing 

and remelting. The improved degree of dispersion is revealed from the difference of cumulative counts. 

Further evidence of the improved dispersion state is revealed from the SEM observations in Fig. 2. It 

is found that fewer large agglomerates are presented in the samples that were prepared following by 

solid phase die drawing and remelting. Initially, the MWCNT agglomerates are distinctly separated 

from the matrix, viewed as clusters with obvious interfacial boundary in Fig. 2A. The phases become 

more ambiguous in Fig. 2C, resulting in the surface appearing more uniform. In the fracture surface in 

Fig. 2A, shear bands of the PP matrix are clearly present. But the shear band is disrupted by the 

existence of MWCNT agglomerates in Fig. 2C, indicating the improved dispersion of MWCNTs. The 

large agglomerate with less matrix embedded in the initially blended composites was flatten from a 

spatial 3D shape to the approximate 2D shape. The interfacial boundary evolved, leading an erosion 

of the MWCNTs into the matrix. Importantly, these agglomerates are loosely packed by MWCNTs 

with less matrix and they can be disintegrated under external mechanical loading at a raised 

temperature.  



 9 / 25 
 

 

Fig. 1. Calculated of AR (A-D), TEM observation of the MWCNTs (E), calculation principle of AR 

(F) and cumulative counts of MWCNT agglomerate area size for PP/MWCNTs-3wt% (G) and 

PP/MWCNTs-6wt% (H) corresponding to the samples of: original (A) & (C) and after being die 

drawn and remelted (B) & (D), respectively.  

 

Fig. 2. SEM characterization of the MWCNT agglomerates within PP matrix: (A) & (B) original; (C) 

& (D) after being die drawn and remelted. 
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The rupture behaviour of CNT agglomerates is shown in Fig. 3. Initially, the isotropic agglomerates 

are randomly presented in the matrix (Fig. 3A). When the composites are uniaxially stretched at the 

rubber-state temperature of matrix, i.e. 153°C, deconstruction of the agglomerates along the drawing 

direction is observed (Fig. 3B). The tensile stress applied on the billet transfers from the matrix to the 

agglomerate around the interfacial layer, inducing co-mobility of the CNTs. From surface cavitation 

(~5-6 μm depth) of the drawn sample, we can see that the initially embedded agglomerates not only 

extend along the drawing direction but also collapse with a depth of several micrometers at the surface 

(Fig. 3C). Such ruptured agglomerates can be observed clearly at the fractured cross-section (Fig. 3D), 

indicating a substantial breakdown of the aggregated MWCNT bundles during die drawing (Fig. 3E). 

It is supposed that the large agglomerates (3D) tend to be disintegrated and flatten to small 

agglomerates (approximate to 2D) during the die drawing, and the individually dispersed MWCNTs 

are orientated. This process cannot finely break down all the large agglomerates and some small 

agglomerates are retained within the matrix and play an important role in reconstructing new 

conductive networks, which was also reported by Mai et al [48]. 

Table 1 shows the melting temperature (Tm), crystallization temperature (Tc) and the crystalinity 

Xc of composites. Minor difference of Tm between the original sample and the sample after being drawn 

and remelted indicates that the orientation effect on the crystallization of PP matrix can be removed 

by remelting process at 210°C. The Tm reveals a definite dependence on orientation, yet appears 

independent of the MWCNT weight fraction. A relatively high Tm is observed for the samples 

orientated at a stretch ratio of 10, demonstrating the fibrous crystalline morphology (Fig. 3D) which 

was also proven by our previous work [47]. Meanwhile, higher Tc is generally observed for all 

PP/MWCNTs, indicating that the MWCNTs may function as nucleating agent and thus bring about 
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higher crystallinity of the composites. Crystallinity Xc was calculated based on the ratio between the 

measured enthalpy ∆H at the first heating cycle and the theoretical enthalpy ∆H0. It is found that the 

solid-phase die drawing increases the Xc of PP/MWCNTs composite while the remelting process 

decreases it again. This means part amorphous PP transforms to crystallized PP after die drawing and 

changes conversely by remelting process. Hence, the decreased crystallinity induced by remelting can 

be regarded as the fraction of fibrous crystallite induced by die drawing. Thus, a percentage of ~ 7.9% 

and ~ 9.9% of the whole crystallinity represent the fibrous crystallite structure for PP/MWCNTs-

3wt%-SR10 and PP/MWCNTs-3wt%-SR10, respectively. The WAXD spectra in Fig. 4 indicate that 

the crystal type has not been changed. The crystallization structure maintains the same as α-crystal.  

 

Fig. 3. CLSM characterization of PP/MWCNTs at (A) unstretched surface, (B)&(D) as-stretched 

surface, SEM image of (C) cross-section surface and (E) the schematic of the agglomerate rupture. 

Table 1. Tm, Tc and Xc of the PP and PP/MWCNTs composites as measured by DSC. 
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Samples Tm (°C) Tc (°C) Xc (%) 

PP 163.2 108.1 47.1 

PP-SR10 166.9 109.9 55.9 

PP/MWCNTs-3wt% 164.3 121.7 52.8 

PP/MWCNTs-3wt%-SR10 168.8 127.6 61.1 

PP/MWCNTs-3wt%-SR10-

remelted 

163.9 127.1 53.2 

PP/MWCNTs-6wt% 164.1 125.1 51.8 

PP/MWCNTs-6wt%-SR10 167.1 127.2 62.5 

PP/MWCNTs-6wt%-SR10-

remelted 

163.8 128.8 52.6 

Note: the theoretical enthalpy of PP at 100% crystallinity is regarded as ∆H0= 207 J۰g-1.  

 

Fig.4. WAXD spectra of the prepared PP/MWCNTs composites  

The initial dispersion of the MWCNT agglomerates within the PP matrix has been shown to be 

rough on the macroscopic scale, but was improved after die drawing and subsequent remelting. The 

breakage and reconstruction of MWCNT networks can be also reflected in rheological behavior. The 

Cole-Cole (G' vs. G") and loss tangent (tanδ vs. ω) plots of the composites were measured, as shown 

in Fig. 5. For the pristine PP melts the viscoelasticity of it show typical shear-shinning behavior. Here, 

a strong dependence of tanδ of the homopolymerized PP on the frequency is observed. Interestingly, 

the relatively highly filled but poorly dispersed PP/MWCNTs- 3wt% or -6wt% also demonstrate 

similar shear-thinning phenomenon. However, the deviation of the Cole-Cole plots from the linear PP 
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response implies that the internal structure of MWCNT networks within the PP matrix is definitely 

altered after die drawing. The G' at the maximum shear frequency of 100 rad/s in this experiment is 

varied and enhanced by the content of MWCNTs and the die drawing and remelting process, 

simultaneously. The solid-phase die drawing under 153°C is proven again to favor the generation of 

more finely dispersed MWCNTs or to rupture the large agglomerates and thus more perfect networks 

are formed, which promotes the elastic behavior (energy storage) of the composite melts. In addition, 

elastic and viscous behavior of the composite melts can be characterized by loss tangent factor tanδ. 

The pristine PP has a decreasing tanδ with the increase of shear frequency, yet the tanδ of the composite 

melts with 6wt% MWCNTs is approximately constant. The tendency of tanδ to constant also reveals 

the rich presence of MWCNT networks. So increasing the fraction of MWCNTs promotes the network 

formation, consequently the tanδ response approaches a constant; meanwhile, and die drawing and 

remelting the samples also leads to the improved MWCNT networks.  

   

Fig. 5. Cole-Cole plots (A) and loss tangent tanδ (B) of PP and PP/MWCNTs at 210°C. 

3.2 Electrical properties  

 Compared to the analysis of DC conductivity, the AC conductive investigation of CPC is known 

as a more potent tool. The frequency dependence of AC conductivity results from two primary effects: 

one is the inter-agglomerates polarization effect which is also called resistor-capacitor model, and the 
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other is the anomalous diffusion inside the agglomerates. This mechanism was discussed in Zhu’s 

work in detail [49]. It is acknowledged that the value of electrical percolation threshold of the 

polymer/CNTs composites prepared by melt mixing is relatively higher than those prepared by solution 

blending or in-situ polymerization owing to the worse dispersion of CNTs. The AC conductivity of 

such composite depends on developing a conductive network at low frequency, occurring when the 

volume fraction of CNTs is above the percolation threshold. Here, the frequency dependence of the 

real part of the complex electrical conductivity for the prepared samples was measured, as shown in 

Fig. 6. The isotropic PP/MWCNTs-3wt% shows DC non-conductive property, whose DC resistance 

which is beyond the detectable range (> 108 ohm), while the PP/MWCNTs-6wt% are found to be DC 

conductive showing constant AC conductivity and frequency independence in a certain frequency 

range. The reason is: with the presence of 3 wt% MWCNTs, the PP matrix tends to separate the contact 

between the individual tubes and their bundles. The concentration of CNT is not enough to build the 

required amount of “conductive pathway bridges”. In this case, the AC conductivity of PP/MWCNTs-

3wt% reveals frequency dependence and linearly increases with signal frequency owing to the 

dielectric behavior; for the PP/MWCNTs-6 wt%, however, the measured AC conductivity keeps 

constant. This is because the AC conductivity of PP/MWCNTs-3wt% is mainly governed by the 

polarization effect of the matrix and electronics, but for PP/MWCNTs-6wt% the conductive networks 

of MWCNT are contributive to the conductive performance. Herein, the polarization effect is induced 

by making an analogy between the PP/MWCNTs samples and a resistor–capacitor equivalent circuit, 

in which there is capacitance among the CNT or its clusters, separated by PP matrix [49].  

Herein, the decrease of AC conductivity of uniaxially orientated PP/MWCNTs is also attributed to 

the rupture of CNT conductive networks. When such highly orientated PP/MWCNTs are remelted, 
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however, the AC conductivity increases to a higher level. For instance, the AC conductivity of 

PP/MWCNTs-3wt%-SR10-Remelted is significantly raised by almost 6-order magnitude from10-13 to 

10-7 S/cm. For the PP/MWCNTs-6wt%, its conductivity decreases by 2 orders in magnitude after being 

drawn but it increases by 3 orders of magnitude after being remelted, increasing over and above the 

PP/MWCNTs-6wt%.  

This increased AC conductivity can be explained by the reorganization of conducting network 

structure, which is partially destroyed by the die drawing process. The die drawing process favors to 

rupture the MWCNT agglomerates, promoting the erosion of MWCNTs into the matrix during 

remelting process. This gives rise to a better dispersion of MWCNTs. The impedance of a composite 

can be explained by the inherent resistance of MWCNT and the contact resistance between two 

MWCNTs. A simple equation for a composite resistance can be presented as: 

Rcomposite = n·Rintrinsic + n·Rcontact,           (1) 

where Rcomposite is the composite resistance, n is the numbers of MWCNTs, Rintrinsic is the intrinsic 

resistance of MWCNTs, and Rcontact is the contact resistance which is governed by the capacitance 

(jωC). In this work, the improved conductivity of PP/MWCNTs might be attributed to the evolution 

of MWCNT networks.  

Figure 6B shows the morphology change of MWCNTs before and after die drawing and remelting 

process. The evolution of CNTs leads to the insulator-conductor transition of the composite system. 

Highly coiled MWCNTs with large aspect ratio are stretched out initially and thus aligned along the 

drawing direction (seen Fig. 6B, d’>d), causing the separation of contacted MWCNTs. When the 

highly orientated composites are remelted, the orientated PP molecules recover partially (d"<d'). The 

orientated MWCNTs are also relaxed being in company with the molecular chains, but the alignment 
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of MWCNT is partially retained due to the constraint of PP macromolecules. This increases the density 

of conductive networks.  

  

Fig. 6. AC conductivity of the prepared PP/MWCNTs (A) and schematics of the evolution of 

MWCNT networks (B) and the breakage mechanism. 

3.3 Tensile properties  

The mechanical property of polymer/CNT usually depends upon the dispersion state of isolated 

CNTs and the interfacial interaction between CNT and matrix. The presence of big CNT agglomerates 

will definitely deteriorate the shear band of PP matrix and definitely reduce the tensile performance of 

their composite owing to the weak interaction of PP/CNTs. The tensile property of the PP/MWCNTs 

composites was measured as exhibited in Fig. 7.  

Both yield strength and elongation at break are found to decrease with the increase of MWCNT 

fraction. The bared surface of MWCNT used as-received results in a weak interaction between the 
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MWCNTs and matrix, which leads to a reduction in both tensile strength and ductility in this work. 

The low mobility of MWCNTs or their agglomerates with weak interfacial interaction is the intrinsic 

reason for the deterioration of tensile strength. The agglomerates of MWCNT bring many defects into 

the matrix due to the difficulty of homogeneously dispersing MWCNTs by melt mixing. The cavitation 

and disaggregation of MWCNT agglomerate during tensile process which brings great ease to the 

development of crack or mechanical failure should be responsible for these mechanical drawbacks. 

Brittle behavior for all the PP/MWCNTs composites is observed which is consistent with the 

conclusions in reference [32, 47].  

          

Fig. 7. Tensile testing at room temperature: (A) yield strength, (B) elongation at break.  

Interestingly, samples prepared by die drawing and remelting exhibit a better ductility than those 

initially blended. This is ascribed to the better dispersion of MWCNTs and the breakage of large 

MWCNT agglomerate. The elongation at break for the pristine PP is up to ca. 850% while the 

composites break at the average elongation of 11.3 and 6.8% for 3 and 6wt% loading of MWCNTs. 

Such a decrease in ductility was also reported in the aforementioned references [15, 18, 27, 55]. The 

initially reduced ductility of the composites may be also attributed to the weak interfacial interaction 

between the PP and the MWCNTs of the large agglomerates if there is high agglomeration ratio (Fig. 

8). It can be observed that the large agglomerate provides a great ease to the crack development which 
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is fatal for stress transferring. These agglomerates are isotropic as similar 3D shape and then transform 

to approximate 2D structure after die drawing. This definitely increases the interfacial area between 

MWCNT and matrix, increasing the amount of micro-cracks within the agglomerates (Fig. 9).  

 

Fig. 8. PLM observations of the samples contained 3 wt% MWCNTs. The yellow arrows indicate the 

large agglomerates and the pink arrows indicate the rupture direction of agglomerates.  

 

Fig. 9. Interfacial morphology, taking the PP/MWCNTs-3wt% as the example: (A) isotropic state; 

(B) after being orientated and remelted.  

According to Mai’s [48] and Giannelis’s [56] reports, the toughness of a polymer nanocomposite may 

be dependent on the mobility of the nanofillers, which influences their ability to dissipate energy under 

the applied force. In our experiment, the MWCNTs were blended with PP melt without surface 
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modification, so it may be difficult to achieve a strong filler-matrix interface which occurs mostly in 

industry. The interfacial morphology is detected by using SEM (Fig. 9). The aggregated MWCNTs 

embedding less PP matrix, to a certain degree, reduce the room temperature mobility of the MWCNTs 

within the matrix. A separation between the aggregated MWCNTs and the matrix on several 

micrometers (ca. 2-3 μm in Fig. 9A) is observed for the initially blended PP/MWCNTs, while 

improved interface is presented for the sample after been die drawn and remelted. This is the evidence 

of improved interfacial morphology, promoting the erosion of MWCNTs into the matrix. Moreover, 

such bulk agglomerates of MWCNTs up to several hundreds of microns in diameter act as 

macroparticles like centers of friction. When mechanical failure develops to this position, the 

agglomerate becomes the region of stress concentration.  

4. Conclusions 

The breakage of CNT agglomerate in PP matrix is obtained by tailoring process route in this work, 

leading to an improved MWCNT dispersion and enhanced properties (compared with conventional 

melt blending alone). Melt blending followed by solid phase die drawing and remelting process was 

developed for mass production of PP/CNTs composite. The percentage area ratio of MWCNT 

agglomerates, AR, for the die drawn and remelted composites with 3 and 6 wt% MWCNTs, are 13.6 

and 18.2%, showing the reduction of 16.8 and 33.9%, respectively. Such agglomerate breakage 

induced by the die drawing can alter the CNT networks, causing a deviation of the Cole-Cole and tanδ 

plots. In addition, remarkable increase of AC conductivity by ~ 5-6 orders in magnitude for 

PP/MWCNTs with 3wt% loading is obtained. The initially deteriorated ductility is greatly recovered 

by ~100% owing to the improved interfacial morphology caused by die drawing and remelting. 

Deteriorated tensile strength, however, is observed with the occurrence of the increase of interface and 
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micro-cracks. The transformation of agglomerate from isotropic 3D to orientated 2D is responsible for 

the decrease of tensile strength, the increase of ductility and AC conductivity. This observed structural 

evolution of CNT networks demonstrates a possible route for in-line large-scale production of 

polyolefin/CNTs composites.  
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