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ABSTRACT

This article is concerned with synthesis and characterization of electroconductive composite materials prepared by hot molding of mixtures of PMMA and electrochemically deposited copper powder and investigation of the influence of particle morphology on conductivity and percolation threshold of obtained composites and thermal characteristics. Electrodeposited copper powder content was varied from 0.5-8.8 vol%. Analysis of the most significant properties of individual components and prepared composites AFM and TGA analysis. The significant increase of the electrical conductivity can be observed as the copper powder content reaches the percolation threshold at 2.98 vol%. In the investigated range of electrodeposited copper powder concentrations the increase of the electrical conductivity of composites is as much as sixteen orders of magnitude. 

INTRODUCTION

Properties of the composites are heavily influenced by properties of the starting constituent materials, their distribution, processing method and the interaction between them. The properties of the composite do not depend only on the concentration of filler, but also on size, shape (geometric ratio), interstitial interaction between filler and matrix and filler orientation [1,2].
Attempts to improve material properties by adding fillers, either inorganic or organic, are not new. For a long time synthetic polymer composites are used in various industrial fields, equipment, automotive industry, and even in the aviation industry.
Conductive or semiconductive polymer composites are widely studied because of their numerous high-tech, electrical and electronic applications in various fields, such as self-regulating heaters, electric and temperature regulators for device protection and materials for removal of electromagnetic/radio frequency interferences (EMI / RFI) in electronic devices [3,4]. Conductive polymer composites can be prepared by different techniques and with different materials [5-7]. 
It is well known that the electrical resistance of polymer composites do not increase linearly with the increase of electrically conducting filler, but there is a critical volume fraction of filler (percolation concentration) at which the resistance of material sharply decreases from insulating range to the values of semiconductors or metallic conductors [7]. For efficiency, but also in order to improve the processability and to reduce costs of processing, as well as other economic parameters, the amount of conductive phase needed to obtain materials with high conductivity should be as small as possible.

EXPERIMENTAL

In the experimental part of the work poly(methylmethacrylate) (PMMA) was used as matrix. PMMA used was commercial PMMA in form of beads, supplied by Sigma-Aldrich, having average molecular weight of Mw ~350000, with a density of 1.20 g / cm3, and the electrical conductivity of about 10-12 S / cm. Before use, the polymer was dried in a tunnel furnace at 60 °C in a controlled nitrogen atmosphere.
The electrolytic copper powder used in this study was galvanostatically produced as described in [7]. 
Polymer composites of PMMA filled with copper powder were prepared with the filler volume fraction from 0.5% (v/v) - 8.8% (v/v). All the samples were produced from thoroughly homogenized mixtures of powders.
SEM, EDS and AFM analysis of PMMA composites were examined in more detail.
RESULTS AND DISCUSSION

Conductivity of the conductive polymer composites strongly depends on nature of contacts between the conductive filler elements. In order to achieve better electrical conductivity fillers highly developed free surfaces, are used. For this reason the copper powder was galvanostatically produced with distinct dendritic morphology, having high specific surface area, as shown in Figure 1. 
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Figure 1. SEM photograph of copper powder particles obtained by constant current deposition and sieved through mesh  <45 μm.

Presented results of copper powder morphological analysis showed that the powder has very large free surface. The powder shows specific characteristics typical of highly dendritic particles with distinctly developed primary and secondary dendritic arms with angles between them typical for centered cubic lattice. Therefore, this powder is a good prerequisite for the formation of great number of interpartical contacts between the conductive copper powder particles, hence decreasing percolation threshold.
Electrical conductivity of the composites, as a function of filler volume fraction, for all samples, was measured as mentioned in the Experimental part. DC I/O characteristics conductivity measurements for samples with a particle size ≤45 μm is shown in Figure 2. Typical S shaped dependence, with three different regions (insulating, transitional and conductive) can be observed. Percolation threshold value was obtained from the maximum of conductivity derivative as a function of volume fraction of filler.


Figure 2. Change in electrical conductivity as a function of filler volume fraction for PMMA composites filled with copper powder

Experiments have shown that the morphology of the particles plays a significant role for the percolation threshold appearance. Due expressed interparticle contact with small particles having a high specific surface area, and the impact of packaging phenomenom, the percolation threshold occurs at lower value of filler volume fraction for particles ≤45μm than stated in the literature [6]. As it can be seen in Figure 2, the percolation threshold was 2.98% (v/v), which is an improvement of over 10 times than stated in literature [6].
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Figure 3. AFM images of the PMMA composite filled with copper powder at percolation threshold. a) surface plot and b) top 3D view of the surface from a)

Figure 3 presents AFM image of the PMMA composite surface after breaking. Conductive pathways can be observed, where electrical conductivity of the composite is obtained through conductive pathways of the filler that form in the composites. These pathways are formed in 3D in a pure random order.

CONCLUSION

This article has shown the experimental study of deposited copper powder particles morphology effects on the electrical conductivity of the PMMA matrix composites filled with powder of this metal. The results showed that the morphology of the powder with a large specific surface area and a distinct dendritic features play an important role in the electrical conductivity of the prepared samples. Conductivity measurements have shown typical S shape dependence, with the percolation transition from non-conductive to conductive region. The effect of packaging and pronounced interpartical contact with smaller, highly porous, highly dendritic particles with a large specific surface area values has led to a "shift" of percolation threshold towards lower filler volume fraction values. For given range of filler volume fractions the increase in composites electrical conductivity was as much as 16 orders of magnitude. AFM measurements confirm the presence of conductive pathways in composite volume that are formed in 3D in a pure random order.
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