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Abstract

:

Polycarbonate (PC), a thermoplastic polymer with excellent properties, is used in many advanced technological applications. When PC is blended with other polymers or additives, new properties, such as electrical properties, can be available. In this study, carbon black (CB) was melt-compounded with PC to produce polymer compounds with compositions (10–16 wt.% of CB), which are close to or above the electrical percolation threshold (13.5–14 wt.% of CB). Effects due to nanofiller dispersion/aggregation in the polymer matrix, together with phase composition, glass transition temperature, morphology and textural properties, were studied by using thermal analysis methods (thermogravimetry and differential scanning calorimetry) and scanning electron microscopy. The DC electrical properties of these materials were also investigated by means of electrical conductivity measurements and correlated with the “structure” of the CB, to better explain the behaviour of the composites close to the percolation threshold.
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1. Introduction


Polycarbonate (PC) is a high-performance thermoplastic polymer, which combines a series of unique properties, including high impact strength, good dimensional stability, 100% protection from the UV radiation, excellent optical properties (i.e., transparent color, a refractive index of 1.58), and good chemical/heat/creep resistances in a wide temperature range [1,2]. Due to these properties, the demand for PC for electronic components, data storage devices, optics and lenses, materials for structural and medical applications, is increasing and the annual production reached 4.1 million tons in 2020. Most of the aforementioned properties rely on the amorphous nature of organic functional groups linked by carbonate groups (–O–(C=O)–O–), which are also responsible for the high mechanical resistance of polycarbonate. The high glass transition temperature (Tg) of bisphenol A-derived PC polymers (which is much higher than those of aliphatic PC counterparts), is mainly caused by the small molecular rotation of bonds, due to steric hindrance of p-phenylene rings along the main polymer chain [3].



Even though PC belongs to electrically insulating polymers, its limitation in electrical resistivity (c.a. 0.1–1 × 10−15 Ω·cm) can be exceeded by the addition of conductive fillers, such as metal particles [4,5] and carbon-based materials. If the composite material becomes electrically conductive, it can be used in new applications, in which electrical properties are required, such as antistatic or static dissipation, conductive and electromagnetic shielding materials [4]. Among the carbon fillers to be dispersed in polymers, CNTs and graphene have the most notable effect on electrical conductivity, with an electrical percolation threshold ranging between 1 and 4 wt.% [6,7,8,9,10,11,12], while a higher filler loading (c.a. 4–15 wt.%) is usually required to obtain an electrical percolated network with graphite-based materials (graphite flakes, graphite nanoplatelets, expanded graphite, nanographite) [13,14,15], carbon fibers [16], and carbon black [11,17,18]. Conversely, a lower filler content could be enough with a greater dispersion of the functionalized filler and with the use of solvents, additives and compatibilizers [19,20]. The doping of carbon materials with heteroelements [21], blending of the polymer matrix with immiscible polymers (i.e., double percolation of CB in immiscible polymers) [22,23,24,25], use of multiple fillers (e.g., CB + CNTs, graphite nanoplatelets + CNTs) [26], slow cooling [27] and other processing conditions (i.e., mold and injection temperatures, injection rate) [25,28], to achieve an electrical percolation threshold, are also reported in some papers [5,29,30]. However, some of these methods appear to be unsuitable for a production scale.



As far as carbon black is concerned, it is still one of the most used carbon fillers, in particular for imparting good thermal/electrical/mechanical properties, UV protection and pigmentation to the polymer compounds. The reason for this broad use is certainly attributed to the variety of CB that are available on the market, to the different natures of the CB, and to the so-called carbon black “structure”, which is largely used to describe particle aggregates of various sizes and shapes. Such aggregates, with or without branched chains, are obtained during the production step, due to the coalescence of primary particles, which merge together [18]. The CB structure degree can be easily quantified [31] by the small/high amount of dibutyl phthalate (DBP) that can be absorbed (i.e., the greater the absorption value, the higher the structure as scored with the Oil Absorption Number, OAN). In this regard, a high-structure black is usually shown for CB grades with primary particles of smaller sizes, while a low-structure black can be found from larger primary CB particles (>c.a. 100 nm), due to the tendency of small particles to form aggregates [32]. From this concept and due to the tendency to develop larger aggregates that are spaced by a smaller separation, higher conductivity at the same loading can be measured in high-structure blacks [32,33]. In the ultimate preparation step (i.e., the compounding process), the CB is then mixed with the melting polymer during compounding and the process parameters, including shear forces, may influence the filler dispersion with the formation of a network of agglomerated CB aggregates inside the polymer matrix.



In this work, PC was melt-compounded with different weight amounts of a high-structure CB close to the electrical percolation threshold, in order to examine the effect of filler content and dispersion on the thermal and electrical properties. These properties were then correlated with the dispersion of the filler and with the obtained texture.




2. Materials and Methods


2.1. Materials


Calibre Polycarbonate resin (PC, Trinseo, Berwyn, PA, USA) was used, due to its characteristics, including Melt Mass-Flow Rate (MFR) of 22 g/10 min (300 °C/1.2 kg), that are suitable for injection molding. Carbon black (CB, ENSACO® 250 G supplied by Imerys, Paris, France), with primary particle sizes of 40–50 nm, surface area of 65 m2/g and oil absorption number (OAN) of 190 mL/100 g, were added separately to the polymer. Compounds were then obtained by melt extrusion (Leistritz 27E co-rotating twin-screw extruder with screw diameter and length/diameter of 27 mm and of 40:1, respectively) and injection molding at 310–315 °C with mold temperature of 90 °C.




2.2. Methods


Thermogravimetric analyses (TGA) were performed by means of a Q500 TA Instruments, by increasing the temperature from RT to 700 °C under nitrogen (N2) gas flow, then to 950 °C in air (heating rate 10 °C/min in both steps). This method was adopted to determine the polymer and carbon content of the carbonaceous PC pyrolysis products and of the CB filler, after compounding.



Differential scanning calorimetry (DSC) measurements were performed by a Q200 TA Instruments in N2 gas flow, setting up a heat–cool–heat cycle method from 30 °C to 200 °C (heating rate of 30 °C/min), in order to erase the thermal history of the polymeric phase and then to characterize the material properties [34]. A quantity of c.a. 10 mg or of c.a. 3–8 mg were used for TGA or DSC experiments, respectively.



Morphology of melt-compounded samples was investigated by means of Zeiss Evo 50 SEM (scanning electron microscopy) instrument. Before SEM analyses specimens were cryo-fractured in liquid nitrogen [9].



DC through-plane electrical properties were obtained by using a conventional two-point probe method connected with a Keithley 2420 source meter. Compounds in the form of 2 mm thick plates were cut to obtain smaller specimens with dimensions of c.a. 20 × 14 × 2 mm. The opposite faces of the specimens were polished to eliminate the outermost surface. Ag paste was used on both sides of samples to make electrodes with sizes of c.a. 280–300 mm2, which were connected with Cu wires working as connecting leads. The electrical volume resistivity (ρ) was determined by using the equation: ρ = R × (A/l), where R is the measured resistance, A is the electrode surface and l is the distance between the two parallel electrodes. DC electrical conductivity was calculated by using the equation: σ = 1/ρ.



Measurements were obtained by placing the specimen in a homemade sample holder consisting of a fixed side and a spring-loaded electrode (Supplementary Data). The specimen in the sample holder was placed in an oven to evaluate the electrical conductivity dependence with temperatures from room temperature up to c.a. 200 °C.





3. Results and Discussion


3.1. TGA and DSC Analyses


TGA was performed to quantify the polymer/filler percentages in the composite materials, while DSC analyses were performed to determine the values of the glass transition temperatures of the melt compounded samples.



TGA curves shown in Figure 1 are to be considered as representative of the whole series of measurements for CB-filled PC-composites, due to similarities of the thermograms. The neat polymer was analyzed for reference to quantify the percentage of filler in the composite materials. PC showed no weight loss until c.a. 420–430 °C, then the polymer decomposition took place in a single step with a maximum degradation rate at 525 °C. The char yield at 700 °C was 24.6 wt.%, while at higher temperatures (700–900 °C), after replacing the N2 gas flow with air, the complete combustion of char took place. The carbonaceous products come from chain scission mechanisms of the polymer, including isopropylidene linkage, hydrolysis/alcoholysis and rearrangement of carbonate linkages [35,36], occuring during well-defined temperature intervals of the pyrolysis step, as calculated from deconvolution of the DTGA signal (bottom dotted curves in Figure 1). The carbon yield obtained from TGA residue of melt-compounded PC is consistent with parental studies dedicated to the polymer degradation (24.5 wt.%) [35]. The TGA plot of PC-filled with 10 wt.% CB showed a decreased weight loss (68.2 wt.% at 700 °C), while the second weight loss, occurring in air in the 700–800 °C range, was increased. The relative percentage of char formed in the pyrolysis of PC should be taken into consideration for the quantification of the CB in the composite. The TGA profile of the PC + CB-16 sample (PC filled with 16 wt.% CB, black curve) is comparable to what was observed for the neat polymer, but the weight obtained at 700 °C was 37.8 wt.%.



The calculated quantities of CB in the polymer matrix and the Tg midpoints of the composites are summarized in Table 1.



Heat/cool/heat DSC runs of PC + CB-16 are shown in Figure 2. DSC curves are to be considered as representative of the whole series of measurements for CB-filled PC-composites, due to similarities of heat flow signals.



From these curves is clear that the first heating cycle contains effects of the process temperature (i.e., thermal history). Uncertain heat flow signal near Tg with a sort of an enthalpy relaxation peak is also present in the first heating run. Furthermore, a hysteresis loop between the cooling and the second heating run is illustrated. From the second heating run, Tg can be more precisely ascertained. However, as glass transition is a kinetic process and the calculated Tg values are determined also via the heating/cooling rates (the higher the heating/cooling rate, the higher the resulting Tg), the glass transition temperature cannot be precisely defined. Therefore, variations observed in the second heating curve of composite materials having different CB loadings are compared. From these results (Table 1) it is clear that Tg is not remarkably affected by the addition of carbon black to the polymer. Tg of the CB-filled samples was found to be close than that of the neat polymer and the small changes indicate that the carbon black structure in the composites does not inhibit the polymer chain mobility, even at the high CB content under the adopted process parameters and compositions. Furthermore, no evidence of a remarkable polymer nucleation or crystallinity induced by CB presence can be observed in the first and second heating runs. These results are in agreement with literature [6].




3.2. DC Electrical Measurements


Figure 3 shows the DC electrical properties of the CB-filled PC compounds at 25 °C. In this figure the CB conducting filler gradually increases in the insulating PC matrix and an insulator-to-conductor transition is observed in the c.a. 13.5–14 wt.% filler range. Such an electrical percolation threshold position is consistent with the literature data of CB-filled compounds including PC or PS (12–13 wt.% CB), HDPE (16–17 wt.% CB or even higher), and PP-copolymer (c.a. 13–14 wt.% CB) [18,37]. Above these values, called critical filler concentrations [18], the electrical percolation threshold is exceeded and the measured DC electrical conductivity of the composite specimens abruptly jumps up of about 5–6 orders of magnitude, due to the formation of continuous conducting paths in the material. In more detail, the DC conductivity (σ) above the percolation threshold was estimated by the conventional power-law model: σ = σ0 (ф − фc)t [38], where σ0 is a scaling factor, ф is the filler fraction, фc is the filler percolation threshold, and t is the critical exponent. фc and t were determined via a least squares fitting of the log of conductivity plotted versus log (ф − фc) and the values were varied up to the best linear fit. The aforementioned equation fits the experimental data for ф > фc, giving a percolation threshold (фc) of c.a. 13.9 wt.% and a critical exponent t of 2.9 (Figure S1, Supplementary Data), which is an indication of a three-dimensionally organized conducting network [32].



Electrical properties near and beyond the percolation threshold (PC with 14 wt.% CB and with 16 wt.%, respectively) were also evaluated by increasing the temperature up to 180 °C (Figure S2, Supplementary Data).



By rising the temperature, the resistivity does not change considerably up to c.a. 120–130 °C, while the variation becomes more evident when approaching the Tg. The different electrical properties with the temperature could be explained with the connection degree in the percolation paths, resulting from the different thermal expansion coefficients of the polymer and of the filler, which results in it being interrupted at high temperatures [39] (i.e., dynamic non-ohmic/ohmic transition).



Based on the measured conductivity, applications as semi-conductive, static dissipative polymeric materials can be envisaged. However, it should be remarked that the electrical conductivity observed for the CB quantity in the 9–16 wt.% range is quite limited and far from the intrinsic electrical conductivity values measured for the pressed powders of ENSACO 250G carbon black (c.a. 10−1–102 S × cm−1) [18].




3.3. SEM Analysis


The electrical properties of polymer reinforced with CB can be explained with the shape and the sizes of the CB aggregates that can agglomerate in the polymer matrix [40]. For this reason, the dispersion of CB in the PC matrix was evaluated by means of SEM analysis. Cryo-fractured composites at the different CB loadings are SEM imaged in Figure 4. First of all, the relatively irregular and amorphous nature of the polycarbonates is shown in Figure 4a,b. Afterwards, the morphology of the composites at different CB contents is illustrated in Figure 4c–j. In these images, the CB aggregates blended together (secondary structure) forming spherically shaped or linear agglomerates [40,41], 50–100 nm and 100–500 nm in size are shown for CB content close to 10 wt.%. At higher CB amounts (12–13 wt.% and higher) the linear and 3D branched carbon black assemblies are present. This can be explained with the presence of Van der Waals forces between CB particles, causing branched agglomerates to form. This fact is clearly shown at both magnifications and the major agglomeration degree is depicted in the inset of Figure 4.



The interconnected structure of CB particles indicates that conductive networks are being formed, thus enhancing electrical conductivity. These images are consistent with the observed electrical percolation threshold (Figure 3) and suggest that, at a relatively low filler content, the retention of conductive networks can be obtained.



Some more, the observed void volume (Figure 4d,f,h,j) cannot be explained only with the interstices among the carbon black primary particles. Such free spaces could be the result of a very limited phase separation process coming from the formation of crystallized PC. The PC crystallization, which is usually a remarkably slow process, may be accelerated at the high process temperature and through the presence of CB, as also observed in the presence of carbon fillers (CB, vapor grown carbon fibers, carbon nanotubes, carbon fibers) [2,42]. Finally, the relatively high pressure of the extrusion in conjunction with the high shear stress of the injection molding process could stimulate, to some extent, the formation of a very small degree of crystallinity that under normal process conditions is nearly completely amorphous [43,44]. However, the observed crystallization effect does not result in noticeable changes in the DSC profiles.



Based on the above discussion, the thermal/electrical behavior near the percolation threshold of CB-filled PC composites can be rationalized. Both the amorphous nature of the polymer and the structure of the CB play both a key role in the invariance of the glass transition temperature and in the electrical characteristics (in particular, the electrical percolation threshold position) with the variation of the filler loading. Different from what is observed for semicrystalline polymers, where the filler particles would be ejected from the crystalline regions during crystallization (i.e., cooling) and the matrix resulted to be more localized in the amorphous domains [45], CB is more uniformly dispersed in the matrix of amorphous polymers.



As a result, the compounded polymers become conductive at higher carbon black concentrations compared to their semi-crystalline counterparts, due to the nearly continuous structure of the amorphous polymer domains. In this regard, the electrical percolation threshold is achieved with an abrupt increment of conductivity when a continuous network is obtained (Figure 5).



At the lower filler concentration and depending on the different structure of CB, the aggregates become isolated or agglomerated into segregated macroscopic agglomerates. However, a uniform dispersion of tangled CB aggregates is always desirable, and could be usually observed when the electrical resistivity is gradually reduced and reaches a minimum value during the mixing process. In such conditions the agglomerates become separated into uniformly dispersed aggregates developing a continuous polymer coated surface. This result is generally obtained without exceeding the mixing time, shear stresses, and without using highly viscous melts to avoid excessive breaking of the structure into discrete primary particles with the consequent irreversible increment of the electrical resistivity. On the other hand, even over the percolation threshold, the aggregates form larger networks and the electric conductivity will rise gradually with the filler content.





4. Conclusions


In this work, CB-reinforced high-performance PC composites were melt-compounded with compositions (10–16 wt.% of CB) near or above the electrical percolation threshold. TGA and DSC measurements were performed to determine the phase composition and the Tg characteristics. From the TGA curves, the CB quantities in the polymer matrix of compounds were calculated. Furthermore, the midpoint value of the glass transition temperature (Tg midpoint), selected for evaluating the effect of the CB loading, was not remarkably affected by the addition of carbon black, when compared to neat PC glass transition. The through-plane electrical percolation threshold of CB-filled PC compounds in the 13–14 wt.% of CB was calculated from the insulator-to-conductor transition. However, it should be remarked that the measured electrical conductivity is quite limited and envisages static dissipative applications. The CB “structure” in the PC matrix was evaluated from SEM images, by investigating in detail the shape and size of the carbon black agglomerates. Near the electrical percolation threshold, interconnected CB-based structures indicated that conductive networks had been formed, thus enhancing the electrical conductivity. These composites could find applications in the field of static dissipative polymer materials.
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Figure 1. TGA curves of neat PC (gray dotted curve) and of PC + CB 16 wt.% (black line) during the thermal treatment in N2 (from room temperature to 700 °C) and in air (from 700 to 850 °C). The weight derivative of PC is also shown (blue curve) together with its deconvolution into three separated signals. 
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Figure 2. DSC profile of PC + CB-16 in heat-cool-heat cycle analysis. In the inset: 1st and 2nd heating runs are shown in the 130–160 °C temperature range and midpoint Tg is determined in the last run. 
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Figure 3. Room temperature conductivity as a function of the CB loading in CB-filled melt-compounded PC composites. 
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Figure 4. SEM images of PC and CB-filled PC cryo-fractured surfaces at the different CB content: (a,b) 0%, (c,d) 10 wt.%, (e,f) 13 wt.%, (g,h) 14 wt.% and (i,j) 15 wt.%, respectively. In the inset of (h,j), the CB agglomeration in the polymer matrix is illustrated. 
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Figure 5. Representation scheme of the CB dispersion effect in PC on the electrical conductivity properties. Lower structured CB grades contain a high weight fraction of spheroidal, ellipsoidal, and linear aggregates. With an increase in the carbon black structure, the fraction of branched aggregates increases. 
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Table 1. Composition and Tg midpoint, as obtained from TGA and DSC measurements.
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	Sample Name
	CB Content 1

(wt.%)
	Tg Midpoint 2

(°C)





	PC
	0
	149.2



	PC + CB-10
	10
	149.9



	PC + CB-13
	13
	148.1



	PC + CB-14
	14
	149.1



	PC + CB-16
	16
	149.3







1 obtained from TGA measurements, 2 obtained from the second heating of the DSC run.
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