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Abstract

:

Recently, polyurethanes (PURs) have become a very promising group of materials with considerable utilization and innovation potential. This work presents a comprehensive analysis of the changes in material properties important for PUR applications in the electrical industry due to the incorporation of magnesium oxide (MgO) nanoparticles at different weight ratios. From the results of the investigations carried out, it is evident that the incorporation of MgO improves the volume (by up to +0.5 order of magnitude) and surface (+1 order of magnitude) resistivities, reduces the dielectric losses at higher temperatures (−62%), improves the thermal stability of the material, and slows the decomposition reaction of polyurethane at specific temperatures (+30 °C). In contrast, the incorporation of MgO results in a slight decrease in the dielectric strength (−15%) and a significant decrease in the mechanical strength (−37%).
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1. Introduction


Polyurethanes (PURs) represent a technically significant group of polymers with a wide range of uses [1]. The basic advantage of PURs is that, at a reasonable price, a wide variety of properties and parameters are possible with simple changes in composition, while the actual polymerization reaction usually occurs at room temperature [2]. A certain disadvantage is the need to exclude moisture until the material is cured and the fact that PURs do not have the same stability at high temperatures [3] as, e.g., silicones, epoxies, or cross-linked polyester resins. Higher long-term operating temperatures (above 90 °C) acting on polyurethanes have a significant negative effect on the material properties and primary mechanical properties, and pyrolysis can occur at temperatures above 200 °C. It can therefore be argued that thermal stability is a limiting factor for the application of these materials [4,5,6]. Focusing on the positive properties mentioned above, these are mainly due to the two-phase microstructure composed of hard and soft segments [5,7]. It can thus be argued that a PUR is a block copolymer with alternating soft and hard segment components along the macromolecular chain [8]. The soft segments (polyol) contribute to the elasticity, toughness, and resiliency of the material, and the hard segments (diisocyanate and chain extender) provide physical cross-linking points, with the ratio of these segments affecting the final properties of the synthesized material [7,9,10,11].



As has already been mentioned, PURs are, in most cases, two-component systems whereby the individual components are supplied separately in liquid or semi-liquid states and the final curing process occurs only after they have been properly mixed together [12,13,14]. Common 2K systems are simply PURs or epoxies and silicones. The components are usually mixed at the point of application, immediately prior to use. The mixing produces a liquid reactive mixture in which a gradual chemical reaction occurs between the two components (isocyanate and hydroxyl groups); the reaction forms a carbamate (urethane) group (initially dissolved in the unreacted components) [15]. The viscosity of the mixture gradually increases until it gels and gradually solidifies completely. This process is slow enough to allow the low-viscosity reactive mixture to be poured into a mould with a component, e.g., an electrical component, to be poured in.



In the case of 2K PUR systems, component A is an organic polyol (a polyunsaturated alcohol, usually with various additives), and component B is an isocyanate-based hardener. Chemically, the essence of the curing is the addition reaction of the isocyanate groups in the hardener molecule with the hydroxyl groups of the polyol, according to the general equation represented in Figure 1.



The result of the above reaction equation is the already mentioned urethane group (ester of carbamic acid) [16]. In the case of multifunctional components, the product is a polymer, in this case polyurethane. If the polyol molecule contains at least three reactive OH groups and the isocyanate molecule contains at least two isocyanate groups [17,18], then the reaction (formation of urethane linkages between the OH groups and the isocyanate groups) results in a cross-linked thermoset-type polymer, i.e., a non-melting polymer without decomposition that is insoluble in solvents [19,20].



The reaction of aromatic isocyanates with aliphatic alcohols or polyols (in the sense of the above equation) proceeds slowly at room temperature. However, isocyanates (such as MDI [21]) also react with water; in addition to the solid products, CO2 gas is produced [22], which is undesirable (bubble formation that leads to foaming); therefore, the 2K PUR system must be protected from moisture until after curing [23].



The most basic of the additives added to the polyol component in practice is the moisture absorber (e.g., p-toluenesulfonyl isocyanate) [24]. Another common ingredient is a filler. The objective reasons for using fillers are primarily economic (saving organic matter); however, a suitably chosen filler mechanically strengthens the PUR, increases the thermal conductivity, suppresses the flammability of the material, or otherwise improves its properties [25,26,27,28]. A substantial increase in the hardness and strength of a PUR can be achieved by adding organic cross-linkers (substances that also react with the hardener and densify the created 3D molecular network of the polymer) [29,30].



The polyol component of modern 2K PUR systems is often a complicated mixture of substances with a carefully optimized composition in modern, sophisticated materials. Polyol also contains solid ingredients (finely powdered), which sediment during storage [31]. Before mixing the components of the 2K PUR system, it is therefore necessary to thoroughly mix and homogenize the polyol component in the container so that all possible sediment is dispersed in the volume. Only then is the hardener added (amount weighed according to the mixing ratio, which must be determined as precisely as possible), and the entire reactive mixture is thoroughly homogenized, making it ready for use.



Magnesium oxide in the form of nanoparticles was used as a modifier of polyurethane potting compounds in this research. It is an inorganic material belonging to the group of single metal oxides, with a molar mass of 40.31 g/mol [32] and a density of 3.58 g/cm3 [33]. It is a white hygroscopic solid mineral with empirical formula MgO, and its lattice consists of Mg2+ ions and O2− ions linked by an ionic bond in a 1s22s2p6 and 1s22s2p6 configuration (d-orbitals are empty) [34]. Due to its properties (non-toxicity, environmental friendliness, superiro insulating properties), MgO is applicable in a wide range of public sectors such as industry, medicine, or biotechnology. A comprehensive description of the synthesis, characterization and selected technical applications of MgO can be found in recent studies presented by Hornak [35] or Fernandes et al. [36].



The main objective of this research is to describe and emphasize the effect of a filler (magnesium oxide nanoparticles) on the mechanical, dielectric, and structural properties of two types of polyurethanes. This is a unique comprehensive review of results that can be used especially with regard to tailoring material properties for a wide range of applications, not only in the field of high-voltage technology.




2. Materials


2.1. Polyurethane Matrices


In this study, the properties of two polyurethane mixtures (produced by VUKI a.s., Bratislava, Slovakia) were compared (VUKOL O22, denoted PU_A, and VUKOL O33n, denoted PU_B). Both materials are based on the same polyol (castor oil) with the same drying agent additive, cured with VUKIT M (polyisocyanates based on diphenylmethane diisocyanate). VUKOL O22, however, does not contain fillers, while VUKOL O33n has a significant filler content (aluminium hydroxide—ATH [37]), which is used to obtain its fire retardant properties. This difference in the investigated materials is presented in the FTIR spectra in Figure 2, which also correspond with the spectral analyses presented in previous studies [38,39,40,41]).



The above structural differences also result in different mixing ratios of the polyol base material and hardener of 1:0.37 [42] and 1:0.23 [43], respectively. The main difference between the two materials lies in the viscosity and hardness. VUKOL O22 is a low- to medium-viscosity (max. 1500 mPa·s) grey-green polyurethane potting compound characterized by the flexibility of hard rubber (Shore A 70) and a high resistance to radiation and moisture after curing. VUKOL O33n is a high-viscosity (up to 6000 mPa·s) green-coloured polyurethane potting compound that is flame retardant, characterized by a high hardness (Shore A 87) after curing. Both compounds are solvent-free and can be safely operated in class B temperatures (130 °C).




2.2. Magnesium Oxide Filler


This investigation was performed with MgO nanoparticles (Nanostructured & Amorphous Materials, Inc., Garland, TX, USA) with a purity of 99%. The rest of the composition is impurities, e.g., Ca, K, or Na. The selected MgO nanoparticles have an ellipsoidal and spherical morphology and an average size of 20 nm. The specific surface area is less than 60 m2/g, and the bulk density is between 0.1 and 0.3 g/cm3. MgO powder has a white colour. Detailed characterization of these MgO particles can be found in our previous study [44].




2.3. PUR/MgO Preparation and Fundamental Optical Characterization


The preparation of the nanocomposites was carried out under laboratory conditions, and the direct dispersion method [45] was used to produce them (Figure 3). The MgO particles, before their incorporation into the polymer base, were dried in a laboratory hot air oven for 24 h to eliminate their surface moisture. To achieve a lower viscosity for the direct blending procedure, the base component of the polyol was heated to 45 °C. To achieve an ideal concentration of nanoparticles, a precise weight of the filler MgO (0, 1, 3 and 5 wt%) was added. The mixing process of the base polyol and MgO nanoparticles was carried out for 5 h with a magnetic stirrer (700 rpm) and then combined with a vacuum process (8 mbar, 60 rpm). During this time, all air voids in the sample were removed. Once this process was completed, an ultrasonic needle was immediately applied with simultaneous magnetic stirring (60 rpm) for 60 min. This step led to further controlled dispersion [46,47]. This method was used since it guarantees dispersion of the nanoparticles in the polymer matrix, even when working with very low concentrations. Next, a hardener was added to the mixture at the recommended ratio (PU_A 1:0.37; PU_B 1:0.23). The finished mixture was vacuumed and then poured into flat square moulds with dimensions of 100 × 100 × 1.0 ± 0.2 mm. The final step was to cure these samples under laboratory conditions (24 °C, 53% R.H.) for 48 h. All sets of prepared samples contained at least four samples with the same nanoparticle concentration for repeat measurements and confirmation of the measured results. An overview of the created samples is shown in Figure 4.



A Phenom ProX Desktop scanning electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) with energy-dispersive X-ray diffraction was used for simple particle dispersion analysis, as shown in Figure 4. The microscope has a backscattered electron detector (BSD), with a voltage source up to 15 kV. Two vacuum modes allow observation of uncoated samples in the lower vacuum mode. The analysis shows the presence of agglomerates on the order of a few microns, which are evenly distributed. The size and uniformity of the agglomerates vary with the filler content within the polymer matrix, which applies to both studied materials and the final shape is most likely due to the predominance of MgO particles with ellipsoidal morphology. From previous experience [26,48], an inferior level of filler dispersion is expected from the beginning of the experiment, as a simple oxide filler is purposefully used without any surface treatment. It is of course possible to apply a surface treatment for better particle dispersion [49,50,51], but the relatively high viscosity (related to the polymer molecular weight) of the base material is more important in this case [52,53]. On the other hand, the high viscosity (up to 6000 mPa·s) can also have a positive effect, especially in preventing sedimentation [54] of the filler during the curing process, which proceeds for a relatively long time at ambient temperature.



The presence of the MgO filler was confirmed by Fourier transform infrared spectroscopy measurements (FTIR) in the middle-IR region. Infrared spectra were measured by a Nicolet 380 spectrometer (Thermo Scientific) using a Smart MIRacle single-reflection ATR cell (diamond crystal), where 32 average scans with a resolution of 4 cm−1 were collected for every measured spectrum in the frequency range of 4000–600 cm−1. The subsequent spectral analysis was performed by OMNIC software. The presence of the MgO filler can be confirmed based on the position of the spectral band near 3697 cm−1, attributed to the stretching of H–O–H [55]. As shown in Figure 5, this spectral band increases with increasing MgO filler content for both tested materials. According to the Beer–Lambert law, the absorbance of IR light measured at a constant path length is directly proportional to the concentration of the sample [56]. Constant conditions were maintained during the measurements, including the contact force of the sample on the measuring crystal, to minimize significant changes in the optical path.





3. Methods


3.1. Nuclear Magnetic Resonance Spectroscopy Measurements


The broad line nuclear magnetic resonance (BL 1H NMR) [57,58] spectra were measured on a Varian 400 MHz solid-state NMR spectrometer (Palo Alto, CA, USA) using a probe head with 4 mm ZrO2 rotors at an ambient temperature of 23 °C. The BL 1H NMR spectra were recorded at a 1H resonance frequency of 400 MHz, and the chemical shifts in all spectra were referenced to tetramethylsilane using adamantane as the external standard. A π/2 pulse with a 2.9 µs duration, a 6 s recycle delay and a 20 ms acquisition time were applied during measurements.




3.2. Thermogravimetric Analyses


Measurement of the thermal stability of a material was performed by thermogravimetric analysis (TGA) [59] using an SDT Q650 simultaneous TGA/DSC apparatus manufactured by TA Instruments. The samples (12 mg) were placed in open platinum crucibles and exposed to a linear heating rate of 10 °C·min−1), starting from ambient conditions (25 °C) and increasing to 700 °C under a nitrogen atmosphere (100 mL·min−1). The atmosphere was changed to dry air, and the organic residue was incinerated at a temperature range between 700 and 800 °C. Thermogravimetric analysis was used for material characterization and comparison.




3.3. Broadband Dielectric Spectroscopy Measurement


Broadband dielectric spectroscopy (BDS) has been used to analyse the material response to alternating electric fields with variable frequency f (Hz), allowing the study of the behaviour of dielectric materials and the characterization of the individual contributions of polarization processes, which can be defined based on changes due to various factors [60,61]. A modular measurement system was used with an Alpha A mainframe (Novocontrol Technologies, Montabaur, Germany) and a ZGS test interface. The relative permittivity   ϵ r   (−) and dissipation factor tan  δ  (−) were determined in a frequency range from 0.5 Hz to 1 MHz (for each setpoint measured from the highest frequency to the lowest), and the test voltage was set to 1 VRMS. The measurement was carried out in a temperature range from −50 °C to 90 °C with a temperature step of 5 °C. The samples were placed between gold-plated electrodes with a diameter of 20 mm.




3.4. Vector Bridge Measurements


As mentioned in the subsection above, the relative permittivity and dissipation factor are base parameters for evaluating the electrical insulation conditions. The vector bridge measurement approach performs well in characterizing the polarization responses of a dielectric from a macroscopic point of view [62]. For this investigation, 2830/2831 dielectric analysers with the appropriate 2914 test cell (all Tettex Instruments, Switzerland) were used. All measurements were performed according to the standard IEC 62631-2-1 (1000 V, 50 Hz), and the temperature range was set from 30 °C to 90 °C.




3.5. Resistivity Measurements


The volume resistivity   ρ v   (Ω·cm) and surface resistivity ρs (Ω) are critical dielectric parameters. Applying a DC electric field to an insulating material produces a current response that can be suitably evaluated by these parameters [63]. All measurements were performed according to standards IEC 62631-3-1 and 62631-3-2, respectively, with an applied 500 V DC field at an ambient temperature of 23 ± 2 °C. The steady-state current was always recorded at the 3600th second. Measurements were carried out with a Keithley 6517A electrometer and a Keithley 8009 electrode system with an active surface area of 22.9 cm2 (both Keithley Instruments, Cleveland, OH, USA). All samples were conditioned in short-circuit boxes for 24 h before the measurement.




3.6. Dielectric Strength Measurements


The dielectric strength Ep (kV·mm−1) is one of the key parameters of insulation materials, particularly with regard to ensuring the safe and reliable operation of a device [64]. The measurements were performed according to IEC 60243-1 at a power frequency of 50 Hz with a constant increasing voltage rate of 1 kV·s−1. A high-voltage setup from Highvolt (Dresden, Germany) was used for the measurements. This equipment allows testing up to 220 kV AC. To eliminate surface discharge activity and surface breakdowns, the samples were immersed in mineral transformer oil. The measurements were carried out at an ambient temperature of 23 ± 2 °C.




3.7. Tensile Tests


The mechanical properties of the PU samples were investigated on a LabTest 3.030 universal testing machine (LaborTech, Opava, Czech Republic). The maximum stress   σ m   (MPa) and strain   ϵ m   (%) at maximum were evaluated. The measurements were performed on “dog bone” samples at an ambient temperature of 23 ± 2 °C. All measurements were carried out according to ISO 527. Five samples per collection were subjected to tensile tests.





4. Results and Discussion


4.1. Effect of MgO on the Structural Properties of Polyurethane


4.1.1. Nuclear Magnetic Resonance Spectroscopy


The shape of the BL 1H NMR spectrum of polymers in the solid state strongly depends on the strength of 1H–1H dipolar interactions between neighbouring nuclei. The molecular motion within polymers can average these interactions, which results in signal narrowing. Below the glass transition temperature (Tg), molecular motion in polymers is strongly suppressed, and the BL 1H NMR spectrum usually consists of one broad line due to the presence of strong dipolar interactions between 1H nuclei in rigid polymer chains. At temperatures close to and above Tg, the increasing intensity of molecular motion averages dipolar interactions and results in narrowing of the broad line and formation of one or more narrow lines in the BL 1H NMR spectrum. A broad line is assigned to hydrogen nuclei localized in rigid polymer chains, while narrow lines are associated with hydrogen nuclei in more mobile polymer chains [65].



Figure 6 depicts the BL 1H NMR spectra for PU_A, PU_B and their nanocomposites measured at ambient temperature. All spectra are superimpositions of one broad and one narrow line, which are, respectively, related to hydrogen nuclei in the rigid structure—hard (diisocyanate) segments— and hydrogen nuclei in mobile polymer chains—soft (polyol) segments. The widths of the broad and narrow lines for each spectrum estimated from the deconvolution of BL 1H NMR spectra are listed in Table 1. The width of the lines was determined with an error of 2%. The distinct increase in the narrow line intensity together with the decrease in the widths of both the narrow and broad lines (Table 1) observed in the BL 1H NMR spectra for both composites (PU_A and PU_B) at the lowest concentration of MgO nanoparticles reveals enhanced polymer chain mobility in these nanocomposites. The increase in polymer chain mobility due to mixing of MgO into the polymer matrix can be caused by both an increase in phase separation and weaker soft–hard chain interactions. The hydrogen bonds between the NH groups of urethane and MgO nanoparticles are responsible for the interaction between nanoparticles and polymer chains in hard domains. This interaction and the proper distribution of nanoparticles inside the polymer increase the phase separation of hard and soft domains, which can lead to an increase in the free volume in the polymer and an increase in polymer chain motion. The interaction between the NH groups of urethane and MgO nanoparticles decreases the number of available NH groups required for the formation of hydrogen bonds with the ethereal groups of soft segments; hence, the soft segment mobility increases due to the decrease in hydrogen bonds with hard segments [66]. On the other hand, both spectra of the PU_A composites with 3 and 5% MgO nanoparticles are wider than the spectrum of PU_A_pure, and an obvious decrease in the narrow line intensities is also observed for both composites. This reveals the opposite effect on the mobility of polymer chains of higher MgO nanoparticle contents. Similar behaviour was also observed for PU_B composites with 3% MgO nanoparticles, except for samples with 5% MgO, in which mixing of MgO particles only slightly influenced the shape of the BL 1H NMR spectrum. At higher concentrations, MgO nanoparticles presumably form agglomerates that introduce restrictions on polymer chain motion, resulting in an increase in the line widths in NMR spectra for samples with higher nanofiller content.




4.1.2. Thermogravimetric Analyses


From the literature, it is obvious that the thermal decomposition of polyurethanes occurs in several steps [4]. As mentioned in [67], the main decomposition reaction of pure PU occurs at 200–400 °C, followed by decomposition of substituted urea at 400–800 °C. Based on the thermogravimetric (TGA) curves (Figure 7), it can be concluded that PU_A has a higher thermal stability compared to PU_B. The onset temperature of the first decomposition reaction corresponds to 291 °C for PU_A, while for PU_B, it corresponds to 278 °C. Another difference between the tested materials is the different residual mass after complete thermal decomposition. For PU_A almost complete thermal decomposition has taken place, whereas for PU_B the residual mass corresponds to approximately 26%. This is due to the confirmed presence of ATH in PU_B, whose thermal decomposition does not result in complete loss [68]. Comparing the TGA curves of the modified samples, there is a visible shift of the weight loss of the doped composites at approximately 400 °C to a higher temperature. The cause of this shift may be due to the retardation properties of the MgO filler, whose thermal decomposition, according to [69,70], occurs in the temperature range of approximately 400 °C. A higher content of MgO results in increasing thermal stability in this temperature range and slowing of the decomposition reaction. The opposite behaviour with increasing amount of filler is seen in the case of the PU_B material. Based on FTIR analysis, the presence of ATH was detected in this set of samples. According to [71], the derivative of the weight loss of ATH reaches its maximum at 262 °C. A higher proportion of this component is therefore reflected by a decrease in the onset decomposition temperature. The trend in the region around 400 °C is identical to that of the previous material.





4.2. Effect of MgO on the Dielectric Properties of Polyurethane


4.2.1. Volume Resistivity and Surface Resistivity


The volume and surface resistivities are very important parameters in terms of insulation properties. From the results in Figure 8, it can be seen that when magnesium oxide is incorporated into the polyurethane matrix, both the internal and surface resistivities increase. This positive finding is confirmed by the fact that the nanoparticles, or their agglomerates, are uniformly dispersed in the material [72]. Studies [73,74] have highlighted the positive effect of nanometric size fillers on the distribution of the trapped charge in the internal structure of the material, especially at low loading levels.



This can be attributed to the fact that some carriers are trapped in deep traps (these traps affect the charge transfer in the interface region [75]) and space charge is gradually accumulated in the electrode region, resulting in limited charge carrier injection [76,77,78]. This situation then results in a dynamic equilibrium of the system reflected in a stable electric field, resulting in a lower conductivity of the whole system. Due to the nature of the particles, whose bulk resistivity is on the order of 1019 (Ω·cm) [79], the resistivity of the whole composite can increase at low filling levels. In addition, it can also be assumed that nanoparticles may also act against internal foaming formation, cavity formation, or free volume decrease [80,81], while these changes in the structure are also evident from the BL 1H NMR results. A decrease in volume and surface resistivity is expected at higher filling levels [82,83]. In the presented case, a decrease in volume resistivity occurs when the 3% level is reached. It is most likely due to exceeding of percolation threshold [84] of the composite. This means that the level of filler concentration has exceeded the level where the material begins to lose its electrical insulating ability due to the excessive amount of additives, associated with the formation of a conductive pathway along their surface [85,86].




4.2.2. Relative Permittivity and Dissipation Factor under Different Measurement Conditions


The results of the dissipation factor and relative permittivity obtained by vector bridge measurement-VB-(1000 V, 50 Hz) are presented in Figure 9. From these results, it can be seen that there is a noticeable difference between the studied mixtures, not so much in terms of absolute values as in terms of the temperature dependence of each parameter.



As seen from these graphs, the relative permittivity of PU_B increased, whereas that of PU_A showed a slight decrease at 90 °C (valid for all sample compositions). This decrease is mainly due to strong thermal motions that disturb the orientation of the individual dipoles in the material structure [87]. A significant effect of the filling level on the relative permittivity is not visible for all studied materials. The most significant change is for material PU_B_5MgO, but the differences are within the range of the population standard deviations and are highlighted in particular by the scale of the individual bar graphs. If attention is given to the dissipation factor, then there is a noticeable change in the temperature region around 60 °C, with a sharp decrease for PU_A and a slight decrease for PU_B. This behaviour has been observed in previous studies [26,48,88]. Most likely, this can be attributed to the easier breaking of the intermolecular forces between the polymer chains, and the polar groups can move more easily due to the effect of the higher temperature [87].



A more comprehensive view of the behaviour of the studied polyurethanes in the temperature–frequency region is provided by the results from broadband dielectric spectroscopy-BDS-(1 V, 0.5 Hz to 1 MHz). From the surface plots presented in Figure 10, it can be seen that a significant conductivity   σ  d c    component of the PU_A_pure mixture appears in the low-frequency and high-temperature region.



A positive finding is that the addition of MgO nanoparticles most likely shifts this conductivity component into the higher-temperature region. This conductivity component, to which Maxwell–Wagner–Sillars (MWS) polarization contributes to some extent, most likely overlays the onset of the peak of hard-segment relaxation (  α H   relaxation) [88]. Focusing on the other features that are apparent from the results, there is a broad peak from approximately −20 °C to 40 °C for PU_A mixtures and from 0 °C to 60 °C for PU_B mixtures. A similar behaviour was observed in the study by Boiteux et al. [88], whereby this relaxation ( α  relaxation) is caused most likely by a mixed phase of hard and soft block segments of polyurethane. In the region of lower temperatures and higher frequencies, the contribution of  β  relaxation is almost negligible. This relaxation is associated with the local motion of chain segments. It is most likely attributed to the motion of the polar carbonyl groups that form the structural base of polyurethane [89]. A relatively similar behaviour of polyurethane in a temperature–frequency field, but at different temperature ranges, has been described in other previously published studies [90,91,92,93,94], and this behaviour is influenced by many factors, such as the type and amount of polyol, water content, chain extenders, or chain end groups. The slight differences in the absolute values obtained via BDS and VB, which are negligible, could be due to differences in the voltage level, sample diameter, or sensitivity of the measuring device.




4.2.3. Breakdown Voltage Measurement


It is evident from the measurement results (Figure 11) that there is no significant positive effect of MgO addition with respect to improvement of the dielectric strength. The microscopic images show the difference between PU_A and PU_B. The PU_B mixture has a more uniform shape of the breakdown channel with a larger diameter. This is most likely due to the higher hardness of the base material. The addition of nanoparticles to both mixtures has no other observable effect according to the optical inspection performed.



The differences in dielectric strength are on the order of standard deviations of the individual datasets. In contrast, a slight decrease in the electrical strength of the PU_A mixtures with increasing MgO concentration can be observed. This trend is not confirmed for PU_B, but the measurements show a larger variation in these values, which is acceptable. A similar behaviour was presented, for example, in the study by Ersoy et al. [95]. These changes in the dielectric strength can probably be attributed to the higher amount of moisture in the material structure due to the MgO addition [96]. According to this study, the slight increase in electrical strength for PU_B_1MgO may be because the mean free path of water molecules for passing through the network may increase due to the incorporation of MgO. In other situations, the dominant phenomenon is probably the moisture absorption of MgO. In this case, an assumption of three layers around the particle is made. The first layer contains approximately 5–10 H2O molecules strongly bound to the surface of the particle (one molecule of H2O measures 0.278 nm in size) [97]. The second layer of H2O may be weakly bound by van der Waals bonds. The third layer is formed by water, which is present in the polymer base. In particular, the first and second layers could contribute to the formation of conductive channels [98] for charge carriers, resulting in easier electrical breakdown.





4.3. Effect of MgO on the Mechanical Properties of Polyurethane


It can be seen from the results presented in Figure 12 that the mechanical properties of the two mixtures are fundamentally different but correspond to the dataset values [42,43]. It can also be seen from this graph that as the MgO filling level increases, there is a gradual decrease in the maximum stress   σ m   (MPa) and strain   ϵ m   (%) at maximum, especially for the PU_B mixture. For the second mixture PU_A, there is also a deterioration in the mechanical properties, but it is not very pronounced (changes are within the range of standard deviations).



These decreases in the mechanical properties can be attributed to the aforementioned agglomerates of MgO nanoparticles effectively restricting the mobility of polymer chains in polyurethane [99]. In a study [100], D’Orazio et al. explained this behaviour as follows: the molecular motions of the hard segments of polyurethane are limited by the presence of the inorganic phase of MgO. The assumption of molecular scale contiguity between polyurethane hard segments and MgO results in a reduction in the mobility of the chain segments and increases the cooperative nature of the corresponding relaxation process. This subsequently leads to a reduction in the number of interactions between the hard and soft segments in the polyurethane matrix and changes in the mechanical properties, which have already been confirmed by other studies [8,101,102].





5. Conclusions


Two different commercially available polyurethanes for electrical applications were modified by magnesium oxide addition at different weight percentages. From the findings, the following can be concluded: (i) magnesium oxide improves the electrical insulating properties, especially with respect to the volume and surface resistivities of the PUR; (ii) magnesium oxide shifts the conductivity component   σ  d c    of the PUR to the higher-temperature region, which was confirmed by BDS measurements, and this phenomenon was also confirmed by vector bridge measurements of the dissipation factor; (iii) magnesium oxide has no positive impact on the dielectric strength of PUR/MgO composites; (iv) magnesium oxide deteriorates the mechanical properties of the PUR with increasing filling level, with respect to both the tensile strength and relative elongation of the material; (v) magnesium oxide increases the thermal stability and slows the decomposition reaction of the PUR.
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Figure 1. General reaction of the isocyanate groups in the hardener molecule with the hydroxyl groups of the polyol for polyurethane synthesis. 
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Figure 2. Comparison of FTIR spectra of PU_A and PU_B mixtures with the ATH library spectrum. 
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Figure 3. Scheme of preparation of PU_MgO nanocomposites. 
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Figure 4. Colour change of investigated PUR composites and particle dispersion analyses of PURs with different concentrations of MgO. 
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Figure 5. FTIR analyses of PURs with different concentrations of MgO close to the 3697 cm−1 spectral band region. 
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Figure 6. Normalized BL 1H NMR spectra of PU_A_pure (a), PU_B_pure (b) and their nanocomposites with 1, 3 and 5 wt.% MgO nanoparticles measured at ambient temperature. The inset in the figure shows deconvolution of the normalized BL 1H NMR spectrum of PU_B_1MgO into broad and narrow lines. 
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Figure 7. Comparison of TGA curves for tested samples: (a) sample set PU_A; (b) sample set PU_B. 
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Figure 8. Interaction of PU_A and PU_B composites with a DC field: (a) surface resistivity; (b) volume resistivity. 
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Figure 9. Dielectric properties of polyurethane mixtures with MgO nanoparticles measured via VB: (a) sample set PU_A; (b) sample set PU_B. 
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Figure 10. Dielectric properties of polyurethane mixtures with MgO nanoparticles measured via BDS: (a) sample set PU_A; (b) sample set PU_B. 
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Figure 11. Dielectric strength results and demonstration of breakdown channels. 
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Figure 12. Mechanical properties of polyurethane mixtures with MgO nanoparticles: (a) tensile test results; (b) interactions of PURs with MgO (inspired and redrawn from: [99]). 
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Table 1. Widths of broad (BL) and narrow (NL) lines of the BL 1H NMR spectra corresponding to hard and soft segments, respectively, measured for PU_A_pure, PU_B_pure and their nanocomposites. Intensities of particular lines are shown in parentheses.






Table 1. Widths of broad (BL) and narrow (NL) lines of the BL 1H NMR spectra corresponding to hard and soft segments, respectively, measured for PU_A_pure, PU_B_pure and their nanocomposites. Intensities of particular lines are shown in parentheses.





	
Line

	
PU_A

	
PU_B




	
Width

	
Pure

	
1MgO

	
3MgO

	
5MgO

	
Pure

	
1MgO

	
3MgO

	
5MgO






	
BL (kHz)

	
20.2

	
18.7

	
20.3

	
21.2

	
21.8

	
18.9

	
22.1

	
21.4




	
(0.73)

	
(0.70)

	
(0.84)

	
(0.78)

	
(0.77)

	
(0.64)

	
(0.80)

	
(0.73)




	
NL (kHz)

	
5.0

	
3.7

	
4.6

	
4.9

	
5.0

	
3.5

	
6.1

	
5.0




	
(0.27)

	
(0.30)

	
(0.16)

	
(0.22)

	
(0.23)

	
(0.36)

	
(0.20)

	
(0.27)
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