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Abstract

:

A suitable functionalization of graphene and its derivatives can further enhance the material properties of nanocomposites. In contrast to chemical functionalization methods that have been extensively researched, functionalization by plasma treatment is relatively unexplored. In this work, we compare the mechanical, thermal and electrical characteristics of an epoxy matrix incorporating loadings from 0.00 to 1.50 wt% of non-functionalized (rGO) and amine-functionalized reduced graphene oxide (frGO) for which the functionalization is realized by plasma processing. No significant difference between the rGO- and frGO-including nanocomposites was observed with respect to the stiffness, strength, specific heat capacity, coefficient of thermal expansion and electrical conductivity. Yet, the composites with 1.50 wt% frGO (rGO) exhibited a thermal conductivity that was 27% (20%) higher than the neat polymer due to the enhanced interface, which enabled a better transfer of heat. In addition, a considerable increase in the specific heat capacity and thermal conductivity was established with rising temperatures. This information will facilitate the choice of materials depending on the loading and functionalization of graphene materials for composite applications with an epoxy matrix.
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1. Introduction


With increasing demands on the properties of composite materials, the use of new materials has gained much interest. Graphene is of particular importance due to its outstanding mechanical, thermal and electrical properties, which are a result of the special structure of its carbon atoms [1,2,3]. In addition, graphene and its derivatives exhibit a very large surface area, which enables a significant impact on the characteristics of the composite material using very low weight fractions of the used additive [4,5].



There is a vast number of manufacturing methods to produce graphene and its related materials. At the same time, the production of large quantities at comparatively low costs that is of interest for the composite industry is currently only possible via the Hummers’ method and its associated varieties [6,7]. With the Hummers’ method, graphite is first oxidized using different chemicals, such as sulfuric acid, potassium permanganate and hydrogen peroxide, which leads to graphene oxide (GO) as the reaction product [8]. By a subsequent chemical or thermal reduction, the GO is transformed to create reduced graphene oxide [9]. As this procedure is associated with relatively harsh conditions, the quality of the resulting material is significantly lower than the characteristics that may be achieved with other methods, such as mechanical exfoliation or chemical vapor deposition [6,10]. However, the functional groups that remain on the surface of the GO and reduced graphene oxide particles usually allow better coupling actions with polymeric matrices and, hence, these nanocomposites mostly demonstrate a better performance than nanocomposites with single-layer graphene inclusions [11,12].



To further enhance the bonding of the graphene materials with the polymeric matrix and to improve the dispersibility, a tailored functionalization may be applied to the particles [13,14]. In general, it is possible to differentiate between two types of functionalization, non-covalent and covalent functionalization, where the latter enables a larger spectrum of properties and a stronger bonding of the functional groups to the nanoparticle [13]. Furthermore, a covalent bonding between the particles and matrix allows an improved transfer of mechanical loads, phonons and electrons across the interface, which results in a more homogeneous dispersion, as well as superior mechanical, thermal and electrical properties [15,16,17,18]. When using epoxies as the matrix material, a surface functionalization of the particles with amines is of particular interest, since these groups can participate in the polymerization process, especially when an epoxy resin is cured with amine-based hardeners that are commonly used for most composite applications [19,20].



The covalent functionalization of graphene and its derivatives is usually conducted using tedious chemical processes, in which large quantities of hazardous reagents and solvents are used in a number of different non-robust processing steps that currently cannot be scaled to larger volumes [21,22]. An alternative is the use of plasma treatment, which uses the ionized forms of gases, such as NH3 or O2, to create the respective functional groups on the particle’s surface [13]. Even though specialized equipment is required, it is easier to scale by, e.g., increasing the number or size of the reactors. Furthermore, it is a very quick method with typical process times of a few seconds to minutes and does not require further processing steps, such as purification, which is mandatory in chemical functionalization processes [23]. In addition, the plasma typically only impairs the particle’s surface up to depths of a few nanometers, while the bulk composition of the inner layers of few-layered graphene derivatives remain unaffected [24,25,26]. This might result in an enlarged surface roughness, which can be associated with an enhanced interlocking with the matrix and, hence, improved shear modulus and strength [27]. However, the performance of nanocomposites with plasma-functionalized graphene and its derivatives is currently poorly understood.



In this study, we report the influence of increasing the weight fraction from 0.00 to 1.50 wt% of two forms of reduced graphene oxide on the mechanical, thermal and electrical characteristics of nanocomposite samples with a matrix consisting of a bisphenol-A-(epichlorohydrin) epoxy resin and an amine-based hardener. A non-functionalized grade of reduced graphene oxide (rGO) is compared to an amine-functionalized form of reduced graphene oxide (frGO), for which the functional groups are realized via plasma treatment. First, the impact of the plasma processing on the morphology and elemental composition of the rGO and frGO powders is evaluated. Second, a thorough characterization of the mechanical, thermal and electrical properties is carried out to classify the effects of both rGO and frGO. We believe that this information will help to predict the properties of nanocomposites with inclusions of rGO as well as frGO, and will also facilitate the choice of materials with respect to the use of functionalized additives. It will also enable further areas of applications, such as the use in fiber-reinforced polymers [28], thermal interface materials [29,30], electromagnetic shielding [31] or sensory materials [32,33].




2. Materials and Methods


2.1. Materials


Two varieties of reduced graphene oxide were supplied by Graphit Kropfmühl (Hauzenberg, Germany). Both particles were produced by the manufacturer by treating natural graphite flakes (RFL 99,5 O) with a modified Hummers’ method. EXG 98 300 R was used as the non-functionalized form of reduced graphene oxide (rGO). The material EXG 98 300 R FNH was exposed to a cold, low-pressure gas plasma process using NH3 as the source for the plasma treatment and, hence, leading to an amine-functionalized form of reduced graphene oxide (frGO). The two powder materials were used as received.



The bisphenol-A-(epichlorohydrin) epoxy resin Biresin® CR83 was used in conjunction with the amine-based hardener Biresin® CH83-10 from Sika Deutschland (Stuttgart, Germany) to create the matrix material. This two-part system has a low-mixed viscosity (155 mPa s at 25 °C), which facilitates the manufacturing of nanocomposite samples. Furthermore, the amine-based hardener matches the applied functionalization of the frGO particles.




2.2. Sample Preparation


In order to achieve a homogeneous dispersion of the particles in the polymeric matrix, the rGO or frGO particles were pre-dispersed in the neat epoxy resin by manual mixing. This suspension was subsequently led through the three-roll mill 80S PLUS from EXAKT Advanced Technologies (Norderstedt, Germany) using eight cycles with different gap widths, as stated in Table 1. During the dispersion process, the three-roll mill was running at a speed ratio of 1:3:9, where the velocity of the fastest roller was set to 200 rpm. The hereby-created masterbatches allowed the production of specimens with a maximum concentration of 1.50 wt% rGO or frGO. For the manufacturing of the nanocomposite samples with concentrations of 0.25 wt%, 0.50 wt%, 0,75 wt%, 1.00 wt% and 1.50 wt%, the hardener was added to the respective amount of masterbatch and, if required, more resin was added to dilute the masterbatch to lower concentrations. A constant resin/hardener mixing ratio of 100:30 parts by weight was applied for all nanocomposite and neat polymer samples. The respective suspension was subsequently stirred by hand and degassed in a vacuum chamber. Later, the uncured materials were casted into molds and left to cure for 48 h at room temperature. Next, the various cured material configurations underwent a thermal treatment, in which they were heated from room temperature to 70 °C at a rate of 0.2 °C min−1, kept at 70 °C for 12 h and subsequently cooled to room temperature at a rate of 0.5 °C min−1.




2.3. Sample Characterization


The morphology and elemental composition of the powder materials was examined by scanning electron microscopy (SEM), as well as energy-dispersive X-ray spectroscopy (EDX) with an FEI (Hillsboro, OR, USA) Helios NanoLab 600 equipped with an X-Max (50 mm2) detector from Oxford Instruments (High Wycombe, UK). The elemental analysis was obtained using an operating voltage and current of 10 kV and 11 nA, respectively, for the area visible at a magnification of 200×, and the powders were deposited on carbon tape.



X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of nitrogen and, hence, amine functional groups and the elemental composition of the powder materials. It was performed using a Kratos (Manchester, UK) AXIS Nova using a monochromatic Al kα X-ray source operating at a power of 225 W. Survey and detailed spectra were obtained at 160 eV and 20 eV, respectively. Three spots with an elliptical area of 0.3 × 0.7 mm were examined for each powder material.



The tensile properties of the various material configurations were evaluated according to DIN EN ISO 527-2:2012 [34] and using specimen-type 1B. The tensile tests were performed at room temperature using the universal testing machine Inspekt Table 20 kN from Hegewald and Peschke (Nossen, Germany). A total of 5 samples were measured per material configuration with a pre-force of 10 N and a testing speed of 1 mm min−1. The morphology of the respective fracture surfaces were subsequently analyzed by scanning electron microscopy (SEM) using a Zeiss (Oberkochen, Germany) DSM 940.



The thermomechanical as well as viscoelastic behavior was evaluated by dynamic mechanical analysis (DMA) and using a DMA 2980 from TA Instruments (New Castle, DE). In accordance to DIN 65583:1999 [35], the tests were executed in dual-cantilever mode at a frequency of 1 Hz within a temperature range of room temperature to 130 °C and at a heating rate of 3 °C min−1. A total of three specimens per material configuration was evaluated.



Differential scanning calorimetry (DSC) was performed using a DSC 2920 from TA Instruments and according to DIN EN ISO 11357-4:2021 [36] to determine the specific heat capacity cp of the neat polymer and nanocomposite samples. The respective sample was initially kept at −20 °C for 2 min and then heated using a modulated DSC from −20 °C to 70 °C at a heating rate of 5 °C min−1. Each measurement was acquired in a nitrogen atmosphere and measurements were obtained from three samples of the respective material.



Laser flash analysis (LFA) was conducted in accordance to DIN EN ISO 22007-4:2017 [37] and using a Netzsch (Selb, Germany) Nanoflash LFA 447. The thermal diffusivity a of each specimen was evaluated four times in series at each isothermal testing temperature of room temperature, 40 °C and 60 °C. A total of three specimens was analyzed for each material configuration. This was used to evaluate the thermal conductivity λ using


λ = cpaρ,



(1)




where cp is the specific heat capacity and ρ is the density of the material.



The coefficient of thermal expansion (CTE) of the examined materials was evaluated based on thermomechanical analysis (TMA) and using a TA Instruments TMA 2940. In accordance to DIN 53752:1980 [38], a total of three samples was assessed for each material configuration. Each specimen was heated 3 times in succession from room temperature to 70 °C at a heating rate of 3 °C min−1.



In order to determine the electrical conductivity of the neat polymer and nanocomposite samples, the volume resistance of these materials was measured based on DIN EN 62631-3-1 (VDE 0307-3-1):2017 [39] and using a Keysight (Santa Rosa, CA, USA) N1424 resistivity cell connected to a Keysight N1424 volume/surface selector box, which was attached to a Keysight B2987A electrometer/high resistance meter. The respective specimen was clamped with a force of 5 kg using a circular electrode with a diameter of 88 mm. The volume resistance Rx was noted after each specimen was exposed to the voltage source for 1 min to allow a settling of the measured resistance. The volume resistance was used to obtain the sample’s electrical conductivity    σ r    by


    σ r    =  h   R x   A ¢    ,   



(2)




where    A ¢    is the effective area of the electrode and h is the specimen’s mean height. The electrical conductivity was assessed based on three specimens for each material configuration, where each sample was measured three times. As the measurement procedure might lead to the charging of the sample, it was ensured that repetitive measurements of the respective sample were only repeated after 24 h.





3. Results and Discussion


3.1. Characterization of the Powder Materials


The general morphology of rGO and frGO as obtained by SEM is shown in Figure 1. As expected, both rGO and frGO exhibited a very rough surface and can be classified as a material with multiple layers of graphene stacked on top of each other. Furthermore, the frGO powder samples appear to have a slightly rougher surface than the rGO particles, which is also indicated by the brighter appearance of the edges of the frGO particles. These brighter edges are caused by the increased emission of electrons at very thin regions of the material and, hence, indicate a more pronounced surface roughness [40].



To evaluate the chemical composition and to verify the presence of the amine functional groups in the case of frGO, the powder materials were analyzed using EDX as well as XPS and the obtained results are stated in Table 2 and Table 3, respectively. In addition, exemplary XPS spectra of rGO and frGO are shown in Figure 2. As expected, the graphite powder primarily consists of carbon with some impurities that can be typically found in natural graphite [41]. As the graphene derivatives are manufactured via a modified Hummers’ method, the carbon-to-oxygen (C/O) ratios of both rGO and frGO are much lower than the C/O ratio of graphite or graphene, which typically range between 20/1 to 50/1 [42,43]. Yet, both C/O ratios are in the range of the various grades of reduced graphene oxide that typically exhibit a C/O ratio of up to 16/1 [44]. These ratios are also much higher than the C/O ratio of GO, which can be as low as 2/1 [45]. However, the rGO and frGO used in this work demonstrate different C/O ratios, even though they share an identical manufacturing process and only vary in the subsequent plasma treatment of the frGO particles. Furthermore, the presence of amine functional groups on the surface of the frGO particles with a share of 1.2 At% was confirmed in the XPS data. The presence of amines was not detected by EDX as the underlying measuring principle is not able to detect either nitrogen or hydrogen atoms. Moreover, both measurement techniques were able to obtain very similar results. Hence, it can be postulated that a number of oxygen-containing functional groups were removed from the particles’ surfaces during the plasma treatment and were replaced with a number of amine functional groups. This change in the chemical structure of rGO to frGO is shown in Scheme 1.




3.2. Mechanical Properties


The mechanical characteristics of the neat polymer and nanocomposite samples were measured by tensile tests in conjunction with an evaluation of the resulting fracture surfaces as well as DMA. The results of the conducted tensile tests are summarized in Figure 3 and Table 4. The stress–strain curves of exemplary samples are illustrated in Figure 4. With increasing rGO and frGO loadings, an increase in the Young’s modulus of up to 14% was observed, indicating an increased stiffness of the nanocomposite samples. A significant difference of the rGO and frGO nanocomposites was only observed at a medium loading of 0.75 wt%, where the nanocomposite with the addition of frGO displayed a higher Young’s modulus than the rGO-including nanocomposite. However, the increase in the Young’s modulus with increasing (f)rGO loadings was also associated with a drastic decrease in the ultimate tensile strength by up to 34% in comparison to the neat polymer. These results match the findings available in the literature in which an increase in the ultimate tensile strength in epoxy composites was only observed at very low rGO loadings of ≤0.1 wt% and then started to decrease, while the Young’s modulus continued to increase for higher weight fractions [47,48]. In addition, the modulus of toughness can be established by evaluating the area under the stress–strain curve [49]. In agreement with the strong decrease in the ultimate tensile strength for loadings ≥0.25 wt% (f)rGO, the toughness of the rGO- as well as the frGO-including nanocomposites was inferior to the neat polymer samples and deteriorated with increasing additive content with no significant difference between rGO and frGO. This decrease in toughness for graphene derivatives/epoxy nanocomposites was also observed in other studies in which a homogeneous dispersion of the particles, but a weak interface with the polymer, was observed [50,51,52]. This particular behavior with respect to tensile strength as well as toughness can be explained by the increasingly brittleness due to the presence of graphene-related materials. At higher proportions of graphene and its derivatives, more areas with microcracks are formed, as illustrated in the SEM images in Figure 5. This leads to a decreasing interparticle distance and, hence, the coalescence of microcracks, which facilitates the propagation of cracks and consequently a reduction in the ultimate tensile strength and toughness [53]. Furthermore, the presence of particles is also associated with local stress concentrations, which also result in a decreasing strength and toughness of the nanocomposites [54].



Exemplary fracture surfaces as obtained after the tensile tests are shown in Figure 5. The neat polymer sample displayed a comparatively smooth surface with a flow pattern that is typical for epoxies. In contrast to this, the fracture surfaces of the nanocomposite samples appeared more coarse. This roughness was created by the (f)rGO particles that deflected cracks and consequently led to numerous smaller fractured surfaces and, hence, a rugged appearance. However, the specimens with lower particle loadings (Figure 5b) appeared smoother than the samples with higher particle loadings. They also showed the slab-like appearance that was also observed in the neat polymer samples. This is an indication of some degree of agglomeration at lower particle loadings that was also observed in our previous work [55]. At higher particle loadings (Figure 5c,d), a strongly increased surface roughness was observed in both the rGO- and frGO-including nanocomposite materials. Nonetheless, the sample with frGO inclusions demonstrated a more uniform rugged appearance with larger height variations than the rGO-loaded sample with identical additive loadings. This overall increased roughness indicates that the frGO particles were more homogeneously dispersed and deflected cracks better than the rGO particles. Nonetheless, the tensile strength and toughness of the frGO-including nanocomposites were only marginally higher than the rGO-including nanocomposites, which is an indication that the adhesion of the used particles with the epoxy-based matrix is not drastically improved by the plasma treatment [56].



DMA was conducted to evaluate the glass transition temperature, the storage modulus in the glassy region as well as the loss factor of the various material configurations, and the obtained results are reported in Figure 6 and Table 5. The glass transition temperature of the various samples was obtained based on the position of tan δpeak, and a glass transition temperature of 95 °C was measured in the case of the neat polymer sample. For loadings up to 1.00 wt%, the addition of the used (f)rGO particles did not lead to a major change in the glass transition temperature. If the additive content was however increased to 1.50 wt%, a small increase in the glass transition temperature by 2% was assessed in the case of rGO inclusions. Similar to the Young’s modulus, the storage modulus in the glassy region can be used to approximate the stiffness of materials. As all nanocomposites show a higher glassy storage modulus than the neat polymer, the increased stiffness with increasing (f)rGO loadings was also confirmed by the DMA measurements over the entire temperature range in the glassy plateau. The results from the tensile tests that there was no significant difference between the frGO- and rGO-including nanocomposites was also visible in the DMA data. Given that tan δmax is defined as the ratio between the loss modulus and storage modulus, it can be used to estimate the internal friction in nanocomposites [57]. Even though the presence of rGO led to an increase in the storage modulus at any weight fraction, as well as an increase in the glass transition temperature at 1.50 wt%, no significant effect on tan δmax was established. In contrast to this, the frGO-including composites demonstrated an increase in tan δmax up to a loading of 0.50 wt%. From 0.75 to 1.50 wt% frGO, the values of tan δmax started to decrease and, at 1.50 wt%, the value of tan δmax was significantly lower than the value of the neat polymer. This reduction in tan δmax in conjunction with an increased peak broadness at higher frGO loadings implies an enhanced interfacial bonding due to the amine functionalization of these particles [58].




3.3. Thermal Properties


Despite the low intrinsic thermal conductivity of polymers, graphene and its derivatives may be used to improve the thermal properties, such as the specific heat capacity, thermal diffusivity, as well as the thermal conductivity of such materials. The results obtained for the (f)rGO/epoxy nanocomposites evaluated in this work are reported in Table 6. A slight increase in the specific heat capacity was observed in the case of all nanocomposite samples, but the error of the obtained measurements was too large to confirm a significant effect of the used particles. Yet, a strong dependence of the specific heat capacity was observed with respect to temperature (Figure 7). All samples share an identical gradient with rising temperatures leading to increasing specific heat capacities. In contrast to this, the values of the thermal diffusivity remained approximately constant with increasing temperatures, but are strongly dependent on the presence of (f)rGO. For the composites with weight fractions of ≥0.75 wt% (f)rGO, the thermal diffusivities are significantly higher than for the neat polymer. Furthermore, a stronger effect of frGO can be noticed where the thermal diffusivity at room temperature of 1.50 wt% frGO is 7% and 24% higher than the thermal diffusivities of the 1.50 wt% rGO and neat polymer samples, respectively. As expected, the thermal conductivity showed a behavior that is linked to the characteristics of both the specific heat capacity and thermal diffusivity. Figure 8 illustrates the dependence of the thermal conductivity on temperature. Similar to the specific heat capacity, a gradual increase in the thermal conductivity with rising temperatures was established. In agreement with the thermal diffusivity, an approximately linear growth of the thermal conductivity was observed with increasing weight fractions of the used additives. This linear increase with the absence of a percolation behavior has previously been reported elsewhere [59,60], and similar findings for the change in specific heat capacity, thermal diffusivity, and thermal conductivity in an epoxy matrix were observed in other work [61,62,63]. Furthermore, the effect of frGO on the thermal conductivity was found to be stronger than the influence of rGO. For example, 1.50 wt% frGO resulted in a rise of the thermal conductivity by 27%, while 1.50 wt% rGO only allowed an increase of 20%, in comparison to the neat polymer at room temperature. This superior performance of the nanocomposite samples with frGO inclusions can be explained by the improved interface between the particles and the matrix. Given that thermal energy in graphene and its derivatives is transferred by lattice vibrations (i.e., phonons), the poor coupling of the vibration modes at the graphene material/polymer interface leads to a significant degree of phonon scattering and thermal resistance (i.e., Kapitza resistance) [64,65,66]. If a suitable functionalization is applied to the used additive, a covalent bonding between the particle and the matrix can lead to a significantly higher thermal conductivity [63,67,68].



In addition to the thermal characteristics mentioned above, the coefficient of thermal expansion of the various material configurations was established. Huh et al. [69] determined the coefficient of thermal expansion of rGO to be equal to 15 × 106 µm m−1 K−1, which is much lower than the coefficient of thermal expansion of epoxies and suggests a decrease in the coefficient of thermal expansion with increasing weight fractions of (f)rGO. This was confirmed in our data that are reported in Figure 9. With 1.50 wt% rGO, a maximum reduction in the coefficient of thermal expansion by 7%, in comparison to the neat polymer, was established. This is comparable to the relative changes obtained by Wang et al. [70] for epoxies with inclusions of graphite, GO and single-wall carbon nanotubes. Furthermore, our samples with inclusions of rGO showed a steady decrease in the coefficient of thermal expansion, while the specimens with frGO exhibited a less linear reduction in the coefficient of thermal expansion, even though no significant difference was observed at the various weight fractions. The more pronounced difference between the rGO- and frGO-including nanocomposites at lower weight fractions was also established by Seong and Kim [71] for epoxies with non-functionalized and amine-functionalized graphene nanoplatelets. An explanation of this different behavior in the case of the functionalized particles might be due to the restricted mobility of the polymer chains caused by the improved bonding between matrix and frGO [72].




3.4. Electrical Properties


In order to conduct a thorough characterization of the prepared nanocomposites, the electrical conductivity of the various material configurations was determined. As can be deduced from Figure 10, a percolation network started to develop after a loading of 1.00 wt% was exceeded, and no significant difference can be observed between rGO and frGO. The electrical conductivity obtained at 1.50 wt% (f)rGO was approximately three orders of magnitude lower than the electrical conductivity of (f)rGO-including epoxies presented in other work [47,73]. The quality of the used particles, the interface of the matrix with the additives, and the intrinsic conductance of the used polymer may explain this discrepancy. First, the intrinsic electrical conductivity of rGO is strongly dependent on the C/O ratio, where a higher oxygen content implies a lower electrical conductivity [74,75,76]. For instance, the work by Tschoppe et al. [47] used rGO and nitrogen-containing frGO that was functionalized using cyanamide, and both particulate materials exhibited a higher C/O ratio and should consequently have a higher intrinsic electrical conductivity than the powder materials used in this work. Second, good interfaces in which the particles experience, e.g., a covalent bonding with the matrix, allow an efficient transfer of electrons across their boundary layers [16]. As shown by the results from the mechanical and thermal properties detailed above, the interface between the frGO particles and the matrix is improved, but this enhancement is not strong enough to significantly affect factors, such as the Young’s modulus, toughness, or electrical conductivity. Third, epoxies are insulating materials with an electrical conductivity in the range of 10−12 to 10−15 S cm−1 [77]. The electrical conductivity of the neat polymer used in this study was found to be equal to (1.0 ± 0.3) × 10−13 S cm−1 and, hence, is located at the lower bound of the aforementioned range. Given that the electrical conductivity of the nanocomposite is influenced by the electrical conductivities of both the used graphene derivative and matrix material, a low intrinsic electrical conductivity of the constituent materials affects the resulting conductivity of the composite as a whole.





4. Conclusions


This work evaluated the influence of an amine-functionalization of reduced graphene oxide on the mechanical, thermal and electrical properties of epoxy/amine-based hardener nanocomposites. The morphology as examined by the use of SEM images of the rGO and frGO particles showed that no major visual differences were observed between the used additives. The elemental composition, however, demonstrated a marginally higher C/O ratio and the presence of nitrogen functionalities in the case of the frGO particles. The mechanical characteristics of the produced nanocomposites were examined by the use of tensile tests, the evaluation of the resulting fracture surfaces and DMA. As proven by both the tensile tests and DMA, an increased stiffness with increasing weight fractions of (f)rGO was determined for all material configurations, but this comes at the cost of a deterioration of the strength and toughness, as well as a more brittle fracture behavior. Furthermore, the more rugged fracture surfaces and the DMA measurements of the frGO-including nanocomposites indicated an improved interfacial bonding caused by the amine-functionalities on the frGO particles. Hence, the bonding, as achieved by the used plasma functionalization process, seems to be too weak to result in a significant enhancement of the mechanical properties. A similar behavior with no significant difference between the rGO- and frGO-including nanocomposites was observed in the case of the coefficient of thermal expansion, specific heat capacity and electrical conductivity of the prepared nanocomposites. However, the frGO-including nanocomposite demonstrated significantly higher values of the thermal diffusivity and thermal conductivity than the nanocomposites with rGO as the used additive. This confirms the effectiveness of the used functionalization by the applied plasma processing with respect to the thermal conductivity. Furthermore, an approximately linear increase in the thermal conductivity was observed with both increasing weight fractions of the used additives and rising temperatures. These findings suggest the potential of rGO and especially frGO to further increase the thermal performance in composite materials at room temperature, but also at elevated temperatures. This will be useful to enable applications, such as the use in thermal interface materials or fiber-reinforced polymers.
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Figure 1. SEM images of the used powder materials at a magnification of 1500×. (a) rGO; (b) frGO. 
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Figure 2. Exemplary XPS spectra of (a) rGO C1s, (b) frGO C1s, and (c) frGO N1s. 






Figure 2. Exemplary XPS spectra of (a) rGO C1s, (b) frGO C1s, and (c) frGO N1s.



[image: Jcs 06 00153 g002]







[image: Jcs 06 00153 sch001 550] 





Scheme 1. Representation of the functionalization process of rGO to frGO based on the molecular structure as suggested by Vacchi et al. Adapted with permission from Ref. [46]. Copyright 2022 De Gruyter. 
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Figure 3. Tensile behavior of the examined materials with respect to the mean of the characteristic parameter and respective expanded uncertainty for a coverage probability of 95%. (a) Young’s modulus; (b) ultimate tensile strength; (c) strain at break; and (d) modulus of toughness. 






Figure 3. Tensile behavior of the examined materials with respect to the mean of the characteristic parameter and respective expanded uncertainty for a coverage probability of 95%. (a) Young’s modulus; (b) ultimate tensile strength; (c) strain at break; and (d) modulus of toughness.



[image: Jcs 06 00153 g003]







[image: Jcs 06 00153 g004 550] 





Figure 4. Exemplary stress–strain curves of the neat polymer and nanocomposite samples as obtained from the conducted tensile tests. 
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Figure 5. SEM images of the fracture surfaces after tensile testing taken at a magnification of 400× showing increased fracture surface roughness with increasing nanoparticle loading. (a) Neat polymer; (b) 0.25 wt% frGO; (c) 1.50 wt% rGO; and (d) 1.50 wt% frGO. 
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Figure 6. Dynamic mechanical properties of neat polymer and nanocomposite samples as obtained by DMA. (a) Mean storage modulus as a function of temperature. Note that the mean curves of 1.50 wt% rGO and 1.50 wt% frGO are nearly identical; (b) mean loss factor as a function of temperature. 
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Figure 7. Mean specific heat capacity versus temperature of neat polymer and exemplary (f)rGO/epoxy nanocomposite samples. 
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Figure 8. Mean thermal conductivity and respective expanded uncertainty for a coverage probability of 95% versus temperature of neat polymer and exemplary (f)rGO/epoxy nanocomposite samples. 
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Figure 9. Mean coefficient of thermal expansion and respective expanded uncertainty for a coverage probability of 95% of the examined materials. 
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Figure 10. Mean electrical conductivity and respective expanded uncertainty for a coverage probability of 95% of the examined materials. 
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Table 1. Gap widths used for the dispersion of the rGO and frGO particles in the used epoxy resin using a three-roll mill.
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	Cycle Number
	Width of First Gap (µm)
	Width of Second Gap (µm)





	1
	90
	30



	2
	90
	30



	3
	60
	20



	4
	60
	20



	5
	30
	10



	6
	30
	10



	7
	15
	5



	8
	15
	5
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Table 2. Elemental composition of the powder materials as evaluated by EDX.
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Powder Material

	
Elemental Composition (At%)

	
Atomic C/O Ratio




	
C

	
O

	
Si

	
S

	
Ca

	
N






	
graphite

	
96.7

	
3.3

	
0.0

	
0.0

	
0.0

	
0.0

	
29.3/1




	
rGO

	
84.2

	
15.1

	
0.1

	
0.3

	
0.2

	
0.0

	
5.6/1




	
frGO

	
89.3

	
10.3

	
0.0

	
0.4

	
0.0

	
0.0

	
8.7/1
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Table 3. Elemental composition and respective expanded uncertainty for a coverage probability of 95% of the powder materials as evaluated by XPS.
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Powder Material

	
Elemental Composition (At%)

	
Atomic C/O Ratio




	
C

	
O

	
Si

	
S

	
Ca

	
N






	
graphite

	
96.0 ± 1.5

	
3.5 ± 1.5

	
0.2 ± 0.2

	
0.0 ± 0.0

	
0.3 ± 0.3

	
0.0 ± 0.0

	
27.4/1




	
rGO

	
86.8 ± 0.1

	
13.2 ± 0.1

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
6.6/1




	
frGO

	
88.6 ± 0.7

	
10.1 ± 0.7

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.1 ± 0.1

	
1.2 ± 0.1

	
8.8/1
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Table 4. Characteristic parameters of the conducted tensile tests with respective expanded uncertainty for a coverage probability of 95%, and relative change of the respective parameter with respect to the mean of the neat polymer sample.
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Material

	
Young’s Modulus E

	
Ultimate Tensile Strength UTS

	
Strain at Break εb

	
Modulus of Toughness UT




	
(GPa)

	
(%)

	
(MPa)

	
(%)

	
(%)

	
(%)

	
(MJ m−3)

	
(%)






	
Neat polymer

	
3.05 ± 0.05

	
-

	
72.46 ± 0.11

	
-

	
7.95 ± 0.60

	
-

	
4.56 ± 0.37

	
-




	
0.25 wt% rGO

	
3.07 ± 0.02

	
0

	
65.98 ± 0.69

	
−9

	
3.34 ± 0.08

	
−58

	
1.37 ± 0.06

	
−70




	
0.25 wt% frGO

	
3.04 ± 0.03

	
0

	
64.07 ± 0.81

	
−12

	
3.11 ± 0.16

	
−61

	
1.22 ± 0.10

	
−73




	
0.50 wt% rGO

	
3.10 ± 0.03

	
1

	
58.43 ± 2.18

	
−19

	
2.53 ± 0.20

	
−68

	
0.87 ± 0.11

	
−81




	
0.50 wt% frGO

	
3.06 ± 0.04

	
0

	
50.72 ± 4.84

	
−30

	
2.03 ± 0.29

	
−74

	
0.59 ± 0.14

	
−87




	
0.75 wt% rGO

	
3.18 ± 0.05

	
4

	
52.11 ± 4.20

	
−28

	
2.08 ± 0.27

	
−74

	
0.62 ± 0.14

	
−86




	
0.75 wt% frGO

	
3.32 ± 0.05

	
9

	
53.78 ± 1.75

	
−26

	
2.11 ± 0.13

	
−74

	
0.65 ± 0.07

	
−86




	
1.00 wt% rGO

	
3.30 ± 0.03

	
8

	
48.54 ± 8.34

	
−33

	
1.87 ± 0.42

	
−76

	
0.54 ± 0.18

	
−88




	
1.00 wt% frGO

	
3.34 ± 0.07

	
9

	
54.93 ± 1.30

	
−24

	
2.18 ± 0.07

	
−73

	
0.70 ± 0.04

	
−85




	
1.50 wt% rGO

	
3.47 ± 0.04

	
14

	
48.14 ± 2.60

	
−34

	
1.77 ± 0.18

	
−78

	
0.49 ± 0.09

	
−89




	
1.50 wt% frGO

	
3.43 ± 0.08

	
12

	
50.25 ± 0.60

	
−31

	
1.91 ± 0.05

	
−76

	
0.56 ± 0.02

	
−88
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Table 5. Characteristic parameters of the conducted DMA experiments with respective expanded uncertainty for a coverage probability of 95%, and relative change of the respective parameter with respect to the mean of the neat polymer sample.
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Material

	
Storage Modulus E’g at 40 °C

	
Loss Factor tan δmax

	
Glass Transition Temperature Tg Based on tan δpeak




	
(GPa)

	
(%)

	
(-)

	
(%)

	
(°C)

	
(%)






	
Neat polymer

	
2.11 ± 0.41

	
-

	
1.07 ± 0.07

	
-

	
95 ± 0

	
-




	
0.25 wt% rGO

	
2.65 ± 0.14

	
25

	
1.06 ± 0.01

	
−1

	
95 ± 1

	
0




	
0.25 wt% frGO

	
2.56 ± 0.21

	
21

	
1.12 ± 0.03

	
5

	
96 ± 1

	
1




	
0.50 wt% rGO

	
2.52 ± 0.11

	
19

	
1.07 ± 0.01

	
−1

	
95 ± 0

	
0




	
0.50 wt% frGO

	
2.53 ± 0.11

	
20

	
1.23 ± 0.08

	
14

	
95 ± 1

	
1




	
0.75 wt% rGO

	
2.82 ± 0.09

	
33

	
1.06 ± 0.04

	
−1

	
97 ± 2

	
3




	
0.75 wt% frGO

	
2.64 ± 0.28

	
25

	
1.04 ± 0.02

	
−4

	
95 ± 1

	
0




	
1.00 wt% rGO

	
2.86 ± 0.16

	
35

	
1.02 ± 0.04

	
−5

	
95 ± 1

	
0




	
1.00 wt% frGO

	
2.75 ± 0.30

	
30

	
1.00 ± 0.03

	
−7

	
95 ± 0

	
0




	
1.50 wt% rGO

	
2.92 ± 0.12

	
38

	
1.10 ± 0.03

	
2

	
99 ± 2

	
5




	
1.50 wt% frGO

	
2.85 ± 0.07

	
35

	
0.97 ± 0.00

	
−10

	
96 ± 2

	
2
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Table 6. Characteristic parameters of the evaluated thermal properties at room temperature with respective expanded uncertainty for a coverage probability of 95%, and relative change of the respective parameter with respect to the mean of the neat polymer sample.






Table 6. Characteristic parameters of the evaluated thermal properties at room temperature with respective expanded uncertainty for a coverage probability of 95%, and relative change of the respective parameter with respect to the mean of the neat polymer sample.





	
Material

	
Specific Heat Capacity cp

	
Thermal Diffusivity a

	
Thermal Conductivity λ




	
(kJ kg−1 K−1)

	
(%)

	
(mm2 s−1)

	
(%)

	
(W m−1 K−1)

	
(%)






	
Neat polymer

	
1.099 ± 0.086

	
-

	
0.126 ± 0.004

	
-

	
0.161 ± 0.014

	
-




	
0.25 wt% rGO

	
1.135 ± 0.059

	
3

	
0.127 ± 0.004

	
0

	
0.167 ± 0.010

	
3




	
0.25 wt% frGO

	
1.141 ± 0.033

	
4

	
0.125 ± 0.002

	
−1

	
0.165 ± 0.005

	
2




	
0.50 wt% rGO

	
1.130 ± 0.018

	
3

	
0.143 ± 0.004

	
13

	
0.187 ± 0.006

	
16




	
0.50 wt% frGO

	
1.161 ± 0.011

	
6

	
0.133 ± 0.004

	
5

	
0.178 ± 0.006

	
11




	
0.75 wt% rGO

	
1.150 ± 0.069

	
5

	
0.136 ± 0.005

	
8

	
0.181 ± 0.013

	
12




	
0.75 wt% frGO

	
1.141 ± 0.048

	
4

	
0.146 ± 0.005

	
16

	
0.193 ± 0.010

	
20




	
1.00 wt% rGO

	
1.160 ± 0.024

	
6

	
0.133 ± 0.004

	
5

	
0.179 ± 0.007

	
11




	
1.00 wt% frGO

	
1.132 ± 0.016

	
3

	
0.145 ± 0.002

	
15

	
0.190 ± 0.004

	
18




	
1.50 wt% rGO

	
1.137 ± 0.012

	
3

	
0.147 ± 0.003

	
16

	
0.193 ± 0.004

	
20




	
1.50 wt% frGO

	
1.127 ± 0.027

	
3

	
0.157 ± 0.002

	
24

	
0.205 ± 0.006

	
27
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