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Maintaining the properties of nanocomposites obtained at the laboratory scale when evolving to pilot and industrial scales is a great challenge. In this work, the route for a 3000-fold increase in scale between the laboratory and production in an industrial environment was conducted in two stages–Pilot 1 and Pilot 2–to obtain polymeric nanocomposite plates for pilot testing. The nanocomposite was based on ultrahigh molecular weight polyethylene (UHMWPE) and reduced graphene oxide (rGO), and several different operations were optimized for complete scale-up, i.e., 1) production of reduced graphite oxide (rGrO); 2) exfoliation of rGrO; 3) milling of rGO with UHMWPE in a ball mill to produce masterbatch; and 4) RAM extrusion to produce the plates. All these steps were accompanied by characterizations that show the quality of the nanomaterial, masterbatch and nanocomposite plates. The gains in nanocomposite properties with 0.25 wt% rGO with respect to UHMWPE were ∼45% in elastic modulus, ∼50% in hardness, ∼25% in impact strength and 15% in abrasion wear (two-body test). The nanocomposite surfaces after wear tests are more hydrophobic than UHWWPE. The Pilot 1 results were generally superior to the Pilot 2 results, probably due to the very different thicknesses of the plates, i.e., 10 mm in Pilot 1 and 40 mm in Pilot 2. The improvement in different properties confirms the multifunctionality of the nanocomposite UHMWPE/rGO now produced on a pilot scale.
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1 INTRODUCTION
The masterbatch process has broad application because of its ability to easily produce composites in the plastic industry with convenience and minimal air pollution (Li et al., 2007). Color, flame-retardant, reinforcing, conducting and so forth masterbatches have been widely applied with conventional and advanced additives (Herrera-Ramírez et al., 2017). Reis et al. (dos Reis et al., 2023) showed an efficient methodology for obtaining polymer nanocomposites containing carbon nanomaterials from the dilution of a masterbatch.
Polymeric nanocomposites have been proposed to solve the usual trade-off between stiffness and toughness occurring with the addition of conventional fillers (Zhang et al., 2022; Greenfeld and Wagner, 2015). Among the most explored nanofillers are carbon nanomaterials (Spitalsky et al., 2010; Potts et al., 2011), and graphene has been applied when wettability and tribological properties are the main goals (Friedrich, 2018; Gao et al., 2022).
Graphene oxide (GO) and reduced graphene oxide (rGO) have been proposed as important candidates in the large commercial interest in graphene products (Park et al., 2017). GO can be considered functionalized graphene with a distribution of epoxy, ether, aldehyde, ketone, alcohol, and carboxylic acid groups (Dreyer et al., 2010). rGO can have different degrees of oxygen functionalities removed, thus showing behavior similar to that of GO or pristine graphene in some cases. The quality of the dispersion of GO or rGO is one of the critical parameters to harness the exceptional properties of these nanofillers in polymeric composites (Johnson et al., 2015).
Ultrahigh molecular weight polyethylene (UHMWPE) is an engineering thermoplastic applied in bearings, valves and linings for mining, steel and food industries, and biomedical materials (Visco et al., 2016; Li et al., 2018). The mechanical and tribological properties of UHMWPE-rGO composites were investigated recently by our group (Amurin et al., 2022; Soares et al., 2022). Significant increases in wear resistance in the abrasion and sliding modes were observed with the addition of a maximum of 0.50 wt% rGO. Moreover, the hardness and stiffness also improved in these nanocomposites. These results were obtained on a laboratory scale involving the test of approximately 0.5 kg of nanocomposite. The challenge posed after the initial results was to demonstrate the scalability of the nanocomposite production with reproducibility of the properties obtained in the laboratory.
The work facing this challenge is reported herein, and it was designed in two steps: 1) Pilot 1 was proposed to increase the production of nanocomposite to 90 kg and involved the preparation of a masterbatch with 3 wt% of rGO and the process of RAM extrusion to produce composite plates with 10 mm thickness by dilution of the masterbatch. This process was quite different from the laboratory scale (Amurin et al., 2022), where the molded composite plates were obtained by compression molding in the final concentrations for the study (0.10, 0.25, and 0.50 wt%). Therefore, the complete characterization of the samples was repeated in Pilot 1 for nanocomposites at 0.10 and 0.25 wt% rGO obtained from the masterbatch with 3 wt% dilution. The 0.50 wt% nanocomposite did not advance for the Pilot 1 study because the laboratory characterization already ruled out this composition due to a decrease in properties, probably associated with an increase in the aggregation of rGO (Amurin et al., 2022). Thereafter, 2) Pilot 2 was pursued with the production of the masterbatch to allow the processing of 1,500 kg of the nanocomposite at 0.25 wt% of rGO. In this stage, an important difference was also applied: the plates had a larger thickness, 40 mm, four times the value of Pilot 1. Characterizations were also undertaken in the plates produced, and the results indicated that the main requirements of wear resistance and mechanical properties were achieved after the complete scale-up study that increased the amount of nanocomposite produced at the laboratory scale by 3.000x. Shirvanimoghaddam et al. (Shirvan et al., 2023) described the challenges in obtaining multifunctional polyethylene nanocomposites with a low content of nanofiller and how research seeks to develop scale-up processes to avoid cluster formation, which can promote negative effects on nanocomposite performance.
Therefore, this work reports a process that includes 1) production of reduced graphite oxide (rGrO); 2) exfoliation of rGrO in the liquid phase to obtain the nanofiller rGO and introduction of UHMWPE in the liquid phase; 3) milling of rGO with UHMWPE in a ball mill to produce masterbatch; and 4) RAM extrusion to produce the plates in two different stages, Pilot 1 and Pilot 2. All these steps were accompanied by characterizations that show the quality of the nanomaterial, masterbatch and nanocomposite plates.
2 EXPERIMENTAL PART
2.1 Materials
Ultrahigh molecular weight polyethylene (UHMWPE - GUR 4152 - Celanese) has specific characteristics of a high-performance semicrystalline polymer, such as an average molar mass greater than 7.6 x 106 g mol−1, a density of 0.930 g cm−3, an intrinsic viscosity of 28 dL g−1 and a particle size of the polymeric powder of approximately 180 µm (Celanese, 2022). The thermogravimetric analysis curve (Supplementary Figure S1A), differential scanning calorimetry (Supplementary Figure S1B) and FTIR spectra (Supplementary Figure S1C) of the UHMWPE are reported in the Supplementary Material.
Graphite powder (Gr) (Grafine 72,140–Nacional de Grafite) is a fine crystalline powder that has a carbon content ≥72%, moisture ≤0.3%, a guaranteed ash limit corresponding to ≤28%, an apparent density equal to 0.38 g cm−3 and a surface area corresponding to 5.3 m2 g−1 (de Grafite, 2023).
2.2 Synthesis and exfoliation of the filler
Graphite oxide (GrO) was synthesized from graphite according to the modified Hummers method (Hummers and Offeman, 1958) and then thermally reduced and expanded via a rotary furnace in a semicontinuous process, in which reduced and expanded graphite oxide (rGrO) was obtained (dos Reis et al., 2020). The rGrO had a granulometry limited to less than 600 µm to control reproducibility and quality of the filler, defined from the granulometric classification via dry sieving with mesh openings of 600 μm, 300 μm, 90 μm, 75 μm, and 45 μm (Pavitest–Contenco).
The filler rGrO was preexfoliated in a liquid medium (ethanol) via mechanical agitation in a high shear mixer for 30 min at a rotation speed of 4,500 rpm in a suspension with a concentration of 5 g L−1 and a volume of 1,200 mL for Pilot 1 and 2,400 mL for Pilot 2. Then, the preexfoliated filler was simultaneously subjected to exfoliation in an ultrasonic bath at 60 C and mechanical agitation (300 rpm) for 2 h, resulting in reduced graphene oxide (rGO).
2.3 Nanocomposite preparation
The production of the polymeric nanocomposite was divided into two stages: i) homogenization of solids and ii) conformation by RAM extrusion, as shown in Figure 1.
i. A mass of polymeric powder (388 g for Pilot 1 and 436.5 g for Pilot 2) was added to the suspension of the rGO in ethanol and was kept under agitation in an ultrasonic bath and mechanical mixing simultaneously at 60 °C for 1 h. The suspension was heated in an oven at 70 °C for 8 h to remove the solvent. The solid material was homogenized via a solid mixture in a ball mill (Servitech) with a rotation speed of 80 rpm for 8 h. Thus, a masterbatch of UHMWPE-rGO was obtained at a nanofiller concentration of 3 wt%. Ten kilograms and 150 kg of masterbatch were produced for the Pilot 1 and Pilot 2 stages, respectively.
ii. The production of the UHMWPE-rGO nanocomposites was conducted with the dilution of the masterbatch to concentrations of 0.10 wt% (Pilot 1) and 0.25 wt% (Pilot 1 and Pilot 2) in a paddle mixer (Baron) in 30 kg batches with a mixing time of 40 min. The plates were shaped via RAM extrusion (Baron) in an industrial environment on a pilot scale. For Pilot 1, 30 kg of nanocomposite containing 0.10 wt% rGO and 90 kg of nanocomposite containing 0.25 wt% nanofiller were produced. For Pilot 2, 1,500 kg of nanocomposite containing 0.25 wt% rGO was produced. The extrusion process consists of accommodating the nanoadditivated polymeric powder in silos (mixed with a specific lubricant for this extrusion process), which it directs to a cavity at the beginning of the extruder die for sintering. Then, the piston maintains a constant pressure until the polymer melts under a controlled temperature (150 °C). The piston hydraulic system keeps the mass under a constant working pressure close to 42 bar for 80 s. After this cycle, the piston returns to fill the initial cavity of the extruder die. The material remains in the extruder die for 150 min with controlled cooling, resulting in plates with a thickness of 10 mm and a width of 1.25 m being formed for Pilot 1. In the case of the plates produced in Pilot 2, the thickness was 40 mm, and the width was 1.25 m. The same extrusion process was performed for the neat UHMWPE to produce samples without the nanoadditive. The quantity of masterbatches and the rGO contents for Pilot 1 and Pilot 2 are summarized in Table 1.
[image: Figure 1]FIGURE 1 | Scheme of the processing steps (A) Homogenization of solids; (B) Conformation by RAM extrusion.
TABLE 1 | Samples, quantities of masterbatch produced and rGO content.
[image: Table 1]2.4 Characterization techniques
Fourier transform infrared spectroscopy–FTIR was performed with a Frontier spectrophotometer (Perkin Elmer) in ATR (Total Attenuated Reflection) mode, scanned from 650 to 4,000 cm−1, resolution of 4 cm−1, with 64 total scans and force of 115 N. Raman spectroscopy was carried out in a spectrometer with a confocal microscope (Witec Alpha 300R), and a 457 nm (1 mV) laser energy was used. Raman spectroscopy measurements were carried out for 23 aliquots collected during the carbon nanomaterial dispersion process. For each sample collected, analyses were carried out at 5 different points. Some Raman spectra are shown in Supplementary Figure S1.
Thermogravimetric analysis (TG) was carried out in TA Instruments equipment with a heating rate of 10 °C min−1 and a temperature range of 25°C–700 °C in a platinum crucible and synthetic air environment. Differential scanning calorimetry (DSC) was performed using TA instrument equipment under a helium atmosphere at a flow rate of 100 mL min−1, a mass of approximately 6 mg, and a temperature range of 0°C–200 C at 10 C.min-1. The crystallinity of the samples was calculated according to Eq. (1), where ΔHm is the total heat energy per unit mass and ΔHc is the fusion enthalpy for the 100% crystalline sample (ΔHc = 293 J g−1) (Kanaga Karuppiah et al., 2008)
[image: image]
The filler and morphological structures of the polymeric nanocomposites and pure UHMWPE polymer were investigated by scanning electron microscopy (SEM) in an FEG scanning electron microscope with an FIB nanofabrication system (Quanta FEG 3D FEI) with an acceleration voltage of 5 kV. The surfaces of the polymeric materials were metallized with a Au/Pd film with a thickness of 15 nm. Transmission electron microscopy (TEM) was conducted with a Tecnai G2-20–FEI SuperTwin 200 kV microscope. Atomic force microscopy (AFM) was performed with an Asylum Research MFP-3D-AS in contact mode; aliquots from the 5 g L−1 suspension of rGO were previously prepared with a 2.5x dilution and subsequently deposited on a mica substrate.
The tensile tests were conducted according to the ASTM D638 standard (ASTM D638-14, 2022) in universal EMIC equipment with a load cell of 5 kN and test speed of 10 mm min−1. Twenty specimens were prepared for analysis of the mechanical behavior of the pure polymer (UHMWPE) and the nanocomposites at concentrations of 0.10 wt% and 0.25 wt% rGO. The impact resistance test was performed with the samples subjected to a 50 J pendulum in the impact hammer of the XJ series impact equipment in Charpy mode, and the results refer to an average of 90 measurements across multiple regions. Two-body abrasive wear resistance (rotating pin-on-drum) was conducted according to ISO 4649, in which twenty specimens were tested (ISO 4649:2017, 2017). The equipment consists of a rotating drum coated with specific sandpaper for abrasion with 60# grain, certified by VSM, supplied by the company Abrasfran. The abrasive wear resistance of the UHMWPE and nanocomposite samples was evaluated by covering 40 m of sliding distance with rotation of 40 rpm in the drum with a normal applied force of 10 N. The results were calculated according to Eq. (2), which determines the relative volume loss (ΔVrel) due to the average mass loss of the tested material (Δmt) and the average mass loss of the reference material (Δmconst.), due to the density of the tested material (ρt) and constant mass loss of the reference material (Δmr).
[image: image]
The three-body abrasive wear test is based on the ASTM G65 standard (ASTM G65-162021, 2021) and makes use of the rubber wheel type tribometer. Method B of Standard ASTM G65 was used with high abrasion severity, using a normal force of 130 N on the specimen surface and a rubber wheel speed of 200 rpm for 10 min. The abrasive agent used was a typical Brazilian sand with a granulometry of 50# (ABNT NBR 7214:2015) (ABNT NBR 7214:2015, 2015). The data obtained allow the calculation of the volume lost in wear (Eq. (3)), which considered Vp as the volume lost in wear, Δm as the loss of mass in wear, and ρ as the density of the material worn.
[image: image]
The surface topographies were investigated with two- and three-body wear tests using a Hommelwerke LV-100 profilometer with a 90° angle probe and a 5 μm radius. Five hundred one-dimensional scans of 5 mm length, 1 μm distance and 0.5 mm s−1 speed were performed. The results were collected through Turbo Wave software and treated by HommelMap Expert software, resulting in topographic maps.
The surface wettability was characterized through contact angle measurements. The sessile drop method was used in which a drop of deionized water was deposited on the surface before and after the abrasive wear tests. The test was carried out in a goniometer (Data Physics OCA 15EC) operated at 20°C, and the profile of the drop obtained was collected by SCA20 software. The reported values were the average of thirty measurements for each sample, as described in Supplementary Table S1.
3 RESULTS AND DISCUSSION
The main challenges faced in this work were to design a feasible process on a large scale that guarantees the quality of the results obtained for the nanocomposite on a laboratory scale, as described in our previous work (Amurin et al., 2022). The main differences in the overall scale-up routes with respect to the laboratory-scale methodologies were the use of a rotary furnace to reduce the graphite oxide; the increase of one order of magnitude in the concentration of the rGO suspension for exfoliation from 0.5 g L−1 in the laboratory scale to 5 g L−1 in pilot scales; the RAM extrusion rather than the compression molding conducted to produce the nanocomposite plates in the pilot scales; and a difference between the thickness of the plates produced in the stages of scale-up, 10 mm for Pilot 1 plates and 40 mm for Pilot 2 plates. Therefore, it was necessary to monitor in Pilot 1 and Pilot 2 how all these important changes in the overall process would impact the properties of the nanocomposites to guarantee the final production of the 1,500 kg that were used to make available 500 plates of UHMWPE-rGO to be applied in a prototype with strict property control in a Brazilian mining company.
The first stage was to produce well exfoliated rGO to be dispersed in the masterbatch of UHMWPE. Starting from graphite oxide (GrO) produced with approximately 40% oxygenated groups, as can be observed in Figure 2B,C in the FTIR spectra and TG plots of rGrO. To obtain reduced graphite oxide, reduction was conducted in a rotary furnace. The use of the rotary furnace rather than microwave reduction (Amurin et al., 2022) was necessary to obtain the 5 kg necessary for the targeted scale-up with a reproducible quality. The FTIR and TG results (Figures 2B,C) indicate that the process of reduction and simultaneous thermal expansion via a rotary furnace result in fillers with characteristics similar to those produced by the reduction process via microwave irradiation (Amurin et al., 2022), leading to a filler with approximately 3% oxygenated functions. One of the main desirable characteristics of the material is the expansion of the graphitic layers, as it facilitates the subsequent exfoliation of the carbon material in a solvent medium and under ultrasonic and mechanical agitation. It can be seen in the SEM images of Figures 2D,E that in both cases (Pilot 1 and Pilot 2), there are fillers with expanded multilayers, a morphology that can facilitate nanofiller exfoliation in liquid medium. Furthermore, it can be seen that the thin layers of graphene tend to form a stable expanded three-dimensional network, as observed in Figures 2F,G. Therefore, the process route adopted is highly effective for the production of rGrO on a large scale, with quality and reproducibility.
[image: Figure 2]FIGURE 2 | (A) 5.0 kg of reduced graphite oxide. Characterization of the reduced graphite oxide (rGrO) (B) FTIR spectra; (C) TG curves; (D) (F) SEM image–Pilot 1; (E) (G) SEM image–Pilot 2.
The results presented in Figure 3 refer to the characteristics of the nanofiller after the exfoliation process of the starting filler rGrO (exfoliation in solvent medium by mechanical mixing in high shear, followed by ultrasonic bath and mechanical agitation) producing rGO. It must be considered that the concentration of the suspension is approximately 5 g L−1 (1 order of magnitude higher compared to laboratory-scale production (Amurin et al., 2022)). The Raman spectra in Figure 3C are the average of an ensemble of measurements, as explained in the Supplementary Material. The ratio of intensities of the D band and G band of carbonaceous materials allows the evaluation of the degree of defects present in their structures (Ferrari et al., 2006). The ID/IG results indicate that graphene oxide has a more defective structure than the reduced graphite oxide and graphene oxide in our work, as expected.
[image: Figure 3]FIGURE 3 | Production process of the nanofiller (rGO): (A) high shear exfoliation process; (B) ultrasonic bath and mechanical agitation exfoliation. Characterization of reduced graphene oxide: (C) Average Raman spectra with 457 nm laser energy; (D) TEM image; (E) High-resolution TEM image; (F) AFM image; (G) Nanofiller relative area distribution from AFM images.
The exfoliated rGO nanofillers consist of a nanomaterial with few layers and some folded regions, as seen in Figures 3D,E. In addition, it has a lateral size of approximately 11 μm (Figure 3D). The high-resolution TEM images clearly show the layers of graphene, indicating the acquisition of two-dimensional carbon nanomaterials, as the Raman spectrum confirms (Figure 3A). The AFM results (Figure 3F) indicate that the nanofiller has a thickness of less than 60 nm after drying the samples for the measurement. In addition, the average areas of the side of the two-dimensional nanomaterials are on the micrometric order (Figure 3G), which is an important parameter to promote physical interaction with the polymeric chain of UHMWPE. It is important to consider that the process of exfoliation continues in the presence of the polymer in the solid-state mixing in the ball mill and further in the extrusion stage. Therefore, we propose that the final nanocomposites will have rGO dispersed in the polymeric matrix.
Three compositions were tested during the study performed on a laboratory scale, i.e., 0.10 wt%, 0.25 wt% and 0.50 wt% of rGO. The nanocomposite containing 0.50 wt% rGO was not produced in this scale-up investigation due to inferior performance at the laboratory scale with respect to the other compositions (Amurin et al., 2022). The agglomeration of the nanofiller at this concentration is considered to start to influence negatively.
The masterbatch containing 3 wt% of nanofiller was diluted in the pure polymer to obtain nanocomposites with final concentrations of 0.10 wt% and 0.25 wt% of rGO in the Pilot 1 step, making it possible to evaluate the material with the best performance after all changes applied to the process to allow scale up. The set of results in Figure 4 shows that the nanocomposite containing 0.10 wt% rGO presented inferior performance with respect to the neat polymer in terms of impact resistance, Figure 4B, and abrasive wear, Figure 4D. In the case of tensile strength, Figure 4A shows that the curves of the nanocomposite with 0.10 wt% rGO and UHMWPE are similar. The nanocomposite containing 0.25 wt% rGO showed gains in properties with respect to UHMWPE for all evaluated properties. Therefore, the production of the nanocomposite containing 0.25 wt% rGO in pilot scale 2 was defined.
[image: Figure 4]FIGURE 4 | Characterization of the UHMWPE and nanocomposite plates at 0.10 wt% and 0.25 wt% of rGO content produced in the Pilot 1 step: (A) Average curve of stress as a function of strain; (B) impact strength; (C) hardness and (D) volume loss (two-body mode).
Figure 5 shows the comparison between the nanocomposites produced with 0.25 wt% rGO in the two steps of scale-up. These nanocomposites were obtained from the dilution of the masterbatch 3 wt%, and an important difference characterized the final plates that were produced. In the Pilot 1 test, the thickness of the plates was 10 mm, and in the Pilot 2 step, they were 40 mm. Thicker plates were produced in the Pilot 2 stage because of the need for specific dimensions for application as a prototype. However, the specimen for characterization obtained from the thicker plates was extracted from the bulk, whereas the specimen in the Pilot 1 plates came from the surface.
[image: Figure 5]FIGURE 5 | Morphological comparison between the nanocomposite plates at 0.25 wt% rGO content in the two stages of scale-up. SEM images of (A) UHMWPE (B) Pilot 1; (C) Pilot 2; (D) DSC curves in heating and cooling scan; (E) Crystallinity degree.
Figure 5A displays the SEM images of the plates produced from UHMWPE in an industrial environment. Note that the lamellar morphology tends to be less ordered than expected for this kind of polyolefin (Barron and Birkinshaw, 2008); however, microfibers are present in specific regions. Figure 5B shows the images for the nanocomposite plate produced in Pilot 1, where the lamellar crystalline region is long-range and well-ordered, which may be due to the influence of the rGO. In the case of the nanocomposite produced on the Pilot 2 scale (Figure 5C), typical UHMWPE morphologies (lamellae, microfibers and nodulus) with superior characteristics compared to UHMWPE can be identified. Large thicknesses and aligned lamellae are formed with a high degree of ordering in both stages of scaling up, probably due to the nanofiller presence. The increase in the degree of crystallinity (Figure 5E) presents a response that corroborates the SEM images.
Table 2 summarizes the mechanical results obtained for the neat polymer and nanocomposite plates with 0.25 wt% rGO produced in this work. The UHMWPE was processed under similar conditions as the nanocomposites to allow comparison. The tensile strength and rupture strain did not show significant changes for the nanocomposites with respect to UHMWPE. Otherwise, rigidity, hardness and impact strength exhibited important gains by the addition of the nanofiller. Figure 6 shows the results of the properties that were improved by the addition of the nanofiller. Scanning electron microscopy images of the tensile and impact strength fracture surfaces are shown in Supplementary Figure S3, S4, respectively. These images support the conclusion that the microfibers present between the amorphous/crystalline phases naturally reinforce the nanocomposite. Furthermore, the two-dimensional carbon nanofiller network tends to prevent crack propagation due to a high level of nanofiller dispersion and the absence of clusters.
TABLE 2 | Results of mechanical characterization for the plates of neat polymer and nanocomposites with 0.25 wt% rGO in the two stages of scale-up.
[image: Table 2][image: Figure 6]FIGURE 6 | (A) Comparison of impact strength, hardness and Young’s modulus among the plates of UHMWPE and nanocomposites of Pilot 1 and Pilot 2 with 0.25 wt% of rGO; (B) Dimensions of the plates from Pilot 1 and Pilot 2 scale up. In the case of pilot 2, the analysis was performed on the plate bulk.
The nanocomposite plates resulting from the dilution of the masterbatch containing 3 wt% rGO exhibit positive results and corroborate the analyses of the nanocomposite produced at the laboratory scale (Amurin et al., 2022), even considering all the changes made to the process to allow scale up. The Pilot 1 nanocomposite stood out in terms of impact resistance and rigidity, as seen in Figure 6, in which considerable gains are observed with respect to the neat polymer plate. Pilot 2 is a scale-up of 3,000 times with respect to the laboratory, and the resulting nanocomposite plate still shows superior performance compared to the neat polymer. However, Table 2 and Figure 6 show that the properties of impact resistance and rigidity are lower compared to the Pilot 1 nanocomposite. As mentioned above for the discussion of the structural and morphological characterization, we hypothesized that the lower performance of the specimen produced in Pilot 2 is because they were obtained from thicker plates that demand longer processing times and show a lower degree of crystallinity than the Pilot 1 samples.
The comparison of our results with the literature is possible by considering other authors’ production on a small scale. Suñer et al. (Suñer et al., 2015) presented an increase of approximately 15% in the modulus of elasticity for UHMWPE containing between 0.1 and 2.0 wt% graphene oxide compared to pure UHMWPE. A 5% increase in Shore D hardness was reported by Aliyu et al. (Aliyu et al., 2019) with the addition of 0.5 wt% graphene nanoplatelets (GnPs). Other works reported an increase in the microhardness of UHMWPE for nanocomposites with 0.1–2.0 wt% GO (Suñer et al., 2015; Pang et al., 2015) and 0.7 and 3.0 wt% rGO (Çolak et al., 2020) added to the polymer. Pang et al. (Pang et al., 2015) showed significant increases in impact Izod, more than 3 times for the addition of 1.0 wt% GO to UHMWPE. Our data indicate an increase for the best cases of 35% in elastic modulus, 50% for hardness and 25% in impact strength in Charpy mode with the addition of 0.25 wt% of rGO, all associated with nanocomposite plates produced in pilot scales. Therefore, one can affirm that this work reports superior performance related to the literature with respect to rigidity and hardness.
Two- and three-body abrasive wear resistances were evaluated using pin-drum and rubber wheel tests, respectively. For both nanocomposite plates–Pilot 1 and Pilot 2–the volume losses are lower than the neat UHMWPE, as can be observed in Figure 7, indicating that there was a significant increase in resistance to abrasive wear with the addition of rGO. Tribological behavior is extremely influenced by the severity of the test, granulometry, shape and hardness of the abrasive agents, but both types of tests show the same tendency of gains with rGO. However, we must consider that the hardness is vital to enable low wear when subjected to abrasive wear. When comparing neat polymer to nanocomposites (Pilot 1 and Pilot 2), abrasion wear performance follows a clear trend with hardness (Somberg et al., 2023).
[image: Figure 7]FIGURE 7 | Wear results for the UHMWPE and nanocomposite plates at 0.25 wt% rGO from Pilot 1 and Pilot 2 scale up. (A) Volume loss–two- and three-body abrasion; (B) 2D–image of wear surface in two-body abrasion mode; (C) Analysis of area x depth obtained from the profilometry of wear surface in two-body abrasion mode; (D) 2D–image of wear surface in three-body abrasion mode; (E) Analysis of area x depth obtained from the profilometry of wear surface in three-body abrasion mode.
The two-body abrasive wear mode works with fixed abrasive agents and provides high severity to the softer phase body wear. The volume loss decreases for the nanocomposite plates, showing an improvement of 15% and 9% for the Pilot 1 and Pilot 2 nanocomposites, respectively, with respect to the neat UHMWPE. In the abrasive wear tests on three bodies (rubber wheel), in which the abrasive agents are free to roll on the surface that will be worn, the parameters used for the tests followed the standard for testing metallic materials (steel), which is quite a challenge for a polymeric plate. The three-body abrasive wear resistance shows an improvement of 24% and 16% for the Pilot 1 and Pilot 2 nanocomposites, respectively, when compared to the neat UHMWPE, as shown in Figure 7.
Worn surface topographies for nanocomposite plates (Pilot 1 and Pilot 2) were analyzed by profilometry, as shown in Figures 7B,C, to identify the pattern created during abrasive wear. Uniform wear marks, deep grooves and total material removal occur in the case of the two-body wear test for the surface of the neat UHMWPE. In the case of the nanocomposite plate of Pilot 1, the wear grooves became less deep. Moreover, the polymeric material is not completely removed by the passage of the abrasive agent, which is more evident for the nanocomposite plate of Pilot 2.
The rubber wheel results show deeper marks, as can be observed in Figure 7C, mainly for the neat polymer plate. In the case of the nanocomposite plates, the wear of the surface is less pronounced. In general, the roughness profiles for the different wear test configurations are very different from each other. However, the comparison between the damage caused to the surface of the nanocomposite and neat polymer plates indicates that the incorporation of rGO contributes to the increase in resistance to abrasive wear, regardless of the severity and mode of wear.
Tribological tests and topography analyses of UHMWPE nanocomposites, or even of the pure polymer, after being subjected to pin-on-drum and rubber wheel abrasive tests are not reported in the literature to the best of our knowledge. However, some authors present results of a decrease in the polymer wear rate through pin-on-disk sliding tests with the addition of carbon nanomaterials such as graphene nanoplatelets and GO (Aliyu et al., 2019; Bahrami et al., 2016). Our group also reported in a recent work for laboratory-scale UHMWPE nanocomposites containing 0.1, 0.25 and 0.50 wt% rGO gains in tribological results with pin-on-disk sliding tests (Soares et al., 2022).
The contact angle results are shown in Figure 8 and Supplementary Table S1. These measurements were performed on the surfaces before wear tests and after the two types of wear tests conducted in this work. Two important features influence the contact angle: the hydrophobicity and the roughness of the surfaces (Law and Zhao, 2015). The original surface results before wear tests, Figure 8B, show an increase in the contact angle for the nanocomposite plate produced in Pilot 1, whereas in Pilot 2, the wettability seems similar to that of the neat polymer.
[image: Figure 8]FIGURE 8 | Wettability results for the UHMWPE and nanocomposite plates with 0.25 wt% of rGO from Pilot 1 and Pilot 2 scale up. (A) Contact angle; (B) Drop–original surface; (C) Drop on wear surface from two-body test; (D) Drop on wear surface from three-body test.
The contact angle data for the wear surfaces show, in both types of wear tests, significant increases from close to 115° (neat polymer) to close to 130° or more for the Pilot 1 plates. The Pilot 2 plates show a different behavior from the two-body test, producing wear surfaces that show a decrease in wettability and a contact angle of 135°, whereas the wear surfaces originating from the three-body test show a contact angle similar to that of the neat polymer plate. This result can be interpreted as being associated with the different degrees of severity of the two wear tests and the different thicknesses of the plates from Pilot 1 and Pilot 2. The thicker plate of Pilot 2 is probably being tested on a surface where the concentration of rGO is not the same as the surface of Pilot 1.
4 CONCLUSION
Significant changes in the processing to advance from the laboratory scale to the pilot scale were necessary in all operations, i.e., graphite oxidation, rGrO exfoliation, masterbatch production, and RAM extrusion to conform plates. The Pilot 1 stage was carried out with a scale approximately 200x higher than the laboratory study, and Pilot 2 concerned a scale approximately 3,000x higher with respect to the laboratory study. The systematic characterization of the structure, morphology, and properties of the filler, nanofiller and nanocomposite at all stages guarantees the best choices for the production of nanocomposite plates with multifunctionality, which means simultaneous gains in mechanical and tribological properties. The content of 0.25 wt% rGO was validated as the one showing the best performance. The plates produced in Pilot 2 were 4x thicker than the plates originating from Pilot 1 processing. The effect of the thickness of the plates on the mechanical and tribological properties was noticeable. Herein, the successful scale-up of the nanocomposite UHMWPE/rGO was demonstrated, which indicates the possibility of advancing industrial production, considering the specific characteristics of both the polymer and nanofiller tested in this work.
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