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Abstract

:

In this work, a thermoset ultraviolet (UV)-cured polyurethane-acrylate resin was doped with different chemically-modified graphene obtained from a commercial graphene oxide (GO): as-received GO, chemically reduced GO (rGO), GO functionalized with vinyltriethoxysilane (VTES) (GOvtes), and GO functionalized with VTES and subsequently reduced with a chemical agent (rGOvtes). Modified graphene was introduced in the oligomer component via solvent-assisted process using acetone, which was recovered after completion of the process. Results indicate that the GO-doped oligomers produce cured coatings with improved anti-scratch resistance (above the resistance of conventional coatings), without surface defects and high transparency. The anti-scratch resistance was measured with atomic force microscopy (AFM). Additionally, results are presented in terms of Wolf–Wilburn scale, a straightforward method widely accepted and employed in the coating industry.
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1. Introduction


Over the last few years, technical procedures have been developed to improve coating manufacture processes. In this sense, the use of ultraviolet (UV) light-cured resins is an alternative to conventional solvent-based resins. Commonly, standard UV-curable formulations contain acrylic oligomers, monomers (thinners), and photoinitiators [1]. During the curing process, UV light excites the photoinitiator and radicals are formed. These radicals initiate the polymerization process leading to the formation of a cross-linked solid coating. As a recent example, Llorente et al. [2] studied the crosslinking process of waterborne UV-curable polyurethane acrylates depending on the concentration of photoinitiator and the temperature of the curing process. UV-curable coatings present multiple advantages: low activation energy, low curing temperature (even room temperature curing) and high hardness of the final coating [1]. Some of the most interesting UV-curable coatings are based on urethane-acrylate resins, which show both high resistance to degradation and high mechanical performance [3,4]. Similarly, to conventional resins, they can be used along with inorganic materials to combine their complementary properties [5]. Spadaro et al. [6] used a modified montmorillonite clay to increase the oxidation resistance of an epoxy-acrylate resin. Dashtizadeh et al. [7] prepared coatings with acrylic resin doped with nanosilica; they observed that the addition of 15 wt.% of nanosilica content increased the pendulum hardness of the coatings by 760%. Chau et al. [8] increased the pencil hardness, in the Wolf-Wilburn scale, from 3H to 5H of poly (methyl methacrylate) (PMMA)-based coatings by adding 20 wt.% of nanosilica. Zhang et al. [9] also improved the pencil hardness of a urethane-acrylate-based coating from 1H to 5H using 40 wt.% of nanosilica particles. Suriano et al. [10] used zirconia with fluorinated resins to develop coatings over polycarbonate substrates, obtaining an improvement of the pencil hardness from 5B to HB. Previously, Wu et al. [11] had used colloidal silica to improve the pencil hardness of a resin over a polycarbonate substrate from 2B to 5H.



Among all the inorganic fillers used to enhance the polymer nanocomposites properties, graphene derivatives have gathered great attention. Graphene is a bi-dimensional material formed by one layer of carbon atoms arranged in hexagonal network with sp2 hybridization, which allows high electronic resonance and conductivity. In addition, graphene has a high mechanical resistance, with a Young’s modulus of 1 TPa [12]. GO is a material obtained from the oxidation and exfoliation of graphite (chemical route) and it is a graphene derivative. The most common routes of synthesis of GO are based on the Hummers and Offemann method [13]. GO manufactured by chemical route can be considered to be a functionalized graphene with oxygenated groups on sheets and basal plane [14]. Although the structure of GO is still not well defined, basal planes of GO consist on two regions according to the Lerf and Klinowski model [15]: isolated aromatic domains and connected network formed by sp3 carbon hexagonal rings with a wide variety of functionalized groups (mainly epoxy and hydroxy). Furthermore, sheet edges are fully functionalized with carboxyl, phenol, and lactone groups. This complexity complicates the correct visualization of the final GO structure. Epoxy compounds containing graphene oxide (GO) showed an improvement of 40% in fracture toughness [16] and an increment in fatigue life of about 1580% [17]. With the aim of improving the anti-scratch resistance of a polyethylene resin, Lahiri et al. [18] used graphene nanoplatelets (GNP) and found that the anti-scratch resistance was directly proportional to the GNP concentration in the composite. Recently, Kotsilkova et al. [19] prepared bilayer graphene/PMMA films using a chemical vapor deposition (CVD) technique. They determined that the bilayer compound exhibited higher hardness, indentation elastic modulus, and resistance to scratch than the pristine PMMA films. If in addition to having improved mechanical properties, the final coating is also transparent, then it is suitable for its use in optical devices, for instance as a touchscreen protective coating in the smartphone industry [20,21,22].



An adequate dispersion of the nanofiller in the resin is essential to obtain a significant improvement in the final properties of the nanocomposite [23]. In the case of graphene derivatives, the achievement of a proper dispersion is not straightforward due to the strong interactions between graphene sheets, which causes agglomeration in the resin matrix [24]; in consequence, functionalization of the graphene is required with groups such as alkyl silanes. For example, Akhtar et al. [25] firstly synthesized a compound formed by alumina and a generic silane; secondly, they followed the same procedure with graphene and, finally, they anchored the two modified molecules. Using trimethoxysilane, Wang et al. [4] functionalized graphene to increase thermal stability, storage modulus and glass transition temperature of a polyurethane-acrylate UV-based resin.



To the best of our knowledge, there is not a broad dissertation about the adaptation of different graphene derivatives to a urethane-acrylate resin. In the present work, custom-made GO with different chemical treatments was used to improve the anti-scratch resistance of a polyurethane-acrylate-based resin. An acetone-assisted method was used to introduce the derivatives into the resin after which the acetone was completely recovered. Coatings were UV-cured and anti-scratch resistance was measured using the pencil hardness (Wolf-Wilburn method) and nanoscratching through atomic force microscopy (AFM). The latter method allowed us to estimate the pencil hardness of coatings that exceeded the pencil scale. The transmittance of the coatings was measured to evaluate the applicability of the coatings, for example, to protect optical devices.




2. Materials and Methods


2.1. Preparation of Coatings


Coatings where produced using Laromer UA9048, urethane-acrylate oligomer, and Laromer LR 8887, thinner, from BASF (Schewarsheide GmbH 01986, Schwarzheide, Germany) with a mass ratio of 4:1, respectively. As a photoinitiator, 2-hydroxy-2-metylpropionphenone from Sigma Aldrich (Tres Cantos, Madrid, Spain) was used in a concentration of 5.5 wt.%. This formulation was optimized in a previous work of our research group that aimed to achieve a coating with both high transparency and anti-scratch resistance [26]. The three components were mixed by magnetic stirring avoiding light. A drop of the mixture was placed on a glass and extended using a bar-coating technique (Printcoat instruments Kred model, RK PrintCoat Instruments Ltd., Litlington, UK) producing a 12 µm thick wet film. Finally, samples were cured in an in-house built UVC-chamber for 2 min under laboratory atmosphere. This UVC-chamber consists on a mercury lamp (55 W) and a cylindrical camera covered with aluminum foil.




2.2. Graphene Derivatives Synthesis


GO was provided by Applynano Solutions S.L. (Alicante, Spain) and was produced by modified Hummers and Offemann method [27]. GO is the precursor of the graphene derivatives used as nanofillers in this work: pristine as received GO, reduced GO (rGO), GO functionalized with vinyltriethoxysilane (VTES) (GOvtes) and GO functionalized with VTES and subsequently chemically reduced (rGOvtes).



2.2.1. Graphene Oxide + Chemical Reduction Process (rGO) Synthesis


0.4 g of GO, 200 mL of distilled water, 10 mL of hydrazine (Reagent grade, 55%, Sigma Aldrich, Damstadt, Germany) and of 10 mL of concentrate ammonium hydroxide aqueous solution (25 wt.%) (Briare VWR International S.A.S., Briare, France) were mixed on a three-necked flask. The mixture was stirred for 4 h at 90 °C. Finally, the mixture was cooled down to room temperature and filtered. The wet powder was dried in a conventional oven for 24 h at 60 °C.




2.2.2. Graphene Oxide + VTES (GOvtes) Synthesis


GOvtes was prepared using VTES (GE Specialty Materials Suisse Sarl, Geneva, Switzerland) following the procedure previously described by Wang et al. [28]. Both VTES (2 mL) and GO (0.4 g) were introduced into a three-necked flask and 200 mL of distilled water, and 1 mL of HCl (37%), (Briare VWR International S.A.S., Briare, France) were added to the flask. The mixture was refluxed at 75 °C for 2 h with magnetic stirring to yield the hydrolysis of VTES and the condensation of this molecule over the GO surface. Finally, the mixture was cooled down to room temperature and filtered. The wet powder was dried in a conventional oven for 24 h at 60 °C.




2.2.3. Graphene Oxide + VTES + Chemical Reduction Process (rGOvtes) Synthesis


The process used to synthesize rGOvtes was similar to the process used to obtain GOvtes. In this case, after the 2 h of magnetic agitation, 10 mL of hydrazine (Reagent grade, 55%, Sigma Aldrich) and 10 mL of concentrate ammonium hydroxide aqueous solution (25 wt.%) (Briare VWR International S.A.S.) were added to the flask and heated up to 90 °C for 4 h. Finally, the mixture was cooled down to room temperature and filtered. The wet powder was dried in a conventional oven for 24 h at 60 °C.





2.3. Fabrication of Coatings with Graphene Derivatives as Nanofiller


Introduction of graphene derivatives directly into the resin is a complex process due to the relative high viscosity of the resin, which complicates the proper dispersion of the graphene derivative in the polymer matrix. For this reason, graphene derivatives were introduced into the resin using a solvent-assisted method. Firstly, the necessary amount of graphene derivate to attain the final concentration of nanofiller in the final coating was dispersed in acetone by ultra-sonication (Q500 Sonicator, Qsonica, Newton, CT, USA); secondly, the dispersion was poured in the oligomer and mixed by magnetic stirring; and finally, the acetone was evaporated (and after subsequently trapped in a condenser for reuse) yielding a homogeneous dispersion of the nanofiller in the oligomer. A concentration of 1 wt.% in the final coating was chosen as the optimal one to improve the anti-scratch resistance while still maintaining high transparency. In our research group, we have observed that higher loadings decrease transparency without significantly enhancing the anti-scratch resistance. The coating process continued following Section 2.1.




2.4. Graphene Derivatives and Coatings Characterization


2.4.1. Graphene Derivatives Characterization


Fourier Transform Infrared spectroscopy (FTIR) characterization was made using a BRUKER IFS 66 (Bruker, Billerica, MA, USA) operated in attenuated total reflectance mode. Surface characterization was determined with X-Ray photoelectron spectroscopy (XPS) using a VG-Microtech Multilab 300 (ThermoFisher Scientific, Wattham, MA, USA) with a magnesium/aluminum X-Ray precursor.




2.4.2. Optical Analysis of Coatings


Transmittance analysis was made to determine the transparency of coatings using a UV-Vis/NIR Jasco V-670 (Jasco, Pfungstadt, Germany). The spectra obtained (Ti(λ)) was integrated in order to obtain a parameter (Ti) that allows the determination of the relative transmittance (Tri) of the doped coatings with respect to the transmittance (T0) of the coating without graphene derivative.




Ti =∫200800Ti(λ) dλ



(1)






Tri(%) =(Ti/T0) × 100



(2)





Furthermore, to observe the dispersion of the GO derivatives in the matrix, Transmission Electron Microscopy (TEM) was used (JEM-2010, JEOL, Akishima, Japan). A thin sample (less than 100 nm thick) was cut using an ultramicrotome and placed on the TEM grid.




2.4.3. Wolf–Wilburn Method


The Wolf–Wilburn method consists on the qualitative determination of the anti-scratch resistance of coatings using pencils with different hardness. This method is described in the American Society for Testing and Materials (ASTM) Designation 3363-05 [29]. The selection of this technique to measure anti-scratch resistance is due to its simplicity and acceptance in the field of surface characterization of industrial coatings. A set of pencils (Dervent Graphics, Workington, UK) was used due to their well-known hardness value in the Wolf–Wilburn scale (Hw). The test consists on the use of pencils with different hardness in a decreasing order to determine the first pencil that does not produce any mark on the coating surface. Then, the hardness of such pencil is taken as the hardness of the coating.




2.4.4. Atomic Force Microscopy (AFM)


AFM does not use radiation to obtain information of the sample examined. In fact, in this type of microscopy, a tip is used to scan the topography of the different samples. The equipment used in this work is a NT-MDT INTEGRA Prima Atomic Force Microscope (INTEGRA Prima, NT-MDT Spectrum Instruments, Moscow, Russia). AFM was used to determine the anti-scratch hardness (Hs) of the coatings. The methodology used is based on the Wolf–Wilburn method and ASTM standard D7027-05 [30]: the tip of AFM is indented in the surface of the coating and pushed back to perform a groove in the surface, performing all test with the same strength. The groove width is measured, and the anti-scratch resistance is calculated from the equation [10,31]:


Hs=β(Fa/d2)



(3)




where Fa is the vertical load in Newton, d is the width of the groove in meters and β is a dimensionless geometrical parameter related to the shape of the tip used.



Prior to the AFM test, the coatings surface was cleaned carefully to remove any dirt and dust. Once the coating was clean, it was placed on the sample area of the AFM using a double-sided adhesive tape. After placing the coating on the AFM, the landing process with the AFM was carried out. Before making any groove, the quality of the surface of the coating was checked for low roughness and low imperfections. To do so, a preliminary scan was performed using a 20 µm/s scan rate. Once an area with enough quality was identified, the grooves were made using a diamond-like carbon coated tip with a Berkovic shape (β = 2.31) (Tap300DLC, BudgedtSensors, Sofia, Bulgaria), a vertical load of 15 µN and a scratch velocity of 0.5 µm/s. In this work, three parallel grooves were made on each surface to check the reproducibility and homogeneity of the anti-scratch values of the samples. Under these conditions, clear grooves were obtained, and the width could be correctly measured. Anti-scratch resistance was calculated from at least 9 width measurements and standard deviation was subsequently determined. The scratching direction was irrelevant since it does not influence the scratching mechanism [32].



In previous work of our research group, a correlation between AFM and Wolf–Wilburn scale was established [26]:


Hw=3.38Hs + 0.5



(4)







This correlation is useful to obtain a value in Wolf–Wilburn scale for samples that exceed the maximum value of the pencil set and serves as a tool to compare results between both scales.






3. Results and Discussion


3.1. Graphene Derivatives Characterization


FTIR spectra of the different graphene derivatives are shown in Figure 1. The analysis of the spectrum of GO was done according to previous work [33]. The GO spectrum shows the characteristic hydroxyl groups region between 3000 and 3700 cm−1. Furthermore, hydroxyl signal is also observed between 1100–1200 cm−1, in this case, localized in the basal plane of GO, which might overlap with organosulfate signal. Approximately at 1750 cm−1 the C=O band indicates the presence of carboxylate groups, ketones, lactones, and other groups with a double bond between carbon and oxygen. Water signal normally appears around 1621 cm−1, although in this case, the water peak is overlapped with the C=C peak, usually found at 1600 cm−1. Epoxy group signal appears at 880 cm−1 which means that it is displaced of its characteristic wavenumber at 840 cm−1. Respect the reduced GO sample, its spectrum is almost flat due to the removal of most functional groups contained in the pristine GO, as expected by the reduction process. The process of GO functionalization with VTES (GOvtes) implies a slight reduction of the content of oxygen in the planes, yielding a decrease of the band intensity between 3000 and 3700 cm−1 and of the carboxylate groups band close to 1750 cm−1, the disappearance of the correspondent peak for water in 1621 cm−1 and the consequent increase of the C=C peak at 1600 cm−1. Silane groups appear clearly at lower wavenumbers (500–1500 cm−1): Si–O–C (1100 cm−1) [28], SiO2 (690 cm−1) [34], –Si–H (750 cm−1) [35], –Si–N (960 cm−1) [36], –Si–O–Si– (1250 cm−1) [37], –Si–CH3 (1400 cm−1) [38]. The rGOvtes sample was functionalized and reduced, fact that implies the subsequent elimination of a great part of the oxygenated groups, remaining the silane groups. For instance, the spectrum does not present any peak between 3000 and 3700 cm−1, indicating the disappearance of most of the hydroxyl groups. Between 880–1700 cm−1 residual peaks, such as the peak of water at 1621 cm−1, have also disappeared. Nevertheless, the spectrum shows the same peaks as the GOvtes spectrum for the silane groups.



Using XPS, it is possible to determine the atomic amount of each element found in the surface of the samples (Figure 2) and to which element is bonded (Figure 3). Elemental analysis of the samples, Figure 2, shows that carbon and oxygen are the main elements in the samples. As expected, the reduction process to obtain rGO implies a considerable elimination of oxygen from the surface of the sample and the introduction of a small amount of nitrogen. Furthermore, in Figure 2 is observed the increase of atomic amount of Si for the functionalized samples. It is remarkable that the oxygen amount of GO and GOvtes samples is similar, but not the amount of C. During the functionalization process additional oxygen is introduced in the samples due to the chemical structure of VTES. Furthermore, the reduction process only affects the oxygen groups that have not been involved in the previous functionalization step. For that reason, the rGOvtes sample has a relatively high amount of oxygen, although lower than the GO and GOvtes samples. These results are better explained by observing the principal binding energies detected for the samples (Figure 3). The C 1s spectra of the samples are presented in Figure 3a. The aromatic sp2 C contribution (C=C 284.5 eV) is the main peak, although epoxy-lactone (–C–O–C– 286.5–287.5 eV) and carboxyl groups (–C(O)O 288.9 eV) can also be observed in the GO spectrum. The spectrum of rGO shows a clear reduction in intensity of the binding energies for hydroxyl, epoxy, and carboxyl groups, due to the reduction of surface oxygen after the reduction process. The intensity of these groups is also low for the GOvtes and rGOvtes samples due to the functionalization process, where some of the surface oxygen is bonded to silicon, as previously observed in the elemental analysis. Moreover, the samples that have been chemical reduced (rGOvtes and rGO), show a slight peak at 286.0 eV due to C–N. Figure 3b shows the spectrum for oxygen binding energies (O 1s). A wide peak can be observed for all samples due to the binding energy input of –C=O, C–O and water (531.1, 532.0 and 534.7 eV, respectively) [39]. In this case, a reduction in intensity is only observed for the rGO, as expected, since VTES has high oxygen content. The other spectra (GOvtes and rGOvtes) show an increase in intensity which is associated with the binding energy of Si–O groups (532.0 eV) [40]. The increase observed for rGOvtes is lower than for GOvtes because the chemical reduction removes the oxygen groups not provided by VTES.



Figure 3c shows the N 1s spectra of the samples. It can be observed that the initial GO contains a weak signal indicating the existence of a small number of nitrogenized groups, probably introduced by the Hummers and Offeman reaction, and poorly observed in the elemental analysis. The reduction with hydrazine yields an increase in the nitrogen groups, as can be observed in the case of rGO and rGOvtes. For the case of rGO, the peak for quaternary nitrogen (401.1–401.8 eV) appears with more intensity and displaced to the right respect the GO. Pyrroles (399.7–400.3 eV) and pyridine (398.3–398.7 eV) groups appear due to the reaction with hydrazine [41,42,43]. The same is observed for rGOvtes samples but, in this case, the intensity of these groups is lower, probably because nitrogen has less reaction sites since they have been previously occupied by silicon groups during functionalization. Nitrogen groups are not observed in the GOvtes spectrum, but it is possible that the relatively large amount of oxygenated and silicon groups in the sample make difficult the determination of the nitrogen groups. Herein, XPS analysis has shown the effective modification of the chemical surface of the derivatives.




3.2. Cured Coatings


Visual observation of the cured coatings revealed, in all cases, high quality coatings: coatings were transparent and without any type of surface defects (bubbles, yellowing, cracks…). Transmittance assays were made to estimate transparency of the final coatings. Results are shown in Figure 4, where it is possible to observe that all coatings exhibited high transparency (conventional displays have 40% of transmittance and are considered transparent [44]) but, as expected, coatings containing graphene nanofillers presented lower transmittance than the pristine coating. The coating without nanofiller presented a transmittance above 85%, which is close to the transmittance of the glass substrate used (90%) in the visible region of the spectrum. Table 1 shows the relative transmittance (Tri) between the coatings containing 1 wt.% of nanofiller and the coating without nanofiller.



Interestingly, when GO and GOvtes were used, the relative transmittance with respect to the pristine coating was above 90%. The introduction of these nanofillers did not reduce the transmittance considerably, and thus, the coatings produced can be considered highly transparent. These results are similar to the results found in the literature for GO [20,21,22] and imply that the VTES functionalization did not negatively affect the transmittance of the coating. On the other hand, although the coatings containing rGO and rGOvtes presented a lower relative transmittance (approx. 85% and 73%, respectively), they still had a transmittance above that of conventional displays (40%), making these coatings acceptable for their use in optical applications. As an example, Figure 4a shows a cured coating with 1 wt.% of GO.



Figure 5 shows, as an example, TEM images of cured coatings with 1 wt.% of GO and 1 wt.% of rGOvtes. In all cases, a good dispersion of the nanofiller in the matrix was achieved, meaning that there was a good individualization of graphene derivative planes and a homogeneous distribution in the available space.



Regarding the anti-scratch resistance measured with AFM, Figure 6 shows, as an example, the surface of the sample containing 1 wt.% of GO before and after performing the test with the cantilever.



As can be observed in Figure 6, the surface was flat enough to perform the test. Grooves had approximately triangular shape section, as it was expected by the shape of the tip used. From this picture it was possible to determine the width of the grooves using the procedure described in our previous research [26]. Please note that a certain amount of material was deposited next to the groove due to the sample removal by the tip and the direction used to make it.



The AFM anti-scratch resistance results are shown in Figure 7. The introduction of graphene derivatives to the coating matrix improved the anti-scratch resistance in all the cases tested. GO was the graphene derivative that showed lower improvement (~17%) (probably due to a weaker interaction with the matrix compared to the other derivatives tested. The objective of the functionalization process was to decorate the graphene derivatives with functional groups that are related to the polymeric matrix of the coating. For this reason, the introduction of VTES was expected to highly improve the anti-scratch resistance since the vinyl group of VTES would be involved during the polymerization process improving the interface interactions between filler and matrix. Indeed, the coatings with graphene derivatives doped with VTES (GOvtes and rGOvtes) had higher anti-scratch resistance (~43% and ~45%, respectively, with respect to the pristine coating) than the coatings with pristine GO. It is of particular importance the results using GOvtes, since it kept the same transparency as GO samples but enhanced its pencil hardness by a factor of ~1.22, where rGOvtes attained similar hardness but lower transparency. On the other hand, a high average value of anti-scratch resistance (~60% higher with respect to the pristine coating) was achieved using rGO. The chemical reduction of GO to synthesize rGO added nitrogen groups (as shown in XPS results) that in view of the results, could be taking an active role in the curing process, resulting in stronger matrix/filler interactions, which lead to such high improvement of the anti-scratch resistance. Must be noted, however, that given the uncertainty in the AFM measurements, the GOvtes, rGOvtes and rGO-based coatings present, from a statistically point of view, the same anti-scratch hardness performance.



It is well known that the nitrogen in the isocyanate group (principal precursor of urethane bonds) is strongly reactive [45,46] and could be interacting directly with the graphene derivatives depending on the free sites of reaction in the nanofiller used, producing a notable enhancement in the anti-scratch resistance of the coatings. Must be noted that although rGO greatly increased the anti-scratch resistance, it also lead to a high reduction in the relative transmittance with respect to the pristine coating (Tri = 85.02%), whereas GOvtes maintained high transparency (Tri = 91.50%). From a coating application perspective where high transparency is required the GOvtes-based coatings would have the best performance.



The anti-scratch hardness of the pristine coating was measured using the Wolf–Wilburn scale obtaining a value of 8H. 8H can be considered a good value for anti-scratch resistance for a coating used in a protective coating application: minimum requirements to use a protective coating in touchscreens imply anti-scratch hardness above the human fingernails (2H) [47] and novel protective coatings used in screen application have an anti-scratch resistance close to 8H [48]. In the case of the samples containing graphene derivatives, the pencil with the maximum hardness (9H) could not make any mark on the sample surfaces, which means that theses coatings exceeded the Wolf–Wilburn scale, making these materials suitable for a wider range of coating applications in industry. For example, Choi et. al. [49] used a highly cross-linked siloxane hybrid to fabricate a coating with 9H and used it as a protective hard coating with high anti-scratch resistance for foldable displays, making it comparable to glass surfaces. To obtain a value in terms of Wolf–Wilburn scale for the coatings containing graphene derivatives Equation (4) was used. The results are summarized in Table 2. Notice that the GO coating was not scratched by the 9H pencil, but using the AFM correlation a range between 8–10H is obtained, this is due to the inherent uncertainty of the AFM measurements.



The fact that the pristine coating in this work already showed an anti-scratch hardness of 8H is an indicative of the high quality of the starting materials and formulation, comparing these samples with the results of other authors [8,9,10,11] (see Table 2). This is interesting by itself; nevertheless, the introduction of these adapted graphene derivatives opens a new range of applications in the protective coating industry, not only because the mechanical properties were improved remarkably, but also because they retained high transparency values, making them suitable for optical applications.





4. Conclusions


In this work, transparent UV-curable urethane-acrylate coatings with high anti-scratch resistance (8H) were fabricated. Moreover, the anti-scratch resistance was further enhanced by the addition of different graphene derivatives. Here, the surface chemistry of GO was modified to adapt the pristine material to the final application. All coatings containing rGO, GOvtes, and rGOvtes presented a similar anti-scratch hardness performance with values as high as 12–13H in W.W. scale. In the case of chemically reduced GO using hydrazine, the increase in anti-scratch resistance was mainly attributed to the incorporation of nitrogen groups that had an active role during curing resulting in improved filler/matrix interactions. Although other explanation could involve the increased amount of reaction sites available on which the isocyanate groups of the oligomer could be anchored to. However, the introduction of rGO also diminished the transparency of the coatings by 15%. In the case of GOvtes and rGOvtes the increase in anti-scratch hardness was expected since the vinyl group of VTES is involved during the polymerization process improving the interface interactions between filler and matrix. Coatings in which GOvtes was introduced deserve a special mention since the transparency of the coatings was reduced only by 8% and, in fact, was practically equal to the transparency of coatings containing GO. Furthermore, the coating with GOvtes presents the additional advantage of being environmentally friendlier because some hazardous reagents such as hydrazine are not involved in the fabrication process. Finally, we have shown that the affinity with the polymer matrix can be improved by customizing the surface chemistry of the graphene derivative, yielding a great improvement in the properties of the final coating. We believe that custom-made nanofillers, such as the ones prepared in this work, are key to improve the properties of coatings beyond that of conventional nanocomposites.
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Figure 1. FTIR spectra of the different graphene derivatives used. From bottom to top: Graphene oxide (GO), reduced Graphene oxide (rGO), Graphene oxide functionalized with VTES (GOvtes) and Graphene oxide functionalized with VTES and reduced (rGOvtes). 
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Figure 2. Elemental analysis determined through XPS. 
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Figure 3. (a) C1s, (b) O1s and (c) N1s spectra of the different graphene derivatives. From the bottom to the top: GO, rGO, GOvtes, and rGOvtes. 
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Figure 4. (a) Optical picture of a coating containing 1 wt.% of GO showing transparency (allowing the text behind it to be read) and (b) transmittance results for all coatings prepared. 
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Figure 5. TEM images of coatings with 1 wt.% of GO (a) and rGOvtes (b). 
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Figure 6. AFM images of the surfaces of a 1 wt.% GO-cured coating before (a) and after performing the grooves to determine the anti-scratch resistance of the sample (b). 
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Figure 7. Anti-scratch resistance of the different cured coatings with graphene derivatives. 
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Table 1. Relative transmittance of coatings containing graphene derivatives with respect to the pristine coating.
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	Coating (0%)
	GO
	rGO
	GOvtes
	rGOvtes





	Ti
	40,080
	37,170
	34,080
	36,670
	29,170



	Tri(%)
	100.00
	92.72
	85.02
	91.50
	72.78
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Table 2. Anti-scratch resistance in terms of Wolf–Wilburn scale for different coatings.
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Resin

	
Sol-gel Relation

	
Molar Ratio

	
Wolf–Wilburn Hardness (Hw)

	
Ref.




	
Polycarbonate

	
–

	
–

	
6B–5B

	
[10,11]




	
Cross-linked siloxane hybrid

	
–

	
–

	
9H

	
[49]




	
Fluorinated zirconia-based sol-gel hybrid

	
Zirconia/Silica

	
0.09

	
2H–3H

	
[10]




	
0.23

	
2H–3H




	
0.48

	
3H–4H




	
Resin

	
Nanofiller

	
Concen