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Abstract:



The tribological behavior of a new composite material containing graphene nanosheets (GNS) is presented. The composite material was obtained by Friction Stir Processing, using as metallic matrix the AA1050-H24 alloy. Different tool rotation and advancing speeds were tested in friction stir processing (FSP). The worn surfaces of obtained materials were analyzed by Scanning Electron Microscopy (SEM). Raman spectroscopy demonstrated that graphene reinforcements are successfully mixed into the aluminum matrix. The results proved the feasibility of using GNSs to obtain nanocomposites by FSP. The coefficient of friction of the aluminum alloy was 0.57, decreasing to 0.38 for the nanocomposite GNSs/AA1050. These values decrease for samples obtained at lower tool rotation speeds. The weight losses of the composites are less than that of unreinforced AA1050-H24 alloy for conditions with lower advancing speeds (40 and 60 mm/min) and 1120 rpm.
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1. Introduction


Graphene, the perfect two-dimensional lattice of carbon atoms, has been the focus of attention in recent years, mainly due to its excellent mechanical and physical properties, such as high Young’s modulus (1 TPa), high fracture strength (125 GPa), and extreme electrical and thermal conductivity [1,2,3,4,5]. Graphene has also excellent friction and wear resistance, which has turned it into a very attractive material for several applications in nanotechnology [6,7,8,9,10]. Specifically, Lee et al. [10] studied the tendency towards friction decrease with the increase in the number of layers of multilayer graphene. Graphene nanosheets (GNSs), which are composed of a small number of graphene layers, have properties similar to those of single-layer graphene, but are much easier to produce. GNSs have high potential in the nanocomposites area: the high fracture strength of graphene makes it an ideal reinforcement for composite materials [2,6]. Wang et al. [3] fabricated, for the first time, aluminum matrix composites strengthened with GNSs by means of a viable methodology based on flake powder metallurgy. A tensile strength of 249 MPa was achieved in the composite reinforced with only 0.3 wt % GNSs, which was enhanced by 62% with respect to the unreinforced Al matrix. Furthermore, composites of graphene platelets and powdered Al were made using ball milling, hot isostatic pressing, and extrusion [11]. This research showed that graphene is prone to form aluminum carbide (Al4C3) during the processing, which lowers the hardness and tensile strength of aluminum. Close attention should be paid to the processing temperatures, in order to avoid the formation of aluminum carbide [11,12].



Friction-stir processing (FSP) is a solid-state processing technique used to obtain a fine-grained and recrystallized microstructure [13]. Although FSP has mainly been used as a grain refinement technique, it is also a very attractive process for creating composites. SiC/Al surface composites were fabricated by FSP, obtaining a homogeneous distribution of the SiC particles in the Al matrix [13]. Some innovative research projects have used FSP to produce composites based on carbon nanotubes (CNTs). In those works, several holes were drilled into a metallic plate and then filled with CNTs and treated by FSP [14]. Alternatively, CNTs powder was introduced into a long groove on the metal surface before to FSP treatment [14,15]. Morisada et al. [16] found that the dispersion of multi-walled CNTs is related to the travel speed of the rotating tool in FSP; a good dispersion was obtained at 1500 rpm. Lim et al. [9] confirmed that increasing the tool rotation speed from 1500 to 2500 rpm and increasing the tool shoulder penetration depth improved the homogeneity of the nanotubes’ distribution in the Al-alloy matrix. Izadi et al. [15] proved, by transmission electron microscopy (TEM), that the reinforced phase was uniformly distributed after three FSP passes, but the thermo-mechanical cycles destroyed the tubular structure of the CNTs, with the formation of polyaromatic and turbostratic carbon structures along with Al4C3.



The study of the tribological behavior of the graphene nanocomposites is innovative and important due to the high demand in nanotechnology applications [7]. Li et al. [17] proved that the adherence to the substrate has a substantial effect in the friction behavior of graphene, being the interface between graphene and the surface a crucial factor. When the force is increased during friction, the links of the carbon atoms in the sub-layers of graphene can be broken, resulting in bi- or multi-wear layers of graphene. The shear of the interfaces of graphene layers occurs due to the rupture of the surface adhesion forces, such as Van der Waals type, capillary, electrostatic, and chemical bonding [7]. Deng et al. [18] demonstrated that increasing the number of layers decreases the friction coefficient of graphene, when it is adhered to the substrate.



Few studies have been published on nanocomposites containing graphene obtained by FSP. Jeon et al. [19] fabricated graphene-aluminum metal matrix composites (MMCs) by FSP, applying graphene reinforcement in the form of graphene oxide (GO)/water colloid. Based on Raman measurements, the authors demonstrated that graphene was successfully mixed into the aluminum matrix by the intense stirring during FSP. The experimental results showed that the thermal conductivity of the graphene/Al MMC was increased more than 15% in comparison to the aluminum matrix.



The research and development of GNS-based nanocomposites is an important factor in the practical application of graphene. Existing investigations of graphene nanocomposites obtained by FSP have studied the process, the microstructural and morphological characteristics, and some mechanical properties, but none has studied the tribological behavior of these materials.



In this study, the GNSs were dispersed by FSP in an aluminum alloy (AA1050). Metallographic examinations and wear tests, together with spectroscopic studies, were conducted on the surface of the GNSs/AA1050 composite, thereby contributing to the development of GNS-based nanocomposites via FSP.




2. Materials and Methods


To obtain the nanocomposite material, a sheet of aluminum AA1050 H24 and GNSs were used. The chemical composition (wt %) of the AA1050 H24 alloy was as follows: Al = 99.5, Si = 0.25, Fe = 0.40, Cu = 0.05, Mn = 0.05, Mg = 0.05, Zn = 0.07, Ti = 0.05, 0.03 corresponding to other elements. The GNSs used were supplied by the company Avanzare Innovacion Tecnologica S.L. The graphene supplied was obtained by the liquid phase exfoliation method. Morphologically, the flakes present average dimensions of 250 nm in the XY plane, and an aspect ratio of 90:1. To complete the characterization, Scanning Electron Microscopy (SEM) and the Raman spectroscopy have been used.



The aluminum/GNS nanocomposites were obtained by means of the solid-state FSP process. The functioning principle of the process was described in [19,20]. For the trials, aluminum plates were used with dimensions of 200 mm long, 100 mm wide, and 3 mm thick. To place the GNS in the AA1050 plate, three grooves were made that were 2 mm wide and 0.5 mm deep, with a space of 3.5 mm between the grooves (Figure 1).


Figure 1. Schematics of the FSP process to manufacture GNS/AA1050 nanocomposites.
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The tool used in the FSP process was a cylindrical probe with grooves that were 3 mm in diameter and 1.2 mm long [21]. The tool shoulder had a 10 mm diameter with a concave profile. The tool was made of AISI D2 steel. During the trials, two levels of tool rotation speed were used (1120 rpm and 1800 rpm), and the advancing speed of the tool was of 40, 63, and 100 mm/min.



To obtain microstructural optical images, the samples were cut in longitudinal and transverse sections, inserted in Bakelite, sanded with 220, 320, 400, 600, 1200, and 1500 grit sandpaper, and polished to a mirror finish with 6 µm and then 1 µm diamond paste. The polished samples were then etched using HF for 10 s. Following this chemical attack, an electrolytic attack took place. The electrolyte selected for the attack was Barker (HBF4 diluted in 50% water), with 40 V voltage and a current of 0.5 A. The aluminum samples were used as a cathode. Images of the treated surfaces were obtained with an optical microscope Leica DMILM (Camera Leica EC3) with polarized light.



Raman spectra were made after and before wear test in different zones of the surface samples in the friction stir processed region, to confirm that the composite GNSs/AA1050 was obtained. Raman spectroscopy measurements were made using a Thermo Fisher DXR Raman Microscope with OMNICxi Raman Imaging software 1.0, as well as an incident laser light with wavelength and power of 532 nm and 3 mW, respectively. The Raman spectrum of clean Al alloy only presented a fluorescence background, which was used for background subtraction of the composite spectra.



The surfaces of the composite GNS/AA1050 were examined using a ZEISS EVO MA 15 SEM to reveal the presence of GNSs in the aluminum matrix. Microanalyses by means of Energy Dispersive X-ray Spectroscopy (EDS) and chemical mapping of the surface micro-regions were conducted in order to corroborate the presence of GNSs in the composite material GNS/AA1050.



The wear tests were performed in a Block-on-Ring Friction Pair tribometer, according to ASTM G77-05 Standard [22]. The ring was made with AISI 1020 steel with a polished surface finish. The block was made of the aluminum AA1050 with the nanocomposite surface GNS/AA1050 obtained by FSP. All trials were repeated three times to ensure reproducibility of the results. No kind of lubrication was used during the wear tests. The controlled parameters were: duration of wear tests of 30 min, constant load of 100 N, and an advancing speed of 2.5 mm/s. Previous to the wear tests, all wear contact surfaces of the nanocomposite material were mechanically polished to an average roughness (Ra) of 0.1 ± 0.03 µm. Samples were cleaned with acetone and weighed before and after wear tests, to determine the mass loss, using an electronic balance with an accuracy of ±0.1 mg.



To measure the variables during the tests, signals were captured by a National Instruments USB 6210 Data Acquisition System. Special Labview® software was developed for that. The friction coefficient was monitored by measuring the electric power consumed in the Block-on-Ring system. Current measurements were conducted using a current transformer TA 210 and an I-U Amperflex converter. During the tests, the contact temperature of the test tube was monitored. All signals were acquired at a sampling frequency of 100 Hz.




3. Results and Discussion


3.1. GNS/AA1050 Composite Characterization


Figure 2a,b show an SEM image and the Raman spectrum of the GNSs, respectively. The SEM image shows that the GNSs have sizes ranging from some hundreds of nanometers (nm) up to some micrometers (µm). The Raman spectrum in Figure 2b has the typical shape of graphitic materials. The more intense features are the G peak at 1573 cm−1 and the 2D peak at about 2700 cm−1. The G peak is due to the degenerate zone center E2g mode, directly related to the C-C stretching modes in the two-dimensional graphene structure [23]. The 2D peak is the second order of the zone-boundary phonons, and its line-shape gives information on the number of graphene layers [24]. The inset in Figure 2b shows a fit of the 2D peak obtained by three Lorentzian functions. This finding indicates that GNSs have, predominantly, a thickness of 4 graphene layers [24]. Zone-boundary phonons do not satisfy the Raman fundamental selection rule, and are activated by defects, giving rise to the D peak located at 1345 cm−1, which of course is absent in perfect graphene [23,25,26]. The I(D)/I(G) intensity ratio gives a qualitative measure of the density of defects, although this is to be taken with caution when the average lateral size of the graphene crystallites becomes very small [27]. It has to be noted that the peak intensity is intended as the height of the peaks. Another weak disorder-induced peak, called D’, is present on the high frequency side of the G peak, at about 1615 cm−1. The D’ peak originates from an intravalley process in which the momentum conservation is satisfied by the presence of edges of the graphene crystallites [24]. It has been shown that the I(D)/I(D’) intensity ratio is related to the type of defects in large graphene crystallites [28]. The ratio has a maximum value of about 13 for sp3 defects, decreases to a value of 7 for vacancy defects, and reaches a value of 3.5 for boundary defects. The fit of the spectrum in Figure 2b in the range of the D, G, and D’ peaks by Lorentzian curves allowed us to calculate a value of 3.2 for the I(D)/ID’) ratio, which means that the defects in GNSs are predominantly of boundary type. This finding, together with the SEM observation and with the conclusions made by fitting the 2D peak, gives us a quite complete description of the GNSs: they are flakes with lateral size of the order of hundreds of nanometers, with average thickness of four well-ordered graphene layers, showing only border-type defects. We also calculated a value of 0.17 for the I(D)/I(G) intensity ratio, which is consistent with the above conclusions [27]. The full width at half maximum (FWHM) of the D and G peaks is 36 cm−1 and 21 cm−1, respectively.


Figure 2. (a) SEM image and (b) Raman spectrum of the as-received GNSs. The inset in (b) shows the fit of the 2D peak by three Lorentzian functions; (c) SEM image and (d) Raman spectrum of the surface of the GNS/AA1050 composite obtained via FSP at 1800 rpm and 63 mm/min advancing speed. The inset in (c) shows the detail of the dispersion of the GNSs on the surface.
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Figure 2 shows (c) the SEM image and (d) the Raman spectrum of the GNS/AA1050 surface. The detail of the SEM image in Figure 2c shows that the original GNSs shown in Figure 2a were broken, associated with the high interaction of the tool with the material and the great plastic deformation resulting from the FSP process. The GNSs turned into nanosheets with smaller width (indicated by the arrows), which were homogeneously dispersed in the deformation bands of the processed material; this means that the flow of the deformed material dragged the smaller GNS nanosheets.



The Raman spectrum in Figure 2d shows the typical bands of graphitic materials, although noticeable difference has to be noted with respect to the spectrum of the GMSs in Figure 2b. In fact, a strong increase of the intensity of the D peak can be noticed, with a value of 1.5 for the I(D)/I(G) ratio, and an increase of the D’ intensity. Moreover, the FWHM of the D and G peaks is 74 cm−1 and 42 cm−1, respectively, twice the values found in the GNSs case. The broadening of the D and G bands and the increase of the I(D)/I(G) ratio indicate an increased degree of disorder in graphitic materials [26,29]. The intensity of the D’ peak increases, which means that the density of boundary-type defect increases, very likely due to a decrease of the average lateral size of the graphene crystallites. Moreover, the SEM image in Figure 2c suggests that some graphene flakes suffered a folding in the FSP process, resulting in the formation of tubular structures. Therefore, apart from the expected disorder induced by the friction stir process, our Raman spectra reveal a successful GNS/AA1050 mixture. Similar Raman results were reported in References [17,30].



It was observed that the tool rotation speed was the most influential factor in the variation of the morphology and dispersion of the GNS within the metallic matrix. A deeper study of the influence of the parameters of the FSP process on the morphology and dispersion of the GNS in the composite material must be conducted. As proved by Morisada et al. [16], the dispersion of nano-particles constitutes a factor that determines the thermo-physical, mechanical, and tribological behavior of composite materials.



Figure 3 shows the transverse section of a sample of the GNS/AA1050 processed with 1120 rpm and 63 mm/min; the flawless processed region can be verified. The nanocomposite GNS/AA1050 obtained via FSP was free of macro-defects for all the tool rotation and advancing speed conditions.


Figure 3. (a) Optical image of transverse section of the GNS/AA1050 nanocomposite obtained via FSP at 1120 rpm and 63 mm/min advancing speed; (b) enlargement of the zone delimited by the rectangle in (a).
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Figure 3 also shows microscopic images of a processed sample, highlighting the stirred area of the nugget zone with fine recrystallized grains of the AA1050 matrix and in the cross section the deformation bands of the thermo-mechanically affected zone (TMAZ) typical of the FSP process. The composite GNS/AA1050 was obtained in both areas. Also was shown the heat affected zone (HAZ) between base metal AA1050-H24 and TMAZ.



The zone delimited by a rectangle in Figure 3a is shown in different colors and in more detail in Figure 3b. Such enlargement allows us better appreciate the deformation bands of nanocomposite GNS/AA1050 material. Increasing the tool rotation speed up to 1800 rpm provokes a growth of recrystallized grains of the stir zone (SZ) [31]. This is due to the increased heat input of the friction between shoulder and pin of the tool with the material being processed. Therefore, it can be asserted that the tool rotation speed is more influential in the average grain size of the SZ.



The analyses undertaken in the SEM by EDS and chemical mapping helped to qualitatively confirm that the FSP process allowed us to obtain the nanocomposite material GNS/AA1050. Figure S1 (Supplementary materials) shows optical images of samples surface before and after FSP.



Figure 4 shows a SEM image of the surface of the composite material along with chemical mappings of the area delimited by a rectangle, and the EDS spectrum integrated on the whole area. Apart from the presence of O, Si, K, and Ca contaminants, the spatial distribution of the carbon signal confirms the presence of GNSs in the nanocomposite material.


Figure 4. SEM image, EDS microanalysis and chemical mapping of the elements Al, C and Si of the surface of the composite material GNS/AA1050 obtained via FSP.
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Table 1 shows the concentration of the elements in terms of the mass fraction wt % of that element in the sample. Although the EDS is not accurate for quantitative analyses of low atomic number elements (as C, O), the table only is provided as indicative information about the presence of C in the GNS/AA1050 composite.



Table 1. Results of EDS analysis of the representative sample.







	
El

	
AN

	
Series

	
unn. C [wt %]

	
norm. C [wt %]

	
Atom. C [wt %]

	
(1 Sigma) [wt %]






	
C

	
6

	
K-series

	
27.40

	
24.54

	
41.14

	
5.16




	
O

	
8

	
K-series

	
5.56

	
4.98

	
6.26

	
1.20




	
Na

	
11

	
K-series

	
0.22

	
0.20

	
0.17

	
0.05




	
Al

	
13

	
K-series

	
78.06

	
69.91

	
52.19

	
3.76




	
Si

	
14

	
K-series

	
0.21

	
0.19

	
0.14

	
0.04




	
K

	
19

	
K-series

	
0.11

	
0.10

	
0.05

	
0.04




	
Ca

	
20

	
K-series

	
0.10

	
0.09

	
0.05

	
0.04




	

	

	
Total:

	
111.65

	
100.00

	
100.00

	











3.2. Coefficient of Friction Evaluation


Figure 5 shows the behavior of the friction coefficient shown in the stable area, for all experimental conditions. It was observed that independently on the parameters of the FSP process (rotation and advancing speed), composite materials GNSs/AA1050 exhibit a lower friction coefficient with respect to the aluminum alloy AA1050.


Figure 5. Friction coefficient of the composite material GNS/AA1050 obtained with three advancing speeds: (a) tool rotation speed 1120 rpm; (b) tool rotation speed 1800 rpm.



[image: Metals 08 00113 g005]






In Figure 5 it also can be noted that tool rotation speed influences the behavior of the friction coefficient of the composite materials obtained by FSP. The lower values of the friction coefficient were obtained in the materials processed with 1120 rpm, independent of the tool advancing speed in FSP. This is directly related to the effects of the matrix of the recrystallization process on the microstructure that occurs in the stirred zone, and with the dispersion of the GNSs in the matrix of the aluminum alloy.



The GNSs present in the nanocomposite decrease the contact surface with the steel disc, which leads to a decrease in the friction coefficient. Graphene has a hexagonal structure, with carbon atoms strongly connected in the basal planes by covalent bonds. However, in multilayer graphene adjacent planes are bonded by Van der Waals forces, which are weak and break easily when subjected to low shear loads. In other words, low shear forces lead to a displacement of the basal planes with respect to each other, decreasing the friction coefficient.



The results obtained confirm that the dispersion of nanoparticles is a factor that determines the thermo-physical, mechanical, and tribological behavior of composite materials, as reported by other authors [15,27].



The reason for reducing the friction coefficient is the presence of graphene sheets residues between the contact surfaces and the occurrence of wear in the form of delamination. This type of wear occurs essentially by separating laminated layers of the surface where the plastic deformation by shear causes the nucleation and growth of cracks that occur below the surface; these cracks eventually join, resulting in layered detachment from the surface.




3.3. Wear Studies


The accumulation of dislocations below the surface, due to the high plastic deformation resulting from the FSP followed by the wear process, results in the formation of gaps in the region. These gaps can also be formed at the interface between graphene nanosheets and the matrix, due to the absence of chemical links between graphene and aluminum. The union of these gaps leads to the formation of cracks and the subsequent growth of debris during the wear process in the form of delaminated plates.



Figure 6a,b show SEM micrographs of worn surfaces of the AA 1050 alloy and the composite material GNSs/AA1050, respectively.


Figure 6. SEM images of the wear surfaces. (a) Wear surface aluminum alloy AA1050; (b) wear surface of the composite material GNS/AA1050; (c) valleys of the worn surface of the GNS/AA1050; (d) crests of the worn surface of the GNS/AA1050.



[image: Metals 08 00113 g006]






Great damage can be seen in Figure 6a and Figure S2 (Supplementary materials), due to the plastic deformation of the adhesive wear. Probably a plastic deformation occurs in the contact point during the wear process. The area adjacent to the wear zone is hardened due to the repetitive deformation, resulting in the formation of micro-cracks. These micro-cracks grow and lead to a detachment of the surface layer and, as a result, heavy adhesive wear occurs, with high friction coefficient and increased wear.



In the SEM image of the wear surface of the composite material GNSs/AA1050, shown in Figure 6b, it can be seen that areas of damage by severe plastic deformation are smaller and also have the typical grooves of this wear process. During the wear process, when the composite GNSs/AA1050 hits the counterpart steel AISI1020, the increase of the temperature at the interface favors the formation of friction micro-welding, causing an increase of the friction coefficient and the wear rate. Subsequently, and depending on the process dynamics, the GNS nanosheets detach and break and, in conjunction with metal particles resulting from the wear process, form a film between the contact surfaces. Figure 6c,d show the valleys and the crests of the worn surface, respectively.



The formed film decreases direct contact friction between the two surfaces of the composite GNS/AA1050 and AISI 1020; therefore, the friction coefficient and the wear rate are reduced, and the wear stability is improved, as shown in Figure 5.



The wear process deforms plastically the matrix of the GNS/AA1050 composite, and thus probably tends to eject graphene nanoparticles to the displacement surface. Furthermore, the amount of graphene ejected towards the surface is probably related to the morphology of graphene, to the temperature at the displacement surface, and most importantly, to the link between the particles of graphene and the matrix. Since the FSP occurs at temperatures below the melting point of aluminum (below 650 °C), and due to the low solubility of carbon in solid aluminum, there is no chemical nor metallurgical link between the aluminum atoms and graphene, and the bond between them can only be achieved by mechanical joining [3]. Therefore, the separation of graphene particles to the displacement surface occurs easily, and no considerable force is required. However, due to the fact that multilayer graphene can be exfoliated much more easily with respect to the aluminum matrix layers, the link between graphene and the matrix has less effect on the amount of graphene expelled out to the surface instead of the plastic deformability of the matrix.



Figure 7a shows an image of the worn surface of the composite material GNSs/AA1050 obtained via FSP for the condition of 1800 rpm of tool rotation speed and 63 mm/min of advancing speed.


Figure 7. (a) SEM image and (b) Raman spectrum of the wear surface of the composite GNS/AA1050 obtained via FSP.
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Figure 7b shows the Raman spectrum of the worn surface. The spectrum is quite different from the one shown in Figure 2d: the intensity of peak D is decreased with respect to peak G, and both show an increased broadening. Moreover, the 2D band is not present. A similar spectrum was measured on nano-graphite, obtained by ball milling of large flakes of graphene for 24 h, which introduces large amount of defects and breaks the crystallites into smaller particles [26]. The I(D)/I(G) ratio assumes a value of about 0.8, lower than the value obtained from the spectrum in Figure 2d. However, this is not an indication of a decrease of the density of defects in graphenic particles on the wear surface. For highly disordered graphenic materials, with average lateral sizes lower than 20 Å, the ratio has an inverse meaning, and the development of the D peak indicates ordering [27]. In fact, the D peak arises from aromatic rings, while the G peak is just related to the relative motion of carbon atoms in the sp2 network. For increasing disorder, the distortion of the 2D structure leads to the opening of the rings, and the I(D) decreases with respect to I(G). Therefore, the difference between spectra in Figure 2d and Figure 7b can be explained as due to a further fragmentation of the graphene particles due to the wear process.



The typical variation of the GNS/AA1050 composites weight loss with the changes in the FSP levels of tool rotation and advancing speeds is shown in Figure 8. As can be seen, the weight losses of the composites are less than that of unreinforced AA1050-H24 alloy for conditions with lower advancing speeds (40 and 60 mm/min) and 1120 rpm. The wear between the aluminum alloy AA1050 with processing by FSP and the steel counterpart AISI 1020 in the test Block-on-Ring occurred essentially by the adhesive mechanism, and therefore the friction coefficient and the degree of adhesive wear were high.


Figure 8. Weight loss of the AA1050-H24 alloy and the composite GNS/AA1050 as function of FSP parameters.
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Figure 9 shows the SEM images of the wear debris, in which the nanoparticles indicated by the arrows are very likely GNS nanosheets, resulting from the film formed between the surfaces.


Figure 9. SEM image of the wear debris of the composite GNS/AA1050. A detail of agglomerated nanoparticles is shown on the right.
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As mentioned above, graphene nanoparticles are expelled to the surface of the matrix during the displacement, forming a film on the interface between the contacting counterparts. With the increase in graphene content in the composite, this layer becomes thicker and denser, and it favors the reduction of the friction coefficient and wear rate. This layer is a mechanical mixture (Mixed Mechanical Layer/MML) and reduces the direct contact surface between the composite and the steel disk, and thus the friction coefficient and wear loss decrease. Aluminum, graphene, oxygen, moisture, and atmosphere are the components of the MML in the aluminum/graphene composite. As graphene is a good lubricant, the presence of a small amount thereof makes the friction coefficient to be reduced (Figure 5). The graphene expelled to the surface forms separate groups (flakes—Figure 9) in the mixer layer. With the increase in the graphene content, the MML layer turns rich in graphene and the friction coefficient further decreases.



Obtaining, by means of FSP, a composite material of aluminum alloy AA1050, reinforced with GNSs, modified the wear mechanism of the material in the Block-on-Ring test. The wear occurred due to the surface delamination, decreasing the coefficient of friction and the wear rate of the material. This result confirms the performance of graphene as a lubricant, corroborated by other authors [6,7,10].





4. Conclusions


The present investigation allowed us to conclude that it is possible to obtain GNS/AA1050, with different values of the tool rotation and advancing speed. The results of Raman spectroscopy demonstrated that graphene nanosheets were successfully mixed with the aluminum matrix by FSP process. The friction coefficient of the composite was lower than that of the aluminum alloy AA1050, regardless of the FSP process parameters. This finding is very likely due to the detachment and to the fracture of the graphene particles in the wear process, forming a film that works as a lubricant and reduces the friction coefficient of the contacting materials. The friction coefficient was influenced by the tool rotation speed in FSP, being lower in the samples processed at 1120 rpm.








Supplementary Materials


The following are available online at http://www.mdpi.com/2075-4701/8/2/113/s1, Figure S1: Optical images of samples surface before and after FSP, Figure S2: SEM images of samples surface before and after FSP.
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