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Abstract

:

The automotive industry is a pioneer in solutions that meet market expectations. However, in the automotive industry, some less environmentally friendly technologies are still used, such as electroplating. Due to legislative restrictions in several countries, thin coatings made in a vacuum have been replacing coatings traditionally made by electroplating, mainly in decorative terms. This work is more focused on the use of these coatings made in vacuum for optical applications, namely on headlights and exterior backlit components. Although these components are protected during the period of use, there may be situations of contact during the assembly of the components or their repair, necessary to safeguard and to ensure that these coatings have the scratch and wear resistance needed to withstand any treatment deficiency during the operations referred to above. Therefore, this work is essentially focused on the study of the wear resistance of Cr coatings made by PVD (Physical Vapour Deposition) on polymeric substrates. To this end, the coatings previously studied have now been subjected to micro-abrasion tests, with a view to assessing their wear resistance. For this purpose, alumina abrasive has been used, and the wear mechanisms observed in the coatings were studied. The abrasion and scratch tests showed that the most stable film has the one provided with 10-layers, showing greater wear resistance as well, greater adhesion to the substrate and less cohesive failures in the performed tests. Given the nature of the substrate and the coating, the results obtained are very promising, showing that these 10-layer Cr thin coatings can overcome any careless operation during manufacturing, assembly and repair processes, when applied in lightning or backlit components in motor vehicles.
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1. Introduction


Innovation is one of the main pillars of the automotive industry, which, due to the high competitiveness between brands, is one of its main selling points. OEMs (Original Equipment Manufacturers), due to that competition, also seek to keep up with market trends and one of these is consumers being increasingly aware of everything that concerns the ecological footprint of the products they purchase, paying attention to the way in which producers conduct the development of their products, and the impact that this production has on the environment [1]. The coatings made by PVD (Physical Vapor Deposition) represent a manufacturing technology with a very low ecological footprint, presenting significant advantages over electroplating coatings [2,3]. This type of coating has known applications in several fields and types of industry, such as: biomedical implants [4,5], medical devices [6,7], solar energy cells [8,9], low friction applications [10], generic automotive applications [11,12], thermal barriers [13,14], cutting tools [15,16,17,18,19], plastic injection molds [20,21,22,23], and stamping dies [24,25,26,27]. However, lightning systems are mainly based on conventional or hybrid processes [28,29], and are not completely environmentally friendly.



Due to the low temperature supported by polymers, the deposition of thin coatings by advanced vacuum processes has always known some limitations, having encouraged researchers to lower the deposition temperatures used in the PVD process. In addition, the polymers are non-conductive, which brings new challenges to the deposition process, such as the use of RF (radio frequency) to the detriment of the usual DC (direct current) systems [30]. Sometimes, the adhesion of coatings to the polymeric substrate has also presented additional challenges, requiring the pre-treatment of substrates, with a view to improving adhesion, a fundamental parameter for the good performance of the coating [31]. However, several studies have been carried out in the application of PVD coatings in polymers, and even in the evaluation of the adhesion and wear resistance of these coatings. Based on ABS (Acrylonitrile Butadiene Styrene) substrates, Qian et al. [32] investigated the adhesion of thin Ni coatings carried out by PVD sputtering, considering the parameters used in the deposition. By conducting tests on micro-scratch equipment, it was possible to find that the greater the ionization energy used in the process, the later the critical failure in the coating occurs. Through a broader study, they investigated different levels of plasma applied to the substrate surface, increasing its surface energy. In this way, it was possible to analyze the influence of the critical load that the coating can withstand depending on the levels of plasma to which the surface had been exposed, verifying that the exposure to a more intense plasma increased the surface energy, improving the adhesion between Ni coating and PC (Polycarbonate) substrate. Based on polymeric substrates reinforced with carbon fiber, Coto et al. [33] investigated the adhesion, erosion behavior and wear resistance of multi-layer Ti/TiN coatings, with global thicknesses between 1.5 and 11 µm. The authors found that the main failure mechanism observed was the delamination of carbon fibers, and that the coatings were more resistant to sand erosion with a greater thickness.



Due to problems previously identified using Cr-VI in electrodeposition processes, the REACH program (Regulation for Registration, Evaluation, Authorisation and Restriction of Chemicals) developed at the European Union has as its focus the abolishment of this process for the deposition of decorative Cr coatings. Thus, Vergason et al. [34] investigated the properties of Cr deposited by DC sputtering with a view to its application in the automotive industry. Subsequent evaluations carried out by several OEMs in the automotive industry confirmed that the investments obtained in vacuum had a nanoscale, in contrast to the thickness traditionally obtained by electroplating, presenting extremely interesting characteristics for the applications in question. CrN coatings have also been proven to be a great alternative to traditional Cr coatings, made using electroplating. Indeed, Zhang et al. [35] investigated this type of coating deposited by PVD HiPIMS (High-Power Impulse Magnetron Sputtering) on ABS substrates, although it has been found that these coatings can be subject to cracking when subjected to intense thermal cycles. However, carrying out a comparative study with CrN coatings deposited by HiPIMS and by DC magnetron sputtering, these authors concluded that any of these processes can produce coatings able to easily replace the coatings previously obtained by electroplating. In the meantime, the authors also observed that coatings deposited by HiPIMS presented better mechanical and corrosion resistance than coatings obtained by DC magnetron sputtering. In recent years, the market has been requesting the study of thin metallic coatings deposited on polymeric substrates, presenting optical properties. In this way, Singh et al. [36] investigated the magnetron sputtering PVD deposition of aluminum coatings on PC substrates, which demonstrated a high reflectance (96%) when tested within the wavelength range of 250 nm to 2500 nm. Ferreira et al. [37] also studied the optical properties of Cr coatings deposited by PVD sputtering on PC substrates, using different coating thicknesses. Coating adhesion, when tested through scratch-tests, was excellent, with the scratches being carefully observed by SEM, and showing some very small conformal cracks resulting from the substrate deformation under the loaded indenter. The roughness was also assessed using an AFM technique, having obtained Ra values of around 3 µm, which tended to decrease when the coating thickness increased. Given that the main application in view was, as in this article, the use of Cr coatings by PVD in backlit parts for the automotive industry, the transmittance obtained was not the most desirable, but some parameter adjustments seem to be sufficient to produce the desired effect.



The wear resistance of thin coatings can be assessed using numerous test configurations, depending on the load to be used and the type of contact which is close to the one that better represents real work conditions [38,39,40,41]. Of this great diversity of configurations, two stand out: pin-on-disc [42,43,44,45] and ball-cratering [46,47,48,49]. Within the ball-cratering tests, there are still two different configurations [50,51], using distinct ways of applying the load to the coated sample. Ball-cratering tests, also known as rotary ball micro-abrasion tests, have probably been used less frequently than tests of pin-on-disc configuration, but they have some very interesting characteristics, such as: (a) the test allows to evaluate the wear, but also to measure the thickness of the coating; (b) the abrasion effect is accelerated, through the introduction of particles in the contact; (c) the equipment is light and economical; (d) it presents a high flexibility of test conditions, varying the load, the material of the ball, the size and type of abrasive, the rotation speed of the ball, or the flow of abrasive; (e) it is easy to operate and the results are extremely reproducible; (f) it is widespread in the scientific community and well dissected in terms of analyzing the produced results [52,53,54,55,56]. After the tests have been carried out and the duration considered to be the most appropriate for each case, the produced craters were measured, with a view to calculate the wear coefficient (in cases where the crater is circular and homogeneous). These measurements are usually performed using SEM (scanning electron microscopy) [57,58]. The texture of the center of the craters, as well as the edges of the entry and exit of the abrasive particles, must also be carefully observed, to characterize the wear mechanism induced by the abrasive particles: two-body abrasion (grooving) or to three body (rolling). These phenomena are well defined in the literature and can be seen in Figure 1 [47,50,55].



In this work, it was intended to characterize the wear resistance of Cr coatings deposited by PVD sputtering on PC substrates, analyzing the wear mechanisms involved, to verify their ability to resist the existing manipulation during the assembly of lightning and other backlit devices usually applied in motor vehicles.




2. Materials and Methods


2.1. Material


2.1.1. Characterization of the Substrate Material and Corresponding Geometry


In this work, a polycarbonate (PC) polymeric substrate, produced by injection molding was used. This polymer has some interesting properties, such as its impact resistance, good electrical properties, and dimensional stability, which is also very good. Its characterization is shown in Table 1.



For the deposition process, the samples were prepared with a flat geometry with dimensions of 147 mm × 54.5 mm and 3 mm thickness. The selected geometry became easier in its fixation in the reactor and in its characterization after the PVD deposition process. This went through a surface preparation process using an isopropyl alcohol container. After cleaning, the samples underwent a process of depositing the chromium (Cr) coating by Sputtering, layer by layer, with intermediate cleaning processes, as recommended by the PVD reactor manufacturer. After completing the deposition cycle, the parts were properly characterized. For the micro-abrasion tests, a cross-section was made on the back of the samples with a diamond cutting disc to cause a brittle fracture on the side of the film. Subsequently, the samples were cut using liquid nitrogen, to geometry of 27 mm × 24 mm, thus ensuring its fixation on the tribometer.




2.1.2. Abrasive Particle Characterization


The abrasive used in the micro-abrasion tests was MicroPolish alumina Powder-Deagglomerated Alpha (Al2O3) and was composed of particles with 1 µm size. This kind of abrasive was selected due to the nature of the coating and substrate. Indeed, other kinds of abrasive are available and are currently used by other researchers. It is well-known that small diamond particles produce well-defined craters, which are extremely easy to measure, independent of the hardness of coatings and substrates. However, diamond particles, as well as SiC ones, present a high hardness, which is not the best option to test relatively soft coatings and substrates. Thus, the choice fell on alumina, because it is relatively soft when compared to the other abrasives usually used in this type of wear test. Therefore, the abrasive was observed via SEM (FEI Quanta 400FEG, Field Electron and Iron Company, Illsboro, OR, USA), enabling an analysis of its morphology since it plays an important role in the wear tests, as shown in Figure 2.



The image shows an agglomeration of abrasive particles, which avoids the measurement of the abrasive particles with the intended accuracy.





2.2. Methods


2.2.1. Coating Deposition Process


The coatings of the samples were obtained using a PVD deposition equipment from Kolzer-MK63 (Kolzer, Milan, Italy). This equipment is intended for industrial production, for high volumes, enabling short cycle times, as well as covering a high number of parts per cycle. Its available technologies are Sputtering, Thermal evaporation, and Plasma PECVD. In this work, only the Sputtering technique was used. The reactor has a power capacity of 10 kW and an ionization energy of 1500 kJ, and its deposition chamber has a volume of ø1600 mm × 1450 mm. The parameters that remained constant during the deposition process were as follows: the type of gas used, argon with 99.998% purity, the gas flow rate (440 sccm), and the polarization (−25 V). Chromium (Cr) targets were used with dimensions of 120 mm × 1000 mm × 16 mm and a weight of 14.20 kg for each one. Regarding its chemical composition, it has between 99.8–100% Cr, which allows it to be defined as extra pure. The chemical composition of the Cr target can be seen in Table 2. Each coating was produced looking for a certain number of layers. Thus, 6, 8 and 10 layers were deposited, to achieve the desired optical effect (metallization) and the transmittance necessary to the automotive industry [37].



Since the deposition was made in stages, i.e., layer by layer, the plasma is used to clean the chamber between stages. It should be noted that, during the cleaning period, to extend the useful life of the targets, the shutters covered the targets in order to protect them and avoid deposition, allowing partial cooling of the power system. The deposition of each layer lasts for 4 min, and the cleaning process between the layers lasts for 2 min.




2.2.2. Morphology and Thickness Analysis


After the deposition process, the samples were prepared to determine their thickness. For this, they were partially cut with a diamond cutting disc, and were subsequently dipped in liquid nitrogen for 20 min. Then, they were carefully broken in cold state by mechanical means, allowing a brittle fracture. This methodology avoided mechanical deformations of the substrate and coating, close to the broken area, without disturbing the evaluation of the coating’s thickness. To measure the film thickness from the different samples, a scanning electron microscope FEI Quanta 400FEG-SEM (Field Electron and Ion Company, Hillsboro, OR, USA) was used, provided with an EDAX Genesis X-ray spectroscope (EDS-energy dispersive spectroscopy) (FEI, Hillsboro, OR, USA), with a resolution of 1.2 nm. A working distance of approximately 10 mm was used in electron scattered mode, with a beam energy of 15 keV.




2.2.3. AFM Roughness Analysis


To assess the roughness of the surfaces, the samples were prepared using the same procedure previously described to prepare the micro-abrasion samples, now using 10 × 10 mm2 area. For this purpose, an atomic force microscope (AFM), VEECO-Multimode (VEECO Instruments, Ltd., Woodbury, NY, USA) was used, which is equipped with a Nanoscope IVA controller and NanoScope® software (version 6.13, Bruker Portugal, Oeiras, Portugal). The following parameters and characteristics were followed: analysis area (XY plane): 20 × 20 μm2; maximum vertical displacement (in z): 6 μm; resolution: 16 bits; curvature radius of the indenter: 7 nm; analysis modes: contact, intermittent contact, and non-contact. The probe used in the analyses was of Silicon Nitride with K = 0.32 N/m. For the evaluation of the roughness, the following parameters were considered: the arithmetic average roughness of the surface (Ra), the total height of the assessed profile (Rt), and the root mean square deviation of the assessed profile (Rq), according to EN ISO 4287 [60].




2.2.4. Adhesion Analysis


To assess the adhesion of the coating to the substrate for samples with 6, 8, and 10 layers of coating, scratch tests were carried out using a CSM Revetest® scratch tester (CSEM, Neuchatel, Switzerland), provided with an acoustic emission detector, according to the BS EN ISO 20502:2016 standard [61]. The scratch test allows quantifying the normal adhesion load between the film and the substrate in cohesive (Lc1) and adhesive (Lc2) failure modes. To obtain more accurate results, six scratches were carried out on each coating. Bearing in mind that the polymeric substrate used was very soft, the scratch tests using Rockwell C diamond indenter I-119 model to produce the scratches, tracked the following parameters: applying an increasing normal load from 0 N to 100 N, the travel speed of the indenter was 3 mm/min, and the final displacement was 10 mm. The scratch results were analyzed, by SEM, in order to correlate the distance covered by the indenter under normal load and thus understand the type of failure that occurred, cohesive or adhesive, as well as the critical load responsible for the failure.




2.2.5. Micro-Abrasion Test


The micro-abrasion test by rotating ball was used to perform tribological tests. The equipment used in the wear tests was the PLINT TE66 (Phoenix Technology, London, UK) Micro-scale Abrasion Tester, the setup of which can be seen in Figure 3. To carry out these tests, the samples were prepared, as already described in Section 2.1.1, with dimensions of 27 × 24 mm2, so that they could fit in the existing holder, and thus guarantee its fixation. The processing parameters for these tests were as follows: 0.2 N load; 80 rpm speed; 50, 100; and 200 rotation cycles. A slurry was prepared containing 35.4 g of 1 µm alumina powder abrasive in 100 mL of distilled water.



In the test, 25 mm AISI 52100 steel balls usually used in rolling bearings were used. The balls were cleaned in an ultrasonic acetone bath for 10 min to wash the surface of the possible protective lubricant layer. After cleaning, they were immersed in a NITAL 4% solution for 60 s to increase their surface roughness. Thus, the micro craters created by etching process will allow a better drag of the abrasive particles, according to the authors [47,50].



The wear made by the tribometer is achieved through the slurry, where the ball is subjected to a normal load, the particles carry that load and are moved through the contact, due to the movement created by a motor shaft at a pre-defined rotational speed. Thus, the particles contained in the slurry will be dragged through the contact. The resulting craters in the samples were subsequently studied by SEM to assess the wear behavior and understand the amount of material lost in each test. The ImageJ® software (version 1.53g) was used to assess the average diameter of the craters; however, this measurement has an associated error, as it was obtained through the crater contour resulting from SEM, which does not correspond perfectly to the real dimension. The wear coefficient was not calculated since the heterogeneity is very large between the coating (chromium) and the substrate (polycarbonate), regarding its hardness and other mechanical properties, as well as because these materials generate craters that end up not presenting a uniform diameter.






3. Results and Discussion


3.1. Coating Morphology and Thickness


The experimental methodology used, which includes the deposition of several layers of the same material (Cr), can be considered as a multilayer system, although this term is commonly used in the deposition of multilayers of different materials and different thicknesses. In this way, the multilayer classification was adopted for the studied coating considering its deposition method. It should be noted that XRD analyses were performed to investigate the coating structure and residual stress; however, these analyses do not produce valid results due to the extremely reduced coating thickness (lack of enough material volume). Thus, a previous characterization of the morphology and thickness of the coating was performed by SEM, as described in Section 2.2.2. The images in Figure 4 show, as expected, as a greater number of layers is deposited, the linear increase in the thickness of the coating occurs. Figure 4a–c shows the evolution of the thickness increase for samples with 6, 8, and 10 layers. Evaluating the evolution of the thickness between layers, it is possible to state that each deposited layer adds approximately 25 nm of thickness. It should be noted that, to ensure repeatability and confidence in the obtained results, 8 samples were observed for each deposition of 6, 8, and 10 layers under the same conditions. Thus, Table 3 shows the average values and the respective standard deviations of the thicknesses measured.




3.2. Roughness Results


The surface roughness of the samples was obtained using AFM technique. In Figure 5a–c, the decrease in surface roughness occurs with the increase in the number of deposited layers. It is denoted that a homogenization of the surface makes it uniform with a smaller number of scratches or valleys. In Table 4, the decrease in roughness is quantified, showing that the value of Ra decreases according to the increase in the number of layers. Observing the exposed values of Rt and Rq, it can be stated that with the evolution of the process, the deposition is made preferably in the valleys, attenuating the difference of height between peaks and valleys, thus reducing the roughness. Thus, the surface roughness Ra decreased by 21.5% from 6 to 8 layers and decreased by 41% from 8 to 10 layers.




3.3. Adhesion Evaluation


The scratch tests were carried out following the parameters described in chapter 2. In this sense, the sliding grooves resulting from the contact of the indenter with the respective samples were obtained, which can be seen in Figure 6. In this figure, there are no relevant phenomena. There is also little conformal cracking in semicircles, Figure 6a,c,e, due to the arc deformation induced by the indenter tip shape. These cracks have a geometry that accompanies the accumulation of material in front of the indenter, not putting the adhesion of the coating at risk. These results are in line with conclusions obtained by other authors who have studied adhesion to polymers substrates [32,62].



In general, the samples showed good adhesion, which is confirmed by the obtained images. In Figure 6b,d,f, it is observed that by increasing the number of layers the lateral cracking significantly decreases. Figure 7a shows, in detail, the morphology of the material after being subjected to the scratch test, it being perfectly visible that the film adhered to in the substrate, which was confirmed by EDS, Figure 7b,c, clearly shows the presence of Cr and a small peak of C (substrate).




3.4. Micro-Abrasion Analysis


According to the procedure described in Section 2.2.5, it was possible to check the abrasion resistance of the coatings for the different Cr number of layers, as well as the wear mechanisms involved in the abrasion process. For the analysis of the craters, their diameter was measured by SEM. The different wear mechanisms are related to the way the abrasive particles are moved through the samples’ surface; namely, three-body abrasion or two-body abrasion. Indeed, the wear mechanisms will deserve better attention than the volume of material removed, as the craters are not perfectly circular and do not allow for an accurate measurement of the crater diameter. Given the nature of the substrate and the low film thickness, it was not possible to clearly define the internal and external craters. Furthermore, the craters do not present a well-defined circular pattern. Due to the irregular shape of some craters, it was decided to not consider the wear coefficient, as it is difficult to accurately measure the crater area. Thus, the focus of this work is on the wear mechanisms involved in the abrasion of the Cr multilayer coating.



Figure 8 shows the geometry of the craters produced by the tribometer. The irregular shape of the craters is common in certain materials’ substrates and coatings, depending as well on the abrasive used in the test [63]. A detailed analysis of the obtained craters allowed for the observation that alumina tends to agglomerate predominantly at the exit area of the contact. There is an accumulation of alumina abrasive particles that reduces the size of the crater, making it irregular. Additionally, this accumulation tends to diminish the aggressiveness of the other abrasive particles. Below is a brief analysis of the craters’ images observed in Figure 8, allowing us to draw some conclusions about the resistance of the developed coatings.



As the substrate is very soft, the application of the load will cause a micrometric deflection of the surface, creating a “wave” around the contact point, which prevents proper contact in particles’ entrance and exit areas. Due to the tendency of particles to agglomerate, they start to become compacted in these areas, promoting a renewal of the particles in the surface layer. This prevents that moving particles from causing abrasion following a two-body (grooving) mechanism in the substrate, through the formation of a layer that prevents the effective action of the abrasive particles in those areas. This induces the creation of irregular craters, with wear gaps in the areas of entrance and exit of abrasive particles in the contact, as can be seen in all the images in Figure 8.



In the lateral areas of the craters, the same also happens; however, the agglomeration of alumina particles is less accentuated, due also to a greater flow of slurry. Thus, the crater has a greater tendency to grow laterally, where there is no agglomeration of particles, than in the entrance and exit zones, due to a greater compression of the abrasive particles. According to Sánchez-Huerta et al. [64], the use of a greater load in micro-abrasion tests leads to more regular and circular craters. However, in this case, the substrate being soft, the use of a higher load might not be the best way to solve the problem, as the deflection of the substrate would be even more pronounced.



It is concluded that, due to the low hardness of the substrate, micro-abrasion tests will always tend to promote the formation of irregular craters, unlike what is usually verified in hard materials.



In Figure 8a–c, it is possible to observe a light evolution of the crater area with the increase in the number of cycles. Furthermore, the external ring showed in the craters tends to diminish with the increase of the number of cycles imposed in the test, but the evolution is moderated. This can be attributed to the low thickness of the film having achieved the rupture of the coating. However, after the rupture of the coating, the wear tends to become stable, and the evolution is lower. Indeed, the external ring created by the wear acquires a critical area able to better support the load carried out by the abrasive particles.



In Figure 8d–f, the craters have approximately the same area and an identical geometry; however, the area corresponding to the alumina raises with the increase in the number of cycles. Finally, in Figure 8g–i, the craters present the geometry mentioned above. A more detailed EDS analysis was also carried out, which allowed for the conclusion that the aggregated alumina is above the substrate, i.e., although it is difficult to see the fragmentation of the coating in the crater, the coating was removed by the first cycles and the alumina was agglomerated up close to the substrate interface with the coating.



From the spectra that will be presented in Figure 9b,c, it is proved that there is no Chromium under the alumina.



Observing Table 5, it is possible to state that the areas of the craters under study present a linearity. That is, in the case of samples with 10 layers, it appears that as the number of cycles increased, the area of the crater also increased.



To obtain the volume of material lost in each of the craters, the areas shown in Table 5 were used. The volumes of material lost in each case will be shown in Table 6. For the condition with a constant normal force, 0.2 N, the heterogeneity of the craters as well as their volume of removed material presents a linearity with the increment of the sliding distance [63,65].



The wear increases in a linear way as the substrate material begins to be exposed. Wear occurs most severely where contact tends to occur between the ball and the substrate. During the micro-abrasion test, the ball comes into contact with the coating, supported on a point, in the first stage. As wear and tear develop, the ball comes into contact with the substrate, resisting the coating’s ring that contacts the ball. In this way, it now has a greater area of wear resistance.



It is concluded that the imposed load, being transmitted in a punctual way, is concentrated in a small area that causes Hertzian stresses that clearly exceed the elastic limit of the coatings, causing the rupture of all studied films after 50 cycles of ball rotation.



Figure 10 shows the evolution of the crater size in parallel with the increase in the number of cycles. The highlight in the crater size of the samples with 6 layers is visible, since these, having a less-deposited film, have less wear resistance. Thus, using only 6 layers, the film is very exposed to abrasion, mainly in the first stage of the tests, degrading easily at the beginning of the process, due to lack of consistency, making the coating easier to be perforated during the test. From 6 to 8 layers, there is a significant improvement, making the film more homogeneous and less likely to be perforated by abrasive particles.



After the abrasion tests and the scratch tests, it is possible to state that the most stable film is the one with 10 layer deposition, as it also has greater wear resistance, greater adhesion and less cohesive failures in the tests carried out. Note that the abrasion resistance for the 8 layers has an acceptable wear resistance.



One of the main conclusions to be drawn from the analysis carried out is that all coatings were destroyed in the used configurations. The wear caused the substrate to be exposed, which is softer than the coating. Furthermore, the wear happens more abruptly when the substrate is reached, which is reflected in the increase in the crater area. It was also concluded that the agglomeration of alumina close to the substrate caused the irregularity of the craters and happened due to the compatibility of the alumina with the polymeric substrate.



It is also important to look at the wear patterns of each of the analyzed craters. These can be classified into two types: those that exhibit parallel grooves throughout the entire crater and those that show multiple marks randomly arranged in the crater. Figure 11 shows the grooves obtained in the craters currently being studied.



Figure 11 shows some images of the wear patterns in the craters obtained by SEM. It is possible to conclude that, in general, the observed grooves are parallel, following the movement of the abrasive particles dragged by the ball. In this case, the abrasive particles are fixed on the ball and are transported throughout the contact area, promoting two-body abrasion.



As the deposited film is relatively soft and the substrate is even softer, it seems that unlike other tests performed on metals [47,50,66], there is a greater tendency for the particles to come into contact, which also justifies the alumina being selected as an abrasive to the detriment of other harder abrasives, such as diamond [22,46,67].



In general, the images in Figure 11 show a predominance of grooving when compared to rolling. Note that the presence of rolling comes from the smoothing of the grooves in greater predominance for 200 cycles, Figure 11c,f,i, not forgetting that one is a soft coating and an even softer polymeric substrate. The agglomeration of the abrasive, as has already been described, caused a few particles of alumina to come into contact, which makes it more prevalent throughout the steel ball 52,100, creating the smoothness of the grooves.



In line with the images obtained by other researchers [47,50], the increase in cycles ends up affecting the initial morphology where grooving is predominant, which later becomes rolling as the number of cycles increases. Shorter tests must be performed to understand the number of cycles that cause coating failure.





4. Concluding Remarks


The presented work made possible the development and deposition of thin chrome coatings, obtained by Sputtering, on polymeric parts used in the automotive industry. One of the main contributions of the present work is on the development of pure chromium coating obtained by a clean process, which does not create effluents or any type of pollution. The developed films were produced in an industrial environment, allowing for its future scaling.



The developed coating is easily applied to plastic parts; however, it is believed that it can also be applied to other types of raw materials, given that the complexity of plastic parts is based on low surface energy, which was overcome by obtaining good adhesion through the exposition of the substrates to plasma before the first layer deposition.



The focus of this work is to ensure that coatings made in automotive lightning systems and backlit components can have the desired aesthetic mirroring effect and have the required light transmittance for the headlight function and wear resistance, which is an important function, essential during the headlight’s assembly process.



With the present study, it is possible to realize the coating homogeneity and the repeatability that can be obtained. The films are extremely linear, in terms of structure and thickness, and these factors are very favorable for an industrial process/setting.



The main conclusions of this work focus on the type of production that was obtained and the valences of the developed coating, these being as follows:




	
The production process in question includes clean production, as it does not produce any effluents or derivatives of products;



	
It was found that there were no contaminants present in the produced coatings, as the used target was composed of pure chromium;



	
Regarding the adhesion of the coating, no problems were registered. Indeed, the adhesion did not compromise the wear tests, because no delamination was detected in the craters’ surroundings;



	
It was found that Cr coatings with 6 layers led to significant wear, unlike the coatings with 8 and 10 layers, where the wear is less severe;



	
The normal load used is not perfectly suited for this kind of soft material, causing some coating and substrate deflection, which also caused the concentration of abrasive particles in the entrance and exit of the craters. This situation can be overcome by the use of other abrasive, slightly harder and with a higher granulometry;



	
The main wear mechanism observed on the craters was grooving, which changes to rolling as the number of cycles used in the micro-abrasion tests is increased. Moreover, there is an accumulation of alumina into the grooves promoted during the wear tests;



	
Despite the reported wear and taking into attention that the wear is important mainly for unexpected situations occurring during the assembly and repair of lightning automotive systems or backlit automotive components, the level of wear reported is adequate, showing good suitability of this coating for the intended purposes.








Thus, the outcomes of this work represent a real extension of the results and knowledge previously reported by other authors. Moreover, this configuration of wear test seems to be perfectly suitable to analyze the eventual wear induced in this kind of coating when applied to this type of material substrate, mainly in the case of lightning systems or backlit components for the automotive industry.
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Figure 1. Wear mechanism induced by the abrasive particles: (a) three-body abrasion (rolling); (b) mixed phenomenon; (c) two-body abrasion (grooving). 
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Figure 2. Morphological characterization of 1 µm alumina powder abrasive. 






Figure 2. Morphological characterization of 1 µm alumina powder abrasive.



[image: Coatings 11 00555 g002]







[image: Coatings 11 00555 g003 550] 





Figure 3. (a) TE66 Micro-scale abrasion tester tribometer and (b) schematic diagram of the ball-cratering tribometer. 
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Figure 4. Sectional view showing the thickness of the films with: (a) 6 layers; (b) 8 layers, and (c) 10 layers. 
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Figure 5. AFM images of the surfaces: (a) 6 layers, (b) 8 layers, and (c) 10 layers. 
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Figure 6. SEM image details of scratch tests: (a) 6-layers, (c) 8-layers, (e) 10-layers, and (b) 6-layers, (d) 8-layers, (f) 10-layers with different magnifications (please see scale bars). 






Figure 6. SEM image details of scratch tests: (a) 6-layers, (c) 8-layers, (e) 10-layers, and (b) 6-layers, (d) 8-layers, (f) 10-layers with different magnifications (please see scale bars).



[image: Coatings 11 00555 g006]







[image: Coatings 11 00555 g007 550] 





Figure 7. EDS analysis of the scratch test (a) morphology of the scratch surroundings in a 6-layer coating; (b) spectrum detecting the presence of Cr (Z1), and (c) spectrum detecting the presence of Cr with a small peak of C (substrate) (Z2). 
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Figure 8. Image’s sequence of the craters resulting from the micro-abrasion test obtained by SEM: 6 layers (a) 50 cycles; (b) 100 cycles; (c) 200 cycles; 8 layers; (d) 50 cycles; (e) 100 cycles; (f) 200 cycles; and, 10 layers; (g) 50 cycles; (h) 100 cycles; (i) 200 cycles. 
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Figure 9. SEM and EDS analysis of a crater (a) SEM crater with 6-layer deposition film at 100 cycles; (b) Spectrum of Z1 zone where it is possible to identify the particles of Cr coating; (c) Spectrum of Z2 zone, showing a strong presence of alumina. 
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Figure 10. Wear evolutions with different cycles for different layers. 
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Figure 11. Crater worn surface morphology resulting from the micro abrasion test: 6 layers (a) 50 cycles; (b) 100 cycles; (c) 200 cycles, 8 layers; (d) 50 cycles; (e) 100 cycles; (f) 200 cycles, and 10 layers; (g) 50 cycles; (h) 100 cycles; (i) 200 cycles. 
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Table 1. Processing conditions and properties of Polycarbonate, according to its technical sheet (Adapted from [59]).
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Properties

	
Parameters






	
Processing

	
Mold temperature: 80–11 °C




	
Dehumidification time: 2–4 h




	
Dehumidification temperature: 120 °C




	
Melting temperature: 280–310 °C




	
Thermal Properties

	
Vicat temperature: 141 °C




	
Thermal expansion coefficient: 70 × 10−6/K−1




	
Rheological Properties

	
MVR: 12 cm3/10 min




	
Optical Properties

	
Transmittance: 88–90%




	
Refractive index: 1.586




	
Other Properties

	
Density: 1.2 g/cm3
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Table 2. Chemical composition of Cr target (wt.%).
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	Element
	C
	Ca
	Fe
	Mo
	N
	Nb
	Ni
	O
	S
	V
	W
	Cr





	PPP (Parts Per Million)
	55
	28
	704
	15
	46
	13
	32
	455
	20
	10
	47
	Balance
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Table 3. Average values and standard deviations of the thin coatings thickness obtained by SEM.
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	Number of Layers
	Thickness (nm)





	6
	149.4 ± 0.011



	8
	196.9 ± 0.015



	10
	250.1 ± 0.017
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Table 4. Mean values and standard deviations of the roughness obtained by AFM.
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	Number of Layers
	Ra (nm)
	Rt (nm)
	Rq (nm)





	6
	4.2 ± 0.043
	65.1 ± 0.021
	5.6 ± 0.026



	8
	3.3 ± 0.038
	53.2 ± 0.036
	4.3 ± 0.038



	10
	1.9 ± 0.027
	20.1 ± 0.019
	2.5 ± 0.031
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Table 5. Crater areas obtained for abrasion tests and standard deviations.
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	Number of Layers
	Crater Area for

50 Cycles (mm2)
	Crater Area for

100 Cycles (mm2)
	Crater Area for

200 Cycles (mm2)





	6 Layers
	0.837 ± 0.083
	0.929 ± 0.086
	0.951 ± 0.088



	8 Layers
	0.776 ± 0.076
	0.771 ± 0.093
	0.783 ± 0.102



	10 Layers
	0.717 ± 0.084
	0.722 ± 0.098
	0.744 ± 0.092
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Table 6. Volumes of lost material calculated after analyzing the craters and standard deviations.
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Number of Layers

	
Volume of Material Removed (μm3)




	
50 Cycles

	
100 Cycles

	
200 Cycles






	
6 Layers

	
0.179 ± 0.006

	
0.190 ± 0.009

	
0.201 ± 0.008




	
8 Layers

	
0.146 ± 0.007

	
0.148 ± 0.006

	
0.157 ± 0.005




	
10 Layers

	
0.137 ± 0.004

	
0.138 ± 0.005

	
0.141 ± 0.007
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