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    Abstract


    Hypoeutectic aluminum-silicon alloy consisting of 8.0 wt.% silicon and prepared through a solid-phase technique was studied for the contact angle behaviour of oil in under-water condition. The surface structure of the Al-8 wt.% Si hypoeutectic alloy was modified through a solutionizing heat treatment process at 650 ℃ for 6 hours, quenching in water and etching in Keller's reagent. The modified surface structure showed an increase with the etch time for sizes of the secondary arm-spacing (SAS), from 5.31 ± 2.54 μm to 6.16 ± 2.35 μm for 5 to 20 seconds of etching respectively. Equally, while the average surface roughness (Ra) increased from 0.1 to 0.74 microns, the sizes of the secondary dendrites (SSD) reduced considerably with increase in the etch time. These alterations of the surface structure influenced the fractional surface area (fso) and the evaluated contact angles of oil drops at the solid-water interface. Therefore, a gradual increase in the contact angles of oil, to a maximum value of 159.96 ± 0.64, was noted for the Al-8 wt.% Si alloys after the solutionizing heat treatment, quenching and etching process, confirming significant under-water superoleophobicity.
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    Introduction


    Aluminum and its alloys have enormous applications in the automotive, electrical as well as in the aerospace industries [1,2]. Due to this, the surfaces of aluminum and its alloys are often exposed to reactive liquids and oils in various situations, which can induce surface tarnishing, corrosion and fouling thereby reducing their time-span of usefulness. To this end, there has been considerable interest recently in the development of under-water superoleophobic surfaces on aluminum and its alloys for various reasons some of which are for self-cleaning, anti-smudge, anti-fouling and anti-corrosion applications [3,4].


    For instance, under-water superoleophobic surfaces have been developed on aluminum surfaces through a combination of electrochemical etching and immersion in boiling water. The surfaces so developed exhibited excellent, long-term stability of wettability [5].


    Under-water superoleophobicity has been generated on the metallic surfaces, through femtosecond laser micromachining [6]. The surfaces generated through this method contained coral-like microstructures with nanoparticles which showed sustained chemical stability when exposed to various oils and also while immersed in water with different pH values. The measured contact angles of the various oils on these surfaces were all above 150°. In the same vein, under-water superoleophobic surfaces have been created on the surfaces of Ti6Al4V through the process of electrochemical etching [7]. The prepared surfaces all exhibited good under-water superoleophobicity with oil contact angle for dichloromethane in water as high as 158.9° ± 1.7° with a corresponding sliding angle is 6.4° ± 1.4° [8]. The effect of etch time on the under-water oil contact angles were also established and linked to the hierarchical micro/nanoscale surface roughness on the alloy surfaces. For the aluminum-silicon alloys, the amount of silicon are usually standardized, in the range of 5 to 23 wt.%, to the extent that the alloys are hypoeutectic, eutectic or hypereutectic depending on the amount of silicon [9]. It is also worth stating that numerous approaches have been used in the synthesis of this alloy such as the liquid phase techniques [10], liquid-solid phase techniques and solid-phase techniques [11-13].


    In this paper, we explore a simple, new and effective method of the creating under-water superoleophobic surfaces on a hypoeutectic aluminum-silicon alloy at the solid-water interface through a regime of heat treatment, quenching in water regime and chemical etching. These alloys are useful in the manufacture of pumps and compressors that get fouled easily in oily work environments. Thus, generating under-water superoleophobicity on their surfaces will have usefulness in preventing surface fouling and enhancing the alloy's life-span.


    Materials and Method


    Materials


    For the synthesis of the alloy, a pure aluminum base substrate was used with silicon (≥ 98.5 wt.% Si) as an additive. The aluminum and silicon were both obtained from the Centre of Composite Research, University of Wisconsin in Milwaukee.


    Method


    The synthesis of the hypoeutectic Al-8 wt.% Si alloy involved the heating of aluminum with pure silicon (8 wt.%) in a graphite crucible (D 89 mm, Depth 127 mm) via an induction furnace to a temperature of above 900 ℃. The temperature of the process was monitored by means of a thermocouple placed in the melt intermittently. The molten aluminum and silicon substrates were stirred vigorously with an impeller for proper mix.


    The alloy was allowed to cool in an inert atmosphere, created by argon gas and the ingots obtained thereof were weighed and then cut into smaller sizes for surface treatment through grinding and polishing, heat treatment and chemical etching with Keller solution.


    The samples were grinded and polished using different grit-sizes of Silicon Carbide paper and finally with a soft cloth impregnated with 0.1 micron alumina slurry. These polished samples were washed in plenty of distilled water and in ethanol and then allowed to dry in air.


    The structural alteration of the surfaces of the samples involved the heat treatment of the alloy for 6 hours at 650 ℃ in an electric furnace (Thermolyne model from Thermo-scientific) and quenching in water, followed by etching of the samples to varied degrees of time. The Keller's solution was used for the chemical etching of the Al-Si alloy samples consisted of Nitric acid (5 ml), Hydrochloric acid (3 ml), and Hydrofluoric acid (2 ml) mixed in distilled water (190 ml). The etched samples were equally washed in distilled water and allowed to dry again in air.


    The characterization of the sample surfaces involved surface structure examinations using the scanning electron microscope - the Hitachi-S4800 model, surface roughness measurements using the 2-D surface roughness profilometer - phase II SGR-4500 model and contact angle of oil measurements at the solid-liquid interface using the contact angle goniometer- Rame Hart 250 model.


    The SEM examinations of the surface structures were done at both high and low magnifications. The scanning electron microscope had an attached energy dispersive x-ray probe that was used for further chemical examination of the surfaces and quantitative assessment of the amount of silicon in the synthesized alloy under a high vacuum of 15.0 KV. The measurement of the average surface roughness involved five measurements at different spots on the surfaces from which the average was calculated.


    Similarly, the contact angles were measured by putting drops of oil of about 5 μl on the surfaces of samples that are immersed in water, with the aid of a micro-syringe. This is illustrated in Figure 1.


    The oil drop images were captured with the goniometer using the dropimage software, from which the contact angles were measured. This was repeated for five times and the average values of the contact angles of the oil drops calculated.


    Results and Discussion


    The results obtained from the various experiments, based on the above method are stated and discussed as follows:


    SEM evaluation of the surfaces


    Aluminum-Silicon alloys are polyphased materials consisting of α-aluminum solid solution and silicon [14]. The SEM micrographs of the surfaces, presented in Figure 2 and Figure 3, showed that it consisted of a network of dendrites, spread across the surfaces in various directions and particulates of solidified silicon. Due to the heat treatment and quenching in cold water applied to the samples, the dendrites formed were more pronounced, with well-defined secondary dendritic arms (SAS). The quenching ensured that the aluminum-silicon solid solution cooled rapidly to room temperature thereby preventing the diffusion of the elements and ensuring that the morphology of the surface structure is effectively frozen inside the alloy. The silicon particles, in the form of coarse, plate-like particulates [15] were found within the spacings between the secondary dendritic arms. The average sizes of the secondary arm spacings (SAS) for these network of surface dendrites were 5.31 ± 2.54 μm, 5.40 ± 1.30 μm, 5.53 ± 1.76 μm and 6.16 ± 2.35 μm for the samples etched for 5, 10, 15 and 20 seconds respectively. This showed that the secondary arm spacings (SAS) increased with increase in the etch time. The etch time here refers to the period of exposure of the samples, through immersion, to the etching solution.


    An energy dispersive x-ray analyses (EDX spot analyses), presented in Figure 4a and Figure 4b, confirmed that the dendrites consisted of aluminum. Equally, the EDX spot analyses showed that the inter-dendritic and secondary arms spacing consisted of silicon, implying that the eutectic silicon phase in the form of the silicon particulates of various sizes, were formed within these spaces.


    Some residual aluminum was however noticed in the interfacial region between the aluminum and silicon phases. This is ascribed to the differences in the rates of solidification of the aluminum and silicon phases from the molten melt [16]. The phases confirmed from the EDX analyses are in conformity with the phases predicted from the binary aluminum-silicon phase diagram [17]. The two phases exhibited divorced morphology essentially due to the high interfacial energies existing between both [18]. Chemical etching can be considered as a process resulting from electrolytic interaction between the α-aluminum, the silicon phases and the chemical etchant [19]. The Keller's solution is therefore expected to show different levels of chemical activity on different areas of the alloy surfaces due to factors such as stress concentration within the surface structure and the difference in the potentials, in the form ionization of the α-phase aluminum and eutectic silicon phases. To this end, those areas in the surface structures with stress concentrations, such as the edges of dendrites, showed higher chemical reactivity with the Keller's solution as noted by the roughened edges of the dendrites, as seen in the SEM image in Figure 3.


    From the ionization potential of the elemental components of the alloy, the relative ease in which these α- aluminum and silicon phases can engage in chemical reactions can be appraised using their respective ionization energies [20].


    The fourth ionization energy of silicon is very high (4356 KJ mol-1) compared to the third ionization energy of aluminum (2745 KJ mol-1) [21]. Therefore, the formation of Al3+ ions through the process of oxidation is expected to be less energetic and therefore more favorable compared to the formation of Si4+ from the silicon phase. Thus, it is expected that the α-aluminum phase of the alloy will be more easily tarnished chemically, in the presence of the etchant when compared to silicon particles due to the higher ionization potential of the later.


    Some of the expected reactions as a result of the chemical etching of the samples with the Keller's solution are stated in these series of equations [22]:


    (i) 3HNO3 + Al → 1.5H2 + Al(NO3)3


    (ii) 3HF + Al → 1.5H2 + AlF3


    (iii) 3Si + 18HF +4HNO3 → 3H2SiF6 + 4NO + 8H2O


    Some other reactions may have occurred but these have not be established in literature or investigated herein. Following the etching process, the dendritic structures representing the α-aluminum phase exhibited quite jagged and rough edges in comparison to the silicon particles.


    Variation of surface roughness and the sizes of the secondary dendritic arms with the etch time


    This rough, jagged edges of the dendrites within the surface structures and the eutectic silicon particles present therein induced an increase in the average roughness Ra values of the samples after the heat treatment, quenching and chemical etching processes.


    The values of Ra are presented in Table 1. Beyond the increase in the surface average roughness, the sizes of the secondary dendrites decreased with increase in etching time. This reduction in the sizes of the secondary dendritic arms is simply because of the preferential corroding chemical action of the Keller's reagent.


    Behaviour of contact angle of oil at the solid-water interface on chemical etching


    The contact angles of oil, ϑoil, at the solid-water interface are stated in Table 1. It can be seen that there was a gradual increase in the ϑoil as the etch time for the heat treated samples increased. This variation of ϑoil with the etch time is shown graphically with the plot presented in Figure 5.


    The maximum value of 159.96 ± 0.64° was noted when the samples exposed to the heat treatment/ quenching in cold water regime, were etched for 20 seconds. This increase in the oil contact angles is due to two factors, namely the increase in the average roughness of the surface, Ra and the reduction in the fractional surface area, fso, available for the wetting. The heat treatment and quenching process produced well defined network of dendrites on the surfaces and the etching of this dendritic network caused an increase in the average surface roughness, Ra, of the surfaces. This contributed to the gradual increase in the oil contact angle witnessed at the solid-water interface. Beyond the effect of increasing the surface roughness, the degradation of the dendrites resulted in the alteration of the sizes of the secondary arms and the spacings between them. These changes in these surface features affected the fractional surface area available for wetting by the oil drops, fso. This increase in the secondary arm spacings of the dendrites observed in the surface structures is shown in the graph in Figure 6.


    A conceptualisation of the surface dendritic network, based on Figure 7, can be used to calculate the fso by using the relationship stated in equation 1:


    
     f so = SSA 2SAS+SSA (1) 


    The values of fso were calculated from SAS and SSA estimated directly from the SEM images of the surface structures, as seen in the average values of twenty (20) such measurements for both presented in Table 1. The estimated values of fso decreased with increase in the etching time. The values of the fso were also evaluated using the Cassie-Baxter model [23-25], given by equation 2, with θ equal to the underwater oil contact angle on the polished, untreated Al-8 wt.% Si hypoeutectic alloy (θ = 54 ± 2°) and θo equal to the measured underwater oil contact angle values on the heat treated and chemically etched samples of the alloy.


    cos θo = fso (cos θ + 1) - 1[2]


    The plot of the fractional surface areas fso from equations 1 and 2, as presented in Figure 8, showed a gradual reduction in values with increase in the etching time.


    The reduction in the values of fso obtained from equation 1 were not as pronouced as that obtained from equation 2. We attribute this difference in the values of fso to the fact that it may not be only the differences in the sizes of the secondary dendritic arms and the spacings between them that have affected the fractional surfaces available for wetting by the oil drops. Therefore, the disruptions of the dendrite surfaces due to the chemical etching as well as the presence of silicon eutectic particles must equally have contributed to the reduction in fso.


    In summary, the mechanism for the underwater superoleophobicity on the surface of this alloy is attributed to this consistent reduction in the fractional surface area for wetting by the oil drops. The implication is that as the fso reduces, the under-water oil contact angles increases as the water molecules will be much and more easily trapped in the hierarchical micro/nanoscale structure generated by the etching of the heat-treated surfaces. The trapped water resist the penetration of the oil causing the under-water superoleophobicity noted.


    Conclusion


    In conclusion, though the high surface energy nature of the Al-8 wt.% Si alloys conveys on it a certain level of oleophobicity, the processes of heat treatment and quenching and chemical etching of the hypoeutectic Al-8 wt.% Si alloy samples sufficiently modified the surface structure of the alloy to the extent of sustaining under-water superoleophobicity with a high contact angle of oil of 159.96° ± 0.64°. This high under-water oil contact angle is ascribed to optimal fractional surface area and increase in the surface roughness caused by the heat-treatment, quenching, and etching processes.
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