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Abstract

:

Corrosion resistance of steel has attracted substantial interest for manufacturing applications to reduce costs corresponding to part failures, unexpected maintenance, and shortening lifespan. Meanwhile, millions of tonnes of slag, non-recyclable glass, and automotive shredder residue (ASR) are discarded into landfills every year, polluting the environment. Combining these two major issues, we delivered an alternative solution to enhance corrosion resistance of high-C steel. In this research, utilisation of these wastes (which were chemically bonded into steel substrate) as sources for production of multi-hybrid layering—including the multi-phase ceramic layer, the carbide layer, and the selective diffusion layer—was successfully achieved by single step surface modification technology. High-resolution topographical imaging by SEM and chemical composition analysis in micron-volume by electron probe micro analyser (EPMA) were performed. Nano-characterisation by atomic force microscopy (AFM) using the PeakForce quantitative nanomechanical mapping (PF-QNM) method was conducted to define Young’s modulus value of each phase in detail. Results revealed improvement of corrosion resistance by 39% and a significantly increased hardness of 13.58 GPa. This integrated approach is prominent for economic and environmental sustainability, consolidating industry demands for more profits, producing durable, steel components in a cost effective way to reduce dependency on new resources, and minimising negative impacts to the environment from disposal of wastes to the landfills.
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1. Introduction


In recent years, the utilisation of metal alloy parts has extensively increased in automotive, pharmaceutical, and mining industries, but they are prone to corrosion degradation over time, which can lead to uncertain maintenance cost [1,2]. Improving the metal alloy corrosion resistance properties would increase its serviceability; thus, unnecessary expenses for replacement and maintenance could be eliminated [3,4]. Various attempts have been made to enhance the corrosion resistance properties of steels, such as adding alloying elements (e.g., Cr, Ni), involving multiple steps of heat treatment processes [5], applying surface protective films or coatings [6], and cold spray treatment [7]. These methods are effective for improving the corrosion resistance of steels; however, they have some limitations that need to be considered. Improving corrosion resistance through addition of alloying element steel can sacrifice other properties, such as hardness, tensile strength, and wear resistance [5]. Applying a protective film on the steel surface has one major limitation—its adhesion to the steel substrate—which promotes interaction of chemical bond reactions between layers [6]. Using cold spray treatment in high hardness value steels or brittle materials can be a challenge, as this mechanical adhesion via plastic deformation is not as practical as it is for ductile materials [7]. In general, implementing these techniques can increase the energy consumption, including use of additional resources due to involvement of high precision machineries and further processing steps to generate high performance final products, all of which significantly increase production time and cost.



Other techniques such as surface modification are very effective for enhancing corrosion resistance of steels. For instance, deposition of an NiAl bilayer on the steel surface with multiple steps of inter-diffusion heat treatment forms a continuous NiAl surface layer on stainless steel that is able to sustain a supercritical CO2 environment in high temperatures [8]. However, it has some drawbacks that require evaluation, such as high installation cost and incorrect minor settings, which can lead to stress cracking in the cladding [8]. In this research, the single step surface modification method was used to produce multi-hybrid layering—including the multi-phase ceramic layer, the carbide layer, and the selective diffusion layer—derived from various wastes as sources of input and bonded on the surface of high carbon steel with its constituent phases, martensite and retained austenite. The aim of this study was to analyse these generated layers on Young’s modulus changes with their correlations to hardness properties, to identify the chemical composition that formed the multi-hybrid layering, and to determine the overall corrosion resistance improvement in comparison with base-material steel. This approach demonstrated that, by utilising waste-integrated input as sources for production of these layers in a cost-effective way, we could reduce the dependency for new resources, thus decreasing the negative impacts on the environment from disposal of wastes to landfills.



Meanwhile, millions of tonnes of metallurgical slag and non-recyclable glass are produced from various industrial waste streams every year, dominated by steelmaking and automotive sectors [9,10]. Disposing of these wastes ignores the potential uses of slag and glass as sources of valuable elements or value-added products such as C, Si, Ti, Mg, and Cr [11,12]. Employing these wastes could be beneficial in creating economically viable and environmentally sustainable steel products that would generally reduce the costs associated with the involvement of unnecessary new resources, energy, and other complex processes. This research study is very important to the design of the new advanced applications, as it incorporates two main problems and creates an alternative solution by transforming waste into synthesised layers on high carbon steels through a controlled single step heat treatment process that results not only in improving the corrosion resistance properties and the hardness but also in promoting sustainable manufacturing processes.



In this research, we carefully analysed and compared the corrosion resistance properties on the base-material and after surface modification of high carbon steels through microstructural analysis, chemical composition analysis, electrochemical measurements, and hardness tests. SEM and electron probe micro analyser (EPMA) were utilised for chemical analysis in micron-volume on the edge of the steel surface, where the multi-hybrid layering was located. Advanced atomic force microscopy (AFM) was implemented to measure the Young’s modulus value of each phase—the multi-phase ceramic layer fabricated with the carbide layer, the selective diffusion layer (the interface between the carbide layer and the steel substrate), and the main steel substrate—to analyse any alterations against the bulk properties or the steel substrate of the base-material by PeakForce quantitative nanomechanical property mapping (PF-QNM) mode. However, it is worth noting that the AFM method has historically been utilised to investigate nano-mechanical properties of soft materials such as collagen fibrils [13] and membranes of living cells [14]. Scarce research has addressed specimens with very hard surfaces. Electrochemical corrosion tests were performed through the Tafel polarisation method to compare the corrosion rate of the base-material and the “outer layer” (the multi-phase ceramic layer); thus, the percentage of protection efficiency could be calculated. Other mechanical properties were measured by Vickers hardness test to analyse the hardness properties on the cross-sections of the steel samples.




2. Materials and Methods


2.1. Material Preparation


High carbon steel with a chemical composition of 1.00 C, 0.97 Mn, 0.60 Cr, 0.20 Si, and 0.06 Ni (wt %) was used in this research. Samples were precisely cut to 11 mm × 11 mm × 3 mm by Struers Accutom-50 (Struers, Rødovre, Denmark) at low cutting speed to prevent heat transfer that could possibly change its microstructure. To generate surface modification from waste input, slag with 38.3 Fe2O3, 30.3 CaO, 12.2 SiO2, 7.3 MgO, 6.7 MnO, 2.0 Cr2O3, and balanced (wt %) were consumed and mixed with waste glass and a mixture of plastics from automotive shredder residue (ASR). The mix covered all the surfaces of the steel in the ceramic crucible before heat treatment began. The heat treatment process was conducted at a temperature of 900 °C for a dwelling time of 2 h with a constant argon (Ar) flow at the rate of 1 L/min to mimic the inert condition. It was then quenched in cold water. A schematic diagram is presented in Figure 1. The steel sample that was covered by a mixture of wastes was loaded into a furnace at 900 °C. Three different layers were grown from the steel substrate and were classified as the selective diffusion layer, the carbide layer, and the multi-phase ceramic layer. Further investigation of bonding in the steel substrate can be found in the Discussion Section. All steel specimens were cut, ground up to 4000 grit by Struers Tegramin-30 (Struers, Rødovre, Denmark), polished up to 1 μm by Struers Rotopol-22 (Struers, Rødovre, Denmark), ultrasonically cleaned (Unisonics Australia, Brookvale, Australia), and completely dried by Struers Drybox-2 (Struers, Rødovre, Denmark). A 2% Nital etching solution was used to reveal the microstructures.




2.2. Analytical Methods


Microstructural imaging and microanalysis of the chemical composition of the multi-hybrid layer was carried out by SEM and EPMA analysis with the JEOL JXA-8500F (JEOL Inc., Peabody, MA, USA). An advanced AFM (Bruker, Karlsruhe, Germany) method was implemented to analyse different Young’s modulus (E) values of each phase. Accordingly, the most applicable method (in principle) to conduct such a study was the AFM in the PeakForce quantitative nanomechanical mapping mode, PF-QNM. The method corresponded to the acquisition of force curves that were registered in every pixel of the reconstruction image. Next, the given parameters—for example, the tip dimension and the cantilever spring constant—were evaluated, thus data quantification of the nano-mechanical properties of each section area was feasible. The Derjaguin-Muller-Toporov (DMT) stiffness fit model was used to analyse the retracting curve [15,16] for the spherical indenter, which contributed to adhesion influences between the steel surface and the tip according to the expression:


F=43E*(Rd)3+Fadh



(1)




where F refers to applied force, R is for tip radius, d can be defined as deformation value at applied force, Fadh is the optimum adhesion force, and E* is called the effective elastic modulus, which is classified as:


1E*=(1−v2)E+(1−vi2)Ei



(2)







Thus, E(v) and Ei(v) refer to the Young’s modulus/Poission’s ratio between the indenter and the surface of the sample in the sequence. PF-QNM mode was employed to determine the Young’s modulus of the multi-phase ceramic layer in 300–400 GPa, the selective diffusion layer in 200–300 GPa, and the main steel substrate in 180–250 GPa ranges on the cross-section area. Due to AFM cantilever size restriction, it was not possible to scan this very thin carbide layer. The mean Young’s modulus distribution value was measured three times and compiled and measured by NanoScope Analysis 1.7 and Gwyddion (64 bit) software.



Electrochemical experiments were demonstrated by using Versatile Multipotentiostat VSP-300 (EC-Lab v.11.02 software) (EC-Lab©, Claix, France). Three-electrode configuration was utilised in a flat corrosion cell. A base-material high carbon steel sample and a modified surface sample of high carbon steel were used for the working electrode. The surfaces of the examined specimens were delimited by the O-ring to achieve a tested area of 1 cm2. The reference electrodes were Hg/Hg2Cl2 or saturated calomel electrode (SCE), and platinum electrode was used for the auxiliary electrode. The 3.5 wt % NaCl was prepared as an electrolyte that was created from deionised water at room temperature (24 ± 1 °C). For Tafel polarisation measurements, the open circuit potential (OCP) equilibrium with immersion for 2 h was collected as the corrosion potential value, Ecorr. The curve was charted by sweeping the given potential between −250 mV and 250 mV with a scan rate of 0.4 mV/s.



A mechanical hardness test was implemented in 1HV Vickers measurement as per standard procedure of ASTM E-140 on each section—the multi-phase ceramic layer with the carbide layer, the selective diffusion layer, and the steel substrate—by Struers DuraScan-20 (Struers, Rødovre, Denmark).





3. Results and Discussions


The bonding of multi-hybrid layering in the steel substrate occurred during the heat treatment process, which attributed to the disintegration of organic compounds and the production of C-saturated gas by ASR. Covalent bonds of C–C in polymers began to decompose, and reduction reactions occurred. An illustration of this was when C reacted with O2 in iron (III) oxide (Fe2O3), magnesium oxide (MgO), and silicon dioxide (SiO2), mainly from waste slag and glass, to generate CO and CO2. In general, there were three phenomena that occurred on the interface between the waste and the steel substrate during the heat treatment process. Firstly, there was formation of a selective diffusion layer; the existing Mn in the steel reacted to C, which diffused into the steel from ASR to form various manganese-based type carbides, such as Mn3C and Mn5C2.



Secondly, there was formation of a very thin carbide layer on top of the selective diffusion layer from the reduction of CaO, Cr2O3, and SiO2 to form different types of Ca, Cr, and Si-based carbides. The Ca element in the Fe-matrix had a primary advantage of reducing the volume fraction of O and S-based inclusions in deoxidation and desulphurisation processes. As Fe and Cr have a very good chemical bond, including wettability angle, the Cr (mostly from the steel and the slag) synthetically bonded to the substrate in the exothermic process [17]. Similarly, the Fe–Si bond, which has stronger bonding properties than the Fe–C bond [18], simply led to synthesising in the steel substrate.



Thirdly, there was formation of a multi-phase ceramic layer that consisted of Fe-Mg-O from the reduction of Fe2O3 in slag. In the two-stage reduction reaction, Fe2O3 and CO formed FeO, which reacted to MgO to form the co-oxide phase. Additionally, a continuous reaction occurred on FeO with CO to form Fe particles. Formation of the ionic bond, MgO, in the Fe matrix meant the Fe/MgO layer could now occur, as it had distinctive surface free energy of MgO (1.1 J/m2) and Fe (2.9 J/m2) from the atomic structure model [19]. Another factor of this formation was the presence of FeO was not able to form in Fe particles at room temperature, but MgO barrier growth was feasible [19]. This was because Mg acted in a catalytic role to stimulate the oxidation reaction of Fe particles on the Fe–MgO interface [19,20]. In the deposition process, an MgO single crystal source could decompose as the Mg element and the O2 molecules served Mg as catalysts for production of FeO [19,20]. A schematic diagram of these formations is presented in Figure 1a. Previous research proved the existence of H2 in the system can escalate the reduction speed of the metallic phase with Fe present as the catalyst involved in the formation of th ehybrid layer. By nature, H2 has very tiny atom size and a high level of reactivity properties with O2, which increases the reduction speed of oxides [21]. Another factor that supported the reduction speed rate was the reaction between H2 and C to form CH4 [21].



The different chemical composition of the hybrid layer and the diffused phase to the main substrate on the cross-section of the steel as seen in SEM [in backscattered electron (BSE) mode] and EPMA analysis are presented in Figure 1b. EPMA microanalysis mapping of C, Ca, Cr, O, Fe, Mg, Si, and Mn elements visibly showed the chemical bond of the multi-hybrid layering to high carbon steel. It was clear that C, Ca, Cr, and Si formed on top of the selective diffusion layer that robustly bonded between the multi-phase ceramic layer and the steel substrate. The presence of a high level of concentrated Fe-Mg-O as a primary compound on the multi-phase ceramic layer had a direct impact on corrosion resistance and hardness properties. The carbide layer could act as the “secondary protection” after the multi-phase ceramic layer of the Fe-Mg-O-base was removed by applied friction, which led to good wear resistance properties, since the chemically bonded layer could better resist forces compared to the physically bonded layer. Analysis on its nanomechanical properties was defined by AFM in PF-QNM mode to analyse the Young’s modulus value on the hybrid layer up to the steel substrate.



Nanomechanical characterisation by AFM with PF-QNM method was performed on the cross-section of high carbon steel samples. The Young’s modulus value on the base-material high carbon steel is presented in Figure 2, while steel after surface modification or with multi-hybrid layering is represented in Figure 3. SEM images are presented as a guide for the corresponding AFM analysis area; it clearly revealed that the microstructures consisted of martensite and retained austenite phases on both the base-material and the multi-hybrid layering steel near the edge area of the samples. All AFM analyses of Young’s modulus results were without etched conditions. This AFM was employed to determine Young’s modulus (E) values through the PF-QNM method with the DMT stiffness fit model. In addition, very low level loads were applied to prevent the risk of tip deterioration and contamination. A section of base-material (200 μm from the edge of the steel surface) was carried out through the AFM instrument using the PF-QNM technique to provide an E value simultaneously and continuously from contacted surface.



The average E value was calculated based on the acquired graph in the TPa unit that covered a 5 μm × 5 μm area. The base-material sample accounted for 204.0 GPa for its E value, in which it performed close to what is typical of most steels at around 200.0 GPa [22]. Moreover, the PF-QNM method was applied to the modified surface high carbon steel sample in which each section was investigated using SEM images as a guide. For this modified surface, the average E value was approximately 359.3 GPa on the ceramic surface layer, followed by 278.0 GPa on the diffused phase and 200.4 GPa on the steel substrate. It can be stated that the obtained Young’s modulus for the multi-phase ceramic layer was a value similar to the alumina-like (Al2O3) properties, around 360.0 GPa [23]. The selective diffusion layer formed a composite characteristic between E values of alumina and steel, whereas on the main steel substrate, it remained unchanged for approximately 200.0 GPa, in agreement with the typical Young’s modulus ranges of steel. The increased Young’s modulus value of this compared to the steel substrate was attributed to the presence of the dominant Fe-Mg-O combination that had good corrosion resistance and mechanical hardness nature [24,25], considering this layer was fabricated with the carbide layer (C, Ca, Cr, and Si elements). A similar behaviour on the Mn-based selective diffusion layer offered higher hardness. Summary of the E value with deviation results in the DMT fit model is exhibited in Table 1.



Electrochemical tests were conducted to provide qualitative data for the overall corrosion intensity before and after surface modification on dual-phase high carbon steel samples. The corrosion test method was performed to each individual potentiodynamic polarisation curve. The corrosion intensity, icorr, from the intersection between the anodic slope (right portion during discharging) presented as a metal deposition reaction, and the cathodic slope (left portion during charging) was exhibited as a hydrogen evolution reaction perpendicularly crossed through the corrosion potential, Ecorr. A comparison of the Tafel extrapolation plot between the base-material and the modified surface (tested surface on the multi-phase ceramic layer) on high carbon steel immersion contact with 3.5 wt % NaCl solution as the electrolyte is compiled in Figure 4. The improvement of the corrosion resistance properties is indicated by the lower icorr rate and the more positive Ecorr value.



From this diagram, it can be summarised that the icorr value of the modified surface sample had significantly less than the base-material, 0.0186 mA/cm2 and 0.282 mA/cm2, respectively. Furthermore, overall Ecorr value after surface modification was approximately 13.81% more positive on the noble side compared to the base-material. This critical discrepancy could be correlated to different corrosion behaviours on the generated hybrid layer through heat treatment. Recent studies proved that the base-material showed preferential attack on retained austenite followed by the martensite phase [26,27]. This was due to the martensitic phase being more stable and less susceptible to corrosion damage over this period, since the Fe percentage in martensite is lower than in retained austenite [26,28]. This means that martensite possesses higher levels of C than austenite. Previous studies by Atom Probe Tomography (APT) and stacking fault energy (SFE) methods [28,29] demonstrated that it can act as a “cathode”, while austenite acts as an “anode” [26,27]. On the other hand, martensite has a highly packed structure [body-centred tetragonal (bct)], and the absence of cementite enables it to be more corrosion resistant than austenite (γ-Fe) [face-centred cubic (fcc)] [26,27]. Similarly, for the main substrate with multi-hybrid layering, it showed similar corrosion behaviours as the base-material, as the heat treatment process was carefully controlled to avoid changes to its bulk properties; thus, the microstructures had identical volume fractions of martensite and retained austenite phases. Other aspects that drove the corrosion mechanisms on certain phases were due to the dissolution of iron atoms and the lack of retained austenite stability [26,27].



Overall corrosion mechanisms for these steels could possibly be pitting and boundary-to-boundary, or so-called grain boundary corrosion. As a result, the Fe-MgO multi-phase ceramic layer, the carbide layer, and the selective diffusion layer could act as a few protective barriers for corrosion protection and could minimise the risk of direct penetration into the main substrate of the steel. The percentage of protection efficiency was calculated to measure the effectiveness of the generated multi-hybrid layer on the surface of high carbon steel.



Quantitative data were recorded to determine the Ecorr and the icorr values before and after surface modification of high carbon steel, as presented in Table 2. Calculation of the polarisation resistance Rp can be expressed through Stern–Geary [30], and the percentage of protection efficiency PEF can be expressed by the standard equation [31].


Rp= 12.303∗icorr∗ba∗bc(ba+bc)



(3)






PEF=Rp−1(base−material)−Rp−1(surface modification)Rp−1(surface modification)



(4)




where ba and bc represent the anode and the cathode section of Tafel slopes (ΔE/log(i)), respectively. These results were used to calculate the PEF for the modified surface of high carbon steel. From the results, approximately 39.08% of the protective multi-hybrid layering had a propensity towards corrosion attack, thus there was improvement in corrosion resistance properties from the outer surface of high carbon steel after heat treatment. Further mechanical hardness tests were conducted to observe different hardness values on each phase after surface modification in comparison with the base-material.



Hardness properties of the base-material and multi-hybrid layering on high carbon steel were investigated by standard Vickers method, and comparisons of the average hardness values in HV and GPa conversion units are presented in Table 3. The base-material sample was 7.65 GPa, which was in agreement with typical high carbon steel ranges [32,33]. On the other hand, the multi-phase ceramic layer achieved a 13.58 GPa hardness value, which was closed to 96% purity of the Al2O3 hardness group [34,35]; the selective diffusion layer exhibited around a 9.73 GPa hardness value, and its steel substrate hardness value remained almost unaltered against the base-material for approximately 7.64 GPa. With the precisely maintained heat treatment process, it can be concluded that the mechanical properties of the base-material and the main steel substrate after surface modification remained unchanged.



Moreover, transformation of the multi-hybrid layer from waste-integrated inputs as sources had a nearly doubled increased hardness value compared to the base-material. The main reason for this was the presence of the Mg–O compound in the Fe matrix with the combination of the hard Fe element characteristics, which improved both the corrosion resistance and the hardness properties of high carbon steel. This included the presence of C, Ca, Cr, and Si elements from the carbide layer. Presence of manganese carbide in the steel substrate on the selective diffusion layer substantially increased the overall hardness value of high carbon steel. The use of waste-integrated input as sources for multi-hybrid layering successfully improved the corrosion resistance and the hardness performance of high C steel.




4. Conclusions


Formation of multi-hybrid layering that chemically bonded on the surface of high carbon steel was successfully developed by using slag, non-recyclable glass, and ASR as input sources in a single step surface modification method without changing bulk properties. There were three distinct layers: the multi-phase ceramic layer, the carbide layer, and the selective diffusion layer. SEM and EPMA analysis showed that different layers with distinctive features and chemical compositions visibly presented synthetic bonding on the overall multi-hybrid layering on the surface of high carbon steel. This included the multi-phase ceramic layer with the Mg–O compound in th eFe matrix, the presence of a thin carbide layer containing C, Ca, Cr, and Si, and a selective diffusion layer that was created from the Mn-based carbide. From AFM perspectives, th emulti-phase ceramic layer performed with similar Young’s modulus values to Al2O3-like properties (approximately 359.3 GPa), whereas the selective diffusion layer was around 278.0 GPa, and the main steel substrate remained unchanged at 200.4 GPa. The electrochemical measurement (the Tafel method) revealed that the percentage of protection efficiency accounted for 39.08% improvement compared to the base-material. With correlation to Young’s modulus measurements, the Vickers quantitative data showed an increasing hardness value up to 13.58 GPa, while the diffused phase showed about 9.73 GPa, and main steel substrate remained at about 7.64 GPa. This improvement of corrosion resistance and hardness could extend the lifespan of the high carbon steel that is commonly used in chemical and mining applications. It was found that the bulk properties (200 μm from the edge of the steel surface) remained unaltered. Therefore, these results highlight that corrosion resistance improved (including hardness performance) through the utilisation of various waste streams as valuable sources for production of multi-hybrid layering, promoting cost effectiveness while simultaneously minimising dependency on natural resource demands for protective coating and alloying elements and ultimately reducing the negative impacts on the environment from disposal of various wastes to landfills.
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Figure 1. Schematic diagram of (a) multi-hybrid layering formation process on the surface of high carbon steel on (b) with SEM [backscattered electron (BSE) mode] and electron probe micro analyser (EPMA) analysis for C, Ca, Cr, O, Fe, Mg, Si, and Mn at the cross-sectional area. 
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Figure 2. Average Young’s modulus distribution graph by PeakForce quantitative nanomechanical mapping (PF-QNM) with the Derjaguin-Muller-Toporov (DMT) fit model on steel substrate or base-material before surface modification. 
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Figure 3. Average Young’s modulus distribution graph by PF-QNM with the DMT fit model steel on steel after surface modification of the multi