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Abstract

:

For specialized applications, it is incumbent to develop new materials that enable manufacturers to develop new processes and designs. For better fuel economy, structural integrity, and lightweight applications, the development of bimetallic steel/aluminum (Al) alloys having a strong interfacial bond is required. Therefore, a mild steel/Al-bearing alloy bimetallic composite was investigated in this study. Firstly, a tin (Sn) interlayer was developed between the steel substrate and the Al-bearing alloy by the tinning process. For further improvement in the interfacial integrity, alumina (Al2O3) nanoparticles were added to the Sn powder during the tinning process. Four different wt.% of Al2O3 nanoparticles of 0.25, 0.5, 1, and 1.5 were added and mixed thoroughly with Sn powder before mixing them with flux prior to the tinning process. Finally, molten Al-bearing alloy (Al–Sn-Si–Cu) was poured over the Al2O3 nanoparticles reinforced tinned steel substrate. A cross-section of the steel/Al-bearing alloy bimetallic composite was prepared for optical microscopy (OM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and shear testing. The cross-section microstructure of the steel/Al-bearing alloy bimetallic composite revealed irregular and discontinuous interfacial layers in the case of the low-temperature (170 °C) tinning process. However, a uniform, continuous interfacial layer was fabricated during the tinning process when additional preheat to the steel substrate and tinning process was adopted. It can be reported that low Al2O3 nanoparticles loading (0.25%) and steel substrate preheating were recommended for the better interfacial layer in the steel/Al-bearing alloy bimetallic composite.
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1. Introduction


Nowadays, manufacturing techniques are more focused on fabricating materials of superior properties along with the facilitation of their fabrication techniques. Although several researchers [1,2,3] performed intensive development of cast metals structures and properties, the possibilities of the existing monometallic alloys are practically exhausted for fabricating new materials offering superior properties.



Liquid–solid compound casting has been used to fabricate different ferrous and nonferrous functionally grade materials, which was found to be the most economical fabrication technique that allows the fabrication of bimetal directly [4,5,6]. The higher bonding strength of bimetallic materials is still required to meet the demand of specialized applications. More attention should be given to improving the interfacial bonding strength of the metallic bearing material and the metallic substrate. Nanotechnology is a promising technology for the fabrication of products of determining functions. Nanomaterials are also used in cast metals (e.g., in cast metal structure with nanocrystalline precipitates) and in molding sand technologies, due to their special and superior effect of cast metal properties [7].



Ferrous alloys are still the most widely used metallic materials in casting processes [8,9,10,11,12]. The advantages of ferrous metals are that they are unique, low in cost, and stable in performance. Ferrous metals play significant roles in engineering manufacturing [13]. High-strength steel is an important engineering material for any national economy, national security, and a variety of key engineering areas.



The mechanisms of strengthening the metals are categorized as dislocation, grain refinement, solution strengthening, and second-phase dispersion, as well as phase transformation strengthening [14,15]. Although second-phase dispersion improves the strengths of the metals, the reduction in plasticity and/or toughness of the ferrous and nonferrous metals are often observed. It was reported [16,17] that the strength, along with toughness improvements of metals and alloys, could be achieved by grain refinement strengthening due to the influence of grain refining and pinning grain boundaries of the fine second phase particle to hinder coarsening of microstructure that can compensate toughness depreciation. Therefore, second-phase dispersion and grain refinement strengthening are considered the most important mechanisms for strengthening and toughening ferrous metallic materials [18].



Alloying, nucleating agents, as well as particles reinforcements, can be introduced and/or precipitated in the second phase in the matrix of steel. The strengthening effect of nanoreinforcement is relatively higher than microsized reinforcement. The high surface energy of nanosized reinforcements and variation in specific gravity for liquid ferrous metals and reinforcement make the dispersion and distribution of nanosized reinforcements in the ferrous metallic matrix relatively difficult to achieve [19]. The methods for introducing nanoparticles into ferrous materials (cast steel and cast iron) are classified into four categories: internal, external nanoparticle methods, in situ additive manufacturing, and reaction methods. Using nanoparticles as strengthening phase or nucleation phase, the lattice mismatch and valence electron between nanoparticles, and crystal structure matrix of steel are important criteria for strengthening effect and analyzing nucleation efficiency. During solidification of molten steel at higher temperatures, the different carbon content produces ferrite or austenite primary phase. Therefore, δ-Fe and/or γ-Fe are expected for nucleation. The effectiveness of heterogeneous nucleation and lattice mismatches relationship should be considered during the selection of nanoparticles suitable for the nucleating phase.



In two-layered bimetallic bearings, two metal alloys having different mechanical and wear properties are bonded together for heavyweights and stress-loading conditions. Two-layered bimetallic bearings are more suitable for medium-speed, medium-load, low-speed, and high-load situations. Bimetal bearings have the main functions of reducing friction and carrying loads of the shaft or any other axial and radial loading of moving parts. Low-carbon steel and stainless steel are commonly used as the base materials (substrates) in bimetallic bearings that are covered with Sn-based alloys, Al–Sn alloys, and Cu–Sn alloys on the exterior surface. The interfacial microstructure and the bond strength of bimetallic bearing materials were predominantly affected by substrate surface preparation, interlayer materials, and process parameters. The bonding quality of the bimetallic bearing materials fabricated by liquid–solid compound casting is dependent on various factors such as volume of liquid–solid ratio, the surface morphology of the solid substrate, and surface treatments of solid substrate [20,21,22,23]. Surface treatment of solid substrate could be performed by depositing a thin layer of Zn, Sn, and Al, using galvanizing, tinning, and aluminizing processes consequently [21,22,23,24].



In this study, Al2O3 nanoparticles reinforced Sn interlayer were investigated through changing the processing parameters with an ultimate objective to improve the bonding strength of aluminum/steel bimetallic casting.




2. Materials and Methods


2.1. Martials


Aluminum/steel bimetallic specimens were prepared using the compound casting technique. Table 1 shows the chemical compositions of the Al-bearing alloy and carbon steel substrate used for Al/Steel bimetallic composite fabrication.




2.2. Casting Process


Carbon steel specimen substrates of 90 × 25 × 5 mm3 were ground with emery papers of up to 800 grades. Steel specimen substrates were coated by pure tin and with a tin containing different percentages of alumina nanoparticles (50 nm). The direct pre-tinning process of the carbon steel substrate that involves powder tin, alumina nanoparticles, and flux mixture has been explained in detail elsewhere [25,26,27,28,29]. To study the process parameters on interfacial structure and bonding strength of Al/steel bimetallic casting, two different groups of bimetallic casting were prepared. In the bimetal A group, during the tinning process, steel substrates were heated at 350 °C for 120 s. For the bimetal B group, steel substrates were heated at 350 °C for 180 s, as shown in Table 2. A charge of 1.2 kg of Al-12Sn-4Si-1Cu bearing alloy was melted in an electrical furnace to 750 °C and 800 °C (heating rate = 10 °C/min.) in a graphite crucible for the bimetallic casting of group A and group B, respectively. After 30 min holding time, the molten Al alloy was poured on tinned carbon steel substrates, which were inserted into a preheated metallic mold at 170 °C and 350 °C. Figure 1 shows metallic mold steel substrate after cutting, steel substrate after grinding, steel substrate after tinning, the insertion of tinned steel substrate into the mold cavity, fabrication of bimetallic casting, and finally, the pouring process of molten Al-bearing alloy onto the metallic mold. Volume ratios of liquid Al-bearing alloy/solid carbon steel substrate were kept constant (VL/VS = 7) for all fabricated bimetallic castings. The tinned steel solid substrate strips for both bimetals A and B were preheated using a hot plate for 120 s and 180 s at 350 °C before pouring liquid Al alloy. Six different pre-tinning and process parameters conditions of steel solid substrates and Al-bearing alloy were performed, as shown in Table 3.




2.3. Microstructural Evaluations


For microstructural investigation, the specimens were cut, ground, polished, and etched with a solution consisting of 0.5 mL HNO3, 0.3 mL HCl, 0.2 mL HF and 19 mL H2O. An optical microscope (OM) (Olympus GX51, Tokyo, Japan) and field-emission scanning electron microscope (FESEM) (JEOL-6300F, 5 KV) coupled with energy-dispersive X-ray spectroscopy (EDS) scanning electron microscope (SEM) was used to investigate bimetallic materials and their interfacial structure. The chemical compositions of the bimetallic interfaces were measured by energy-dispersive X-ray spectroscopy (EDS).




2.4. Mechanical Characterizations


The shear strength value of the interface of the bimetallic specimen was performed using a universal tensile testing machine (Instron 5969, Instron with a maximum load of 50 KN, Norwood, MA, USA), as discussed in a previous study, along with the dimensions of the tensile–shear specimen [30]. All shear tests were performed at a constant strain rate of 0.5 mm/min to the failure of the specimens. Three specimens were tested to determine the average shear strength value.





3. Results


3.1. Microstructure and Mechanical Properties of Starting Materials


Tension strengths and hardness’s of Al–Sn bearing alloy (110 ± 5 MPa and 36.40 ± 5.6 HRF) and carbon steel substrate (410 ± 10 MPa, 102.48 ± 9.5 HRF) used for bimetallic fabrication were measured according to (ASTM E8). Typical microstructures of the Al-bearing alloy and low carbon steel are shown in Figure 2. The alloying elements Si and Sn have limited solubility in Al at room temperature. Such elements precipitate as separate phases (Sn and Si) during the solidification process. Hence, δ-Sn and δ-Si segregate at the dendritic regions of α-Al, as shown in Figure 2a. Binary intermetal of Cu–Sn (Cu6Sn5) is also present as high aspect ratio particles. The mild carbon steel optical microstructure is shown in Figure 2b, which reveals typical ferrite and pearlite phases. Figure 2b shows a typical microstructure of the mild steel substrate used in this study. The relative proportion of ferrite (white phase) and pearlite (black phase) confirms C contents in the steel.



SEM and EDS analyses of the Al-bearing alloy are given in Figure 3. The black regions represent α-Al, whereas the white spots depict Sn, and Si precipitates. Figure 3b reveals the qualitative chemical composition of the Al matrix that is predominantly composed of Al in addition to Si, Sn, and Cu. The white regions EDS analysis reveals that Sn is the main precipitated phase in the α-Al interdendritic regions. Si phase also precipitates in a similar fashion. The needle-like phases are most likely Cu2Al and Cu6Sn5, which are shown in Figure 3a.




3.2. Effect of Casting Process Parameters


In the present study, two casting parameters were investigated that are outlined in Table 2. For both bimetals A and B, a pure tin layer was developed on the steel substrate using the tinning process. For bimetal A (designated as S0), tinning was carried out at 350 °C for 120 s. The tinned steel substrate was preheated to 350 °C for 120 s before placing it in the preheated mold (170 °C). The final step involved the pouring of molten Al-bearing alloy at 720 °C on the tinned steel substrate. The whole assembly was then allowed to cool naturally. A cross-section of the bimetal A was prepared for metallography study. Figure 4a shows the OM image of the bimetal A (S0) cross-section composed of the steel substrate, interfacial alloy layer, and Al-bearing alloy. The interfacial alloy layer morphology revealed that the adhesion between the steel substrate and Al-bearing alloy is uneven and discontinuous. This suggests marginal wetting between substrate and coating alloy that resulted in a poor interfacial bond. In Figure 4a, unbonded interfacial regions are evident. Overall, the thickness of the interfacial alloy layer is <4–5 µm. The interfacial alloy layer is most likely composed of Al–Fe (Al3Fe and Al5Fe2) intermetallic compounds, as reported by previous researchers [31].



Figure 4b shows the OM image of bimetal B (S1). A similar tinning process produced this bimetal; however, 180 s was the holding time. Moreover, 350 °C for 180 s was the preheating temperature. In addition to that, mold was preheated to 350 °C prior to pouring of the molten Al-bearing alloy at 770 °C. The solidification and samples preparation procedures were unchanged. Typical microstructures of mild carbon steel substrate and Al-bearing alloy, in addition to interfacial alloy layer, were observed, as shown in Figure 4b. Contrary to bimetal A, the interfacial alloy layer formed in bimetal B is uniform and continuous. It has been reported earlier that the FeSn2 layer formed during the tinning process [28]. The additional supplied heat facilitated molten Al mass transfer to the steel substrate through the molten Sn/FeSn2 layer. As a result, Al and Fe reacted, developing an alloy layer composed of Al3Fe/Al5Fe2 between the steel substrate and Al-bearing alloy. One study reported in the literature [32] suggested that the chemical reaction between Al and Fe is extremely fast and, therefore, is not the rate-limiting factor. However, in most cases, mass transfer of Al and Fe are the rate-limiting factors, as observed in this study.



The processing parameters significantly affected the morphology and thickness of the interfacial alloy layer. The bonded areas for both processing conditions (bimetal A and bimetal B) were calculated and are shown in Figure 5. The percentage of bonded area for bimetal B is much higher than that in bimetal A. An increase of 33% bonded area in the case of bimetal B supports the argument that diffusion of the molten Al atoms through the liquid Sn layer facilitated for homogenous and regular interfacial alloy layer.



A shear stress test is used to investigate the integrity of the interfacial alloy layer developed in a bimetal composite material. Figure 6 shows the influence of the processing parameters (Table 2) on the shear stress endurance of the interfacial alloy layer formed in the Al-bearing alloy and mild steel composite. An extraordinary difference in the shear stress–strain behavior of both processing conditions was recorded, which is evident from Figure 6. For the processing condition “A” (bimetal A), the Al-bearing alloy/mild steel composite failed at only 8 MPa shear stress with only 0.02 shear strain. However, for the processing condition “B” (bimetal B), the same bimetal composite failed at >30 MPa shear stress, with 0.11 shear strain. This is an increase of >280% in shear stress and >500% in the shear strain, which is a remarkable finding of this study.



A comparative analysis of the processing conditions A and B suggested that the bimetal fabricated adopting route B produced a regular and uniform interfacial compound layer. This resulted in a larger bonded area between the Al-bearing alloy and mild steel bimetal composite. Hence, Al-bearing alloy/mild steel composite with significantly superior mechanical properties was successfully fabricated in this study. Therefore, bimetal B was selected for further study, in which different loadings of Al2O3 nanoparticles were performed to fabricate nanocomposites interlayer bimetallic materials.




3.3. Effect of Alumina Nanoparticle-Reinforced Sn Interlayer


3.3.1. Microstructure and Interface Structure


This section outlines the influence of Al2O3 nanoparticles loadings on the morphology and microstructure of an interfacial layer structure formed between Al-bearing alloy and mild steel bimetal composite. Table 3 outlines experimental details for the development of Al2O3 nanoparticles loaded in nano bimetallic composites. Figure 7 shows OM images of the cross-sections of mild steel substrate coated with Al-bearing alloy and Sn only (S1), and with 0.25% (S2), 0.50% (S3), 1% (S4), and 1.50% (S5) Al2O3 nanoparticle-loaded Sn interlayers. It is worth noting that the interfacial layer microstructure and morphology were significantly influenced by adding the Al2O3 nanoparticles in the Sn interlayer between Al-bearing alloy coating and mild steel substrate. An increase in the interfacial layer thickness by adding Al2O3 nanoparticles was observed, as shown in Figure 7b–d. Moreover, the interfacial alloy layer formed is also regular and uniform over the entire Al-bearing and mild steel substrate interface. However, further increase in Al2O3 nanoparticles to 1.50% resulted in the uneven and irregular morphology of the interfacial layer, as shown in Figure 7e.



Change in the thickness of the interfacial intermetallic compound (IMC) layer with Al2O3 nanoparticles is shown in Figure 8. It is evident that the interfacial layer thickness increased with increasing the Al2O3 nanoparticles from 0% to 1%. A further increase in Al2O3 nanoparticles resulted in a decline in the interfacial layer thickness, as shown in Figure 8. Tikale and Prabhu [33] investigated the influence of Al2O3 nanoparticles on the wetting and mechanical properties of low Ag lead-free SAC0307 solder alloy. An increase in wetting area, microhardness, and shear strength with low addition (from 0.01% to 0.50%) of Al2O3 nanoparticles was reported. The findings of this study are in agreement with those reported in the literature [33].



It is suggested that the low addition of Al2O3 nanoparticles increased wetting of the Sn and mild steel substrate, which facilitates a better interlayer bond. Subsequently, during the casting of molten Al-bearing alloy over Al2O3 nanoparticles, the doped Sn layer facilitated the Al mass transfer to the steel substrate, where the following chemical reactions are inevitable [34,35,36,37,38]:


Fe + 2Sn = FeSn2



(1)






2Fe + 5Al = Fe2Al5



(2)






Fe + 3Al = FeAl3



(3)






Fe + Al + Si = FeAlSi



(4)







During the tinning process, Fe–Sn interfacial layer is developed. According to the Fe–Sn binary phase diagram, FeSn2, FeSn, Fe3Sn2, Fe6Sn3 are the possible phases [38]. However, FeSn2 is commonly observed in the interface of tinned steels products. FeSn2 intermetallic is stable up to 496 °C, which contains 80.95% Sn [36,38]. It was expected that the FeSn2 layer would dissolve during the pouring of liquid Al bearing alloy at 770 °C. Reaction (1) was expected during the tinning process in this study. During the pouring of the molten Al-bearing alloy over the tinned steel substrate, reactions (2) were inevitable, developing the interfacial layer. However, by increasing Al2O3 nanoparticles loadings, reaction (3) was also observed, which developed the second interfacial layer. The formation of FeAlSi IMCs according to Equation (4) was also possible, which has also been reported by earlier studies [31]. At low Al2O3 nanoparticles loading, there is an increase in interfacial layer growth because nanoparticles are most likely embedded within the interfacial layer structure. However, at higher Al2O3 nanoparticles loading, agglomeration obstructs the interfacial layer growth. As a result, the interfacial layer is irregular and less thickened. An optimum Al2O3 nanoparticles loading of a maximum of 0.25% is one of the key findings of this study. Elemental mapping of the Al-bearing alloy and mild steel bimetal cross-section in the case of pure Sn interlayer was obtained through the EDS analysis, which is presented in Figure 9. An SEM–SEI image of a cross-section showing Al-bearing alloy, interfacial layer, and mild steel substrate is given in Figure 9a. The corresponding elemental maps of Al, Si, Fe, and Sn are shown in Figure 9b–e.



It is clear that Al-bearing alloy is composed of Al, Si, and Sn, and steel substrate is composed of Fe, as expected. Additionally, it is evident from Figure 9 that the interfacial layer contains Al, Fe, and Si, with Sn segregation within the interlayer region. There is evidence of FeAlSi and Sn intermetallic particles but is difficult to distinguish at this stage.



EDS analysis was used to obtain interfacial layer point analysis, shown in Figure 10, Figure 11 and Figure 12. Interfacial layer point analysis, shown in Figure 10b,c, corresponds to points 1 and 2, shown in Figure 10a. Al, Si, Fe, and Sn are the main components of the interfacial alloy layer. It is worth noting that the chemical composition of the interfacial alloy layer is uniform entirely. Therefore, it is suggested that the entire interfacial layer is composed of only one type of Al5Fe2/α-AlFeSi IMCs particles. Such Fe-based IMCs particles have been reported in the Al–Zn–Si coating alloy [34].



Generally, FeAl3 and Fe2Al5 are common IMCs phases observed in the Al and –Zn–Si coated steel products. Fe5Si2Al20 phase has been reported in the literature [31,32,33], which formed in the case of poorly coated steel samples. It is suggested, based on the point analysis, that the interfacial alloy is composed of FeAl3 or α-FeAlSi phase (Table 4). EDS analysis of Points 3 and 4 of Figure 10d are shown in Figure 10e,f. Similar to S0, the interfacial alloy layer is composed of only one type of IMCs, which is most likely Al4.5SiFe, in addition to Al2O3 nanoparticles. The highly charged white spots in Figure 10d are Al2O3 nanoparticles that are embedded within the interfacial layer.



The interfacial layer of samples S3 and S4 SEM–SEI images and EDS point analysis are shown in Figure 11. Surprisingly, two interfacial layers were observed by increasing Al2O3 nanoparticles from 0.25% to 0.50% and above. Interfacial layer 1 was formed between the steel substrate and interface layer 2, which was formed between Al-bearing alloy and interface layer 1, as shown in Figure 11a. The interfacial alloy layer 1 is most likely FeAl3 based on the EDS and Fe–Al binary phase diagram. It should be noted that Si plays a significant role in altering the crystallography of Al3Fe, and hence, α-Al8Fe2Si IMC is possible in layer 1. The interfacial alloy 2 is Al5Fe2 and Al8Fe2Si, as given in Table 4. Previous researchers have reported the formation of Al3Fe adjacent to the steel surface and Al5Fe2 adjacent to the Al–Zn–Si coating alloy [39]. FeAlSi (α-Al8Fe2Si/α-Al167.8Fe44.9Si23.9 IMC precipitation is also inevitable in the Al-bearing alloy containing Si [26]. In addition to the formation of two interfacial layers, Al2O3 nanoparticles are also present within the layers, added initially in the Sn interlayer.



Figure 12 shows SEM–SEI and EDS analysis of the mild steel/Al-bearing alloy composite containing 1.50% Al2O3 nanoparticles in the Sn interlayer. Similar to samples S3 and S4, two interfacial alloy layers were observed in this sample (S5). AlFe3 and α-AlFeSi IMCs are dominated in interface layer 2, and Al5Fe2 and α-AlFeSi are found in interface layer 2, which is adjacent to the Al-bearing alloy. Additionally, Al2O3 nanoparticles agglomerates and Sn precipitates (point 9) were also observed, as shown in Figure 12. Microcracks formation at the interfacial boundary layers 1 and 2 interface is yet another microstructural feature observed in this study, as shown in Figure 11d and Figure 12a. A similar microcracks formation has been reported in the literature [40] during the study of 316 L stainless steel immersion in the Al–Zn–Si coating alloy. The interfacial layers formed are hard and brittle phases and hence tend to fracture at their interfaces [40]. This is one of the key parameters that contribute to the bottom dross build-up in a galvanizing bath.




3.3.2. Interfacial Mechanical Properties


The interfacial strength of the mild steel/Al-bearing alloy composites with various types of Sn + Al2O3 nanoparticles interlayers was analyzed with a shear test. Figure 13 shows all samples (S0 to S5) shear strength plots. A drastic increase in the shear strength by improving the processing parameters is evident, improving the shear strength from ~8 to ~30 MPa (S0 and S1). The regular and uniform interfacial layer development is responsible for the improved shear strength. Moreover, shear strength increased by adding Al2O3 nanoparticles in the Sn interlayer, as observed for S3. A low Al2O3 nanoparticles addition in the Sn interlayer improved wetting between the mild steel substrate and Al-bearing alloy. Eventually, the shear strength of the bimetal composite containing Sn + 0.25% Al2O3 nanoparticles increased by ~6%. Further increase in the Al2O3 nanoparticles loading did not result in the same effect and even decreased the shear strength, as shown in Figure 13. By increasing Al2O3 nanoparticles loading to 0.50%, shear strength declined by 43%. Two factors are responsible for the decline in the shear strength of high Al2O3 nanoparticles bimetal composites: (1) uneven Al2O3 nanoparticles distribution and agglomeration in the interfacial layer and (2) development of two types of interfacial layers. Both of these factors significantly reduced the shear strength of the high Al2O3 nanoparticle-loaded bimetallic composites. During mechanical loading, Al2O3 nanoparticles agglomerates act as weak regions, where localized stress exceeds the fracture strength of the interfacial IMC layer. In addition to that, two IMC interfacial layers formation is not recommended for better integrity of the mild steel/Al-bearing alloy bimetallic composite. As reported earlier, interfacial layers are much harder and brittle, compared with the substrate and coating alloy, hence observing different mechanical behavior under applied load. The modulus of elasticity for mild steel substrate, interfacial layers (1,2), and Al-bearing alloy are different. Moreover, microcracks development between interfacial layers 1 and 2 are also a weak point that can facilitate earlier failure, hence lowering the shear strength.



Table 5 summarizes the shear strength of the steel and Al bimetal composite having various interlayer materials and casting processes. The Sn and Sn + 0.25%Al2O3 nanoparticles interlayer mild steel/Al-bearing alloy bimetal composite showed comparable shear strength with the Zn + 0.2% Bi interlayer Fe/Al bimetallic composites. Much higher shear strength of mild steel/Al-bearing alloy was obtained in this study, compared with most of the similar bimetal composites, as outlined in Table 5.






4. Conclusions


In the present study, a steel/Al-bearing alloy bimetallic composite was developed with different loadings of Al2O3 nanoparticles. The tinning process was optimized prior to the loading of Al2O3 nanoparticles for better interfacial alloy development. The following features were the key findings of this study:




	
The interfacial layer developed during tinning was composed of FeSn2 that was stable up to a temperature of 496 °C [37]. In the case of low mold preheating (170 °C) and molten Al-bearing alloy (720 °C), the interfacial layer was irregular and not fully coherent and continuous. However, by increasing the mold’s preheating temperature to 350 °C and Al-bearing alloy melting temperature to 770 °C, a regular, coherent, and continuous interfacial layer was successfully developed.



	
An increase in Al-bearing alloy pouring temperature and mold preheat potentially dissolved the FeSn2 layer. Consequently, mass transfer of the Al to the steel substrate increased, leading to the formation of a regular and continuous interfacial layer. The interfacial layer formed between the steel/Al-bearing composite was composed of Al5Fe2, in agreement with previous studies.



	
By improving the process parameters, the shear strength of the steel/Al-bearing alloy surprisingly increased by 500%. The increase in the shear strain was 280%, which is also an extraordinary finding of this study.



	
Further increase in the shear strength was recorded by loading 0.25% Al2O3 nanoparticles in the Sn layer, and the findings are in agreement with the previous studies.



	
Higher Al2O3 nanoparticles loadings (0.50% to 1.50%) are not recommended due to Al2O3 nanoparticles agglomerations between the interfacial layer and Al-bearing coating. Such microstructural discrepancies are sources of failure in materials, as they act as stress raiser points during loading.



	
Two types of interfacial layers composed of AlFe3 and Al5Fe2 were observed by increasing Al2O3 nanoparticles loadings to 0.50% and beyond. Heat accumulation and coating time are two key factors that facilitate the development of two layers instead of one. Moreover, AlFe3 formed adjacent to the steel substrate, and Al5Fe2 formed close to the Al-bearing alloy.
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Figure 1. Aluminum/steel bimetal casting: (a) steel substrate after cutting; (b) steel substrate after grinding; (c) steel substrate after tinning; (d) tinned steel substrate was inserted into the metallic mold; (e) fabricated bimetallic casting; (f) molten Al alloy was poured into the metallic mold. 
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Figure 2. Microstructures of (a) Al-bearing alloy and (b) steel substrate, used for preparing bimetallic casting. 
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Figure 3. (a) SEM images of Al-bearing alloy and (b,c) graphical presentation of EDS microanalysis of the matrix (area 1) and precipitates (area 2). 
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Figure 4. OM image of bimetal composites: (a) bimetal A and (b) bimetal B. 
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Figure 5. Bonded area in the samples S0 and S1. 






Figure 5. Bonded area in the samples S0 and S1.



[image: Crystals 12 00324 g005]







[image: Crystals 12 00324 g006 550] 





Figure 6. Effect of processing parameters on interfacial shear stress of Al-bearing alloy/carbon steel bimetallic composites, S0 and S1. 
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Figure 7. Cross-section microstructures of aluminum/steel bimetal with substrate pre-tinning using different interlayer composition: pure tin (S1) (a), tin with 0.25 wt.% (b), 0.50 wt.% (c) 1.00 wt.% (d), and 1.50 wt.% (e) (S2–S5) alumina nanoparticles, respectively. 
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Figure 8. Plot of interfacial IMCs layer thickness for different bimetal castings prepared in this study. 
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Figure 9. (a) SEM images of interfacial aluminum/steel bimetal using pure tin interlayer (S1) and (b–e) mapping analysis of Al, Si, Fe, and Sn elements, respectively. 
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Figure 10. SEM micrographs and EDS from Al-bearing alloy/steel bimetallic composites: (a) SEM for bimetal with Sn interlayer (specimen 0); (b,c) EDS analysis of points 1 and 2 in (a), respectively; (d) SEM for bimetal with Sn + 0.25% Al2O3 nanoparticles interlayer (specimen 1); (e,f) EDS analysis of points 3 and 4 in (d), respectively. 
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Figure 11. SEM micrographs and EDS from Al-bearing alloy/steel bimetallic composites: (a) SEM for bimetal with Sn + 0.50% Al2O3 nanoparticles interlayer (specimen 3); (b,c) EDS analysis of points 5 and 6 in (a), respectively; (d) SEM for bimetal with Sn + 1.00% Al2O3 nanoparticles interlayer (specimen 4); (e,f) EDS analysis of points 7 and 8 in (d), respectively. 
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Figure 12. SEM micrographs and EDS from Al-bearing alloy/steel bimetallic composites: (a) SEM for bimetal with Sn + 1.50% Al2O3 nanoparticles interlayer (specimen 5); (b,c) EDS analysis of points 9 and 10 in (a), respectively. 
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Figure 13. Interfacial shear strength of mild steel/Al-bearing alloy composites (S0 to S5). 
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Table 1. Chemical composition of the carbon steel substrate, wt.%.
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	Chemical Composition
	C
	Sn
	Si
	Mn
	Cu
	Cr
	Ni
	Al
	Fe





	Al-bearing alloy
	-
	12
	4
	
	1
	-
	-
	Bal.
	-



	Steel substrate
	0.14
	-
	0.30
	0.41
	0.20
	0.14
	0.09
	-
	Bal.
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Table 2. Process parameters for two different bimetal castings groups.
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Casting Process Designation

	
Tinning Process

	
Tinned Steel Preheating

	
Pouring Temp. °C

	
Mould Preheating




	
Temp, °C

	
Time, s

	
Temp, °C

	
Time, s

	
Temp, °C

	
Temp, °C






	
Bimetal A

	
350

	
120

	
350

	
120

	
720

	
170




	
Bimetal B

	
350

	
180

	
350

	
180

	
770

	
350
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Table 3. Pre-tinning interlayer and processing conditions of the steel solid substrate and Al-bearing alloy for six specimens.
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	S.N.
	Pre-Tinning and Process Parameters Conditions





	Specimen 0 (S0)
	Bimetal with Process parameters A using pure Sn interlayer, bimetal A



	Specimen 1 (S1)
	Bimetal with Process parameters B using pure Sn interlayer, bimetal B



	Specimen 2 (S2)
	Bimetal with Process parameters B using Sn + 0.25 alumina nanoparticles interlayer



	Specimen 3 (S3)
	Bimetal with Process parameters B using Sn + 0.50 alumina nanoparticles interlayer



	Specimen 4 (S4)
	Bimetal with Process parameters B using Sn + 1.00 alumina nanoparticles interlayer



	Specimen 5 (S5)
	Bimetal with Process parameters B using Sn + 1.50 alumina nanoparticles interlayer
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Table 4. Results of EDS analysis for points indicated in Figure 6, Figure 7 and Figure 8.






Table 4. Results of EDS analysis for points indicated in Figure 6, Figure 7 and Figure 8.





	
Point No.

	
Sample No.

	
Element Compositions (at. %)

	
Interface Layers Nos.

	
Interface Component




	
Al

	
Fe

	
Si

	
Sn

	
O






	
1

	
1

	
67.51

	
18.25

	
13.93

	
0.31

	
-

	
1

	
Fe2Al5, Al8Fe2Si




	
2

	
65.70

	
21.59

	
12.60

	
0.10

	
-




	
3

	
2

	
66.48

	
13.53

	
11.69

	
0.83

	
7.47

	
1

	
Al4.5SiFe, Al2O3




	
4

	
66.55

	
16.34

	
12.87

	
0.15

	
3.93




	
5

	
3

	
65.34

	
17.56

	
13.39

	
-

	
3.71

	
2

	
Fe2Al5, Al8Fe2Si, Al2O3




	
6

	
67.02

	
22.65

	
6.01

	
-

	
4.17

	
FeAl3, Al2Fe3Si3, Al2O3




	
7

	
4

	
64.72

	
19.11

	
11.27

	
-

	
4.89

	
2

	
Fe2Al5, Al8Fe2Si, Al2O3




	
8

	
59.40

	
23.36

	
9.52

	
-

	
7.71

	
FeAl3, Al2Fe3Si3, Al2O3




	
9

	
5

	
52.01

	
02.45

	
3.59

	
10.9

	
30.42

	
2

	
Sn, Al2O3




	
10

	
65.73

	
17.17

	
12.21

	
0.30

	
4.60

	
Fe2Al5, Al8Fe2Si, Al2O3
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Table 5. Reports on the shear property of Al/Fe bimetallic composites for different interlay materials and deposition processes in the literature.
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Interlayer Material

	
Shear Stress, MPa




	
Deposition Process




	
Hot Dipping

	
Electroplating

	
Direct Tinning






	
Brass

	
-

	
17.5 [41]

	
-




	
Al − 7.2 wt.% Si

	
08.5 [42]

	
-

	
-




	
Pure Zn

	
16.0 [42]

	
20.0 [23]

	
-




	
Zn + 0.2 wt.% Bi

	
32.0 [42]

	

	




	
Pure Sn

	
-

	
-

	
06.75 [28]




	
Pure Sn (process parameter B)

	
-

	
-

	
30.25 [this study]




	
Sn + 0.25% Al2O3 Nanoparticles

	
-

	
-

	
32.03 [this study]
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