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Abstract

:

Aluminum and aluminum alloys have the advantage of a high strength-to-weight ratio, but their low hardness and poor wear resistance often cause wear damage. In the present study, the cladding layer was prepared using argon-shielded arc cladding of CuZn40-WC powders which were pre-coated on a pure aluminum substrate. The effects of WC proportion on the morphology, microstructure, and properties of cladding layers were investigated in detail. The results indicated that the optimal WC proportion in CuZn40-WC powders was 60 wt.%. With the increase of WC proportion, although the morphology of the cladding layer became slightly worse, the surface quality of the cladding layer was acceptable for industrial application until the WC proportion was 80 wt.%. Meanwhile, the top width and maximum depth of the cladding layer decreased. The maximum microhardness and optimal wear resistance of the cladding layer were 4.5 and 2.5 times that of the aluminum substrate, respectively. The increased microhardness and wear resistance were mainly attributed to the formation of Al4W in the cladding layer. The wear scar of the high wear resistance specimen was smoother and some bulk Al4W compounds were clearly observed on the wear surface.
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1. Introduction


Due to the demands for lightweight, energy-saving, and environmentally friendly materials, aluminum and aluminum alloys are increasingly applied in mechanical engineering, automobile, rail traffic, aerospace, shipping, and other industrial fields [1,2,3]. However, the shortcomings of a poor wear resistance, low strength, and low melting point have limited their extensive application. For example, high hardness, wear resistance, and high temperature resistance are required for cylinder and friction pair parts, and an aluminum alloy is difficult to apply. Therefore, improvement of the wear resistance and high temperature resistance of aluminum alloy surfaces has become an important issue [4,5,6].



At present, laser and arc heat sources are mainly used for the surface strengthening and treatment of aluminum and aluminum alloys. Ravi et al. [7] studied laser surface alloyed aluminum with Ni-Cr powder. The results showed that metallurgical bonding was formed between the cladding layer and the substrate without crack defects, and the microhardness of the cladding layer increased with the increasing Cr concentration. Ye et al. [8] prepared an Fe-Al intermetallic coating on an aluminum alloy substrate by laser cladding, and the composite cladding layer consisted of α-Al, FeAl, FeAl3, Fe2Al5, and Fe3Al phases. Compared with the aluminum substrate, the microhardness of the cladding layer was greatly improved, and the maximum hardness reached up to 890 HV. Jendrzejewski et al. [9] performed laser cladding of SiC and WC powders on an aluminum alloy by synchronous powder feeding, and the cladding layers had no defects and were more wear and corrosion resistant than the aluminum alloy substrate. Ouyang et al. [10] conducted laser cladding of yttria partially stabilized ZrO2 (YPSZ) ceramic coatings on three different aluminum alloys (AlSi9Cu3, AlZn10Si8Mg, and AlSi10Mg alloys), and ZrO2 ceramic coatings with a low dilution ratio and high hardness were obtained, but there were pore and crack defects. Man et al. [11] put forward a process to prepare a composite layer on a 6061 aluminum alloy by laser cladding technology. The pre-coated Ti-C-W-WC mixed powders were laser cladded using a coaxial nozzle to synchronously feed Ni-Al-Al2O3 mixed powders, and the Ni-Al-based composite layer was obtained by in-situ synthesis of TiC and WC particles. Nath et al. [12] achieved laser surface alloying of commercially pure aluminum with WC-Co-NiCr powders. The alloyed layer without defects and a uniform microstructure was successfully prepared under the optimum process parameters, and the microhardness of the alloyed layer was greatly increased compared with the aluminum substrate. Although the application of laser cladding on aluminum and aluminum alloys is very popular, it is also limited because of the easy occurrence of pore and crack defects, as well as the high cost of laser equipment and operating. Arc cladding technology has the advantages of being low-cost and easy to operate, and having a high production efficiency, and thus has gradually become one of the choices for aluminum alloy surface cladding [13,14,15]. Lotfi et al. [16] used the tungsten inert gas (TIG) welding process to fabricate an Al-Si/SiCp composite layer on an aluminum substrate with Al, Si, and SiC mixed powders. They found that the SiC particles distributed evenly on the aluminum matrix and the hardness and wear resistance of the cladding layer was improved with the additional silicon, due to the formation of eutectic silicon particles. Tang et al. [17] prepared TiC particles in the cladding layer of a 1060 Aluminum alloy by an in-situ synthesis method using an argon-shield arc heat source. Good metallurgical bonding was formed between the cladding layer and the substrate, with a large current parameter and without pore or crack defects. The cladding layer was composed of α-Al, TiC, and a small amount of Al3Ti and Al4C3. However, to date, research on argon-shield arc cladding of aluminum alloys is limited.



In previous literature, aluminum surface strengthening was mostly limited to aluminum alloys. Compared with aluminum alloys, pure aluminum is lighter weight, and displays better heat transfer, conductivity, and corrosion resistance, but its hardness and strength are lower, so it has a greater requirement for surface strengthening. Therefore, pure aluminum was chosen as the substrate material in the present study. The cladding materials used for the surface modification of aluminum and aluminum alloys were mainly Ni-based, Cu-based, and Fe-based alloy powders with a certain amount of ceramic phase powders, such as Al2O3, SiC, TiC, and WC [18,19,20,21]. On the basis of good wettability between the Cu-Zn alloy and WC, and good wettability and compatibility between the Cu-Zn alloy and Al, CuZn40-WC mixed powders were employed to prepare cladding layers on the pure aluminum substrate using the argon-shield arc technique. The effects of the composition of CuZn40-WC mixed powders on the morphology, microstructure, and properties of cladding layers were investigated in detail.




2. Materials and Methods


In the present study, the pure aluminum plate was used as the substrate, with dimensions of 60 mm × 25 mm × 8 mm. As shown in Figure 1, the microstructure of the pure aluminum substrate displays a distinct grain and grain boundary, and the X-ray diffractometer (XRD) analysis indicates that the pure aluminum substrate is only comprised of an α-Al phase. The cladding material is CuZn40 and WC powders, and the scanning electron microscopy (SEM) images are shown in Figure 2. The average size of CuZn40 powder is 20 μm, and the average size of WC powder is 2 μm.



Firstly, the pure aluminum plates were sanded with SiC sandpaper to remove the oxide film, and were then wiped with acetone to remove oil and debris. The CuZn40 powder and WC powder with different proportions were mixed evenly, and the proportion of WC powder in the CuZn40-WC mixed powders ranged from 0 to 80%. The CuZn40-WC powders were pre-coated in pure aluminum substrate with a 0.6 mm thickness. The powder pre-coating method was as follows: a mould with dimensions of 60 mm × 15 mm × 0.6 mm was placed on the substrate surface, and the powders then were placed and filled within the mould; secondly, a proper amount of sodium silicate solution was poured into the powders to bond them together and adhere them to the substrate surface; finally, the samples were dried naturally for 24 h and put into the oven at 100 °C for 2 h, and then cooled to room temperature for later use. The argon-shielded arc provided by a direct current using the WP-300 Tungsten Inert Gas (TIG) welding machine was employed to clad the pre-coated CuZn40-WC powders and prepare the cladding layer on the pure aluminum substrate. During the arc cladding process, the tungsten pole and specimen were connected to the negative and positive terminals of the welding power source, respectively. The schematic diagram of the argon-shielded arc cladding process is shown in Figure 3. The main parameters of the argon-shielded arc cladding process are listed in Table 1.



After cladding, the samples were transversely sectioned, and then mounted, polished, and etched for microstructure observation. The etch solution consisted of 1 ml HCl, 1 ml HF, and 8 ml H2O. The optical microscope (Axio Scope.A1, ZEISS, Jena, Germany) and scanning electron microscope (SEM) (JXA-840, JEOL, Tokyo, Japan) with an energy dispersive spectrometer (EDS) were employed to observe the microstructure characteristics and to analyze the chemical compositions. The EDS analysis was performed using a 20 kV accelerating voltage, 35 μA emission current, and 10.5 mm working distance, and the images were obtained in the secondary electron imaging mode. The phase structure was measured using an X-ray diffractometer (XRD) (D/MAX-2500PC, Rigaku, Tokyo, Japan) machine and the main operating parameters included a 40 kV voltage, 250 mA current, Cu Kα radiation, 0.02° angle step-length, and 4°/min scanning rate. The microhardness was measured on the cross-section of the cladded specimen by the hardness testing machine (Everone MH-3, Everone Enterprises, Ltd., Nanjing, China) and the load and load time were 100 g and 10 s, respectively. The specimens with dimensions of 5 mm × 5 mm × 8 mm (wear test surface was 5 mm × 5 mm, and holding height was 8 mm) were prepared to conduct the wear experiment at room temperature. The two-body abrasive experiment was performed using an abrasive wear test machine (ML-100, Jinan Jingcheng Testing Technology Company, Jinan, China) and the schematic diagram of the wear experiment is indicated in Figure 4. Six-hundred-grit SiC sandpaper was employed as a friction counterpart and the constant normal load was 3 N. Each wear test was performed with the same stroke of 20 m. The wear resistance was evaluated according to the weight loss of the wear specimen. Finally, the wear surface was observed by the SEM-JXA840.




3. Results and Discussion


3.1. Morphology of Cladding Layer


The morphology of the typical cladding specimen is shown in Figure 5. The cladding layers are all gray except for that prepared with 100% CuZn40 powder, which is yellow (the color of Al-Cu-Zn alloy). When the CuZn40 proportion in the mix powders was large, the cladding layer was very smooth, but as the WC proportion was increased, spherical particles, voids, and poor fusion defects appeared on the cladding layer surface. Because of the low melting point of CuZn40 powder (967 °C) and the high mutual solubility between Cu, Zn, and Al, the CuZn40 powder was prone to melt and dissolve with aluminum or produce a small amount of compounds, and so the flow of the melting pool was relatively stable during the cladding process with the high CuZn40 proportion powders. Owing to the high melting point of WC powder (2870 °C), a large part of WC powders was not melted by the arc and moved to the melting pool, which resulted in an unstable flow of the melting pool and in defects during the cladding process with the high WC proportion powders. Although the morphology of the cladding layer deteriorated slightly with increasing WC proportion, the surface quality of the cladding layer would be acceptable for industrial application until the WC proportion was 80 wt.%. The surface of the cladding layer should then be performed with fine grinding for subsequent industrial application. Figure 6a shows the typical morphology of the cladding layer cross-section. The top width (W) and maximum height (H) of the cladding layer were used to evaluate the effect of the composition proportion of CuZn40-WC powders on the cladding layer morphology. On the whole, the top width (W) and maximum height (H) of the cladding layer decreased with increasing WC proportion in the CuZn40-WC powders, as shown in Figure 6b. While the WC proportion was no more than 40 wt.%, the decreases of W and H were obvious with the increase of WC proportion, and subsequently became relatively constant. In this study, the parameters of the argon-shielded arc were constant, namely, the total heat input was constant. Therefore, while the WC proportion in CuZn40-WC powders was smaller, the argon-shielded arc heat was mostly used for the melting of CuZn40 powder and aluminum substrate, which resulted in larger W and H. While the WC proportion in CuZn40-WC powders was larger, more heat was expended to melt the CuZn40 powder and in particular the WC powder, and the aluminum substrate exhibited less melting. Consequently, the W and H became smaller.




3.2. Microstructure of Cladding Layer


The microstructures of the cladding layers prepared by the argon-shielded arc cladding of the CuZn40-WC powders with different proportion components are indicated in Figure 7. While the cladding powder was 100 wt.% CuZn40 powder, the microstructure of the cladding layer was homogeneous, which was similar to that of the aluminum substrate, as shown in Figure 7a, and the cladding layer was comprised of α-Al solid solution (containing Cu and Zn elements) and a small amount of Al-Cu compound. While the low proportion (≤30 wt.%) of WC powder was mixed with CuZn40 powder and used to clad, the cladding layers were also mainly comprised of α-Al solid solution. However, there were small amounts of agglomerated CuZn40 and WC powders in the cladding layers, as shown in Figure 7b. Figure 8 shows the SEM microstructure and EDS analysis results of line scanning in the typical local zone of Figure 7b. The results indicated that there were large amounts of W and Zn elements and small amounts of Cu and Al elements, which should be melted CuZn40 powder and non-melted WC powder infiltrated with a small amount of aluminum melt at point A. At point B, there was a large amount of Al and a small amount of W element, which was an Al-W compound with a maximum size of around 8 μm. Point C should be located at the grain boundary of the α-Al solid solution, which contained a large amount of Al and Cu elements and represents the low melting point eutectic compound of Al-Cu.



While the WC proportion increased to 60 wt.%, the cladding layer mainly consisted of the α-Al matrix and many bulk Al4W compounds, as shown in Figure 7c and Figure 9. Figure 10 displays the SEM image and EDS results of the cladding layer prepared with 40 wt.% CuZn40 and 60 wt.% WC powders. The results showed that there were large amounts of Al and W elements at point “a” and point “d”, and so the lath and bulk structures were an Al4W compound. Meanwhile, a large amount of Al and Cu elements existed at point “b” and point “c” located on the grain boundary of the α-Al matrix, and were Al-Cu and Al-Cu-Zn compounds. During the argon-shielded arc cladding process with high WC proportion powders (e.g., ≥60 wt.%), only small parts of WC powders were heated, melted, and decomposed, which then constantly dissolved and diffused into the matrix, and reacted with Al and other elements. Because of the substantial difference in the density, melting point, and poor wettability between the liquid Al and C, the Al-C compound (Al4C3) was not found in the cladding layer. The Al and W can react to form a variety of Al-W compounds, such as Al7W3, Al77W23, Al12W, Al5W, and Al4W, and the minimum Gibbs free energy required to form different Al-W compounds is Al4W. Namely, Al4W is the most easily generated Al-W compound when the W content satisfies the formation conditions [22,23]. When the WC proportion was 60 wt.%, the composition in most of the melt pool regions satisfied the formation conditions of the Al4W compound, and thus there were a large number of Al4W compounds with a maximum size of around 35 μm in the cladding layer.



When the WC proportion increased to 80 wt.%, the cladding layer was mainly comprised of α-Al solid solution and bulk Al4W compound, and the maximum size of Al4W was around 60 μm, as shown in Figure 7d. However, because of the poor wettability between high WC proportion powders and the aluminum matrix, the quantity of WC powder entering the cladding molten pool decreased, resulting in a decrease of the quantity of Al4W compound.




3.3. Microhardness


The microhardness experiments were carried out on a cross-section of the cladding layer, and the schematic diagram of microhardness test is shown in Figure 11. The average microhardness values of the cladding layers prepared using the different WC proportions are indicated in Figure 12. During the microhardness test, when there was a small amount of agglomerated CuZn40-WC powders and non-molten WC powder in the cladding layers, the individual microhardness values were higher than 1100 HV0.3 due to the existence of WC particles which had a very high hardness. Because the ultra-high microhardness values were individual and were in the minority, they were not included in the calculation of the average microhardness values of the cladding layers. As shown in Figure 12, compared with the aluminum substrate (27 HV0.3), the average microhardness values of the cladding layers all increased. As the WC proportion increased from 0 to 60 wt.%, the microhardness of the cladding layer increased and reached a maximum value of 122 HV0.3, which was 4.5 times that of the aluminum substrate. However, as the WC proportion continued to increase, the microhardness of the cladding layer decreased slightly. According to the microstructure analysis of the cladding layer described in Section 3.2, as the WC proportion was increased, the strengthening phases (especially Al4W) in the cladding layers gradually increased. Therefore, the improvement of the microhardness was mainly attributed to the increase of the strengthening phases in the cladding layer.




3.4. Wear Resistance


Wear resistance was carried out by the abrasive wear test, as described in Section 2. Five specimens prepared by each of the CuZn40-WC mixed powders were performed on the wear resistance test, and the average value of weight loss was obtained to evaluate the wear resistance of the cladding layer. The effect of the WC proportion on the weight loss of the wear resistance specimen is shown in Figure 13. The results show that the greatest weight loss was the aluminum substrate, indicating that all cladding layers had a better wear resistance than the pure aluminum substrate. The weight loss of the cladding layer decreased substantially with increasing WC proportion and decreased to the minimum at 60 wt.%. When the WC proportion continued to increase, the weight loss increased. It is well-known that the smaller the weight loss of a specimen is, the better its wear resistance is. Therefore, when the WC proportion was 60%, the wear resistance of the cladding layer was optimal, which was 2.5 times that of the aluminum substrate. The results of the wear resistance test correspond to the effect of the WC proportion on microstructure and microhardness; that is, the larger the size and quantity of the compound strengthening phase (especially Al4W) in the cladding layer, the better the wear resistance.



The wear morphology indicates the wear resistance and wear mechanism of specimens. The morphology of abrasive wear is mainly furrow and some concave pits were formed by the separation of material. The smaller the quantity of furrows and shallow concave pits, the better the wear resistance [24]. Figure 14 shows the typical wear morphology of the aluminum substrate and some cladding layers. The wear specimen of the aluminum substrate had many furrow wear scars, which were wider and deeper than those in the cladding layers. According to Figure 13 and Figure 14, the better the wear resistance of the specimen, the fewer furrow wear scars and concave pits, and the smaller the depth and width, which were consistent with the microhardness and weight loss results. The cladding layers prepared with high WC proportion powders had a good wear resistance, and their wear surfaces had some bulk particles, as shown in Figure 14c,d. Energy dispersive spectrometer analysis was carried out on particle I and particle II. The EDS results are given in Table 2, which indicates that the bulk of the particles are an Al4W compound. The Al4W particle has a high hardness, and the improvement in wear resistance is attributed to the existence of a large number of Al4W particles, as shown in Figure 14c.





4. Conclusions


In this study, the argon-shielded arc was employed to clad the CuZn40-WC powders on a pure aluminum substrate to prepare a composite cladding layer, and the effects of powder composition on the microstructure and properties of the cladding layer were investigated. The main conclusions are as follows.



With the constant cladding process parameters and an increase in the WC proportion in CuZn40-WC powders, the morphology of the cladding layer could be accepted for industrial application when the WC proportion was below 80 wt.%, and the top width and maximum depth of the cladding layer decrease. This is because, when the WC proportion was high, more heat was expended to melt the WC powder, and the wettability between the melted powder and aluminum substrate was poor.



During the argon-shielded arc cladding process, most of the pre-coated powders were melted by arc heating and several were agglomerated and then mixed with the molten aluminum substrate. When the WC proportion was less than 60 wt.%, the cladding layer was mainly composed of α-Al solid solution, a small amount of Al4W compound, and agglomerated CuZ40-WC powders. When the WC proportion was greater than or equal to 60 wt.%, the cladding layer was mostly comprised of α-Al and a large number of Al4W existed in shapes of lath and bulk. With an increased WC proportion, the quantity and size of the Al4W compound increased, and the morphology of the Al4W transited from granular to lath and bulk. When the WC proportion was increased to 80 wt.%, the maximum size of the Al4W compound could be up to 60 μm.



With the increase of WC proportion in the pre-coated powders, the microhardness and wear resistance of the cladding layer all increased at first and then decreased slightly. When the WC proportion was 60 wt.%, the microhardness and wear resistance reached their maximum. The maximum average microhardness of the cladding layer was 122 HV0.3, which was 4.5 times that of the pure aluminum substrate. The optimal wear resistance of the cladding layer was 2.5 times that of the substrate. The wear scar of high wear resistance specimen was smoother and some bulk Al4W compounds were clearly observed on the wear surface.



The cladding layer on the aluminum substrate with a high wear resistance was successfully prepared using the argon-shielded arc cladding process with 40 wt.% CuZn40 plus 60 wt.% WC mixed powders. The present research results provide a new technology for aluminum surface strengthening, which would help to promote the wider application of aluminum in engine piston-cylinder parts, the drill pipe of a pumping unit, armature-guide rail parts of electromagnetic railgun launch, and other industrial fields, because of its high quality, low cost, and high efficiency.
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Figure 1. Pure aluminum substrate: (a) Microstructure; (b) X-ray diffractometer (XRD) pattern. 
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Figure 2. Scanning electron microscopy (SEM) images of the powders: (a) CuZn40; (b) WC. 
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Figure 3. Schematic diagram of the argon-shielded arc cladding process. 
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Figure 4. Schematic diagram of the wear experiment. 
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Figure 5. Morphology of cladding layer: (a) 100 wt.% CuZn40; (b) 30 wt.% CuZn40 + 70 wt.% WC; (c) 50 wt.% CuZn40 + 50 wt.% WC; (d) 30 wt.% CuZn40 + 70 wt.% WC; (e) 20 wt.% CuZn40 + 80 wt.% WC. 
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Figure 6. Morphology of the cladding layer cross-section: (a) Typical morphology; (b) effect of WC proportion in CuZn40-WC powders on cladding layer cross-section. 
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Figure 7. Microstructure of the typical cladding layer: (a) 100 wt.% CuZn40; (b) 70 wt.% CuZn40 + 30 wt.% WC; (c) 40 wt.% CuZn40 + 60 wt.% WC; (d) 20 wt.% CuZn40 + 80 wt.% WC. 
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Figure 8. Energy dispersive spectrometer (EDS) results of line scanning in the local zone of Figure 7b. 
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Figure 9. XRD analysis results of the cladding layer prepared with 60 wt.% WC powders. 
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Figure 10. (a) SEM image; (b) EDS results of the cladding layer prepared with 60 wt.% WC powders. 
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Figure 11. Schematic diagram of the microhardness test. 
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Figure 12. Effect of WC proportion on the average microhardness values of cladding layers. 
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Figure 13. Weight loss of the Al substrate and different cladding layers. 
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Figure 14. Wear morphology of the aluminum substrate and cladding layers prepared with different powders: (a) Substrate; (b) 60 wt.% CuZn40 + 40 wt.% WC; (c) 40 wt.% CuZn40 + 60 wt.% WC; (d) 20 wt.% CuZn40 + 80 wt.% WC. 
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Table 1. Main parameters of the argon-shielded arc cladding process.
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	Electrode Diameter (mm)
	Cladding Current (A)
	Cladding Velocity (mm/s)
	Flowing Velocity of Argon (L/min)





	2.4
	160
	2.8
	10
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Table 2. The EDS results of particle I and particle II.






Table 2. The EDS results of particle I and particle II.





	Element (at.%)
	Particle I
	Particle II





	Al
	76.43
	78.59



	W
	21.62
	20.35



	Cu
	0.83
	0.26



	Zn
	1.12
	0. 77
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