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Abstract

:

The influence of heat treatment on the coating microstructure, nanomechanical, and corrosion fatigue properties of solid-state deposition of AA7075 aluminum alloy on AZ31B cast Mg alloy is studied in detail. Transmission electron microscopy (TEM) microstructural analysis shows columnar grain at the interface of AA7075/AZ31B. Electron backscatter diffraction (EBSD) observation discovered elongated grains with a high fraction of deformed grain boundaries as-deposited and heat-treated at 200 °C conditions. In contrast, the annealed samples show recrystallized grains with increasing temperatures from 200 °C to 400 °C. The residual stress of the coating at the surface and subsurface measured by X-ray diffraction shows −55 MPa and −122 MPa, respectively, which transferred to tensile with increasing the annealing temperature up to 400 °C. Annealing treatment of the AA7075 coating considerably improved the nanomechanical properties and corrosion fatigue resistance. With increasing the annealing temperature from 200 °C to 400 °C, the hardness of the coating decreased, while the modulus increased significantly. The analysis of fatigue fracture surfaces revealed that corrosive solution entered through the cracks and accelerated the crack propagation, lowering the fatigue life. However, the presence of recrystallized grains improved the corrosion fatigue resistance.
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1. Introduction


Mg is one of the lightest metallic materials, the potential candidate for light-weighting. The resistance to wear and corrosion of Mg alloys should be improved to extend the application of Mg alloys for structural applications, and surface modification is one of them [1,2,3,4,5,6]. The typical surface modification processes [7,8,9,10] of the Mg alloys are conversion coating, laser processing, physical vapor deposition, micro-arc oxidation, and solid-state additive deposition, namely cold spray (CS) deposition, etc. Among them, the CS process is the most effective and better for coating all materials [5,6]. In this process, the formed protective coatings improve the wear and corrosion resistance of different materials, including metals and ceramics. Rokni et al. [11,12] deposited AA7075 alloy on a wrought AA7075 plate using a high-pressure cold spray system. Agar et al. [13] improved the corrosion resistance of the aluminum alloys AA2024 and AA7075 deposited in the CS system. The CS deposited AA7075 shows better corrosion and wear resistance [14,15]. The composite coating also can be deposited in the CS process. Spencer et al. [16] deposited Al-Al2O3 particle-reinforced composite coatings on AZ91E substrates. Omar et al. [17] also deposited ceramic materials TiO2 on the pure-Cu and AA1050 alloy in the CS process and discussed the bonding mechanism. Our recent studies [18,19,20] confirmed that the fatigue and corrosion fatigue resistance of the AZ31B Mg alloy considerably improved by developing a coating layer of high-strength AA7075 alloy. The presence of lower coating defects and compressive residual stress improved the fatigue performance. However, the fatigue fracture surface revealed that coatings were delaminated from the interface leading to the final fracture. So, the dissimilar coating/substrate performance predominantly depends on the strong interfacial bonding between coating and substrate [21]. The interfacial bonding can be improved by optimizing the process parameters [22] or the post-processing, such as plasma electrolytic oxidation (PEO) [23], shot-peening [24], heat treatment [25], etc.



Mangalarapu et al. [26] investigated the microstructure and mechanical properties of the Al-6061 alloy CS coatings in as-deposited and heat-treated conditions. They concluded that heat treatment improved the bonding strength of the CS coating. Spencer and Zhang [27] improved the corrosion resistance of AZ91 Mg substrates by depositing pure Al in the CS process followed by annealing at 400 °C, which yields different types of intermetallic layers, including Mg2Al3 and Mg17Al12 at the coating/substrate interface [28]. Zhang et al. [29] also examined the nanomechanical behavior of post-processed CS coating to understand the effect of annealing the intermetallic layers. They reported no significant differences in nanomechanical properties between Mg2Al3 and Mg17Al12 intermetallics [30]. At the same time, the microhardness of the pure Mg substrate was substantially lower than the intermetallics [31]. Such intermetallic layers can effectively improve the resistance to corrosion of the Mg and its alloys. At the same time, they also possess an anodic barrier that enhances corrosion resistance [32,33]. The intermetallics have higher hardness than the substrate, so they effectively increase the wear resistance. Our recent study [34] confirmed that heat treatment changed the interfacial microstructure by forming several types of intermetallics of Mg17Al12 and Mg2Al3 at the coating/substrate interface, which enhanced the bonding strength and led to better tensile properties of the coated materials. So, it is essential to investigate a thorough microstructural analysis to achieve the optimum mechanical properties, specifically the corrosion fatigue resistance. However, to the best of the authors’ knowledge, there was no study on the effect of heat treatment on the solid-state deposited microstructure and corrosion fatigue resistance of CS AA7075 alloy on the Mg substrate.



Therefore, in the present study, the TEM, EBSD, and XRD analyses were performed to understand the effect of heat treatment on the residual stress and grain growth mechanism in the coating. Finally, the nanoindentation and corrosion fatigue tests were conducted to understand the performance of the CS AA7075 alloy on the Mg substrate.




2. Experimental


This study used commercially available cast AZ31B Mg alloy as a substrate material. The CS coating was prepared from gas atomized AA7075 powder. The distribution of the powder can be found in [18]. The powder was deposited on the flat coupon for microstructural analysis and dog-bone shape tensile samples for corrosion fatigue testing. The details of the coating process parameters are described elsewhere in [18]. After fabrication, the coated samples experienced heat treatment in the sand bath furnace at three different temperatures of 200 °C, 300 °C, and 400 °C for one hour. The heat-treated samples were water quenched to retain the microstructure. The post-processed coating was polished following the standard metallographic technique. After mechanical polishing, specimens were vibratory polished in colloidal SiO2 for 2 h for Electron Backscatter Diffraction (EBSD) analysis. EBSD data were acquired in the FE-SEM with a fully automatic Oxford SD detector operated by AZtecHKL Technology. The EBSD process parameters were considered operating voltage, working distance, and tilt angle of 20 kV, 15 mm, and 70°, respectively. The obtained data were analyzed using the Aztec crystal software.



The microstructural analysis was performed on the FIB lift out (<100 nm) using transmission electron microscopy (TEM), JEOL-2010F, equipped with energy-dispersive X-ray spectroscopy (EDX). The operating voltage of 200 keV was set to obtain bright field (BF) images.



The residual stress (RS) was measured at the surface and subsurface (100 µm depth) using a Bruker D8-Discover equipped with a VÅNTEC-500 area detector and Cu-Kα radiation at a voltage of 40 kV and current of 40 mA. The RS measurement was conducted using the Sin2Ψ method at a constant 2θ angle between the incident beam and detector.



Nanoindentation was performed using a Micro-Material’s Nano Test Platform 3 and an indenter size of 100 nm. The test was performed at a constant loading rate of 500 μN/s up to a maximum load of 30 mN. At least five indents were made to calculate the hardness and reduced elastic modulus Er. Then, the elastic modulus E was calculated from Er for each heat-treated condition. The hardness and nanoindentation calculation was explained in [35].



Based on the tensile tests [34], corrosion fatigue tests were conducted for as-deposited (AD) and heat-treated 300 °C conditions. The fatigue tests were performed using an Instron RR Moore four-point rotating-bending fatigue testing machine (Norwood, MA, USA) in a fully reversed (R = −1) load-controlled condition. The tests were conducted at a fixed stress amplitude of 100 MPa and a frequency of 30 Hz. Corrosion fatigue tests were conducted in the customized chamber where 3.5% NaCl solution was used as an electrolyte. At least two samples were tested in each condition. Detailed fatigue setup can be seen in [18]. In addition, fracture surfaces were investigated using Field Emission Scanning Electron Microscopy(FE-SEM) equipped with EDX.




3. Results and Discussion


3.1. Microstructure Evolution and Residual Stress


Figure 1a shows the cross-sectional TEM bright field image and corresponding EDX line scan. The image shows their distinct regions; substrate (AZ31B), interface, and AA7075 coating in AD conditions. As noticed in Figure 1a, the EDX line scan at the interface of the substrate/coating in AD condition displays a mixture of Mg/Al with a 200–300 nm thickness of intermetallics Mg17Al12. Columnar grains were noticed just adjacent to the interface, while equiaxed grains were identified in the substrate. In contrast, as specified by the red arrows in the BF image (Figure 1b), elongated grains with high dislocation density and MgZn2 precipitates (blue arrows) at the grain boundaries of the HAADF-STEM images (Figure 1c) are detected in CS AA7075 coating. During the CS process, the coating particles strike the substrate and deform severely, which induces a high density of dislocations. The dislocation density is so high that it can not be differentiated, as seen in black spots in the coating microstructure. It should be mentioned that the coating particles were traveling at a very high velocity (supersonic speed) when they hit the substrate; the momentum becomes zero in a very short time (nanosecond) that converts high energy results adiabatic share deformation leading to the formation of the coating. A very dense coating is formed due to a high energy conversion rate. As seen in Figure 1a, there were no defects noticed at the interface or in the coating layer in the AD. At the same time, no hairline cracks were discovered at the interface of the coating/substrate in the AD condition. This implies that the coating was very dense and defects-free, resulting in better performance with these types of deposition. A detailed analysis of the interfacial microstructure is presented in our previous work [36].



To understand the recrystallization behavior of the CS AA7075 coating, EBSD analysis was performed in different experimental conditions: as-deposited and heat-treated at 200 °C, 300 °C, and 400 °C. Figure 2 shows maps of the inverse pole figure of the AD and heat-treated coating. Similar types of elongated grains identified in TEM micrographs (Figure 1b) in AD conditions were noticed in the inverse pole figure map in Figure 2a. The grain morphology in the sample heat-treated at 200 °C (Figure 2b) was about the same in AD microstructure. However, increasing the annealing temperature from 200 °C to 300 °C, some of the elongated grains were transformed to equiaxed, as seen in Figure 2c. The grains are further recrystallized and transformed to fully equiaxed at the sample heat-treated to 400 °C (Figure 2d).



The grain boundaries of the CS AA7075 were divided into three categories: deformed grains (up to 5°), sub-structure (5 to 15°), and recrystallized grains (15° and above). The qualitative analysis of the CS AA7075 is presented in Figure 3. The fraction of different types of grains vs. heat treatment temperatures are plotted in Figure 3. No recrystallized grains were identified in AD conditions. At the same time, a fraction of 88.5% deformed grains and 11.5% substructures were noticed in AD conditions. In contrast, the fraction of recrystallized grains increased to ~99%while the fraction of deformed and sub-grains decreased to almost zero at the heat treatment temperatures of 400 °C. About 50% recrystallized and substructures in each type of grains were noticed in the sample heat-treated at 300 °C. At the same time, the deformed grains are about 5%. It is worth mentioning that deformed grains were transformed into sub-grains at 200 °C. However, there were no recrystallized grains at that temperature as well. As the temperature was well below the recrystallization of the AA7075 alloy, a significant recovery occurred at 200 °C temperature. In contrast, when the temperature reached above the recrystallization temperature, i.e., 300 °C, most deformed grains transformed to sub-grains, followed by recrystallized grains. This was in agreement with the previous studies regarding post-processing, such as annealing of pure Al coating on the Mg substrates [27,29].



It is well established that the recovery and recrystallization of metals and alloys are diffusion controlled, which influences by temperature [37,38]. Wang et al. [37] reported the recrystallization behavior of cold-rolled AA7075 alloy sheets. They found that recovery occurred during any heating rate, even at the fast heating rate. The recovery and recrystallization consume the stored energy and change the grain morphologies. At the same time, the recovery reduces dislocation density, decreasing the stored energy and resulting in a lower number of potential nucleation sites for recrystallization. At lower temperatures, recovery was dominant, resulting in less recrystallization. However, increasing the temperature, the diffusion rate increased significantly, accelerating the recrystallization.



The measured residual stress of the CS AA7075 coating on AZ31B Mg alloy substrate is depicted in Figure 4. The surface and subsurface (~100 µm) of the coating in AD conditions achieved an average compressive residual stress of −52 MPa and −120 MPa. This implies that a residual stress relaxation occurred at the surface of the CS coating. Ghelichi et al. [39] reported similar behavior in residual stress of the CS coating of AA7075 on the AA5052 substrate. Two mechanisms, (i) the temperature gradient and (ii) thermal conductivity, can be attributed to the development of residual stress in the cold spray process [40]. When the hot coating material strikes the cold substrate, it rapidly cooldown and forms the coating. As the material is heated by carrier gas, it is expanded during heating. Hence, a compressive force normal to the substrate exerted on the coating results in bulging the coating upward, which is restricted by surrounding cold materials. At high-temperature strength of the materials decreases and yields easily. During the heating process, the material experiences thermal expansion, yielding the materials, leading to the thermal strain to plastic strain. As the thermal strain was converted to plastic strain during heating, additional strain is required to compensate during the cooling. The high velocity of the particles and cyclic transformation of the strain caused a high magnitude residual stress in the coating.



At the same time, the differential thermal conductivity also contributes to the residual stress. The common feature of the CS process is adiabatic share deformation. In this process, the deposited layer deformed heavily and dissipated heat through the substrate. As the substrate and coating materials are dissimilar, there would be a gradient in heat flow. As the thermal conductivity of the AZ31B Mg alloys is lower than the AA7075, heat will be dissipated faster in the substrate during the CS process. Thus, compressive residual stress will be developed in the coating [16,41].



As seen in Figure 4, the compressive residual stress relaxed with increasing heat treatment, leading to tensile residual stress up to 5 MPa at the surface of the sample heat-treated at 400 °C. As discussed earlier (Figure 3), the recovery of the dislocations and recrystallization followed by water quenching is responsible for the change of compressive to tensile residual stress at the surfaces. In contrast, the residual stress at the subsurface is still compressive. As the subsurface developed very high compressive residual stress, which worked as a driving force for recrystallization, faster recovery and recrystallization led to the sharp reduction of the residual stress. However, the remaining compressive residual stress at the subsurface was developed to compensate for the tensile residual stress formed at the surface during quenching. It is worth mentioning that compressive residual stress remains in the sample heat-treated at 300 °C (Figure 4), indicating partial recovery or recrystallization of the coating.




3.2. Nanomechanical Properties


Figure 5a demonstrates the typical nanoindentation load–displacement (P-d) curves obtained from the AA7075 CS coating at different conditions AD and heat-treated at 200 °C, 300 °C, and 400 °C. The nano-hardness (nHV) and reduced elastic modulus (Er) were determined from the load–displacement curves and plotted with the different temperatures. The average value of Er of the CS AA7075 coating in AD condition is ~72 GPa, and the elastic modulus (E) value was ~68 GPa. This indicated that the Er measure by the nanoindentation delivers a reliable procedure to obtain the elastic property. The hardness and elastic modulus of the CS coating obtained in nanoindentation are comparable to the bulk AA7075 aluminum alloys [41]. As seen in Figure 5b, the obtained Er in two heat-treated conditions at 300 °C and 400 °C were the same value of ~83 GPa, which are significantly higher than the CS AA7075 coating (72 GPa) in the AD condition. The P-d curves shown in Figure 5a demonstrate the significantly higher penetration depth in the sample heat-treated at 400 °C compared to the AD AA7075 coating, corresponding to the lower hardness.



The sample heat-treated at 300 °C and 400 °C obtained lower nano-hardness (nHV) values of 1.89 GPa and 1.73 GPa, respectively. However, the nHV values are substantially higher than those of the AD (2.13 GPa) and heat-treated at 200 °C (1.98 GPa) CS AA7075 coating. As seen in Figure 1, a high density of dislocations and deformed grains are responsible for higher hardness and lower modulus of elasticity. At the same time, the dislocations recovery (as depicted in Figure 3) and relaxation of residual stress (as illustrated in Figure 4) of the heat-treated samples decreased the hardness and increased the modulus of elasticity.




3.3. Corrosion Fatigue


Based on the tensile properties presented in [34], corrosion fatigue tests were conducted on the AD and 300 °C heat-treated conditions. Figure 6 illustrates the comparison of the AD and 300 °C heat-treated samples tested in 3.5% NaCl solution at a stress amplitude of 100 MPa. The obtained results of the corrosion fatigue tests revealed the efficiency of heat treatment of the CS coatings in protecting AZ31B from the corrosive environment. Generally, the heat-treated samples displayed excellent corrosion fatigue resistance compared to the AD condition. The fatigue life of heat-treated at 300 °C samples increased substantially in the 3.5% NaCl environment. The range of fatigue life of the CS AA7075 coating in AD conditions was between 3.5 × 104 and 17 × 104 cycles while the sample heat-treated at 300 °C exhibited better fatigue life between 19.5 × 104 and 24.4 × 104 cycles. As seen in Figure 6, the CS specimen showed lower fatigue performance in the corrosive environment. This can be attributed to the lower corrosion properties of AA7075 alloy in highly deformed conditions. At the same time, the improvement of fatigue life in the sample heat-treated at 300 °C can be associated with the microstructure in Figure 2. As discussed in [34], heat treatment increased the tensile strength of the CS AA7075 coating on the AZ31B Mg alloy, which enhances the fatigue life in a similar testing condition.



Figure 7 portrays the corrosion fatigue fracture surfaces of AD and 300 °C heat-treated samples tested at a stress amplitude of 100 MPa. Both samples show similar types of fracture behavior during testing. No debonding identified in both cases indicates strong interfacial bonding between coating and substrate. The fatigue fracture surface shows large corrosion pits (red arrows in Figure 7) with visible cracks in the coating. At the same time, localized cavities (blue arrow in Figure 7) and hairline cracks were identified on the fracture surfaces, allowing the NaCl solution to enter and react with the substrate’s interface. Those pits grow over time and transform into a large cavity, potential sites for the stress concentration caused by the initiation of cracks. Multiple cracks originating from concave surface corrosion pits advancing along the final fracture zone were observed (Figure 7). The corrosion products, including the oxides and hydroxides, are displayed on both fracture surfaces. A detailed analysis of the corrosion products can be seen in [20].



Higher corrosion resistance and more extended fatigue performance are always desirable in a coating that protects Mg alloys. Therefore, finding out the main reason that controls the corrosion fatigue performance of the coatings can be helpful to the extent of the application of Mg alloys. Usually, defects such as pores, chemistry, and coating microstructures generally influence corrosion fatigue performance. In the corrosion fatigue test, micro-cracks and pits are the common sites for nucleating and initiating the fatigue cracks. Those enable the nucleation and propagation of cracks leading to premature failure, resulting in short fatigue life. However, due to the presence of compressive residual stress in CS AA7075 coating, the fatigue crack initiation was effectively slower by closing the micro-cracks resulting in longer fatigue life. However, intermetallics in the AA7075 CS coatings (as seen in Figure 1) formed localized galvanic cells around them, forming the pits and potential sites for crack initiation. Hence, the effect of compressive residual stress is faded in the corrosive environment. In contrast, heat treatment at 300 °C dissolved the intermetallics, potentially reducing the crack initiation sites, resulting in longer fatigue life.





4. Conclusions


The effect of heat treatment on the corrosion fatigue performance of a CS AA7075 coating on AZ31B in a 3.5% NaCl solution at room temperature was studied. Based on the obtained results analysis above, the following conclusions can be made:




	
TEM and EBSD microstructural analysis identified elongated grains with a high dislocation density observed in the AA7075 coating.



	
The quantitative EBSD analysis shows above 90% highly deformed grains. In contrast, fully recrystallized grains were identified in the sample heat-treated at 400 °C temperature, while ~50% recrystallized and deformed grains were noticed in the sample heat-treated at 300 °C temperature.



	
A maximum compressive residual stress of −52 MPa and −120 MPa was measured at the surface and subsurface in as-deposited conditions. In contrast, a tensile residual stress of 5 MPa was measured on the surface of the sample heat-treated at 400 °C temperature.



	
During heat treatment, a decreasing trend in hardness and an increasing trend in elastic modulus was noticed in the CS AA7075 coating.



	
A significant improvement in corrosion fatigue life of the CS AA7075 followed by heat treatment at 300 °C temperature was achieved. This can be recognized due to recrystallization and recovery of the grain structure.
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Figure 1. Typical bright field TEM images with EDX line scan show (a) the interface microstructure of AA7075 cold spray coating on AZ31B substrate, (b) bright field (BF), and (c) high-angle annular dark-field scanning transmission (HAADF-STEM) electron image taken at [110] zone axis coating show the elongated grains. Note: Red and blue arrows indicate the highly dense dislocation area and MgZn2 intermetallics, respectively. 
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Figure 2. The IPF maps of the cold spray deposited coating show elongated and deformed grains in (a) as-deposited conditions, while recrystallized grains are identified in heat-treated at (b) 200 °C, (c) 300 °C, and (d) 400 °C conditions. 
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Figure 3. Effect of the annealing temperature on the fraction of different types of grains of the AA7075 coating deposited on the AZ31B Mg alloy in the cold spray process. 
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Figure 4. Residual stress distribution in the coating surface and subsurface measured by XRD showing compressive to tensile residual stress due to heat treatment. 
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Figure 5. (a) The load–displacement curves and (b) the hardness and modulus of the as-deposited and heat-treated AA7075 coating obtained via nanoindentation tests. 
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Figure 6. A comparison of the corrosion fatigue life between as-deposited and heat-treated at 300 °C of the AA7075 cold spray coated AZ31b Mg alloy. 
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Figure 7. Fatigue fracture surfaces show the crack initiation and propagation in the (a) as-deposited and (b) heat-treated at 300 °C of the AA7075 cold spray coated AZ31b Mg alloy. Note: Red and blue arrows indicated the cossorion pits at the outer surfaces and on the fracture surface, rescectively. 
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