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Abstract

:

With the development of computational thermodynamics, it is possible to design a material based on its simulated microstructure and properties before practical operations. In order to improve the surface properties of AZ91D magnesium alloy, Jmatpro was used in this study to design an alloy system with in situ TiC+AlTi3-reinforced aluminum coatings. The Gibbs free energy, hardness, and phase diagrams of aluminum coatings with different ratios of Ti to B4C were simulated. According to the simulation results, TiB2, TiC, Al3Ti_DO22, and Al4C3 were formed in the coating while TiB2, TiC, Al3Ti_DO22, Al4C3, and Al3Mg2 were formed in the transition zone between the base metal and the coating. Based on the simulation results, different amounts of Ti were used with B4C (the ratios were 3:1, 4:1, 5:1, and 6:1) to fabricate TiC+Al3Ti reinforced aluminum coatings on AZ91D magnesium alloy via laser cladding. The microstructure and phase composition of the coating were studied using scanning electron microscopy (SEM) incorporated with energy- dispersive spectrometry (EDS) and X-ray diffraction (XRD). The results indicated that intermetallic phases, such as AlTi3(C, N)0.6, AlMg, Al3Mg2, Al3Ti, and TiC were formed in the coatings. As the Ti content increased, the content of Al3Ti increased and the content of TiC decreased in the coatings, which is consistent with the simulation results. The average hardness of the coatings was approximately four to five times that of the magnesium alloy substrate, and the corrosion current density of the coatings was around 2.5 × 10−6, which is two orders of magnitude lower than that of AZ91D magnesium alloy.
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1. Introduction


As the lightest metal structural material, magnesium alloy has advantages such as high specific strength and stiffness, making it one of the best metals used in the aviation and aerospace fields [1,2,3]. However, widespread use of magnesium alloy is limited due to its poor wear and corrosion resistance [4,5,6]. Researchers have tried different approaches to improve the properties of magnesium alloy through surface modification [7,8,9,10]. Laser cladding utilizes a precise laser beam to deposit a coating with desired properties on a substrate, and this technique has developed rapidly in recent years owing to its many particular advantages [11,12,13]. In order to improve the performance of laser-cladded coatings, ceramic particles with high hardness and temperature stability, such as TiC, TiB, and SiC, are often used as the reinforcing phase [14,15]. However, direct addition of ceramic particles to the alloy powder always brings severe cracks due to the thermal expansion difference between the alloy coating and the ceramic particles [16]. Compared to direct addition of ceramic phases, the in situ synthesis technique forms evenly distributed ceramic particles in the coating via laser cladding, which also has good wetting behavior with the matrix [17]. For example, Savalani M. M. et al. used Ti and carbon nanotube mixed powders to form Ti-based coatings using the in situ synthesis technique [18], and the wear resistance and hardness of the cladding layer increased with an increase in the carbon nanotube content. Y. P. Pu studied the in situ formation of TiN/Ti3Al, TiC/Ti3Al, and SiC/Ti3Al composite coatings using laser cladding on titanium substrate [19].



In order to synthetize in situ ceramic coatings on magnesium alloy, the alloy system must be well designed to make sure the in situ ceramic coatings are successfully generated with the required properties. Furthermore, the morphology of the phases must be carefully controlled, which directly affects the properties of the coatings. Numerical calculation methods and simulation software are widely used by researchers to simulate microstructure. Therefore, an alloy system with a TiC+Al3Ti reinforced aluminum coating can be designed and the content can be optimized based on the simulated microstructure and properties before practical operations.



The most commonly used numerical calculation methods include deterministic methods, probabilistic methods and phase field methods. Because numerical calculation is always time-consuming and complex, professional software such as Thermo-calc and JMatPro based on the CALPHAD technology have been developed, which are useful for simulating complex multi-component alloy systems. Compared to the Thermo-calc software, the JMatPro software is more intuitive and is widely used to simulate material properties [20,21]. To study the effect of alloy composition, Jooyoung Park et al. simulated the phase transformation and mechanical properties of pore-free samples using JMatPro [22]. Jae-Hyeok Shim et al. calculated the thermodynamics and kinetics of a Fe-0.30C-0.23Si-1.37Mn-0.14V-0.22Cu (in wt%) alloy system using MatCalc and JMatPro software [23].



To improve the surface properties of AZ91D magnesium alloy, the JMatPro software was used in this paper to simulate the phase diagram of aluminum coatings with different (Ti+B4C) contents. The Gibbs free energy, hardness and phase diagrams of the coatings were simulated and used to predict the phase content in the coatings with different ratios of Ti to B4C. Furthermore, to verify the simulation results and optimize the performance of the coating, different amounts of Ti were used with B4C and Y2O3 to control the morphology of the phases in the in situ Al–TiC–Al3Ti composite coating. The effect of Ti on the morphology of in situ generated TiC and Al3Ti phases was then investigated.




2. Simulation


According to the thermodynamic principle, minimal Gibbs free energy and equal chemical potential are required for ensuring the phase equilibrium of an alloy system. Therefore, the following assumptions can be made:


    ∂   G   m   ( α )   ∂   X   i     =   ∂   G   m   ( β )   ∂   X   i      



(1)






    μ   i     α   =   μ   i   ( β )  



(2)







Assuming that component i exists in the   α   phase and the   β   phase, the chemical potentials of i in the   α   phase and the   β   phase are equal. Unbalanced distribution of i will cause phase transitions in the system. By using the CALPHAD technology, it is possible to calculate the molar Gibbs free energy for each phase as shown in Formula (3).


    G   m   =   ∑  i      X   i     G   i   0     + R T   ∑  i      X   i   l n   X   i     +   ∑  i      ∑  j      X   i     X   j        ∑    Ω   V     (   X   i   −   X   j   )   k      



(3)







Among the thermodynamic terms,     G   i   0     is the Gibbs free energy and     X   i     is the mole fraction of component i. The first term represents the overall Gibbs free energy when the components are simply mixed. The interaction of the components also has an impact on the overall Gibbs free energy, which can be calculated using the last two terms. The second term represents a change in Gibbs free energy caused by the formation of an ideal solution state between the components, in which the particle sizes are supposed to be approximately equal. The third term is the excess free energy caused by the deviation from the ideal solution state.



Based on the above thermodynamic theoretical assumptions, the JMatPro software was used to simulate the phase diagram and properties of the TiC–Al3Ti reinforced aluminum coatings. The phase diagram was used to design the alloy system and predict the phase formed in the coatings during the laser cladding process.



2.1. Simulation of Coatings with Different (Ti+B4C) Contents


In order to form in situ TiC–Al3Ti-reinforced aluminum coatings, Al+(Ti+B4C) mixed powder was designed and used for laser cladding. According to the reaction formula “5Ti+B4C→TiC+4TiB”, the ratio of Ti to B4C was tentatively set as 5:1. The content of (Ti+B4C) powder decides the amount and morphology of TiC and Al3Ti in the coating. Therefore, to optimize the content of (Ti+B4C), the JMatPro software was used to simulate the phase diagram of the coatings with different contents of (Ti+B4C).



The phase diagram and the important nodes of the simulation results are shown in Figure 1. The liquid phases containing Al, TiB2, TiC, Al3Ti_DO22, and Al4C3 are presented in the phase diagram. The important nodes listed in Figure 1 provide detailed information regarding the phase change. The starting temperature of the simulation is 1300 °C and the end temperature is 100 °C. When the temperature is 1300 °C, a liquid phase containing TiB2 and TiC is found. The content of TiB2 is constant and the content of TiC decreases gradually when the temperature decreases from 1300 °C to 100 °C. At point L4, the liquid phase decreases gradually and Al3Ti increases gradually because Al in the liquid phase reacts with Ti to form Al3Ti. When the temperature reaches 789.66 °C, the liquid phase decreases and the content of Al3Ti increases suddenly because the TiC decomposes, and excess Ti and C elements react with Al to form Al3Ti and Al4C3. When the temperature is 664.78 °C, the liquid phase begins to solidify to form an aluminum solid phase. The content of Al3Ti increases gradually between 664.78 °C and 100 °C.



As indicated in Figure 1, with an increase in (Ti+B4C) content, the contents of TiB2, TiC, Al4C3 and Al3Ti_DO22 increase gradually. When the content of (Ti+B4C) is 30%, the contents of Al3Ti and TiC reach their highest, which are 43.45% and 5.98%, respectively. The formation of a high level of the hard phase will lead to an increase in the brittleness of the coating. Therefore, the content of 25% (Ti+B4C) was selected for further calculation.




2.2. Simulation of Coatings with Different Ratios of Ti to B4C


Besides the content of (Ti+B4C) powder, the ratio of Ti to B4C also has a significant impact on the performance of coatings. Therefore, as shown in Figure 2, phase diagrams were simulated for the 25% (Ti+B4C) coatings with different ratios of Ti to B4C (Ti:B4C = 3:1, 4:1, 5:1, 6:1). The liquid phase containing TiB2, TiC, Al3Ti_DO22, Al4C3 and Al is presented in the phase diagram.



As shown in Figure 2, as the ratio of Ti to B4C increases, the content of Al decreases gradually when the temperature is 100 °C. As the ratio of Ti to B4C increases, Al3Ti_DO22 precipitate at higher temperature and the content of Al3Ti_DO22 increases gradually. In contrast, the contents of TiB2, Al4C3, and TiC decrease gradually.




2.3. Simulation of Coatings with Consideration of Mg Dilution


The above simulations were carried out on the coatings without considering the effect of the substrate. However, when a magnesium alloy is used as the matrix, the melted Mg substrate can easily diffuse into the coating and a transition zone between the coating and the substrate is formed. To predict the phase formed at the transition zone, the JMatPro software was used to simulate the phase diagrams of the transition zone. The simulation results and the data of the important nodes are shown in Figure 3.



As shown in Figure 3, a liquid phase containing Al, TiB2, TiC, Al3Ti_D022, Al4C3, and Al3Mg2 is found in the transition zone. Al3Ti_L12 is formed when the ratios of Ti to B4C were 5:1 and 6:1, respectively. The starting temperature of the simulation is 1500 °C and the end temperature is 100 °C. The content of TiC decreases gradually with decreasing temperature. However, the magnitude of the change is not large. When the temperature is lowered at the point L5, the content of the liquid phase begins to decrease. This is because Al in the liquid phase reacts with Ti to form Al3Ti. As the liquid phase decreases, the content of Al3Ti gradually increases. The content of TiC in the liquid phase suddenly decreases when the temperature is at point L4. This is because Al in the liquid phase reacts with Cand Ti to form Al4C3 and Al3Ti. As the content of TiC in the liquid phase decreases, the contents of Al3Ti and Al4C3 gradually increase. When the temperature reaches the L2 point, the content of the liquid phase is drastically reduced. However, the contents of Al3Ti, TiB2, and Al4C3 do not change. The reason for the decrease in the content of the liquid phase is that Al and Mg react in the liquid phase to form Al3Mg2. The content of Al3Mg2 greatly increases as the content of the liquid phase is reduced. The liquid phase disappears until the temperature reaches 348.88 °C. At this time, Al is found. As the Al content decreases, the content of Al3Mg2 increases. It is worth noting that Al3Ti_L12 is found in the transition phase diagram when the ratios of Ti to B4C are 5:1 and 6:1. When the ratio of Ti to B4C is 5:1, the appearance temperature of Al3Ti_L12 corresponds to the temperature at which the liquid phase begins to decrease. When the ratio of Ti to B4C is 6:1, Al first precipitates when the temperature reaches point L5. Al3Ti_L12 was found when the temperature reached point A5. Generally, Al3Ti has a tetragonal DO22 crystal structure with a low symmetry. The L12 phase structure is a crystal structure with a higher symmetry than the DO22 structure. It provides more slip system than the DO22 structure. The plasticity of the alloy is improved due to the increase in the slip system. Therefore, the performance of the coatings containing Al3Ti_L12 is considered to be better.



Comparing the phase diagrams of the transition zone, the contents of Al4C3, TiC, TiB2 and Al3Mg2 decrease gradually with an increase in the ratio of Ti to B4C. The content of Al3Ti_DO22 gradually increases. Moreover, the disappearance temperature of Al3Ti_DO22 also gradually increases. Al3Mg2 is formed in this transition zone. This is because the Mg element in the melted matrix diffuses into the coating to form a compound with the Al element in the coating. Al3Ti_L12 is found in the transition phase diagram when the ratios of Ti to B4C are 5:1 and 6:1. The content of Al3Ti_L12 gradually increases with an increase in the ratio of Ti to B4C. In order to study the cause of the change in phase content in the coating, a thermodynamic simulation was carried out.




2.4. Thermodynamic Simulation


According to the thermodynamic mechanism, the Gibbs free energy is an important parameter which determines the occurrence of a chemical reaction. The chemical reaction can proceed spontaneously when the Gibbs free energy is negative [24]. Otherwise, the reaction cannot proceed spontaneously. The smaller the Gibbs free energy, the greater the thermodynamic driving force for chemical reaction. The JMatPro software was used to simulate the Gibbs free energy of the reaction occurring in the coating, and the results are shown in Figure 4. The Gibbs free energy of all phases becomes smaller with an increase in temperature. That is to say, the reaction spontaneously occurs as the temperature rises. The Gibbs free energy of TiB2 and Al4C3 remains constant as the ratio of Ti to B4C changes. Al3Ti disappears at elevated temperatures with an increase in the ratio of Ti to B4C, which corresponds to the phase diagram. The Gibbs free energy of Al3Ti decreases while the Gibbs free energy of TiC increases with an increase in the ratio of Ti to B4C. Therefore, Al3Ti is easily formed, whereas TiC is less likely to be formed with an increase in the ratio of Ti to B4C.



Based on the simulation results, the formed phases in situ in the coating can be predicted, and the subsequent reaction is carried out during the laser cladding process.


    B   4   C → 4 B + C  



(4)






  3 A l + T i →   A l   3   T i  



(5)






  T i + C → T i C  



(6)






  T i + 2 B → T i   B   2    



(7)






  4 A l + 3 C →   A l   4     C   3    



(8)






  3 A l + 2 M g →   A l   3     M g   2    



(9)







The simulation results confirm that TiC+Al3Ti-reinforced aluminum coatings were formed via laser cladding in this study. In the transition zone, Al3Mg2 was generated and Al3Ti_L12 was formed when the ratios of Ti to B4C were 5:1 and 6:1.




2.5. Simulation of Coating Hardness


Hardness is an important indicator of the performance of TiC+Al3Ti reinforced aluminum coatings. The hardness of the coatings was simulated with consideration of different cooling rates and ratios of Ti to B4C, and the results are shown in Figure 5. It is clear that the faster cooling rate forms a coating with a higher hardness. With an increase in the ratio of Ti to B4C, the hardness of the coating decreases gradually.





3. Experiments


3.1. Materials and Methods


In order to verify the simulation results and study the properties of the coating, corresponding experiments were performed. The substrate material used in these experiments was the AZ91D magnesium alloy and the dimension of the substrate was 20 mm in length, 15mm in width and 4mm in thickness. The chemical composition of AZ91D magnesium alloy is shown in Table 1. The surface of the substrate was polished using metallographic sandpaper and cleaned using an alcohol solution prior to the experiments.



Al (99.99% purity, 8 μm), Ti (99.99% purity, 48 μm), B4C (purity, 3 μm) and Y2O3 were selected as the pre-alloyed powders for laser cladding. The weight percentage of the Ti+B4C mixed powder was 25%, and the weight percentage of the Y2O3 powder was 1.5%. The ratios of Ti to B4C were 3:1, 4:1, 5:1, and 6:1. The Al+Ti+B4C+Y2O3 powder was mixed for 40 min in a grinding bowl, and a water glass was used as the binder. The thickness of the pre-coating layer was 0.5 mm.



The laser cladding experiments were carried out using a 0.4 KW pulsed Nd:YAG laser with a beam diameter of 1 mm. The parameters of the laser are shown in Table 2. Ar with a gas flow of 9 L/min was used as a shielding gas during the laser cladding process.



The cross sections of the laser-clad samples were characterized by a JSM-6510 scanning electron microscope incorporated with an energy-dispersive spectrometer (20 kV, WD = 10.0 mm). The microstructural changes in the cross sections of the samples’ coatings were studied. The morphology and quantity of the in situ phase were studied according to the results of scanning electron microscopic analysis. A D/MAX-RB X-ray diffractometer was used to analyze the phase composition of the coating surface. The Cu target was used as the X-ray source with a voltage of 40 kV and a current of 100 mA. Before detection, the unmelted part on the surface of each sample was removed to ensure that only the coated area was left on the surface. The scanning speed was 3°/min, and the scanning angle was 20–80°. After detection, the phase type of the tested samples’ surface was determined by comparing the d value (interplanar spacing) and intensity corresponding to the X-ray diffraction spectrum of the tested sample with data in the PDF card. The microhardness at different distances from the coating surface was tested by a DHV-1000 Vickers microhardness tester under a load of 0.98 N, and the test time was 15 s. For each distance, three points were selected for measurement, and the average value of these three points was taken as the final hardness value. The corrosion potential, corrosion current density, and polarization curve were detected in 1.5% NaCl solution using a rst 5200 electrochemical workstation.




3.2. Phase Analysis


The X-ray diffraction pattern of the coatings with different ratios of Ti and B4C is shown in Figure 6. The phases in the coatings with different amounts of Ti powder were similar, and AlTi3(C, N)0.6, Al3Mg2, Al3Ti, TiC, YB4, Al3Y, and AlMg were found in the coatings.



During laser cladding, the pre-alloyed powders were melted and B4C particles were decomposed into B and C elements, which rapidly diffused with the stirring of the molten pool. Since Ti is a strong carbide-forming element, the decomposed C elements reacted with Ti to form a TiC ceramic phase. The Y elements from Y2O3 reacted with Al to form Al3Y. Since there is no Y element in the Al alloy module in the JMatPro software, the Y element does not appear in the simulation results. An Al3Ti strengthening phase was also formed in the coating through the chemical reaction between Al and Ti elements. A small amount of the matrix was melted into the coating and reacted with Al to form Al–Mg compounds. This is consistent with the simulation results of the transition zone. As shown in Figure 6, the intensity of Al3Ti increases gradually as the ratio of Ti to B4C increases from 3:1 to 6:1. In contrast, the intensity of the TiC ceramic phase is basically the same in coatings with different Ti contents. This is consistent with the simulation results. Therefore, as the Ti content in the mixed powder increases and more Ti reacts with Al to form an Al3Ti hard phase. The presence of Al3Ti and TiC improves the hardness and wear resistance of the coatings. However, excessive hard phases will increase the crack tendency of the coating [25], which may reduce the overall performance of coatings. The morphology of the hard phase in the coatings also has a great influence on the properties of the coatings. When comparing the X-ray diffraction pattern and the simulation results, it could be observed that TiB2 was not present in the coatings. This is because a large amount of Ti elements was used to form TiC, Al3Ti, and AlTi3(C, N)0.6. The decomposed B elements reacted with Y to form YB4. In the process of laser cladding, the B elements might evaporate. As a result, the B elements were not detected by X-ray diffraction.




3.3. Microstructure


The microstructural images and elemental distribution of the coating (Ti:B4C = 3:1) are shown in Figure 7. Among the subfigures, Figure 7b–d shows the distribution images of the surface elements in Figure 7a. As shown in Figure 7, a crack-free and high standard metallurgical bonded coating is formed. In Figure 7b, the Mg elements are found to diffuse from the substrate to the coating and Mg–Al alloy compounds are formed in the coating.



The upper, middle, and lower parts of the coating (Ti: B4C = 3:1) were magnified for detailed investigation, and the results are shown in Figure 8a,c,e. Figure 8b,d,f show the corresponding element distribution. The distribution of the element content at points 1–5 in Figure 8 is shown in Table 3. Fine particles and phases can be seen in Figure 8, which were caused by the rapid heating and cooling rate of the laser cladding [26], and the growth rate of the generated reinforcing phase was suppressed. Bright white precipitates, gray precipitates and black dotted precipitates were found in the coating. Combined with EDS and XRD results, it could be inferred that the bright white precipitates were TiC ceramic phases (point 1 and point 3), the gray precipitates were Al3Ti hard phases (point 4 and point 5), and the black spot precipitates were Al–Mg compounds.



When comparing the upper, middle, and lower parts of the coating, the number of precipitates in the coating decreased gradually from the top to the bottom of the cladding layer. The dilution of the cladding layer by the melted base metal caused a graded distribution of the elements, which helped to form the different distribution of precipitates in the coating. The size of the Al3Ti phases increased gradually from the top to the bottom, which might be caused by the different cooling rates and thermal conductivities in the selected points of the coating [27]. Therefore, at the interface between the coating and the substrate, the number of precipitates decrease and the size of precipitates increase.



The microstructure of the coatings with different Ti contents is shown in Figure 9. As can be observed in Figure 9, the amount of bright white precipitates (TiC) decreases with the increase in Ti content. The number of gray precipitates (Al3Ti) increases gradually. This is consistent with the simulation results. According to the Al–Ti binary phase diagram, AlTi3 metal compounds are formed when the mass fraction of Al atoms ranges from 35% to 51%. AlTi metal compounds are formed when the Al atom mass fraction is in the range of 35% to 51%. Al3Ti is formed when the Al content is greater than 62% and the temperature drops to 1350 °C. In this study, the Al content in all samples was greater than 62%. Therefore, Al3Ti was formed. With an increase in the Ti content, more Al3Ti hard phase was formed. The root cause of this phenomenon is that the Gibbs free energy of Al3Ti becomes increasingly smaller as the ratio of Ti to B4C gradually increases. The more negative the Gibbs free energy is, the easier it is to form Al3Ti. As the ratio of Ti to B4C increases, the content of C in the coating gradually decreases. This results in insufficient C element in the coating to react with Ti to form TiC. According to the simulation results, the Gibbs free energy of TiC gradually increases with an increase in the ratio of Ti to B4C. Therefore, the content of TiC is reduced.



Ti elements in the liquid phase gradually increase when the ratio of Ti to B4C increases. More Ti elements react with Al to form an Al3Ti hard phase during laser cladding. The morphology of Al3Ti in the coating gradually grows from dots to rods. Since Al3Ti has a DO22-type square crystal structure, it preferentially grows in the direction of the largest density and easily forms rod-like structures. The growth rate of the lattice in the other directions is relatively slow. Al3Ti rapidly grows in the direction of the maximum density at the tip to form an X-shaped structure. During the experiments, when the ratio of Ti to B4C was 5:1, the Al3Ti rod-like structures gathered together to form a petal-like organization. When the ratio of Ti to B4C was 4:1, a large amount of TiC agglomerated in the lower part of the coating. This led to a serious non-uniform distribution of the hard phase in the coating.



According to the above analysis, it can be concluded that the following chemical reactions occur in the molten bath during laser cladding:


    B   4   C → 4 B + C  



(10)






  2   Y   2     O   3   → 4 Y + 3   O   2   ↑  



(11)






  3 A l + T i →   A l   3   T i  



(12)






  T i + C → T i C  



(13)






  3 A l + 2 M g →   A l   3     M g   2    



(14)






  B + Y → Y   B   4    



(15)






  3 A l + Y →   A l   3   Y  



(16)






   Al +     Mg →   AlMg   



(17)









4. Coating Performance Test


4.1. Micro-Hardness


The micro-hardness distribution of the coatings with different ratios of Ti to B4C is shown in Figure 10. As can be seen from the figure, the hardness of the coatings is much higher than that of the AZ91D magnesium alloy substrate. On the one hand, the microstructure of the coatings is fine due to rapid cooling during the laser processing. This plays a role in grain strengthening. On the other hand, the TiC ceramic phase and Al3Ti metal compounds were formed in situ in the coatings. The micro-hardness of the coating is increased due to the presence of these hard phases. According to the analysis of the previous simulation results, it can be concluded that the hard phase was formed during the laser cladding process, which greatly improves the hardness of the coating. Compared to the simulation results, higher hardness was measured in the experiment. This is because the hardness value calculated in the simulation is the average hardness of the coatings. The hardness value obtained in the experiment is the average of the hardness of the points.



The distribution of the micro-hardness of the coating was seriously uneven when the ratio of Ti to B4C was 4:1. The appearance of this phenomenon has a significant relationship with the distribution of the microstructure of the coating. According to the analysis of the microstructure, a large amount of TiC in the in situ ceramic phase agglomerated together when the ratio of Ti to B4C was 4:1. Obviously, the part where the hard phase was concentrated had higher micro-hardness. This is why the hardness distribution was not uniform. When the ratio of Ti to B4C was 6:1, the micro-hardness of the coating reduced. Al3Ti in the coating greatly increased due to the excessive addition of Ti. Al–Ti intermetallic compounds have a large brittleness value at room temperature. Thus, cracks are easily generated during the cooling process. Therefore, the performance of the coating will be reduced due to the excessive generation of Al3Ti. When the ratio of Ti to B4C was 5:1, the coating had the highest average hardness (273 HV), which is about 4.6 times higher than that of the magnesium alloy substrate and the distribution of micro-hardness was even.




4.2. Corrosion


The corrosion potentials and corrosion current densities of the coatings with different ratios of Ti to B4C are shown in Table 4. The polarization curve of the coatings is shown in Figure 11. The results show that the corrosion potentials of the coatings satisfy the following rule: Ecorr(AZ91D) < Ecorr(Ti:B4C = 4:1) < Ecorr(Ti:B4C = 6:1) < Ecorr(Ti:B4C = 5:1) < Ecorr(Ti:B4C = 3:1). The corrosion current densities of the coating satisfy the following rule: Icorr(Ti:B4C = 3:1) > Icorr(Ti:B4C = 4:1) > Icorr(Ti:B4C = 6:1) > Icorr(Ti:B4C = 5:1). It was found that the corrosion resistance of the laser-treated coatings was better than that of the substrate. When the ratio of Ti to B4C was 5:1, the corrosion potential of the coating was −1.012 V, which is higher than that of the substrate (−1.455 V). The corrosion current density of the coating was 2.501 × 10−6, which is two orders lower than that of AZ91D. Thus, the corrosion resistance of the coating increased. On the one hand, the corrosion resistance of Al–Mg compounds was better than that of the magnesium alloy substrate. On the other hand, the corrosion potential of the coating increased due to the generation of TiC and Al3Ti in the coating.





5. Conclusions


	(1)

	
According to the simulation results, TiB2, TiC, Al3Ti_DO22, Al4C3 and Al were formed in the laser-cladded coating while Al, TiB2, TiC, Al3Ti_DO22, Al4C3, and Al3Mg2 were formed in the transition zone between the coating and the base metal. Al3Ti_L12 was formed in the transition zone when the ratio of Ti to B4C was 5:1 or 6:1. With an increase in the ratio of Ti to B4C, the content of Al3Ti gradually increased. In contrast, the content of TiC gradually decreased.




	(2)

	
An Al–TiC coating was successfully prepared via laser cladding on AZ91D magnesium alloy. A TiC ceramic phase was generated in situ during laser cladding. AlTi3(C, N)0.6, AlMg, Al3Mg2, Al3Ti, TiC, and Al3Y were found in the coating. When the ratio of Ti to B4C was 5:1, the coating had the best performance.




	(3)

	
The hardness of the coating was much higher than that of the AZ91D magnesium alloy substrate. According to the simulation results, the hard phase was generated during the laser cladding process, which greatly improved the performance of the coating. When the ratio of Ti to B4C was 5:1, the coating had the highest average hardness (273 HV), which is about 4.6 times higher than that of the magnesium alloy substrate.




	(4)

	
The corrosion resistance of the laser-treated coating was better than that of the substrate. When the ratio of Ti to B4C was 5:1, the corrosion potential of the coating was −1.012 V, which is higher than that of the substrate (−1.455 V). The corrosion current density of the coating was 2.501 × 10−6, which is two orders lower than that of AZ91D magnesium alloy.
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Figure 1. The phase composition diagram with different content of (Ti+B4C): (a1,a2) 10%(Ti+B4C); (b1,b2) 15%(Ti+B4C); (c1,c2) 20%(Ti+B4C); (d1,d2) 25%(Ti+B4C); (e1,e2) 30%(Ti+B4C). 
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Figure 2. The phase diagram with different ratios of Ti to B4C: (a1,a2) Ti:B4C = 3:1; (b1,b2) Ti:B4C = 4:1; (c1,c2) Ti:B4C = 5:1; (d1,d2) Ti:B4C = 6:1. 
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Figure 3. The phase composition diagram of the transition zone: (a1,a2) Ti:B4C = 3:1; (b1,b2) Ti:B4C = 4:1; (c1,c2) Ti:B4C = 5:1; (d1,d2) Ti:B4C = 6:1. 
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Figure 4. Gibbs free energy of the coating with different Ti and B4C ratios: (a) Ti:B4C = 3:1; (b) Ti:B4C = 4:1; (c) Ti:B4C = 5:1; (d) Ti:B4C = 6:1. 
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Figure 5. Simulation of coating hardness. 
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Figure 6. X-ray diffraction spectrum of laser claddings with different ratios of Ti and B4C. 
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Figure 7. The microstructure image (a) and elemental distributions of Mg (b), Al (c), Ti (d) of the coating (Ti:B4C = 3:1). 
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Figure 8. The microstructures of the coating in the (a,b) upper, (c,d) middle, and (e,f) lower parts of the coating (Ti: B4C = 3:1). 
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Figure 9. The microstructures of the coatings with Ti: B4C ratios of 4:1 (a–c), 5:1 (d–f), 6:1 (g–i) in the upper, middle, and lower parts, respectively. 
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Figure 10. Micro-hardness distribution of coatings. 
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Figure 11. Polarization curve of the coatings. 
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Table 1. Chemical composition (wt.%) of AZ91D.
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	Chemical Composition
	Mg
	Al
	Zn
	Mn
	Si
	Be
	Others





	Relative amount (%)
	89.97
	8.99
	0.71
	0.25
	0.048
	0.0071
	≤0.002
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Table 2. The parameters of laser cladding process.
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	The Parameters
	Value





	Velocity (mm/min)
	150



	Pulse width (ms)
	4



	Current (A)
	120



	Frequency (HZ)
	18



	Overlap rate (%)
	50
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Table 3. Point element content distribution.
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	Point
	Mg
	Al
	Ti
	C
	Si
	O





	1
	18.3
	28.3
	23.2
	30.2
	-
	-



	2
	32.2
	59.9
	5.7
	-
	2.1
	-



	3
	24.8
	21.6
	24.1
	28.5
	-
	-



	4
	29.6
	23.3
	15.1
	26.1
	0.5
	5.4



	5
	37.5
	51.8
	9.5
	-
	1.3
	-
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Table 4. Corrosion parameters of different specimens in 1.5% NaCl solution.
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	Specimen Group
	Corrosion Potential (V)
	Corrosion Current Density (A/cm2)





	AZ91D
	−1.455
	1.444 × 10−4



	Ti:B4C = 3:1
	−1.011
	1.785203 × 10−4



	Ti:B4C = 4:1
	−1.145
	2.389 × 10−5



	Ti:B4C = 5:1
	−1.012
	2.501 × 10−6



	Ti:B4C = 6:1
	−1.028
	4.596 × 10−6
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c2 | (1300.1.96) A2 | (664.78.82.93)
TiB2 | B1 (100.4.37) Al4C3| El (100.1.36)
B2 | (1300.4.37) E2 | (789.66.1.36)
AI3Ti | D1 (100.14.23) | |Liquid| L1 | (664.78.80.31)
DO221 p; | (664.78.11.34) 12 | (789.66.81.12)
D3 | (664.78.13.96) L3 | (789.66.84.78)
D4 | (789.66.13.15) 14 | (1048.09.93.68)
D5 | (789.66.8.97) L5 | (1300.93.68)
(a2) | D6 | (1048.09.0)
Important point data 15%(Ti+B4C)
Phase | Point| Date('C.%) Phase | Point| Date('C.%)
TiC | C1 | (789.66.2.76) Al | A1 | (100.69.85)
C2 | (1300.2.92) A2 | (664.78.73.38)
TiB2 | BI (100.6.43) Al4C3| El (100.2)
B2 | (1300.6.43) E2 (789.66.2)
AI3Ti| D1 (100.21.72) | |Liquid| L1 | (664.78.70.09)
D021y | (664.78.19.2) L2 | (789.66.70.79)
D3 | (664.78.21.48) L3 | (789.66.76.18)
D4 | (789.66.20.78) L4 | (111.62.90.67)
D5 | (789.66,14.63) L5 (1300.90.66)
(b2) | D6 [(1116.2.8.84E-6

Important point data 20%(T1+B4C)

Phase | Point| Date(C.%) Phase | Point| Date('C.,%)
TiC | c1 | (789.663.64) || Al | A1 | (100.59.67)
C2 | (13003.89) A2 | (664.78.61.82)
TiB2| B1 | (100848) ||AlC3| E1 | (100.2.64)
B2 | (1300.8.48) E2 | (789.66.2.64)
ABTi| D1 | (1002921) | [Liquid| L1 | (664.78.59.87)
DO22 1"y | (664.78.27.06) 12 | (789.66.60.47)
D3 | (664.7829.01) 13 | (789.66.67.58)
D4 | (789.66.28.41) L4 | (1165.87.87.65)
D5 | (789.66.20.29) L5 | (1300.87.63)
(c2) [ D6 {1165.87.8.25E-6

Important point data 25%(Ti+B4C)

Phase | Point| Date('C.%) Phase | Point| Date('C.%)
TiC | c1 | (789.66.4.6) Al | A1 | (100.49.77)
c2 | (1300.4.95) A2 | (664.78.51.57)
TiB2 | B1 (100.8.48) Al4C3| El (100.3.33)
B2 | (1300.8.48) E2 | (789.66,3.33)
AI3Ti | D1 | (10036.18) | [Liquid| L1 | (664.78.49.94)
DO2Z1" b2 | (664.78.34.38) L2 | (789.66.50.44)
D3 | (664.78.36.01) L3 | (789.66.59.42)
D4 | (789.66.35.51) L4 | (1201.72.84.35)
D5 | (789.66.25.25) L5 | (1300.84.33)
(d2) | D6 | (1201.72.0)

Important point data 30%(Ti+B4C)

Phase | Point| Date('C.%) Phase | Point| Date('C.%)
Tic | C1 | (789.66.5.52) Al | Al (100.39.7)
C2 | (1300.5.98) A2 | (664.78.41.14)
TiB2| B1 | (100.12.86) | |Al4C3| El (100.4.0)
B2 | (1300.12.86) E2 | (789.66.4.0)
AI3Ti | DI (100.43.45) | [Liquid| L1 | (664.78.39.84)
DO22T7py | (664.78.42.01) 12 | (789.66.40.24)
D3 | (664.78.43.31) L3 | (789.66.51.01)
D4 | (789.66.42.91) L4 | (1234.23.81.19)
D5 | (789.66.30.62) L5 | (1300.81.17)
(€2) | D6 | (1234.23,0)
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Important point data (T1:B4C=3:1)

Phase | Point Date(C.%) Phase | Point| Date('C.%)
TiC | C1 | (789.66.6.89) Al | a1 | (100.5827)
2 (1300.7.11) A2 | (664.78.60.37)
TiB2 | Bl | (100.16.07) | |AlaC3| EIl (100.4.99)
B2 | (1300.16.07) E2 | (789.66.4.99)
AI3Ti | DI (100.20.67) | |Liquid| L1 | (664.78.58.47)
DO2Z1p; | (664.78.18.56) 12 | (789.66.59.05)
D3 | (664.78,20.47) L3 | (789.66,72.52)
D4 | (789.66,19.88) L4 | (980.76.85)
D5 | (789.66.4.51) L5 | (1300.76.83)
(@2) [ D6 | (979.44.0)

Important point data (Ti:B4C=4:1)

Phase | Point| Date('C.%) Phase | Point| Date('C.%)
TiC N[ RGN | (7897665:52) Al | A1 | (100.53.16)
(@7) (1300.5.87) A2 | (664.78.55.08)
TiB2 | B1 (100,12.86) | |Al4C3| El (100.4.0)
B2 (1300,12.86) E2 | (789.66.4.0)
AI3Ti | D1 (100.29.99) | |Liquid| L1 | (664.78.53.34)
D022 py | (664.78.28.07) L2 | (789.66.53.88)
D3 | (664.78.29.81) L3 | (789.66.64.65)
D4 | (789.66.29.27) L4 | (1148.23.81.31)
DS | (789.66.16.98) L5 (1300.81.28)
(b2) D6 | (114823, 0)

Important point data (T1:B4C=5:1)

Phase | Point| Date('C.%) Phase | Point| Date('C.%)
Tic | a1 (789.66.4.6) Al | A1 | (100.49.76)
&) (1300.4.95) A2 | (664.78.51.55)
TiB2 | Bl (100,10.71) | [Al4C3[ EI1 (100.3.33)
B2 | (1300,10.71) E2 | (789.66.3.33)
AI3Ti| D1 (100.36.2) | [Liquid| L1 | (664.78.49.93)
DO2Z1 s | (664.78,34.4) L2 | (789.66.50.43)
D3 | (664.78.36.03) L3 | (789.66.59.41)
D4 | (789.66.35.53) L4 | (1201.87.84.36)
D5 | (789.66.25.28) L5 | (1300.84.35)
(c2) | D6 (1201.87, 0)

Important point data (T1:B4C=6:1)

Phase | Point| Date('C.%) Phase | Point| Date('C.%)
TiC | c1 | (789.66,3.94) Al | A1 | (100.47.32)
2 (1300.4.27) A2 | (664.78.49.03)
TiB2 | Bl (100.9.18) Al4C3| El (100,2.85)
B2 (1300.9.18) E2 | (789.66.2.85)
Al3Ti | DI (100.40.65) | [Liquid| L1 | (664.78.47.48)
2022 S (664.78.38.94) L2 | (789.66.47.96)
D3 | (664.78.40.48) L3 | (789.66.55.65)
D4 | (789.66.40.01) L4 | (1229.68.86.57)
D5 | (789.66,31.23) L5 | (1300.86.56)
(d2) [ D6 (1229.68.2.59E-6
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