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Abstract

:

The liquid phase projection diagram, three-dimensional phase diagram, and vertical section diagram of the Zn–x%Al–x%Mg alloy system was calculated using the phase diagram calculation software Pandat. Simultaneously making full use of the self-developed hot-dip galvanizing process simulation machine by China Steel Research produced a 75%Zn–19%Al–6%Mg coating. A method combining phase diagram calculations and experimental verification was used to investigate the equilibrium phases and solidification process of the alloy. The microstructure of the 75%Zn–19%Al–6%Mg coating was studied using scanning electron microscopy and energy dispersive spectrometry. The results indicate that the coating structure consists of primary Al dendrite phase, MgZn2 inter-metallic compound and Zn-rich phase. There is no ternary eutectic structure in the coating structure. Al dendrites grow on the surface of the coating, while there are no Al dendrites on the cross-section. The experimental results strongly concur with the calculated results from the Pandat phase diagram. The solidification sequence of the 75%Zn–19%Al–6%Mg coating is L→L + Al→L + Al + MgZn2→Al + MgZn2 + Zn. The phase diagram guides industrial production significantly, avoiding the waste of transitional materials and zinc caused by small scale trial and error experiments, thus reducing unnecessary production costs. The factory can select a reasonable coating composition designing scheme in the phase diagram, based on the performance requirements of customers for the coating.
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1. Introduction


Under the effective promotion of national policies, the continuous hot-dip galvanizing industry of strip steel in China has made significant progress in both quantity expansion and quality enhancement after more than 40 years of development. In recent years, with the changes in the international and domestic economic situation, especially the structural transformation of China’s steel and related industries, the hot-dip galvanizing industry of strip steel is also facing new challenges [1]. In order to achieve a coating with good comprehensive properties such as plain surface corrosion resistance and a sacrificial corrosion protection ability, zinc-based coatings with different Mg and Al contents have been widely used in the market. Compared to hot-dip galvanized steel and electroplated steel, these coatings exhibit better corrosion resistance in salt spray and cyclic accelerated corrosion tests [2,3,4,5,6,7]. However, there are currently few articles that explain the solidification process of zinc–aluminum–magnesium coatings based on phase diagrams.



As is well known, the solidification microstructure is a crucial foundational stage in the material preparation and shaping process, typically directly determining the final performance and service life of the material. This paper conducted an in-depth study on the phase transformation rules and properties of the solidification process of Zn-based coatings with different Mg and Al contents using the Pandat software produced by the American company Compu-Therm LLC (Middleton, WI, USA), providing theoretical support for industrial production. In the current market, there are Zn–Al–Mg alloy coatings with an Al content not exceeding 11.0% and a Mg content not exceeding 3.0%. Few scholars have studied Zn–Al–Mg coatings with high Al and Mg content. This article combines simulation calculations with laboratory verification to successfully predict and confirm the solidification structure and process of 75%Zn–19%Al–6%Mg alloy coating, laying the foundation for the subsequent development of this coating formula.




2. Pandat


2.1. Pandat Basics


Pandat [8] is a software package for multi-component phase diagram calculation and materials property simulation, developed by the American company Compu-Therm LLC. Pandat software is an integrated computational tool developed based on the CALPHAD (calculation of phase diagram) approach. It has a robust thermodynamic calculation engine, a friendly graphical user interface, and a flexible post-calculation table editing function which allows the user to plot various types of diagrams. The software is designed to create a working environment that allows a variety of calculation modules to be integrated in the same workspace. The architecture of Pandat software is schematically shown in Figure 1.




2.2. Establishment of Thermodynamic Model


The thermodynamic model is the prerequisite to fulfill the phase diagram and thermodynamic property calculation. A thermodynamic database represents a set of self-consistent Gibbs-energy functions with optimized thermodynamic model parameters for all the phases in a system. The advantage of the CALPHAD method is that the separately measured phase diagrams and thermodynamic properties can be represented by a unique “thermodynamic description” of the materials system in question. More importantly, based on the known descriptions of the constituent lower-order systems, the thermodynamic description for a higher-order system can be obtained via an extrapolation method [9]. This description enables us to calculate phase diagrams and thermodynamic properties of multi-component systems that are experimentally unavailable.



Thermodynamic models used to describe the disordered phase, ordered inter-metallic phase and stoichiometric phase are presented. The equations are given for a binary system, and they can be extrapolated to a multi-component system using geometric models [9,10].



The Gibbs energy of a binary (such as Al and Zn) disordered solution phase can be written as:


   G m ϕ  =   ∑  i = Z n , A l     x i   G i  ϕ , o     + R T   ∑  i = Z n , A l     x i  ln  x i    +  x  Z n    x  A l     ∑ ν    L ν    (  x  Z n   −  x  A l   )  ν     



(1)







Here,     ∑  i = Z n , A l     x i   G i  ϕ , o       are the reference states.   R T   ∑  i = Z n , A l     x i  ln  x i      is the entropy of ideal mixing.    x  Z n    x  A l     ∑ ν    L ν    (  x  Z n   −  x  A l   )  ν      is the excess Gibbs energy of mixing.    x i    is the mole fraction of a component i,    G i  ϕ , o     is the Gibbs energy of pure component i, with φ structure, R is the gas constant, T is the absolute temperature,    L ν    is the interaction coefficient in the polynomial series of the power ν. Equation (1) can be interpolated into a multi-component system using geometric models [10].



For a Zn–Al multi-component solution phase with Mg components, the following equation is used:


   G ϕ  =   ∑  i = Z n , A l , M g  c    x i   G i  ϕ , o     + R T   ∑  i = Z n , A l , M g  c    x i  ln  x i    +  G   b i n , ϕ    E  +  G   t e r n , ϕ    E  + … …  



(2)







The excess contributions are:


   G   b i n , ϕ    E  =   ∑  i = 1   c − 1      ∑  j > i  c    x i   x j      ∑  ν = 0  n    L  i j   ν , ϕ     (  x i  −  x j  )  ν       



(3)






   G   t e r n , ϕ    E  =   ∑  i = 1   c − 2      ∑  j > i   c − 1      ∑  k > j  c    x  Z n    x  A l      x  M g   {  L  Z n A l M g   0 , ϕ   (  x  Z n   +  δ  Z n A l M g   ) +  L  Z n A l M g   1 , ϕ   (  x  Z n   +  δ  Z n A l M g   ) +  L  Z n A l M g   2 , ϕ   (  x  Z n   +  δ  Z n A l M g   ) }      



(4)






   δ  Z n A l M g   = ( 1 −  x  Z n   −  x  A l   −  x  M g   ) / 3  



(5)







For ternary systems, xZn + xAl + xMg = 1, δZnAlMg = 0. In a ternary system, if all the three L parameters are identical,


   L  Z n A l M g   0 , ϕ   =  L  Z n A l M g   1 , ϕ   =  L  Z n A l M g   2 , ϕ   =  L  Z n A l M g  ϕ   



(6)




then


   G   tern , ϕ    E  =   ∑  i = 1   c − 2      ∑  j > i   c − 1      ∑  k > j  c    x  Z n    x  A l      x  M g      L  Z n A l M g  ϕ     



(7)







In Panda, if only one ternary interaction parameter    L  Z n A l M g   0 , ϕ     is provided, Panda will treat three ternary interaction parameters as the symmetrical case, i.e., all three parameters have the same value.



An ordered inter-metallic phase is described by a variety of sub-lattice models, such as the compound energy formalism [11,12] and the bond energy model [13,14]. In these models, the Gibbs energy is a function of the sub-lattice species concentrations and temperature. The molar Gibbs energy of a binary inter-metallic phase, described by a two-sub-lattice compound energy formalism, (A, B)p:(A, B)q, can be written as:


     G m ϕ  =   ∑  Z n = A , B      ∑  j = A , B     y  Z n  I   y  M g   I I    G  Z n : M g  ϕ  + R T (  p  p + q     ∑  Z n = A , B     y  Z n  I  ln  y  Z n  I  +  q  p + q     ∑  Z n = A , B     y  Z n   I I   ln  y  Z n   I I       )       +   ∑  M g = A , B     y A I   y B I   y  M g   I I     ∑ ν     (  y A I  −  y B I  )  ν   L  A , B : M g  ν      +   ∑  Z n = A , B     y  Z n  I   y A  I I    y B  I I       ∑ ν     (  y A  I I   −  y B  I I   )  ν   L  Z n : A , B  ν  +    y A I   y B I   y A  I I    y B  I I    L  A , B : A , B      



(8)




where    y  Z n  I    and    y  Z n   I I     are the species concentrations of a component Zn, in the first and second sub-lattices, respectively. The first term on the right hand of the equation represents the reference state with the mechanical mixture of the stable or hypothetical compounds: Ap+q, ApBq, BpAq and Bp+q.    G  Z n , M g  ϕ    is the Gibbs energy of the stoichiometric compound, Znp, Mgq with a φ structure. Sometimes,    G  Z n , M g  ϕ    is treated as model parameters to be obtained through optimization using the experimental data related to this phase. The second term is the ideal mixing Gibbs energy, which corresponds to the random mixing of species on the first and second sub-lattices. The last three terms are the excess Gibbs energies of mixing. The L parameters in these terms are model parameters whose values are obtained using the experimental phase equilibrium data and thermodynamic property data. These parameters can be temperature dependent. In this equation, a comma is used to separate species in the same sub-lattice, whilst a colon is used to separate species belonging to different sub-lattices. The compound energy formalism can be applied to phases in a multi-component system by considering the interactions from all the constituent binaries. Additional ternary and higher-order interaction terms may also be added to the excess Gibbs energy term.




2.3. Zn–Al–Mg Thermodynamic Parameters


Table 1 provides detailed thermodynamic parameters for zinc, aluminum, and magnesium elements. The element aluminum, the chemical symbol Al, has a face-centered cubic crystal structure. The element magnesium, the chemical symbol Mg, has a hexagonal close-packed crystal structure. The element zinc, chemical symbol Zn, has a hexagonal close-packed crystal structure. H298 and S298, respectively, refer to enthalpy and entropy values at a temperature of 298 K.





3. Phase Diagram Calculation


3.1. Ternary Phase Diagram and Liquidus Surface Projection of the Zn–Al–Mg System


Currently, mature zinc–aluminum–magnesium coatings available on the market and zinc–aluminum–magnesium coatings studied in the laboratory have an Al element content of no more than 25% and an Mg element content of no more than 15%. However, to clearly label the actual composition points or ranges of the research coatings in the liquidus surface projection diagram, this article used the Pandat software to draw the ternary phase diagram of Zn–Al–Mg, setting the Al and Mg contents to not exceed 30%.



Figure 2a is the three-dimensional diagram of the Zn–Al–Mg coating ternary phase diagram, and Figure 2b is its liquidus surface projection diagram. From Figure 2b, the following results can be produced.



The quadrilateral region “AFOD” represents the single-phase Al region with a face-centered cubic crystal structure (Fcc).



The quadrilateral region “FOEC” represents the single-phase region of the Laves_C14 inter-metallic compound MgZn2.



The quadrilateral region “OEBD” represents the single-phase Zn region with a hexagonal close-packed crystal structure (Hcp).



The “OD” line is the eutectic line between the Fcc_Al phase and the Hcp_Zn phase.



The “OF” line is the eutectic line between the Fcc_Al phase and the Laves_C14_MgZn2 phase.



The “OE” line is the eutectic line between the Hcp_Zn phase and the Laves_C14_MgZn2 phase.



The point “O” represents the ternary eutectic region of the final solidification of the Fcc_Al phase, Hcp_Zn phase, and Laves_C14_MgZn2 phase.



The “OA” line is the solidification line of the single-phase Fcc_Al.



The “OC” line is the solidification line of the single-phase Laves_C14_MgZn2 inter-metallic compound.



The “OB” line is the solidification line of the single-phase Hcp_Zn.



Furthermore, we can also deduce from the isothermal lines in the liquidus surface projection diagram of the Zn–Al–Mg ternary phase diagram that as the content of Al and Mg alloy elements increases, the melting point of the coating rises. At point B, the Zn content is 100%, and the temperature of the isothermal line is 400 °C. Increasing the concentration of Al along the “BA” line, the temperature of the isothermal line rises to 500 °C. Increasing the concentration of Mg, which is the same as Al, along the “BC” line from point B, the highest temperature of the isothermal line rises to 550 °C.



This phase diagram guides industrial production significantly, avoiding the waste of transitional materials and zinc caused by small-scale trial and error experiments, thus reducing unnecessary production costs. The factory can choose a reasonable coating composition design scheme in the phase diagram based on the specific performance requirements of the coating from the final customers. For example, we can choose to design the coating composition in the quadrilateral region “AFOD” to solidify along the diagonal line “AO”. From the isothermal curves in the diagram, it can be seen that as the temperature decreases from 500 °C, solidification gradually occurs, passing through 450 °C and 400 °C, until reaching 350 °C, finally solidifying into a ternary eutectic structure. By designing such a composition, the final solidified structure of the coating consists of an initially precipitated Al-rich phase followed by the final solidification of the Zn–Al–MgZn2 ternary eutectic structure. This effectively avoids the binary eutectic regions along the “OF” and “OD” lines, resulting in a significant improvement in the surface color difference of the product. Similarly, we can also choose to avoid the brittle Zn–Al–MgZn2 ternary eutectic structure and produce a manufacturing structure consisting of either Al-rich phase + Al–MgZn2 binary eutectic structure or Al-rich phase + Zn–Al binary eutectic structure. The galvanizing factory can choose the appropriate production scheme according to its actual situation. This article will not list them one by one.




3.2. Zn-19%Al-x%Mg Vertical Section


Figure 3 is a vertical section of the three-dimensional phase diagram of Zn–19%Al–x%Mg. The method used to generate Figure 3 was to fix the mass percentage of the Al element concentration at 19%, with the horizontal axis representing the concentration of the Mg element and the vertical axis representing temperature.



Given the complexity of the Zn–Al–Mg alloy phase diagram, this article just selected specific individual points for analysis. Point A is a eutectic point in the solidification process of the Zn–19%Al–x%Mg ternary alloy. When the Mg content is 7%, the liquidus temperature of Zn–19%Al–7%Mg decreases to 456 °C, meanwhile, both the face-centered cubic (Fcc) Al phase and the Laves_C14 phase MgZn2 inter-metallic compound precipitate from the liquid phase. A vertical line, L1, in drawn on the horizontal axis at the point with 7% Mg content, which represents the Mg content line at the eutectic position of Zn–19%Al–7%Mg.


   L A   ⟶    456   ° C     A l + M g Z  n 2   



(9)







When the Mg content is less than 7%, as the temperature decreases, the liquid Zn–19%Al–x%Mg phase will first precipitate the Al-rich phase along the FA line. The point F, with 0% Mg content, starts to precipitate at a temperature of 474 °C.



When the Mg content is greater than 7%, as the temperature decreases, the liquid Zn–19%Al–x%Mg phase will first precipitate the Laves_C14 phase MgZn2 inter-metallic compound along the GA line. The point G, with 15% Mg content, starts to precipitate at a temperature of 522 °C. This phenomenon once again confirms that with the increase in Mg content, the melting point of the Zn–Al–Mg alloy increases. As the Mg content increases from 0% to 15%, the melting point of the plating solution increases by 48 °C.



Point B is a eutectic point in the solidification process of the Zn–19%Al–x%Mg ternary alloy. When the Mg content is 2.4%, the temperature of the Zn–19%Al–x%Mg solution decreases, and the Al-rich phase first precipitates from the liquid phase. At this point, the coating structure consists of the initially precipitated Al-rich phase and the remaining liquid phase, forming a semi-solidified slurry-like region. As the temperature further decreases, the MgZn2 phase gradually precipitates in the coating. The coating structure changes to consist of the Al-rich phase and the MgZn2 phase. Along the L2 line, as the coating temperature continues to decrease to 278 °C, a eutectic reaction occurs in the coating, and the zinc-rich phase that the crystal structure is hexagonal close-packed (Hcp) starts to precipitate.


  F c c _ A l ( α )  ⟶    278   ° C     F c c _ A l ( β ) + H c p _ Z n  



(10)







In the phase diagram, along the BC and DE lines, the Al phase undergoes an allotropic transformation. At high temperatures, the Al phase contains a large amount of dissolved Zn elements. As the temperature decreases, the supersaturated Zn elements precipitate out to form a zinc-rich phase. Due to the difference in the solubility of Zn elements in the two Al phases, the lattice constants of the two Al phases are different.




3.3. Zn–x%Al–6%Mg Vertical Section


Figure 4 is a vertical section of the three-dimensional phase diagram of Zn–x%Al–6%Mg. The method used to plot Figure 4 is similar to that of Figure 3, with the fixed mass percentage of Mg element at 6%. The horizontal axis represents the concentration of the Al element, and the vertical axis represents temperature. For the Zn–x%Al–6%Mg phase diagram in Figure 4, this study focuses on three typical equilibrium phase transition points labeled as C, D, and E. For other phenomena, the same analysis method can be used according to actual production needs to conduct analysis and guide production, thereby achieving the expected coating.



Point C is also a eutectic point in the solidification process of the Zn–x%Al–6%Mg ternary alloy. When the Al content is 14.9%, in the Zn–14.9%Al–6%Mg alloy, with the solution temperature decreasing gradually along line L1, the temperature drops to 442 °C. At this point, at both the face-centered cubic (Fcc) Al phase and the Laves_C14 phase, the MgZn2 inter-metallic compound precipitates from the liquid phase.


   L C   ⟶    442   ° C     A l +   M g Z n  2   



(11)







When the Al content is less than 14.9%, with the temperature decreasing at the Laves_C14 phase, the MgZn2 inter-metallic compound precipitates from the liquid phase of Zn–x%Al–6%Mg, along line AC. The point A represents that the precipitation temperature is 487 °C when the Al content is 0%.



When the Al content is greater than 14.9%, with the temperature decreasing, the Al-rich phase precipitates from the liquid phase of Zn–x%Al–6%Mg, along line BC. Point B represents that the precipitation temperature is 482 °C when the Al content is 25%. Comparing the precipitation temperatures of points A and B, it can be concluded that the concentration of Al has little impact on the melting point of the Zn–Al–Mg alloy.



Point D is another eutectic point in the solidification process of the Zn–x%Al–6%Mg ternary alloy. When the Al content is 2.88% (Point D), with the temperature decreasing at the Laves_C14 phase, the MgZn2 inter-metallic compound firstly precipitates from the liquid phase of Zn–2.88%Al–6%Mg, along line L3. At this point, the coating structure consists of a semi-solid, pasty region composed of the MgZn2 phase and residual liquid phase. As the temperature further decreases to 337 °C, the remaining liquid phase undergoes eutectic reaction and precipitates both the Al and Zn phases.


   L D   ⟶    337   ° C     A l + Z n  



(12)







Point E is a eutectic point in the solidification process of the Zn–x%Al–6%Mg ternary alloy. When the Al content is 14%, with the temperature decreasing during the Laves_C14 phase, the MgZn2 inter-metallic compound firstly precipitates from the liquid phase, along line L2. At this point, the coating structure consists of a semi-solid, pasty region composed of the MgZn2 phase and residual liquid phase. As the temperature further decreases, the Fcc_Al phase gradually precipitates in the coating, resulting in a structure composed of the Al phase, MgZn2 phase, and residual liquid phase. When the temperature drops to 278 °C, a eutectic reaction occurs in the coating with the supersaturated Zn element precipitating from the Al phase, with a high amount forming in the Zn-rich phase with a hexagonal close-packed (Hcp) structure.


  F c c _ A l ( α )  ⟶    278   ° C     F c c _ A l ( β ) + H c p _ Z n  



(13)









4. Experimental Verification


4.1. Experimental Procedure


This article fully utilizes the multi-functional galvanizing process simulation equipment independently developed by the “National Engineering Laboratory for Advanced Metallic Materials Coating” at China Iron and Steel Research Institute (Figure 5). The intermediate alloy ingot was added to the zinc pot, and cold-rolled material DC01 was used for galvanizing to produce the 75%Zn–19%Al–6%Mg coating.



The 75%Zn–19%Al–6%Mg coating was made into small test samples, and then the surface and cross-section of the coating were analyzed for structure and composition, using scanning electron microscopy, EDS spectroscopy, and a XRD diffract meter.




4.2. Results and Analysis


Figure 6 shows the comparison between the alloy composition of the 75%Zn–19%Al–6%Mg coating in the laboratory experiment and the liquid surface projection of the ternary phase diagram. In this article, the Zn–Al–Mg coating involves adding 19% of Al elements by mass and 6% of Mg elements by mass to the zinc-based coating.



Here, an example of an SEM backscattered electron image of the 75%Zn19%Al6%Mg alloy layer at a polished surface and polished cross-section that refers to the direction perpendicular to the surface is shown in Figure 7a,b. Figure 7 is an SEM backscattered electron image at a magnification of 5000×.



In the SEM backscattered electron image, three values that are defined as the lightness of the grayscale, the hue, and the contrast that are expressed by each phase in the Zn–Al–Mg alloy layer are determined. Since the three values, that are the lightness, hue, and contrast that is exhibited by each phase, reflect the atomic number of the element included in each phase, usually, there is a tendency for phases that contain higher contents of Al or Mg that have small atomic numbers to exhibit a black color, and phases that contain higher contents of Zn to exhibit a white color.



Note that, in Figure 7a,b, Al indicates the Al crystals, Zn indicates the Zn phase, and MgZn2 indicates the MgZn2 phase.



The structure of the 75%Zn–19%Al–6%Mg coating designed in this article consists of the primary Al dendrite phase + MgZn2 inter-metallic compound + Zn-rich phase [15,16]. There is no ternary eutectic structure in the structure of the 75%Zn–19%Al–6%Mg coating. The Al dendrites grow on the surface of the coating, while there are no Al dendrites on the cross-section.



The X-ray diffraction (XRD) pattern of the 75%Zn–19%Al–6%Mg coating sample produced in the laboratory experiment is shown in Figure 8, using a Cu-Kα ray. From the data in Figure 8, it can be seen that the structure of the experimentally produced coating consists of the Al phase + MgZn2 inter-metallic compound + Zn phase, which is consistent with the predicted results from the phase diagram.



Combining Figure 7, the solidification process of the 75%Zn–19%Al–6%Mg coating was carefully analyzed using the Pandat software (as shown in Figure 9a). Figure 9a is based on Figure 4, with a parallel line L drawn at the 19% position on the x-axis. Along line BC, the Fcc_Al dendrite phase firstly precipitates from the liquid phase in the AB segment, with the temperature of 75%Zn19%Al6%Mg alloy decreasing. Continuing to decrease the temperature of the alloy layer, the C14_MgZn2 inter-metallic compound precipitates in the coating in the BC segment, with the coating structure consisting of the liquid phase, Al phase, and MgZn2. In the CD segment, the coating structure is the Al phase and MgZn2 inter-metallic compound, with the highest amount of Zn elements dissolved in the Al phase. From the DE segment to room temperature, the phase transformation of eutectic co-precipitation occurs in the coasting:   F c c _ A l ( α ) ⟶ F c c _ A l ( β ) + H c p _ Z n  . The original Al phase transforms into a new Al phase and Zn phase, however, the concentration of dissolved Zn elements in these two Al phases is different. As the temperature decreases, supersaturated Zn elements precipitate from the Al phase to form a Zn-rich phase.



Figure 9b is an SEM backscattered electron image of the 75%Zn–19%Al–6%Mg coating at a magnification of 10,000×. Figure 9b is an EDS line analysis spectrum of the Al dendrite phase. Using a scanning electron microscope, a line scan is performed from the center to the edge of the Al phase. Figure 9c shows that the concentration of Zn elements gradually increases from the center to the edge of the Al phase, while the concentration of the Al elements decreases gradually. The actual experimental results are consistent with the predicted results from the phase diagram calculations, demonstrating the feasibility of the phase diagram calculations.





5. Conclusions


From a comprehensive analysis of the phase diagram calculations and laboratory experimental results of the 75%Zn–19%Al–6%Mg coating, the following conclusions have been drawn.



	
The solidification structure of the 75%Zn–19%Al–6%Mg coating and the solidification process of the alloy calculated by phase diagram software (Pandat) are consistent with the experimental results.



	
This paper used the Pandat software to calculate the ternary phase diagram and composition section of Zn–Al–Mg. The results of the phase diagram calculations can provide theoretical support for laboratory research and large-scale industrial production.



	
In the laboratory, 75%Zn–19%Al–6%Mg coating was produced by the CGA-2010 multifunctional galvanizing process simulation equipment. The solidification structure of this alloy is the primary Al dendrite phase + MgZn2 intermetallic compound + Zn-rich phase. There is no ternary eutectic structure in the coating microstructure. The Al dendrites grew on the surface of the coating, without the presence of Al dendrites on the cross-section.



	
The phase diagram calculation results show that the solidification sequence of 75%Zn–19%Al–6%Mg is L→L + Al→L + Al + MgZn2→Al + MgZn2 + Zn. Adding different contents of Al and Mg elements to the Zn-based plating solution changes the melting point of the solution. The element Al contributes little to the melting point of the solution, but with the increase in Mg concentration, the melting point of the solution rises. As the Mg content increases from 0% to 15%, the melting point of the plating solution increases by 48 °C.
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Figure 1. The architecture of Pandat software. 
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Figure 2. Three-dimensional phase diagram of Zn–Al–Mg and liquid surface projection diagram: (a) Zn–Al–Mg 3D phase diagram; (b) liquid surface projection diagram. 
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Figure 3. Vertical section of Zn–19%Al–x%Mg phase diagram. 
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Figure 4. Vertical section of Zn–x%Al–6%Mg phase diagram. 
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Figure 5. CGA-2010 multi-functional galvanizing process simulation equipment. 
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Figure 6. Laboratory-produced 75%Zn–19%Al–6%Mg coating alloy composition and liquid surface projection diagram: (a) the mass fraction of component; (b) liquid phase projection diagram. 
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Figure 7. The microstructure of the 75%Zn–19%Al–6%Mg coating: (a) the surface structure of the coating; (b) the cross-section of the coating. 
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Figure 8. XRD image of the 75%Zn–19%Al–6%Mg coating. 
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Figure 9. Phase diagram and electron line scan results of the 75%Zn–19%Al–6%Mg: (a) 75%Zn–19%Al–6%Mg phase diagram; (b) SEM backscattered electron image of the coating cross-section; (c) EDS line scan image. 
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Table 1. Thermodynamic parameters.
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	Name
	Structure
	Atomic Number
	Atomic Weight/g
	H298/J/mol
	S298/J/K·mol





	Al
	Fcc
	13
	26.982
	4540
	28.300



	Mg
	Hcp
	12
	24.305
	4998
	32.671



	Zn
	Hcp
	30
	65.390
	5657
	41.630
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